@

CRIEL g

i

FUNCTIONAL

" CIRCUITS

OSCILLATORS
l,_._ “

e b T | T ey

f
_'?H

|

SHOL vma’g
S1INJYI9 TYNOILINNS

L

] he Van Nostrand Series

QNVHISON
NWA

rqn Electronics and Communications

2 I
sl T

- ?Ii'h}‘:."r 4

\

‘.';:Q:-_.::




HERBERT J. REICH is professor of -

electrical engineering at Yale Univer-
sity and editor of the Van Nostrand
Series in Electronics and Communica-
tions.

Professor Reich was educated at -

Cornell University, receiving his B.S. in
1924, his M.S. in 1926, and his Ph.D.
in 1928. Before joining the Yale faculty
in 1946, he taught at Cornell University
and the University of Illinois. From
1944 to 1946, while on leave of ab-
sence from the University of Illinois, he
served as technical research associate at
the Radio Research Laboratory at Har-
vard University.

In addition to contributing some 50
papers and articles to leading technical
periodicals, Professor Reich has written
several books. Among them are Theory
and Applications of Electron Tubes,
Microwave Theory and Techniques,
and Microwave Principles (the last two
with Philip F. Ordung, Herbert L.
Krauss, and John G. Skalnik).

He is a fellow of the Institute of Radio
Engineers, the American Institute of
Electrical Engineers, and the American
Physical Society. His other member-
ships include the American Association
for the Advancement of Science, the
American Society for Engineering Edu-
cation, Sigmi Xi Society, Tau Beta Pi,
and Phi Kappa Phi.

1126

RINTE,
RINTES
Ls.A

i

bt

g 0

=
X
£
9

A TR A R Py

N

HE rapidly growing fields of instru-

mentation, control, and computa-
tion have placed great emphasis upon
electronic circuits that generate or em-
ploy pulses and nonsinusoidal waves.
This work deals primarily with the
analysis, characteristics and applica-
tions of such circuits; it includes a
comprehensive presentation of the
theory and characteristics of negative-
resistance circuits and devices. The last

- 22 sections treat sine-wave oscillators,

since many of the basic principles of
oscillators are closely related to those
of circuits discussed earlier,

Professor Reich emphasizes the anal-
ysis and characteristics of basic circuits
rather than circuits designed to meet
specific requirements. The student or
engineer who has mastered the basic
principles should be able to synthesize
circuits to meet special needs.

Tube and transistor circuits are dis-
cussed in the same sections except where
differences in characteristics make this
treatment impractical. In the examples
of tube and transistor circuits, numeri-
cal values of circuit elements are pro-
vided wherever convenient,

Problems form an integral part of the
presentation. In many cases, they out-
line details of analysis that are not com-
pletely worked out in the body of the
text. The author refers to appropriate
problems at points where their solutions
will help the reader increase his under-
standing of the theory.
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PREFACE

A large portion of this book deals with the theory, characteristies, and
applications of negative-resistance circuits and with the theory and char-
acteristics of sine-wave oscillators. The book might have been restricted to
these subjects and entitled, “Oscillators and Negative-Resistance Devices.”
Because many negative-resistance devices find their principal applications as
counters, memory devices, and generators of pulses and nonsinusoidal waves,
it seemed desirable to extend the coverage to other functional circuits, in-
cluding summing cireuits, differential amplifiers, differentiators, integrators,
clippers, gates, and nonlinear-circuit simulators.

Much has been written on the subject of negative-resistance circuits and
their applications. No previous attempt appears to have been made, how-
ever, to analyze generalized basic negative-resistance cifcuits and to derive
principles and criteria that can be conveniently used in the synthesis of
almost all presently-known practical negative-resistance ecircuits and devices
and the bistable, astable, monostable, and sine-wave-oscillator circuits based
upon them. When these principles and criteria are understood, it is a simple
matter to synthesize negative-resistance circuits using any type of active
element and to determine the ports at which the circuits have voltage-stable
current-voltage characteristics, and those at which they have current-stable
characteristics. The eircuit elements that must be added in order to convert
a particular negative-resistance circuit into a bistable, astable, monostable,
or sine-wave-oscillator cireuit can then be readily determined.

It is advantageous to consider all feedback oscillators from the point of
view of a basic generalized circuit consisting of a broadband amplifier and a
frequency-selective feedback network. In this manner a criterion for steady-
state oscillation of all feedback oscillators may be derived in terms of the
y and z parameters of two-port networks. The criterion may be readily
applied to the analysis of almost all commonly-used feedback oscillators
incorporating tubes, transistors, or other active elements, This approach
affords an insight into the causes of frequency instability and suggests
ways of increasing stability. It is also helpful in the synthesis of new or
modified ecircuits. Another important aspect of oscillator theory treated in
this book is the mechanism of amplitude stabilization by the use of cireuit
nonlinearities,

The desire to minimize the space devoted to routine mathematical deriva-
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tions may tempt an author to rely unduly upon the statement, “It may be
readily shown that . . . )’ when, in truth, the proper procedure is obvious
only after the analysis in question has been performed. In order to eliminate
mathematical details without straining the ingenuity of the reader unneces-
sarily, many proofs and derivations throughout the book have been presented
in the form of problems in which a general method of procedure is outlined.

Tt is hoped that this book may find application both as a text and as a
reference and that it will prove useful in the synthesis of new circuits to serve
specific functions. Although the author has attempted to make the book
up-to-date at the time of publication and to include pertinent recent refer-
ences, anyone working in any branch of the electronics field will be aware
of the difficulty faced by a single author in achieving this goal at the present
time of very rapid growth.

H J R

New Haven, Conn.
April 1, 1961
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Introduction

For many years the field of electronics was concerned mainly with the use
of electronic devieces in the generation, amplification, and control of sinu-
soidal and modulated waves. More recently, the rapidly growing fields of
instrumentation, control, and computing have placed great emphasis upon
electronic circuits that generate or employ pulses and nonsinusoidal waves.
The principal portion of this book deals with the analysis, charaecteristics,
and applications of circuits of this type. The last 22 sections treat sine-
wave oscillators, the basic principles of many of which are closely related
to those of circuits discussed in earlier sections.

A knowledge of the basic principles and characteristics of the circuits
treated throughout this book should enable the reader to synthesize circuits
to meet specific requirements. Of even greater potential value as a discipline
is the mathematical and phenomenological analysis of the circuits. For this
reason, greater emphasis has been placed upon the analysis and charac-
teristics of the basic circuits than upon specific circuits that meet individual
requirements. Where convenient, numerical values of cireuit elements have
been provided in the examples of tube and transistor circuits.

Problems are numbered according to sections, and reference is made to
the problems at points where their solution should be helpful to an under-
standing of the theory. Many of the problems consist of outlines of details
of analysis that can be profitably performed by the reader, and that would
take up considerable space if included in complete form in the body of the
text. The reader is urged tb work at least a substantial portion of the
problems.

Chapter divisions have not been used in this book, because the material
presented is in general such that breakdown into chapters would be difficult
and often artificial.

1. Circuits for the Addition of Voltages

1.1, Summing Amplifiers. Among the desirable characteristics of adding
circuits are negligible amplitude, frequency, and phase distortion; high
input impedance; and small coupling between various sources of input
voltage. These characteristics can be realized in circuits incorporating
vacuum tubes and, with somewhat greater difficulty, in circuits incorporating
transistors. As in other circuits in which vacuum tubes are used, amplitude
distortion is minimized by the use of small input voltage, by the proper

1 ‘
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choice of load impedances, and by the use of inverse feedback. Small fre-
quency and phase distortion necessitate that the bandwidth of the circuit
be large in comparison with the reciprocal of the shortest rise or fall time
of the input voltage. Frequency and phase distortion are caused by the
presence of reactive circuit elements, usually shunt circuit capacitances.
These types of distortion are minimized by the reduction of shunt capaci-
tances and the resistances through which

they charge and discharge, by the use
Ry R Ry of the inverse feedback, and by any
>  other means of increasing the band-

v, Vs Vs %Ro A width of the circuit.
{ i i The simplest type of summing eircuit

Fie. 1. Resistance type of summing is the resistor network shown in Fig.
cireuit. 1. Although the requirement of high

input impedance can be satisfied in this

circuit by making the resistances R, R, etc., large, cross-coupling between
the sources of input voltage can be kept small only by making the resistance
R, (or the resistance of the external load shunting the output terminals)
very small in comparison with B, and the other series resistances. Since this
has the undesirable effect of reducing the output voltage, the output voltage
must in general be amplified. Distortion and dependence of the output
voltage upon amplifier supply voltage are minimized by the use of the in-
verse-feedback circuit of Fig. 2. The phase-inverting amplifier in this

! VWV
R
Ry R R L Phase -

inverting
voltage Vo

V; Vz VJ ’—-ﬂ amplifier
1 { ,

Fig. 2. Summing circuit incorporating an amplifier with inverse feedback.

circuit transforms the resistance R into a much lower effective resistance
R/(]A] 4+ 1) across its input terminals and at the same time amplifies the
voltage developed across this effective resistance.

If Ry = R/ky, Ry = R/ky, +++ Rn = R/kn, and if |A| > 1+ D ky, the
n 1
output voltage V, of the circuit of Fig. 2 is very nearly — > k, V3, the input
1

resistance of I[th input branch is very nearly the series resistance E/k; of that
branch, and the current through the mth input source produced by the ith
input voltage V; is very nearly Vkik,/AR if each source resistance is neg-
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ligible in comparison with the series resistance of its branch (Prob. 1.1-1).
It is apparent that high input resistance and negligible cross-coupling may be
obtained in this circuit by the use of high gain and a large value of R, and
that the amplification of each input voltage V; may be adjusted independently
of that of the others by choice of the series resistance Rj of the input branch
to which it is applied. The cireuit has the additional desirable feature that
the inverse feedback produced by E greatly reduces amplifier distortion and
dependence of gain upon supply voltage and individual tube characteristics
if the magnitude of the open-loop amplification 4 is high. A high-gain
stabilized d-¢ amplifier suitable for use in this circuit will be discussed in

See. 5.
1.2. Tubes or Transistors with Common Load. Loading of the sources

of input voltage and cross-coupling between the sources can be made negligi-

B+

+
2 '

Vi

< o

N
—ou<o—

(a) 1 = ) C —

-+

; 4 v |

2

7 ro] ]
— 4 L

(c) ":L T (d) I

Fic. 3. Summing ecircuits consisting of several tubes with common load resistor:
(a) plate output; (b) cathode output; (c) weighted cathode output; (d) emitter
output with compound-connected input.

ble by impressing the input voltages upon the grids of individual vacuum
tubes having a common load resistor, as shown in Fig. 3a. As long as the
input voltages are so small that amplitude distortion is negligible, the com-
ponent of output voltage resulting from any input voltage is independent
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of the other input voltages and the output voltage for n similar tubes is
(Prob. 1.2-1):

pRI D Vi

h=1

rp + nky

where V), is the input signal voltage of the Ath tube and 7, is the a-c plate
resistance. Output impedance, distortion, and dependence of the output
voltage upon the plate supply voltage ean be reduced, at the expense of output
amplitude, by using the tubes in the cathode-follower circuit of Fig. 3b. The
output voltage of this circuit is approximately (Prob. 1.2-2):

] n

2. Vi

Figure 3¢ shows a modified cathode-follower circuit that provides a weighted
output approximately equal to V Rs/(R3 + R4) + V2R3/(R3 + R4) when
only two input voltages are required (Prob. 1.2-3).

Outputs proportional to the sum of two or more input voltages or cur-
rents can be obtained from transistor circuits analogous to the tube circuits
of Fig. 3. The transistor circuit analogous to the tube circuit of Fig. 3a is
one in which a collector resistor is shared by two or more transistors; the
transistor circuit analogous to the cathode-follower eircuit of Fig. 3b is one
in which a single emitter resistor is shared by two or more transistors in
the common-emitter connection. The input resistance of the transistor
circuit is considerably lower than that of the tube circuits. The input re-
sistance of a transistor circuit may be increased, however, by the use of
the “compound connection,” as shown in Fig. 3d.!

2. Circuits for the Subtraction of Voltages

2.1, The Differential Amplifier. The desired characteristics of sub-
tracting circuits are the same as those for adding circuits. The circuit
that is usually used to obtain an output voltage proportional to the differ-
ence between two input voltages is the differential amplifier, shown in basic
form in Fig. 4a.* If the circuit of Fig. 4a is symmetrical in all respects,
R, « 1/9m, and the internal impedance shunted across the terminals is
assumed to be infinite, the plate-to-plate output voltage approximates
pRi(Vy— V32)/(r, + R)) (Prob. 2.1-1). Zero output is then obtained for
direct-voltage inputs of equal magnitudes and the same phase. Differences

t A. R. Pearlman, Trans. I.R.E., Vol. ED-2, No. 1, p. 25 (January, 1955) ; S. Darling-

ton, Pat.. No. 2,663,806; B. Oliver, Pat. No. 2,663,830.
1Valley and Wallman, Rad. Lab. Series, Vol. 18, p. 441.
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in the values of the amplification factors and plate resistances of the two
triodes and in the values of the two load resistances cause the voltages
developed across the two load resistors to be unequal for equal voltage
inputs. Some output is then obtained for equal in-phase alternating input

(c) '—_—L (d) =

Fic. 4. Differential amplifier: (a) basice cireuit; (b) circuit in which the cathode

resistor is replaced by a pentode; (e) circuit in which a tapped cathode resistor is

used to reduce the negative grid bias; (d) circuit using a tap on the voltage supply

(if the lower input terminals are grounded, an additional negative source of voltage
must be used in eircuit (d).

voltages. The degree of balance of such a circuit is usually specified in
terms of the transmaission factor (rejection ratio), which is defined as the
ratio of the difference-mode output to the common-mode output for equal
input voltages; i.e., the ratio of the output voltage for equal input voltages
of opposite phase to the output voltage for equal input voltages of the same
phase.

The expression for the plate-to-plate output voltage of the circuit of Fig.
43 when the eircuit is not symmetrical (Prob. 2.1-1) shows that the un-
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balance may be minimized by making uRy large in comparison with r, 4+ R;.2
Excessive loss of direct voltage across the cathode resistor may be avoided
by the use of a pentode in place of a resistor for Ky, as in Fig. 4b. Trans-
mission factors as high as 100,000 are attainable in a carefully balanced
circuit of this type.®* The high value of cathode resistance essential to a
high transmission factor results in a direet voltage drop across the cathode
resistor that usually exceeds the desired grid bias, even when a pentode is
used as the cathode circuit resistance. When the circuit is used only with
varying input voltages, the correct bias may be established by means of
resistance-capacitance coupling and a tap on the cathode resistor (or on a
resistor shunting the pentode}, as in Fig. 4c. When the output must indicate
the difference between two steady direct input voltages, however, the lower
input terminals must be connected to a positive point on the voltage supply,
as in Fig. 4d.

2.2. Differential-Amplifier Balance. The differential amplifier may
be balanced by changing the ratio of the two load resistances K, and R,
as shown in Fig. 5a. Decrease of either resistance is accompanied by de-
crease of rp of the corresponding tube, caused by increase of operating plate
voltage of that tube. The circuit may also be balanced by shunting the
two tubes by two high resistances,* the ratio of which is adjustable, as
shown in Fig. 5b.® A transmission factor of 50,000 is easily attainable in
this manner. A third method of adjustment is by means of a voltage divider
between the cathodes of the two tubes, as shown in Fig. 5¢. This method
has the advantage that the adjusting resistance is at low direct potential.

When voltage gain is not of prime importance improved stability of balance
may be obtained by use of the cathode-follower variant shown in Fig. 5d.
If the balancing resistance is small and the internal impedance shunted across
the output terminals is large in comparison with 1/g,,, the output voltage
approximates (V; — Va)gnBi/(1 + Rign). The output voltage approxi-
mates Vi — Vo if By > 1/gm.

If the need for high amplification necessitates the use of tandem stages
of the form of Fig. 4a, plate-to-ground output from the first stage for com-
mon-mode input of the first stage must also be minimized. The reason for
this requirement, is that plate-to-ground output from the first stage as the
result of common-mode input to the first stage provides common-mode input
to the second stage, even though the plate-to-plate output of the first stage

2F. F. Offner, Proc. I.R.E., 35, 306 (March, 1947).

3D, L. Johnson, Wireless Engineer, 24, 231, 271, and 292 (August, September, and
October, 1947); A. M, Andrew, Wireless Engineer, 32, 73 (March, 1955).

+D. L. Johnson, Wireless Enginecer, 24, 231, 271, and 292 (August, September, and
October, 1947) ; A. M. Andrew, Wireless Engineer, 82, 73 (March, 1955).

5D. H. Parnum, Wireless Engineer, 27, 125 (April, 1950).
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is negligible. Unbalance of the second stage then results in some plate-to-
plate output of the second stage, which is amplified by following stages.
This effect may be made negligible by the use of a pentode as the cathode
resistance of the first stage.® The constant-current characteristic of the

1000 | 100kD

‘%2 R, R,

- ()

Fic. 5. Methods of balancing the differential amplifier.

/

(c)

pentode tends to prevent both plate currents from increasing or decreasing
simultaneously, but does not inhibit the differential action.”

2.3. Current Output of Differential Amplifier. In some applications
of differential amplifiers the desired output is not a voltage, but & current
through a load shunted across the output terminals® In the ecircuit of
Fig. 4a the current through a load z connected between plates is

(Vi — Valgnm
2+ (Z T S )
»  Ri+ 2Ry Ri(R; + 2R)

8D. H. Parnum, Wireless Enginecr, 2T, 125 (April, 1950).
7 Johnson, loc. cit.
8 M. Cooperstein, Sylvania Technologist, 4, 88 (October, 1951).
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In the circuit of Fig. 5d the current is

(Vl - V2)gm
2 + z(gm + 1/Rk)

In both circuits the current approaches (V; — V3) ¢g./2 as the impedance
z approaches zero.

2.4. Differential Amplifier with Single-Sided Output. In many ap-
plications of the differential amplifier the output voltage must be that be-
tween one plate and ground in order that one output terminal will be at
ground potential. The output between the plate of T and ground in the
circuit of Fig. 4a is given by the following expression (Prob. 2.1-1):

3 pr(ug + DRpRVy — polrpy + By + (u + 1DRiJRiV,
(rp1 + Bu)lrpe + Riz + (ue 4+ DRi] 4+ (w1 4 1) Ri(rpe + Ri2)

(1)

02

It can be seen from Eq. (1) that output is obtained for equal inputs of the
same polarity or phase. It is also
apparent that this common-mode out-
put may be reduced by making R,
zero. The improvement results not
only from the removal of the term
Ry in the numerator of Eq. (1), but
also from the accompanying reduc-
tion of 7, caused by the increase in
operating plate voltage of tube T\.
From the definition of transmission
‘;L' factor and Eq. (1), the following ex-
F1c. 6. Balanced differential amplifier pression may be derived for the trans-
with single-sided output. mission factor under the assumption
that the two triodes have equal am-

plification factors and that Ry is zero (Prob. 2.1-1):

TF. =142+ DRy/rp1 = 1 + 2gmRi (2)

Equation (2) shows that, when the output is taken from one plate of a dif-
ferential amplifier, high transconductance and high cathode coupling re-
sistance are essential unless the circuit is balanced in some manner.

One simple means of balancing the circuit for single-sided output is the
addition of a resistance in shunt with the tube from which the output is
taken, as shown in Fig. 6.° Solution of the equivalent circuit shows that

? R. McFee, Rev. Sci. Instr,, 21, 770 (August, 1950).
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the circuit of Fig. 6 is theoretically balanced when R = Ry and that the
output voltage is then

Vvo = gm(Vl - Lr2)/(2/Rl + 1/RL + 1/7‘17) (3)

In practice, transmission factors of the order of several thousand may be
obtained in this circuit. Another balanced circuit that has a high transmission
factor for both single-sided and plate-to-plate output is the symmetrical
circuit of Fig. 7.1 The circuit is balanced when

Ro/Ry = (B1 + R/2)/2R; (4)
The output voltage is then given by the relation:
_ pRiR(V — Vo)
(rp + R (By + Ro) + i

Practical values of transmission ratio for the circuit of Fig. 7 range from
2000 to 5000. The value of R;’ does not affect the balance or the magni-

Vo2

(5)

Fig. 7. Balanced differential amplifier.

tude of the output voltage, but affects the grid bias. The d-c level of the
output is determined by the ratio B,/R.. When R; = R; and Ry = R, +
R/2 and the circuit is balanced, the output terminal is at the direct poten-
tial of the center of the plate supply, which can be grounded, and the output
is not affected by equal changes in the characteristics of the two triodes
or by changes of plate-supply voltage.

The basic differential amplifier may also be effectively balanced for single-

10 McFee, loc. cit. See also “Waveforms,” Chance, et al, Rad. Lab. Series, Vol. 19,
Fig. 18.16, p. 646 (McGraw-Hill Book Co., Inc., 1949).
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sided output by the addition of a voltage divider in the input ecireuit of the
tube from which the output is taken, as in Fig. 8.1*

-L- y 0.4M %

F1c. 8 Balanced differential Fia. 9. Differential amplifier in which
amplifier with single-sided out- both the voltage supply and the inputs
put. may be grounded.

Occasionally need arises for a differential amplifier circuit in which not
only the voltage supply, but also the cathodes, can be grounded. One such
circuit is shown in Fig. 9,22

It is important to bear in mind that interelec-
trode capacitances cause changes in gain and
transmission factor as the frequency is in-
creased. A compensated eircuit that is flat and
has a high transmission factor to approximately
5000 cps has been described by Barnette and
Giacoletto.*® The circuit uses one triode and
one pentode and incorporates several compen-
sating networks for the medium and high fre-
quencies.

2.5. Transistor Differential Amplifiers. The
vacuum-tube differential amplifiers that have

- . been discussed can be converted into transistor

Fig. 10. Transistor differ- .. . .
ential amplifier, circuits by replacing the tubes by transistors
used in the common-emitter connection, as
shown in Fig. 10.** By proper choice of transistor characteristics, tem-
perature dependence of balance may be made small. The input imped-

11 B. F. Davies, Electronic Eng., 24, 404 (September, 1952).

12 K, E. Suckling, Electronics, February, 1948, p. 186. See also J. F. Toennies, Eev. Sci.
Instr., 9, 95 (1938).

13'W. E. Barnette and L. J. Giacoletto, Electronics, August, 1955, p. 148.

1+ D, W. Slaughter, Trans. I.R.E., Vol. ED-3, No. 1, p. 51 {March, 1956). See also
Electronics, May, 1955, p. 174.
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ance of transistor circuits is lower than that of tube circuits, and the tran-
sistor circuits are susceptible to changes of balance resulting from tempera-
ture changes. Resistance may be used in series with the emitters for tem-
perature stabilization. The theoretical expressions for the output voltage
and transmission factor of transistor differential amplifiers are more com-
plicated than those of tube circuits because the feedback and input parame-
ters of transistors are not negligible,

3. Differentiating and Integrating Circuits

3.1. Resistance-Capacitance Differentiating Circuit. There are nu-
merous applications of circuits that provide an output voltage proportional
to the derivative of the input voltage. Because
of circuit limitations, true differentiation can be
only approximated at best, and the approxima- i——l c
tion fails if the input voltage has a discontinuity. v; R Yo
The simplest form of differentiating circuit is T r—'
the R-C ecircuit shown in Fig. 11. Analysis of
the circuit shows that the output voltage is Fie. 11. Basic differenti-
given by the following relation (Prob. 3.1-1): atmng cireit.

” .

d"™v;
vo = Z(=1)" T (RO" —- (6)
de*
Unless one or more of the higher-order time derivatives of the input voltage
are very large in comparison with the first derivative, the following approxi-
mation is valid:

" v, = RC(dv;/dt) )
i
RC|d%;/di?| < |dvs/dt] (8)
and
RO dntly, d™v; (8A)
dtn-H dt"

For a sine wave, Eq. (8) reduces to the relation
wRC K 1 9)

If the input voltage contains a discontinuity, the higher-order terms of
Eq. (6) are not negligible in comparison with the first term and Eq. (7)
consequently does not apply. Analysis of the circuit for specific disecon-
tinuous input voltages, such as a step voltage or a trapezoidal voltage, shows
that the discontinuity initiates a transient, which is superimposed upon the
steady-state solution. In certain applications of the R-C differentiator,
notably in the conversion of a voltage step into a short pulse, the desired
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output voltage is the transient voltage, rather than the steady-state voltage.

Practically, a true step input voltage cannot be achieved, the leading or
trailing edge of the input voltage often more nearly approximating a linearly
rising or falling voltage of the forms shown in Figs. 12a and 12b. Direct

Fic. 12. (a) Approximation of a practical positive voltage step; (b) Approxima-
tion of a practical negative voltage step; (c¢) Response of the circuit of Fig. 11 to
input voltage of the form of (a) for three values of V at constant dv,/dt and RC;
(d) Effect of increase of dv,/dt upon outputs shown in (c); (e) Response of the
circuit of Fig, 11 to ideal positive and negative input-voltage steps of magnitude V.

analysis of the circuit of Fig. 11, in which series input resistance and shunt
capacitances are assumed to be negligible, shows that if the input voltage
rises linearly from an initial value of zero, the output voltage is of the form:

vo = RC(dv;/dt)(1 — e *EC) (10)

in which dv;/dt is the constant rate of rise of input voltage. The value of
the output voltage at the termination of the leading or trailing edge of the
input voltage is seen to depend upon t;/RC, the ratio of the duration of the
leading or trailing edge to the time constant of the circuit. After the input
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voltage reaches its constant value, the output voltage decays exponentially
to zero at a rate determined by the time constant RC.

Figure 12¢ shows the manner in which the output pulse changes as the
duration of the leading edge of the input voltage is decreased at constant
slope and fixed time constant RC. It is apparent from Fig. 12¢ that the rise
time of the output voltage pulse can be made short by making the rise time
of the input voltage short, but that the amplitude of the output pulse de-
creases as the rise time of the input voltage is decreased. In order to in-
sure adequate output-pulse amplitude, therefore, the steepness of the
leading or trailing edge of the input voltage must be increased as its dura-
tion is deereased. If rapid decay of the output pulse is aiso desired, as it
usually is, the time constant must be made small. It follows that an out-
put spike of adequate amplitude and steep leading and trailing edges re-
quires that the time constant be small (in comparison with the desired
pulse length), that the rise or fall time of the input voltage be small in com-
parison with the time constant, and that the rate of rise or fall of the input
voltage be large. Practically, it is difficult to meet these requirements
simultaneously, particularly because sourece resistance and shunt capacitance,
neglected in the foregoing analysis, become important as the time constant
RC is reduced.

As the duration of the leading edge of the input voltage is decreased at
constant voltage rise, the input voltage approaches a true step, and the
leading edge of the output voltage approaches a vertical rise equal in magni-
tude to the change of input voltage, as shown in Fig 12e. This is to be
expected, iInasmuch as the capacitor voltage cannot change instantaneously
and an abrupt change in input voltage must therefore be accompanied by
an equal change in voltage across the resistance. The capacitor at once
starts to charge or discharge, and the initial output voltage change is fol-
lowed by an exponential decay at a rate determined by the time constant EC.
The smaller the time constant, the more rapidly the capacitor voltage
changes following the abrupt change of input voltage, and the shorter is
the output pulse.

3.2. Effect of Source Resistance and Load Capacitance. Usually the
input to a resistance-capacitance differentiator is derived from a tube or
transistor amplifier and the output of the differentiator is used to excite
another tube or transistor circuit. The general form of the two most com-
monly used tube circuits is shown in Fig. 13. The transistor circuits are
similar in form. The capacitance C, is the effective input capacitance of
the circuit that is driven by the differentiating circuit, and C, is the output
capacitance of the driving stage. If the driving stage is a cathode-follower
or common-collector amplifier, as in Fig. 13b, the output resistance is
usually so low that the time constant determined by the output resistance
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and C, is very small in comparison with the principal time constant RC.
This condition can also be approximated by the use of a low plate load re-
sistance in the circuit of Fig. 13a, or of a low ecollector circuit resistance
when a transistor is used. Under the assumption that the time constant
of the driving eircuit is small in comparison with RC, the effect of C, may

(c)

Fi1g. 13. (a) Differentiator with common-cathode driving stage; (b) Differentiator
with cathode-follower driving stage; (¢) Equivalent circuit for the circuits of (a)
and (b).

be neglected and, by application of Thévenin’s theorem, the equivalent
cireuit may be reduced to the form of Fig. 13ec.

Under the additional assumption that R,/R and C,/C < 1, the output
voltage of the circuit of Fig. 13¢ resulting from an input-voltage step of mag-
nitude V may be shown to be

VR
" R+ R.C,/C

The form of this output voltage, together with the form of the output voltage
that would be obtained with zero series resistance and shunt capacitance,
is shown in Fig. 14a. Figures 14b and 14c show the output voltage for a
rectangular input voltage. It is seen that the effective series resistance of the
input-voltage source and the shunt capacitance across the output terminals
of the differentiator round the leading edge of the output pulse and decrease
the amplitude of the pulse. As the series resistance and shunt capacitance
are reduced, the rise time of the leading edge of the output pulse is decreased
and the amplitude of the pulse is increased.

Vo [e—t/RC _ e—t/RSC,] ~ V[e_”RC _ e—t/R,CS] (11)
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It must be concluded that the low output resistance of the cathode-
follower or common-collector amplifier makes it preferable to the common-
cathode or common-emitter circuit to drive the R-C differentiator. Fur-
thermore, the series resistance of the source of input voltage and the shunt
capacitance of the circuit connected across the output terminals must be
taken into consideration in the selection of the parameters B and C of the
differentiating eircuit, particularly when a small time constant RC must be
used in order to obtain a short output pulse or a goed approximation to
true differentiation of a continuous voltage wave.

Yi
R :f Circuit of Fig.l! | [ | |
§§ v Cireuit of Fig.13¢
S
Ny
Time Yo
(a) (b) fc)

Fic. 14, (a) Comparison of the response of the circuit of Fig. 11 to a voltage step

of magnitude V with that of Fig. 13¢; (b) Response of the circuit of Fig. 11 to a

rectangular voltage wave; (¢) Response of the circuit of Fig. 13¢c to a rectangular
voltage wave,

If C, is negligible, but R, is not, as may be true when the differentiator
is driven by a common-cathode (plate output) amplifier, the output voltage
produced by an input voltage step of magnitude V is VRe= "/ B+ B9 /(R +
R;). The source resistance therefore reduces the output voltage and in-
creases the time constant,

When the capacitance C, cannot be neglected, the following procedure
may be used to determine the values of E,, R, and C that will result in the
sharpest output pulse from the circuit of Fig. 13a when C, and C, are fixed.?
(“Sharpest pulse” is defined as the one having the largest value of d2v,/dt?
at the peak of v,. This definition is consistent with the highest amplitude
of the crest in a short time interval about the crest.?)

1. Choose C so that C = \/m

2. Make R, = R and reduce both until the minimum useful output-pulse
amplitude is obtained.

3.3 Use of Inverse-Feedback Amplifier. Equations (7) and (10) show
that reducing the time constant RC in order more nearly to approximate

1 H. Moss, Wireless Engineer, 28, 345 (November, 1951).
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distortionless differentiation, or to obtain a short output pulse from an in-
put step, also reduces the magnitude of the output voltage. Amplification
of the output voltage may therefore be necessary. Although the desired
result can be obtained by using low resistance in the eircuit of Fig. 11 and
amplifying the output by means of a simple amplifier, distortion of the
amplifier and dependence of amplifier gain upon supply voltages may pro-
duce adverse effects upon the circuit response. Better performance may be
obtained by means of the circuit of Fig. 15. The amplifier used in this cir-

Pl
NV
C
i -
—it Phase-inverting y
':i v Amplifier Yo AV o

Fi1e. 15. Differentiating circuit inecorporating an amplifier with inverse feedback.

cuit is phase-inverting; the voltage amplification A is therefore numerically
negative.

Under the assumption that the input impedance of the amplifier is in-
finite and that the amplification of the amplifier is unaffected by loading
produced by C and R’, analysis of the circuit of Fig. 15 shows that the out-
put voltage is given approximately by the following expression (Prob. 3.3-1):

A
v, = ———— R'C(dv;/dt) 12
Y 12
if
rC [d%v;/dt? | K |dv,/dt]| (13)
— | d*y; v;
1+]A4|
nd
A R'C d"—HDi d"vi (13A)
1+]A]| | dent? de"

If the voltage amplification is large in comparison with unity, the output
voltage is nearly independent of amplifier characteristics and the magnitude
of the output voltage is approximately the same as that obtained when R’
and C are used in the basic circuit of Fig. 11. Equations (8) and (13)
show, however, that the degree to which the circuit of Fig. 15 approximates
an ideal differentiator is greater than that of the circuit of Fig. 11 by a factor
1+ |A|. It is of interest to note that the amplifier of Fig. 15, in combina-
tion with the resistance R’, produces an effective resistance R’/(1 + |4|)
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between the amplifier input terminals and that the differentiation may be
considered to be produced by the action of the capacitance and this low
effective resistance (Prob. 3.3-2).

A practical form of the circuit of Fig. 15 is shown in Fig. 16a.> In order
to make this ecircuit easier to understand, a simplified version is shown in
Fig. 16b. Voltage amplification is provided by T, the cathode-coupled
stage T, merely providing a means for connecting the feedback resistor R
between the output and the input without loading the voltage amplifier and
without applying a high positive voltage to the grid of T,. In the circuit
of Fig. 16a, T is a pentode instead of a triode. Since the potentially large

+5715v.

(b) = I

Fic. 16. (a) Practical form of the circuit of Fig. 15; (b) A simplified version of
circuit (a).

voltage amplification of a pentode can be approximated only if the load
resistance is comparable to the a-c plate resistance, the load resistor Ry is
also replaced by a pentode, T3, which provides a high a-c resistance with-
out excessive direct-voltage drop. The high resistance provided by T,
results not only from the high a-¢ plate resistance of this tube, but also
from the fact that an increase of plate current is accompanied by an in-
crease of voltage across the cathode resistor By of 73 that makes the grid
more negative and thus tends to prevent the increase of current. A stabilized
high-gain d-c¢ amplifier suitable for use in the cireuit of Fig. 15 will be dis-
cussed in Sec. 4.

Figure 17a shows a differentiating eircuit of the form of Fig. 15 in which
amplification is accomplished by means of a transistor. This circuit was
designed to convert a 1000-cps triangular wave into a rectangular wave.?

2 J. B. Oakes, Electronics, September, 1954, p. 165.
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The cireuit is improved by the addition of a common-collector coupling
stage, equivalent to the cathode-follower stage in the circuit of Fig. 16, as
shown in Fig. 17b. The 10-kQ resistor in series with the emitter in the cir-
cuits of Fig. 17 provides temperature stabilization.

+22%v. +

%/0/«/2
(b) 1

Fic. 17. (a) A transistor differentiating cireuit; (b) An improved form of circuit
(a) in which a common-collector coupling stage is used.

(a) -13v.

Differentiation can also be accomplished by impressing the input voltage
upon a series combination of resistance and inductance that has a small time
constant /R, and taking the output from across the inductance. The re-
sistance of the inductor causes distortion, however, and output capacitance
may cause transient oscillation. One type of inductance-resistance differ-
entiating circuit consists of a pulse transformer in the plate circuit of a
vacuum tube. The input voltage is applied to the grid and the output

voltage is taken from the secondary of the trans-

AN y former. The plate resistance of the tube serves
l R _L as the resistance of the L-R circuit.
vi C Yo
i T . 4. Integrating Circuits
Fic. 18. Basic integrating 4.1. Resistance-Capacitance Circuits. Inte-
cireuit. grating circuits find applications in many types

of electronic instruments and controls, notably in
analog computers and in circuits for the generation of linearly rising volt-
ages. In the simplest type of circuit, shown in Fig. 18, the input voltage is
impressed upon a series combination of resistance and capacitance, and
the output is taken from across the capacitance. The output voltage v,(t)
at any time ¢, in terms of the circuit parameters and the output voltage at
the time ¢,, is given by the relation:
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1 t 1 t
ve(t) = v,(t, -|——fidt=v,,ta +—f v; — v,) dit 14
(®) (to) cJ, (to) RC,O( ) (14)
If v, < v;, Eq. (14) reduces to the approximate form:

1 t

va(t) = vo(ts) + RO ﬁov, dt (15)
If the initial output voltage v,(¢) is zero or very small, the requirement
that v, < v; can be satisfied by making the time constant RC very large in
comparison with the time interval { — !, over which the integration is to be
performed. The minimum ratio RC/(t — ¢,) at which the output voltage is
a sufficiently close approximation to the true integral of the input voltage
depends upon the form of the input voltage. Where a very close approxi-
mation is essential, as in analog computers, RC/(t — t,) must be of the order
of 100 or more. Leakage, particularly through the capacitor, limits the extent
to which the time constant of the basic circuit of Fig. 18 can be increased by
increasing the values of the capacitance and resistance. Furthermore, in-
creasing KC decreases the magnitude of the output voltage. For these
reasons, the integrating amplifier of Fig. 19, which is similar in form to the
differentiating circuit of Fig. 15, is usually used when accurate integration
must be performed. Analysis of this circuit shows that it has a time constant
(1 4+|A])RC and that the output voltage of the circuit is given by the

following approximate relation if (1 +[A4|)RC >t — {,:

Q) (to) + A ! ft dt (16)
2 = Vollo — 15
1+|4] RC

to

It can be seen from Eq. (16) that amplifier distortion and dependence of the
output voltage upon the voltage amplification of the amplifier can be made
small by making the voltage amplification A high, because v,(f) is nearly
ndependent of |A| if |4 > 1.

Comparison of Eqgs. (15) and (16) shows that the circuit of Fig. 19 provides
the same output-voltage amplitude as that of Fig. 18 if equal values of RC
are used in the two circuits. However, since Eq. (16) is valid if (1 +]A4|)RC
>t — t,, whereas Eq. (15) is valid only if RC >>t — ,, it follows that the
same degree of approximation to ideal integration is obtained in the two
circuits if the RC produet is smaller in the amplifier circuit of Fig. 19 by the
factor 1/(1 +]A|). The possibility of using a smaller value of capacitance
in the amplifier circuit than in the basic circuit reduces the leakage problem.

It is of interest to note that the high time constant of the circuit of Fig. 19
may be considered to be the effect of capacitance multiplication by the
amplifier. If the input impedance of the amplifier is assumed to be infinite,
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the current produced by the input voltage »; must all flow into the capacitor.

d(v; — v, dv; . .
The capacitor current is C —(Ldtlz =(C(1 — A) Evt— The amplifier being
dl)i
phase-inverting, A is negative and the current is C(1 +|4/) e The am-

plifier and capacitance C are therefore equivalent to a capacitance C(1 +|A4])
between the input terminals of the amplifier. This capacitance multiplication
is the same as the Miller effect, which may give rise to a large effective input
capacitance of a vacuum tube as the result of relatively small grid-plate
interelectrode capacitance.

Because relatively large values of B are normally used in the cireuit of
Fig. 19, loading of the amplifier by the R-C network is less likely to be
objectionable than in the differentiating circuit of Fig. 15. If necessary, it

\lC
n
R
v VY , Phase -inverting y -AT
c‘ Amplifier °

Fia. 19. Integrating circuit incorporating an amplifier with inverse feedback.

may be prevented by the use of a cathode-follower or grounded-collector
stage in the output of the amplifier.

42. Miller and Bootstrap Circuits. Several practical forms of the
circuit of Fig. 19 are shown in Fig. 20. The circuit of Fig. 20a is called the
Miller integrator and that of Fig. 20b is known as the bootstrap circuit.
(See also Sec. 59.3). The cathode resistor Ry, which provides bias, may be
omitted if v; has a suitable negative component. Although these two cir-
cuits may at first glance appear to be different, careful comparison shows
that they actually differ only as to the points at which they are grounded.
The ungrounded input of the bootstrap circuit may be a disadvantage in
some applications. The circuit of Fig. 20c¢ is a transistor version of the
Miller integrator designed to convert 10-usec rectangular pulses into a tri-
angular wave.! Figure 20d shows a modified form of this circuit in which
the input resistance of the amplifier is increased by the use of compound-
connected 2 transistors 7y and T in the common-emitter voltage amplifier,

1 J, B. Oakes, Electronics, September, 1954, p. 165.

2 A. R. Pearlman, Trans. I.R.E., Vol. ED-2, No. 1, p. 25 (January, 1955) ; S. Darling-
ton, Pat. No. 2,663,806; B. Oliver, Pat. No. 2,663,830.
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and loading of the amplifier by R and C is reduced by the addition of the
common-collector stage T's.

A high-gain stabilized d-c¢ amplifier suitable for long-time-constant inte-
grators will be discussed in the following section.

It should be noted that the circuits of Figs. 19 and 20 cease to be useful

L

Yo

<= (a) = %

(c)

Fic. 20. (a) The Miller integrator; (b) the bootstrap circuit; (¢) transistor version
of the Miller integrator; (d) transistor Miller integrator incorporating a compound-
connected transistor and a common-collector coupling stage.

when the amplifier is driven into cutoff or saturation or to a point where
excessive amplifier input current flows. Frequency compensation of the
amplifier may also be desirable or necessary.?

5. Stabilized D-C Amplifier for Adding, Differentiating, and
Integrating Circuits
5.1. Need for High Stability. One of the principal applications of the
adding circuit of Fig. 2 and the integrating circuit of Fig. 19 is in analog
computers. Adding circuits used for this purpose must have high input im-
pedance and negligible cross-coupling, and integrating circuits must closely

3 J. W. Stanton, Trans. I.R.E., Vol. CT-3, p. 65 (1956).
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approximate ideal integrators. It follows from the discussions of Secs. 1
and 4 that the amplifiers incorporated in these circuits must have high gain.
Furthermore, in order that the currents and voltages in the analog circuits
may be recorded by means of a plotting table, the time constants of these
circuits must often be of the order of minutes and the amplifiers must
therefore have flat frequency response down to frequencies of the order of
hundredths or thousandths of a ecycle per second. High stability is also
essential.

High and constant gain over a wide frequency band extending into frac-
tional frequencies can be achieved only by means of multistage direct-
coupled amplifiers. This type of amplifier is inherently unstable, however,
because a small change in the tube or circuit parameters of the first stage
may make a large change in the output voltage or current. Consequently,
in order to maintain the output voltage zero in the absence of input, changes
in tube characteristics and circuit elements as the amplifier warms up must
be compensated by frequent adjustment unless the circuit is electronically
stabilized.

5.2. Basic Circuit. The block diagram of the stabilized d-¢ amplifier
circuit that is usually used in analog computers is shown in Fig. 21a.2 Sta-
bilization is achieved in this circuit with the aid of an auxillary a-c amplifier,
a mechanical chopper to convert direct voltage into alternating voltage that
can be amplified by means of the a-c amplifier, and a synchronous rectifier
to reconvert the output of the a-c amplifier into direct voltage.

If the zero-signal output voltage Vo 1s positive, a positive voltage is im-
pressed upon the input of the a-¢ amplifier when the chopper contacts are
open. Since the output voltage of the a-c amplifier is in phase with its
input voltage, the capacitor C; is charged in the indicated polarity through
the rectifier contacts, which are closed when the chopper contacts are open.
When the rectifier contacts are open, the capacitor Cs charges through R;.
The resulting relatively large negative stabilizing voltage V¢ applied to the
grid of T's is of the proper polarity to reduce Vy. The over-all loop gain of
the two amplifiers, chopper, and rectifier being of the order of 10® at zero
frequency, a high degree of stabilization results from the inverse feedback.
The time constant R,C5 is large enough to prevent the application of signal-
frequency or chopper-frequency voltages to the grid of T',.

Analysis of the circuit of Fig. 21a (Prob. 5.2-1) shows that if |4;(4s — 1)]
> (Z; + Z)/Z; and if A, is sufficiently high at the chopper frequency, at
which A; = vo/vg and Ay = vg/vg, the zero-signal output voltage of the
d-c amplifier is negligible and the signal output voltage is very nearly v;Z,/Z,.

1 A, J. Williams, Jr.,, R. E. Tarpley, and W. R. Clark, Trans. AL.E.E., 67, 47 (1948).
2 E. A. Goldberg, RCA Rev., 11, 296 {June, 1950).

#
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Fig. 21. Stabilized d-c amplifier: (a) block diagram of the basic circuit; (b) prac-
tical form of the circuit.
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5.3. Practical Circuit. Figure 21b shows a practical form of the ampli-
fier of Fig. 21a as it is used in the integrating circuit of Fig. 19.> This cir-
cuit may be converted into the summing amplifier of Fig. 2 by replacing
the capacitance C by a suitable resistance and adding other input circuits.
Similarly, interchanging C and B converts the circuit into the differentiator
of Fig. 15. The amplifier is capable of producing a zero-frequency output
swing from —200 to 4200 volts and has a flat frequency response to at least
100 ke when Z; and Z; arc equal resistances. Shielding of the chopper and
rectifier leads is necessitated by the fact that any feedback from the output
to the input of the a-¢ amplifier is regenerative and may therefore cause
oscillation. In some applications of the circuit the mechanical chopper and
rectifier may be replaced by transistor switches of the type discussed in
Sec. 13.

Because complete stabilization cannot be obtained by the use of inverse
feedback alone, and some unbalance may be caused by contact or thermal
potentials in the chopper or by the flow of grid current of T'; through Z;, a
variable resistor is provided in the cathode circuit of 7y and T, in order
that the circuit may be balanced initially. After initial balance the zero-
signal output voltage, referred to the input terminals of the d-¢ amplifier,
does not exceed 50 microvolts when the input and feedback impedances are
of the order of megohms.

6. Characteristics of Diodes

6.1. Thermionic Diodes. The circuits to be discussed in Sec. 7 and a
number of other types of circuits to be discussed in later sections of this
book function by virtue of rectification or other useful properties of diodes.
Either thermionic diodes (Figs. 24a and 24b) or semiconductor diodes (Figs.
24¢, 24d, and 24e) can be used in most of these circuits, the choice between
the two types depending upon which features are of primary importance
in the individual circuits. A brief discussion of diodes at this point will aid
the reader in choosing between thermionic and semiconductor diodes and
will be helpful in some of the treatments presented in later sections. The
technology of semiconductor devices is developing so rapidly, however, that
great improvements may be made between the writing and the publication
of any discussion of diodes. The reader is therefore urged to consult recent
technical literature and the specification sheets of manufacturers before
selecting a diode type.

The principal features in which thermionic diodes are at present superior
to semiconductor diodes are their high reverse breakdown voltage, their
rapid response to abrupt voltage changes, and the fact that their current-
voltage characteristics are virtually independent of ambient tube tempera-

3 Goldberg, loc. cit.
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ture if the cathode heating current is maintained constant. It is also easier
to obtain in a single thermionic diode the combination of low forward re-
sistance, high reverse resistance, and small shunt capacitance.

In the forward direction, the plate current of an ideal thermionic diode
with a unipotential cathode varies as the 3/2 power of the plate voltage,
the perveance or ratio of the plate current to the 3/2 power of the plate
voltage depending upon the cathode area and the cathode-to-plate spacing.
Initial velocity of electron emission, contact potential difference, variations
in electrode spacing, fringing electric fields at the ends of the electrodes,
and differences of potential over the cathode surface in filamentary types
cause the form of the characteristics of practical thermionic diodes to de-
part from that of the ideal diode. From the point of view of application of
diodes to circuits, the most important departure is failure of the current-
voltage characteristic to pass through the origin. Usually current cutoff
occurs at a negative voltage of a quarter to three-quarters of a volt, the exact
value varying with cathode temperature, from tube to tube, and during the
life of a tube.

The forward resistance of thermionic diodes is of the order of 100 to
1000 ohms. The reverse resistance of a properly mounted thermionic diode
exceeds 10° ohms. The plate-to-cathode capacitance is of the order of sev-
eral micromicrofarads, and the heater-to-cathode capacitance of the order
of 1 puf. Although the heater-to-cathode capaeitance is small, it may cause
undesirable power-frequency pickup in high-impedance circuits in which the
cathode must be operated above ground potential. Thermionic diodes may
be designed so that they can withstand reverse voltages of thousands of
volts without breakdown if they are properly mounted. The delay time in
the response of the plate current to a positive or negative step of plate
voltage, which is the result of electron transit time from the cathode to the
plate, may be as small as a fraction of a millimicrosecond at plate voltages
of the order of tens of volts.

6.2. Semiconductor Diodes. The desirable features of semiconductor
diodes are lower forward resistance than that of thermionic diodes (1 to
500 ohms), smaller size and weight, lower cost, and the absence of heater-
power requirements and of the attendant possibility of power-frequency
pickup, and, in some types, lower shunt capacitance. On the other hand,
presently available semiconductor diodes have lower values of reverse break-
down voltage (less than 200 volts in most types suitable for use in cireuits
discussed in later sections of this book), have current-voltage characteris-
ties that depend upon operating temperature, and except for breakdown
diodes are in general much slower than thermionic diodes to respond to
abrupt changes of voltage.

The general form of the current-voltage characteristic of a semiconductor
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diode is shown in Fig. 22a. If the diode consisted of an ideal p-n junction,
the reverse current would approach a small constant saturation value I, and
the characteristic would obey the law 17 = I,(e*® — 1). The factor y may
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Fia. 22. (a) A typical semiconductor current-voltage characteristic; (b) a typieal

family of breakdown-diode characteristies; (c) typical curves of dynamic resistance

and temperature coefficient of voltage vs. voltage; (d) current-voltage characteristic
of two breakdown diodes connected in series, back-to-back.

have a value anywhere between ¢./kT and q./2kT, where q. is the magni-
tude of the charge of an electron, k is Boltzmann’s constant, and T is the
absolute temperature.! The value of y depends upon the junction structure
and decreases from low values of voltage v to high values. Departures from
this simple exponential law result from a number of causes, including the

1W. Shockley, Bell Sys. Tech. J., 28, 435 (1949); E. Spenke, Z. Naturf., 1la, 440
(1956) ; J. L. Moll, Proc. I1.R.E., 48, 1076 (June, 1958); 1. Ladany, Proc. I.R.E., 47, 589
and 1252 (April and July, 1949).
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resistance of the p- and n-regions of the semiconductor and shunt leakage
conductance across the junction. An important effect of the series resistance
of the semiconductor is that the current-voltage characteristic of types in
which the series semiconductor resistance is not negligible approaches a
straight line at large positive values of current, as shown by the dotted line
in Fig. 22a.2 The voltage intercept of this line approximates a few tenths
of a volt. Even for diodes that follow the exponential law closely, it is often
convenient or necessary to assume, in a simplified approximate analysis of
a diode circuit, that the current-voltage characteristic may be approximated
by a straight line having a small positive voltage intercept.

The flow of reverse current in the saturation range is caused by the pres-
ence of some holes in the n-type semiconductor and some electrons in the
p-type semiconductor. Because the presence of these carriers is mainly the
result of thermal excitation of some of the intrinsic semiconductor atoms, the
saturation current increases with diode temperature and eventually becomes
so large as to render the diode useless. The saturation current of silicon
diodes at room temperature may be as low as 101 amp;® that of ger-
manium diodes is several orders of magnitude greater. The maximum tem-
perature at which silicon diodes can be operated without excessive reverse
current is considerably higher than that of germanium diodes (in the vicinity
of 80°C for germanium diodes and 300°C for silicon diodes).

The reverse current of an ideal p-n junction would not exceed the satura-
tion value even at large values of negative voltage. The reverse charac-
teristics of actual semiconductor diodes depart from those of an ideal junec-
tion in that the characteristics may have appreciable slope throughout the
negative-voltage range, and that a value of voltage is reached beyond which
the slope of the characteristic increases and may become very large. The
finite slope of the characteristic throughout the reverse-voltage range, which
is caused by shunt leakage conduectance, is small in a good diode. The rise
in reverse-current magnitude above a ecritical value of reverse voltage is
caused by avalanche multiplication of carriers as the result of high electrie
field within the diode junection. This phenomenon, which is called break-
down, is in some respects similar to the breakdown of a gas diode (see Sec.
22).

6.3. Breakdown Diodes. Reverse breakdown of a semiconductor diode
is nondestructive if the current is limited to a value that does not ecause the
allowable dissipation to be exceeded. In silicon diodes, breakdown occurs

2 R. G. Shulman and M. E. McMahon, J. Appl. Phys., 24, 1267 (October, 1953) ; H. L.
Armstrong, E. D. Metz, and 1. Weiman, Trans. I.R.E., Vol. ED-3, p. 86 (April, 1956) ;
F. 8. Barnes, Tech. Report No. 8, Stanford Electronic Labs. (August 30, 1956); N. H.
Fletcher, J. Electronics, 2, 609 (May, 1957); N. H. Fletcher, Proc. I.R.E., 45, 862 (June,

1957) ; H. I.. Armstrong, Proc. I.R.E., 46, 361 (January, 1958).
3 (3. L. Pearson and B. Sawyer, Proc. I.R.E., 40, 1348 (November, 1952).
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much more abruptly with respect to voltage than in germanium diodes, and
the slope of the current-voltage characteristic at negative voltages exceed-
ing the breakdown voltage may be very steep. Diodes designed to serve
useful functions by virtue of the sharp break in the current-voltage char-
acteristic or the steepness of the characteristic in the reverse-current range
beyond breakdown are called breakdown (Zener) diodes. The letter B
within a eircle, as in Fig. 25, is used to indicate that a diode is being used as
a breakdown diode. Because the onset of breakdown is not in general
abrupt, the breakdown voltage must usually be specified at an arbitrary
value of current above the saturation value.

The breakdown voltage of a breakdown diode depends upon the con-
ductivity of the silicon and ean be controlled to a high degree in the process
of manufacture.* A typical family of characteristics is shown in Fig. 22b.°
The breakdown is gradual at voltages below 7 volts, but becomes sharper as
the breakdown voltage is increased. The steepness of the characteristic
decreases with increase of breakdown voltage. A typical curve of dynamic
resistance (reciprocal of the slope of the current-voltage characteristic in
the operating range) vs. voltage is shown in Fig, 22¢.0

The voltage of a breakdown diode at constant current is in general de-
pendent upon the temperature. A typical curve of temperature coefficient
of voltage as a function of voltage at constant dissipation is shown in Fig,
22¢." Increase of current displaces the curve toward lower voltages. Zero
temperature coefficient is obtainable only in units operating at low voltages
and then only at a single current for each unit. At higher voltages complete
temperature stabilization can be approximated by using a forward-biased
diode in series with the breakdown diode, the two units being designed or
selected so that the positive temperature coeflicient of the breakdown diode
is offset by the negative coefficient of the forward-biased diode. Packaged
combinations of this type are available.

Because the ratio of the dynamic resistance to the breakdown voltage
increases as the breakdown voltage is increased, and units having high
breakdown voltage also have relatively high temperature coefficient of volt-
age, better stability is obtained by the use of two or more low-voltage units
in series than by a single unit having the same voltage as the combination.
The series combination has the additional advantage of higher dissipation
capability, and therefore longer life at the same operating current. Avail-
able breakdown diodes have rated operating voltages extending from 3.6
volts to more than 150 volts and power ratings up to 10 watts.

¢ Pearson and Sawyer, loc. cit.

5 G. Porter, Internat. Rect. Corp. Engineering Handbook, p. 101.

8 D. H. Smith, Communication and Electronics, No. 16, 645 (January, 1955).
7 Smith, loc. cit.
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A breakdown diode can be used as a rectifier when it is biased either near
zero voltage or near the breakdown voltage, The fact that the variation of
voltage of a breakdown diode with current in the conducting state is small
can be used to advantage in obtaining a nearly constant supply or reference
voltage over a range of supply voltage or load current.® The supply voltage
and series resistance are chosen so that the diode current remains within
the operating range throughout the required range of load current, and the
stabilized voltage is obtained across the diode. Breakdown diodes may also
be used as direct-coupling elements, as in the circuit of Fig. 98. The break-
down voltage is chosen equal to the desired difference of potential between
the coupled points. If the average current through the diode is well within
the operating range, the alternating voltage across the diode is small and
may be further reduced by means of shunt capacitance.

When two breakdown diodes are connected in series in opposite polarity
(back-to-back), the resulting current-voltage characteristic is of the form
of Fig. 22d. A number of applications of this symmetrical characteristic
will be discussed in later sections.

Some breakdown diodes display instability in the form of random or
periodic pulses at low values of operating current.?

6.4, Capacitor Diodes. The capacitance of a reverse-biased p-n junc-
tion is an inverse function of applied voltage,’® as indicated by the relation
C = kv—" The value of n depends upon the diode structure and may range
from the order of 14 to 1. Maximum capacitance ranges from the order of
100 to thousands of micromicrofarads, and the capacitance may be varied
over a ten-to-one range or greater by varying the voltage from approxi-
mately zero to the breakdown value. By proper design, the reverse leakage
current can be made small and the breakdown voltage high.

Voltage-sensitive semiconductor capacitors find applications in oscillator
frequency control and tuning, frequency modulation, and other processes.
A problem encountered in their use is dependence of capacitance upon
temperature at low magnitudes of reverse voltage, which may require the
use of some compensating device, such as a forward-biased semiconductor
diode.

6.6. Transient Response of Semiconductor Diodes. The performance
of semiconductor diodes in pulse circuits is impaired by failure of the
forward current to assume its final value instantaneously in response to a
forward voltage step and by the flow of large reverse current when a

8 Smith, loc. cit.; F. Finnegan, Trans. I.R.E.,, Vol. ED-2, No. 1, p. 51 (January, 1955) ;
C. N. Wulfsberg, Electronics, December, 1955, p. 192.

9 K. Bewig and B. Salzberg. See J. E. Scobey, W. A. White, and B. Salzberg, Proc.
I.LR.E., 44, 1880 (December, 1956).

10 A bibliography covering this subject is contained in an article by M. E. McMahon
and G. F. Straube, I.R.E. Wescon Convention Record, Part 3, p. 72, 1958.
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reverse voltage step is applied to a diode that is initially forward-
biased. The forward transient is the result of a change of the semicon-
ductor resistance caused by minority-carrier injection across the rectify-
ing junction (electrons into p-type material and holes into n-type ma-
terial). Thus the slope of the dashed characteristic of Fig. 23a is partially
determined by the initial conductivity of the n-type and p-type semi-
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Fic. 23. (a) Effect of carrier injection upon the current-voltage characteristic of a

semiconductor diode; (b) effeet of circuit resistance upon diode forward transient;

(e) reverse current-voltage characteristics of a semiconductor diode following inter-
ruption of forward current; (d) effect of V/R upon diode reverse transient.

conductors that make up the diode. As electrons diffuse into the p-type
layer and holes into the n-type layer, the conductivity rises and the charac-
teristic approaches the solid curve. This effect is more marked, both as to
magnitude and the time required for the equilibrium characteristic to be
assumed, in point-contact than in junction diodes, because of the relatively
high “spreading resistance” in the vicinity of the contact, where the current
density is high. The initial current rise in point-contact diodes ranges from
as low as 50 to essentially 100 percent of the final value. The time constant
of the slow rise may be of the order of 1 psec.’*

It can be seen from Fig. 23a that the ratio of the initial current rise to
the final value should depend upon the circuit resistance and the applied

11 M. C. Waltz, Proc. I.R.E., 40, 1283 (November, 1952); C. G. Dorn, Trans. I.R.E.,
Vol. ED-3, No. 3, p. 153 (July, 1956).
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voltage. Thus, if the circuit resistance is zero and the applied voltage is
V1, the initial current is I;, and the transient is of the form of the solid
curve of Fig. 23b. 1If the voltage 1s Va, however, and there is a resistance
R in series with the diode, the current first rises to the value I, and the
transient is as shown by the dashed curve of Fig. 23b.

Reverse current, when a reverse voltage step is applied to a diode that
is initially forward biased, is the result of minority-carrier storage.'? Since
some time is required for the disappearance of electrons that were injected
into the p region and of holes that were injected into the n region during
forward conduction, the instantaneous behavior of the junetion following the
interruption of forward current would be expected to resemble that of the
base-collector junction of a transistor when there is minority-carrier injec-
tion from the emitter to the base. Immediately following the application of
reverse voltage, therefore, the reverse current-voltage characteristic of the
diode should be similar to a curve of collector-current vs. collector-base volt-
age of a transistor at constant emitter current.* The number of stored mi-
nority carriers decreases with time, however, and the current-voltage charac-
teristic changes in a similar manner to the collector characteristic of the
transistor when the emitter current is decreased. Figure 23c shows the gen-
eral form of the reverse current-voltage characteristics of a diode at equally-
spaced instants following interruption of forward current under the assump-
tion that the loss of minority carriers results only from recombination.

The load lines in Fig. 23c correspond to a fixed value of applied reverse
voltage and four values of series resistance. It is apparent that for any value
of resistance in the range from zero to R, the initial current following
application of reverse voltage is nearly independent of circuit resistance
and that the current immediately starts to decay. If the resistance is in-
creased to R, the initial reverse current is smaller and remains nearly con-
stant until £ = ¢;. A further increase of resistance to the value Rj results
in a greater reduction of initial reverse current and an increase in the time
during which the current remains nearly constant.

Figure 23c¢ predicts that the rate at which current decays after the diode
voltage leaves the saturation range should be nearly independent of V/R,
as shown by the dashed curves of Fig. 23d. Curves obtained experimentally,
however, are of the form of the solid curves. The discrepency is explained
by the fact that the applied field causes the minority carriers to be swept
away and the minority-carrier density consequently to fall more rapidly
than if the carriers were lost only by recombination. Every characteristic
curve of Fig. 23c except that for ¢ = 0 should therefore be closer to the volt-

12 Waltz, loc. cit.; R. H. Kingston, Proc. [.R.E., 42, 829 (May, 1954).

13 L. P. Hunter, editor, Handbook of Semiconductor Electronics, McGraw-Hill Book
Co., New York, 1956.
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age axis by an amount that increases with increase of initial reverse cur-
rent. The initial rate of decay of reverse current should consequently in-
crease with initial current, as observed experimentally. Since the initial
reverse current obtained following a given value of forward current is de-
termined principally by V/R, the value of V/R also determines the form
of the reverse transient.

Increase of the forward current prior to the application of reverse voltage
increases the density of stored minority carriers and thus causes the char-
acteristics of Fig. 23¢ to be displaced to proportionately higher values of
current. Increase of the forward current that flows prior to reversal of the
applied voltage should therefore increase the height of the reverse-current
pulse if the pulse has no constant-current portion. It should also increase
the duration of a constant-current portion of the pulse and the time required
for the current to fall to a specified small value. The forms of measured
transients are in agreement with this prediction.

The forward-current transient of most diodes is sufficiently small in com-
parison with the final current value, and the duration of the transient is
small enough, so that the effect of the transient may usually be neglected.
When point-contact diodes are used in circuits for the generation of
pulses less than a microsecond in duration, forward transients should be
taken into consideration if more than 5 percent variation of forward re-
sistance is objectionable. The duration of diode reverse transients may
range from as short as a millimicrosecond ** to as long as tens of micro-
seconds, and the reverse currents may be as high as several amperes.!> The
possibility of objectionable reverse transients must therefore always be
kept in mind.

The minority-carrier storage effects that are responsible for forward and
reverse transients in ordinary point-contact and junction diodes are not
present in breakdown diodes used only in the breakdown mode. Oscillograms
taken with an oscilloscope having a resolving time of 10—8 second show no
observable delay in the response of breakdown diodes to a voltage step,
and no observable reverse transient.'®* Theoretically, breakdown-diode re-
covery times shorter than 10—1° sec. should be possible.??

7. Clippers (Amplitude Comparators)

7.1. Diode Circuits. A very useful operation that may be performed by
means of electronie circuits is the elimination or selection of portions of
pulses or waves that exceed a reference value. Because such circuits can

14 J. H. Forster and P. Zuk, I.R.E. Wescon Convention Record, Part 3, p. 122, 1958,

15 Shulman and McMahon, loc. cit.

18 B, Salzberg and E. W, Sard, Proc. I.R.E., 45, 1149 (1957).
17 J, R. Madigan, Electronic Ind., February, 1957, p. 78.
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be used to determine with considerable accuracy the equality of an instan-
taneous value of input voltage and a reference voltage, they are also called
amplitude comparators.

The simplest and most commonly used type of clipper consists of one or
more biased diodes in series with a resistance. The circuits shown in basic
form in Fig. 24 clip voltages of one polarity only. In the parallel diode
circuit (a) the diode is reverse-biased when the input voltage is negative or
when the input voltage is positive but smaller in magnitude than the biasing
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Fie. 24. Diode clipper circuits: (a) and (b) circuits that clip positive input volt-
ages; (c) and (d) circuits that clip negative input voltages; (e) one form of eircuit
that elips both positive and negative input voltages.

voltage. If the reverse resistance of the diode and the load resistance
shunted across the output terminals are very high in comparison with the
resistance K and if the shunt load capacitance is negligible, nearly the full
input voltage appears across the output during the time in which the diode
is reverse-biased. If the forward resistance of the diode is small in com-
parison with R, the output voltage approximates the constant biasing
voltage while the diode is forward-biased. The circuit therefore clips posi-
tive pulses of magnitude greater than the bias or the positive peaks of
periodic waves having positive amplitudes greater than the bias. The series-
diode circuit (b) produces the same effect as circuit (a), but output is ob-
tained as the result of conduction, rather than nonconduction, of the diode.
Circuits (¢) and (d) clip negative input voltages. The series circuits (b)
and (d) have the disadvantage that the interelectrode capacitance of the
diode causes some output to appear during the time the diode is noncon-
ducting and therefore prevents complete clipping. The shunt circuits are
preferable to the series circuits when used with a source having high internal
impedance, since negligible current is drawn from the source during the
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time in which output is obtained. The series circuits, on the other hand, are
preferable when the input is obtained from a low-impedance source and
the impedance level must be kept low during conduction.

A common application of diode clippers is in the elimination of voltages
of one or the other polarity. This is accomplished by the circuits of Fig. 24
if the biasing voltage is zero. When a diode clipper is capacitance-coupled
to the source of input voltage, charging of the coupling capacitor may cause
undesired biasing of the diode and thus prevent proper functioning of the
clipper. This phenomenon will become apparent in the discussion of clamp-
ing eircuits in Sec. 8.

Circuits that elip both positive and negative voltages consist of combina-
tions of circuits (a) and (¢) or of circuits (b) and (d) of Fig. 24. Circuits
(a) and (¢) are combined by using two parallel oppositely connected diodes
with a single series resistor, as shown in Fig. 24e. Circuits (b) and (d)
of Fig. 24 are combined by connecting the output of one to the input of
the other.

Although separate biasing supplies have been shown in the basic eircuits
of Fig. 24, the required values of bias can ordinarily be obtained from a
tap on the main power supply or by equivalent means. Low resistance of
the bias supply is essential except when the same resistances can be made
to serve the function of the resistance B of the basic circuits and of the
voltage divider of the biasing-voltage source. This can be accomplished
readily with the series circuits (b) and (d) of Fig. 24.

The choice of the value of the resistance R in the circuits of Fig. 22 de-
pends to some extent upon the purpose for which the eclipper is to be used,
upon the type of rectifying device used, and upon the shunt load capaei-
tances, but usually ranges from the order of 10,000 ohms to several megohms.
If R is made too large, diode interelectrode eapacitance or load capacitance
causes the circuit to act as an integrator during the time the diode is non-
conducting. It is important to note that the circuits of Fig. 24 funection
properly only if they are essentially unloaded. When they are required to
supply voltage to a circuit having appreciable shunt capacitance and con-
ductance, a cathode-follower or common-collector isolating stage must be
used between the clipper and the load.

7.2. The Use of Clippers in Rectangular-Wave Generation. One
frequent application of double-acting clipper circuits is in the conversion
of sinusoidal voltages into rectangular voltages. In order that the output
shall be as nearly rectangular as possible, i.e., that the voltage rise and fall
times shall be as short as possible, clipping must be done at a very low
voltage level relative to the input amplitudes. If the required output voltage
is large, and the available input voltage low, the clipper must be followed
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by an amplifier. Sometimes further improvement of waveform may be ob-
tained by clipping and amplifying a second time, although a preferable
procedure is to use a large input amplitude. It is very important to bear
in mind, however, that the extent to which the output wave may be made
to approximate rectangular form is limited by ecireuit capacitances. In the
parallel-diode cireuits of Figs. 24a and 24c, shunt load capacitance limits
the rate at which the output voltage can rise and fall, whereas in the series
diode circuits diode capacitance prevents the top and bottom of the output
wave from being truly flat. These effects are reduced by lowering the re-
sistance R, but R must always be large relative to the diode resistance in
order that the output voltage will be negligible during the clipped portion
of the input pulse or wave.

7.3. Variants of the Basic Diode Circuits. Since the breakdown-
diode charaeteristic of Fig. 22d is of the same form as that of the two-diode
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Fic. 25. (a) Breakdown-diode clipper circuit; (b) use of a breakdown diode to
bias a conventional diode clipper.

circuit of Fig. 24d, two breakdown diodes connected in series in opposite
polarity may be used to obtain full-wave eclipping, as shown in Fig. 25a. In
this manner the need for forward biasing voltages is avoided. An additional
advantage in the use of breakdown diodes 1s the absence of objectionable
transient effects.

If the diode of Fig. 24b is replaced by two breakdown diodes connected in
series in opposite polarity and the biasing voltage is zero, the output con-
sists of portions of the voltage input that exceed the diode breakdown volt-
ages. Breakdown diodes may also be used to furnish bias in the circuits of
Fig. 24, as shown in Fig. 25b. In this manner the need for a low-resistance
bias supply is avoided.

Occasionally the output that is desired from a clipper is the portion of
the input voltage in which the instantaneous input voltage exceeds the
reference voltage, rather than the portion in which the input voltage is less
than the reference voltage. The desired result may be obtained in the
circuits of Fig. 24 by reversing the polarity of the reference voltage. This
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is equivalent to taking the output from across the resistor in the circuits of
Figs. 24a and 24¢ and from across the diode in the circuits of Figs. 24b and
24d.

7.4. Clipping by Single Triodes or Pentodes. Clipping ean also be
accomplished by means of triodes and pentodes. Negative voltages may be
readily clipped by making use of plate-current cutoff iby negative grid volt-
age. If the output is taken from the plate of the tube, cutoff is not sharp. If
a high-mu-triode ecathode-follower is used, on the other hand, inverse feed-
back increases the sharpness of cutoff to the point whiere it is comparable
with that of diodes. The cathode-follower has the ad vantage that it pro-
vides a high-impedance input and a low-impedance output. If a plate load
resistor is also used, output at a high-impedance level may be obtained from
the plate. The input voltage at which cutoff occurs ean be controlled by
means of additional biasing voltage introduced in series with the eathode
resistor.

As in diode clipper circuits, the sharpness of clipping in triode and pentode
eircuits is limited by shunt output capacitance. When a cathode-follower is
used to clip a negative input voltage, the output voltage falls more slowly
than it rises. After the negative input voltage cuts the tube off, the shunt
output eapacitance discharges only through the cathode resistor (and any
external path that shunts this resistor), which usually has a resistance of
several thousand ohms. After the rising input voltage turns the tube on,
however, the capacitance charges through the tube. Because the effective
output resistance of a cathode-follower approximates 1/¢., or the order of
only several hundred ohms, the charging time constant is only approximately
one-tenth the discharging time constant.

Transistors in the common-emitter or common-collector connection can
be used in a similar manner to grid-controlled tubes to produce elipping by
collector-current cutoff. Presently available transistors have the disad-
vantage of lower input resistance than that of tubes, however.

Positive clipping with single triodes or multigrid tubes can be aceom-
plished by means of the voltage drop produced by the flow of grid current
through a high resistance in series with the grid. The action is similar to that
in a diode circuit, but the output voltage is amplified. Because of depend-
ence of the grid-current cutoff voltage upon plate voltage, grid-current clip-
ping is inferior to diode clipping. A second type of positive clipping action
is based upon the very sharp knece in the plate characteristics of voltage
pentodes at zero and positive control-grid voltages. If a high value of plate
load resistance is used, the plate voltage falls to a very low value at zero
grid voltage and little further change occurs as the grid is driven positive.
Clipping is not so sharp as with diodes, and is dependent upon the plate-
supply voltage.
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7.5. Transistor Clippers. The collector characteristics of junction tran-
sistors in the common-emitter connection being of the same general form
as the plate characteristics of pentodes, p-n-p or n-p-n transistors may be
used in a similar manner to pentodes to produce positive and negative clip-
ping. Clipping by collector saturation has the disadvantage, however, that
minority-carrier storage slows the response of the transistor when the mag-
nitude of the base voltage falls below the value at which saturation occurs,
and therefore reduces the sharpness of the trailing edge of the output volt-
age.

Transistor clipping circuits may also function by virtue of base-emitter
reetification analogous to grid rectification in tube circuits.

7.6. The Cathode-Coupled Clipper. A symmetrical clipper that has a
number of advantages relative to the diode clippers discussed in the pre-
ceding section is the cathode-coupled clipper
shown in Fig. 26.* In this circuit T, serves
as cathode-follower amplifier that drives T.
Clipping of negative input voltage is the re-
sult of tube-1 cutoff. The input voltage at
which tube 1 is cut off and negative elipping
occurs 1s much smaller than in an isolated
cathode-coupled stage, since the plate cur-
rent of tube T2 increases as that of tube T
decreases, and thus tends to maintain the 1
voltage across Rg constant. (If tube T =
were not present, the voltage across Ry F16. 26. The cathode-coupled
would decrease by almost the same amount clipper.
as the negative input voltage increased, and
thus tend to prevent 7'; from cutting off.) Clipping of positive input volt-
age takes place when the voltage produced across Rg by the plate current
of T is sufficient to bias Ts beyond ecutoff.

The advantages of the cathode-coupled clipper relative to diode circuits
are that, with proper choice of eircuit parameters and operating voltages,
it has high input impedance over a wide range of input voltage and, because
of amplifieation, provides much greater output. In comparison with the
biased-diode circuits of Figs. 21 and 23 it has the further advantage that
it does not require a low-impedance bias supply.

In order to obtain abrupt clipping, the criterion (1 + p)Rgx > r, + R
must be satisfied.2 This is accomplished by the use of tubes having high

1 For a detailed analysis of this circuit as a clipper, see L. A. Goldmuntz and H. L.
Krauss, Proc. I.R.E., 36, 1172 (1948). For other applications of the cathode-coupled
circuit, see G. C. Sziklai and A. C. Schroeder, Proc. I.R.E., 38, 701 (1945), and K. A.
Pullen, Proc. I.R.E., 84, 402, (1946).

2 Goldmuntz and Krauss, loc. cit.
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transconductance and making Rx large in comparison with 7, + R;. The
resulting high negative grid bias produced by Rx may then necessitate the
use of positive bias-supply voltage Vgge in the grid circuit of tube 2 in order
to obtain sufficient output amplitude. This biasing voltage, which may be
obtained from a tap on the power supply, increases the positive clipping volt-
age by approximately Vgee and decreases the negative clipping voltage by
approximately Vggs, as can be readily seen from the following discussion of
Fig. 26. Insertion of Vggo incresses by an equal amount the voltage that
must be produced across Kx by the plate current of tube 1 in order to cut
tube 2 off. When tube 2 is cut off, however, tube 1 acts as a simple cathode
follower, having a voltage amplification of nearly unity. The increased
voltage required across Ex to cut tube 2 off therefore calls for an approxi-
mately equal increase of input voltage, or an increase of approximately Vggo.
When tube 1 is cut off, on the other hand, tube 2 acts as a cathode follower,
introduction of the voltage Vg2 producing an approximately equal increase
of voltage across Rg and hence reducing by this amount the negative input
voltage required to maintain tube 1 cutoff. If symmetrical clipping is
desired, therefore, a positive biasing voltage Vg1 approximately equal to
Vege must also be used in the grid circuit of tube 1.

7.7. Input Ratio of Cathode-Coupled Clipper. In the use of clippers
to convert sinusoidal input voltage into rectangular output voltage, short
rise and fall times of the output voltage necessitate a high ratio of input
voltage to the voltage at which clipping takes place. If the source of input
voltage is coupled to the clipper directly or by means of a transformer, the
flow of grid current does not affect the clipping action adversely. Then, so
far as the clipping action is concerned, there is nc limit to the input ampli-
tude that can be used, provided sufficient series grid-ecircuit or source im-
pedance is present to prevent excessive grid dissipation. When capacitive
input coupling is used, however, as in the circuit of Fig. 16, grid rectifica-
tion causes an undesirable change of grid bias. The analysis of Goldmuntz
and Krauss (loc. cit.) shows that the input ratio, defined as the ratio of the
positive input voltage at which grid current starts flowing to that at which
positive clipping takes place, is given by the following approximate relation:

o Rx V
Input ratio = e [ 602]

Rg+r, Vpp

in which p and p, are the amplification factors at the operating point and at
plate-current cutoff, respectively. Equation (17) shows that tubes used in
the cathode-coupled clipper should have as small variation of p as possible
in the range of operation. It also indicates that high input ratio is favored
by making Ex large in comparison with r, and that the input ratio decreases
as the positive biasing voltage Vge. is increased to increase the output am-

(7)
B Mo
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plitude. Since increase of transconductance increases the output amplitude
at constant Vggg, high-transconductance tubes also favor a high input ratio.
Typical values of the factor pu,/(p — u,) are 70 for the 6J4, 50 for the 6J6,
45 for the 63N7, and 200 for the 6SL7. Input ratios ranging from 30 to 50
may be readily attained.

The high cathode circuit resistance essential to abrupt clipping and to a
high input ratio may be obtained by the use of a seli-biased triode or pentode
in place of the cathode resistor.® A lower direct voltage drop is thus ob-
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Fic. 27. Cathode-coupled clipper incorporating a feedback capacitor.

tained and lower supply voltage may be used. The disadvantages of this
modification of the circuit are the greater complexity of the circuit and the
increased capacitance shunting the cathode load resistance.

The input ratio can be increased by using feedback. This can readily
be accomplished by using resistors in series with the plate of tube 1 and the
grid of tube 2 and coupling the plate of tube 1 to the grid of tube 2 by means
of a capacitor, as shown in Fig. 27. (Goldmuntz and Krauss, loc. cit.). The
feedbaeck also shortens the rise and fall times of the output voltage, pro-
vided that they are not determined by interelectrode and distributed capaci-
tances. If sufficient feedback is used, the circuit oscillates, and the input
voltage serves merely to control the frequency of oscillation. (The use of
this circuit as an oscillator will be discussed in See. 51.)

7.8. Speed of Response of Cathode-Coupled Clipper. The speed of
response of the cathode-coupled clipper to a rapidly rising or falling input
voltage is determined mainly by the time constant of the output circuit,
which is usually approximately equal to the product of Ry, and the capaci-
tance between the plate of tube 2 and ground.* Capacitance shunting Rg

3'W. M. Grim and A. B. Van Rennes, Rev. Sci. Instr., 28, 563 (October, 1952),
4P F. Ordung and H. L. Krauss, Television Engineering, April, May, and June, 1951.
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has little effect upon the rise and fall times of the output voltage, but delays
a rapidly falling output voltage relative to the input voltage and thus tends
to lengthen a pulse of output voltage if the trailing edge is steep. Positive
feedback from the plate of tube 1 to the grid of tube 2 does not increase the
rate of rise or fall of output voltage if the input voltage rises and falls so
rapidly that the rate of rise or fall of output voltage is determined by the
output time constant. By the use of tubes with high transconductance and
low interelectrode capacitance and a plate load resistance of the order of
1000 ohms, the cathode-coupled clipper may be made to function satis-
factorily with sinusoidal input voltages at frequencies up to 5 Me, the upper
limit depending upon the required steepness of the leading and trailing
edges of the output voltage.
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Fig. 28. (a) Emitter-coupled clipper; (b) emitter-coupled clipper incorporating
a compound-connected transistor to increase the input impedance.

Figure 28a shows an emitter-coupled transistor clipper circuit that is the
equivalent of the cathode-coupled circuit of Fig. 26. The transistor circuit
has lower input impedance than the tube circuit. The input impedance may
be increased by using compound-connected transistors in place of a single
input transistor, as shown in Fig. 28b.

A combination of elipping and differentiating circuits by means of which
a sinusoidal input voltage may be converted into positive and negative
periodic pulses of short duration is shown in Fig. 29. The functions of the
various portions of the eircuit are indicated by the voltage waveforms.

8. Clamping Circuits

8.1. Operation of Clamping Circuits. It is sometimes necessary or
desirable to ensure that the voltage variations at some point in a circuit
take place relative to a constant direct reference potential. This can be
accomplished by means of the diode clamping circuits of Figs. 30 and 31.
If the resistance R in the circuit of Fig. 30a is infinite, the capacitor C



CLAMPING CIRCUITS 41

charges in the indicated polarity to a voltage equal to the crest positive
value of the input voltage, after which the diode is not forward-biased at
any time in the cycle and diode current consequently ceases to flow. The
constant voltage across the capacitor lowers the output voltage relative to

+250v

F1c. 29. The use of clipper and differentiating circuits to convert a sinusoidal input
voltage into periodic positive pulses.

the input voltage by an amount equal to the positive crest input voltage,
and the output voltage waveform is as shown in Fig. 30a.

If R is infinite, any subsequent reduction in amplitude of input voltage
is not accompanied by a reduction of voltage across C, for there is no dis-
charge path. As the amplitude of the input voltage is reduced, both the
top and the bottom of the output wave approach a negative voltage equal to
the fixed voltage across the capacitor. The resistor R allows the capacitor
to discharge following a reduction of input voltage, and the positive crests
of the output voltage wave remain clamped at approximately zero if the
input voltage is not reduced too rapidly. The resistor also allows the
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Fia. 30. (a) Unbiased clamping circuit; (b) biased circuit.

capacitor to discharge slightly during the portion of each eycle in which
the diode does not conduct. The anode of the diode is therefore driven
slightly positive near the positive crest of input voltage while the charge
lost by the capacitor is restored. If the forward resistance of the diode is
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small in comparison with R, and the time constant RC is large in com-
parison with the period, the variation of capacitor voltage is small. There
is then little distortion of the output voltage and the positive peak is clamped
only slightly above zero voltage.

The addition of a forward biasing voltage V in series with the diode, as
shown in Fig. 30b, allows the capacitor to charge to a voltage equal to the
magnitude of the crest positive input voltage plus ¥V and therefore lowers
the output wave by the additional voltage V. The top of the wave is then
clamped at the voltage —V, rather than zero. If the reference voltage V is
reversed in polarity, the eapacitor charges to a voltage that is less than the

—if
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F1c. 31. Biased clamping circuit.

magnitude of the erest positive input voltage by the voltage V, and the top
of the wave is clamped at the voltage +V. An alternative method of lower-
ing or raising the clamped output wave is to connect the lower output ter-
minal to a point having a positive or a negative direct voltage, rather than
to ground.

When the polarity of the diode is reversed, as in Fig. 31, the capacitor
charges to a voltage that approximates the crest negative input voltage plus
or minus the reference voltage V, and the bottom of the output wave, rather
than the top, is clamped at the reference voltage.

8.2. Distortion by Clamping Circuits. Perfect clamping of all types
of periodic voltages without the introduction of distortion would require
that the forward resistance of the diode be zero, the back resistance infinite,
the resistance of the source of input voltage zero, and the time constant RC
infinite. The objectionable effects of failure to satisfy these requirements
are particularly severe when the input voltage is a periodic rectangular
wave of low or high duty ratio. For this reason it is instructive to discuss
the effects of reverse diode conduction, forward diode resistance, source
resistance, and finite time constant upon the rectangular wave (a) of Fig. 32.
Curve (b) shows the theoretical waveform of the output of the circuit of
Fig. 31 under the assumption that the capacitance C is infinite and the
diode biasing voltage zero. Under equilibrium conditions the average
charge on the capacitor does not change from cycle to eyecle. The fol-
lowing expressions for V. and V_ may therefore be derived by equating
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the charge gained by the capacitor to the charge lost in one period ! (Prob.
8.2-1).

(1 — DR/
V+ = Vz (18)
R, + DR/ + (1 — D)R,’

. DR/
"R, + DR/ + (1 — D)R/

V_= (19)

in which R/ is the resultant resistance of K in parallel with the forward
resistance E; of the diode; R,” is the resultant resistance of R in parallel
with the reverse resistance R, of the diode; R, is

the series resistance of the source of input volt- 1 F

age; and V;, T, and D are the peak-to-peak am- Vi -—| (o)

plitude, period, and duty ratio of the input wave. = l«—j | |
Failure to make the discharge time constant ;DT !

R,/C infinite causes the output voltage to vary :%T“—H

exponentially during the portions of the cycle Ve _] (b)

in which the input voltage is constant, and re- — F —

duces the values of V, and V_ below those ’—I/

given by Eqgs. (18) and (19). The general form —

of the output voltage for finite time constant is \I (c)

shown in Fig. 32¢. The exponential fall of volt- = =

age during the positive portion of the wave 18 Frg. 32. Distortion of a
caused by the charging of C through the diode. rectangular wave by a
The rise during the negative portion is caused clamping circuit: (a) in-
by the discharging of C' through R. put voltage; (b) output
' o . . voltage of an ideal circuit;

It follows from the definition of V_ in Fig. (¢) output voltage of a
32b that the negative peak of the output wave is practieal circuit.
clamped at zero voltage (or, in general, at the
bias voltage) only if V_ is zero. Unless B,” is infinite, therefore, the output
wave will not only experience some exponential distortion, but will not be
clamped at the desired level, and the clamping level will vary with duty
ratio D. Accordingly, R should be large and the diode should have high
reverse resistance. If the time constant RC is too large, on the other hand,
appreciable time may be required for the output wave to assume its clamped
position following a sudden reduction of input amplitude, the decrease in
output amplitude taking place about the initial average value of the output
wave,

8.3. Example of Clamper Application. An example of a typical appli-

cation will serve to show the value of clamping circuits. Suppose that it is

1J. Van Bladel, Electronic Eng., 26, 524 (December, 1953).
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necessary to amplify periodic negative pulses by means of an amplifier that
incorporates a resistance-capacitance coupling network. Since the coupling
network does not pass direct current, it will remove the direct component
of the input wave and the output excursions will take place about the aver-
age value, as illustrated by the input wave of Fig. 30a, rather than from
zero. The average value depends upon the amplitude of the pulses and
upon their duty ratio. Consequently, variation of the pulse amplitude,
length, or repetition frequency will cause a vertical displacement of the out-
put wave that is extremely annoying if the wave is observed oscillo-
graphically and may be intolerable if the pulses are used to initiate action
in a following circuit. Additional vertical “jitter” may result from random
fluctuations of the amplifier supply voltage. If the periodic pulses delivered
by the amplifier are passed through the clamping circuit of Fig. 30a, the
direct component will be restored and the output will again consist of periodic
negative pulses based at zero voltage. The output coupling capacitor of
the amplifier may itself serve as the capacitor of the elamping circuit.

9. Pulse Sharpeners and Stretchers

9.1, Resonant-Circuit Pulse Sharpener. In Sec. 3 it was shown that
exponential pulses of short duration can be derived from voltage steps or

A1 D 4 o @JF
M R

ta) % —?_(b)

Fic. 33. (a) Current-driven diode pulse sharpener; (b) Voltage-driven triode pulse
sharpener.

rectangular voltage waves. Although successive differentiation can also be
used to sharpen exponential pulses, long exponential pulses can usually be
sharpened with less loss in amplitude by using them to shock-excite a paral-
lel resonant circuit shunted by a diode, as shown in Fig. 33.* This circuit
is driven by a current pulse provided by a high-impedance circuit. With-
out the diode, the input pulse would initiate a high-frequency damped oscil-
lation in the resonant circuit. After the first half-cycle of oscillation,

tL. Reiffel, Rev. Sci. Instr, 22, 214 (March, 1951); Electronics, July, 1951, p. 162
(abstract).
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however, the diode provides a low-resistance path that prevents the ap-
pearance of negative output voltage. If the damping provided by the diode
is great enough, the output consists of a single positive pulse of length equal
to half the period of the resonant circuit.

9.2. Diode Pulse Stretcher. Circuits used to increase the length of
pulses are called pulse stretchers. The simplest type of pulse stretcher is
shown in Fig. 34a. The capacitor C is charged through the diode by the

(a) (b)

) = (c) j =i (d)

F1c. 34. Diode and triode pulse stretchers.

input voltage pulse, after which the diode isolates the capacitor from the
low-impedance source of input voltage. The capacitor then discharges
slowly through the high resistance B. The output of the circuit is therefore
an exponential pulse, the duration of which exceeds that of the input pulse
if the time-constant RC is large in comparison with the length of the input
pulse. A variant of the circuit of Fig. 34a is shown in Fig. 34b. The triode
circuits of Figs. 34c and 34d have the advantage of high input impedance.
9.3. Transmission-Line Pulse Stretcher. In some applications of pulse
stretchers, an output pulse of essentially constant voltage, rather than of
exponentially decreasing voltage, is required. It is then necessary to use a
more sophisticated circuit, such as that of Fig. 35, which incorporates a
transmission line.? The input pulse causes the cathode-follower to charge
the line uniformly through the series diodes. Subsequent discharge of the
capacitors produces a long pulse of essentially the same amplitude as the
input pulse. The output voltage is nearly constant execept for the rise and
fall at the beginning and termination of the output pulse. Fall in output
voltage during the pulse is mainly the result of leakage through the diodes
and through the load admittance that shunts the output. In order to mini-

2 J, F. Craib, Electronics, June, 1951, p. 129.
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mize the effect of leakage, the line impedance should not exceed about one-
tenth of the back resistance of the diodes. The time constant determined
by the output resistance of the cathode-follower and the sum of the capaci-
tances must be small enough to ensure charging of the line during the input

T e

T R, lkﬁga | cC cx CF C:I: _
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Fia. 35. Transmission-line pulse stretcher.

pulse, and the cathode-follower must be capable of supplying the peak
current required to charge the capacitors. For pulse durations of 1 to 20
usec, a 6J6 tube and a line impedance of 5000 to 20,000 ohms are satisfac-
tory. A 2-volt input pulse is required, but the 6J6 can handle an input of
up to 10 volts without grid-current flow.

Craib points out that the circuit of Fig. 35 tends to improve the apparent
signal-to-noise ratio when the input pulses are accompanied by low-level
background noise, but that the signal-to-noise level may be decreased by
large noise pulses, which may reduce the crystal back resistance momen-
tarily and thus allow the capacitors to discharge.
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F1c. 36. Delay-line pulse stretcher.

Another pulse stretcher that delivers an essentially rectangular pulse is
shown in Fig. 36.* The input pulse charges the capacitor C through the
diode T;. The input pulse is also applied to the delay line, which delivers
a delayed positive pulse to the grid of T'; and thus causes C to be discharged

3 L. Reiffel and G. M. Burgwald, Electronics, February, 1952, p. 186.
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through T,. If the resistance shunting C is so large that little discharging
takes place during the desired duration of the output pulse, the output pulse
has essentially constant voltage. The length of the output pulse is equal to
the delay time of the line. If desired, the delay line may be replaced by a
monostable circuit (one-shot multivibrator) of the type discussed in See. 55.
The function of the diode T's is to prevent reversal of the capacitor voltage
as the result of the negative eathode voltage of 7.

0.4. Monostable Circuits., Some monostable circuits are in themselves
generators of approximately rectangular pulses of adjustable length and
may therefore be used as pulse stretchers. (See See. 55.9.)

10. Electronic Switches (Gates)

10.1. Desirable Features of Electronic Switches. A very important
type of electronic device is the electronic switch, or gate, which serves the
same general functions as a mechanical switch but has the advantages that
it can be operated in a very short time and can be controlled by means of a
voltage with the expenditure of negligible or small control power. Gates
can be designed so that they deliver output either in the presence of an
activating voltage or in the absence of an inhibiting voltage. Variants of
the basic gate circuits include coincidence or and circuits, from which an
output is obtained only when two or more signals are applied simultaneously,
or circuits, from which output is obtained when any of two or more voltages
are impressed, and anticoincidence or not circuits, which deliver an output
when one voltage is impressed, but not when a second voltage is simul-
taneously impressed. These variants will be discussed in See. 14.

The desirable properties of an electronic switch include (1) low leakage
(output when the switch is open), (2) low attenuation when the switeh is
closed, (3) linear response, (4) attenuation that is independent of the magni-
tude of the control voltage when the switch is closed, (5) low required control
voltage, (6) low control current, (7) low signal input current if the switch is
used to provide an output voltage from a high-impedance source, and (8)
negligible output arising from the control voltage.

The simplest types of electronic switches make use of the rectifying
property of diodes. The diodes may be used either as shunt short-circuiting
switches or as series connecting switches. The choice between thermionic
and semiconductor diodes is based upon the characteristics discussed in
Sec. 6.

10.2. Diode Gates. Figure 37 shows a number of gate circuits that are
suitable for use with positive input signals. In circuit (a) the shunt diode
conducts for a positive input voltage in the absence of a control pulse and,
if the resistance R is large in comparison with the sum of the forward
resistance of the diode and the resistance of the source of control voltage,
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the output voltage is negligible. A positive control pulse of amplitude equal
to or greater than that of the input signal prevents conduction of the diode
and allows essentially the entire input voltage to appear across the output
terminals. If negative signals must be rejected, a second diode may be
used in series with the output terminal, as shown in circuit (b). Alterna-
tively, a second diode may be shunted across the output terminals in op-
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Fia. 37. Diode gate circuits for positive input signals.

posite polarity to the main diode, as shown in circuit {¢). If the impedance
of the source of control voltage is not small, the source should be shunted
by a resistance, as shown by the dotted lines in Fig. 37a.

Because the extent to which the resistance R can be increased in the
circuits of Figs. 37a to 37¢ without excessive attenuation is limited by the
capacitance and reverse conductance of the diode or diodes and by the
load that shunts the output, leakage may not be small enough for some
purposes. This difficulty is avoided in the series diode circuit of Fig. 37d.
In this cireuit the parameters and the negative voltage Vigg are such that
the current of D; flowing through R, and K3 maintains the anode of D,
below ground potential and therefore prevents the flow of current through
R, in the absence of a positive control pulse. A positive control pulse of
amplitude exceeding the sum of the biasing voltage Vgx and the potential
of the anode of D, in the presence of signal input raises the potential of the
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cathode of D, sufficiently to prevent conduetion of D;. A positive input
signal then causes D, to conduct and output to appear across R, the resistors
R, and R, serving as a voltage divider. Negative input signals are rejected
by this circuit.

Reversal of the polarities of the diodes and the control pulse, and of the
biasing voltage in eircuit (d), converts the circuits of Fig. 37 for use with
negative signal input.

10.3. Not Circuits. An example of a circuit that delivers output in the
absence of a control pulse, but not when a negative control pulse is applied
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Fig. 38. “Not” circuit.

o
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is that of Fig. 38. In the abscnce of a control voltage, D, is reverse-biased.
Application of a negative control voltage causes D, to conduct and lowers
the potential of the anode of D, below ground potential. The function of
D, is to prevent the output voltage from falling below ground potential
when the inhibiting pulse is applied.

10.4. Full-Wave Diode Circuits. A two-diode gate that can be used
with input signals of either polarity, and therefore with alternating voltage,
is shown in Fig. 39. In this cireuit, which

is based upon that of Fig. 37a, the output >
is normally short-circuited by the diodes. R

D, D,
The control voltage cuts both diodes off Input GF ! D 2@9

and thus allows essentially the entire out-
put voltage to appear across the output T w
terminals. In some applications the con- l

+o

trol voltage may be impressed upon the —

circuit through a center-tapped trans-

former. F1a. 39. Full-wave diode gate.
Another type of two-diode cireuit that

operates with signals of either polarity is shown in Fig. 40! A control

voltage of the polarity indicated causes both diodes to conduct and thus

allows a part of the impressed signal voltage to be delivered to the output

Control veltage

1J. Millman and T. H. Puckett, Proc. I.R.E., 48, 29 (January, 1955).
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terminals. A control voltage of opposite polarity, on the other hand, pre-
vents both diodes from conducting and therefore isolates the output ter-
minals from the input terminals except through the interelectrode capaci-
tance of the diodes. Since the circuit is basically a bridge, the control
voltage does not produce output voltage if the circuit is completely sym-
metrical and the two control voltages are equal. The adjustable tap on
the resistance R is used to balance the circuit so that no output is obtained
when the input is zero.

The choice of resistance values in the circuit of Fig. 40 is governed by the

w—h)
+1 R [
Control
voltage °

o

R' D,

e

F1a. 40. Full-wave diode gate.

need to provide the desirable properties listed in the second paragraph of
Sec. 10.1. Complete design formulas for this circuit have been developed,
and the reader is referred to the literature for design details.* Because of
the relatively low back resistance of germanium diodes, low leakage may
not be obtained without loss of some of the other desirable properties,
whereas the leakage can be made of the order of a tenth of a percent of the
desired signal output voltage when thermionic or silicon diodes are used.
For a circuit using thermionic diodes having a 250-ohm forward resistance
and excited by a signal of 20-volt amplitude provided by a 1000-ohm source,
Millman and Puckett suggest 100,000 ohms for R, and R’, and 133,000
ohms for R. These values result in a ratio of signal output voltage to signal
input voltage of 0.5 and a ratio of output voltage to difference of the two
control voltages of 0.16. The control voltage necessary to ensure adequate
diode conduction with these values when the cirecuit is on is 10 volts, and that
necessary to ensure that the diodes are biased beyond cutoff at the peak
input voltage is 60 volts. The signal current is 0.3 ma during conduction
and 9.24 ma during nonconduction of the diodes. The control current is 0.2
ma during conduction and 0.5 ma during nonconduction.

A reduction in the control voltage required to open the circuit at a fixed
value of gain (output voltage divided by input voltage) can be achieved by
addition of two more diodes, as shown in Fig. 41a. The additional diodes

2 Millman and Puckett, loc. cit.
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open the branch of the circuit containing E when the control-voltage polarity
is such as to open the circuit, and thus reduce the control current. Figure
41b shows another four-diode circuit having the desirable characteristics
that it is not affected by unbalance of the two control voltages and requires
a relatively low value of control voltage to open the circuit. Although the
circuit is sensitive to unbalance of the additional voltages 4V and -V,
these voltages are fixed and may be obtained from regulated supplies. The
circuit has the disadvantage of drawing large currents from the signal and
control sources when the circuit is closed. The advantages of both of the
four-diode circuits without their disadvantages are obtained by combining
them. The resulting six-diode circuit is formed by adding a diode in series’
with each end of R, in the same manner as in the circuit of Fig. 41a.

+ S +
Control - Control
voltage . voltage o—'—?npuf %

gl

2

.|||

fa)
Fic. 41. Four-diode gates.

The effect of interelectrode capacitances in the circuits of Figs. 40 and
41 is to produce relatively high leakage at frequencies at which the react-
ance of the capaeitances becomes comparable with the diode back resistance.
The six-diode circuit is preferable to the others in this respect.

10.5. Effect of Load Capacitance and Conductance. Like diode clip-
pers, diode gate circuits do not function properly when loaded by a high-
admittance circuit. When a gate circuit must deliver voltage to a load of
relatively high shunt capacitance or conductance, a cathode-follower or
common-collector isolating stage must be used between the gate and the load.

11. Vacuum Triode and Pentode Gates
11.1, Full-Wave Triode Gate. A triode gate circuit, in which the tubes
act as a full-wave series switeh, is shown in Fig. 42 Although this circuit

1 M. W. Tobin, H. Grundfest, and R. L. Schoenfeld, Rev. Sci. Instr,, 22, 189 (March,
1951). See also “Waveforms,” Rad. Lab. Series, Vol. 19, pp. 375-378 (McGraw-Hill Book
Company, 1949).
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has the advantage that it draws very little current or power from the source
of control voltage, it has a number of disadvantages relative to diode cir-
cuits. These include the high tube voltage drop, distortion of the output
as the result of nonlinearity of the tube

characteristics, and coupling of the con-

® trol voltage to the output through inter-

» electrode capacitances and grid-cathode

i conductance of tube 2.
Input @ 11.2. Cathode-Follower Gate. Fig-
: no2

7

ure 43 shows a cathode-follower circuit

that has desirable features when only

Cantrol negative pulses must be gated.* The
voltage ; e

o— operation of the cireuit resembles that

e —l of a cathode-coupled clipper. If the

Frc. 42. Full-wave triode gate. grid of T» is maintained at the poten-

tial Vgg, a very small negative incre-

ment of voltage of the grid of T; (relative to ground) cuts 7, off, the

voltage across Kx being maintained nearly constant by the plate current of

To. 1If the voltage of the grid of T» is reduced considerably below Vgg, on

the other hand, 75 is cut off and T; acts as a conventional cathode-follower

amplifier, delivering an output that is essentially a replica of the signal
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Fi6. 43. Cathode-follower gate.

input. When a voltage step, rather than a pulse, is used for the selector
voltage, it should be applied directly in series with the grid of T, instead of
through the R-C coupling circuit shown in Fig. 43. A small output voltage
is obtained in the absence of control voltage. Kurshan has shown that the
magnitude of this output voltage does not exceed approximately Vio/2R xGm,
where V;o is the quiescent voltage drop across Rgx (see also Prob. 11.2-1.).

2J. Kurshan, Rev. Sci. Instr., 18, 647 (1947).
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Typical values are of the order of 1 volt, as compared to useful output volt-
ages of the order of 100 volts or more. To avoid distortion, Rx should be
chosen so that g, Rx > 1.

The circuit of Fig. 43 has the advantages of low distortion, high input
impedance, low output impedance, and leakage output that is practically
independent of input amplitude. Another characteristic that may be desir-
able in some applications is that the circuit acts as a elipper for input volt-
ages of amplitude greater than that of the selector pulse. A disadvantage
of the circuit is higher power consumption than that of diode circuits.

11.3. Pentode Gates. A circuit in some respects similar to that of Fig.
43 consists of two pentodes with a common high-resistance plate load re-
sistor, operated at zero control-grid bias. A negative pulse applied to the
control grid of one tube serves as the control voltage. The signal (negative)
is applied to the control grid of the other tube.

It is also possible to use a single pentode as a gate. Best results are
obtained when the signal is applied to the control grid and the control volt-
age to the suppressor grid, as shown in Fig. 44. In the absence of & control

F1g. 44. Single-pentode gate.

pulse, the suppressor grid is biased sufficiently negative to cut off the plate
current. The function of Ks, Rs, and C: is to reduce distortion by providing
negative feedback. In the gating of alternating signal voltages, a dis-
advantage of this circuit relative to diode circuits is that the static operating
grid voltage must: be well above cutoff. Consequently, output is obtained
from the switching voltage alone, and the signal output is superimposed
upon a “pedestal.” When the input consists of positive pulses, the pedestal
can be prevented by biasing the control grid to cutoff. Appreciable distor-
tion of the lower part of the pulses will then occur beéause of curvature
of the transfer characteristic. In applications in which push-pull input and
output signal voltages ean be used, the pedestal problem can be solved by
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the use of two pentodes connected in push-pull, the control voltage being
applied to the suppressor grids, in the same manner as in the cireuit of
Fig. 44.

12. Beam-Tube Gates

12.1. Gated-Beam Tube. Excellent gating action is obtained in the 6BN6
gated-beam tube, the structure of which is shown in Fig. 45.* Electrons that
leave the cathode and are accelerated by the accelerator electrode are focused

by the focusing electrode and the
Anode Second first slot in the accelerator into a

5},,3/5/__‘4:\--"'*’ control grid  thin sheet beam that is projected
Accelerator upon the first control grid. The
Sereen—"—3¢ J

beam is then refocused by the screen,
»!___-\-——-z__! Cz';;/ the slot of the lens, and the first
N\ grid control grid and projected upon the
Focusing .| second control grid. The focus, lens,
electrode Dg————faﬂ;aa’e and shield electrodes are internally
TFig. 45. Electrode structure of the connected to the cathode. Because
gated-beam tube. the number of electrons leaving the
cathode is independent of the poten-
tials of the two control grids, the anode current saturates at very small
positive voltage of the control grid. With saturation voltage applied to
either control grid, the anode current can be controlled by the other con-
trol grid. Consequently the tube can be used as a gate by applying the
signal voltage to one grid and the cantrol voltage to the other. If the
control voltage exceeds the saturation voltage, the output is independent
of the control voltage.

With 60 volts on the accelerator, the cathode current of the 6BN6 is
about 5 ma, of which about 3 ma can reach the anode. Nearly full plate
current is obtained with zero voltage on the first grid, which cuts off at a
negative voltage slightly greater in magnitude than 2 volts. The knee and
the cutoff voltage of the transfer characteristic of the second grid depend
upon the anode voltage, since the second grid and the anode behave as a
triode. Most of the electrons turned back by the first grid strike the inside
of the accelerator, whereas those turned back by the second grid strike the
outside of the accelerator. As both grid currents are relatively small and
limited, being about 0.5 ma with 60 volts on the accelerator, there is no
objection to driving the grids positive. The transconductance relating the
grids and the anode is several thousand micromhos. Typical static transfer
characteristics for the two grids are shown in Fig. 46. As in the pentode
circuit of Fig. 44, the output of the gated-beam tube is superimposed upon

Lens

1 R. Adler, Electronics, February, 1950, p. 82.
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a pedestal unless the input consists of positive pulses and the grid to which
the signal is applied is biased to cutoff.

(4 A
Vep=+2v —
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Fic. 46. Static transfer characteristics of the gated-beam tube,

12.2. Beam-Deflection Tube. Another type of beam tube that may be
used as a gate is the beam-deflection tube, shown in basic form in Fig. 47.
In this tube electrons emitted by the cathode are focused by grid 1 and
accelerated by slotted grids 2, 3, and 4, grids 3 and 4 being connected in-
ternally in order to provide an equipotential shield around the deflection
electrodes. When there is no differ-

ence of potential between the deflec-
tion electrodes, the electron beam

Anode ﬂm

passes through a slot in grid 4, 6r/d5 — '—*\Gr/d4
through the suppressor grid, and (Suppressor) \ Mfercepfor)
strikes the anode. If a difference of

potential is applied between the two Grig 3——>— eD/:ZiZZZg
deflection plates, the beam is de- N~
flected and is intercepted in whole /‘_’/)\ ( Grid 2
or in part by grid 4 (also called the Cothode
interceptor), a difference of poten-

tial of approximately 15 volts suffic- gy 47, Electrode structure of the

ing to reduce the anode current to
zero when normal operating voltages
are applied to the other electrodes. Signal voltage may be applied to either
grid 1 or grid 2. Transfer characteristics relating the anode and grid 2
when the voltage of grid 1 is constant, and those relating the anode and
one deflection electrode when the voltage of the other deflection electrode
is constant, are shown in Fig. 48,

Although the beam-deflection tube can be used in the same way as other
gates by applying the signal voltage to grid 1 or grid 2, using an initial
deflection of the beam to cut off the anode current, and centering the beam
by means of a control voltage applied to either or both deflection electrodes,
this tube is particularly useful in sampling the instantaneous value of the
signal voltage by sweeping the beam rapidly across the slot in the inter-

beam-deflection tube.



56 FUNCTIONAL CIRCUITS AND OSCILLATORS

ceptor.2 Very short gating time is obtained by the use of a control pulse of
small rise time and large amplitude. The amplitude of the output pulse is es-
sentially independent of the amplitude of the control pulse, but depends upon
the control-grid voltage. The rise time of the output pulse depends upon
the rate of rise of the control pulse and is independent of the control-pulse
amplitude, provided the amplitude exceeds that required to sweep the beam
across the interceptor slot. Response to the signal voltage is linear over
about 15 volts when the first grid is used as the control grid and 100 volts
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F1a. 48. Transfer characteristics of the beam-deflection tube: (a) second grid to

anode with vp; =0, vps = 120 v, vg3 = vgy = 380 v, and v, = 300 v; (b) second

deflection electrode to anode with vg, = —11 v, vgo = v, = 300 v, and vgg = Vge =
‘ 380 v.

when the second grid is used. On the other hand, the first grid has higher
transconductance and produces less defocusing than the second grid. The
highest deflection sensitivity is obtained for an average deflection-electrode
voltage of 125. Double gating may be avoided by the application of a
delayed blanking pulse to the first grid in order to cut off the anode current
during the return of the beam. Sperling and Tackett reported an output-
pulse rise time of less than 7 usee, independent of anode load resistance, and
a maximum switching rate of 5 Me. Feed-through of signal voltage when
the gate was off was found to be approximately 0.12 percent.

12.3. Secondary-Emission Beam Tube. When the beam-deflection tube
of Fig. 47 is used to gate alternating signals impressed upon one or both de-
flection electrodes, the beam is centered in the absence of signal voltage.
Consequently, output is obtained when control voltage is applied, even in
the absence of signal voltage, and the output is superimposed upon a
pedestal. The output is also superimposed upon a pedestal when the signal
is impressed upon one of the grids and the control voltage is impressed upon

2 L. Sperling and R. W. Tackett, Trans. I.R.E., Vol. ED-4, No. 1, p. 59 (January, 1957).
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the deflection electrodes. This difficulty is avoided in the anode-dynode
beam-deflection tube shown in Fig. 49, in which the output electrode con-
sists of the combination of a normal anode and a dynode.®

Secondary electrons emitted from the dynode surface in the tube of Fig.
49 are collected by the collector, and the resulting output current contributed
by the dynode is the difference between the primary beam current to the
dynode and the secondary-emission current. The suppressor prevents sec-
ondary electrons from leaving the anode. When the beam is centered, half
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Fia. 49. Electrode structure of the Fic. 50. Transfer char-
anode-dynode beam-deflection tube. acteristics of the anode-
dynode beam-deflection

tube.

of the beam electrons terminate upon the dynode surface, and the remainder
upon the anode surface. If the ratio of secondary electrons emitted by
the dynode to primary electrons striking it is 2, the output current is zero
when the beam is centered. When the entire beam strikes the anode, the
output current is equal to the beam current; when the entire beam strikes
the dynode, the output current is equal to minus the beam current. The
transfer characteristic passes through the origin and is symmetrical, as
shown in Fig. 50. 1If the signal input voltage is impressed between the de-
flection electrodes and the beam is centered in the absence of signal voltage,
no output is obtained in the absence of signal input voltage, regardless of
the control voltage impressed upon the control grid. Therefore the output
is not superimposed upon a pedestal.

The deflection transconductance obtainable in the anode-dynode beam-

3 H. J. Walkstein and A. W. Kaiser, Electronics, August, 1955, p. 132.
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deflection tube is twice as great as that obtainable when the dynode is re-
placed by an interceptor, and the transfer characteristic relating the output
electrode with the deflection electrodes is less nonlinear and has the ad-
vantage of symmetry, as can be seen by comparison of Figs. 48 and 50. Be-
cause of the linearity and symmetry of the transfer characteristics, the
tube makes an excellent differential amplifier, the two inputs being applied
to the two deflection electrodes. It is evident from the form of the transfer
characteristics that the tube can also be used as a symmetrical clipper, al-
though the greater cost and complexity of the tube and eircuit more than
offset any possible advantage over diode or cathode-coupled clippers. The
deflection-electrode transconductance of the tube of Fig. 49 is 1200 pmbhos.

13. Transistor Switches?

13.1. Complete Collector Characteristic Curves. In order to under-
stand fully the behavior of transistor gates, it is necessary to examine the
collector characteristics of a junction transistor in both positive and negative
ranges of collector and base voltages. Figure 51a shows typical character-
istics of an n-p-n alloyed-junction transistor in the common-emitter con-
nection. The assumed positive polarities of voltages and direction of col-
lector current are indicated in Fig. 51b. The symbols on the various
branches of the curves indicate whether the junctions 1 and 2 are biased
in the forward direction (so as to cause the flow of electrons from the n-type
material into the p-type material or holes from the p-type material into
the n-type material) or in the reverse direction (so as to tend to prevent
the flow of electrons from the n-type material or holes from the p-type
material). Thus the symbol 1F, 2R indicates that junction 1 is biased in
the forward direction and junction 2 in the reverse direction. It can be seen
from Fig. 51b that the n-p-n transistor is in its low-current, or off state only
if both junctions are reverse-biased; i.e., if the base is negative relative to
both the emitter and the collector.

The portions of the characteristics in the first quadrant, for which junc-
tion 1 (the emitter-base junction) is forward-biased and junction 2 (the
base-collector junction) is reverse-biased, are those normally used in the
application of the transistor as a common-emitter amplifier. In the third
quadrant, however, junction 1 is reverse-biased and junction 2 is forward-
biased. This means that the electrode which normally functions as the
emitter now functions as the collector, and vice versa, as shown in Fig. 51c.
The principal cause of the difference in the shapes of the characteristies in

1 R. L. Bright, Comm. and Electr., 17, 111 (March, 1955) ; G. C. Sziklai, R. D. Lohman,
and G. B. Herzog, Proc. I.R.E., 41, 708 (June, 1953) ; D. E. Deuitch, IRE-AIEE Confer-

ence on Transistor Cireuits, 1954; T. A. Prugh, FElectronics, January, 1955, p. 169; R. L.
Bright and A. P. Kruper, Electronics, April, 1955, p. 135.
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the first and third quadrants is that for the former the voltage of the base
relative to the emitter does not vary as the collector-emitter voltage is varied,
whereas for the latter the voltage of the base relative to the acting emitter
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Fic. 51. (a) Collector characteristics of an n-p-n alloyed-junction transistor in the
common-emitter connection; (b) voltage polarities in the first quadrant; (¢) voltage
polarities in the third quadrant.

(the collector) varies with collector-emitter voltage. This can be seen by
comparison of Figs. 51b and 51c. As the magnitude of veg is increased in
the third quadrant, the forward bias of the acting base-emitter junction
also inecreases, causing a rapid increase of current across this junction.
Although the common-emitter current amplification of the transistor in
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this inverted operation is usually considerably lower than in the normal
connection, its magnitude is usually at least unity. Consequently, when
junction 2 becomes forward-biased (i.e., when the magnitude of vep exceeds
that of vpg), the magnitude of the collector-emitter current rises rapidly with
the magnitude of vgp, and the third-quadrant characteristics are steep
to the left of the break points, which correspond to equal magnitudes of
negative vgp and veg.
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Fig. 52. (a) Common-emitter transistor switch; (b) idealized common-emitter
characteristics; (c) common-collector transistor switch; (d) equivalent of the com-
mon-eollector switch.

The characteristics of p-n-p transistors are similar to those of n-p-n
transistors, but portions of the characteristics that appear in the first quad-
rant for an n-p-n transistor appear in the third quadrant for a p-n-p tran-
sistor, and vice versa. The collector current of a p-n-p transistor is cut off
only if the base is positive relative to both the emitter and the collector.

13.2. Common-Emitter Switch. Figure 52a shows the manner in which
the transistor may be used in the common-emitter connection as a switch
to control current through a load resistance R,. Load lines correspond-
ing to the load resistance RE; and to positive, zero, and negative values
of applied collector voltage are shown in Fig. 52b, in which the tran-
sistor characteristics have been idealized. When the applied collector
voltage is positive, the application of a relatively small base voltage vz
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(of the order of tenths of volts) carries the operating point to point a
in the saturation range, where the load current is large, and the voltage
drop through the transistor relatively small. The load current can be re-
duced to the low value at point a’ by reducing vggy to zerc or to a small
negative value. When the applied collector voltage is negative, the current
and voltage correspond to point b if the base voltage vag is zero or positive,
In order to reduce the current magnitude to the small value corresponding
to point &’, not only must the base voltage vpr be negative, but its magni-
tude must exceed that of the applied collector voltage in order to bring
the break in the characteristic to the left of the intersection of the charac-
teristic with the load line. If the applied collector voltage is always posi-
tive, the load current can be turned on and off by means of a small change
in base voltage. If the applied collector voltage is negative or alternating,
however, the control voltage must be varied between a relatively small
positive value and a negative value greater in magnitude than the applied
collector voltage in order to turn the load current on and off.

It follows from the foregoing discussion that the transistor resembles a
switch that can be opened and closed by means of a change of base voltage.
The analogy would be complete if the saturation branch of the characteristic
(the “on” characteristic) were coincident with the current axis and if the
1R-2R characteristic (the “off” characteristic) were coincident with the
voltage axis. Failure of the characteristics to satisfy this desirable condi-
tion causes the transistor to be analogous to an ideal switch in series with
a small voltage and a low resistance, and in shunt with a constant current
source and a small conductance. The switch is also shunted by the colleetor
capacitance. The equivalent series voltage source and the shunt current
source are of importance only in low-level operation (small applied collector
voltage).

13.8. Common-Collector Switch. Transistor switches are also used in
the common-collector connection, shown in Fig. 52¢. For zero load resistance
the circuit of Fig. 52¢ is equivalent to that obtained by inverting the tran-
sistor in Fig. 51b, as in Fig. 52d. If the emitter current 7 is plotted against
the emitter-collector voltage vge with the base-collector voltage vpe as
parameter, the characteristics for this inverted connection are of the same
general form as those of Fig. 52b for the normal connection. However,
differences in the size and other physieal characteristics of the two junctions
of most transistors cause the current amplification factors and other proper-
ties to differ in the normal and inverted connections. As the result of these
differences, the intersection at point P is much closer to the origin, and the
angle between the saturation characteristics and the current axis and that
between the 1R-2R characteristic and the voltage axis are smaller in the
inverted or common-collector connection. The characteristics in the third
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quadrant (first quadrant for p-n-p transistors) are steeper, and those in
the first quadrant (third quadrant for p-n-p transistors) are more nearly
horizontal and closer together for the same increments of base voltage than
in the common-emitter connection. For germanium transistors the voltage
corresponding to the intersection at P is of the order of 10 to 40 mv in the
common-emitter connection, but only 1 to 4 mv in the common-collector
connection. The voltage at P is larger in silicon transistors than in ger-
manium transistors.

The closer proximity of the intersection P to the origin, the greater slope
of the 1F-2R characteristic, and the smaller slope of the 1R-2R charac-
teristic cause the behavior of the transistor to approximate much more
closely that of an ideal switch in the common-collector connection than in
the common-emitter connection. However, the closer spacing of the first-
quadrant characteristics (third-quadrant for p-n-p transistors) in the com-
mon-collector connection causes this important advantage of the common-
collector connection to be accompanied by an increase in the magnitude of
the base voltage required to ensure that the load line intersects the char-
acteristics in the saturation range.

13.4. Power Dissipation in Transistor Switches. Because the collector
voltage is low when the transistor is biased fully on (into the saturation
range) and the collector current is small when it is biased off, the collector
dissipation is low in both the on and the off states of operation of a tran-
sistor switch. During switching, however, the operating point moves along
the load line, and the instantaneous dissipation may be high. The power
that can be controlled by a transistor in a switching eircuit is large in
comparison with that which may be controlled by the same transistor in an
amplifier circuit, provided that the control voltage applied to the base is a
close approximation to a step function. The problem of dissipation in
switching transistors has been treated in detail in the literature.?

13.56. Two-Transistor Circuits. Greater symmetry in a-¢ operation is
obtained if two transistors are connected in parallel, as shown in Fig. 53a.2
In this circuit one transistor is used in the common-emitter connection, and
the other in the common-collector connection. In order to avoid execessive
collector dissipation, the base voltage used to turn the transistor on must
be sufficient to drive both transistors into the saturation region, and the
magnitude of the base voltage used to turn the transistors off must exceed
the amplitude of the applied alternating collector voltage. The base cir-
cuit resistances must be used in order to ensure that the base current will
not be excessive if the on and off amplitudes of applied control voltage
are made equal because of convenience or necessity.

2 R. L. Bright, Comm. and Electr., 17, 111 (March, 1955).
3 Sziklai, Lohman, and Herzog, loc. cit.
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The magnitude of the control voltage required to turn the load current
off can be greatly reduced by using two transistors in series, back-to-back,
as shown in Fig, 53b.* In this circuit the collector-emitter voltage of one
transistor is negative when that of the other is positive. Consequently, one
transistor is operating in the third quadrant of the characteristic diagram
while the other is operating in the first quadrant. Although a large negative
(for n-p-n transistors) base voltage would be required in order to cut off
the transistor that is operating in the third quadrant, only a small negative
voltage is sufficient to cut off the one that is operating in the first quadrant.
Since the load current must pass through both transistors, the load current
can be cut off by means of a small negative base voltage regardless of the
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Fia. 53. (a) Parallel two-transistor switch; (b) series two-transistor switch.

polarity of the instantaneous voltage applied to the collector-emitter cir-
cuit. As in the single-transistor and parallel-transistor circuits, the posi-
tive base voltage required to turn on the load current in the circuit of Fig.
53b is only that required to drive either transistor into the saturation cur-
rent range at the instant when the emitter voltage of that transistor has its
maximum positive value. A disadvantage of the circuit of Fig. 53b is that
the control voltage and the signal voltage sources cannot both be grounded
unless one or the other is applied through a transformer.

13.6. Compensation for Unbalance. It can be seen from Fig. 52b that
the load current is not in general zero when the impressed collector voltage
is zero and that there is a change in the small collector current, and hence
in the voltage across the load, when the control voltage is changed from
its on value to its off value. This effect is much smaller in the common-
collector circuit than in the common-emitter circuit. Because of differences
in the common-emitter and common-collector characteristics, it is not
avoided in the parallel two-transistor circuit of Fig. 53a. In the series cir-
cuit of Fig. 53b, the voltages across the two transistors are of opposite
polarity when the applied load-circuit voltage is zero and balance out if
the two transistors have like characteristics. Small differences between the
two transistors can be compensated by means of a balancing voltage-divider,

4 Bright, loc. cit.; Bright and Kruper, loc. cit.
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as in the circuit of Fig. 54. Change of load voltage with control voltage
is also avoided in the circuit of Fig. 55. When the input voltage is zero,
the load resistance is shunted by the two transistors in parallel. Because
the base voltage of one transistor is positive when that of the other is nega-
tive, and vice versa, the load current remains constant if the transistors
have like characteristics. Transistor T'» has negligible effect upon the load
current when input voltage is applied, being cut off when T; conducts.
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13.7. Modified Circuits. Although p-n-p transistors have been shown
in the circuits of Figs. 51 to 55, n-p-n transistors can also be used, the
polarities of all voltages being reversed.

If the output voltage is taken from across the transistors, the transistor
circuits of Figs. 52 to 54 serve the same function as the diode voltage gates
of Figs. 37a and 39.° When the control voltage and current are sufficient
to drive the base into the saturation range of collector current, the resist-
ance of a transistor is much lower than that of a diode. Consequently, a
relatively low series resistance R may be used in the gate. Because of the
low values of the transistor and series resistances, circuit capacitances pro-
duce little reduction of output voltage when the circuit is on, or leakage
when the circuit is off. Balanced transistor circuits capable of operating
on signal voltage of both polarities are in general simpler than the equiva-
lent diode circuits.

13.8. Transient Effects in Transistor Switches. Two types of transient
effects are observed in transistor switching circuits. One type of transient

5D. E. Deuitch, IRE-AIEE Conference on Transistor Circuits, Philadelphia, 1954;

T. A. Prugh, Electronics, January, 1955, p. 168; D. E. Deuitch, Electronics, May, 1956,
p. 160.



TRANSISTOR SWITCHES 65

results from the storage of minority carriers when the collector current is
in the saturation range.® If the collector current is initially in the satura-
tion range and the voltage of the base relative to the emitter is abruptly
reversed, the potential of the collector relative to the emitter remains un-
changed at its initial low value for a short time, suddenly drops to ap-
proximately the base potential, and then rises exponentially to its final value,
approximately the applied collector voltage. If the collector current is
initially cut off and forward bias is applied abruptly to the base, the col-
lector-emitter voltage decays smoothly to its final value, The time constants
of the transients are of the order of 1 to 5 usec. The second type of transient
is the result of charging of the collector capacitance through the load re-
sistance when the transistor is cut off. The effect of this type of transient is
minimized in the circuit of Fig. 55, since the collector capacitance of each
transistor charges through the low resistance of the other transistor.

13.9. Use of Transistor Switches as Choppers. Transistor switching
circuits may be advantageously used in the “chopping” of direct voltages in
order that they may be amplified by high-gain a-c¢ amplifiers, rather than

1

Fic. 56. Transistor chopper circuit.

by high-gain d-¢ amplifiers, which are much more difficult to stabilize
against changes of supply voltage, temperature, and circuit parameters?
(see also See. 5). An example of a transistor chopping circuit is shown in
Fig. 56.

Figure 57 shows three circuits in which a transistor amplifier is switched
on and off by means of a control voltage impressed upon the base of one or
two switehing transistors. In circuit (a), a positive voltage applied to the
base of Ty causes Ty to conduet and thus short-circuit the input to 7.
In circuit (b) the output of transistor 7, is short-circuited when a positive

8J. L. Moll, Proc. I.R.E., 42, 1773 (December, 1954).

7A. P. Kruper, Comm. and Electr., 17, 141 (March, 1955); R. L. Bright and A. P.
Kruper, Electronics, April, 1955, p. 135; J. P. Reynolds, Raytheon Tech. Inf. Bull,

“Practical Considerations for the Application of Junction Transistors in Chopper Cir-
cuits,” September, 1957.
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voltage on the base of T» causes T: to conduct. An undesirable feature
of these circuits 1s that the initiation of conduction of T'» changes the direct
collector voltage of T and therefore causes a change in amplifier output
voltage. This effect is avoided in the circuit of Fig. 57¢, which combines the
circuit of Fig. 53a with a single-stage amplifier.
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F1a. 57. Control of amplifiers by means of switching transistors.

14. Or Circuits, And (Coincidence) Circuits, and
Not (Anticoincidence) Circuits

14.1. Or Circuits. Gate circuits can be readily modified so that output
is obtained when any one of two or more control voltages is applied to the
circuit, or when two or more of a number of control voltages are applied
simultaneously. This is accomplished by connecting the control-voltage
sources to the control terminals of the basic circuits through series isolating
diodes that prevent interaction between the voltage sources and loading of
each source by the admittances of the other sources. Two typical circuits,
formed from the basic circuits of Figs. 37a and 53b, are shown in Fig. 58.

142. And Circuits. The basic gate circuits are in themselves and or co-
incidence circuits, since they deliver output voltage only when the signal volt-
age and the control voltage are impressed simultaneously. Some of the basie
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circuits may be readily modified so that signal output is obtained only in the
presence of two or more control voltages, impressed simultaneously. This
may be accomplished in the circuits of Fig. 37 by shunting the control diode
T and resistor Ry with one or more additional diodes and resistors, as shown
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F1c. 58. (a) Diode “or” cireuit; (b) diode-transistor “or” circuit.

in Fig. 59. The full-wave circuit of Fig. 39 and the transistor circuits of
Fig. 52 to 55 may be modified in a similar manner. The cathode-follower
cireuit of Fig. 43 may be provided with additional shunt triodes, to which
additional negati‘ve control pulses must be applied in order to cause the
circuit to deliver signal output.

The pentode circuit of Fig. 44 can be used as a coincidence circuit by using
zero operating screen voltage and applying a second positive control voltage
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F1c. 59. Diode “and” (coincidence) circuit.

to the screen grid. However, sinee the control voltage applied to the sereen
causes a large change of plate current, this circuit has a relatively large
output pedestal. In a similar manner, the beam-deflection tube of Fig. 47
may be controlled by voltages applied simultaneously to grids 1 and 2.
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Figure 60 shows a coincidence circuit that consists essentially of a dif-
ferential amplifier and two pulse stretchers.! A negative pulse applied to
input terminals 1 charges capacitors C; and C, to equal voltages through
diodes D, and D;. If the time constants R;C; and R.C, are equal, the
capacitors discharge at the same rate. The tap on E; may then be ad-
justed so that the effects of the voltages applied to the grids of the differ-
ential amplifier balance out, and no output is obtained from the plate of T’.
If negative pulses are applied simultaneously to input terminals 1 and 2,
C charges to a lower voltage than C;, the magnitude of the negative grid

. .
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Fic. 60. Coincidence circuit.

voltage of T'; exceeds that of Ty, and the voltage of the plate of T; is lowered
throughout the discharge time of the capacitors. On the other hand, if a
positive pulse is applied to input terminals 2 at the same time that a nega-
tive pulse is applied to input terminals 1, C» charges to a higher voltage
than Cy, the grid voltage of T is more negative than that of T, and the
plate voltage of T is raised throughout the discharge time of the capacitors.
This cireuit has high sensitivity and is capable of resolving pulses separated
by an interval of only 3 X 10—1° second.

14.3. Not Circuits. The basic gate circuits may also be modified or com-
bined in such a manner as to form anticoincidence cireunits in which output
is obtained when control voltage is applied to one control terminal, but not
when another control voltage is applied simultaneously to another control
terminal. This can be accomplished, for example, by combining the circuit
of Fig. 37a with that of Fig. 38, as shown in Fig. 59b. In a similar manner,
anticoincidence circuits may be formed from the full-wave diode circuit
of Fig. 39, and the transistor circuits of Figs. 52 to 55.

In the cathode-follower ecircuit of Fig. 43, another, negatively biased,
triode may be used in parallel with T, and T». If the negative bias in suf-

1Z. Bay, Rev. Sci. Instr., 22, 397 (June, 1951).
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ficient to bias the additional tube beyond cutoff, this tube normally has no
effect. When a positive inhibiting pulse is applied to its grid, however, the
auxiliary tube conducts and thus prevents the appearance of output voltage.
The pentode circuit of Fig. 44 acts as an anticoincidence circuit if the screen
grid is positively biased through a resistor and a negative inhibiting voltage is
applied to the screen grid. The beam-deflection tube of Fig. 47 may be
used in a similar manner, control voltages of opposite polarity being applied
to grids 1 and 2, which are suitably biased through resistors.

The principles discussed in this section may be extended to the design
of combination coincidence-anticoincidence circuits that deliver output only
in the presence or absence of various control voltages (see Probs. 14.3-1 to
14.3-3).

15. Negative-Resistance Circuits

15.1. Definition of Negative Resistance. Several types of circuits to
be discussed in later sections, including circuits that have two or more stable
states of equilibrium, relaxation oscillators, certain types of pulse generators,
and certain types of sine-wave oscillators, are based upon tube and tran-
sistor circuits that provide a negative resistance over a portion of their
operating range. It is desirable, therefore, to discuss at this point the gen-
eral theory of negative-resistance production, and some of the tube and
transistor negative-resistance circuits.

If the variational resistance of a circuit element is defined as the ratio of
the fundamental component of the alternating voltage across the element
to the fundamental component of the alternating current through it, the
small-signal variational resistance of a circuit element at any operating
point is to a first approximation equal to the reciprocal of the slope of the
static current-voltage characteristic of the element at that operating point.
Throughout any range in which the slope of the characteristic is negative,
therefore, the variational resistance is negative. A negative value of varia-
tional resistance at any port of a circuit implies that an increment of current
flows in opposition to the increment of voltage that produces it (or that a
negative increment of voltage is produced across the port as the result of a
positive increment of current into it), and that the circuit therefore contains
a source of power. Typical current-voltage characteristics having a range
in which the variational resistance is negative are shown in Fig. 61. The
negative-slope ranges of such characteristics may have any position rela-
tive to the origin. Examples of such curves for a number of circuits and
devices are shown in Figs. 66, 69, 72, 76, 77, 78, 79, and 80.

The majority of tube and transistor negative-resistance circuits are spe-
cial forms of two basic feedback circuits. Rather than explain in detail the
operation of the various individual cireuits, it is advantageous to analyze
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the basic eircuits. Before this is done, however, a particular form of each
of these circuits will be discussed briefly in order to indicate the mechanism
by means of which negative-resistance characteristics, such as those of Fig.
61, are produced.

15.2. Example of a Negative-Resistance Circuit. Figure 62 shows a
circuit by means of which a current-voltage characteristic of the form of
Fig. 61a may be produced. To simplify the explanation, the assumption
will be made that the voltage amplifier of Fig. 62 is nonreciprocal, contains
no reactive elements, and has negligible input admittance. Under these
assumptions, the current ¢ is the current through the resistance B and is
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equal to (v — 4,v) /R, where A, 1s the voltage amplification of the amplifier.
The input resistance is therefore R/ (1 — A4,), which is negative if the ampli-
fier is noninverting (i.e., if the output voltage of the amplifier is in phase
with the input voltage), and if the magnitude of the voltage amplification
A, exceeds unity. In any voltage and frequency range in which these con-
ditions are satisfied, a positive increment of voltage Av is accompanied by a
negative increment of current Ai. Inasmuch as the voltage range in which
any practical amplifier can produce a voltage amplification greater than
unity is limited at both ends by cutoff or saturation of the active element
or elements, the range over which the current-voltage characteristic can
have a negative slope is also limited. As the voltage v approaches a value at
which one or more of the active elements is cut off or saturated, the magni-
tude of the amplification falls and eventually passes through unity., When
A, = 1, the slope of the current-voltage curve is zero. Beyond the value at
which A, is unity, an increment of v is accompanied by an increment of ¢
of the same sign, and the slope of the current-voltage characteristic is posi-
tive. The entire current-voltage characteristic must therefore be of the
general form of the curve of Fig. 61a.

It is apparent that the input resistance of the circuit of Fig. 62 is negative
because an increment of input voltage is accompanied by a much larger
increment of amplifier output voltage, which opposes the voltage v and thus
causes current to flow through R in opposition to v. The power delivered
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to the source of the input voltage v must be derived from the amplifier
power supply. Because a current-voltage characteristic of the form of Fig.
61a is single-valued with respect to voltage, any circuit port at which such
a characteristic is observed is sald to be voltage-stable. It will be shown
in Sec. 23 that the current into a port having such a characteristic may in
general have more than one value for a single value of source voltage if
there is resistance in series with the source, but that there can be only one
value of current if the external resistance across the port is zero. For this
reason a port that has a characteristic of the form of Fig. 61a is also said
to be short-circuit stable.

15.3. Another Example of a Negative-Resistance Circuit. Figure 63
shows an example of one circuit by means of which a current-voltage char-
acteristic of the general form of Fig. 61b

may be produced. Again, to simplify the - Current -
analysis, the assumption will be made ‘) amplifier (Ai’
that the current amplifier of Fig. 63 is ¢

nonreciprocal and contains no reactive Y

clements, and the input resistance will be | % P

assumed to be negligible. TUnder these

assumptions tl}e voltage v is johe voltage Fic. 63. One cireuit that has a
across the resistance R and is equal to  cyrrent-voltage characteristic of
(1 + A} R, where A; is the eurrent ampli- the form of Fig. 61b.
fication of the amplifier. The input resist-
ance is (1 + 4;) B, which is negative if the current amplifier is phase-invert-
ing (A;isnegative) and if the magnitude of A, exceeds unity. In any current
range in which these conditions are satisfied, a positive increment of input
current ¢ is accompanied by a negative increment of voltage v. As the
current approaches a value at which one or more of the active elements of
the amplifier is cut off or saturated, the amplification falls and the slope of
the current-voltage characteristic rises, eventually passing through infinity
when the magnitude of 4;is 1. Beyond the value of ¢ at which |A;| is unity,
an increment of current is accompanied by an increment of voltage of the
same sign, and the slope of the characteristic is positive. The entire cur-
rent-voltage characteristic must be of the general form of the curve of Fig.
61b. The negative input resistance in the circuit of Fig. 63 is the result of
the fact that an increment of input current At is accompanied by a much
larger increment of amplifier output current, which flows through R in the
opposite direction to At and therefore produces a voltage rise across B with
respect to At.

Because a current-voltage characteristic of the form of Fig. 61b is single-
valued with respect to current, any circuit port at which such a characteris-
tic is observed is said to be current-stable. It will be shown in Sec. 23 that,
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although the voltage across a port having such a characteristic may in gen-
eral have more than one value for a single value of current into the port,
there can be only one value of voltage if the external resistance shunting
the port is infinite. For this reason a port that has a characteristic of the
form of Fig. 61b is also said to be open-circuit stable.

The terms voltage-stable and current-stable, or short-circuit stable and
open-circuit stable, will be applied to current-voltage characteristics of the
forms shown in Fig. 61, as well as to the ports at which these characteristics
are observed. However, since a circuit may in general have both voltage-
stable and current-stable ports, these terms should not be applied to the
circuit itself unless the circuit has only one port. (The tunnel diode and
the glow tube are examples of one-port negative-resistance devices.)

The use of a circuit containing a voltage amplifier in the demonstration
of the production of a voltage-stable characteristic, and of a circuit contain-
ing a current amplifier in the demonstration of the production of a current-
stable characteristic, is a matter of convenience. It should not be inter-
preted as implying that voltage-stable characteristics are observed only in
circuits that incorporate a voltage amplifier and current-stable characteris-
ties only in circuits that incorporate a current amplifier. The circuits of
Figs. 62 and 63, like most other negative-resistance circuits, have both
voltage-stable and current-stable ports.

16. Some Characteristics of Voltage-Stable and
Current-Stable Circuits

16.1. Effect of Gain Parameter Upon Current-Voltage Curves. The
negative slope of the current-voltage characteristics of Fig, 61 in the range
a-b is the result of amplification and positive feedback. The amplifica-
tion may be produced by a single active element such as a tube or a transis-
tor, or by two or more active elements and associated passive circuit ele-
ments. Whatever type of amplifier is used, the amplifieation, and there-
fore the slope of the characteristic in the range a-b, are dependent upon a
gain parameter of the active element or elements, such as the transconduct-
ance of a tube or the current-amplification factor of a transistor. Figures
64a and 64b show the manner in which the negative-slope portion of the
current-voltage characteristics of Fig. 61 changes as the gain parameter is
changed in such a manner as to increase the amplification from zero. The
following differences in the a-c¢ behavior of voltage-stable and current-stable
circuits operated at a point within the negative-resistance range of the cur-
rent-voltage characteristics may be inferred from Fig. 64:

(1) As the gain parameter is gradually changed so as to increase the
amplification from zero, the variational resistance of a voltage-stable ele-
ment first increases with increases of amplification, passes through an in-
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finite value, and then becomes negative. Within the negative-resistance
range the magnitude of the variational resistance decreases with increase
of amplification. ‘

(2) As the gain parameter is gradually changed so as to increase the
amplification from zero, the variational resistance of a current-stable ele-
ment first decreases with increase of amplification, passes through zero, and
then becomes negative. Within the negative-resistance range the magnitude
of the variational resistance increases with increase of amplification.
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Fic. 64. Effect of change of gain upon the current-voltage characteristic of (a) a
voltage-stable element and (b) a current-stable element.

16.2. Criteria for Voltage-Stable and Current-Stable Ports. The cur-
rent-voltage characteristic for a voltage-stable port must have at least two
points at which the slope is zero, corresponding to infinite input resistance
of the port, but need have no points of infinite slope and zero resistance.
It follows from this faet, or from (1), that (a) any port is voltage-stable if
the algebraic expression for the input resistance of that port in terms of the
parameters of the circuit and the amplifying device is of such form that
there is a value of gain parameter at which the resistance given by the ex-
pression is infinite. Similar reasoning leads to the conclusion that (b) a
port is current-stable if the expression for the input resistance of that port
in terms of the ecircuit and amplifier parameters is of such form that there
is a value of gain parameter at which the resistance given by the expression
is zero.

Examination of Fig. 61a shows that if a constant-current source is con-
nected to a port having a voltage-stable characteristic, i.e., if a voltage
source is connected to the port through a high resistance, there may in
general be three equilibrium values of voltage across the port for a single
value of current into the port.* Since the various currents and voltages in
the entire circuit are interdependent, there will in general then also be
three corresponding equilibrium values of currents and voltages at other
ports. If the source resistance shunting the first port is reduced to zero,
however, there can be only one combination of port voltage and current
for each value of supply voltage. Consequently, there can then be only

*See also Fig. 82. This behavior will be discussed in detail in Sec. 23.2.
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one corresponding combination of current and voltage at every other port.
(Otherwise, for each combination of current and voltage at some other port
there would be a different combination of current and voltage at the first
port.) Because the negative-slope portion of a current-voltage character-
istic that makes possible multiple equilibrium combinations of current
and voltage at the port at which it is observed is the result of amplification
and positive feedback, it follows that short-cireuiting a voltage-stable-port,
or reducing the resistance shunting such a port, must reduce the amplifica-
tion or the positive feedback in the circuit. A similar argument leads to
the conclusion that open-circuiting a current-stable port, or increasing the
resistance shunting such a port, must reduce the amplification or the posi-
tive feedback.

The following criteria follow from the foregoing analysis: (¢) A port is
voltage-stable (short-circuit stable) if short-circuiting that port, or reducing
the resistance shunting it, reduces the amplification of the amplifier or the
positive feedback from the output to the input of the amplifier. (d) A
port is current-stable (open-circuit stable) if open-circuiting that port,
or increasing the resistance shunting it, reduces the amplification of the
amplifier or the positive feedback from the output to the input of the
amplifier.

The foregoing criteria, which are verified by application to actual cir-
cuits, may be conveniently used to determine by inspection of an unfamiliar
circuit, or of expressions for the input resistance at various ports, whether
the ports are voltage-stable or current-stable (Prob. 16.2-1). In applying
criteria (¢) and (d), it is usually simpler to check for the feedback of volt-
age than for the feedback of current. Thus, short-circuiting the input port
of the circuit of Fig. 62 prevents the feedback of any voltage from the out-
put of the amplifier to the input, and criterion (¢) indicates that the port is
voltage-stable, in agreement with Fig. 61a. On the other hand, opening the
input port of the circuit of Fig. 63 prevents the application of output voltage
of the amplifier to the input, and criterion (d) indicates that the port is
current-stable, in agreement with the characteristic of Fig. 61b.

Criteria (¢) and (d) may give ambiguous results in circuits that have
more than a single feedback path. Thus, a port may be established in the
circuit of Fig. 65b between the upper input and output terminals of the
amplifier. Increasing the resistance shunting this port reduces the direct
feedback from the upper output terminal of the amplifier to the upper input
terminal. Criterion (b) therefore leads to the conclusion that this port is
open-circuit stable. However, even when the port is open, there is still feed-
back by way of the path in parallel with E;2, and this feedback may be
great enough so that the ecircuit is unstable. One must conclude, therefore,
that the port may be open-circuit unstable, The algebraie expression for
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the input resistance at this port is of such form that it may be either infinite
or zero (Prob. 16.2-2). Criteria (a) and (b) thus indicate that the port
may be either voltage-stable or current-stable, depending upon the amplifier
and circuit parameters.

It should be noted that one or more ports that are of interest may lie
within the amplifier. Thus, in the circuit of Fig. 68a a port may be estab-
lished between the plate of T; and the grid of T5. Since opening this port
(necessary changes in the grid bias of Ts being made) decreases the ampli-
fication of the amplifier, the port must be current-stable. Similarly, short-
circuiting a port established between the grid of 7> and ground reduces the
amplification to zero. Criterion (c) indicates that this port is voltage-stable.

17. The Basic Negative-Resistance Circuits

17.1. Pi and Tee Circuits. Most vacuum-tube and transistor negative-
resistance circuits are special forms of the generalized pi and tee feedback
circuits of Fig. 65. Thus, the circuit of Fig. 62 is a form of the circuit of

A
Gz Amplifier

G, % Amplifier G, R % [— ("R

(a) (b)
Fic. 65. (a) Generalized pi feedback network; (b) generalized tee feedback network.

Fig. 65a, and that of Fig. 63 is a form of the circuit of Fig. 65b. Table 1
lists the values of the input resistance observed at various ports if the cir-
cuits contain no reactive elements and transit-time effects in the amplifier
are negligible. (R;}; is the input resistance between the points to which R
is connected, when R, is infinite. Similarly, (R;)s is the input resistance
between the points to which R, is connected, when R is infinite, and (R;) 12
is the input resistance between the points to which R, is connected, when
R, is infinite. Because conductance parameters are convenient to use for
tubes, whereas hybrid parameters are convenient to use for transistors, the
resistances are expressed in terms of both sets of parameters of the amplifier,
which may consist of a single tube or transistor, or of two or more direct-
coupled stages.

It is apparent from the expressions listed in Table I that there is a value of
hs and g; that makes (R)L, (R)Y, and (R,)T infinite and a value that makes
(RHT (R)HI and (R;)], zero. It follows from criteria (a) and (b) of Sec. 16
that (R0, (R)T, and (R)} are voltage-stable, whereas (R))7, (R)3, and
(R;)7; are current-stable.
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Tasre I. Low-FreEQUENCY INPUT RESISTANCES OF P1 aAND TEE FEEDBACK CIRCUITS
Pi Circuit
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Examination of the expressions listed in Table I shows that reduction of
R; and R, and increase of Rs are favorable to the production of negative
values of input resistance of the tee circuit, and that reduction of G and G,
and increase of (12 are favorable to the production of negative values of
input resistance of the pi circuit. In the limit, when R, and R, are zero
and R,. is infinite, or when G; and G5 are zero and G;e is infinite, the ex-
pressions for R; reduce to those listed in Table II. Since these expressions
apply under the circuit conditions most favorable to negative values of R,
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they may serve as criteria for determining whether a particular circuit is
capable of providing a negative resistance. If the amplifier parameters are
such that the expressions of Table II yield positive or zero values of R,
the cireuit cannot produce a negative resistance with any values of Ry, Rs,
and Ry, or of G, Gg, and G12. These expressions will be used in subsequent
sections to determine the values of tube and transistor parameters essential
to the production of negative resistance in practical forms of the circuits of
Fig. 65.

17.2. Effect of Reactive Elements. Neglect of reactive elements and
transit-time effects in the derivation of the expressions listed in Tables I
and II limits their application to static conditions. They are useful in deter-
mining whether or not the static current-voltage characteristic has a nega-
tive-slope range and thus whether or not the circuit can have more than
one state of equilibrium. Because they do not apply when the circuit cur-
rents and voltages change so rapidly that the effects of reactive elements
and transit time cannot be neglected, they cannot be used to determine the
behavior of the circuit when current or voltage increments take place in the
vieinity of one of the equilibrium points, and therefore they cannot indicate
whether the equilibrium states are stable or unstable. Analyses that include
the effects of shunt eapacitances and transit time show that under conditions
that cause the input resistance or conductance to be negative, the circuits
of Fig. 65 behave at a voltage-stable port as though they consist of a nega-
tive conductance in shunt with a capacitive susceptance (or negative in-
ductive suspectance) and at a current-stable port as though they consist
of a negative resistance in series with an inductive reactance (or negative
capacitive reactance) (see Probs. 17.2-1 to 17.24). At a voltage-stable
port, such a circuit may therefore be replaced by an equivalent cireuit con-
sisting of a conductance (; in shunt with a capacitance C;, and at a current-
stable port by an equivalent circuit consisting of a resistance R; in series
with an inductance L,
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TasLE III. Low-FrEQUENCY y PARAMETERS OF A VacuuM TuBe IN THE CoMMON-
Catnope, CoMMON-GRID, AND CoMMON-PLATE (CATHODE-FOLLOWER) CONNECTIONS
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In tube circuits, in which the shunt capacitances usually shunt relatively
high electrode and circuit resistances, the effects of shunt capacitances be-
come important at frequencies much lower than those at which the effects of
transit time are appreciable. At frequencies at which transit time is im-
portant in tube circuits, shunt capacitances usually cause the real component
of the input impedance or admittance to be positive, rather than negative
{see Probs. 17.2-1 to 17.2-4). Consequently the transit-time effects may
usually be neglected in tube negative-resistance circuits. In transistor nega-
tive-resistance eircuits, on the other hand, the transistor and circuit capaci-
tances are usually shunted by relatively low circuit resistances, and the
imaginary components of input impedance or admittance are the result of
transit time (alpha cutoft).

18. Vacuum-Tube Negative-Resistance Circuits

18.1. Pentode Circuits. Table IT may be used to determine how nega-
tive-resistance circuits may be formed by the use of vacuum tubes. Table
III lists the conductance parameters for a vacuum tube in the common-
cathode, common-grid, and common-plate (cathode-follower) ecircuits. If
these values are used in the expressions listed in Table II, the values of
input resistance listed in Table IV are obtained.* Because r, and g,, are
positive for triodes, negative resistance cannot be obtained with a single
triode. Table IV shows, however, that voltage-stable and current-stable
negative resistance could be produced in the common-cathode connection if
the transconductance of the tube were negative. Although tubes do not
have a negative transconductance between the control grid and the plate, a
pentode may have a negative transconductance from the suppressor to the
screen over a limited range of suppressor voltage. If the suppressor is nega-
tive, some electrons that would strike the plate in the absence of the sup-
pressor are returned to the screen by the retarding field between the screen
and the suppressor. Making the suppressor grid more negative causes more
electrons to be turned back and thus increases the screen current.

Figures 66a and 66b show pentode pi and tee negative-resistance circuits.
Voltage-stable current-voltage characteristics are obtained between either
the suppressor or the sereen and ground in the pi circuit of Fig. 66a and
between the cathode and ground in the tee circuit of Fig. 66b. Current-
stable characteristics are obtained between the suppressor and the screen
of circuit (a) and between the screen and ground of circuit (b). Plate-
circuit resistance reduces suppressor-screen gain. Criterion (d) of Sec. 16.2
therefore predicts a current-stable port between the plate and the cathode.
Typical characteristics obtained between the screen and ground, between

* The values listed in Table IV may also be derived by inspection of the individual
circuits. See Prob. 18.1-1.
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the plate and ground, and between the suppressor and the screen in circuit
(a) are shown in Figs. 66¢c, 66d, and 66e, respectively. Figure 66f shows a
characteristic obtained between the cathode and ground in circuit (b). The
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Fic. 66. (a) Pentode pi negative-resistance circuit; (b) pentode tee negative-
resistance circuit; (c) current-voltage characteristic observed between the screen
and ground in circuit (a); (d) characteristic observed between the plate and ground
in circuit (a); (e) characteristic observed between the suppressor and the screen
in eireuit (a); (f) characteristic observed between eathode and ground in circuit (b).

shape of the characteristics of Fig. 66 and of other vacuum-tube negative-
resistance circuits can be readily explained qualitatively. The general pro-
cedure is the same as that which will be used for transistor circuits in Sec.
19 (see Prob. 18.1-2).

Secondary emission from the plate causes the plate characteristics of some
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tetrodes to have a negative slope over a range of plate voltage. The slope
of the plate characteristics of presently available tetrodes is so small in the
negative-resistance range, however, that the tetrode is not a very useful
negative-resistance device. Another disadvantage of the tetrode as a nega-
tive-resistance device results from the variation of secondary emission
throughout the life of the tube, which causes the shape of the characteristic
to change.
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Fic. 67. Two amplifiers that can be used to produce negative resistance in the
circuits of Fig. 65: (a) two direct-coupled common-cathode stages; (b) common-
grid stage directly coupled to a common-plate (eathode-follower) stage.

18.2. Common-Cathode, Common-Cathode Two-Tube Circuit. Al-
though a negative value of g,, cannot be attained in a triode, the negative
value of y; essential to the production of negative values of R; in tube cir-
cuits may be obtained by the use of a two-stage direct-coupled amplifier,
instead of a single tube. Two types of two-stage amplifiers that can be con-
veniently used for this purpose are shown in Fig. 67. The circuit of Fig. 67a
consists of two direct-coupled common-cathode stages. Use of this amplifier
in the pi feedback circuit of Fig. 65a leads to the Eccles-Jordan circuit of
Fig. 68a, which may be redrawn in the form of Fig. 68b.* Typical current-
voltage characteristics obtained in this circuit are shown in Figs. 69a to d.
The characteristic of Fig. 69a is obtained between one plate and ground,
as shown in Fig, 68a, The symmetrical voltage-stable characteristic of Fig,
69b is obtained between the two plates, as shown in Fig. 68b. The current-
stable characteristic of Fig. 69c is obtained between the grid of one tube and
the plate of the other, as shown in Fig. 68c, and that of Fig. 69d is obtained
between one cathode and ground, as shown in Fig. 68d. The symmetrical

1W. H. Eccles and F. W. Jordan, Radio Rev., 1, 143 (1919).
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Fic. 68. (a) Circuit in which the amplifier of Fig. 67a is used in the pi circuit of

Fig. 65a; (b) a symmetrical voltage-stable port in the circuit of Fig. 67a, which has

been redrawn in symmetrical form; (¢) a current-stable port; (d) a current-stable
port; (e) a symmetrical current-stable port.
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Fig. 69. (a) Voltage-stable characteristic measured as shown in Fig. 68a; (b)

voltage-stable characteristic observed in the circuit of Fig. 68b; (¢) current-stable

characteristic observed in the circuit of Fig. 68c; (d) current-stable characteristic

observed in the circuit of Fig. 68d; current-stable characteristic observed in the

circuit of Fig. 68e. 6SN7 tube; R, = B, =470 kQ, Ry, = R;»,’ = 270 kQ, R, =
R, = 47 kQ, Ry = Ry' = zero or 47 kQ.
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current-stable characteristic of Fig. 69e is obtained between cathodes in the
circuit of Fig. 68e.

Expressions for the input resistance R; at various ports in the circuits of
Fig. 68 can be derived by solving the equations of the network obtained by
replacing the tubes by equivalent plate circuits (see Prob. 18.2-1). Under
the assumption that the resistance Ry + ;5 is much larger than R, and that
the cireuit is symmetrical, the input conductance 1/R; measured between the
two plates is 14 [1/Bg + 1/7, — guR1/(By + R12)]. The conductance is nega-
tive if g, > (1/Ry + 1/1p)(Ry + Ry2)/R:.

Grid bias may be obtained in the circuit of Fig. 68b by the use of a com-
mon cathode resistor. If the circuit is symmetrical, increase of plate cur-
rent of T'; is accompanied by nearly equal decrease of plate current of T,
and the voltage across the cathode resistor remains nearly constant. Con-
sequently, the resistor has little effect upon the current-voltage character-
istics at the various ports.

In some applications of the circuit of Fig. 68, particularly in bistable
circuits, it is advantageous to use pentodes and to couple from the plate of
each tube to the suppressor or screen of the other, instead of to the control
grid. It is also possible to place the load resistors R, in the screen circuits
and to couple from the sereen of each tube to the
control grid of the other. The plate circuits can
then be used solely to deliver output.

18.3. Common-Grid, Common-Plate Two-
Tube Circuit. The circuit of Fig. 67b consists of
a common-grid stage directly coupled to a cathode-
follower stage. If this amplifier is used in the tee
feedback circuit of Fig. 65b, B, and R being made
zero, the resulting circuit is that of Fig. 70.2 This
circuit has voltage-stable characteristies between
the plate of T and ground (B+), between the grid
of Ty and ground (C —), and between the cathodes
and ground, and it has a current-stable characteris-
Fie. 70. Circuit in tic between the plate of T; and the grid of T, as
which the amplifier of well as between the plate of T; and ground. A
gg'c?zgxits :fseg,i; égﬁ current-stable characteristic is also observed at a

with R, and R, zero.  Preak in either cathode lead. Unlike the circuits of

Fig. 68, this circuit has no symmetrical current-
voltage characteristic. If the two tubes are identical, the input resistance
(R:) I, between the cathodes and ground is approxxmately 1/, (1 — A1),
where Au is the voltage amplification of the first stage between the cathode

2M. G. Crosby, Electronics, May, 1946, p. 136; P. Sulzer, Proc. I.R.E., 36, 1034
(August, 1948) ; P. Sulzer, Proc. I.R.E., 38, 540 (May, 1950).
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of T, and the grid of T, and g,, is the transconductance of T, (see Prob.
18.3-1). The sign of the voltage amplification of a common-grid stage
being positive, the input resistance is negative if the magnitude of the
voltage amplification of the first stage exceeds unity. The magnitude of
1/gm (A — 1) may be of the order of 100 ohms or less if g,, is large, if the
resistance of the combination of R; in parallel with B’ 4+ R” is large in
comparison with r,, and if R”/R’ » 1.2

19. Transistor Negative-Resistance Circuits

19.1, Criteria for Negative Resistance in Transistor Circuits. Table
1I shows that when a transistor is used in the common-base connection in
the tee or pi circuit of Fig. 65, negative resistance is obtained only if

14 hpp — hep + A
7b b hb<0

hob

(20)
or
hay
<0
14 hsp = hep + App

If expressions analogous to Egs. (20) and (21) are written for transistors used
in the common-emitter connection in the circuits of Fig, 65, and the common-
emitter h parameters are expressed in terms of the common-base k parameters,
the following relations are obtained for the criterion for negative resistance
(Prob. 19.1-1):

2D

1+ App
P\ (20A)
hob
or
h’ib
— <0 (21A)
1+ Apg

Similarly, the criteria for the production of negative resistance by the use of
transistors in the common-collector connection in the circuits of Fig. 65 are
(Prob. 19.1-1):

A
=eo (20B)
hob

or
hy
LA (21B)
App

Numerical values of h;, and h,, of the usual types of junction transistors
are positive, Az, is positive, and h,y is positive but small in comparison with
unity. The value of hyy in such transistors is negative, but smaller in magni-

3H. J. Reich, Proc. I.R.E., 48, 228 (February, 1955).
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tude than unity. It follows that Eqgs. (20) to (21B) cannot be satisfied with
a single transistor of this type, and that a negative-resistance characteristic
cannot therefore be obtained by the use of such a transistor. However,
Eqs. (20) and (21) may be satisfied if the magnitude of %, can be made to
exceed unity, Ay and ke, remaining positive, h,, positive or small, and Ay,
small,

A qualitative explanation of the faet that negative resistance cannot be
obtained with a single transistor having a magnitude of Ap less than unity
is that such a transistor cannot produce in the circuits of Fig. 65 a voltage
amplification that is at the same time positive and greater in magnitude
than unity or a current amplification that is at the same time negative and
greater in magnitude than unity. This can be accomplished, however, by
the use of a two-stage amplifier. The function of one stage may be merely
to reverse the polarity of an increment of amplifier output voltage or cur-
rent, ie., to reverse the sign of the over-all amplification. Alternatively,
one may say that the use of two transistors each having a magnitude of
hs less than unity results in an amplifier having a large negative value of
h; and small values of A, and Ak, so that Eqs. (20) and (21) are satisfied.
A number of negative-resistance circuits based upon direct-coupled two-
stage transistor amplifiers will be discussed later in this section.

19.2. Avalanche, Point-Contact, and P-N-P-N Transistors. Presently
available transistors that have magnitudes of A, greater than unity include
the avalanche junction transistor,® the p-n-p-n junction transistor,? and
the point-contact transistor. In the avalanche transistor the collector cur-
rent exceeds the emitter current because of charge multiplication in the
base-collector junction. Carriers originating in the emitter are accelerated
by high electric field in the base-collector junction and may thus gain suf-
ficient kinetic energy to enable them to make other carriers available as
the result of collision with semiconductor molecules in this junction. (This
phenomenon is similar to ionization of the gas in a gas diode as the result
of collision of gas molecules with electrons accelerated by the electric field
between the anode and the cathode.)

The basic structure of a p-n-p-n transistor is shown in Fig. 71a. The high
value of ks of this type of transistor may be explained by assuming that the
behavior of such a transistor is similar to that of the transistor depicted in
Fig. 71b, and that the latter may in turn be replaced by a p-n-p transistor
directly coupled to an n-p-n transistor, as shown in Fig. 71c. The common-
base current-amplification factor ks of the p-n-p-n transistor being defined
as the ratio of a change of collector current to the corresponding change of

18, L. Miller and J. J. Ebers, Bell System Tech. J., 34, 883 (September, 1955);
H. Schenkel and H. Statz, Proc. I.R.E ., 44, 360 (March, 1956).

2J. L. Moll, M. Tanenbaum, J. M. Goldey, and N. Holonyak, Proc. I.R.E., 44, 1174
(September, 1956).
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emitter current when the collector voltage is held constant, some indication of
the magnitude of Ay, to be expected may be obtained from the eireuit of Fig.
71d, in which the two transistors of Iig. 71c are represented by conventional
symbols. This circuit consists of a common-base stage directly connected to
a common-collector stage. The current amplification I.2/13e of the common-
collector stage with zero load resistance is approximately —1/(1 + hspe),
where hpg is the value of hyp, of the n-p-n transistor. The input resistance of
this stage, which is the short-circuit input resistance 2,, of the transistor, is
of the order of 2000 ohms. The current amplifieation I,,/1,; of the common-
base stage with a load resistance of only 2000 ohms is very nearly equal to

(a) B (b) B

(" £BcCc | ly Iy Ie,
£ : REE I E — - C

| L&

| ¢l 1BE | v

| [TelrH—c 5

b e

v, Y,

(c) B (d) ¢ “

F1c. 71. (a) Basic structure of a p-n-p-n transistor; (b) and (c¢) transition from
the p-n-p-n structure to a two-transistor equivalent; (d) conventional representa-
tion of circuit (e).

hsp1, the value of sy of the p-n-p transistor. Since I, = —1Ips, the ratio
I,9/1. in the circuit of Fig. 71d approximates Asp1/(1 + hspe), which is nega-
tive and may have a magnitude considerably larger than unity for typical
values of hgp; and hspe. (Note that numerical values of hyp and hype are
negative.) (See also Prob. 19.2-1.)

One explanation of the high values of |As,| obtainable in point-contact
transistors is that the process of “forming” the contacts results in a p-n-p-n
structure similar to that of the p-n-p-n junction transistor. Because point-
contact transistors have been displaced by junction transistors, they will not
be discussed further.

19.3. P-N-P-N-Transistor Base Characteristics, The general forms
of current-voltage characteristics obtained experimentally in the circuits of
Fig. 65b with transistors having values of |hs| greater than unity are shown
in Fig. 72. The shapes of these characteristics can be explained by a quali-
tative examination of the circuits. Thus, Fig. 73a shows a p-n-p-n tran-
sistor circuit of the form of Fig. 65b, with the base eircuit resistance replaced
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by an impressed base-to-ground voltage vs. The indicated emitter and col-
lector current directions are those in which these currents actually flow in
the cireuit. (Note that hy is negative.) If vp is zero, a very small positive
current iz flows as the result of the collector supply voltage Vee. Positive
(relative to ground) voltage vy biases the emitter-base junction in the re-
verse direction, causing a small reverse emitter current. It also increases
the reverse bias of the base-collector junction and thus causes a small in-
crease of collector current. Consequently, increase of positive v, is ac-
companied by a very small increase of 1z, as shown in Fig. 72a. A negative

{r ir
Breakdown -]
. { Larger R, = 7

Ve \\\ | Avalanche

‘ breakdown

‘_[cg P/z /‘ - (586566.2/.2)
Larger B, Smofler Ry
(a) (b) (c)

F1c. 72. (a) Characteristic observed in the circuit of Fig. 73a; (b) characteristic

observed in the circuit of Fig. 73b; (¢) characteristic observed between the collector

and ground when R, is infinite in Fig. 73b and R, is connected between the emitter
and ground.

value of vp biases the emitter-base junction in the forward direction and
thus causes current to flow into the emitter. The forward emitter eurrent
causes an increment of collector current, which flows out of the collector
(since Ry, is negative). If |hy| is greater than unity, the increment of eol-
lector current exceeds the increment of emitter current that causes it and
the net increment of base current is into the base, or positive.

As vp is made continuously more negative, 7z becomes increasingly posi-
tive until the collector current approaches saturation. The increment of
collector current accompanying an increment of emitter current then be-
comes smaller and eventually becomes less than the increment of emitter
current that produces it. For this reason, increase in the magnitude of
negative base voltage vp beyond the value at point s is accompanied by a
decrease of ig. The emitter current, however, continues to increase with
magnitude of negative vy even after 1¢ reaches its saturation value and will
eventually exceed the saturation value of 1. The base current ¢z then
becomes negative.

Increase of R in the circuit of Fig. 73a causes the collector current to
saturate at a lower magnitude of vp and the saturation value of i¢ to be
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lower. The current-voltage characteristic is altered as shown by the dotted
curve of Fig. 72a. Increase of R; reduces the change of emitter current
and, therefore, of collector current resulting from an increment of negative
base voltage and consequently reduces the slope of the characteristic at
negative values of vp.

19.4. P-N-P-N-Transistor Emitter and Collector Characteristics. The
emitter characteristic of Fig. 72b can be most readily explained by allow-
ing the emitter current to be the independent variable. If 15 is zero in the

pn-pn p-n-p=n

7 A\ ‘[co-ﬁfb [E iE g’\]co_h,cb [E

LP, %ﬂ %PZ lé R,

B

—
(o) = Vee (&) =

F1c. 73. Negative-resistance circuits in which a single p-n-p-n transistor is used as
the amplifier in the tee circuit of Fig. 65b,

circuit of Fig. 73b, a small current I, flows in the collector circuit and
lowers the potential of the base relative to ground. The emitter-base
voltage being very small in the normal range of emitter current, the emitter
is negative relative to ground by approximately the voltage IR, as in-
dicated in Fig. 72b. Negative emitter current is current in the reverse di-
rection across the emitter-base junction and therefore requires a relatively
high reverse voltage across this junction. For this reason, vy rapidly be-
comes more negative as ip is made negative.

1f 7z is positive, on the other hand, a positive increment Aig of emitter
current is accompanied by an increment of collector current flowing out of
the collector and of magnitude |kp| Atg. The increment of emitter current
flows through Ris from base to ground, tending to raise the potential of the
base and of the emitter. The increment of collector current, however, flows
from ground to base and thus tends to lower the potential of the base and
of the emitter. Tf |hy| is greater than unity, the net effect is a reduction
of the potential of the emitter. As the emitter current is increased con-
tinuously, the emitter voltage continues to fall until the collector current ap-
proaches saturation (because of the voltage drop in R). The magnitude of
Ry, then falls below unity, the increment of collector current becomes less
than the increment of emitter current that causes it, and further increase
of emitter current beyond the value at s is accompanied by reduction of
voltage across R, and consequently by a rise of voltage of the base and
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the emitter. If R, is increased, a smaller fraction of the applied collector
voltage appears across E;2. Furthermore, collector-current saturation oc-
curs at a lower value of emitter current. The effect of an increase of R, upon
the characteristic is therefore to displace it to the right and to lower the
current at which the voltage peak s oceurs, as shown by the dotted curve
of Fig. 72b. Increasing Ris increases the voltage across R;» at any value
of emitter current and thus causes the curve to be displaced to the left
at negative values of vy and to the right at positive values, as shown by
the dashed curve of Fig. 72b.

The collector current-voltage characteristic of Fig. 72¢ and the pi-eircuit
characteristics may be explained in a similar manner.

19.6. Two-Transistor and Three-Transistor Circuits. The two-tran-
sistor circuit of Fig. 71d, used in the explanation of the p-n-p-n transistor,

(c)

Fic. 74. Two-transistor negative-resistance cireuits: (a) Common-base, common-
collector tee ecireuit; (b) common-emitter, common-emitter pi circuit; (e¢) common-
emitter, common-emitter tee cireuit; (d) ecommon-collector, common-base tee eircuit.

may itself be used as the basis of a negative-resistance circuit. A simple
form of the resulting circuit in which B, and R, are zero is shown in Fig.
74a. These resistances may be added if they are needed in the application
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of the circuit. Three circuits in which two p-n-p or two n-p-n transistors are
used are shown in Figs. 74b to 74d. In circuits (b) and (c¢), which are the
transistor equivalents of the tube circuits of Figs. 68a and 70, the portions
of the circuits within the dotted lines consist of two direct-coupled common-
emitter stages. Circuit (b) may be redrawn in the same form as Fig. 68b.
In circuit (d) the portion of the cireuit within the dotted lines consists of
a common-collector stage coupled to a common-base stage. Either two-
stage combination of transistors provides a value of k; that is negative and
greater in magnitude than unity.

The reader should determine the ports at which voltage-controlled and
current-controlled negative resistance is observed in the eircuits of Fig. 74.
Criteria (c¢) and (d) of Seec. 16.2 may be conveniently used for this purpose
(Prob. 19.5-1).

Transistors may be used in place of tubes in the circuits of Figs. 68d and
68e. Voltage-stable and current-stable current-voltage characteristics ob-
tained at the various ports are similar to the tube-circuit eharacteristics of
Fig. 69.

An interesting three-stage transistor circuit has been described in which
the change from positive to negative resistance occurs because one stage
changes from an inverting amplifier to a noninverting amplifier when the
collector voltage approaches zero.* This change is the result of the large
difference in collector resistance above and below the knee of the collector
current-voltage characteristie. The stage is phase-inverting (voltage) at
large values of collector resistance, but noninverting at small values.

20. The Unijunction Transistor

20.1. Structure of the Unijunction Transistor. Figure 75a shows the
basic structure of the unijunction transistor,® which differs from the ordinary
p-n-junction diode in that there are two nonrectifying contacts to the base,
rather than a single contact. The base contacts are not opposite to the p-n
junction, but are displaced from it laterally in opposite directions. FEither
base terminal may be considered to serve the function of the base terminal
of an ordinary double-junction transistor, the other base terminal that of
the collector terminal of the double-junction transistor, and the junction
terminal that of the emitter terminal. The graphical symbol used for the
unijunction transistor is shown in Figs. 95 and 172. Figure 76a shows
characteristic curves relating cmitter current 1z with emitter voltage vg

3 E. Keonjian and J. J. Suran, Electronics, July, 1955, p. 138.

1], A. Lesk and V. P. Mathis, I.R.E. Convention Record, Part 6, p. 2 (1953); R. W.
Aldrich and I. A. Lesk, Trans. I.R.E., Vol. ED-1, February, 1954, p. 24; J. J. Suran,

Trans. I.R.E., Vol. ED-2, No 2, April, 1955, p. 40; J. J. Suran, Electronics, March, 1955,
p. 198; J. J. Suran and E. Keonjian, Proc. 1.R.E., 48, 814 (July, 1955).
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at several values of collector voltage v¢ relative to the base. The charac-
teristics are current-stable.

The curves of Fig. 76a may be explained in the following manner: When
ig is zero, the voltage v¢ impressed between the collector and the base pro-
duces a uniform potential gradient and, if the structure is symmetrical, the
potential of the base region at a point adjacent to the emitter is half the
impressed voltage. At any positive voltage vy that is less than ve/2, there-
fore, the junction is reverse-biased and only a small reverse current flows
in the emitter circuit. When vy approaches v¢/2, however, the junction
becomes biased in the forward direction over a portion of the junction area
nearest the base terminal and a positive current flows across the junction
and through the base region to the base terminal. The presence of the addi-

p-iype
semiconductor.

£ Re

n-type—
VEE VCC
(aj B (b)

Fic. 75. (a) Basic structure of the unijunction transistor; (b) cireuit used to obtain
the characteristics of Fig. 76.

tional carriers (holes) in the portion of the base between the emitter junc-
tion and the base terminal increases the conductivity of this part of the
base. At small values of i, the reduction of the base resistance produces
more effect upon the IR drop between the junction and the base terminal
than does the increase in current. The resulting reduction of potential of
the base region in the vicinity of the junction increases the forward bias
of the junction and thus produces a further increase of iz. If iz is not
limited by the external circuit, the current increases cumulatively. If ip is
limited by the external cireuit, on the other hand, a small increase of ig in
the vicinity of zero current is accompanied by a reduction in potential of the
base region in the vicinity of the junction. The junction resistance in the
forward direction being small, the increment of current is accompanied by
very little increase in voltage across the junction, and vg falls by nearly
the same amount as the voltage of the base region at the junction. At cur-
rents greater than that at the minimum-voltage point, the effect of the
emitter current upon the base IR drop is greater than that of the decrease
of resistance. Above this point the potential of the base region at the junc-
tion rises, and vy must also rise.
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In some applications of the unijunction transistor, output voltage is ob-
tained from a resistance in the collector eircuit. Figure 76b, showing the
manner in which the emitter current-voltage characteristic is altered by
the presence of collector circuit resistance, is therefore of interest.

3 6L
g 5
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W - Ve =20 volts
S, £ 4
R S
5 S I
N 3 R.=0
S 1 X o+ ¢
& L 10k 02
i | ]

0 0 2 4 6 8 o 2
Lmitter voltage, vg Emitfer voltage, v¢
(a) (b)

Fig. 76. Emitter characteristic curves of a unijunction transistor: (a) at zero R,
and several values of vy; (b) at fixed Vg and three values of R,.

21. Diode Negative-Resistance Circuits

21.1. The Use of Transistors as Negative-Resistance Diodes. Table I
shows that the expression for the resistance (R;)72 between the amplifier
input and output terminals of the pi circuit of Fig. 65a reduces to the fol-
lowing form if G; and G, are zero:

hiho — h,(h

(R)Ty = +h—h(hy +1)+ 1 22)
ho

If the amplifier consists of a transistor used in the common-base connection,

this resistance is the resistance between the emitter and the collector when

the base is open. Inasmuch as the numerical value of hyy is negative, the

resistance may be negative if the following relation is satisfied:

hibhob - hrb + 1 1
1 - hrb

It follows that a transistor having a magnitude of hp greater than unity

will exhibit negative resistance between the emitter and the collector if the

base is left open. Avalanche, p-n-p-n, and point-contact transistors may
be used as negative-resistance diodes in this manner. Special diffused-junc-

[ hep| > (23)
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tion silicon p-n-p-n units without base connection are available, but the
base connection is sometimes desirable when the unit is used as the basis

of a bistable circuit.

21.2. Current-Voltage Characteristics of P-N-P-N Diodes. A typical
current-voltage characteristic of a p-n-p-n silicon diode is shown in Fig. 77a,
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Fie. 77. Current-voltage characteristic

of a p-n-p-n diode: (a) general form of

the complete characteristic; (b) typical
forward characteristic.

and a semilogarithmic plot of the
forward characteristic is shown in
Fig. 77b.* Since such a diode may
be considered as a p-n-p-n transistor
used in the common-base connection
in the circuit of Fig. 65a with ; and
(s zero, the diode resistance should
be given approximately by Eq. (22)
if the common-base parameters of a
typical p-n-p-n transistor are used.
For such a transistor the quantity
hiho, — Aphey — Ry 1s very small in
comparison with unity, and the re-
sistance in the open-base diode con-
nection should approximate the value
given by the following equation:

Ry = (hp + 1)/l (24)

The shape of the characteristic of
Fig. 77b will be explained with the
aid of this equation and a knowledge
of the manner in which hp depends
upon the collector current and the
collector-base voltage. The charac-
teristic being current-stable, it can
be analyzed most readily by assum-
ing that current is the independent
variable.

At a current of 10—7 ampere, hy,
at low collector voltages is of the
order of —0.15 and varies relatively
slowly with collector current. The

value of Ay, is the order of 10— ¢ mho. Consequently, R; is of the order of +1
megohm and the voltage across the diode rises rapidly with current in this
range of current. The shape of the characteristic in this range is similar to

+J. L. Moll, M. Tanenbaum, J. M. Goldey, and N. Holonyak, Proc. I.R.E., 44, (Septem-

ber, 1956).
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that of the common-base collector characteristic of a junction transistor
for zero emitter current. As the collector voltage approaches the avalanche-
breakdown voltage of the middle junetion (which is reverse-biased and thus
takes up most of the terminal voltage), the magnitude of A, increases
rapidly. Hence R, and therefore the rate of change of terminal voltage
with current, falls, R; becoming equal to zero when hp = —1. At higher
values of current R; becomes negative and an increase of current is accom-
panied by a decrease of diode voltage. As the voltage continues to fall
with increase of current, avalanche carrier multiplication has less and less
effect upon hg, but the magnitude of the low-voltage value of hy increases
with current, reaching a maximum of approximately 1.8 at a current be-
tween 10—3 and 10-2 ampere. As the voltage approaches values of the
order of a few volts, the magnitude of kj, begins to fall rapidly and eventually
becomes less than unity. R; then becomes positive and further increase of
current must be acecompanied by rise of voltage.

If the impressed voltage 1s reversed, the two outer junctions of the diode
are reverse-biased, whereas the center junction is forward-biased. The re-
verse-biased p-n-p-n diode is therefore roughly the equivalent of two re-
verse-biased p-n diodes in series with a forward-biased p-n diode, and the
current-voltage characteristic is essentially that of a reverse-biased p-n
diode.

Figure 77b indicates that the current is of the order of 10—# ampere in
the low-current range and of the order of an ampere or higher in the high-
current range. By proper design and fabrication, the diode may be made
to have either a very low resistance in the high-current, low-voltage range,
or a very rapid response to changes of impressed voltage. The time required
to change the current from the low-current range to the high-current range
is determined principally by the rate of diffusion of stored minority ecarriers.
Rapid response is important in the use of the device in bistable circuits, re-
laxation oscillators, pulse generators, and computer circuits. It should be
noted that the behavior of the p-n-p-n diode in the forward current range
is similar to that of the gas diode, which will be discussed in Sec. 22. It
can be used for all applications in which gas diodes can be used, and has
the advantage of a much lower voltage drop than a gas diode in the high-
current range and can therefore carry a much higher current without ex-
cessive dissipation.

21.3. Effect of Temperature and Illumination Upon P-N-P-N Diode
Characteristics. The voltage peak of the current-voltage characteristic
(breakdown voltage) of a p-n-p-n diode is moved to the left by increase
of temperature or illumination of the diode. A displacement of the voltage
peak is also observed when base current is allowed to flow in a p-n-p-n
triode designed to have an open-base emitter-collector characteristic similar
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to the diode characteristic of Fig. 77. It will be shown in Sec. 26 that these
changes in the shape of the characteristic may be used to advantage in con-
trolling the current in bistable cireuits. Other semiconductor devices having
characteristics similar to those of the p-n-p-n diode and triode will be dis-
cussed in Sec. 26.

21.4. The Esaki Diode. A voltage-stable semiconductor diode that is

unique among presently available negative-resistance devices in regard to

the magnitude of negative conduct-

ance which it provides and the small

voltage at which it operates is the

Esakidiode (tunnel diode).? A typi-

cal current-voltage characteristic of

this device is shown in Fig, 78. The

voltage range in which the resistance

o o2 03 o 05 is negative does not vary greatly in

Voltage units made with the same semicon-

ducting material and having various

current capacities but units may be

designed to have a current maximum

anywhere in the range from milli-

Fic. 78. Typical current-voltage char- Amperes t‘o AMperes. It.fOI_lOWS that

acteristic of a tunnel diode. the magnitude of the variational con-

ductance, as determined from the

slope of the current-voltage characteristic, may range from millimhos up to

mhos and that the negative conductance can be obtained with a supply

voltage of less than a volt. Negative conductances as large as 10 mhos have

been reported by Sommers.® The shunt capacitance is large, being of the
order of 100puuf in a unit having a junction 1.5 mils in diameter.

The current peak of the Esaki diode characteristic and the high con-
ductance at low values of voltages are caused by quantum-mechanics tun-
neling. In a p-n junction, the diffusion of electrons from the n-type semi-
conductor to the p-type semiconductor and of holes from the p-type to the
n-type leaves a double layer of bound positive and negative charges on the
two sides of the junction. The direction of the field between the positive
and negative layers of bound charge is such as to prevent electrons from
diffusing to the p-type semiconductor and holes to the n-type. A potential
barrier therefore exists across the junction. In the ordinary p-n junction,
only carriers that have sufficient kinetic energy to surmount the barrier ean
cross the junction against the field. In the Esaki diode, however, heavy
doping of the semiconductors with p- and n-type impurities results in the

T 1 1

Current,ma
~ N e A o

2 K. Esaki, Phys. Rev., 109, 603 (1958) ; H. S. Sommers, Jr., Proc. I.R .E., 47, 1201 (July,
1959).
3 Esaki, loc. cit.
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existence of allowable energy levels on the far side of the junction that
are equal to or lower than those on the near side, and there is consequently
a finite probability that electrons will cross the junction even though they
have insufficient energies to surmount the barrier. This phenomenon can
oceur only in junctions having thickness of the order of 200 Angstrom units
or less. Theory predicts that the number of electrons that can tunnel across
the junction should pass through a maximum and become small at a few
hundred millivolts. The second rise of current at higher voltages is the
same as that observed in the usual type of p-n junetion.

The current-voltage characteristics of Esaki diodes, unlike those of other
negative-resistance diodes, are independent of frequency at frequencies ex-
tending into the kilomegacycle range. Theoretically, negative resistance
should be obtained up to a frequency of the order of 10'2 ¢ps. The product
of the magnitude of the negative resistance and the shunt capacitance of
Esaki diodes is of the order of 5 x 10—2 second. Temperature has little
effect upon the current-voltage characteristic at any temperatures likely
to be encountered in normal applications,

The very high negative conductance provided by the Esaki diode makes
possible its use in a variety of circuits, including microwave oscillators. The
ease with which oscillation occurs in circuits using this type of negative-
resistance device introduces practical problems in circuits in which oscilla-
tion is not desired.

22. Glow and Arc Tubes

22.1. Glow-Diode Current-Voltage Characteristics. Glow and arc
tubes have long been used as negative-resistance elements. Glow tubes suit-
able for this application consist of two

electrodes in an envelope containing

one of the noble gases, usually helium,

argon, or neon, at a pressure of a Milliamperes
few millimeters Hg. A typical cur- §

rent-voltage characteristic for such a 3+

tube, shown in Fig. 79, is seen to be = 010"
a current-stable characteristic similar | amp.
to that of a p-n-p-n diode. The volt- i k— Voltage
age in the high-current range is much Extinction  Breakdown
greater than that of a p-n-p-n diode, voltage voltage

however, ranging from about 40 volts  Fig. 79. General form of the current-
to several hundred volts, depending voltage characteristic of a glow tube,
upon the gas pressure, the type of gas,

and the cathode-surface material. The negative-resistance range of the
characteristic is explained by cumulative increase of current resulting from
ionization of gas molecules by electrons accelerated in the electric field, and
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by emission of electrons at the cathode as the result of bombardment of
the cathode by positive ions formed in the interelectrode space. The form
of the characteristic in the low-current (dark-current) range is dependent
upon the initial electron emission from the cathode. Increase of emission
produced by illumination, radioactivity, and other external causes moves
the voltage peak of the characteristic to the left. The voltage corresponding
to the voltage peak of the glow-tube characteristic is called the breakdown
voltage because the current jumps to a very high value if the voltage is
raised to this value, unless the current is limited by eircuit resistance. The
voltage corresponding to the minimum-voltage point of the characteristic
is called the extinction voltage because the current cannot be maintained
in the high-current range at voltages below this value. The extinction
voltage of a glow tube is several times the ionization potential of the gas.
The shape of the current-voltage characteristic is unique only under static
conditions, Because of time taken for ionization and deionization to take
place, the form of a dynamic characteristic depends upon the rate of change
of current and voltage and upon previous values of current.! The tube has
been shown to behave as though it contained series inductance.?

22.2. Arc-Diode Current-Voltage Characteristics. The relatively large
minimum voltage drop that is characteristic of a glow discharge is necessary
in order to impart to positive ions sufficient energy so that they can produce
the required secondary emission from the cathode. Consequently, if the
cathode is heated sufficiently to provide the needed emission thermionically,
the tube voltage drop falls to approximately the first ionization potential
of the gas or vapor. Gas or vapor tubes in which the required emission at
the cathode is provided by some copious source other than secondary emis-
sion are called arc tubes. The voltage drop through heated-cathode arc
tubes containing mercury vapor is approximately 10 volts in the normal
current range. In tubes containing argon, it is about 16 volts.

At voltages below the ionization potential, the anode current of an are
diode is approximately the same as that which would be obtained at the
same voltage in a high-vacuum diode of similar structure. Above the first
ionization potential, however, positive ions neutralize negative space charge
present in the vicinity of the cathode, and the anode voltage remains very
nearly constant until the anode current exceeds the thermionie emission
current from the cathode, after which the anode voltage rises rapidly with
further increase of current. In order to prevent damage to the cathode, the
anode current must be limited by the external circuit to values less than
the cathode emission current.

1H. J. Reich and W. A. Depp, J. Appl. Phys., 9, 421 (1938).
2R. 8. Mackay and H. D. Morris, Proc. I.R.E., 42, 961 (June, 1954).
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22.3. Current-Voltage Characteristics of Grid-Controlled Arc Tubes.
The current-voltage characteristic of a heated-cathode are diode in which
the cathode is not shielded from the anode does not contain a range in which
the slope is negative, the current increasing rapidly, but continuously, as
the anode voltage is raised above the ionization potential of the gas or
vapor. A negative-slope range is present, however, if there is a grid of suit-
able structure between the cathode and the anode. Grid-controlled heated-
cathode arc tubes are called thyratrons. Typical characteristics relating
anode current with anode voltage of a thyratron at several values of grid
voltage are shown in Fig. 80. The on current in the low-voltage range is of
the order of four to six magnitudes
greater than the off current observed

below the maximum-voltage point. If * Amperes

the anode voltage is gradually raised ¢ % negative,

at fixed grid voltage, the eurrent rises EJ s/ >]%]>]%]
abruptly to a value determined by ks T N Lo
the circuit parameters when the anode & J/ﬂa/fgm
voltage becomes equal to that cor- - P

responding to the maximum-voltage Anode volfage

point of the characteristic. This volt- Fic. 80. General form of the current-
age, which is called the breakdown voltage characteristics of a thyratron
voltage, increases as the grid is made at several values of grid voltage.
more negative (or, in some tubes, less

positive). If the anode voltage is maintained constant and the grid voltage
is gradually made less negative (or more positive), the voltage peak of the
characteristic is moved to the left. Breakdown occurs when the voltage of
the peak becomes equal to the applied anode voltage. The grid voltage at
which breakdown occurs is called the critical grid voltage. The ecritical
grid voltage is obviously a function of anode voltage.

The grid loses control of the anode current after the tube breaks down.
In order to return the tube to its low-conduction state and allow the grid
to regain control, the current must be reduced to a value in the off range for
a sufficient time to allow the gas to become deionized. This may be accom-
plished by reducing the anode voltage to a value less than that in the high-
current range of the characteristics or by opening the anode circuit com-
pletely. The minimum anode voltage at which the tube remains in its
high-current (low-voltage) state is called the extinction voltage. The ex-
tinction voltage of a thyratron does not differ greatly from the first ioniza-
tion potential of the gas or vapor.

23. Multistable Circuits

23.1. Definition of Multistable Circuit. A multistable circuit is one
that, for fixed values of supply voltages and passive circuit parameters, has
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two or more stable states of equilibrium, characterized by different stable
sets of eircuit currents and voltages, flux densities, or frequencies of oscilla-
tion. Although most multistable circuits are bistable, circuits may be de-
signed to have three or more stable states. One of the useful features of
multistable circuits is that transition from one stable state of equilibrium
to another may be caused to occur abruptly as the result of small impressed
triggering voltages or currents or small changes in circuit parameters.
Usually the desired output of a multistable circuit is a change of voltage
or current caused by transition from one state of equilibrium to another,
but changes of magnetic flux density, frequency, or other variables may be
used. The following sections will treat only circuits in which the two or
more states of equilibrium are characterized by differences in currents and
voltages. Circuits in which the equilibrium states are characterized by

differences in frequency of oscillation will be discussed in Sec. 75.3.
23.2. Graphical Explanation of Bistability., The existence of more
than one state of equilibrium in circuits in which the equilibrium states
are characterized by differences of currents and volt-

<L ages may be explained by means of the simple series

circuit of Fig. 81, in which N is a nonlinear cireuit

N R element having a current-voltage characteristic of one
— of the forms shown in Fig. 82. (The negative-slope

Vs ranges of the characteristics of Fig. 82 may have any

Fic. 81. Generalized position relative to the origin. Particular examples
bistable circuit. of such curves for a number of circuits and devices

were shown in Secs. 18 to 22.) The line MN in
Fig. 82 is the load line corresponding to the resistance R and the supply
voltage Vg. By construction, the load line passes through the point on the

!
P Slope=-15
3
7
N v
Nz
(a) (b)

Fic. 82. Current-voltage diagrams for the circuit of Fig. 81: (a) for a voitage-stable
element N; (b) for a current-stable element N.

voltage axis corresponding to the supply voltage, and the magnitude of its
slope is 1/R. The voltage corresponding to any point on this line is there-
fore Vg — IR, and at any point at which the load line intersects the char-
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acteristic of the nonlinear element the voltage v across the element satisfies
the relation v = Vg — {R. Since Kirchhoff’s law requires that this relation
be satisfied in the circuit of Fig. 81, possible equilibrium values of current
and voltage in the circuit are those corresponding to intersections of the
load line and the current-voltage characteristic. If the current-voltage
characteristic has a portion in which the slope is negative, as in Fig. 82, the
load line may intersect the characteristic in three points, 1, 2, and 3, cor-
responding to three possible equilibrium sets of currents and voltages.

Additional intersections, and consequently additional states of equi-
librium, may exist if the characteristic curve of the nonlinear element has
additional points of inflection. In See. 24 it will be shown that the presence
of reactive elements neglected in the simple circuit of Fig. 81 causes equi-
librium states corresponding to point 3 or other intersections in the negative-
slope ranges of the characteristic to be unstable, and that these states are
therefore not observed in practical circuits. It will also be shown that the
reactive elements are essential to transition from one stable state of equi-
librium to another.

24. Stability of Equilibrium Points

24.1. Voltage-Stable Characteristic. Although the current-voltage
characteristics of practical voltage-stable and current-stable ecircuits are
curved in both the positive-resistance and negative-resistance ranges, it is
convenient, in deriving stability criteria for the points of equlibrium, to
make the assumption that the characteristics consist of three linear sections,
as shown by the idealized voltage-stable characteristic of Fig. 83. Further-
more, although Eqs. (P-16) to (P-20) of Probs. 17.2-1 to 17.2-4 show that
the magnitude of the real component of input impedance or admittance is
a function of frequency and therefore of rate of change of current or voltage,
the assumption will be made that the idealized statie current-voltage char-
acteristic gives the relation between the real component of input current
and the input voltage, regardless of the rate of change of eurrent and volt-
age. Under these assumptions, a voltage-stable eircuit that is connected
to a voltage source Vg through a series resistance B may be represented by
the equivalent circuit of Fig. 84, in which the element N is a nonreactive,
nonlinear element whose characteristic is that of Fig. 83, and C; is the effec-
tive shunt input capacitance of the voltage-stable circuit.* Although C;
may be a function of frequency, as shown by Eq. (P-20) of Prob. 17.2-3,
it will be assumed to be constant.

* Although some inductance is always present in series with R in any practical cir-
cuit, the ratio of R to this inductance is so great in bistable circuits that the inductance

may be neglected in this analysis. The effect of large values of inductance will be con-
sidered in the analysis of relaxation oscillators, Sec. 45.
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Fic. 83. Current-voltage dia- Fic. 84. Equivalent eircuit for
gram for an idealized voltage- the circuit of Fig. 81 when N
stable element in the circuit of is a voltage-stable element.

Fig. 81,

The following differential equation may be written by inspection of
Fig. 84:

Ve — _p dv o
PR (25)

The current 7 in any of the three ranges of Fig. 83 is given by the relation:

i =1+ v/R; (26)

where I’ is the current at the intersection of the current axis with the exten-
sion of the corresponding branch of the characteristie, and R; is the reciprocal
of the slope of that branch of the characteristic. Substitution of Eq. (206)
into Eq. (25) and solution of the resulting differential equation yields the
following expression for the voltage across the element at any time ¢:

v=V,+ At ETR)IRRC, (27)
in which A4 is an arbitrary constant and

i

0 =

7. T

R—i—Ri(IS I'R) (28)
By simple geometry, the voltage V, may be shown to be the equilibrium value
of voltage corresponding to an intersection of the load line of Fig. 83 with the
applicable branch of the characteristic of the voltage-stable device. Whether
an intersection corresponds to stable equilibrium or to unstable equilibrium
may be determined by assuming that the voltage is V, + Av when ¢ = 0,
where Az is arbitrarily small. If these values of ¢ and » are substituted into
Eq. (27), the following expression is obtained for the voltage » at any sub-
sequent time ¢:

p =V, 4 Ape—!EHEDRRLC, (29)

Equation (29) shows that, if R; is positive or if R; is negative but larger
in magnitude than R, the exponent is negative and the voltage approaches the
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value V,. Then V, is a stable equilbrium value of voltage. On the other
hand, if R; is negative, but smaller in magnitude than E, the exponent is
positive. A small positive or negative increment of voltage, however small,
then initiates an exponential voltage change that carries the voltage away
from that at the equilibrium point. Under this condition the equilbrium
point is unstable. When the series resistance R is less than the magnitude
of R; in the negative-resistance range, the magnitude of the slope of the
load line exceeds the slope of the negative-resistance portion of the charac-

[ L
-—
7 .\QQQJJ, -
——l’-———é
Vs
4

Fic. 85. Current-voltage dia- Fic. 86. Equivalent circuit for
gram for an idealized current- the cireuit of Fig. 81 when N
stable element in the cireuit of is a current-stable element.

Fig. 81,

teristic, and there is only one intersection. It follows from the foregoing
criteria that this intersection is stable, regardless of its location.* When
the magnitude of the series resistance R is greater than the magnitude of R;
in the negative-resistance range, the slope of the load line is less than
that of the negative-resistance portion of the characteristic, and there may
be either one or three intersections. The stability criteria show that if there
is only one intersection, it is stable. If there are three intersections, the
middle one, lying on the negative-resistance portion of the curve, is unstable,
and the other two are stable. Thus, points 1 and 2 in Fig. 83 are stable
points, whereas point 3 is unstable. If the circuit current and voltage are
initially those corresponding to point 3, any small cireuit disturbance,
such as random noise, causes the current either to increase or to decrease
continuously until intersection 1 or 2 is reached.

24.2. Current-Stable Characteristic. The current-stable circuit may
be analyzed in a similar manner with the aid of the idealized characteristic

* A single intersection in the negative-resistance range is not necessarily stable if
there is appreciable inductance in series with Ei. See Sees. 45 to 49.



104 FUNCTIONAL CIRCUITS AND OSCILLATORS

of Fig. 85 and the equivalent circuit of Fig. 86.+ If the current is I, 4- A
when t = 0, where I, is the current at an equilibrium point and A7 is arbi-
trarily small, the current at any time ¢ is (Prob. 24.2-1):

i=1I,+ Aje H{RTRIIL; (30)

Equation (30) shows that 1 approaches I,, and that the equilibrium point
is therefore stable, if the value of R, at that point is positive or if R; is nega-
tive but smaller in magnitude than R. If R, is negative and greater in mag-
nitude than R, on the other hand, the second term of Eq. (30) grows and
the equilibrium point is therefore unstable. Application of these criteria
to Fig. 85 leads to the conclusion that, when the load line intersects the
characteristic in only one point, that point is stable, regardliess of its loca-
tion.3 When the load line intersects the characteristic in three points,
however, the two outer intersections are stable, whereas the middle one,
lying on the negative-resistance portion of the characteristic, is unstable.
Thus, points 1 and 2 in Fig. 85 are stable, but point 3 is unstable.

24.3. Criteria for Bistability. It follows from the foregoing analyses
that, if the circuit has a negative input resistance at a port, a bistable cir-
cuit may be formed by shunting the port by an external resistance. If the
circuit is voltage-stable at that port, the external resistance must exceed
the magnitude of the negative resistance; if the eircuit is current-stable at
that port, the external resistance must be smaller than the magnitude of the
negative resistance. Application of these criteria to any port of the pi cir-
cuit of Fig. 65a shows that the circuit is bistable if the following relation is
satisfied: §

GG,

ho Gy Gz
hf_hr+hi<G1+ +G2)+ +(1+_)Ah+'—+1<0

G2 G2 12
(31)

12

in which A, = h;h, — heh,. Equation (31) may also be written in the following
form:

+ e+ (1+—G2)+ <1+—Gl>+G + 9% e By
Y Yr T Yi Yo -—
’ Grz Go/ T G T G

(32)

T Although there is always some shunt capacitance across R in any practical bistable
circuit, the ratio of this capacitance to L. is usually so small that the capacitance may
be neglected in this analysis. The effect of large values of C' will be considered in the
analysis of relaxation oscillators, Secs. 45 to 49.

T A single intersection in the negative-resistance range is not necessarily stable if R is
shunted by appreciable capacitance. See Secs. 45 to 49.

§ Since the circuit is either bistable or not bistable, the same relation must be obtained
by application of these criteria at different ports.
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in which A, = ¥, — ysu,. The tee circuit is bistable if

h }+hi+h<R +R‘R2+R>+<1+R2>A + B <o
b — 4R, fifta 2 o
! Ry ! Ry ? Ry " Rio

(33)

R, R,

yf+yr+yi(1+R—>+ya<1+F>

12 12
R\R, 1
+<R1 +———+R2>AU+ ~— <0 (34)
R12 R12

It is of interest that Eqs. (31) to (34) are also the criteria for loop current
or voltage amplification greater than unity in the circuits of Fig. 65.

25. Transition Between States of Equilibrium

25.1. Change of Supply Voltage and Resistance. Figure 87 shows two
ways in which an abrupt transition from one state of equilibrium to another
may be made to occur in bistable circuits. The shapes of the current-voltage

%

(a) (b)

Fie. 87. (a) Transition imtiated by change of supply voltage Vg; (b) transition
initiated by change of resistance R.

characteristics have been purposely chosen so as to emphasize that the nega-
tive-resistance portion may have any position relative to the origin and
that the characteristic need not pass through the origin. The initial im-
pressed voltage and series resistance are those corresponding to the solid
load line. In Fig. 87a the voltage Vg is assumed to be varied and the re-
sistance to be maintained constant. As the impressed voltage Vg is made
more negative, the intersection » moves along the branch ab of the charae-
teristic toward b. When the load line becomes tangent at b, an infinitesimal
positive increment of current through the negative-resistance circuit causes
R, to become less than R and the current to change abruptly to the value
at b’. Further increase in the magnitude of Vg causes the intersection to
move toward d. If Vg is now made progressively less negative, the inter-
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section moves toward ¢, jumps from c to ¢/, and then moves toward a. If Vg
is maintained at such a value that there are three intersections, it is apparent
that the current can be made to jump abruptly between the values corre-
sponding to the upper and lower intersections by means of positive and
negative voltage pulses of such polarities and magnitudes as to displace the
load line alternately to the right of ¢ and to the left of b.

Voltages higher than the impressed voltage Vg in the diagrams of Fig. 87
are made possible by a voltage source within the cireuit whose current-volt-
age characteristic is shown.

Figure 87b shows that abrupt transitions of equilibrum values of eurrent
and voltage can also be made to occur by variation of the resistance B. The
reader may readily show that similar behavior accompanies a vertical or
horizontal displacement of the current-voltage characteristic or a change of
slope of the negative-slope portion of the characteristic. In practical eir-
cuits, such changes in position or shape of the characteristic can be pro-
duced by changes of electrode voltages and currents of the active circuit
elements.

256.2. Speed of Transition. It is seen from Eq. (29) that the rate of
change of voltage during the transition from one state of equilibrium to
another increases with the difference between R and the magnitude of nega-
tive R;, and decreases with increase of C;. Rapid transition is therefore
favored by increasing R, and by decreasing C; by reducing shunt electrode
and circuit capacitances and raising the alpha-cutoff frequency of transis-
tors (see Probs. 17.2-1 to 17.2-4). An insight into the physical reason why
the speed of transition is favored by decreasing C; and increasing R (de-
creasing the slope of the load line) can be gained from an examination of
Fig. 84, which shows that at all times during a transition the current C;-
(dv/dt) through the capacitance C; must equal the difference between the
current (Vg — v) /R through the resistance R and the current 7 through the
voltage-stable circuit, as depicted in Fig. 88a. At first thought, it might
appear that the instantaneous value of dv/dt at any value of v could be
found from the difference between the ordinates of the load line and the
characteristic and that a curve of current or voltage as a function of time
could thus be plotted by a point-by-point methed. However, it must be
borne in mind that the analysis of this and the preceding section neglects
the fact that the curve relating the inphase components of current and volt-
age is actually a function of frequency and that the slope of the current-
voltage characteristic of Fig. 88a is consequently less for rapidly changing
voltages than for incremental changes. The capacitance C; is also in gen-
eral a function of the rate of change of voltage, dv/dt.

Similarly, Eq. (30) shows that rapid transition in a current-stable circuit
is favored by low L; and by large difference between R and the magnitude
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of R, Consequently, rapid transition is favored by a decrease of R, by
a decrease of shunt capacitances within the current-stable ecircuit, and by
an increase in alpha-cutoff frequency of transistors (see Probs. 17.2-1 to
17.2-4). Examination of Fig. 86 discloses that, at all instants during transi-
tion, the voltage L,(dv/dt) across L; must be equal to the difference between
(Vg — iR) and v, as depicted in Fig. 88b.

Although low external resistance at a current-stable port is desirable to
ensure rapid transition, biasing problems may necessitate the use of rela-
tively large resistance. The equivalent effect of a low external resistance

Ve-v

L
V

v Vs

Fic. 88. (a) Current relations in the circuit of Fig. 84 during transition; (b) volt-
age relations in the circuit of Fig. 88 during transition.

may then be obtained by shunting the resistance by a small capacitance.
Because the voltage across a capacitor cannot change instantaneously, the
effect of the capacitance during transition is similar to that of a reduction
of the external resistance. In general, the speed of transition is increased
by the addition of shunt capacitance across any resistor in a bistable circuit
if the capacitance increases the regenerative feedback during transition.
In order to minimize the time required for the voltage across the capacitor
to reach equilibrium subsequent to transition, and in order to reduce the
likelihood of relaxation oscillation (Secs. 46 to 48), the capacitance should
be no larger than necessary. Usually a capacitance of the order of 25 to
200 puf is adequate.

25.3. Triggering by Rectangular Pulse. When a bistable circuit is
triggered by means of an impressed voltage or current triggering pulse,
transition continues to completion only if the duration of the pulse exceeds
a critical value. This is shown by the curves of Fig. 89b, which were ob-
tained for the circuit of Fig. 89a by means of an analog computer. The
supply voltage Vs and resistance R were chosen so that the load line MN
intersected the current-voltage characteristic in three points. With the
initial values of current and voltage equal to those at point 1, a rectangular
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voltage pulse of magnitude Av was impressed in series with Vg. The dashed
curve shows the form of the static current-voltage characteristic. The solid
curve shows the current 7 as a funetion of the voltage v for pulses of various
durations, Curve a was obtained with a pulse of sufficient duration so that
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[T

Fia. 89. (a) Cireuit used to study transition in a bistable circuit based upon a
current-stable element; (b) transition paths obtained by means of analog computer.

the current is equal to that at point 2 when the pulse ends. Curves b, ¢, d,
and e were obtained with successively shorter pulses. The latter curves
depart from curve a at the instant the pulse is terminated. For each
pulse amplitude, transition time is least if the pulse length is such that the
current equals that at point 2 when the pulse ends. Similarly, for a fixed
pulse length there is an optimum amplitude, as shown by Fig. 90a. Figure
90b shows that transition time decreases with increased pulse amplitude at
optimum pulse length.
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(a) Experimental curve of transition time vs. amplitude of rectangular

triggering pulse of fixed length for the circuit of Fig. 89a; (b) curve of minimum
transition time vs, triggering-pulse amplitude at optimum pulse length.
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Although the time of transition decreases as the pulse duration is in-
creased, the fact that the pulse affects the manner in which the current
varies with time sets an upper limit to desirable pulse length in some ap-
plications of bistable eircuits. In particular, it may be undesirable to allow
“overshooting” of the current to values above the final stable value at 2.

25.4. Triggering by Exponential Pulse. In most applications of bi-
stable circuits the circuits are triggered by an exponential pulse generated

A 7
R . II L . |
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F1c. 91. (a) Circuit used to study transition in a bistable cireuit based upon a cur-

rent-stable element; (b) transition paths for exponential triggering pulses of fixed

amplitude and several time constants; (c) transition paths for exponential pulses
of fixed time constant and several amplitudes,

by differentiating a voltage step. A knowledge of the manner in which the
pulse amplitude and time constant of the differentiating circuit affect the
transition time is therefore of interest. Figures 91b and 91c¢ show curves
obtained for the circuit of Fig. 91a by means of an analog computer for
various values of pulse amplitude Av at fixed time constant R.C: and for
various time constants at fixed pulse amplitude. The time required for the
current to reach a value within an arbitrarily selected range encompassing
the final stable value is plotted in Fig. 92 as a function of pulse amplitude
at three values of time constant. Although the shapes of the curves of Fig.
92 are not necessarily typical of all bistable circuits, it seems likely that
the following conclusions are generally applicable:
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1. At any value of differentiating-circuit time constant R.C; there is an
optimum pulse amplitude Av that gives minimum transition time. The opti-
mum pulse amplitude varies inversely with the time constant.

2. Since the transition time increase rapidly at pulse amplitudes below
the optimum value, but increases relatively slowly at amplitudes that ex-
ceed a value only slightly higher than the optimum value, triggering-pulse
amplitudes greater than the optimum value are desirable when short transi-
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Fic. 92. Experimental curves of transition time vs. triggering-pulse amplitude for
an exponential triggering pulse at three values of pulse time constant.

tion time is essential. Figure 91b shows, however, that pulse amplitudes
greater than optimum value cause overshooting of the current to values
above the final stable value. When overshooting is undesirable the pulse
amplitude should be adjusted to a value only slightly greater than that of
the knee of the curve of Fig. 92. The pulse amplitude corresponding to the
knee varies inversely with the differentiator time constant.

3. The transition time at optimum pulse amplitude and at amplitudes
above optimum decreases with decrease of time constant. When short
transition time is essential, therefore, it is advisable to make the time con-
stant of the differentiator small, even though greater triggering-pulse ampli-
tude will be required.

If the voltage axis of Figs. 89 and 90 is relabeled current axis and vice
versa, the current-voltage paths are typical of those obtained with a voltage-
stable characteristic.

It can be seen from Fig. 88 that the decrease of transition time accom-
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panying an increase of supply voltage, and therefore of triggering-pulse
amplitude, is caused by the increase in the value of L;(di/dt) at all values
of current in the current-stable circuit and of C;(dv/dt) at all values of
voltage in the voltage-stable circuit.

26. Tube and Transistor Bistable Circuits

26.1. Synthesis of Bistable Circuits. Any of the negative-resistance
circuits discussed in Secs. 18 to 22 may be used as the basis of bistable cir-
cuits. It is necessary only to choose the external resistance and supply volt-
age connected across a voltage-stable or current-stable port so that the load
line intersects the current-voltage characteristic in three points. The cir-
cuit may be triggered by means of changes of circuit resistance or, more
conveniently, by means of voltages applied in series with one or more elec-
trodes of the active device or devices or currents sent between nodes of the
circuit. Usually the smallest triggering voltage is required if the voltage
is impressed upon the control grid of a tube or the base of a transistor.
The voltage is conveniently applied through a small coupling ecapacitor, as
shown in Fig. 101a. The speed of transition can usually be increased by
the addition of small coupling capacitors in shunt with any coupling resis-
tors connected across current-stable ports. Usually capacitors having
capacitances of the order of 25 to 200 uuf are adequate. Since these ca-
pacitors must charge or discharge subsequent to transition, too large values
of capacitance increase the time that must elapse before the circuit can
respond properly to another triggering pulse. It will also be shown in Sec.
46 that relaxation oscillation may occur if these capacitances are too large.

Because of the relatively low electrode and circuit resistances of transistor
circuits relative to tube circuits, greater current is required to trigger tran-
sistor circuits than tube circuits, and the triggering pulse should in general
be obtained from a constant-current source, such as a transistor,

26.2. Criteria for Bistability. For many tube and transistor circuits it
is possible to derive theoretical expressions for the negative resistance in
terms of the tube and circuit parameters and therefore expressions for the
minimum value of gain parameters of the tube or transistor below which
the circuit cannot be bistable. Thus, the input resistance R; between the
screen and the cathode of the circuit of Fig. 93a may be quickly found from
the formula for (R;); of Table I. In this tube connection y; is the third-
grid conductance, which may be assumed to be zero, y; is the transcon-
ductance g»s from the third grid to the second grid, ¢, is the output con-
ductance g,2 of the second grid, and y, is the reverse transfer conductance
from the second grid to the third grid, which may also be assumed to be
zero. Under the assumption that G; and G2 are small in comparison with
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Fic. 93. Bistable circuits based upon the pentode negative-resistance circuits of
Fig. 66.

gge and g¢s3, the input resistance (voltage-stable) between the screen and
the cathode is given by the relation (Prob. 26.2-1)

: G (35)
R, = g2 Gra + G g23
In order for the circuit to be bistable, Ry must exceed |R;|. This is true if
G2+ G
(98] > = (2 + G) (36)
12

Equation (36) can also be obtained by substituting the appropriate values of
the y parameters into Eq. (32). The capacitor C3 speeds transition by in-
creasing the coupling from the screen to the suppressor for rapidly changing
voltages.

By substituting the common-cathode parameters of Table III into Eq.
(34), the reader may show that the circuit of Fig. 93b is bistable if (Prob.
26.2-2)

[g23|>i+f@_2_'*'_§2 37

Tg2 Tg2R1o

in whieh 7, is the variational resistance 1/g,» of the screen grid. It is ap-
parent from Eq. (37) that reduction of R, is favorable to bistability and
that R, can therefore be made zero unless R, is needed in order to provide
output voltage. A resistor may also be added in series with the plate for
the same purpose in either of the circuits of Fig. 93. The circuits function
best when the control-grid voltage is zero or slightly positive. The circuits
may be adjusted so that one of the stable values of plate current is zero, as
can be seen from Fig, 66d.
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26.3. Switching Diodes and Triodes; Thyratron. An important fea-
ture of the characteristics of p-n-p-n diodes and triodes and of thyratrons
is that the current may be of the order of only a miecroampere in the low
range and of the order of an ampere or more in the high range, and may be
quickly switched from the low or off value to the high or on value. Figure
94, in which p-n-p-n-triode current-voltage characteristics are plotted for
various values of base current, shows that current switching from the off
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F1c. 94. Collector characteristies of a p-n-p-n transistor in the common-emitter
connection at five values of base current.

state to the on state can be initiated by an increase of base current.! The
supply voltage Vee and load resistance Ry are chosen so that the load line
intersects the zero-base-current characteristic in the low-current range.
If the base current is increased sufficiently so that the current-voltage char-
acteristic is tangent to the load line or intersects the load line only in the
high-current range of the characteristic, the current increases rapidly to the
on value. By proper adjustment of the circuit, the base current required to
initiate switching may be made as small as a few microamperes. A diagram
similar to Fig. 94 may be constructed for the thyratron characteristics of
Fig. 80.

The p-n-p-n switching transistor has the important advantage over the
thyratron that the voltage drop across the transistor in the high-current
range is only of the order of a volt, as compared with 8 to 10 volts in a

11. M. Mackintosh, Trans. I.R.E., Vol. ED-5, 10 (January, 1958); 1. A. Lesk, Trans.
I.R.E., Vol. ED-6, 28 (January, 1959).
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thyratron. An additional advantage of the switching transistor is that it
does not require cathode-heating current. Characteristics similar to those
of the p-n-p-n transistor are also observed in some types of p-n-p transis-
tors.®

Large values of load current cannot be interrupted by means of the base
current of a p-n-p-n transistor or by means of the grid voltage of a thyra-
tron. In order to turn the collector current of a switch transistor off, the
base current must be made low enough so that the off portion of the char-
acteristic intersects the load line, and the collector current must be reduced
to a value within the off range for a sufficient time for the diffusion of stored
carriers in the transistor. Similarly, the grid voltage of a thyratron must
be made sufficiently negative so that the load line intersects the off portion
of the characteristic and the current must be reduced to a value in the off
range for sufficient time for the gas or vapor to deionize.

26.4. Fully Controllable Switching Devices. A semiconductor device
similar to the p-n-p-n switching transistor, in which a metallic contact is
used in place of one of the n-type semiconductor layers, can not only be
turned on by means of base current, but can also be turned off.® The reverse
base current required to stop the collector current in this device, called the
p-n~-p-m transistor, is less than the collector current, power gains of the order
of 20 db being observed in turning the current off. The minimum voltage drop
may be as low as 0.6 volt at a current density of 100 amperes per sq cm.
In the high-current range the dynamie resistance is of the order of only a
few hundredths of an ohm. A diode unit of this type only 2.5 mm in diameter
has a breakdown voltage of 350 volts and can switch 10 amperes when suit-
able means are provided for heat dissipation. The same unit can carry
500-ampere, 5-usec pulses. Larger units have switched 25 amperes, and
higher-current units are feasible. The switch-on time is about a tenth
of a microsecond and decreases with inerease of triggering-pulse amplitude,

Another three-terminal semiconductor negative-resistance device, called
the thyristor, has the very desirable feature that collector currents up to
100 ma or higher can be cut off by means of reverse base voltage with the
expenditure of very little control power.* The desirable characteristics of
the thyristor are obtained by the use of a special collector contact, which
collects holes at low collector currents but emits electrons at high collector
currents. The voltage drop in the high-current range is of the order of 0.5
volt and the resistance is about 3 ohms. The off current is approximately
2 pa. The device can be turned on by a 50-psec pulse with an energy ex-

2C. G. Thornton and C. D. Simmons, Trans. I.R.E., Vol. ED-5, p. 6 (January, 1958).

8 J. Philips and H. C. Chang, Trans. .R.E., Vol. ED-5, p. 13 (January, 1958).
4C. W. Mueller and J. Hillibrand, Trans. I.R.E., Vol. ED-5, p. 2 (January, 1958).
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penditure of approximately 10—* erg and can be turned off by a 100-usec
pulse with energy expenditure of 0.1 erg. The current-voltage character-
istics are similar to the p-n-p-n-transistor characteristics of Fig. 94.

26.5. Limitation of Power Dissipation by Use of Diode. When a
negative-resistance element of relatively low power-dissipation capability,
such as a unijunction transistor, is used to switch the current through a
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Fic. 95. (a) Unijunction-transistor bistable circuit in which the upper stable value
of emitter current is limited by means of an added resistance Bg', shunted by a
diode D; (b) current-voltage diagram for the ecircuit.

load of fixed resistance, the load resistance may be so low that the on cur-
rent will cause the dissipation rating of the element to be exceeded. Figure
95a shows how this difficulty may be avoided in a unijunction-transistor
circuit by the addition of a diode D and a resistor Rz to the circuit.

Because the forward resistance of the diode is very small in comparison with
the emitter-circuit resistances R and Rjy’, the emitter current is approxi-
mately the same as it would be if the diode and Rg’ were omitted and R con-
nected directly to the positive side of Vgg. TFor the same reason, the diode
current is very nearly Vgp'/Rg’ — ig. If ig exceeds Vgg'/Rg’, the diode cur-
rent must reverse and the diode resistance becomes its reverse resistance,
which is very high in comparison with Rg.. As the emitter current rises
above the value Vgg'/Rg’, the emitter-circuit resistance therefore changes
from approximately Bg to approximately Bz + Rz’. The addition of D and
Ry’ to the circuit consequently reduces the “on’” emitter current from the
value corresponding to point 2 of Fig. 45b to that corresponding to point 2.
Although this same value could be obtained by the addition of Rz’ and Vgg’
without the diode, the current corresponding to point 2’ would then be the
only equilibrium value.
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27. The Eccles-Jordan Circuit

27.1. Basic Circuit. The bistable circuit that is best known and proba-
bly has the greatest number of applications is the Eccles-Jordan circuit,
which is the pi circuit of Fig. 68a. The following criterion for bistability of
this eircuit may be obtained by substituting the applicable y parameters into
Eq. (32) (Prob. 27.1-1):

R1+R12<1 1 1 )
n > ———\—

— 38
R, rn  Re  Ri+4 By (8)

Under the assumption that the conductance of the series-parallel combination
of Ry, Rz, and R; is small in comparison with k,., a similar procedure leads
to the following expression for the bistability criterion of the transistor
version of the circuit of Fig. 68a (Prob. 27.1-2):
hye > hie(R; + Riz + Ry) + Ry(Ri2 + R») (39)
RiRy
Equations (38) and (39) may also be obtained in a number of other ways.
(See, for example, Probs. 27.1-3 and 27.1-4.)
Practical tube and transistor versions of the Eccles-Jordan circuit are
shown in Fig. 96. It can be seen from an examination of Fig. 96a that two

Fic. 96. (a) Vacuum-tube Eccles-Jordan circuit that requires separate grid and
plate voltage supplies; (b) corresponding transistor circuit.

stable states must exist in this circuit if the voltage drop across the plate
resistor R produced by plate current in one tube depresses the grid voltage
of the other tube sufficiently to cut the other tube off. Tube 1 then conduects
in one stable state and tube 2 in the other. Transition from one stable state
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to the other can be initiated by impressing upon the circuit a voltage or
current increment that raises the grid voltage of the off tube above cutoff,
and in other ways, which will be discussed. Thus, if tube 1 is initially on
and tube 2 is off, a pulse that raises the grid voltage of tube 2 above cutoff
initiates plate current in tube 2 and consequently lowers the grid voltage of
tube 1. The resulting reduction of plate current of tube 1 is accompanied
by a reduction in the voltage drop across the plate resistor of tube 1, and
therefore in further rise of grid voltage of tube 2. If the magnitude and
duration of the triggering pulse are sufficient to raise the grid voltage of
tube 2 far enough above cutoff so that the open-loop voltage amplification
exceeds unity, the action becomes cumulative, terminating when tube 1 is
cut off.

The value of R, may lie between the order of 1000 ohms and 100,000
ohms, depending upon the tubes used, the purpose for which the cireuit is
designed, the desired stability, and other practical considerations. Usually
R, and Ri» are approximately cqual and considerably larger than R,
but this is not necessarily so, provided the resistance of the parallel combina-
tion of R, and R, + K2 is high enough to ensure bistability (Eqs. (38)
and (39)).

The coupling capacitors Cy» increase the coupling from the plate of one
tube to the grid of the other for rapidly changing plate voltage and there-
fore reduce the transition time. (Because time is required for the capacitor
to charge or discharge, a rapid change of plate voltage of one tube is ac-
companied by an almost equal change of grid voltage of the other tube.)
They also aid in commutation when the circuit is triggered by successive
pulses of one polarity. These functions will be discussed in detail. The
value of Cy2 usually lies in the range from 25 puf to 200 uuf.

27.2. Transistor Eccles-Jordan Circuit. The transistor circuit of Fig.
96b functions similarly to the tube eircuit. However, the collector current
of the off transistor is not zero, but small. The relatively high input con-
ductance of transistors in comparison with tubes necessitates the use of
lower circuit resistances than in the tube circuit of Fig. 96a. The shape
of the collector characteristies of junction transistors is favorable to the
use of transistors in Eccles-Jordan circuits. The collector voltage of the
conducting transistor being of the order of a volt or less in the saturation
range of collector current, the collector dissipation of the conducting tran-
sistor is small. Although the instantaneous collector dissipation may be
high during transition, the transition time is so short that overheating is
not likely to occur. Another consequence of the low collector voltage of
the conducting transistor is that a large fraction of the supply voltage is
available as output voltage. The small size, weight, and power require-
ments of transistors are obvious advantages in devices that require large
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numbers of bistable cireuits, such as computers. On the other hand, the
output voltage obtainable from transistor circuits is limited by the possi-
bility of transistor breakdown. The values of Ry, R12, and R of transistor
circuits are usually smaller than those of tube circuits.

Surface barrier and some alloyed-junction transistors cut off at a positive
base voltage. When such transistors are used in the Eeecles-Jordan cireuit, the
base of each transistor may be directly coupled to the collector of the other,
without the use of a coupling network.?

L

=

Fia. 97. Vacuum-tube and transistor Eeccles-Jordan circuits that require only one
voltage supply.

(o) (b)

The need for a separate source of grid voltage is avolded in the tube
circuit of Fig. 97a, which makes use of a cathode resistor R3 common to both
tubes. The rise of cathode current of one tube being accompanied by a
fall of cathode current of the other, the variation of voltage across the
cathode resistor is small, and a bypass capacitor across R; is unnecessary.
It will be shown in Sec. 28 that a bypass capacitor may, in fact, sometimes
be undesirable. A transistor counterpart of the tube ecircuit of Fig. 97a is
shown in Fig. 97b.

27.3. Need for Coupling Capacitors. The voltage dividers consisting
of the resistors B, and R, in the circuits of Figs. 96 and 97 provide the
proper grid or base bias. However, these resistors not only serve as dividers
for constant voltages, but in conjunction with the interelectrode capacitances
they act as dividers for changes of the plate voltages. Unless the grid or
base supply voltage is made inconveniently large, Ri2 cannot be made small
in comparison with E;, and only a fraction of the change of plate or col-

1R. H. Beter, W, E. Bradley, R. B. Brown, and M. Rubinoff, Electronics, June, 1955,
p. 132.



THE ECCLES-JORDAN CIRCUIT 119

lector voltage of one tube or transistor is applied to the grid or base of the
other. The reduction of coupling is partially prevented by the coupling
capacitors Ci2. Because these capacitors cannot charge or discharge in-
stantaneously, rapidly changing plate voltages are accompanied by nearly
equal changes of grid voltage. The maximum capacitance that can be used
for C12 may be limited because increase of this capacitance increases the
time required for the voltage across the capacitors to reach equilibrium
subsequent to transition and thus raises the minimum interval that must
elapse before the circuit will respond to another triggering pulse.

27.4. Use of Breakdown Diodes For Coupling. The proper grid or
base voltage may be provided with negligible loss of coupling by the use
of breakdown diodes in place of the
coupling resistors R, as shown in
Fig. 98.2 Figure 22a shows that a
breakdown diode acts like a con-
stant-voltage source in series with a
low resistance at reverse voltages
above the breakdown value. The
diodes in the circuit of Fig. 98 are
selected to have a breakdown volt-
age equal to the required difference
between the direct voltages of the
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collector and the base (or of the
plate and the grid). Because of the
relatively low variational resistance
of the diodes, almost the entire
change of plate or collector voltage
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Fic. 98. Diode-coupled transistor Ec-

is applied to the base (or the grid).
The close coupling achieved by the
use of breakdown diodes is favorable both to rapid transition and to static
stability. Breakdown diodes lend themselves particularly to use in tran-
sistor bistable circuits, in which the voltages are usually relatively low.
The funetion of the resistances R3 and capacitances Cy will be discussed
in Sec. 29.3.

27.5. Variants of The Eccles-Jordan Circuit. Figure 99a shows a
modification of the circuit of Fig. 96a in which the tubes are tetrodes or
pentodes and the plate of each tube is coupled to the screen grid of the
other, instead of to the control grid.®> The relatively high positive voltage
at which the sereen grids operate makes possible direct coupling to the

cles-Jordan circuit.

2 J. G. Linvill, Proc. I.R .E., 48, 826 (July, 1955).
3J. M. Blair, Rev. Sci. Instr.,, 14, 64 (1943); V. H. Regener, Rev. Sci. Instr, 17,

180 (1946).
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plates, instead of through coupling resistors. The control grids are used
only for triggering the circuit. The advantage of increased simplicity of
this circuit is offset by the low screen-plate transconductance, which makes
the circuit more difficult to design and adjust, reduces the stability of the
stable states of equilibrium, and increases the time required for transition,
as will be shown.

In another modification of the Eececles-Jordan circuit using pentodes, the
plate of each tube is coupled to the suppressor grid of the other, as shown

R, 1 R

Control
voltage

(a) (b) ‘é'

Fia. 99. (a) Screen-plate-coupled pentode Eccles-Jordan circuit; (b) suppressor-
plate-coupled pentode Eccles-Jordan circuit.

in Fig. 99b.¢* Because the high negative voltage of the suppressor grid of the
nonconduecting tube relative to the cathode cuts off plate current regardless of
the value of the control-grid voltage, the circuit is not triggered by the
application of positive voltage to the control grid of the nonconducting tube.
Application of negative voltage to the control grid of the conducting tube
reduces its plate current and thus triggers the circuit. Use of the sup-
pressor grids for coupling has the same disadvantages as use of the screen
grids, but the selective response of the circuit to negative control voltage
applied to the control grid of the conducting tube has advantages in certain
applications.

In still another variant of the symmetrical Eccles-Jordan circuit the con-
trol grid of each pentode is coupled to the screen grid of the other, the
suppressor grids being tied to the cathodes as in pentode voltage amplifiers,
and output being taken from the plates. This form of the circuit has the
advantage that the plate current is less dependent upon the control-grid
voltage at positive values of control-grid voltage. This is a desirable char-

+H. J. Reich, Rev. Sci. Instr., 9, 222 (1938).
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acteristic in the use of the circuit as the basis of a relaxation oscillator (see
Sec. 51.4).

27.8. Cathode-Coupled Eccles-Jordan Circuit. A useful unsymmetri-
cal form of the Eccles-Jordan cireuit is shown in Fig. 100, which is based
upon the cathode-coupled negative-resistance circuit of Fig. 70> The
coupling from the plate circuit of tube T to
the grid of tube T; takes place through the
cathode resistor E3. Since the grid voltage
of tube T, can change only as the result of
a change in current through Rg, the current
carried by tube T2 when tube T, is cut off
must be greater than that carried by tube To fap on +
T, when tube Ty is cut off. The proper de- v/age supply
gree of unbalance in plate currents is achieved
by adjustment of the voltage applied to the
grid resistor of tube T) and by the use of
unequal plate load resistances R.. The re-
sistor in the plate circuit of tube 75 is not
essential to the switching action, but may be
used to produce voltage output. Transistors
in the common-emitter connection may also  Fis. 100. Cathode-coupled Ec-
be used in the circuit of Fig. 100. Although cles-Jordan circuit.
the lack of symmetry of the eathode-coupled
or emitter-coupled circuit may sometimes be objectionable, the circuit finds
a number of important applications, which will be discussed in later sec-
tions.

28. Triggering of the Eccles-Jordan Circuits

281, Methods of Triggering. Eccles-Jordan circuits are usually trig-
gered by means of voltages applied to one of the grids or plates through a
small coupling capacitor, as shown in Fig. 101a. The capacitor C,, in con-
junction with the resistors of the bistable circuit, acts as a differentiating
circuit. A step function or a rectangular or trapezoidal input pulse is
thus converted into one or more short pulses of grid or plate voltage. The
effect is equivalent, to that of a pulse or pulses impressed in series with one
of the electrodes. As explained in Sec. 25.4, if short transition time is
essential, the pulse amplitude and the time constant of the differentiating
circuit must be properly chosen, large pulse amplitude and small time con-
stant usually being preferable to small pulse amplitude and large time con-
stant. When the coupling capacitances C;2 are large in comparison with
the interelectrode capacitances and the time constant R;2C,» is large in

50. H. Schmitt, J. Sci. Instr., 15, 24 (1938).
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comparison with the transition time, little change of voltage across the
coupling capacitors takes place during transition, and the action is essen-
tially the same whether the input capacitor C, is connected to the grid of
one tube or to the plate of the other.

28.2, Comparison of Negative and Positive Triggering. The circuit
may be triggered by either a negative pulse applied to the grid of the con-
ducting tube (or the plate of the nonconducting tube) or a positive pulse
applied to the grid of the nonconducting tube (or the plate of the conduct-
ing tube), but the required magnitude of a negative pulse is usually con-
siderably smaller than that of a positive pulse. Transition starts when
the grid voltage of the nonconducting tube rises above cutoff. The ampli-
tude of a positive pulse applied to the grid of the nonconducting tube must
therefore exceed the difference between the equilibrium grid voltage of the
nonconducting tube and the cutoff voltage. A negative pulse applied to
the grid of the conducting tube, on the other hand, is amplified by the
conducting tube. For a negative pulse applied to the grid of the conducting
tube, the amplitude required to raise the grid of the nonconducting tube
above cutoff is smaller than the required amplitude of a positive pulse ap-
plied to the grid of the nonconducting tube by a factor equal to the voltage
amplification of the conducting tube. Although a trapezoidal voltage im-
pressed upon the input of the circuit of Fig. 101a may cause the applica-
tion of pulses of both polarities to the grid of T, if the time constant of the
differentiator is short in comparison with the duration of the trapezoidal
pulse, the difference in the response of the bistable circuit to positive and
negative triggering pulses prevents retriggering at the termination of a
negative trapezoidal voltage if the amplitude of the trapezoidal voltage is
not, too great.

When the circuit of Fig. 97 is triggered by means of a negative voltage
applied to the grid of the conducting tube, less triggering voltage is required
if the cathode resistor Rs is not bypassed. The change in voltage across R
prior to conduction of the initially nonconducting tube is such as to lower
the cathode voltage of that tube. The magnitude of the grid-cathode volt-
age of the initially nonconducting tube is thus reduced not only because of
the rise in the voltage of the grid, but also because of the fall in voltage of
the cathode.

29. Commutation of the Eccles-Jordan Circuit

29.1. Commutation by Coupling Capacitors. In many applications of
the Eccles-Jordan circuit, the circuit must be triggered back and forth by
means of periodic or random pulses of only one polarity, so that each tube
conducts following alternate pulses. This may be accomplished by apply-
ing the pulses to the circuit in such a manner as to cause both tubes to be
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cut off throughout the duration of the pulses. The simplest method is to
apply negative pulses simultaneously to both grids or positive pulses to
both cathodes through small coupling capacitors (Figs. 101b and 101lc).
Unless some means is provided to ensure commutation, however, either tube
may conduct at the termination of each pulse, and transition therefore

i

Fic. 101. Three methods of applying triggering pulses to an Eeccles-Jordan circuit:
(2) noncommutating circuit; (b) and (¢) commutating ecircuits.

oceurs in a random manner. If the coupling capacitances Ci2 are properly
chosen, they ensure that the tubes conduct alternately.

The way in which the coupling capacitors ensure commutation can be
readily explained with the aid of Fig. 10le. Tube T is assumed to be con-
ducting initially, and the tube and circuit parameters are assumed to have
values such that the voltages of the electrodes relative to ground have the
values shown. (The fiow of grid current through R,» prevents the grid volt-
age of the conducting tube from rising greatly above the cathode voltage.)
When a positive triggering pulse i1s applied to the cathodes, T, is cut off
and its plate voltage rises to nearly 150 volts. (Charging current into Ci’
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prevents the voltage from rising immediately to 150 volts.) The voltage
across Cpo’ immediately starts rising toward 80 volts, but if the duration
of the triggering pulse is not too great, there is still considerable difference
between the voltages across C;» and C;o” at the termination of the pulse.
Consequently the grid voltage of T2 at the termination of the triggering
pulse is higher than that of T'; and more plate current flows in T, than in
T:. The greater voltage drop across Ro’ than across Rs increases the dif-
ference between the grid voltages, and cumulative action rapidly causes 7
to be cut off. In order to ensurc sufficient difference between the voltages
across C'y2 and Cyo” at the termination of the triggering pulse, the time con-
stant R 12012 must be large in comparison with the triggering-pulse duration.
(12 should also be large in comparison with the interelectrode capacitances.
However, in order to ensure that the voltage across Cyp can approach equi-
librium in the time between the termination of transition and the application
of the next triggering pulse, the time constant should be small in com-
parison with the minimum repetition period of the triggering pulses. Usu-
ally values of Cy2 In the range between 25 to 200 puf are adequate.

In the circuit of Fig. 98 the coupling diodes maintain the voltage across
the coupling capacitors practically constant. These capacitors therefore
cannot aid in the computation process, but this function is served by the
emitter-circuit eapacitors Cs. For reliable commutation, the time constant
R3C; must be large in comparison with the duration of the triggering pulse.

29,2, Use of Diodes to Aid Commutation. Reliability of commutation
can be greatly increased by impressing the triggering pulses upon the circuit
through biased diodes, as shown in Fig. 102. In the circuit of Fig. 102a the
biasing voltage applied to the high-resistance input resistor R, is chosen so
that when triode T is conducting, diode T'; conducts, but diode T4 is cut off.
A rapidly rising positive input pulse is coupled to the grid of T, through C,
and Cpo’. If the triggering-pulse amplitude is great enough, conduction is
initiated in T'5. It was shown in Sec. 18.1 that a negative input resistance
exists between either plate and ground when both tubes of an Eceles-Jordan
circuit are active, and that the plate current falls rapidly with increasing
impressed plate voltage in this range (Fig. 69a). Although the rise in plate
voltage of T produced by the triggering voltage also causes some reduction
of the current ¢ flowing through R, from the voltage supply, the rate of fall of
718 less than the rate of fall of plate current ¢,. At some value of the rising
input voltage, the plate current 7,, becomes equal to z — ¢ and the input cur-
rent i; is zero. Since T'; does not conduct in the reverse direction, T there-
after isolates the circuit from the source of triggering voltage and transition
proceeds without interference from the triggering voltage or loading by the
input circuit. When the plate voltage of T'; falls below the plate voltage of
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Ty, T4 starts to conduct, connecting the input circuit to the plate of Th.
The point in the transition at which this occurs depends upon the form of
the input pulse and upon the time constant R.C;. The difference in the volt-

+90v.

+100v.

Fic. 102, Circuits in which diodes are used to increase the reliability of commuta-

tion: (a) tube circuit triggered by positive pulses; (b) tube circuit triggered by

negative pulses; (c) transistor eircuit. In (a) R, = Ryp = 100 kQ, R, = 10 kQ,
Bg =2kQ, Cy2 =4 pf, and C3 = 470 ppuf.

ages across the coupling capacitors Cy2 and C,2’ is such as to aid in the com-
pletion of the transition process, as already explained.

In the circuit of Fig. 102b, the diode polarities are opposite to those in the
circuit of Fig. 102a and the biasing voltage applied to the input resistor R,
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is lower than the voltage of the nonconducting triode. When T'; conducts,
diode Ty conducts and T'g is cut off. A negative pulse applied to the input
terminals depresses the grid voltage of the conducting triode T, and the
resulting rise in the plate voltage of T’y raises the grid voltage of T, initiating
conduction in 7'5. The remainder of the triggering process is similar to that
in the circuit of Fig. 102a. In both circuits the diodes may be connected to
the grids, instead of to the plates, the biasing voltage applied to R, again
being chosen so that only one diode conducts in each state of equilibrium.
Both circuits can also be used with transistors, and the diodes may be either
tubes or semiconductor diodes.

The resistance R, in the circuits of Fig. 102a and 102b should be large in
comparison with Rg, but must be small in comparison with the back re-
sistance of the diodes. The time constant R,C; should be small enough in
comparison with the repetition period of the triggering pulses to allow the
input circuit to “settle” between pulses, but long enough to ensure that the
plate voltage of the initially conducting triode rises sufficiently so that the
initially conducting diode cuts off and disconnects the input circuit. The
magnitude and rate of rise of the triggering voltage must also be sufficient
to ensure that the initially conducting diode cuts off, but not so great as to
cause both diodes to conduct simultaneously.

29.3. Use of Breakdown Diodes to Aid Commutation. Another com-
mutating circuit that is particularly suitable for use with transistor Eccles-
Jordan eircuits is shown in Fig. 102¢. In this circuit, breakdown diodes
D, and D, are used in place of conventional diodes.* In each stable state
of equilibrium one of these diodes conducts in the forward direction and the
other is broken down and conducts in the reverse direction. Thus, if transis-
tor T, conducts and the collector voltage of T2 exceeds that of Ty by more
than the diode breakdown voltage, D; breaks down and conducts in the re-
verse direction, and D, conduets in the forward direction. Application of a
positive pulse to the input terminals cuts Dy off if the pulse amplitude ex-
ceeds the voltage that the collector of T'» would have in the absence of the
diodes. The diode D, continues to conduet, and serves the same funection
as the conducting diode in the circuits of Figs. 102a and 102b. The opening
of D; disconnects the input circuit, and at a later time the breaking down of
D, connects the input circuit to the collector of T';. The difference between
the voltages across the capacitors C; aids in the completion of the transition
process, in the manner explained earlier in Sec. 29.1. The breakdown diodes
D; and Dj also limit the maximum and minimum values of collector voltage.
The effect of this action upon the transition time of the circuit will be dis-
cussed in Sec. 32.2.

1J. G. Linvill, Proc. I.R.E., 48, 826 (July, 1955).
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29.4. Commutation of Suppressor-Coupled Circuit. Reliable com-
mutation is obtained in the eircuit of Fig. 99b if the circuit is triggered by
negative pulses impressed simultaneously upon the two control grids, which
may be directly connected. The circuit is not affected by positive pulses
impressed upon the control grids. This circuit has the advantage that the
control cireuit is independent of the feedback networks and may therefore
have high input impedance. Its disadvantage is the relatively low sup-
pressor-to-plate transconductance and the resulting relatively low transition
speed.

30. Analysis of the Eccles-Jordan Circuit as an Amplifier

30.1. Use of Voltage Transfer Characteristics. Certain aspects of
the operation of the Eecles-Jordan circuit can be readily explained by con-
sidering the circuit as a two-stage direct-coupled amplifier, the output of
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Tube 2 cut off ;
_>_ Z
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b

= U Tube | cut off

Fic. 103. Two-stage amplifier from which F1s. 104. Voltage transfer charac-
the circuit of Fig. 96a may be formed by teristic of the circuit of Fig. 103.
connecting the output terminals to the in-

put terminals and removing the diode.

which is connected to the input. Thus, the circuit of Fig. 96a may be formed
from that of Fig. 103 by connecting the output terminals to the input ter-
minals and removing the diode, which is replaced by the grid-cathode path
of T'y in the elosed circuit. The diode in the circuit of Fig. 103 and the grid-
cathode path of 7'; in that of 96a prevent v, from rising more than a fraction
of a volt above zero. Figure 104 shows a curve of output voltage v, of the
amplifier as a function of input voltage v;. Such a curve may be obtained
experimentally, or it may be constructed graphieally from the transfer char-
acteristic of one tube and its load, which consists of the parallel combination
of Rg and R1 —'}‘ Rlz.
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Connecting the output terminals to the input terminals imposes the re-
quirement that the input voltage v, must at all times be equal to the output
voltage v,. Equilibrium values of cutput and input voltages are therefore
those at which the voltage transfer curve of Fig. 104 intersects the straight
line corresponding to the relation v; = v,. This line will be called the feed-
back line in the following discussion. Intersection 1 corresponds to the
stable state of equilibrium in which tube 2 is cut off and tube 1 conduects.
Intersection 2 corresponds to that in which tube 1 is cut off and tube 2 con-
duets. Intersection 3, which corresponds to the state of equilibrium in
which the two tubes conduct equally, will now be shown to be unstable.

The voltage transfer characteristic of Fig. 104 is a static characteristic
constructed by plotting graphically or experimentally determined steady
values of direct voltage. If this curve also held for varying values of v; and
v,, Tegardless of the rate of change or frequency of the voltages, point 3
would also correspond to stable equilibrium, since any departure of v; from
the value at point 3 would cause v, to differ from v;, in violation of the re-
quirement that v, must equal v;, However, shunt capacitances in the circuit
of Fig. 103 cause the ratio of a change of output voltage to a change of
input voltage to fall off as the frequency or the rate of change of voltage
is increased. Therefore, if the input and output voltages v; and v, initially
have values corresponding to point 3 and the magnitude of v; is changed
rapidly from that value, the resulting curve of v, vs. v; will have a smaller
slope, as indicated by the dotted curve of Fig. 104. If the time rate of change
of v; is increased, the slope of the dynamic voltage transfer characteristic
is reduced further. If the dv;/dt is great enough, the slope of the dynamie
characteristic at point 3 may become unity, i.e., the variational (incre-
mental) voltage amplification of the two-stage amplifier may become unity.
An increment of input voltage may then take place without violating the
requirement that v, and v; remain equal. Once this action starts, it must
continue, inasmuch as any reduction of dv;/dt below the instantaneous value
at which dv,/dv; is unity would violate the requirement of equality of input
and output voltages. The input and output voltages consequently continue
to change, the rate of change of voltages at all instants being such as to
allow the path of operation to follow the feedback line until point 1 or point
2 is reached. Points 1 and 2 are stable, because a change in »; from the value
at either of these points produces no change in v,, whereas an equal change
would be required in order to carry the point of operation away from these
values along the feedback line.

It is apparent from Fig. 104 that the maximum slope of the voltage-
transfer characteristic, i.e., the maximum zero-frequeney voltage amplifica-
tion of the two-stage amplifier of Fig. 103, must exceed unity in order for
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the ecireuit to be bistable. This requirement is consistent with Eq. (38)
(see Prob. 27.1-1).

30.2. Triggering by Voltage Increment. If a positive voltage incre-
ment Av is applied in series with the grid of tube 1 in the circuit of Fig.
96a, v; = v, + Av. Thus the feedback line is displaced to the right,
as shown in Fig. 105. A negative voltage increment, on the other hand,
displaces the feedback line to the left. If tube 1 is initially cut off, ie., if
operation is at point 2 in Fig. 104, and a gradually inereasing positive voltage
Av is impressed upon the grid of tube 1, points 2 and 3 approach each other,
as shown in Fig. 105. At a value of voltage at which the feedback line is
tangent to the transfer characteris-
tic, points 2 and 3 merge into a single v, Tz0ff
unstable point and the operating Ry I
point moves rapidly along the feed- v

. . / S
back line to 1’, in the same manner /'3 / /
as that for transfer from the un- // by /A
stable point 3 to either 1 or 2. Upon Yy 7
termination of the triggering volt- Py

age, the operating point moves to =~ z /5/4 =

point 1, tube 2 being cut off. If a
negative triggering voltage is now 7y off
applied to the grid of tube 1, the py; 105 Triggering by change of input
the feedback line is displaced to the voltage.

left. If the voltage is sufficient to

make the line tangent to the characteristic, as shown by the dotted line,
the operating point moves rapidly to point 2’, at which tube 1 is again cut
off. Upon termination of the triggering voltage, the operating point re-
turns to 2. Similar action takes place if the triggering voltage is greater
than that necessary to make the feedback line tangent to the transfer char-
acteristic.

It can be seen from Fig. 105 that the minimum triggering voltage that can
initiate transition is that which moves the operating point to the point at
which the feedback line is tangent to the characteristic. At this point the
slope dv,/dv; of the characteristic is unity, i.e., the variational (incremental)
amplification of the amplifier is unity. Since the voltage amplification of
the initially condueting tube may range from the order of 10 to 100 or higher,
the amplification of the initially nonconducting tube need be only of the order
0.1 to 0.01, which is attained at a very low value of plate current. Conse-
quently, to all intents and purposes, transition may be assumed to start at a
value of triggering voltage that raises the grid voltage of the nonconducting
tube to the cutoff value.

Figure 105 also shows that the positive triggering voltage required to
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cause a transition from point 2 to point 1’ is much greater than the negative
voltage required to cause a transition from point 1 to point 2°. In other
words, a smaller triggering voltage is required if triggering is accomplished
by means of a negative voltage applied to the grid of the conducting tube
than if it is accomplished by means of a positive voltage applied to the
grid of the nonconducting tube. This fact, which is of importance in the
design of devices making use of the Eccles-Jordan circuit, was shown in
Sec. 28.2 to be a consequence of amplification of a negative triggering pulse
applied to the grid of the conducting tube. The magnitudes of the required
positive and negative triggering voltages can be made more nearly equal by
reducing the negative grid-supply voltage.

30.3. Speed of Transition. It has already been pointed out that the
rate of change of voltages during transition must at all instants be such as
to reduce the variational amplification of the amplifier to unity. Because
the reduction in amplification is the result of shunt interelectrode and other
circuit capacitances, the required rate of change of input voltage necessary
to reduce the variational amplification from its zero-frequency value to unity
increases with decrease of shunt capacitance. It also increases with increase
of zero-frequency amplification, and consequently with increase of trans-
conductance. In applications in which short transition time is essential,
therefore, a figure of merit of the tubes used in the Eccles-Jordan circuit is
the ratio g,/C, where C is an effective capacitance that increases with the
interelectrode capacitances. This figure of merit will be derived more rigor-
ously in Sec. 31.

It follows from the analysis of Sec. 30.1 that any circuit change that tends
to prevent the amplification from falling at high rates of change of input
voltage, and therefore at high frequency, increases the required rate of
change of voltage and thereby reduces the transition time. One such change
is the addition of coupling capacitors C2 in parallel with the coupling
resistors RByz, as shown in Fig. 93. The function of these capacitors ean
also be readily seen if it is noted that the grid-cathode interelectrode capaci-
tances tend to prevent the grid voltages from changing in response to
changes of plate voltages, and that the grid-plate interelectrode capacitances
couple the grid of each tube to its own plate and thus tend to make the
grid voltages swing in the wrong direction. The coupling capacitors Cis
increase the coupling of the plate of each tube to the grid of the other tube
for voltage changes, and therefore increase the speed of transition. How-
ever, the change in voltage across the plate resistors R, during transition is
followed by charging of one coupling capacitor and discharging of the
other. The capacitor voltages must reach a certain percentage of their
equilibrium values before the circuit will respond to another triggering
pulse. The minimum time interval following transition before the circuit
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will respond to another triggering pulse is called the settling time. Settling
time increases with the time constant of the coupling capacitances and as-
sociated circuit resistances. In the choice of coupling capacitance, there-
fore, a compromise may have to be made between the requirements of rapid
transition and high repetition frequency. Coupling capacitances of the
order of 25 to 200 puf are usually adequate.

The conclusions drawn from the analysis presented in this section are
also applicable to circuits that use transistors in place of tubes. Transistors
being basically current-controlled devices, there is some advantage in using
current transfer diagrams for transistor circuits, rather than voltage transfer
diagrams, but the current transfer diagrams do not yield any additional
important information. For this reason, they will not be discussed further.

31. Speed of Transition of Tube Eccles-Jordan Circuits*

31.1. Equivalent Circuit During Transition. The three most important
considerations in the design of bistable circuits are the transition time, the
settling time, and the standby stability. Although factors that affect the
transition time have already been discussed qualitatively, it is desirable
at this point to analyze the Eccles-Jordan circuit more rigorously. It has
been pointed out previously that the settling time is determined by the
charging time constants of the tube and circuit capacitances and associated
resistances, and that settling time limits the value of coupling capacitance
Cy2 that can be used. Standby stability will be treated in the following sec-
tion.

The Eccles-Jordan circuit, like other eircuits containing nonlinear ele-
ments, can be treated theoretically only by approximate analytical methods
or by point-by-point graphical metheds. The complexity of even an approxi-
mate analytical treatment in which the nonlinearity of the tubes or transis-
tors is taken into account is so great as to overshadow the advantages of
such a method. Useful information concerning the factors that govern the
behavior of the circuit may be obtained, however, under the assumption
that the tubes or transistors act as linear elements throughout the change
from one state of equilibrium to the other, and that a constant-element
equivalent circuit is therefore applicable. The analysis is still complicated
by dependence of the behavior of the circuit during switching not only upon
the amplitude of the pulse that initiates triggering, but also upon the shape
of the pulse.

The analysis is greatly simplified by the assumption that the coupling
capacitances C,, are so large in comparison with the interelectrode capaci-
tances that little change in voltage across the coupling capacitors takes

1E. M. Williams, D. F. Aldrich, and J. B. Woodford, Proc. I.R.E., 38, 65 (January,
1950) ; R. Feinberg, Wireless Engineer, 26, 153 and 325 (May and October, 1949).
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place during transition, This is equivalent to the assumption that the grid
of each tube is directly connected to the plate of the other. Under this as-
sumption the plate-cathode capacitance of each tube is in parallel with
the grid-cathode capacitance of the other, and the two grid-plate ca-
pacitances are in parallel. The equivalent circuit may then be reduced
to that of Fig, 106, in which C = Cy + Cpr and R is the resistance of
the parallel combination of Ry, R2, 75, which is assumed to be constant,
and the grid resistance of the conducting tube when the grid is posi-
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F1c. 106. Approximate equivalent circuit of the Ececles-Jordan circuit of Fig. 96a
or 97a during transition.

tive. C should also include any capacitive load coupled to the plate,
and may include C, if the trigger input circuit is not disconnected from the
bistable circuit by diodes during transition. The equivalent circuit of Fig.
106 also applies to a transistor Eccles-Jordan circuit if R is the effective
resistance of the parallel combination of R, Rs, and the transistor input
and output resistances (assumed to have constant values) and if g,, and the
interelectrode capacitances are replaced by ys and the corresponding tran-
sistor capacitances, respectively. However, the transistor circuit is more
conveniently analyzed in terms of the k parameters, and the speed of transi-
tion in the transistor circuit is usually determined by carrier transit time,
rather than by interelectrode capacitances. For this reason, the transistor
circuit will be analyzed separately in Sec. 32.

Although different investigators have made various assumptions as to
the form of the triggering pulse, in most practical circuits the pulse is ex-
ponential, often being derived by differentiating the approximately rectangu-
lar output of another bistable circuit or a clipper. An exponential voltage
pulse, applied to the grid or the plate of one of the tubes, causes an ex-
ponential pulse of current into the circuit. In Fig. 106 this is the current
I« 7t applied at the plate nodal point of tube 2.

31.2, Analysis for Rectangular Triggering Pulse. If the triggering
pulse is impressed at the instant when ¢ = 0, solution of the differential



SPEED OF TRANSITION OF TUBE ECCLES-JORDAN CIRCUITS 133

equations for the eireuit of Fig. 106 yields the following expressions for the
varying components of the plate-to-cathode voltages at any subsequent
time ¢ (see Prob. 31.2-1):

v = I[[Ae® + Be™® — (A + B)e™Y (40)
vg = I [—Ae® + Be ™ + (4 — B)e™ Y 41D
where
1 1
A= = (42)
2(C +4Cg) (v +a)  2v(C + 4C,p) + 20n
B ! ! (43)
B — ) 2 — 2C
mR -1 m m
R(C +4Cy,) CH44C,, Cup + Cpr + 4C,,
wR+ 1 m n

RC ¢ Cu+ Coi

The approximate forms of Eqgs. (42) to (45) hold when g, > 1, i.e., when the
low-frequency amplification of the two-stage amplifier of Fig. 103 is much
greater than unity. Because this condition normally holds, it follows that the
rate of change of voltages and currents during transition is usually independ-
ent of the circuit resistances. Increase of R, does, however, increase the
change in plate voltage during transition, and hence increases the time re-
quired for transition from one state of equilibrium to the other.

Equations (40) and (41) show that the plate voltages have a component
associated with the triggering pulse, and that the time constant 1/ of the
triggering pulse should be short in comparison with the circuit time constants
1/a and 1/b in order that the input-pulse transient will fall to a low value as
rapidly as possible. The second and third terms of Eqs. (40) and (41) repre-
sent decaying currents, and the first term rapidly predominates. The impor-
tant time constant of the circuit is therefore (Cor + Cgp + 4Cep)/gm. In-
crease of ¢,, not only reduces the time constant, but also reduces the magni-
tude of the coefficient A. However, at values of ¢ that exceed the
time constant by only a small amount, the net effect of an increase of g, is
an increase of magnitude of v; and v,. It follows that increase of g, reduces
the time taken for the voltages to change from one state of equilibrium to the
other and that the ratio g,,/(Cer + Cpr + 4Cqp) is a figure of merit for tubes
used in the Eccles-Jordan circuit.

31.3. Analysis for Exponential Triggering Pulse. TFinite rise time
of the voltage applied to the differentiating circuit that generates the trig-
gering pulse, together with shunt capacitance across the output of the dif-
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ferentiator and series resistance of the source of voltage (Sec. 3), may cause
the form of the triggering pulse to resemble more nearly the rounded pulse
shown in Fig. 14a, rather than the simple decaying exponential pulse as-
sumed in the derivation of Egs. (40) and (41). Such a pulse may be repre-
sented by the function I,(e=”" — ¢~7""), where y" is much larger than v.
Under the assumption made in the derivation of Egs. (40) and (41), that
the tubes may be considered to be linear elements and g,, therefore constant,
the principle of superposition is valid and the solution must contain terms
in e~ 7%, as well as additional terms in ¢ and ¢~ . Because of the negative
sign before the second term of the triggering-pulse function, the coefficients
of the added terms will be opposite to those of Eqs. (40) and (41). Terms in
¢ will again rapidly predominate and the expression for v; will be:

1 1
n~1, [ - ] o (46)
2v(C 4+ 4Cgp) 4+ 20, 29 (C + 4Cp) + 2gm

Equation (46) shows that rounding of the leading edge of the triggering
pulse reduces the transition speed. However, 4’ is much larger than y and
the increase in transition time is not great if the leading edge of the triggering
pulse is steep in comparison with the trailing edge.

31.4. Settling Speed. Inasmuch as the grid voltage of the nonconduct-
ing tube usually falls considerably beyond ecutoff, there is a portion of the
total transition time in which only one tube is active. Solution of the equa-
tions for the circuit of Fig. 106 under the assumption that g, is zero for one
tube shows that the varying plate voltages are of the form:

p= Al 4 BV 4 (et (47)
in which
1
a = (48)
2R[C + Cgp(2 + Rygn)]
and

2
b= a [4[0 + Cep(2 + Rygn)] _ 1] (49)

C? + 4CC,,

When the circuit is triggered by means of a short negative pulse, the portion
of the transition in which only one tube is active occurs toward the end of
the transition period and the third term in Eq. (47) is negligible. It c¢an
be seen from Eq. (49) that a’ < b’ and that the predominant time constant
is therefore 2R[Cy + Cor + (Rgm + 2)Cyp], which is usually much larger
than the predominant time constant (Cg + Cpx + 4Cy) /9. that applies
when both tubes are active.* Consequently, short transition time is favored

*It is of interest to note that the term RgmC,, represents the increase of effective
capacitance caused by the Miller effect (see Sec. 4).
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by reducing the amount by which the maximum negative grid voltage ex-
ceeds the cutoff voltage. This can be accomplished by redueing the resist-
ances R,, provided that the low-frequency voltage amplification Rg,, is not
thereby reduced to too low a value. (The exact form of Eq. (44) shows
that the time constant may become very large if the value of g,,R approaches
unity.) An alternative method of shortening the transition time is the use
of clipping diodes that prevent the plate voltage from falling below a mini-
mum value, Thus, in the circuit of Fig. 107, if the plate voltage of the

+

I

F1e. 107. The use of clipping diodes to reduce the transition time of an Eccles-
Jordan circuit.

conduecting triode falls below the voltage V, applied to the diode plates, the
corresponding diode conducts and any additional plate current flows almost
entirely through the diode, rather than through the plate resistor B,. The
plate voltage consequently does not fall appreciably below the voltage
Vp. The use of diodes to limit the minimum plate voltage decreases the
transition time not only because it reduces the fraction of the transition
time in which only one tube is active, but alse because it reduces the plate-
voltage change between the two states of equilibrium without reducing the
rate of change of voltage. The voltage-limiting diodes of Fig. 107 may also
serve as the commutating diodes of Fig. 102a.

If the amplitude and rate of rise of the triggering pulse are sufficient to
bias the initially conducting tube beyond cutoff before the initially nonecon-
ducting tube starts to conduet, there is a peried during which both tubes
are inactive. The time constants during the period in which both tubes
are off may be found from Eqs. (48) and (49) if g, is made zero. The time
constants are seen to be larger than when one or both tubes conduct. This
situation also obtains if the trigger pulse is a large-amplitude step funetion.
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The relatively large time constants in this type of triggering are not con-
ducive to short transition time.

31.5. Effect of Nonlinearity. In the foregoing analyses the assumption
was made that the transconductance g, is constant. Actually, the transcon-
ductance decreases as the grid voltage is made more negative, and it ap-
proaches zero as the grid voltage approaches cutoff. The low value of g,

in the viecinity of cutoff of either tube

T, off anq the reduction of K by 'the low grid
———————————— resistance of the conducting tube at
- () "(2'5' —————— positive grid voltages cause the low-
5 G) - frequency amplification g, R, gr{d con-
S| Ton ~—T~— sequently the speed of transition, to
L (4) ———=== be low near the beginning and end
i of the transition. As a result, the
S (0) (5) transition starts slowly and may not
< be completed if the triggering-pulse
duration is too short. Figure 108
shows curves of plate voltages derived

0 Time

., graphically under the assumption that
F1e. 108. Graphically derived curves the transfer characteristics are para-
of plate voltage of Ty vs. time during }olic and the grid-plate capacitances

gzgtsgflio:l i;’ tthe Ciirlfuit ?ﬁelﬁlg'ﬁ' 9?%‘ negligible.* These curves show clearly
guar triggering pu'se Initiated transition is completed only if

when ¢ = 0 and terminated at the in- ” . .
stants when curves (1) to (5) depart the duration of the triggering pulse
from curve (0). exceeds & critical value. This con-

clusion is consistent with the experi-
mental curves of Figs. 89 and 91, which show that transition of state of
equilibrium of a bistable circuit continues to completion only if the trig-
gering-pulse duration exceeds a limiting value, which decreases with in-
crease of pulse amplitude.

32. Speed of Transition of Transistor Eccles- Jordan Circuits

32.1. Analysis of Equivalent Circuit. If the coupling capacitors Cy,
in the transistor Eccles-Jordan circuit of Fig. 96b are large enough so that
the base of each transistor may be considered to be coupled directly to the
collector of the other during transition, the circuit may be represented by
the simplified circuit of Fig. 109a. R, is the variational base resistance
of the transistors in the common-emitter connection.* Under the assump-
tion that the variational resistance of the source of collector voltage is

2J. R. Tillman, Wireless Engineer, 28, 101 (April, 1951).

* To simplify the analysis, Ri. is assumed to be the same for the on transistor as for
the off transistor.
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negligible, the resistances E; and E» are effectively in parallel so far as cur-
rent and voltage changes are concerned, and the circuit may be represented
by the equivalent circuit of Fig. 109b, in which Ry’ = R1Ryo/ (R, 4+ Ro).

+
| Vec

ry
(a) ‘i' (b) | =

Fi1c. 109. (a) Simplified form of the circuit of Fig. 96b in which the base of each
transistor is assumed to be directly coupled to the collector of the other; (b) equiva-
lent circuit applicable during transition.

Summation of currents at node 1 of Fig. 109b yields the following equa-
tion:

ver/Ry’ 4 41 + 1 = 0 (50)
But
Vg = ibQRie (51)
Therefore,
to2(Re’ + Rie)/Ry’ + 11 = 0 (52)

In eliminating the base current 1,3 from Eq. (52), it is necessary to take into
consideration the fact that carrier transit time affects the values of the tran-
sistor parameters at high frequencies or high rates of change of current. Al-
though the transistors are used in the common-emitter connection in the cir-
cuit of Fig. 109, the high-frequency behavior of transistor parameters is
usually indicated in terms of f,3, the frequency at which the magnitude of the
common-base current-amplification factor A, is reduced to 1/4/2 times its
low-frequency value %5, The common-base parameter h;p, rather than the
common-emitter parameter hy,, will therefore be used in relating ¢ to ..
To a first approximation, ks, and hyy, are related as follows: !

P

L i/ fa

The current-amplification factor Ay, is the ratio of the collector current to the
1R. L. Pritchard, Proc. I.R.E., 40, 1476 (November, 1954).

(53)

hfb
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emitter current when the collector-to-base load impedance is zero. The
collector is not short-circuited to the base in the circuit of Fig. 109, but the
circuit resistances are usually so small in comparison with the output imped-
ance 1/hyp of the transistor (of the order of a megohm) that ¢, = ksyi,. We
may therefore write

1 + J(f/fab)

iy = e+ i) = —ie(l/hpy + 1) = —i, [1 +
hfbo

| o

In differential form, Eq. (54) may be written as follows (Prob. 32.1-1):

: <1+ Ly ) (55)
iy =~ — —_ fe :
’ hreo  Prsowad

in which p is the differential operator d/dt and w,p = 27f,5. Substitution of
Eq. (52) into Eq. (55) gives the equation:

Ry + R ( 1 P )
Ry hrvo  hrvowad 2 ' (56)

Similarly, summation of currents at node 2 and elimination of v, and iy,
leads to the equation

Ry + R, ( 1 P )
— {1 4+ —+ Te1 — Tea = 0 57
Ry hrvo  Rrvowasn ' ? (67)

Solution of the simultaneous equations (56) and (57) yields the following
equations:

lez = ~le1 (58)
[P + wasp (1 + hso + M)] i =0 (59)
Ry’ + R
But hrvo = —1
Therefore, approximately,
Ry .
[P — Wab m] i1 = 0 (60)
The currents in the circuit of Fig. 109 are therefore of the form:
i=A*+ B (61)
where
Ry

ab T 62
“ bR2/+Rie ( )

By an analysis in which the input resistance of the transistor was assumed
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to be negligible, Linvill showed that the principal time constant of the diode-
coupled cireuit of Fig. 98 is approximately 1/wqp if wasC3 > Rs and By < Ry.2
I the input resistance is not assumed to be negligible, the time constant is
found to have the approximate value 1/a determined from Eq. (62).

Equation (62) shows that the maximum speed of transition of a transistor
Eecles-Jordan circuit is proportional to the cutoff frequency wg. It also
indicates that K, must be made considerably larger than R, in order that
the maximum transition speed may be approached.

If R, is made too large, however, time constants involving the charging
of capacitors may become larger than the time constant associated with
transit time. A value of R: of the order of 10,000 ohms is satisfactory
in most applications.

32.2. Use of Breakdown Diodes to Reduce Carrier-Storage Effects.
The analysis of this section has neglected the effect of carrier storage, which
may greatly increase the time taken to cut the collector current off. The
effect of earrier storage upon transition time is greatest if the transistors
are driven into the saturation (low-collector-voltage) range. Saturation
may be prevented by the addition of two breakdown diodes, connected
back-to-back between the collectors, as shown in Fig. 102¢.3 The manner
in which the breakdown diodes limit the collector voltage excursions ean
be most readily explained by assuming that the circuit is in the process of
transition from conduction of T; to conduction of T At the instant of
equality of collector currents, the collector voltages are equal and both
diodes are cut off. As the transition proceeds, the collector voltage of T,
rises and that of T, falls. When the difference in collector voltages becomes
equal to the diode breakdown voltage, D, breaks down and conducts in the
reverse direction, while D, conducts in the forward direction. The collector
of T, is then connected to the base of 7, through D;, Ds, and D, all of
which are conducting. The diode voltages being almost independent of
current, the breaking down of D, applies essentially 100 percent inverse
feedback to T, and thus stabilizes the collector current and voltage at ap-
proximately the values which obtained at the instant of breakdown. Simi-
larly, 100 percent inverse feedback is applied to T, through D,, D, and Ds.

The breakdown diodes D, and D, in the circuit of Fig. 102¢ reduce the
transition time not only because they prevent the colleetor voltage from
falling to the saturation range, but also because they limit the change in
collector voltage to the diode breakdown voltage. It was shown in Sec. 29.2
that the diodes may also be used for the purpose of commutation.

2J. G. Linvill, Proc. L.R.E., 43, 826 (July, 1955).
8 Linvill, loc. cit.
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33. Static Stability of Vacuum-Tube and Transistor Eccles-
Jordan Circuits

33.1. Method of Analysis of Tube Circuits. In some applications of
the Eccles-Jordan circuit, a very important consideration is that the circuit
be designed so that, throughout the useful life of the tubes or transistors,
transition will not take place without the application of a triggering pulse,
in spite of tube or transistor deterioration, differences in the characteristics
of individual tubes or transistors, resistor tolerances, and variations of
supply voltage. Methods of design that ensure static stability of vacuum-
tube Eceles-Jordan circuits have been developed by a number of investi-
gators.! Basically, the various methods are similar. Voltage and resistance
tolerances are assumed, and simple d-¢ analysis of the circuit is used to de-
termine ranges over which the circuit resistances can be varied without
raising the grid voltage of the nonconducting tube above cutoff or lowering
that of the conducting tube below zero, at which it is assumed to be clamped
by the flow of grid current under equilibrium conditions.

In deriving the expressions for the maximum and minimum values of R,
and R;. that can be used, it is necessary to make use of the d-¢ plate re-
sistance R, of the conducting tube, which is defined as the ratio of the plate
voltage of the conducting tube to its plate current under equilibrium con-
ditions. Under the assumption that the grid voltage of the condueting tube
is clamped at approximately zero by the flow of grid current, the plate cur-
rent and plate voltage of the conducting tube can be readily approximated
from the plate diagram by constructing the load line corresponding to the
assumed values of B2 and supply voltage Vpp and determining its intersec-
tion with the zero-grid-voltage characteristic. Although the load line is
dependent not only upon R», but also upon Ry + Ei2, B is usually so small
in comparison with the resistance of the coupling network that a sufficiently
close approximation to R, is obtained if the load line is drawn on the basis
of B, alone.

33.2. Stability Criteria for Tube Circuits. If the plate and grid supply
voltages are assumed to vary between the limits Vpp(l + A,) and Vgg(1
+ A,), respectively, and the resistances are assumed to vary between the
limits B(1 &+ A,), where R is the nominal value of any resistance, simple
d-c circuit analysis yields the following expressions for the maximum and
minimum allowable nominal values of Ris in terms of E{, B, and other
parameters: 2

1R. Feinberg, Wireless Engineer, 26, 325 (October, 1949); J. R. Tillman, Wireless
Engineer, 28, 101 (April, 1951); M. Rubinoff, Communication end Electronics, No. 1,
July, 1952, p. 215 [also in Electronic Eng., T1, 905 (October, 1952)1; R. F. Johnston and
A. G. Ratz, Communication and Electronics, No. 5, March, 1953, p. 54; R. Pressman,

Electronics, April, 1953, p. 164; D. K. Ritchie, Proc. I.R.E., 41, 1614 (November, 1953).
2 Johnston and Ratz, loc. cit.
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Ry < STR, — R, (63)
K o+ 2 R

Ry > ke * DB p (64)
T(Suco — 2)

2R,
2R, + R;

in which

K

il

_Vep

Ve
(1—24,)01—4)
1+ 4,)1+ A

and p., 18 the ratio of the plate voltage to the magnitude of the negative grid
voltage at plate-current cutoff when the plate voltage is equal to the plate-
supply voltage, 1.e., the ratio of the plate voltage to the grid voltage at the
point where the load line intersects the plate-voltage axis. In the deriva-
tion of Eqgs. (63) and (64), tube deterioration is taken into aceount by the
assumption that the d-c plate resistance of the condueting tube will double
during its life (the plate current will fall to half the value determined from
the plate diagram) and that the cutoff grid voltage will double.

In some applications it is desirable that the plate voltage of the conducting
tube fall at least as low as some selected value V; and that the plate voltage
of the nonconducting tube rise at least as high as some selected value V..
These requirements will be satisfied if the following relations hold:

vyu R2

Vep T — V./Vpp

KT + Vi/Vep) 3
K —TV,/Vpp

33.3. Use of The Stability Criteria for Tube Circuits. In the design
of an Eccles-Jordan circuit, the four lines corresponding to Eqs. (63) to
(66), with equal signs substituted for the inequality signs, are plotted in a
diagram of R,e vs. By. A combination of values of Bs and Ky correspond-
ing to any point within the area enclosed by the four lines may then be
selected. Before the lines can be plotted, however, values of Rs, Vpp, Vge,
V1, and V, must be selected, and B, must be found from the plate diagram.
The choice of R, and Vpp is governed by such factors as desired output
voltage (change of plate voltage during transition), allowable plate dissipa-
tion, and speed of transition (Rg, should be large in comparison with unity,
as shown in Sec. 31). The magnitudes of Rs and Vpp necessary to provide

T

I

(65)

Ris >

Ry (66)

Ry + Ry <
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a desired output can be approximated quickly from the plate diagram under
the assumption that R is small in comparison with B; + R;s. The analysis
that leads to Eqs. (63) to (65) shows, however, that adequate stability
against changes of supply voltages and circuit resistances necessitates that
the following relations be satisfied:

1+ A, 1
Rs > 4R 67
2 | 95 2 67)
T2 (1 - —> _Z
Heo Heo
V €0 K 2 Co-‘
ss—’i’3>”—[1—————+“ 68)
Vee 2 7% |

Usually a value of supply-voltage ratio S in the range between 0.5 and 2.0
is satisfactory.

Figure 110 shows a typical set of curves for a circuit using a 6J6 double
triode, values of A, and A, of 0.05, V; = 65 volts, and V, = 115 volts. The
value of R was chosen as 33 kQ, Vpp and Vgg as 200 volts, and R, and p,,
were found to be 7500 ohms and 20, respectively. It can be seen from this
diagram that suitable values of R; and R would be 150 kQ and 87 kQ,
respectively. The freedom in the choice of E; and R2 would be greater if

150

s £q.63
N
o T ) <5 164)
R 75 g
x L
g £5.(66)
S 25 7{
& 0/,/\// N
g5l

500 25 50 75 100 50 200 250
R, in ohms x 10°
F1c. 110. Typical plots of Egs. (63) to (66).

V. and V; were not specified, as two of the boundary lines would then be
absent,.

33.4. Static Stability of the Transistor Eccles-Jordan Circuit; Col-
lector Diagram, Figure 111 shows the collector diagram for a transistor
used in the eircuit of Fig. 96b. The clamping of the collector voltage at
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point B is caused by base current in the other transistor and is similar to
grid-current clamping in the vacuum-tube Eccles-Jordan circuit. Since
the collector current does not rise above A or fall below B, these points
correspond to values of base current at which hy, and consequently the cur-
rent amplification, have fallen to zero. Although the loop amplification of the
complete circuit is zero at either point and the circuit will have two stable
equilibrium states if the circuit is adjusted so that either point A or B is
reached by the collector of each transistor, it is desirable to operate in such a
manner that the operating point of one transistor is at A when that of the
other is at B, and vice versa. If this is accomplished for all values of transis-
tor parameters that can be assumed
by individual transistors throughout
their usable life, and for all values
of circuit resistances and supply
voltages within the ranges of toler-
ances, complete static stability wiil
be achieved.

In the following discussion, either
transistor will be said to be non-

conducting (off) when its collector I Collector voltage
current has the value I’; i.e,, when Fig. 111. Collector diagram for a tran-
the operating point is at B. sistor in the circuit of Fig. 96b.

The collector diagram can be used
to select the load resistance R and the collector supply voltage on the
basis of the desired change in collector voltage or current during transition
and of allowable collector dissipation. It should be noted that the base
supply voltage causes current to flow through the resistors R, and Ri..
This current adds to the collector current in the collector load resistance.
It therefore assures saturation of the conduecting transistor at a lower value
of base current than if it were zero. It also lowers the collector voltage
below that of point A, causing the operating point to move down the char-
acteristic to a lower value of collector current. In effect, some of the cur-
rent flowing through R, is diverted from the collector to the coupling re-
sistors, and the collector dissipation is reduced. The design is therefore
conservative so far as static stability and collector dissipation are con-
cerned if the load line in the collector diagram is drawn under the assump-
tion that the effect of the coupling network may be neglected.

It was shown in Sec. 32 that R, should be large in comparison with the
base input resistance B, if rapid transition is essential, and that R; should
therefore be of the order of 10,000 ohms. The collector supply voltage can
then be chosen so as to provide the desired change of collector voltage. It
should be borne in mind, however, that the increase of collector-current and
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collector-voltage change accompanying an increase of supply voltage also
increases the transition time.

33.5. Requirements for Static Stability of Transistor Circuits. One
requirement for static stability of a transistor Eccles-Jordan ecircuit is that
the base current of the conducting transistor be high enough to ensure
saturation with the highest value of collector supply voltage and the lowest
value of collector lodd resistance to be expected within the tolerance ranges.
The base current required to drive the conducting transistor into saturation
can be determined from the collector diagram constructed for the transistor
having the lowest value of Ay likely to be encountered in randomly se-
lected transistors at the lowest operating temperature, If the assumption
is made that Ry is high in comparison with the transistor input resistance
R, (of the order of 1000 ohms), the maximum value of R, that will provide
the required base current can be determined from the characteristics of base
voltage vs. base current, the base-circuit load line being drawn through the
point on the base-voltage axis corresponding to the collector supply voltage
and through the point on the zero-collector-voltage characteristic correspond-
ing to the required base current. Because the base current of the conducting
transistor must flow through the collector load resistance of the noncon-
ducting transistor, the slope of the load line determined in this manner
corresponds to the sum of Rz and Ri».

The second requirement for static stability is that the base current of
the “nonconducting” transistor be reduced sufficiently to reduce the col-
lector current to its minimum value, I’. With most types of junction
transistors, the corresponding values of base voltage and current approxi-
mate zero and the second requirement is satisfied approximately if the
base supply voltage and the resistance R, are such that the voltage at
the junction of R, and R,; is zero when the voltage of the junction be-
tween Rj» and R, is that of point A of the collector diagram. This
should be true for the transistor having the lowest k. likely to be encoun-
tered in randomly selected transistors, and for the highest value of Ve,
lowest value of R, and lowest value of R;» within the assumed tolerances.
If the value of R, selected is not large in comparison with the input re-
sistance R, some reduction in Rs below the value initially selected may be
necessary.

If the circuit is to be used over a wide range of temperature, the second
requirement must be satisfied at the highest temperature of operation, since
both the minimum collector current I’ and the corresponding value of base
current vary appreciably with temperature. For this reason, collector char-
acteristics obtained at the highest temperature of operation should be used
in determining Vpp and R;. At temperatures considerably above room
temperature the base current and voltage may have to be reversed in order
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to reduce the collector current to its minimum value. The base current in
R; must then be taken into consideration in determining Vzp and R;.

33.6. Stability of Diode-Coupled Transistor Circuit. The circuit of
Fig. 102¢, which incorporates two sets of breakdown diodes, not only has
high inherent static stability, but is relatively easy to design. For rapid
transition, Ks should be large in comparison with R;, and with Rs. Suitable
values of Ry and Rj are 10,000 ohms and 2000 ohms, respectively.® In order
to ensure reliable commutation, C; must be chosen so that RgCswes >
1. Since the collector must be at a higher potential than the base, the
breakdown voltage V2 of the coupling
diodes Dz and Dy must exceed the
breakdown voltage Vs of diodes D; and
Ds. Both diodes D3 and D4 being broken
down at all times, whereas one of the
diodes D; and D, is broken down and
the other biased in the forward direction
in either state of equilibrium, the volt-
age between the collector and the base 1. ! =
of the conducting transistor is very Vi Ve V'l Ve
nearly equal to Vs — V,, and the volt- Collector voltage
age between the collector and the base Fic. 112. Collector diagram for a
of the nonconducting transistor is very transistor in the cireuit of Fig. 102c.
nearly equal to Vie 4+ Vs, The base-
emitter voltage of transistors suitable for use in high-speed bistable cir-
cuits is of the order of only one- or two-tenths of a volt. Consequently,
to a first approximation, the collector-to-emitter voltage of the conduct-
ing transistor may be assumed to be Vs — Vy and that of the noncon-
ducting transistor Vs 4+ Vs, as shown in Fig. 112. In order to avoid
slow transition caused by large carrier-storage effects in the saturation
region, the breakdown diodes must be chosen so that the difference between
the breakdown voltages exceeds the voltage corresponding to the intersection
of the load line with the saturation portion of the collector characteristic
curves, It is apparent from Fig. 112 that the choice of diode breakdown
voltages and of supply voltage is not eritical.

Colfector current

1 |
1 |
] {
I |
| I

[B=0

34. Multistable Circuits

34.1. Tristable Eccles-Jordan Circuit. A modified form of the Eccles-
Jordan circuit having three stable states of equilibrium is shown in Fig. 113.2
The values of the cathode resistances Rz, R4, Ry, and R, are such that
the diodes D; and D> do not conduct when equal plate currents flow in the

3 Linvill, loc. cit.
1 R. Weissman, Electronics, October, 1952, p. 118.
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two triodes and that the degenerative feedback produced by the resistance
in the cathode circuits reduces the loop amplification below unity when
the diodes do not conduct. Consequently, the circuit is in stable equilibrium
when the triode plate currents are equal and the diodes are cut off. If the
plate current of triode 7'; is decreased and that of T correspondingly in-
creased, the increase in current through Ry and R, will raise the potential
of the anode of D,, and the decrease in current through B3 and R4 will lower
the potential of the cathode of D,. If the current difference is made large

+

|

Fia. 113. Tristable Eecles-Jordan circuit,

enough, D, will conduct and some of the cathode current of 7 will be di-
verted from Ry’ to Rs and R4 The resulting increase of negative grid-to-
cathode voltage of T; and decrease of that of T'» causes further unbal-
ance of the plate currents. If the resistor values have been properly chosen,
the action becomes cumulative and causes Ty to be cut off. Similarly, if the
plate currents are unbalanced in the other direction sufficiently to allow
D, to conduct, T will be cut off. Therefore, in addition to the balanced-
current state of stable equilibrium, there is a stable state in which triode T
and diede D, conduct, and one in which triode T2 and diode D: conduct.
Tt is apparent that the balanced-current state exists because cutting off of
the diodes when the triode plate currents approach equality increases nega-
tive feedback and decreases positive feedback and thus makes the cireuit
stable.

34.2. Triggering of Tristable Circuit. The three states of stable equi-
librium are assumed in sequence when negative triggering pulses are applied
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to the cathode of T through the coupling capacitor. Assume that T; is
conducting fully and T, is cut off. A short (1-usec) negative pulse applied
to the cathode of T, starts conduction in this tube and thus initiates transi-
tion in the same manner as in a bistable circuit. Before the triode plate
currents become equal, however, diode D, is cut off and, if the input pulse
has ended, the circuit is left in the balanced-current state. Application
of a second triggering pulse increases the current in 7'y and reduces that in
T> to the point where diode D, starts to conduct. Cumulative action then
causes Ty to be cut off, in the manner already explained. The flow of grid
current in T; maintains the grid of T’y at approximately zero voltage relative
to its cathode in this state. The third pulse applied to the cathode of T,
makes this cathode negative relative to the grid. The resulting grid cur-
rent raises the voltage across (12 by an amount approximating the pulse
amplitude. At the termination of the pulse, the additional voltage across
C.2 falls sufficiently slowly so that the transition is carried through the bal-
anced-current state and into the initial state, in which T'; is cut off.

The circuit of Fig. 113 can be triggered reliably at triggering-pulse fre-
quencies up to 175,000 pulses per second. The triggering-pulse amplitude can
range between 85 and 150 volts. Component tolerances are about the same
as in bistable circuits. Symmetrically located components should be matched
within 5 percent, except for the plate resistors, which need be matched
within only 20 percent. If the circuit is symmetrical within these limits,
the component tolerances may be 10 percent, except for those of the input-
coupling components, which may have tolerances of 20 percent. The supply
voltage may range between 250 and 325 volts.

34.3. Current-Voltage Characteristic of Tristable Circuit. The in-
troduction of the additional cathode resistors and diodes into the Eeccles-
Jordan circuit in order to form the tristable circuit of Fig. 113 modifies the
current-voltage characteristics of the circuit so as to introduce a short
positive-slope portion into the part of the curves that originally has a nega-
tive slope. The manner in which the diagrams of Figs. 69a and 69e are
modified is shown in Fig. 114. It is seen that the load line may now inter-
sect the current-voltage characteristic in five points, three of which are
stable, and two unstable. Other circuits that have current-voltage char-
acteristics of the form shown in Fig. 61 between two terminals can be modi-
fied in a similar manner to the Eccles-Jordan circuit to provide three states
of stable equilibrium. Furthermore, by the use of additional diodes and
more complicated networks, the current-voltage characteristics of any of
the negative-resistance circuits can be made to have a larger number of
portions of alternate positive and negative slope, and the circuits there-
fore can be made to have more than three stable states of equilibrium.



148 FUNCTIONAL CIRCUITS AND OSCILLATORS
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Fra. 114. Current-voltage characteristics of the circuit of Fig. 113: (a) between one
plate and ground; (b) between plates.

34.4. Use of Nonlinear Load Resistance. Any cireuit of the form of
Fig. 81 in which the nonlinear element N has current-voltage curves of the
form of Fig. 61a or 61b can also be made to have more than two stable
states of equilibrium by replacing the resistance R by a network the load
line of which consists of alternate see-
tions having slope magnitude greater
than and less than that of the nega-
tive-resistance portion of the current-

voltage curve, as shown in Fig. 115.

/ A diode network that accomplishes
this result is shown in Fig. 116a and

the current-voltage curve of this net-

V. Y work is shown in Fig. 116b.2 The
s circuit of Fig. 116a is most readily

Fig. 115. Current-voltage diagram gnalyzed if the input current ¢ is

in which the load line has several sec- .o\ 04 to be the independent vari-
tions of different slopes and intersects able

the current-voltage characteristic in .
three stable and two unstable points. The positive supply voltages Vi, Vs,

Vs, and V4 maintain conduction in
diodes D;, D3, and D5 when no current enters the input terminal and they
also bias Dg, Dy, and Dg in the reverse direction. For zero input current
the input voltage v is equal to V, less the voltage drop Vi R;/(E; + R:) in
D4, where R, is the diode forward resistance. Because R; is small in com-
parison with R;, an input current that is small flows almost entirely through
Dy, and thus the input current reduces the current in D;. As the input cur-
rent is increased, the current in D, falls and consequently the voltage drop
across Dy decreases slowly in a manner determined by the current-voltage
characteristic of the diode. The input voltage must therefore rise as shown

2R. A. Henle, Electrical Eng., T4, 570 (July, 1955). See also Sec. 67.
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in Fig. 116b, this portion of the characteristic being the diode characteristic
rotated through 180 degrees. When v becomes equal to V4, diode D; is cut
off, and if the current is increased further the additional input current must
flow through R;. Under the assumption that the diode back resistances
are high in comparison with R, the slope of this portion of the curve
of Fig. 116b is 1/R;. When v becomes equal to Vy minus the drop across
D3, Dy starts to conduct and the current through D3 to fall. The in-
put voltage rises slowly in a manner determined by the current-voltage
characteristic of D2 and Dj in series. When the input voltage equals
Ve, Dj is cut off and the current flows through K, in parallel with the series

V 2 Y5 Y {
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Frc. 116. (a) Nonlinear-load circuit; (b) current-voltage curve for the circuit.

combination of Dg and Rs. In this region the slope of the curve is approxi-
mately (B, + Re)/RiRo. The remainder of the curve of Fig. 116b may be
explained in a similar manner.

If desired, additional biased diodes could be introduced in series with the
lower ends of the resistors in the cirecuit of Fig. 116a in such a manner that
the input current would flow through only one resistor at a time. The slopes
of the various sections of the curve of Fig. 116b would then be determined
by the individual resistances.

34.5. Use of Breakdown Diodes to Provide Nonlinear Load. A non-
linear load circuit that makes use of breakdown diodes is shown in Fig. 1174,
and the current-voltage characteristic of the circuit in Fig. 117b.®* The
voltage V' must exceed the sum of the diode breakdown voltages. When
the input current I is zero, the three diodes are broken down, V' causing
currents to flow through the diodes and resistances in the indicated direc-
tions. The input voltage V is negative and equal to the sum of the diode volt-
ages, which is somewhat greater than the sum of their breakdown voltages.

3 Henle, loc. cit. See also Sec. 67,
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If a small current enters the input terminal, it flows almost entirely through
the low-resistance path of the diodes and therefore reduces the current
through the diodes. The input resistance approximates the sum of the
variational breakdown resistances of the three diodes. At point a of Fig.
117b the input current becomes equal to I,, the current through Dy becomes
zero, and the voltage across D, is its breakdown voltage. As the current [
is raised further, D; remains cut off and the input current flows through R,,
raising the voltage across R, and reducing the reverse voltage across D,.
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F1g. 117. (a) Breakdown-diode nonlinear-load circuit; (b) characteristic for the
circuit. V,; to V4 are the breakdown voltages of D; to D, respectively.

The input resistance in the range between a and b is E,. At point b the
input voltage becomes equal to the sum of the voltages across Dy and D;
(which somewhat exceeds the sum of their breakdown voltages), the voltage
across Dy becomes zero, and further increase of input current causes D, to
conduct in the forward direction. Any additional current then flows through
the three diodes, and the input resistance is the sum of the forward resistance
of Dy and the breakdown resistances of D; and D,. At point ¢ the input
current becomes equal to the sum of I; and I, D. cuts off, and the input
current must flow through B, and through D, and R2. In the range between
¢ and d, the input resistance approximates R;R./(R; 4+ R2). Diode D,
starts to conduct in the forward direction at d. Diode Dy cuts off at point
e and starts to conduct in the forward direction at f. The resistance in
the range between e and f approximates that of Ry, R, and R; in parallel.
Beyond f it approximates the sum of the forward resistances of the three
diodes. The heights of the current steps in the characteristic of Fig. 117b
increase with increase of V’ and with reduction of the resistances R;, R,
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and R;. The relative heights of the current steps may be adjusted by
changing the relative values of Ry, Ry, and R;. The voltage steps are equal
to the diode breakdown voltages. The entire curve may be displaced along
the voltage axis by changing the direct potential of the lower input terminal.

Figure 118 shows multistable ecircuits formed by combining the transistor
negative-resistance circuit of Fig. 74d with the load cireuits of Figs. 116a and
117a.%
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Fic. 118. Multistable circuits formed by combining the circuit of Fig. 74d with (a)
the circuit of Fig. 116a and (b) the circuit of Fig. 117a.

34.6. Multiple-Tube Eccles-Jordan Circuit. A third type of multi-
stable circuit is shown in Fig. 119a.° In this circuit the grid of each tube
is coupled to the plate of the other two tubes, and the bias supply and circuit
parameters are chosen so that the reduction of plate voltage resulting from
the flow of plate current in any tube biases the other tubes beyond cutoff.
The capacitors Cyo between the plate of each tube and the grid of the follow-
ing tube cause the tubes to conduct in sequence when periodic negative
pulses are applied simultaneously to all grids. Thus, if tube 1 is conducting,
the next negative pulse causes this tube to stop conducting and its plate
voltage to rise, but has no effect upon the plate voltages of the other tubes.
Because the commutating capacitors Cq2 cannot change voltage instantane-
ously, the rise in plate voltage of tube 1 causes an equal rise in grid voltage

4 Henle, loc. cit.

5J, W. Christensen, Very High-Frequency Techniques, Staff of the Radio Research
Laboratory, McGraw-Hill Book Co., Inc., 1947, p. 305.
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LT

v
(6)
Fig. 119. (a) Multiple-tube Eccles-Jordan circuit; By = 500 kQ, Rip =1 M, Ry =
150 kQ, 012 = 250 I,L’,Lf, and Ct =10 l"/“f'
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of tube 2, but there is no change in grid voltage of tubes 1 and 3. If the
duration of the input pulse is shorter than the time taken for the commutat-
ing capacitors to charge or discharge to the point where the grid voltage
of tube 1 or 3 is equal to that of tube 2, tube 2 will conduct at the termina-
tion of the input pulse.

Although four tubes have been used successfully in this circuit, and it
secms likely that more could be used if the resistance values were carefully
chosen and the individual resistors were selected, the stability goes down
as the number of tubes is increased. One cause of decreased stability is
reduction of plate-voltage swing and therefore of grid-voltage swing re-
sulting from reduction of effective plate load resistance by the coupling
networks. A more important cause of reduced stability is associated with
the fact that the grid of each nonconducting triode is econnected not only to
the plate of the conducting triode, but also to the plate of each other non-
conducting triode, which is nearly at positive supply potential. The amount
by which the grid voltage of the nonconducting triodes is depressed is there-
fore reduced by the addition of another triode and may become less than the
cutoff grid voltage. This undesirable coupling can be prevented by the addi-
tion of coupling diodes, as shown in Fig. 119b.5 All of the coupling diodes
except those connected to the plate of the conducting triode are reverse-
biased and therefore disconnect the grid of each nonconducting triode from
the plate of the other nonconducting triode (triodes, if more than three
triodes are used). The disadvantage of the circuit of Fig. 119b is the cost
of the diodes, n(n — 1) of which are required for a circuit having n triodes.
Design equations for the circuit Fig. 119b have been derived by Beckwith.®

35. The Use of Multistable Circuits to Control
Gated Amplifiers

Voltages derived from multistable circuits may be used to control gate
circuits of the types discussed in Secs. 10 to 13. Figure 120 shows a circuit
in which random or periodic pulses are used to control the application of
two signal voltages alternately to the inputs of two amplifiers. The col-
lector voltages of the Eecles-Jordan cireuit, consisting of the transistors Ty
and associated resistors, control two gated-amplifier circuits of the form
of Fig. 57¢, the voltage divider P being adjusted so that the voltages applied
to the bases of T, and T’z alternate between the proper positive and negative
values. Although separate output terminals are provided for the two signal
voltages in the circuit of Fig. 120, a single collector-circuit resistor may be
used for the two transistors T4 and the two output voltages thus be delivered
to & common pair of output terminals.

Figure 121 shows a similar circuit in which vacuum tubes are used. The

6 H. Beckwith, Electronics, January, 1955, p. 149.
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Fic. 121, Vacuum-tube circuit in which two amplifiers are activated alternately by
means of an Eccles-Jordan circuit.
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pentode amplifiers Ty are gated by means of voltages derived from the plates
of the triodes T, and applied to the suppressors of the amplifiers. The ecir-
cuits of Figs. 120 and 121 may be readily adapted to use with three or
more signal voltages by the addition of other amplifiers with separate or
common output terminals and deriving the control voltages from a circuit
of the form of Fig. 119.

36. Binary and Ternary Counting Circuits

36.1. Eccles-Jordan Binary Counter. An important application of bi-
stable circuits is in the counting of pulses. The simplest type of ecircuit
consists of a chain of Eeccles-Jordan bistable circuits connected so that the

+

F16. 122. Two-stage Eccles-Jordan binary counting cireuit.

sudden drop in voltage caused by the firing of one tube of any stage causes
triggering of the next stage. A two-stage circuit is shown in Fig. 122, Let
us assume that tubes 7'y and T's are conducting initially and that a series
of negative pulses is applied to the input terminals. The first pulse trans-
fers eonduction from T to T:1,. Because the back-biased diode D, pre-
vents the application of the plate-voltage rise of Ty to the plate of Ts and
the grid of T, the first input pulse does not trigger the second stage. The
second pulse transfers conduction back to Ty9. The time constant RC of
the coupling network is low enough so that the resulting drop in plate volt-
age of Ty, produces a negative pulse at the cathodes of the coupling diodes
which transfers conduction from Tz to T2, as explained in Sec. 29. The
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third pulse triggers only the first stage, and the fourth pulse returns the
circuit to its initial state. Similarly, if n stages are used, the circuit goes
through all equilibrium combinations and returns to its original state in
2" pulses. The first five columns of Table V show the effect of a series of
16 pulses upon a four-stage cireuit. The two tubes in each stage are repre-
sented by the symbols 0 and 1, and the table indicates which tubes conduct
in each stage after each pulse. All the 0 tubes are assumed to be conduct-
ing prior to number-1 pulse. Each stage is assumed to be triggered by
negative pulses only, and the triggering pulses for the second, third, and
fourth stages are assumed to be derived from the plate voltage of the 0 tube
of the preceding stages, so that the second, third, and fourth stages are
triggered when the O tube of the preceding stage fires.

TaBLE V CoNDUCTION SEQUENCE IN THE CIircuIrs or Fias. 123 To 125

Pulse Number with Feedback
Pulse Stage | Stage | Stage | Stage
Number \ 4 3 2 1| Cireuit of | Cireuit of | Cireuit of
Fig. 123 | Fig.124 | Fig. 125
0 0 0 0 0 0 0 0
1 0 0 0 1 1 1 1
2 0 0 1 0 2 2 2
3 0 0 1 1 3 3 3
4 0 1 0 0 4 4 4
5 0 1 0 1 5 5 5
6 0 1 1 0 6 6 —
7 0 1 1 1 7 7 —
8 1 0 0 0 — 8 —_
9 1 0 0 1 — 9 —
10 1 0 1 0 — — 6
11 1 0 1 1 — — 7
12 1 1 0 0 — — 8
13 1 1 0 1 — — 9
14 1 1 1 0 8 — —
15 1 1 1 1 9 — —
16 0 0 0 0 10 10 10

Table V shows that each successive pulse leaves the circuit with a unique
combination of conducting tubes, and that this combination may therefore
be used in determining the total number of pulses (up to 16) that have been
impressed upon the input. Those familiar with the binary number system,
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in which each digit is either a 1 or a zero, will recognize that columns 2 to
5 in Table V express the pulse number in the binary system. (The numbers
in the columns 6 to 8 will be explained below.) For this reason this type
of circuit is called a binary counter. A three-stage cireuit, which counts
up to 8 pulses, is often called a “scale-of-eight’’ cireuit; a four-stage circuit
is called a “scale-of-sixteen” circuit; ete.

36.2. Addition and Subtraction of Counts. The order in which the
various combinations of conducting tubes listed in Table V are assumed is
reversed if the triggering voltages for the second, third, and fourth stages
are obtained from the plate of the 1 tube of the preceding stages (Prob.
36.2-1). If the source of triggering voltage of the second, third, and fourth
stages is switched from O tubes to 1 tubes of the preceding stages after n
pulses have been impressed, and m additional pulses are then impressed, the
combination of conduéting tubes will be the same as though n — m pulses
had been impressed without making this change. It follows, therefore,
that if provision is made to switch the triggering source of cach stage but
the first from 0 tubes to 1 tubes of preceding stages, and vice versa, the
circuit can either add or subtract the input-pulse count. The required
switching can be accomplished by mechanical switches, or by electronic
switches of the type discussed in Secs. 10 to 13. At the termination of the
count the circuit is reset by opening the plate circuits of all the 1 tubes, or
by equivalent means.

Although the total count that can be obtained in an n-stage circuit is
limited to 2%, the total count can obviously be inecreased to any desired
extent by the use of many stages. An alternative method of increasing
the counting limit is by the use of an electromagnetic type of mechanical
counter that is actuated, directly or indirectly, by the final stage of the
binary counter. One mechanical ecount is then obtained for each 2" input
pulses, and the number of additional input pulses following the last mechani-
cal count can be determined from the combination of condueting tubes in
a manner that will be explained in Sec. 38. In this way a mechanical
counter can be used at input frequencies far in excess of the maximum
frequency at which the mechanical counter can function directly.

36.3. Ternary Counter. A ternary counter may be constructed by the
use of two or more stages of the tristable eircuit of Fig. 113.* The output
from the plate of T is differentiated and applied to the trigger input ter-
minals of the next stage through a diode clipper that removes the positive
pulse. In order to reduce the fall time of the plate voltage of T, during the
transition that cuts T; off and turns T2 on, a ecapacitor of approximately
450 uuf capacitance should be connected between the cathode of T and

1 R. Weissman, Electronics, October, 1952, p. 118.
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ground. Relatively short fall time is necessary to ensure a sufficiently
sharp output pulse to trigger the next stage.

37. Decade Counters

37.1. Conversion of Binary Circuit to Decade Circuit. Because 10 is
not a multiple of 2%, decade circuits, which complete one counting cycle in a
multiple of ten input pulses, cannot be obtained directly by the use of un-
modified n-stage circuits of the type discussed in See. 36. A decade cireuit
can be made, however, by modifying a four-stage circuit in such a manner
that some of the combinations of condueting tubes listed in Table V are
skipped.* This can be accomplished by applying to the inputs of the second
and third stages an additional negative pulse derived from the plate of the
1 tube of the fourth stage, as shown in Fig. 123a.2 The manner in which
the operation of the ecircuit is affected by this feedback can be seen from
an examination of Table V. Without the feedback pulse the eighth input
pulse would cause transition in all stages and leave stages 2 and 3 in the
0 conduction state. Transition of the fourth stage, however, applies to the
grids of the 0 tubes of the second and third stages a slightly delayed nega-
tive pulse that retriggers these stages and leaves them in the 1 conduction
state. After the eighth input pulse, therefore, the circuit configuration is
the same as that which would obtain after the fourteenth count without
feedback, and the cireuit returns to its original configuration after the tenth
pulse. The counting sequence is shown in column 6 of Table V.

One practical form of the circuit of Fig. 123a is shown in detail in Fig.
123b. In this circuit and in those of Figs. 124 and 125, the first subseript
in the letter symbol used to label individual tubes or transistors indicates
the number of the stage and the second subscript indicates whether a par-
ticular tube is a 0 tube or transistor (initially conduecting) or a 1 tube or
transistor (initially cut off).

The maximum speed at which the cireuit of Fig. 123 can operate is limited
by the total delay time involved in the transition of all four stages and the
retriggering of stages 2 and 3 following the eighth input pulse. The delay
time can be reduced and the circuit consequently speeded up by applying
the output pulse from the first stage directly to the fourth stage through
a coincidence circuit (gate) controlled by stages 2 and 3% (Prob. 37.1-1).
Since stages 2 and 3 are in the 1 configuration only prior to the eighth and
tenth counts in the decade circuit, and the fourth stage must be triggered
by the eighth and tenth input pulses, the desired operation is obtained
if the coincidence circuit is connected so that it applies an input pulse to

1 H. Lifschutz, Phys. Rev., §7, 243 (1940).

2], E. Grosdoff, RCA Rev., T, 438 (1946).
3 A. 8. Bagley, Hewlett-Packard J., 2, No. 2, October, 1950.
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the fourth stage only when the second and third stages are in the 1 con-
figuration. Feedback from the fourth stage retriggers the second and third
stages after the eighth input pulse, as in the eireuit of Fig. 123.

Stage 1 Stage 2 Stage 3 Stage 4

——

= ]

Reset

EN

Bias

Fia. 123. Decade counter formed from a four-stage binary cireuit by the addition
of feedback paths: (a) basic circuit; (b) one form of praetical cireuit.

37.2. Alternate Form of Vacuum-Tube Circuit. Another way in which
a four-stage binary circuit can be modified to provide a decade circuit is
shown in Fig. 124.* Initially the 0 tubes Tio, T2, T30, and T4, are on.
Forward coupling is from the plate circuit of the 0 tube of each stage to
the grids of the following stage. In addition, feedback coupling is used
from the plate circuit of T4 to the grid of Ty and additional forward
coupling from the plate circuit of Ty to the grid of T'y;.

The conduction sequence of the eircuit of Fig. 124, which is shown in
column 7 of Table V, is unaffected by the feedback path and the extra
forward path during the first nine triggering pulses. When the tenth trig-
gering pulse causes T'5p to conduct, however, a negative pulse derived from
a tap on the plate resistor of T is applied to the grid of T4 through the
auxiliary forward path., The rise of plate voltage of T4, accompanying the

+J. T. Potter, Electronics, June, 1944, p. 110.
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resulting transition of stage 4 causes the application of a relatively large
positive pulse to the grid of T'se through the feedback path. This pulse over-
powers the triggering pulse fed to stage 2 from stage 1 and thus prevents
transition of stage 2. The tenth pulse therefore leaves T, Tag, T30, and Tyo
in the conducting state, as at the beginning of the count. The position of
the tap on the plate resistor of T must be such that the voltage fed forward
will eause transition of stage 4 at the tenth count, but will be overpowered

Reset Switch

g %—érfé

i

g

Fi1c. 124. Decade counter incorporating both a feedback path and an auxiliary for-
ward path.

by the negative pulse from stage 3 at the eighth count. Temporary opening
of the reset switch after any number of input pulses causes the plate volt-
age of all the 0 tubes to be reduced below that of the 1 tubes and thus en-
sures that all 0 tubes are condueting at the beginning of the next count.
37.3. Transistor Decade Circuit. A transistor decade counting circuit
is shown in Fig. 125 and the conduction sequence in column 8 of Table V.5
This circuit has an auxiliary forward ecoupling path from the collector of
Tho to the base of T, through the diode D; and a reverse coupling path
from the collector of T4 to the base of T through the diode D,. The
conduction sequence of the binary stages is unaltered by the auxiliary
paths until after pulse 5, which leaves T3 off and thus raises the anode
potential of D; to nearly the supply voltage. Firing of Ty at the sixth
pulse lowers the collector voltage of Ty. This drop in voltage not only
triggers stage 2 in the normal manner, but also causes D, to be biased in
the forward direction, allowing D; to transfer a sufficient portion of the
voltage drop to the base of T'3; to cut T3; off and make T3¢ conduct. The

5 P, Krevitsky, Electronics, August, 1955, p. 112.
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Fia. 125. Transistor decade counter incorporating hoth a feedback path and an auxiliary forward path. R; = 4.7 kQ,
Ry =22kQ, Ry, = 10kQ, Ry’ = 53k, Ry" = 4.7kQ, R; = 900Q. Capacitances are in ppf.
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resulting drop in the collector voltage of T triggers stage 4, causing Ty
to conduct. The tenth pulse fires 719, which in turn fires Ts; and, through
Dy, also Ty The firing of T3 again initiates transition of stage 4, which
is left with T4 on. The cutting off of 7'y raises the anode potential of the
feedback diode D,, so that the firing of T4, and consequent lowering of its
collector voltage, allows D, to conduct. A negative pulse is therefore applied
through D, to the base of T and conduection is transferred from Tz to T'a,.
All stages are now in their initial states. Opening of the reset switch
after a series of input pulses raises the base voltage of all 0 transistors and
thus ensures that they conduct at, the beginning of the next series of pulses.

Typical parameters of the silicon transistors used by Krevitsky were h;, =
50 to 150 ohms, Ay = 16, h, = 0.3 to 0.4 X 10~% mho, and h, =1 to 4
% 10— for T4 and Ts. For all other transistors h,, was in the range from
0.5 to 1 x 10~8 mho. The allowable peak inverse voltage of the transistors
was 90 volts. The maximum frequency of the input pulse at which the
circuit operated reliably was 200 ke, and the minimum input pulse amplitude
was 10 volts. The supply current was 40 ma, the collector dissipation 40 to
50 mw, the total dissipation 3.6 watts, and the operating temperature 20°
to 70°C.

37.4. Decade Circuit Incorporating Electronic Switch. Another
method of modifying a binary circuit in order to obtain a decade counter
has been described by Kemp.® This counter is basically a three-stage binary
circuit, but has an electronic switch between the first and second binary
stages. The switeh is controlled by an additional binary stage that is
triggered by the output of the third stage. Initially the switch directs the
output of the first stage to the second stage. Transition of the third stage
at the eighth count, however, operates the switch-control binary stage, which
changes the switeh so that the ninth and tenth outputs of the first stage are
impressed directly upon the switch-control binary, instead of upon the second
stage. The output of the first stage produced by the ninth input pulse is
of the wrong polarity to trigger the switch-control binary, but the tenth
pulse causes transition of the switch-control binary and thus causes the
switch to be reset. The circuit is then in its initial state. The output is
taken from the switch-control binary on the tenth count. This circuit
responds to successive pulses having a minimum separation of 2 usee. The
input pulse amplitude may range from 10 to 100 volts. For circuit details
the reader is referred to Kemp’s paper.

37.6. Circuits for Other Number Systems. The techniques deseribed
in this section may be extended and modified to provide eircuits that com-
plete one cycle of stable states in any desired number of counts (Probs.
37.5-1 and 37.5-2). Usually the desired result can be achieved in a num-

¢ B, L. Kemp, Electronics, February, 1953, p. 145.
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ber of ways, but some methods are simpler than others.” In general, the
indicated count of an n-stage binary circuit is increased or decreased by
1, 2, 4, or 8, depending upon whether an extra pulse is applied to the first,
second, third, or fourth stage, respectively. The number of times the count
is altered during one cycle by a particular auxiliary coupling path, and
whether the indicated count is increased or decreased depends upon the
point in the circuit from which the pulse is obtained, whether the pulse is
applied to one or both grids of the stage that receives it, and whether or
not the coupling path incorporates diocdes. In the circuit of Fig. 123 an
extra pulse is applied once in the counting cycle simultaneously to stages 2
and 3, causing the indicated count to be increased by 2 4 4. In the eircuit of
Fig. 124 the extra pulse applied once to stage 4 increases the indicated count
by 8 and the extra pulse applied once to stage 2, which inhibits transition of
that stage, reduces the indicated count by 2. (Note that, if the feedback
path from stage 4 to stage 2 were omitted, the combination of conducting
tubes after ten input pulses would be the same as that assumed after twelve
pulses in the decade circuit.) In the circuit of Fig. 125, two extra pulses
applied to stage 3 through D, increase the indicated count by 4 + 4, and
the extra pulse applied to stage 2 reduces the indicated count by 2.

The output of the 0 tube of the fourth stage of a decade counter can be
used to drive another similar deeade circuit, which receives an input pulse
for each ten pulses of the first circuit. By the use of additional decade
circuits the maximum count that can be recorded may obviously be extended
to as many places as desired. The count may be displayed by means of
neon tubes or other indicator lamps in a manner explained in the following
section.

38. Count Indicators for Counting Circuits

38.1. Indicators for Binary Counters. The simplest type of count indi-
cator for unmodified binary counters consists of glow tubes in series with
high resistances connected between ground and the plates of the 0 tubes or
the collectors of the O transistors. If each glow tube is assigned a numerical
value 2#/2, where n is the number of the stage to which it is connected, the
sum of the values of all glowing tubes at any time is equal to the number
of input pulses that have elapsed since the circuit was reset, provided that
this number is less than that required for one complete counting eycle. The
difference between the breakdown and extinction voltages of the glow tubes
must be less than the plate-voltage change of the counting-circuit tubes,
and the glow tubes must be biased so that cutting off of the counter-cireuit
tube or transistor to which the glow tube is connected raises the voltage
across the glow tube from below the extinction voltage to above the break-
down voltage. The resistances in series with the glow tubes must be large

7 G. F. Montgomery, J. Appl. Phys., 22, 780 (June, 1951).
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in comparison with the load resistances of the binary stages in order to
prevent excessive loading.

38.2. Indicators for Decade Counters. Count indicators used with
decade circuits of the types discussed in Sec. 40 depend upon the fact that
after each input pulse there is a unique combination of tubes (or transis-
tors), located in different stages, one nonconducting and the others con-
ducting, and that this combination of nonconducting and conducting tubes

Terminal /

Go G, G, Ga Ge Gy Gsg Gy
0 2 6 8
1
To

+
T g 2 o Ta Go Ty Lo

! 0 ! ol ! 0 / 0
Stage ! Stage 2 Stage 3 Stage 4

Frc. 126. The use of indicator glow tubes in the decade circuit of Fig. 123.

is not assumed after any other input pulse in a series of ten. The count
is indicated by means of ten glow tubes, which are numbered from 0 to 9.
Each glow tube is connected to the plates of the particular combination of
counting-circuit tubes that is observed after the number of pulses equal to
the glow-tube number, one side of the glow tube being connected through
a resistor to a tap on the plate resistor of the nonconducting tube, and the
other side through separate resistors to the plates of the conducting tubes.
Thus the voltage applied to this glow tube at this point in the counting
¢ycle is the difference between the plate voltage of the nonconducting
triode (nearly supply voltage) and that of the conducting triodes. If this
voltage exceeds the breakdown voltage of the glow tube, it glows, For any
other combination of conduction and nonconduction that can be assumed by
the counting-circuit tubes, the voltage across the glow tube is lower. If
the glow tubes, supply voltage, and plate load resistances are properly se-
lected, the lower voltages are insufficient to allow the glow tube to continue
to glow.

Figure 126 shows how this indicating method may be applied to the decade
circuit of Fig. 123. Table VI lists the tubes that are on after each input
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pulse, and also the tubes to which the two terminals of the glow tubes are
connectéd. The operation can be most readily explained by considering
one glow tube, say No. 3, which should light only after count 3. In order
that the voltage applied to (/3 shall be a maximum at this time, one ter-
minal of (3 must connect to the plate of a triode that is off. Since Ty
is on after pulse 3, this is accomplished by connecting terminal 1 to the
plate of T'1o. Terminal 2 of G; is connected to the plates of Ts and T,

TabLe VI ConpucTioN SEQUENCE aND GLOW-TUBE CONNECTIONS FOR THE
Circurlr or Fig. 126

—

Conducting Tubes Glow-Tube Connections
Pulse
Number
Stage 1 | Stage 2 | Stage 3 | Stage 4 | Terminal 1 Terminal 2
0 T10 Ty T30 m Tn Ty and Ty
1 Tu Tao T30 Tao T Ta and T30
2 Tm T?l Tso T40 Tu Tm and T3()
3 Tu R Tor T30 T T1o Ty and Ty
4 Tro T Tar T Tu T and T3y
5 Tu T Ta T4o T T20 and T.n
6 T1o Tox T3 Tso Tu T21, T31, and Ty
7 Tn Ta Ta Tso Tw To1, T3y, and Ty
8 T Ta Tsn Ta Tu T3 and Ty
9 Tu Ty ‘T31 T T T3 and Ty
10 T T T30 T T Toand Ty ¢

both of which conduct at this time and therefore have low plate voltage.
If Ty is off and either Ts; or T3 is on, as after pulse 1 and pulse 9, the
voltage of terminal 2 is midway between the on and off values of plate volt-
age. If Ty, T21, and Ts are all off, as after pulse 5, there is no voltage
across the glow tube. If Ty is on and Tp; and T’z are off, as after pulse 4,
the voltage across (73 is lower than after pulse 3 because terminal 1 is con-
nected to a tap on the plate resistor of T, rather than directly to the plate.
The reader may readily show that the voltage impressed upon ('3 initially
and after pulses 2, 6, 7, 8 is also less than that impressed after pulse 3.
Terminal 2 of glow tubes G4 and G; must be connected to the plates of
three tubes of the counter, rather than to only two, because there are only
eight combinations of one off and two on tubes not duplicated during
a series of ten input pulses in the circuit of Fig. 123. On the other hand, if
neither of the fourth-stage tubes (or transistors) is conducting after more
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than six in a series of ten input pulses, there is a set of ten combinations of
three tubes none of which is duplicated in a series of ten counts. This is true
of the transistor circuit of Fig. 125 and other decade circuits® (Prob.
38.2-1). In the circuit of Fig. 126, change of only one of three tubes T\,
T3y, or Ty from the conducting state to the nonconducting state raises the
voltage of terminal 2 of G and G; by only one-third the rise in plate voltage
of that tube. Consequently the difference between the breakdown and ex-
tinction voltages of the glow tubes must be less than one-third the difference
between the off and on values of plate voltage.

39. Decade Ring Counting Circuits

39.1, Basic Ring Circuit. A second type of decade circuit consists of
a ring of ten tubes connected in such a manner that diagonally opposite
tubes form Eccles-Jordan bistable pairs, as shown in Fig. 127, in which
the screen-coupled Eccles-Jordan circuit of Fig. 99a is used. The resistances
connecting the plates of adjacent tubes ensure that the five conducting tubes
are adjacent.! Thus, if Ty, Ts, T, Ts, and T were conducting in the eircuit
of Fig. 127, the plate voltage of Ty would be depressed by the low plate volt-
ages of T and T,. The accompanying reduction of screen voltage of T4
would cause T4 to be cut off and 7' to conduct, and the cireuit would be left
with five adjacent conducting tubes.

Commutation in one direction is assured in the circuit of Fig. 127 by the
capacitors that couple the plate of each tube to the suppressor of one adja-
cent tube. If tubes Tg, Ty, Ts, Ts, and T, are initially on, the capacitors
connected to the plates of these tubes are charged to a lower voltage than
those connected to the plates of the off tubes. The next negative pulse
applied to the control grids cuts all tubes off during the duration of the
pulse and thus causes the plate voltage of all tubes to rise to approximately
the supply voltage. At the termination of the pulse, the higher voltage
across the capacitors connected to the plates of Ty, T, T's, T4, and T's makes
the suppressor voltage of T to Tg lower than that of the other five tubes
and thus prevents tubes T, to T from conducting. Consequently, T, T,
To, To, and Ty conduct and the series of five adjacent conducting tubes has
been advanced by one tube in the clockwise direction. If each capacitor is
connected from the plate of one tube to the suppressor of the next tube in
the counterclockwise direction, rather than the clockwise direction used in
Fig. 127, the direction of advance is reversed.

39.2. Control of Direction of Commutation. A modified form of the
circuit of Fig. 127 uses triodes, instead of resistors between the plates of
adjacent pentodes, triggering being accomplished by means of positive pulses

1 See, for instance, Grosdoff, loc. cit.
1V. H. Regener, Rev. Sci. Instr., 17, 185 (May, 1946).
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applied to the grids of the coupling tubes.? The direction of commutation
is from pentodes adjacent to coupling-triode cathodes toward pentodes
adjacent to coupling-triode plates. If two sets of coupling triodes of op-
posite polarity are used, the direction of advance may be readily reversed
by switching the input pulses from the grids of one set of coupling triodes
to the grids of the other set. The triode-coupled circuit has the additional

Fig, 127. Portion of a ring type of Eccles-Jordan decade counter based upon the
sereen-coupled ecircuit of Fig. 99a.

advantage of greater reliability of commutation, responding not only to
sharp pulses, but also to sinusoidal triggering voltage. Counting rates up
to 5 X 10° per second were reported by Regener and by Seren for this type
of eircuit.

Ring circuits similar to that of Fig. 127 have been developed in which
triodes are used instead of pentodes,® and also circuits in which the screen
grids and control grids of pentodes, instead of the plates and screen grids, are
used to form the bistable pairs, the suppressors and plates being used for
triggering and commutating purposes.*

A cathode-ray tube may be used to indicate the count in the circuit of

2V, H. Regener, Rev. Sci. Instr,, 17, 375 (October, 1946) ; L. Seren, Rev. Sci. Instr.,
18, 645 (1947) ; F. H. Martens, Rev. Sci Instr., 20, 424 (1949).

3 G. T. Baker, J. Sci. Instr., 26, 127 (1948).

+B, L. Moore, Rev. 8ct. Instr., 21, 337 (Apnl, 1950).
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Fig. 127 and its variants.® Milliammeters have also been used.® A some-
what more convenient method is the use of ten glow tubes Gy to Gy, as in-
dicated in the partial cireuit of Fig. 128, in which the various grid cireuits
have been omitted for the purpose of simplification. The voltage impressed
upon any glow tube is highest during conduction of the pentode the plate
. of which conneects direetly to that glow tube and simultaneous nonconduction

Fia. 128. Partial circuit showing the use of indicator glow tubes in a ring type of
decade counter,

of the other pentode to which the glow tube conneets (Prob. 39.2-1). If
this maximum voltage exceeds the breakdown voltage of the glow tube, the
glow tube lights. The voltages impressed upon all other glow tubes for this
combination of condueting pentodes is lower. If the glow-tube character-
isties, circuit resistances, and supply voltage are properly chosen, only one
glow tube conducts for each combination of conducting pentodes. The re-
sistances in series with the glow tubes should be high in comparison with the
other circuit resistances.

39.3. Another Type of Ring Circuit. Another type of ring eireuit,
in which n binary stages (2n triodes) are used in order to obtain an n-count
cycle, is shown in basic form in Fig. 129." In this circuit only one of the
right-hand triodes, T/, T, Ty, etc., conducts at any time. This property

5 Regener, loc. cit.

8 Seren, loc. cit.
7 T. K. Sharpless, Electronics, March, 1948, p. 122,
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is achieved by the use of a common cathode resistor for Ty, T, and T3 and
another for 7y, T, and T3’ and making the resistance of the former
1/(n — 1) as great as that of the latter. The voltages across the two re-
sistors are equal if the right tube of one bistable pair conducts and the left
tubes of the other n — 1 pairs conduct. The circuit parameters are chosen
so that if two right tubes were to conduct simultancously, the voltage across
the 15-kQ cathode resistor would cause the grid bias of these tubes to be

From 0 stage I To 4 stage
1 o % & %
L1} ] !

Fic. 129. Another ring type of decade counter. R, = Ry = By = 50 kQ3, Ry =
15 kQ, By’ = 15/(n — 1) kQ, Cy5 = 25 ppf, and C, = 50 puf.

so great that their plate currents would not produce sufficient voltage drop
across their plate resistors to bias their companion left tubes beyond cut-
off. The eircuit is triggered by means of negative pulses applied to the
cathodes of all of the left tubes. Thus, if 74 is initially on and all other
right tubes are off, a negative triggering pulse causes T to conduct. The
rise in the plate voltage of T accompanying the cutting off of T, applies
a positive pulse to the grid of Ty’. The effect of this pulse overrides that of
the negative pulse applied to the cathode of T and therefore conduction
is transferred from 7. to T2. If the cathode resistors are bypassed
by ecapacitors, the circuit may also be triggered by pulses applied simul-
taneously to all the grids.® The circuit of Fig. 129 operates reliably at a
maximum counting rate of 180,000 pulses per second, but the triggering
pulses must be properly shaped and the pulse amplitude controlled.

An n-stage ring circuit is formed from the basie circuit of Fig. 129 by con-
necting the plate of T, to the grid of Ty’ through a 50-uuf coupling capacitor.
The count may be readily indicated by means of » glow tubes connected,
through high resistances, from the plates of T/, T, ete., to a properly se-

8 R. Weissman, Electronics, May, 1949, p. 84.
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lected source of biasing voltage. Each glow tube is assigned the number
corresponding to that of the stage to which it is connected.

The number of tubes required in an n-stage circuit of the form of Fig. 129,
in which n is even, can be reduced from 2n to n 4+ 2 by combining a ring
having n/2 stages with a single binary stage. In particular, a decade
counter is readily formed by preceding or following a five-stage ring by a
binary stage.® If the binary stage follows the ring, the binary stage is trig-
gered by the output of the ring at the fifth and tenth counts. The count is
indicated by means of ten glow tubes. Glow tubes Gy to G4 are connected,
through high resistances, between the plates of Ty to T4, respectively, and a
tap on the plate load resistor of one of the binary tubes; glow tubes G5 to Gy
are connected between the plates of 7'y’ to 7’5, respectively, and a tap on
the plate load resistor of the other binary tube.

40. Glow-Diode Counting Circuits

40.1. Glow-Tube Binary Stage. When high counting rates are not es-
sential, glow-diode circuits may be conveniently used. The maximum count-
ing rate of glow-tube circuits is limited by time required for the tubes to
deionize. Advantages of glow tubes over vacuum tubes and transistors in
this application are low current drain, low cost, and the fact that no addi-
tional tubes are needed to indicate the count. Although a single glow tube
in series with a high resistance is in itself bistable (Sec. 22), this simple
circuit cannot be used directly as the basis of a counting circuit, since it is
not symmetrical with respect to current magnitudes in the two states of
equilibrium,

A symmetrical four-tube bistable circuit is shown in Fig. 130a. The
operation of the circuit may be explained with the aid of Fig. 130b, in which
Ty and T, are two glow tubes of like characteristics and RB; and R, have
equal values of resistance. If the voltages V have values intermediate be-
tween the breakdown and extinction voltages of the glow diodes, Ty and T
are initially off. Application of a positive pulse to the input terminals
causes T, to fire. The resulting voltage drop across RE; raises the voltage
across To and causes it to fire. If a negative pulse is applied to the input
terminals, T’ fires first, and the drop across R; causes T'; to fire immediately
thereafter.

The circuit of Fig. 130a is formed by combining two of the ecircuits of Fig.
130b and adding a eommutating capacitor C. The resistors Ry and R;
serve only as a voltage divider for the supply voltage. Because of small
differences between individual tubes, application of a positive triggering
pulse to the input of the circuit causes either Ty and T to fire before T,

8 Weissman, loc. cit.
1H. A, Vuylsteke, Electronics, April, 1953, p. 248.
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and 7', or vice versa. Assume that T; and T fire first. The sudden drop
in voltage at junction P is transferred to P’ through € and thus lowers the
voltage impressed across T3 and T, If the time constant R,C is large
enough in comparison with the length of the triggering pulse, T3 and T,
do not fire. Application of a second triggering pulse causes Ts and T, to
fire. The sudden drop in voltage of P’ is transmitted to P through C and
causes Ty and 7> to be extinguished. An n-stage binary circuit is formed
by connecting point P’ of each stage to the input of the following stage.

P;=P2=P3=P4=P5=’/2M =
C=0.00fuf

:
-l- (b)

Fic. 130. (a) Symmetrical bistable circuit using four glow tubes; (b) Two-tube
circuit from which circuit (a) is formed; R; to B5 = % M, C = 0.001 pf.

(a)

In order to ensure that each pair of tubes will not refire after it is ex-
tinguished by the firing of the other pair, the time constant R,C must be
made large in comparison with the deionization time of the tubes. How-
ever, increase in this time constant lengthens the settling time that must
elapse following the application of each pulse before the voltage across C
has changed sufficiently to allow the circuit to respond to the next pulse.
It follows that the maximum frequency at which the circuit will respond
reliably to each pulse is an inverse function of the ionization time.

40.2. Glow-Tube Decade Counter. An interesting ring type of glow-
tube counting eircuit for use at frequencies up to 500 cps is shown in Fig.
131.2 The supply voltage exceeds the breakdown voltage of the neon tubes,
but the supply voltage and the resistance R, are so chosen that, when one
glow tube conducts, the voltage drop through R, is great enough to reduce
the voltage between P and ground below the breakdown voltage of the tubes.
Consequently only one tube conducts at a time. Assume that T, is initially
conducting. The voltage drop across R; caused by the current through T

2J. C. Manley and E. F. Buckley, Electronics, January, 1950, p. 85.
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charges the capacitor Cy with the polarity shown. Application of a negative
pulse to the trigger input terminals reduces the potential of point P below
the extinction potential of the glow tubes, causing T to be extinguished.
The voltage across C; then eauses the potential of the lower terminal of T
to be lower than that of the lower terminals of the other tubes. Conse-
quently, as the input voltage rises toward the end of the triggering pulse,

+V +V
]
R, % )
<> 'QO
) Q0Luf <
220k ¢,
; @
] S |
* 2 Q) &
f‘o 7‘; i tat

= (b)
Fic. 131. (a) Two-stage glow-tube counting circuit; R, = 82 kQ, R, to R, = 68 kQ,

Cy to Cy =001 uf, T, to T, = type NE 96; (b) Low-impedance source of triggering
pulses for eircuit (a).

the voltage across T, reaches the breakdown value before that across the
other tubes, and T therefore fires. The voltage across R» caused by the
current through 7T, charges C, with the right-hand terminal positive, so
that the voltage across T's near the termination of the second triggering
pulse will exceed the voltages across the other tubes and T3 will be left in
the conducting state. Similarly, Cs and C,4 ensure that T4 and T will con-
duet following the third and fourth input pulses, respectively. The function
of the semiconductor diodes D, to Dj is to allow the commutating capacitors
to charge quickly, but to discharge slowly during the triggering pulses.

The circuit of Fig. 131a will funetion with any even number of stages and
may therefore be used as a decade counter if ten tubes are used. The order
in which the tubes fire can be reversed by changing the commutating-capaci-
tor connections so that C; connects from the lower terminal of T'; to the lower
terminal of T4, Cs connects from the upper terminal of T's to the upper ter-
minal of T4, C3 from the lower terminal of T3 to the lower terminal of T,
and C4 from the upper terminal of T to the upper terminal of T3. Thus,
the circuit can be changed from addition to subtraction (Prob. 40.2-1) by
means of a multiple-pole double-throw switch.
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The triggering pulses for the circuit of Fig. 131a may be obtained by
differentiating a step voltage, as explained in See. 3, or by any other con-
venient means, but the impedance of the pulse source should be low in
comparison with the eombined resistance of K, in parallel with one of the
other resistances. Figure 131b shows a circuit by means of which an addi-
tional glow tube may be used in providing a relatively low-impedance source
of pulse voltage.? The auxiliary glow tube T, is normally off, but may be
fired by the application of a positive voltage pulse to terminal 1 or a nega-
tive pulse to terminal 2. The sudden drop in voltage across T is followed
by a flow of current through R,, the 0.01-uf capacitor, and 7,. The addi-
tional voltage drop across R, produced by this current provides the reduc-
tion in voltage at P necessary to trigger the circuit. Reduction of the volt-
age of P below the glow-tube extinction voltage when the next ring-circuit
glow tube fires near the termination of the triggering pulse causes T, to
stop conducting. Because of the relatively high back resistance of the
semiconductor diodes in series with T, very little current is required to
fire T;. The required triggering current can be reduced even further by sub-
stituting a small thyratron in place of the glow tube T, and applying the
triggering pulse to the thyratron grid.

40.3. Semiconductor-Diode Circuits. Much higher counting rates can
be obtained by the use of semiconductor diodes of the proper type instead
of glow tubes in the circuits of Figs. 130 and 131. Any device having a cur-
rent-voltage characteristic similar to that of the glow tube may be used.
Comparison of Figs. 75 and 79 shows that p-n-p-n diodes should be suitable
for this purpose.

41. Counter Circuits Using Starting-Anode Glow Tubes,
Thyratrons, and Switching Transistors

411, Circuits Using Starting-Anode Glow Tubes. Binary and ring
counting circuits may also make use of starting-anode glow tubes, such
as the OA4-G and the 5823. Breakdown of tubes of this type is initiated
by a positive voltage applied to the starting anode. If the voltage between
the main anode and the cathode of the 5823 does not exceed approximately
290 volts, the tube does not break down unless a minimum voltage of 475
volts is also applied to the starting anode, the required starting-anode volt-
age decreasing with the magnitude of the main-anode voltage. The main-
anode extinction voltage is approximately 85 volts.

Figure 132 shows a binary stage making use of two starting-anode glow
tubes.® By means of the voltage divider Rs-R4, the starting anodes of the
tubes are positively biased at a voltage insufficient to cause the tubes to fire.

3 Manley and Buckley, loc. cit.
1H. L. Foote, Communication and Electronics, No. 18, 161 (May, 1955).
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Because of slight differences between the two tubes, one tube will fire before
the other when a triggering pulse is applied to the trigger input terminals.
If T, fires first, the sudden flow of current through R, raises the potential
of the cathode of T;. The abrupt rise in voltage of the cathode of T; im-
mediately initiates current through C; and R and is accompanied by an
equal rise in voltage of the cathode of Ty, which prevents T» from firing.
As Cq charges in the indicated polarity, the current through R. decreases
and the voltage of the cathode of T, falls. If the time constant CiR» is
large relative to the length of the triggering pulse, however, the potential
of the starting anode of T, which is essentially equal to the potential of the

To next
stage

Fig. 132. Symmetrical bistable eircuit using starting-anode glow tubes.

trigger input terminal, falls more rapidly than the potential of the cathode,
and T, does not fire.

After the lapse of a minimum settling time, the cathode voltage of T,
becomes low enough so that application of a second triggering pulse causes
T, to fire. When T, fires, its anode-cathode voltage falls to a value only a
little larger than the extinction voltage (sec Fig. 79). Since the anodes of the
two tubes are at the same potential, the voltage across C; reduces the anode-
cathode voltage of T, below the extinction value, and may make it negative.
If the deionization time of T’y is small in comparison with the time constant
C1R,, the reignition voltage of T rises more rapidly than the applied anode-
cathode voltage and T’y remains off. In a similar manner, a third triggering
pulse again fires T; and extinguishes T's.

As in vacuum-tube binary counting circuits, the output voltage of one
stage is applied to the input terminals of the following stage. The resistors
R; limit the starting-anode eurrent to a safe value, the capacitors Cy being
used to prevent excessive loss of triggering voltage across Ej5 as the result
of starter-capacitance charging current. The resistor 5 and capacitor Cy
may be omitted if R; and the resistance of the triggering-voltage source are
great enough to prevent excessive starting-anode current.
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The maximum frequency at which the cireuit of Fig. 132, and counting
circuits based upon it, can be operated is determined by the deionization
time of the tube. In order to ensure the extinction of one tube when the
other fires, the time constant of the C, and R, or R. must be large in com-
parison with the deionization time. However, increase of this time constant
increases the minimum settling time that must elapse between triggering
pulses, and therefore reduces the maximum frequency at which the cireuit
will respond reliably to each input pulse.

41.2. Ring Circuit Using Starting-Anode Tubes. A ring circuit that
makes use of starting-anode glow tubes is shown in Fig. 133.2 Although

{
W

Fic. 133. Three-stage ring type of counting circuit using starting-anode glow tubes.

three stages are shown in Fig. 133, any number of stages greater than one
may be used. Deionization time of the tubes limits the maximum counting
frequency to a few hundred pulses per sceond.

The applied voltage in the cireuit of Fig. 133 must be insufficient to allow
the tubes to fire in the absence of positive starting-anode voltage. When the
first triggering pulse (positive) is applied, small differences in the individual
tubes cause one tube to fire before the others, and the resulting drop across
the common anode resistor K prevents the other tubes from firing. Assume
that T, is conducting and that the current through the cathode resistors K,
and R, has charged the capacitor C, in the polarity shown. The voltage drop
across R provides a positive bias on the starting anode of T» of insufficient
magnitude to fire T in the absence of a triggering pulse.

If the trigger-pulse amplitude is sufficient to fire T, with the aid of the

2. H. Hough and D. S. Ridler, Electrical Communication, 21, 214 (September, 1950) ;
Foote, loc. cit.
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initial starting-anode bias, but insufficient to fire 7’3 {and other tubes if the
circuit has more than three stages) in the absence of starting-anode bias,
the next input pulse causes 7' to conduct. Because Cy is uncharged at the
instant T fires, whereas C, is charged, the cathode potential of T at the
instant of firing is lower than that of T;. The anode potentials are equal.
Consequently, when the firing of T reduces the tube drop of T to a value
only a little greater than the extinetion voltage (see Fig. 79), the voltage
across T, is reduced below the extinction value and T, is cut off. If the

Fig. 134, Two stages of a thyratron binary counting eircuit.

time constant of C; and associated resistances and capacitances is large
in comparison with the triggering-pulse length, the starting-anode voltage of
T, falls more rapidly than the cathode voltage of T';. If deionization is also
sufficiently rapid so that the reignition voltage rises more rapidly than the
applied anode-cathode voltage, Ty remains off. In a similar manner, the
next pulse fires T3 and extinguishes T's.

41.3. Thyratron and Switching-Transistor Circuits. The circuits of
Figs. 132 and 133 may also be used with thyratrons.* The operation of the
thyratron circuit of Fig. 134 is basically the same as that of Fig. 132, and
the thyratron circuit of Fig. 135 is essentially the same as that of Fig. 133.
Mouch higher counting rates can be attained by the use of switching transis-
tors, such as those discussed in Secs. 19 and 26.4, in place of thyratrons in
the circuits of Figs. 134 and 135 and similar circuits.

42. Multiple-Electrode Glow Counting Tubes

42.1. Tubes with Two Sets of Transfer Electrodes. A number of
special glow tubes have been developed that in effect consist of ten con-
trolled glow tubes in a single envelope, arranged in the form of a ring.

8 C. E. Wynn-Williams, Proc. Roy. Soc. (London), 136, 312 (1932).
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Available tubes have a single main anode, ten main cathodes, and either one
or two sets of transfer, or stepping cathodes, the function of which is to
cause the glow discharge to progress from one main cathode to the next in
response to triggering pulses. The chief problem involved in this type of
tube is that of ensuring that the discharge progresses consistently in the
same direction.

In the type of tube in which two sets of transfer cathodes are used, the
structure of the stepping cathodes is identical with that of the main cathodes,
successive main cathodes being separated by two transfer cathodes.* The

.

Frg. 135. Three-stage ring type of counting circuit using thyratrons.

anode is usually in the form of a cylinder or circular disk, as shown in the
line drawing of Fig. 136.

The basic circuit used with a tube having two sets of transfer cathodes
is shown in Fig. 137. For simplicity only three stages are shown and these
are presented in an open linear array. The explanation of the operation of
the circuit applies to any number of stages, and in tubes designed for count-
ing purposes the array closes upon itself, as in other types of ring counters.
The two sets of transfer electrodes are necessary when all cathodes are
identical, in order to ensure that the glow will advance consistently in the
same direction. This is accomplished by applying a triggering pulse first
to one set of transfer clectrodes and shortly thereafter a similar pulse to
the second set. Thus, if the main cathode K, is initially condueting, the ap-
plication of a negative pulse to the transfer terminal 1 lowers the potential
of the first set of transfer cathodes, ki, k2, and ks, below that of K;. If
the ionization were the same in the vieinity of these three electrodes, the

1J. J. Lamb and J. A. Brustman, Electronics, November, 1949, p. 92; G. H. Hough

and D. 8. Ridler, Electrical Communication, 27, 214 (September, 1950); J. E. Adams
and D. H. Simon, Sylvania Microwave Newsletter, 1, No. 4, 1957.
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discharge could transfer to any one of them, but ionization produced by the
current to K; ensures that the current will transfer to ke. If a negative
pulse is now applied to terminal 2, before the termination of the first pulse,
ionization in the vicinity of ks will allow firing of ke’. At the termination
of the pulse applied to k. current to ke stops. At the termination of the

I
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F1c. 136. Multiple-cathode Fi1a. 137. Circuit for counting glow tube hav-
counting glow tube. (Cour- ing two sets of transfer ecathodes.
tesy of General Telephone

and Electronic Labs., Inc.)

pulse applied to kg, current to ko’ stops, and the resulting reduction of
voltage drop in the anode resistor R raises the voltage of the anode relative
to the main cathodes. Ionization in the vicinity of ks’ ensures that K.
then conducts, rather than one of the other cathodes. Although cathode
resistors are not essential to the operation of this type of tube, they may
be used in series with one or more main cathodes in order to make output
voltage available.

Some tubes with two sets of transfer cathodes are capable of operation at
frequencies as high as 100,000 pulses per second. Typical supply voltages
used with these tubes are of the order of 450 volts, anode currents are of
the order of a milliampere, and output voltages across eathode resistors
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range from 12 to 30 volts. Tubes are available both in small sizes for use
in circuits in which only voltage output is desired, and in larger sizes where
visual indication of the count is also desired.

42.2. Generation of Triggering Pulses for Glow-Tube Circuits,
There are a number of ways in which the required overlapping triggering
pulses can be initiated by single input triggering pulses. One of the simpler
circuits 1s shown in Fig. 138, in which the two sets of transfer electrodes are

+500v.
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o +15v

Fic. 138. Circuit for the generation of overlapping triggering pulses for the two
sets of transfer cathodes.

for simplicity shown as only two individual electrodes. Initially the
triode 7', is biased beyond cutoff. Application of a positive triggering pulse
to the grid of T'» causes it to conduct and lower the potential of the transfer
electrodes k from a potential approximately the same as that of the conduct-
ing cathode to a value intermediate between 15 and 100 volts. The reduc-
tion of plate voltage of T's is followed by a discharge of C and an exponential
drop in the voltage of the second set of transfer cathodes k’. Upon the
termination of the triggering pulse applied to the grid of T, T2 stops con-
ducting, and the 100-kQ resistor prevents the flow of appreciable capacitor
current to k, which consequently stops conducting. A path for &’ current is
provided by the capacitor C, however, which charges up. The potential
of k’ consequently rises exponentially and at some value the next main
cathode fires. The capacitance of C must be large enough to ensure de-
ionization of k before k' reaches 100 volts. Otherwise transfer in the reverse
direction may occur. An input pulse of 30 usec or longer is required.
Another method of obtaining delayed pulses is to apply the input pulse
directly to k and to generate a delayed negative pulse by inverting the
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input pulse and differentiating the trailing edge.? Other, more complicated
R-C or L-C networks may also be used. Figure 139 shows a circuit capable
of operating at frequencies up to 100 ke.
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F1e. 139. Circuit for the generation of overlapping triggering pulses for the two
sets of transfer cathodes.

42.3. The Use of Directional Cathodes to Ensure Commutation. It
is apparent that the requirement of two sets of transfer pulses greatly com-
plicates the circuit for tubes in which two sets of transfer electrodes are re-
quired. However, two sets of transfer electrodes are needed to ensure trans-
fer in the proper direction unless some other mechanism is used to ensure
proper progression. It ecan be seen from Fig. 137 and the explanation
based upon it that, if the second set of transfer electrodes k' is omitted,
the discharge is just as likely to return to K; as to K, at the termination of
a triggering pulse unless the tube itself embodies some mechanism for
favoring transfer in the forward direction. This can be achieved by design-
ing the cathodes so that the glow is restricted to the portion of the cathode
adjacent to the next electrode in the desired direction of advance.® This is
accomplished by the use of a cathode that has a partially enclosed portion

2 Adams and Simon, loc. cit.

3 M. A. Townsend, Electrical Eng., 69, 810 (September, 1950) ; D. S. Peck, Electrical
Eng., 71, 1136 (December, 1952).
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and an open portion. The mechanism of glow maintenance is such that
the glow is concentrated in the enclosed portion.

The structure of a tube containing directional cathodes is shown in Fig. 140.
The glow conecentrates in the .cylindrical portion of the wire cathodes. For
this reason the cathode adjacent to the projecting wire of a conducting cath-
ode is a relatively long distance away from the source of ions, whereas the
cathode adjacent to the helical portion of the conducting cathode is close

Viewing hole
for normal

cathede
Ceramic
support /Na;gma/l
cathode
K 2/ D f \KIO
|}
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anode

Fig. 140. Counting glow tube with directional cathodes. (Courtesy of the Bell
Telephone Laboratories, Inc.)

to the source of ions. Consequently, conduction transfers to the cathode
adjacent to the glow when the adjacent cathode is only about 10 volts nega-
tive relative to the glowing cathode, whereas the cathode on the other side
of the glowing cathode must be made 60 to 80 volts negative relative to the
glowing cathode in order that conduction will transfer to it. If the two
cathodes adjacent to a conducting cathode are both made negative relative
to the conducting cathode by a voltage exceeding 10 volts, transfer in the
forward direction is ensured.

The circuit used with a counting tube of this type is shown in Fig. 141.
The individual cathode resistors are not essential to the performance of the
circuit, but are used to provide output voltage. If K, is initially conducting,
transfer to ke requires that ks be made more than 10 volts negative relative
to ky. Since the voltage of K, falls toward zero as the current to K; falls,
the voltage pulse applied to ks must actually be negative in order to ensure
transfer. Transfer to K, then requires that K, be negative relative to k.
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by at least 10 volts. Because the voltage of K, rises as current starts to flow
to K, the positive voltage applied to k. in order to ensure transfer must be
at least 10 volts plus the voltage drop that will exist across the cathode re-
sistor in series with K, when K; is fully conducting.

In ring counting tubes of this type an alternative way of obtaining an
output voltage at the termination of one series of input pulses (at the tenth
pulse in a decade tube) is by means of an auxiliary anode adajcent to num-
ber-ten cathode. This anode conducts only when number-ten cathode con-
ducts. A cireuit by means of which an exponential output pulse is obtained
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Fia. 141. Circuit for a counting glow tube with directional cathodes.
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from the auxiliary anode when the tenth cathode fires is shown in Fig. 142.
The auxiliary anode may also be used to reset the tube to zero following
any number of input pulses. This is accomplished by applying a high
negative voltage to the auxiliary anode, whiech then acts as cathode, the
discharge transferring to the tenth cathode upon removal of the voltage.
The structure of the tube may be considerably simplified if output is ob-
tained from only one cathode or from an auxiliary anode, since most or all
of the cathodes may then be connected to a single cathode lead.

42.4. Performance of Directional-Cathode Tubes. The circuit simpli-
fication achieved by the use of directional cathodes is accompanied by a
reduction of the maximum frequency of operation. The frequency is lim-
ited by the time required for deionization to take place in the vicinity of a
cathode after interruption of current. If K, is initially conducting, it may
refire following the application of a triggering pulse if the residual ion
density remaining in the vicinity of K; from its initial conduction exceeds
the ion density in the vicinity of K, produced by conduction of k;. The
tube illustrated in Fig. 140 has a maximum frequency limit of 2000 to 2500
pulses per second. This frequency can be extended to about 12,000 pulses
per second by shunting the individual cathode resistors of the circuit of
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Fig. 141 with capacitors. The maximum frequency of operation is reduced
by use of the auxiliary anode, since additional time is required for break-
down to take place to this electrode after breakdown to the tenth cathode.

The anode-to-cathode breakdown voltage of the tube of Fig. 140 is in the
range of 180 to 300 volts, and the extinction voltage (minimum maintaining
voltage) is about 110 volts. The anode current is of the order of 1 to 3
ma. The output voltage obtainable from a cathode resistor is limited to
about 45 volts, larger voltage causing direct transfer from a conducting
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F1c. 142, TUse of an auxiliary anode to obtain an output pulse when the tenth
cathode conducts.
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cathode to one of the adjacent main cathodes without conduction of the
intervening transfer cathode. Pulse durations of the order of a millisecond
are required to ensure transition.

43. Multistable Magnetrons

43.1. Negative-Resistance Magnetrons. It has long been known that
negative resistance is observed in split-anode magnetrons, which consist of
a cylindrical cathode, surrounded by two hemicylindrical anodes, operated
in a magnetic field parallel to the axis of the structure, as shown in Fig. 143.
If both portions of the anode are at the same positive potential relative to
the cathode, electrons that leave the cathode move in cycloidal paths under
the action of the combined electric and magnetic fields. At low ratios of
magnetic flux density to anode voltage, most of the electrons strike the
anodes and anode current flows in the external circuit. If the ratio of flux
density to anode voltage exceeds a critical value, however, the electrons
do not strike the anodes, but return to the cathode. The ecritical ratio at
which the electrons graze the anode surfaces and the anode currents are
exactly at cutoff is called the cutoff ratio.



184 FUNCTIONAL CIRCUITS AND OSCILLATORS
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Fic. 143. Basic structure of a split-anode magnetron.
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F1c. 144. Electron paths in a split-anode magnetron (a) when the two anode seg-

ments are at the same potential; (b) and (c¢) when the potential of one anode seg-

ment is considerably lower than that of the other; (d) photograph of electron paths
made visible by ionization of gas.
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Figure 144a shows the path of an electron when both anode segments
are at the same voltage, the value of which is below the cutoff value. Figures
144b and 144c show the paths of electrons leaving opposite sides of the
anode when the potential of one anode segment i1s reduced considerably
below that of the other. It is apparent from Fig. 144 that the anode seg-
ment which is at the lower potential conducts. The general form of a
typical curve of current to one anode segment vs. voltage of that segment
when the voltage of the other segment is maintained constant at a value
below the cutoff value is shown in Fig. 145. It is apparent from the form of
this curve that a bistable circuit
should result from the ‘introduction i
of a sufficiently high resistance in
series with either anode segment.
If the supply voltage is high enough,
the lower stable value of current is

zero.
If equal resistances are used in
series with both anode segments, the | T |
circuit has three stable conditions of 0% 0 05 10
vi/ve

equilibrium, corresponding to zero
current to both anode segments and Fic. 145. General form of the current-
zero current to either segment and  voltage characteristic of one anode seg-
high current to the other. A fourth ment.

equilibrium state, in which current

flows to both anode segments, does not exist, since the ratio of anode volt-
age to flux density is such that the tube is cut off unless the voltage of one
segment is lower than that of the other. It was shown that current then
flows only to the segment that has the lower voltage. Transition from one
equilibrium state to another can be initiated by suitable triggering voltages
applied to one or both anode segments.

Because of the complication, weight, size, and cost resulting from the need
of a permanent magnet for each tube, two-anode magnetrons have not been
developed for use in counting circuits. However, the principle of operation
of split-anode-magnetron bistable circuits can be readily extended to tubes
having more segments. The relatively small size and simple structure of a
decade ring counting tube of this type more than compensates for the dis-
advantage of a peramanent magnet.

43.2. Magnetron Decade Switching Tube. The structure of one type
of magnetron decade switching tube is shown in Fig. 146a.! 1In this tube
the simple, segmented, cylindrical anode structure has been replaced by ten
“spades” surrounded by a cylindrical anode. The spades serve the same

18, Kuchinsky, I.R.E. Convention Record, Part 6, p. 43, 1953.
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function as the two segments of a split-anode tube, but the combination
of the spade shape of these electrodes and the presence of the cylindrical
outer anode produces a desirable shaping of the electric field. Figure 146b
shows the equipotential lines and the electron beam when one spade is at
zero potential and all other spades and the anode are at the same higher
potential. Because the equipotential lines are nearly parallel to the sides
of the spades, the beam moves parallel to the sides of the spades and a large
fraction of the electrons strike the anode. If the anode contains a slot at
the point where the electrons reach the anode surface, many electrons pass
through the slot and may be collected by a target electrode beyond the
anode. The advantage of this arrangement is that the current to the low-
potential spade is nearly independent of the target potential. Hence, the
switching action from one spade to another is not affected by changes of load
in the target circuits, from which output is obtained. Furthermore, the
target current is almost independent of target voltage over a wide voltage
range.

If suitable resistances are used in series with each spade and a common
anode supply, there are eleven stable states of equilibrium. In the sym-
metrical state, all spades are at supply potential and no current flows to
any spade. In the other ten states, current flows to one spade, the voltage of
which is maintained low by IR drop. When the supply voltage is first
impressed upon the spade circuit, the symmetrical state of equilibrium is
assumed. Any spade may be made to conduct by depressing its voltage
momentarily. Subsequent application of a negative voltage pulse to all
spades or the anode or a positive pulse to the cathode causes the beam to
advance in the direction in which the magnetic field causes the electrons
to rotate about the cathode. The number of spades by which the beam
advances depends upon the length of the pulse. If the pulse is too short,
the beam returns to its initial position. If the pulse is too long, it may
cause the beam to move through two or more positions. Consequently, in
counting applications the triggering pulse must be carefully shaped. The
speed at which switching can be accomplished is limited by the time con-
stant of the spade capacitance and the series spade-circuit resistance. The
mechanism of switching will be explained in Sec. 43.4.

In most applications of the magnetron decade switching tube, nine of
the spade circuit resistors are connected only to the spade voltage supply
and may therefore be mounted within the tube, a single lead sufficing for
connection to the supply. The other spade resistor may also be mounted in-
ternally, but a separate lead to this resistor is necessary in order that the
beam may be set to the zero position initially. If an output pulse is re-
quired only for each ten input pulses, only one target is required. As few
as six tube leads may then be used. If an output indication must be ob-
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STATIC FIELD PLOT
AND
ELECTRON BEAM FORMATION

Fic. 146. (a) Structure of a magnetron decade switching tube; (b) static field plot
and electron-beam configuration. (Courtesy of Burroughs Corp.)
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Fig. 147. (a) Basic cireuit of a six-lead magnetron decade counting tube; (b) circuit
incorporating means for resetting to zero.

tained after each pulse, ten targets are required and fifteen leads are neces-
sary. In some applications it may also be necessary to provide a lead for
each spade. Internal mounting of the resistors not only reduces the number
of leads required, but also increases the reliability of the resistors and re-
duces the spade capacitances and thus increases the switehing speed. The
circuit of a six-lead counting tube is shown in Fig. 147a. The triggering
pulses used for this eireuit should have an amplitude approximately equal
to the positive supply voltage and a duration of 0.3 usec. The circuit can
operate at frequencies up to the order of a million pulses per second.

The beam cannot be reliably reset to the zero position merely by the ap-
plication of a negative reset voltage to the zero spade. The reason for this
is that the beam is unaffected by the voltage of a spade lying on the op-
posite side of the cathode. Reliable resetting requires that the spade
supply voltage be momentarily lowered sufficiently so that all spade cur-
rents are cut off and that the zero spade be maintained at a low voltage
during or immediately following reapplication of the spade supply voltage.
One simple circuit by means of which this is accomplished is shown in Fig.
147b. Closing of the switch, which is normally open, reduces the voltage of
the zero spade to zero and reduces the voltage of all other spades to half
the supply voltage. The capacitor charges to a voltage equal to half the
supply voltage. When the switch is opened, the voltage of all but the zero
spade rises to the supply voltage, but the voltage across the capacitor pre-
vents the voltage of the zero spade from rising initially above half the
supply voltage. The beam therefore forms to the zero spade when the
switch is opened.
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43.3. Modifications of Magnetron Switching Tube. Another useful
modification of the magnetron decade switching tube is shown in Fig. 148.
This tube has four eylindrical targets, which are assigned the code num-
bers 1, 2, 4, and 8, respectively. At each beam position the holes in the
anode are such that electrons strike a different combination of targets.
Thus, in the zero beam position there are no holes in the anode, and current
does not flow to any target. In the 1 position, current flows to target 1; in

@.sunu
Fia. 148. Magnetron decade switching tube that provides binary-coded cutput.

the 5 position, current flows to targets 1 and 4; in the 7 position, current
flows to targets 1, 2, and 4; ete. In this manner, binary-coded output is
obtained from the tube.

Magnetron decade tubes may also be used for signal switching. Up to
25-percent modulation of the beam current may be produced by modu-
lating voltages applied to the cathode, to the individual spades, or to two
or more spades. A tube in which all spade leads and all target leads are
individual may therefore be used to switch two or more input signals to a
single output terminal or a single input to two or more output terminals.

43.4. Mechanism of Switching. Some insight into the switching mecha-
nism can be gained from the curves of Fig. 149.2 The lower curve of Fig.
149 is a typical curve of current to any spade as a function of the voltage
of that spade when all other spades are at supply potential. It therefore
applies to a spade that is in the conduecting state of equilibrium. The upper

2 J. Bethke, Electronics, April, 1956, p. 122.
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curve is the plot of the current to any spade as a function of the voltage
of that spade when the adjacent lagging spade (lying in the direction op-
posite to that of beam advance) is at zero potential relative to the cathode
and all other spades are at supply potential. It applies to the spade to
which it is desired to switch the bearn from the adjacent conducting spade.
Thus, if the beam terminates on the k spade, the lower curve applies to
the k spade and the upper curve to the & 4 1 spade. For spade load resist-
ance B and supply voltage V, corresponding to the solid load line, points
1 and 2 correspond to stable equilib-
rium values of current to the k spade.
Since the k spade is assumed to be
conducting, the current has the value
corresponding to point 2. (Point 1
corresponds to the state in which no
spades conduct.) The stable point
for the k + 1 spade is 1.

If the voltage applied to the k 4+ 1
spade circuit is reduced sufficiently
to displace its load line to the left
beyond the point of tangency with
the upper curve, as indieated by
the dotted line of Fig. 149, current
to the k + 1 spade will increase

Spade current

3

k spade
{ condlucting )

Spade volfage

Fi1c. 149. Current-voltage characteristic

of the conducting spade (lower curve)

and of the spade next in advance of the
conducting spade (upper curve).

very rapidly toward the value at
4, in the manner explained in Sec.
25* As the current to the k& 41

spade increases, the beam advances
toward this spade and the upper curve decreases in height, assuming
the form of the lower curve when the beam reaches the k + 1 spade. If
the supply voltage of the k + 1 spade is still depressed, the equilibrium
current to the k + 1 electrode assumes the value at 4’ and subsequently
rises to the value at 2 when the triggering voltage is terminated. If the
triggering voltage is in the form of a short pulse, on the other hand, the
current may assume the value at 2 without passing through that at 4’.
Like circuits making use of other types of negative-resistance devices,
the magnetron circuit has more than one stable state of equilibrium only if
the load line interseets the lower curve in more than one point. If the
spade load resistance is too low, the load line intersects the lower curve
only at point 1, and the only stable state of equilibrium is that in which
all spades are cut off. Physically, this means simply that the IR drop in
the spade resistors is insufficient to depress the spade voltage to the point
where electrons strike the spade in sufficient numbers to maintain the cur-

* Anode-voltage change displaces the curves, instead of the load line.
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rent. Increase of spade circuit resistance decreases the amount by which
the load line of the k 4+ 1 spade must be displaced in order to initiate transi-
tion of current to that electrode. At very large values of resistance the re-
quired triggering voltage may be so small that random noise initiates transi-
tion. The beam will then advance spontaneously from spade to spade at a
rate determined by the spade-cireuit time constant,.

43.5. Triggering Grids. The necessity of limiting the length of the
triggering pulse in order to prevent the beamn from advancing by more than

Spade (Beom- Target ( Output
forming & Jecking electrode and
element) magnet)

(odd)

Cothode )2 @ Switching grid
D2 ¥ o

4o 10)
Shield grid- @ L Switching grid

(even)

Cross section

F1g. 150. Structure of a magnetron decade switching tube incorporating triggering
grids. (Courtesy of Burroughs Corp.)

one spade may be prevented in tubes that are provided with triggering grids.
These grids may consist of straight wires adjacent to the spades, as shown
in Fig. 150.°* An additional difference between the structures of Figs. 146
and 150 is the omission of the cylindrical anode in the latter, made possible
by proper shaping of the target electrodes. As in the tube of Fig. 146, the
target and spade currents are nearly independent of target voltage over a
range of target voltage from 14 volt to the maximum rated target voltage.

Under standby conditions, the grids of the tube of Fig. 150 are operated at
a positive biasing voltage intermediate between the cathode and spade volt-
ages. If the voltage of the grid adjacent to the conducting target is reduced,
or if the voltage is made negative, the upper curve of Fig. 149 is altered
as shown by the dashed curve. A negative increment of grid voltage suffi-
cient to raise the tail of the characteristic above the point of tangency with

2 Bethke, loc. cit.
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the load line causes the current to the leading spade adjacent to the conduct-
ing spade to rise abruptly to the value at point 2’ and thus allows the beam
to advance. As the beam advances from the initially conducting spade to
the leading adjacent spade, the upper curve falls, assuming the form of the
lower curve when the beam has advanced to the leading spade. During
this transition the current to the leading spade falls to the equilibrium value
at point 2. If the negative increment of grid voltage is applied simultane-
ously to all grids and is maintained for a longer time than that required
for the beam to advance by one spade, a similar process will cause the beam
to advance to the next spade. In this manner the beam will continue to
advance from spade to spade, at a rate determined by the time constant
of the spade circuits, until the voltage of the grids is again raised to the
standby value.

The beam may be prevented from advancing by more than one spade at
a time without limitation of the triggering pulse length by applying the
triggering voltage alternately to all grids adjacent to the even-numbered
spades and to all grids adjacent to the odd-numbered spades. This may be
accomplished by connecting all even-numbered grids to one plate or col-
lector of an Eccles-Jordan bistable circuit and all the odd-numbered grids
to the other plate or collector and using the input pulses to trigger the
Eccles-Jordan cireuit.

Visual indication of the elapsed count may be obtained by means of small
neon tubes, in series with suitable current-limiting resistors, shunted across
either the spade load resistors or the target load resistors. Connecting the
glow tubes to the targets is preferable, since the increase of spade capacitance
increases the spade-circuit time constant and thus reduces the speed of
transition when the glow tubes are connected to the spades.

44. Multistable Electrostatic-Deflection Tube

44.1. Current-Voltage Characteristic. A current-voltage characteristic
having many regions of negative slope can be obtained by means of a
beam-deflection tube shown in basic form in Fig. 151. A rectangular elec-
tron beam produced by a suitable electron gun passes between a pair of
electrostatic deflection plates and strikes a masking electrode containing a
series of equally spaced apertures. The electrons that pass through the
apertures strike the anode and thus cause current to flow in the anode cir-
cuit. It is apparent that if the potential of one or both deflection electrodes
is varied, the beam will be swept across the apertures and the anode cur-
rent will vary in the manner indicated by the curve of Fig. 152a. The
addition of a tapered horizontal slot below the rectangular apertures adds a
component of anode current that increases continuously with deflection volt-
age and thus changes the curve of anode current vs. deflection voltage to the
form shown in Fig. 152b.
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The anode eurrent is practically independent of anode voltage over a wide
range of anode voltage, but depends almost entirely upon the percentage of
the beam that passes through the mask electrode. Consequently, if one of
the deflection electrodes is tied to the anode, as shown in Fig. 153, the

Electron gun

Fia. 151. Basic electrode structure of a beam-deflection tube.

curve of anode current vs. anode voltage is identieal in form with the curve
of anode current vs. deflection voltage. It follows from prineiples diseussed
in Sees. 23 and 24 that the circuit can be made multistable by the addition
of sufficient anode circuit resistance so that the corresponding load line in-
tersects the characteristic curve in more than one point, as shown in Fig. 154.
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Fic. 152. Anode current of the tube of Fig. 151 vs. deflection-plate voltage (a)
when the mask has only rectangular apertures; (b) when the mask also has a
tapered slot.

Because of the tilt of the characteristic, the voltages of the various stable
points can be made to differ by approximately equal increments.

Each stable equilibrium point of the current-voltage diagram corresponds
to a stable equilibrium position of the electron beam in which a portion of
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the beam passes through one of the apertures and strikes the anode. Any
departure of the beam from this position changes the anode current and
therefore the IR drop in the anode load resistance. The resulting change
of deflection voltage is such as to tend to return the beam to its equilibrium
position.

Reset /Jﬁoa/i Mask

Fic. 153. Multistable cireuit based upon the beam-deflection tube of Fig. 151.

442, Mechanism of Commutation. If the beam is in an equilibrium
position and the voltage Vg of the left deflection electrode is slowly in-
creased, the beam is displaced to the right, more electrons are intercepted
at the edge of the aperture, and the anode current is decreased. The result-
ing reduction in IR drop in the anode load resistance raises the voltage Vg
of the right deflection electrode and thus limits the displacement of the beam
to a very small amount. A slow change of V;; therefore does not displace
the beam to a different aperture.

Anode current I,

Anode voltage V,

Fic. 154. Current-voltage diagram for the circuit of Fig. 153, showing several points
of stable equilibrium.

If the voltage V2 is increased abruptly, on the other hand, the capacitance
C, of the right deflection electrode and the anode tends to maintain the
voltage of those electrodes constant. When the time constant RC; is large
in comparison with the rise time of the voltage inerement AV, the accom-
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panying change of V4 is much smaller than AV, and the beam displace-
ment is nearly as great as it would be if V4 remained constant. The beam
may therefore be displaced to the vieinity of another equilibrium position
by a sudden increment of V4. In order that the beam will remain in the
new equilibrium position, the triggering voltage must be terminated so
slowly that V,; can change nearly as rapidly as Vg Otherwise the beam
may be returned to its original position (or to an intermediate position if
it was displaced by more than one step) during the fall of V.

The effects of slow and rapid changes of V42 can also be explained by
means of the current-voltage diagram of Fig. 154. Since the position of
the beam is equally dependent upon the voltages of the two deflection elec-
trodes, increasing the positive voltage of the left deflection electrode in the
circuit of Fig. 153 displaces the characteristic of Fig. 154 to the right by
an amount equal to the voltage inecrement. If the operating point is initially
at 1 and the voltage Vg is slowly inereased, the operating point remains

Static lead line Dynamic load
line

Anode current

Anode volfage

Fic. 155. Current-voltage diagram used to explain the mechanism of commutation
in the cireuit of Fig. 153,

on the same section of the characteristic as the characteristic moves to the
right. The anode voltage rises and the anode current falls as the point
moves to the right along the static load line.

The fact that the anode voltage remains essentially constant when the
anode current changes rapidly and the time constant RC, is large means
that for rapid changes of current, the dynamic load line approximates a
vertical line through point 1 during a rapid change in V4. In Fig. 155 the
initial position of the characteristic is shown solid and the initial equi-
librium point is assumed to have been at 1. The voltage V4. has been in-
creased abruptly by an amount slightly less than the difference in voltage
between two equilibrium points at the initial value of Vge. Immediately
following the change in Vg4 the new operating point is 3. Since this point
does not lie on the static load line, change in V;p is followed by a gradual
change of the operating point from 3 to 4 as the capacitance C; discharges
and the anode voltage falls to the static equilibrium value. If V;o is now
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decreased slowly, the dashed characteristic gradually moves to the left along
the static load line and the equilibrium point moves to 2.

It is seen that the magnitude of the triggering voltage required to ensure
transition of the beam by one step is any value that causes the next positive-
slope section of the characteristic to intersect the vertical dynamic load
line. If the initial intersection is near the center of a positive-slope section,
the pulse amplitude may lie in the range equal to the differences between two
adjacent equilibrium voltages plus or minus approximately one-fourth this
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Fic. 156. (a) Structure of the multistable beam-deflection tube; (b) Complete
decade counting circuit based upon this tube.

difference. If the pulse is too small, the beam will return to its original
position; if it is too large, the beam may be advanced by more than one step.

44.3. Practical Tube. A commercially available tube of this type, the
Amperex 6370, has ten stable equilibrium positions of the beam so that it
may be used in decade counting circuits.! The anode is provided with holes
in order that a portion of the beam may pass through the anode and impinge
upon a fluorescent screen on the inner surface of the tube envelope. Num-
bers from 0 to 9 on the screen give a direct indication of the count.

Some means must be provided to return the beam to the zero position,
corresponding to the highest-voltage intersection of the static load line
with the characteristic, when the tenth triggering pulse is impressed. This
may be accomplished by means of a reset anode beyond the 9 aperture.
The tenth input pulse causes the beam to strike this electrode, and the re-
sulting voltage drop in reset-anode load resistance is used to trigger a mono-

1 Irwin Rudich, I.R.E. Convention Record, Part 3, p. 74, 1954.
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stable Eccles-Jordan pulse-forming circuit of the type to be discussed in
Sec. 55. The complete circuit is shown in Fig. 156b. The pulse circuit
provides an output pulse for the next stage and also impresses a negative
voltage upon a grid that forms a portion of the electron gun. Cutting off of
the electron beam by this grid reduces the anode current to zero and raises
the anode voltage to the supply value. The eapacitance C4, which may be
simply the anode and deflection-electrode capacitance, prevents the anode
and deflection voltage V4 from falling instantaneously, and hence the beam
forms in the zero position at the termination of the grid pulse.

The general arrangement of the various electrodes of the Amperex 6370,
including those essential to beam formation, shielding, and the prevention
of the effects of secondary emission, is shown in Fig, 156a.

45. Analysis of Negative-Resistance Circuits Containing
both L and C
45.1, Generalized Equivalent Circuits. In Secs. 23 to 25 it was shown
that any single-port device that has a negative static resistance in a portion
of its operating range may be used as the basis of a bistable or multistable

I i

| I

Voltage : Current - :
stable : stable !
resistance : resistance !
! |

F1a. 157. Simplified equivalent eircuit that can be used in the analysis of circuits
based upon (a) a voltage-stable negative-resistance element; (b) a current-stable
element.

circuit. It will now be shown that such a device may also be used to form
astable circuits (relaxation oscillators), monostable circuits (single-pulse
generators), and sine-wave oscillators. Later sections will treat these cir-
cuits in detail and will include explanations of the physical mechanism
of operation of particular tube and transistor circuits.

Figure 157 shows two simplified equivalent eircuits to which it is possible
to reduce all practical bistable, astable, monostable, and sine-wave negative-
resistance circuits. Although the two circuits of Fig. 157 are in most re-
spects equivalent mathematically, the circuit of Fig. 157a is not adequate
when the negative-resistance element is current-stable, because the cireuit
does not take into account the internal series inductance of the element that
is essential to the transition process of bistable circuits (See. 24). Similarly,
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the circuit of Fig. 157b is not adequate when the negative-resistance element
is voltage-stable, since it neglects the internal shunt capacitance of the
negative-resistance element that is essential to the transition process.
Comparison of the cireuits of Fig. 157 with those of Figs. 84 and 86 shows
that the former may be formed from the latter by the addition of the
inductance L to the circuit of Fig. 84 and of the capacitance C to the circuit
of Fig. 86. The bistable circuits of Figs. 84 and 86 are, therefore, merely
simplified forms of the more generalized circuits of Fig. 157. The capaci-
tance C of Fig. 157a and the inductance L of Fig. 157b may, of course, also
be assumed to include additional shunt circuit capacitance and series cir-
cuit inductance not present in the negative-resistance elements. In most
circuits, however, the additional capacitance or inductance is negligible
and will econsequently be assumed to be absent.

45.2. Analysis of Equivalent Circuit Having Voltage-Stable Element.
If the static current-voltage characteristic of the voltage-stable resistance
of Fig. 157a is assumed to be of the idealized form shown in Tig. 83, applica-
tion of the network laws and elimination of the voltage v by means of Eq.
(26) leads to the following differential equation:

[2+(1 +R) +R+R”]' R (69)
P \RLC RLC R.LC T LC &

in which R, is the reciprocal of the slope of that section of the static voltage-
stable current-voltage characteristic in which operation is occurring, I’ is
the current at the intersection of the current axis with the extension of that
section of the characteristic, and p represents the time derivative.

The solution of Eq. (69) is oscillatory if the following relation is satis-
fied (see Prob. 45.2-1):

— > R 70
\/C Rw + \/L > \/C Rn ( )

The solution is then written most conveniently in the following form:

i=e(Adsinwt + Beoswl) + I, = A'e* sin (wt + 6) + I, (71)

in which 4 and B or A’ and ¢ are arbitrary constants and

_ 1(1 R)_ \/ \/ER) )
=3 t1) "~ Wem I 2

R+ Ru
- - _ 73
w = + RiLC o (73)
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Vi+ I'Ryy
I, = ——o (74)
R + Riv

By geometry, I, may be shown to be the value of the current 7 at the inter-
section of the static load line corresponding to the resistance R with the section
of the current-voltage characteristic over which operation is taking place.
Consequently, the complete solution consists of an oscillation superimposed
upon the static equilibrium current 7,. Equations (71) and (72) show that,
if R;, is positive, the amplitude of oscillation decays and the current ap-
proaches the stable value I,. If R;, is negative, however, as it is in the middle
section of the current-voltage characteristic, the amplitude of oscillation may
decrease, remain constant, or increase, depending upon whether the magni-
tude of v/L/C (1/R;,) is less than, equal to, or greater than \/C/L R, re-
spectively.

The solution of Eq. (69) is exponential if either of the following relations

1s satisfied :
6R < Z ! + 2 (75)
L CR;,

e L 58)

The solution is then written most conveniently in the following form:

or

I = A’elatot 4 prela—eht 4 1. (76)
in which
R + Riv
! = 2 77
o \/ * T RuLC e

If the first two terms of Eq. (76) both decay, the intersection of the load
line corresponding to the resistance R with the section of the static current-
voltage characteristic over which operation is taking place is stable, and
the current returns to the value at this point following any disturbance of
the circuit. If either the first or the second term grows, however, the inter-
section of the load line with the characteristic is an unstable point of equi-
librium. If the current has this value initially, any disturbance of the ecir-
cuit causes the current to depart from this value exponentially.

It is possible for the circuit parameters and initial conditions to be such
that the two exponential terms are of like sign and that one is initially large
but decays rapidly, whereas the other is initially small but grows rapidly.
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Under these conditions the current will first change in one direction with a
decreasing rate of change, pass through a maximum or minimum, and then
change in the other direction at an increasing rate. In any case, however,
if either exponential term grows, the current will eventually increase in
magnitude and will eontinue to do so unless the inereasing current magnitude
causes a change in one or more of the circuit parameters.

Whether the exponential terms of Eq. (76) decay, remain constant, or grow
depends upon the sign of «, and upon whether ' is larger or smaller than |«f.
The sign of a depends in turn upon whether the magnitude of \/L/C (1/R;,)
is larger or smaller than v/C/L R, i.e., upon whether |R;,RC/L/| is less than
or greater than unity. The magnitude of o’ relative to a depends upon the
magnitude of R;, relative to R, i.e., upon whether E;,/R is smaller than or
greater than unity. Table VII shows the ranges of the parameters over

TaBLe VII RaNGES oF PARAMETERS IN WHICH THE EXPONENTIAL TERMS OF
Eq. (76) Grow anD DEcay

R, RC , , 1st 2nd
R | Ry ||Ru/R| ‘ A ' a o et la—w ] term
>0 | >0 <0 | <|e| <0 <0 | Decays | Decays
>0 | <0 <1 <1 >0 | >al >0 <0 | Grows | Decays
>0 <0 <1 >1 <0 | >|al >0 <0 | Grows | Decays
>0 | <0 >1 <1 >0 | <|al >0 >0 | Grows | Grows
>0 | <0 >1 >1 <0 | <lal <0 <0 | Decays | Decays
>0 | <0 1 1 0 0 0 0 | Con- Con-
stant stant
<0 | <0 >0 | <lal >0 >0 | Grows | Grows

which the exponential terms of Eq. (76) grow and decay. The ranges of the
parameters throughout which the varying component of current in a voltage-
stable circuit has the form of a growing oscillation (G.0.), a damped oscilla-
tion (D.O), a growing exponential (G.E.), and a decaying exponential (D.E.)
are shown in Fig. 158 (Prob. 45.2-2).

Constant-Q contours may be added to Fig. 158 by use of the relation

2 2
s (9N _4-@-vy
¢ - (2a) 4z + y)? @

in which z and y are the abscissas and ordinates, respectively, of Fig. 158. For
a constant value of ¢, Eq. (78) is that of an ellipse with axes along the lines
z=yandz = —y.
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R=-2L/R;, C

R=L /Ry, C
a=Q

| Decaying exponential

L | Decaying oscillation
ying

1 Growing oscillation [:] Growing exponential

Fic. 158. Diagram showing the parameter regions in which the currents and voltages
in the circuit of Fig. 157a are oscillatory with growing or decaying amplitude, and
the regions in which they are exponential, under the assumption that all parameters
are constant.

45.3. Analysis of Equivalent Circuit Having Current-Stable Element.
A similar analysis of the eircuit of Fig. 157b under the assumption that the
static current-voltage characteristic of the current-stable negative-resistance
element is of the form of Fig. 85 leads to the following differential equation:

[ +( 1 +Ric> R+Rn] V. I'Ra
P T \rc

= +
RLC RLC RLC
in which R;. is the reciprocal of the slope of that section of the current-stable
static characteristic in which operation is taking place, and I’ is again the
current at the intersection of the current axis with the extension of that sec-
tion of the characteristie.

(79)
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-4 4

U7 Decaying oscillation

1 Growing oscillation [ 1 6rowing exponential

| Decaying exponential

Fia. 159. Diagram showing the parameter regions in which the currents and voltages

in the circuit of Fig. 157b are oscillatory with growing or decaying amplitude, and

the regions in which they are exponential, under the assumption that all parameters
are constant.

The solution of Eq. (79) is also given by Egs. (71) and (76), but «, w, o/,
and I, are now given by the following relations:

_ 1(1+Ric)_ 1 (\/Z1+\/5R) 50)
“7 ¢ L) T T ovic\WCR L

Ri.. + R
w =+ \/; —a? (81)

RLC
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Ric +—I€
r 2 . _C 82
o= \/ “ T TRIC (82)
Ve+ I'Ry,
p = ——————— (83)
R + Ric

A table similar to Table V may be constructed for the current-stable cir-
cuit (Prob. 45.3-1). The types of behavior of the circuit in the various
ranges of the circuit parameters are shown by Fig. 159.* Reference will
be made to Figs. 158 and 159 in sections that follow.

45.4. Oscillatory, Multistable, Astable, and Monostable Operation.
The foregoing analysis is based upon the assumption that E; is constant.

It therefore gives no direct indication of
L the effect of change of magnitude or sign

' of B;. In any actual circuit, E; is a fune-

_l_ tion of voltage and current and conse-

R C Ry quently it changes in magnitude and may
T change in sign over the range of operation.

These changes have very important effects
Fic. 160. Single equivalent cir- upon the behavior of the circuit, as might
cuit equivalent to the two cir- be surmised.
cuits of Fig. 157, When the circuit values are such that
the linear analysis predicts an oscilla-
tion of growing amplitude, one effect of nonlinearity is the limitation of
amplitude of oscillation. This phenomenon will be discussed in detail in
Secs. 74 and 83. It has already been shown in Secs. 23 to 25 that the exist-
ence of adjacent regions of the current-voltage characteristic in which R;
is alternately positive and negative makes possible multistable circuits.
Two other useful types of operation that depend upon nonlinearity of the
current-voltage characteristic are astable operation and monostable opera-
tion.
In astable operation (relaxation oscillation) the circuit values are chosen
so that the load line intersects the current-voltage characteristic only in the

* It is of interest to note that Egs. (80) to (81) differ from Eqs. (72), (73), and (77) only
in that R;, in the latter is everywhere replaced by R in the former, and R in the former is
replaced by Ry in the latter. TFor this reason the variational behavior of both the voltage-
stable circuit and the current-stable circuit can be determined from the single equivalent
circuit of Fig. 160, and the two diagrams of Figs. 158 and 159 can be combined into a single
diagram plotted in coordinates of +/C/L Rs; vs. /L/C (1/R;). For the voltage-stable
circuit R, represents the resistance R, and R, represents the resistance R;, of the negative-
resistance element; for the current-stable circuit R, represents R; and R, represents E.
The constant component of current I, can be found from the static current-voltage charac-
teristic and the load line.
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negative-resistance range. (An exception will be discussed in Secs. 46.2
and 57.2,) If the values are also chosen so that the linear analysis predicts
that operation corresponding to this point lies in a growing-exponential
region of the diagram of Fig. 158 or 159, this point is unstable and the cir-
cuit currents and voltages cannot be constant. In Sec. 46 the currents and
voltages in astable operation will be shown to change in such a manner that
the current through the negative resistance varies periodically over a range
extending from one positive-slope branch of the current-voltage charac-
teristic into the other branch. The change in sign and magnitude of R;
causes the currents and voltages to alternate between growing-exponential
and decaying-exponential form.

The periodic voltages and currents obtained in astable circuits have a
wide variety of forms, including rectangular, triangular, and quasisinusoidal.
The useful properties of relaxation osecillators include their ability to gen-
erate nonsinusoidal waves of desired form, the high harmonic content of
their voltages and currents, their susceptibility to tuning and modulation
by means of a direct voltage, and the ease with which the frequency of
oscillation can by synchronized to a control voltage of frequency approxi-
mating a multiple or submultiple of the natural frequency of oscillation of
the circuit. Astable circuits will be discussed in detail in Secs. 47 to 54 and
in Secs. 57 to 60.

The operation of monostable eircuits is similar to that of astable circuits.
As in astable circuits, the circuit values are such that the load line can in-
tersect the current-voltage characteristic in only one point, but the inter-
section must lie in one of the positive-slope regions. This intersection cor-
responds to a stable state of equilibrium. Application of a suitable trigger-
ing pulse to the circuit carries the operating point into the negative-slope
range. The currents and voltages then vary in a manner similar to that in
astable eircuits, but only a single pulse of voltages and currents is obtained,
the operating point returning to the stable intersection. Monostable cireuits
will be discussed in Secs. 55 to 58.

46. Graphical Analysis of Astable and Monostable Circuits

46.1. Path of Operation. Astable and monostable circuits, like other
circuits that contain nonlinear elements, can be analyzed only by approxi-
mation methods or by a point-by-point graphical procedure. The second
method has the advantage that it indicates directly the path followed in the
current-voltage diagram. An equation that may be used for this purpose
is obtained by eliminating the time variable from the circuit equations. In
the voltage-stable circuit of Fig. 157a the capacitance C usually represents
only the shunt capacitance of the voltage-stable element, and the current
flowing into the complete element is therefore 7, The most useful equation
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is one relating the current ¢, into the element with the voltage v across the
element, which has the following form (Prob. 46,1-1):

dis  (v+ R — Vo)R,C

LA 84
dv (w4 I'R;, — i,Ri)L 84)
The corresponding equation for the current-stable circuit of Fig. 157b is
di (v, + I'R;. — iR;)RC
= (85)

d—’l)(; (Vs — Ve — ZR)L

It is apparent from Eqgs. (84) and (85) that if the eircuit parameters L,
C, and R, the slope 1/R;, or 1/R;, and current intercept I’ of the static
current-voltage characteristie, and the supply voltage V, are known, the
slope of the dynamic path of operation can be found for any point on the
path, i.e., for the values of %, and v or of 7 and v, corresponding to that point.
Normally L, C, and R are independent of current and voltage, but the values
of I’ and R;, or R;, are different in the three sections of the static charac-
teristic and in general vary over each section unless the characteristie is as-
sumed to be an ideal one consisting of three straight lines.

Even in the relatively simple case in which the characteristic is assumed
to be ideal, the work involved in plotting a single path is great, and in
certain critical regions of the diagram a relatively small error in plotting
may result in a very large error in the complete curve. If many curves are
desired, the work of plotting becomes almost prohibitive. It is then much
simpler, if in some respects somewhat less satisfying, to resort to an analog
computer. In this manner a series of curves may be obtained in a relatively
short time, and the effect of changes of parameters, supply voltage, and
triggering voltage or current may be quickly and accurately determined.
An alternative, though less accurate, method is to study an actual ecircuit
with the aid of an oscilloscope. Once a series of dynamie paths has been
plotted, considerable information concerning the behavior of the circuit
becomes obvious and may be readily explained. The explanations con-
tained in the following sections will be based upon curves obtained by means
of an analog computer.

46.2, Choice of R and V, for Astable Operation. The static current-
voltage characteristics of most negative-resistance elements are of such
form that the varying currents and voltages in the positive-resistance ranges
are rapidly decaying exponentials or highly damped oscillations. Under
these conditions, relaxation oscillation (astable operation) is observed only
if the supply voltage and the external resistance are such that the load line
intersects only the negative-slope section of the static characteristic. Most
vacuum-tube and transistor negative-resistance elements fall into this cate-
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gory. When glow tubes, thyratrons, and thyratron-like p-n-p-n transistors
having current-stable characteristics of the form of those of Figs. 79, 80,
and 94 are used as negative-resistance elements, on the other hand, the
varying currents and voltages in the high-current positive-resistance range
may be slowly decaying oscillations. The static characteristics of these
devices are characterized by a very high magnitude of negative resistance
(of the order of megohms or greater), a small range of current in which the
resistance is negative, and a very low positive resistance in the high-current
range (of the order of a few ohms). Because of the small current range in
which the characteristic has negative slope, the supply voltage and series
resistance are difficult to adjust so that the load line intersects the charac-
teristic only in the negative-resistance section. However, it will be shown
in See. 57 that relaxation oscillation ean also occur in such a circuit if the
load line intersects only the high-current section of the characteristic. This
type of relaxation oscillator generates sawtooth waves.

Because of the smaller size, weight, and cost and the greater ease of ad-
justment of capacitors in comparison with inductors, most relaxation oscil-
lators are of the type shown in basic form in Fig. 157b. For this reason,
astable circuits based upon current-stable negative-resistance elements will

be discussed in somewhat greater detail than those based upon voltage-stable
elements.

47. Typical Paths of Operation for Astable Circuits Based
upon Current-Stable Elements

47.1. Analysis of Path of Operation. Figure 161a shows a typical cur-
rent-stable static characteristic and a typical path of operation obtained
when the ecircuit parameters and the supply voltage of the circuit of Fig.
157b are chosen so that the circuit is astable and the currents and voltages
are rapidly changing exponentials in all three current ranges. The parame-
ters were chosen so that the £ and y coordinates in the diagram of Fig. 159
in the low-current, negative-resistance, and high-current ranges of opera-
tion, respectively, are 0.25 and 11.75, 0.25 and —2.35, and 0.25 and 4.0.
These values correspond to rapidly decaying exponentials in the positive-
resistance ranges, and a rapidly growing exponential in the negative-resist-
ance range. The general aspects of the path of operation are not greatly
altered if the parameters are such that the currents are rapidly decaying
or growing oscillations, rather than rapidly decaying or growing exponentials.
Furthermore, any change in the values of the parameters that does not
alter the values of z and y will not change the path of operation, but will
change the time constants and hence the time required to complete the
path of operation (one cycle of operation). Since L is assumed to be
merely the series inductance of the negative-resistance element, its value was
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chosen to be small. In agreement with most practical astable circuits, the
other parameters were chosen so that R’C' > L/R,,, where R’ is the resist-
ance of B and R, in parallel.

In the plotting of Fig. 161a by means of the analog computer, the supply
voltage was initially zero and was abruptly increased to the value V, by
closing a switch. A rigorous analysis shows that if R’C » L/R, and R,
is positive, the varying voltages and currents approximate the sum of a
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Fic. 161. (a) Typical path of operation (limit cyecle) for the circuit of Fig. 157b
when the ecircuit parameters and the supply voltage are chosen so that astable op-
eration obtains; (b) path of operation for a very large C/L ratio.

negligibly small component having a time constant L/R;. and a large com-
ponent having a time constant R’C.* To a first approximation, therefore,
v, Vg, and © may be assumed to have the time constant R’C in the range
corresponding to the low-current section of the characteristic. The analysis
also shows that a very small fraction of v, appears across L. This is in
agreement with the fact that the observed path of operation, ¢ vs. v,, nearly
coincides with the low-current section of the characteristic, ¢ vs. v.

When the current ¢ enters the range in which R, is negative, the curves
of currents and voltages vs. time change from decaying exponentials to

* See Prob. 47.1-1. This fact may also be shown less rigorously as follows: Since v; is
a decaying exponential of the form K(1 — «~"/"), for the values of x and y selected for the
low-current section of the characteristie, the fraction of v, that appears across L decreases
with decrease of rL/R;.. Furthermore, the time constant r of the exponential voltage v,
may be seen by inspection of Fig. 157b to decrease with decrease of L and increase of Ri.
Consequently, if R'C > L/R;., v. should consist almost entirely of the voltage across R;.
and its form should be nearly independent of C.
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growing exponentials and 7 rises at an exponentially increasing rate. In
this current range the voltage across the negative resistance decreases, but
the large capacitance C tends to maintain the voltage v, constant. The de-
crease of v must therefore be accounted for almost entirely by increasing
voltage induced in the inductance and the time constant of the increasing
current through L and R;, must approximate L/R (see also Prob. 47.1-1).

Equation (85) shows that the slope of the path of operation is infinite at
the point at which v, =V, — 1R =V, — ,R.+ Since this is the equation
of the load line, one must conclude that v, reaches its maximum value at
the point at which the path of operation crosses the load line. (At higher
values of 1, ¢ exceeds 1, and current must flow out of the eapacitance. There-
fore, Cdv,/dt must be negative.)

When the rising current enters the upper range, in which the slope of the
characteristic is again positive, the curves of v, and v vs. time revert to de-
caying exponential form. The rate of rise of current and rate of fall of
voltage therefore decrease. The changing voltage across R is still ac-
counted for almost entirely by voltage induced in L, and the time constant
of the decreasing current through L and R, remains approximately L/R,..
Equation (85) indicates that the slope of the path of operation is zero at
the point at which v, = iR;, — I’R;.. This is the point at which the path
of operation crosses the static characteristic.

From the point of maximum current to the point at which the current
again enters the negative-resistance range of the characteristie, the behavior
is similar to that during the initial rise of current, the time constant approxi-
mating R’C. Within the negative-resistance range and until the path of
operation crosses the low-current section of the characteristic, the time
constant again approximates L/R;. After passing through this minimum
point the path differs only slightly from the initial path. Unless some
change is made in the circuit parameters or in the supply voltage, the cir-
cuit rapidly approaches steady-state conditions in which the path closes
and repeats. Waveforms of the currents ¢ and ¢, and of the voltage v, are
shown in Fig. 162a. Because the values of R;, in the high-current and low-
current sections of the characteristic are not in general equal, the time
constants and durations of the positive and negative parts of the wave are
not necessarily equal.

47.2. Effect of Change of C/L Ratio. As the ratio of C to L is in-
creased, the left and right portions of the path of operation approach vertical
lines tangent to the static characteristic, and the upper and lower portions
approach the positive-resistance sections of the characteristic, as shown
in Fig. 161b. The time constants of the left and right portions also become

t Note that v, must be constant if the slope of the path of operation is infinite. Con-
sequently 7. = 0 and 7 = %, at this point.
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negligible in comparison with the other portions, and the current and volt-
age waves approach the forms shown in Fig. 162b. Since most of the period
is taken up by the slowly rising and falling portions of the current wave
and the time constant of these portions approximates R’C, the frequency of
oscillation decreases with increase of R and C. If the form of the static
current-voltage characteristic is known, the change in voltage may be deter-
mined and the period of oscillation eomputed (Prob. 47.2-1).

As the ratio of C to L is decreased, the time constants depart from the
approximate values R’C and L/R,. that apply when R’C > L/R,, and
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Fic. 162. (a) Waveforms of the currents ¢ and ¢, and of the voltage v, corresponding
to the diagram of Fig. 16la; (b) waveforms corresponding to the diagram of
Fig. 161hb.

the two time constants become more nearly equal. A typical path of opera-
tion and the corresponding waveforms are shown in Figs. 163 and 164. De-
pending upon the values of z and y of Fig. 159 for the parameters chosen,
the various sections of the voltage and current waves may consist of decay-
ing or growing exponentials or of portions of decaying or growing oscilla-
tions. The wave may, in fact, closely approximate sinusoidal form, Sinu-
soidal oscillation will be considered in detail in Sec. 73 and following sec-
tions. If the capacitance is made negligibly small, the eircuit approaches
that of Fig. 86 and becomes bistable. Since the frequency of oscillation
depends mainly upon the time constant R’C and there is a minimum value
of R at which the load line intersects the negative-slope section of the char-
acteristic only in the negative-slope range, and a minimum value of C at
which relaxation oscillation is possible, it follows that there is a maximum
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frequency of relaxation oscillation for a device having a particular current-
voltage characteristie.

47.3. Useful Properties of Astable Circuits. Usually, relaxation oseil-
lators are used because waves of the form of Fig, 162 have desirable proper-
ties for some applications, and because the circuits are readily locked into
step with a synchronizing voltage when the waves have the forms of those of
Fig. 162b. For these reasons, the parameters of a relaxation oscillator based
upon a current-stable negative-resistance element are usually chosen so
that R’C > L/R;, and the current and voltage waveforms approximate as
nearly as possible those of Fig. 162b. It is important to note, however,
that the parameters need not be so chosen and that the path of operation

Current

Voltage Vs

F1g. 163. Path of operation for the Fic. 164. Current and voltage wave-
circuit of Fig. 157b for a very small forms corresponding to the diagram
C/L ratio. of Fig. 163.

and the waveforms may be more nearly of the forms shown in Figs. 163 and
164. This fact is sometimes overloocked.

48. Paths of Operation for Astable Circuits Based upon
Voltage-Stable Elements

48.1. Duality of Current-Stable and Voltage-Stable Circuits. Com-
parison of the voltage-stable circuit of Fig. 157a with the current-stable
cireuit of Fig. 157b discloses that the two circuits are duals. Furthermore,
comparison of Eqgs. (72), (73), and (77) with Eqgs. (80), (81), and (82),
respectively, shows that the solutions of the equations for the two circuits
have identical forms if the numerical values of x and ¥ in the diagram of
Fig. 157 are the same, respectively, as the numerical values of ¥ and z in
that of Fig. 158. Under these conditions, the path of operation, 1, vs. v, for
the voltage-stable circuit of Fig. 157a must be identical with the path of
operation, 7 vs. v, of the current-stable circuit of Fig. 157b if the shape of
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the voltage-stable characteristic, v vs. v, is identical in form with the cur-
rent-stable characteristic, plotted as v, vs. . The waveforms of 7, and v
in the voltage-stable circuit are then also identical with those of v, and ¢,
respectively, in the current-stable cirecuit.
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F16. 165. (a) Typical path of operation (limit eycle) for the circuit of Fig. 157a
when the circuit parameters and the supply voltage are chosen so that astable opera-
tion obtains; (b) path of operation for a very large L/C ratio.

The static characteristic, path of operation, and current and voltage wave-
forms for circuit parameters equivalent to those used in plotting Figs. 161a
and 162a are shown in Figs. 165a and 166a. For these circuit parameters,
L/(R + Riy) > RiC. The value of C, which represents the shunt capaci-
tance of the negative-resistance element, is small.

Figures 165a and 166a can be analyzed in a manner analogous to that
used in Sec. 47 for Figs. 161a and 162a. In order to avoid needless repeti-
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Fig. 166, (a) Waveforms of 7, and v corresponding to Fig. 165a; (b) waveforms
corresponding to Fig. 165b.
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tion of almost identical wording, this explanation is left to the reader as an
exercise (see Probs. 48.1-1 and 48.1-2). This analysis shows that the cur-
rents and voltages vary slowly with the approximate time constant L/ (R+
R:,) in the ranges in which R;, is positive, and rapidly in accordance with
the approximate time constant R;,C in the range in which R;, is negative.

48.2. Effect of Change of L/C Ratio. As the ratio of L to C is in-
creased, the upper and lower portions of the path of operation approach
horizontal lines tangent to the static characteristic, and the left and right
portions approach the positive-resistance sections of the characteristic, as
shown in Fig. 165b. The time constants of the upper and lower portions
of the path also become negligible in comparison with those of the other
portions, and the waveforms of the waves of v and 7, approach the forms
shown in Fig. 166b. Since most of the period is taken up by the slowly
rising and falling portions of the voltage wave and the time constant of
these portions approximates L/(R + R;,), the frequency of oscillation in-
creases with increase of B and with decrease of L. As in the current-stable
circuit, the magnitude of the voltage exeursion and the frequency of oscilla-
tion can be predicted approximately if the static characteristic is known.

Decrease of the ratio of L to C causes the time constants to depart from
the values L/(R + Ry) and R;,C that apply when L/(R + Ri) > RuC,
and to become more nearly equal. The path of operation changes in an
analogous manner to that of the current-stable circuit. Typical waveforms
are similar to those in Fig. 164. If the value of L approaches zero, the
circuit approaches that of Fig. 84 and becomes bistable., The fact that there
is a lower limit to the value of L and an upper limit to the value of R at
which relaxation oscillation is possible for a given current-voltage charac-
teristic means that there is an upper limit to the frequency of relaxation
oscillation.

The parameters of relaxation oscillators based upon voltage-stable cir-
cuits, like those of relaxation oscillators based upon current-stable circuits,
are usually, but not necessarily, chosen so that the wave has quasidiscon-
tinuities.

49. Some General Observations Concerning Astable Circuits

49.1. Synthesis of Astable Circuits. It follows from the analysis pre-
sented in Secs. 47 and 48 that a relaxation oscillator may be formed by con-
necting an inductance in series with a resistance across a voltage-stable
negative-resistance element, or a capacitance in parallel with a resistance
across a current-stable element and adjusting the resistance and the supply
voltage so that the load line corresponding to the resistance intersects the
static current-voltage characteristic only in the negative-resistance section.
If the ratio of the series inductance to the internal shunt capacitance of the
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voltage-stable element or the ratio of the shunt capacitance to the internal
series inductance of the current-stable element is made large enough, the
path of operation and the current or voltage waves have abrupt ehanges
that approximate discontinuities. These abrupt changes are similar to those
which occur in a bistable circuit during transition from one stable state of
equilibrium to the other. Relaxation oscillators may, therefore, be thought
of as circuits that have two quasistable states of equilibrium, in each of
which the cireuit currents and voltages change very slowly until critical
values are reached at which transition takes place very rapidly to the other
state, as in bistable circuits. This point of view is an aid to understanding
the mechanism of operation of particular relaxation osecillators and will for
this reason be used in this and following sections.

49.2. Conversion of Bistable Circuits into Astable Circuits. It was
pointed out that the generalized bistable circuits of Figs. 84 and 86 differ
from the generalized astable circuits of Figs. 157a and 157b only as to the
presence of an additional capacitance in shunt with R or of an inductance
in series with E in the astable circuit and in the way in which the load line
intersects the static characteristic. Any bistable circuit can therefore be
converted into a relaxation oscillator by the addition of a eapacitor in
parallel with any resistor that shunts a current-stable port of the negative-
resistance element or by the addition of an inductor in series with any resistor
that shunts a voltage-stable port.

49.3. Choice of V, and R for Astable Operation. The choice of the
particular current-voltage characteristics used in the plotting of the dia-
grams of Figs. 161, 163, and 165 was governed in part by convenience in
setting up the analog computer. The forms of these characteristics and
their positions relative to the current and voltage axes is such that a positive
supply voltage V, is required in order to make the load line intersect the
negative-slope section of the characteristic. In general, however, the supply
voltage in series with R may be positive, negative, or zero. For example, in
Fig. 72b a load line may be drawn so that it intersects only the negative-
slope section of the dashed characteristic and intersects the voltage axis
at zero or either a positive or a negative point.

It is important to note that there is no upper limit to the magnitude of K
at which the load line can intersect only the negative-slope section of a
current-stable characteristic. Furthermore, increase of R in an astable
circuit based upon a current-stable element is favorable to the inequality
R’C > L/R; that must be satisfied in order that the transition time between
quasistable states shall be short and the current waves have quasidiscon-
tinuities. Consequently, relaxation oscillation of desirable waveform may
be obtained if R is infinite. Since infinite B means that the load line co-
incides with the voltage axis, however, infinite resistance can be used only
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if the negative-slope section of the static characteristic intersects the voltage
axis. An example of such a characteristic is the symmetrical current-volt-
age characteristic of Fig. 69e. Usually the use of a variable resistor in
parallel with C is desirable, since it affords a simple and convenient means of
changing the frequency of oscillation. Circuits in which no resistance is
used in parallel with the capacitor will be shown in the next section.

Similarly, there is no lower limit to the magnitude of B at which the load
line can intersect only the negative-slope section of a voltage-stable charac-
teristic, and reduction of R is favorable to the inequality L/(R 4+ Ri) >
R,,C. Consequently, resistance need not be used in series with the in-
ductance in a relaxation oscillator based upon a voltage-stable element if the
negative-slope section of the characteristic intersects the current axis, as in
Fig. 69b, and if the resistance is not required for frequency adjustment or
the production of biasing voltage.

49.4. Advantages of Current-Stable Circuits. Although practical re-
laxation oscillators are based upon both current-stable and voltage-stable
elements, the smaller size, weight, cost, and ease of adjustment of capacitors
in comparison with inductors usually results in the choice of circuits that
make use of current-stable current-voltage characteristics.

50. Practical Astable Circuits

50.1. Pentode Relaxation Oscillator. Very simple relaxation oscillators
can be formed from the pentode negative-resistance circuits of Fig. 66 (or

(a) (b)

F1g. 167. Pentode relaxation oscillators based upon the negative-resistance circuits
of Fig. 66.

the bistable circuits of Fig. 93). Figure 167a shows a circuit that makes
use of the current-stable characteristic of Fig. 66e.r The suppressor-screen
capacitor in this circuit need not be shunted by an additional resistor be-
cause, as far as changing currents and voltages are concerned, such a re-

1B. van der Pol, Phil. Mag., 2, 978 (1926) ; R. M. Page and W. F. Curtis, Proc. I.R.E.,
18, 1921 (1930) ; E. W. Herold, Proc. I.R.E., 23, 1201 (1935).
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sistor would merely parallel the series combination of B; and R, which
serves as the necessary shunt resistance. The circuit of Fig. 167b makes use
of the current-stable characteristic between the suppressor and ground in
the circuit of Fig. 66b, which is similar to the characteristic of Fig. 66e. The
resistor K3 and capacitor Cy serve to provide the proper plate biasing voltage
and should be chosen so that the time constant R3C; is large in comparison
with the period of oscillation. A breakdown diode may be used in place of
(s, as in Fig. 66b.

The current-stable characteristic of Fig. 66d indicates that a relaxation
oscillator can also be formed by inserting parallel resistance and capacitance
in series with the plate in the circuit of Fig. 66a (or 93a). Although a
current-stable port is formed by opening the suppressor lead in the cireuit
of Fig. 66b (or 93b), an oscillator cannot be formed by inserting parallel
resistance and eapacitance in series with the suppressor, because the sup-
pressor current is negligible (i.e., the current-stable negative resistance be-
tween the suppressor and ground approaches an infinite value).

Less convenient relaxation oscillators may be formed by inserting an in-
ductor in series with the suppressor or screen resistor in the circuit of Fig.
66a (or 93a) or a resistor in series with an inductor in the eathode lead in
the cireuit of Fig. 66b (or 93b).

50.2. Phenomenological Explanation of The Operation of The Pen-
tode Circuit. The general analysis of Sec. 47 is applicable to the circuit of
Fig. 167, but the following explanation of the operation of cireuit (a) is of
interest and typifies similar explanations that can be made of the operation
of all relaxation oscillators.

Transition from the higher to the lower quasistable value of screen current
causes an abrupt rise of screen voltage. Because the voltage across the
capacitor cannot change instantaneously, there is an initial rise of suppressor
voltage equal to the change of screen voltage. The decreased magnitude
of negative suppressor voltage maintains the lower screen current (by allow-
ing more electrons to go to the plate). The sudden increase of sereen voltage
also initiates a charging current into the capacitor through R. and R,. As
the voltage across the capacitor rises, the suppressor voltage becomes more
negative and finally reaches a critical value at which transition occurs back
to the higher quasistable value of screen current. The resulting abrupt fall
of screen and suppressor voltages is immediately followed by discharging
of the capacitor and consequently by exponential rise of suppressor voltage
until transition again occurs. Figure 168 shows a typical wave of capacitor
current or of suppressor or screen voltage, and the corresponding wave of
capacitor voltage. The wave is asymmetrical because the screen current
is lower during charging of C1» than during discharging and because the sup-
pressor conducts if the suppressor becomes positive. The suppressor cur-
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rent, together with lower screen current and the resulting increase in the

portion of the current through R, that flows into Cis, causes the capacitor

voltage to change more rapidily than during the discharge of the capacitor,

in which interval the suppressor does not conduet and the screen current is

higher. (Alternatively, the more rapid

change of capacitor voltage may be ex-

Screen plained by the lower value of R, in the

J\I/J\I/' voltage low-current range of the static current-

voltage characteristic, Fig. 66e, and the

Capacitor  consequent lower value of RC.)

\/\/\ volftage Normally R; is large in comparison

Fic. 168. Waveforms of screen With the parallel combination of R, and

voltage and voltage across the the screen resistance, and it has relatively

capacitor in the circuit of Fig. small effect upon the difference between

167a. the two suppressor-screen voltages at

which transition occurs (Fig. 66e). The

frequency of oscillation therefore increases with decrease of R, and Cis.

The frequency is affected by the change of R, not only because increase

of R, produces some change in the charging and discharging time con-

stants, but also because increase of K2 changes the difference between the

suppressor-screen voltages at which transition begins. As R» is increased

from a low value, the frequency first decreases, passes through a minimum,
and then increases.!

50.3. Cathode-Coupled Relaxation Oscillator. Figure 169 shows two re-
laxation oscillators based upon the cathode-coupled circuit of Fig. 70. Circuit
(a) makes use of the current-stable negative-resistance characteristic between
the plate of T'; and the grid of 7.2 Circuit (b) makes use of the current-
stable negative resistance observed at a break in the cathode lead of T,.
The coupling capacitance C’ between the plate of Ty and the grid of T,
in cireuit (b) may be added in order to reduce the transition time between
quasistable states. Alternatively, a large capacitance may be used in place
of R’, the time constant B”C’ of the coupling circuit being made so large
that it does not affect the oscillation frequency.

Relaxation oscillators that make use of voltage-stable current-voltage
characteristics may be developed from the circuit of Fig. 70 by the use of in-
ductance in series with E;, B;s, or R”.

In the circuits of Fig. 169 the capacitor current does not flow through the
plate resistor of T's. Furthermore, if T’ is a pentode and R/ is so large that

1 Page and Curtis, loc. cit.

2J. L. Potter, Proc. I.R.E., 26, 713 (1938); M. G. Crosby, Electronics, May, 1946,
p. 136; P. Sulzer, Proc. I.R.E., 86, 1034 (August, 1948); P. Sulzer, Proc. I.R.E., 88, 540
(May, 1950).
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the load line intersects the plate characteristics of Ty in the range in which
the plate current is essentially independent of control-grid voltage, the plate
current of T’ is essentially constant during the time in which 75 conducts.
The output voltage then closely approximates a rectangular wave.

e (a) 7 (b)

Fia. 169. Relaxation oscillators based upon the cathode-coupled negative-resistance
circuit of Fig. 70.

50.4. P-N-P-N-Transistor Relaxation Oscillator. The oscillators of
Fig. 170 are based upon the p-n-p-n-transistor negative-resistance circuits
of Fig. 73. Those of Fig. 171 are derived from the two-transistor ecireuits
of Fig. 74. The circuit of Fig. 171d, which is equivalent to the cathode-
coupled tube circuit of Fig. 169a, covers the frequency range from 6 to 6000
cps with the circuit parameters shown.? Omission of the resistor in parallel
with C is made possible by the fact that the negative-slope section of the
current-stable characteristic observed between the collector of T; and the
base of T intersects the voltage axis. Rectification of the transistors allows
C to charge to the voltage corresponding to the point at which the charac-
teristic crosses the voltage axis. A resistance in shunt with C helps to
stabilize the circuit against changes of transistor characteristics caused by
temperature changes and also provides a convenient means of frequency
adjustment. The base of T, is also operated at zero biasing current.

The circuit of Fig. 171e, which is equivalent to the tube circuit of Fig.
169a, gives a nearly rectangular output voltage of 11-volt swing over the
frequency range of 50 cps to 20 ket The relatively complicated resistance
network used for frequency adjustment maintains the duty factor essentially
constant throughout the frequency range.

3F. C. Alexander, Electronics, December, 1954, p. 188.
4+ C, Martin, Electronics Res. Lab. Rpt. No. 78, Stanford Univ. (August, 1954).
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50.5. Unijunction-Transistor Relaxation Oscillator, Figure 172a
shows the extreme simplicity that is possible in a unijunction-transistor
(double-base-diode) relaxation oscillator. Frequencies up to the megacycle
range can be obtained with this circuit at supply voltages as low as 1.5.°
The emitter current in the low-current range of the unijunction transistor
being essentially independent of junction voltage, the capacitor charges
nearly linearly. Because R;, is much lower in the high-current range than
in the low-current range and the time constant during most of the charging

Jhes>1 e =1 Jes]=1
Rz ’ ¢ %PZ & ;EC Rie )—I "
E 4§ .
(a) (b) () _* —

Fic. 170. Three relaxation oscillators based upon the p-n-p-n-transistor negative-
resistance cireuits of Fig, 73.

and discharging periods is R;C, the discharging time constant is much
smaller than the charging time constant and the waveform approximates
sawtooth form. Greater freedom from the effects of characteristic changes
caused by temperature changes is achieved by the use of the slightly more
complicated ecircuit of Fig. 172b.

An interesting modification of the ecircuit of Fig. 172b that delivers an
approximately rectangular output voltage is shown in Fig. 172¢.® The
diagram of Fig. 173, which shows the paths of operation with the diode D
short-circuited and with D in the circuit, is helpful in explaining the opera-
tion of the circuit. With D short-circuited, the path of operation, shown
dashed, is of the same general form as that shown in Fig. 161a, the maximum
capacitor voltage oceurring at the point where the path of operation crosses
the load line corresponding to the effective supply voltage VgR’/(R 4 R’)
and the resistance RR’/(R + R’). (At any value of current ig, the differ-
ence between the voltage vy and the voltage on the current-stable charac-
teristie is accounted for by voltage induced across the effective internal in-
ductance of the transistor.) When the diode D is in the circuit, C' charges
through R and the diode D, the diode current being equal to the sum of the
current into the capacitor and that through R’. If R’ is large in comparison
with the forward resistance of D, the charging time constant is approxi-

5 J. J. Suran, Electronics, March, 1955, p. 199.
6J.J. Suran and E. Keonjian, Proc. I.R E ., 43, 814 (July, 1955).
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mately the same as that with D short-circuited, namely ER'C/(R + R’).
Beyond the maximum-voltage point s, the capacitor current reverses and
thereafter reduces the current through D. At n the current out of the
capacitor equals the current through R’, and the current through D is zero.
Point » must lie on the load line corresponding to the resistance R and the

50 cps
005uf
to 20 ke,
ol 2&1\3}_{90" Iy

15k

2500

52k0

% 82010

(d) (e) =

Fic. 171. Relaxation oscillators based upon the two-transistor negative-resistance
circuits of Fig. 74.

supply voltage Vg, for the current at this instant all passes through R and
the voltage vy 1s Vg — izR. Further increase of 1z causes the current
through D to reverse. Because the reverse resistance of the diode D is very
high, C and R’ are in effect disconnected from the rest of the circuit.

After D opens the circuit, the two parts of the circuit function independ-
ently, the capacitor discharging through R’ with the time constant R’C,
and the transistor emitter voltage and ecurrent changing to the values at
point P along a path and with a time constant determined by E and the
effective emitter inductance. When the capacitor voltage becomes equal
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to the voltage at P, the diode D begins to conduct again, and C and R’
are again connected to the emitter. The emitter eurrent and voltage then
follow along a path similar to the left portion of the path obtained with D
short-circuited, but starting from point p, rather than the low-voltage point
of the characteristic. The capacitor, emitter, and output voltages of the

i ke

<

(b)

M

C TuUu

(c)

Fic. 172. (a), (b), and (e) Unijunction-transistor relaxation oscillators; (d)
voltage waveforms for circuit (c).

cireuit of Fig. 172¢ are shown in Fig. 172d. The output (collector) voltage
is rectangular because the collector current is essentially independent of
emitter current in the low-current range of the emitter characteristic fol-
lowed during the charging of the capacitor, and the emitter is disconnected
from the capacitor during the discharging of the capacitor. The rise time of
the output voltage is aproximately 2 usec and the fall time approximately
1 psec. The waveform is good up to approximately 50 ke. Complete design
details for this circuit have been given by Suran and Keonjian.?

51. The Multivibrator

61.1. Basic Circuit. It was pointed out in Sec. 18 that a current-stable
current-voltage characteristic is observed between the plate of one tube of

7 Suran and Keonjian, loc. cit.
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an Eccles-Jordan circuit and the grid of the other (Fig. 69¢), or between the
collector of one transistor and the base of the other. Astable operation is
therefore to be expected if R12Cis is made sufficiently large in the circuits
of Fig. 96. The two astable states then become quasistable, switching of

\
i
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A g vsov with diode

I lir/shorf—c/mu/fed

' /
= | Slpe-g
{'Dw
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I —~ V$ (3
W RI(R+R’)

Fra. 173. Current-voltage diagram for the circuit of Fig. 172c.

the current from one tube or transistor to the other being followed by ex-
ponential charging of one eapacitor and discharging of the other. Because
the frequency of oscillation can be readily adjusted by means of the resistors
R, the coupling resistors Rj2 may be omitted. The resulting circuit, called

Voo
(+or=) (a) (tor-) (b)

Fig. 174. Vacuum-tube multivibrator; (b) transistor multivibrator.

the multivibrator, is shown in basic form in Fig, 174. The reason for the use
of forward grid or base bias in the multivibrator will be explained.

The analyses presented in this and following sections are based upon tube
circuits. These analyses may, with minor modifications, be extended to
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transistor circuits. The conclusions that are drawn from the analyses are
therefore in general also applicable to transistor circuits.

51.2. Analysis of Multivibrator Operation. Transistion between the
equilibrium states of a multivibrator is similar to that in bistable circuits.
It will first be assumed to take place in a time that is negligible in comparison
with the period of oscillation and to start when the grid voltage of the
initially nonconducting tube reaches the cutoff value.

Figure 175 shows the current directions and typical voltages in a vacuum-

+100v.

+

Fic. 175. Current directions and typical voltages in a vacuum-tube multivibrator
immediately following switching of current from tube Ty to tube T,.

tube multivibrator immediately following switching of current from tube
T2 to tube T;. Immediately prior to this transfer no current flowed through
R and the voltage of the plate of T'; was therefore 100; that of the plate of
T2 was 50. The flow of grid current through B, prior to switching main-
tained the grid of T, at approximately zero potential. Since the voltage
across Cy2’ cannot change instantaneously, the 50-volt drop in plate voltage
of Ty was accompanied by an equal drop in the grid voltage of T» to a value
of approximately — 50 volts.

Voltage drop in Ry’ caused by %, prevents the plate voltage of Ty from
rising immediately to 100 volts when T’z is cut off. The initial rise depends
upon the ratio of Ry’ to the resistance of Ry in parallel with the grid resist-
ance of T;. Because this grid resistance is relatively low, the plate voltage
of Ts rises rapidly toward 100 volts. The initial value of plate voltage of
T following transition is assumed to be 60 volts. The abrupt rise in plate
voltage of T, from 50 volts to 60 volts is accompanied by a 10-volt rise in
the grid voltage of T from the cutoff value, at which transition was initiated
and which is assumed to be —2 volts. The switching is followed by an
exponential discharging of C;p’ through R, and the parallel combination
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of R; and the plate-cathode path of T; and by an exponential charging of
(2 through K" and the parallel combination of B; and the grid-cathode
path of T;. Usually R, is large in comparison with R, and the a-c plate
resistance of 7'y, and the rate of rise of grid voltage of T, is determined
largely by the time constant RyC,y. Because the grid resistance of T,
is small in comparison with Rs, on the other hand, the rate of fall of grid
voltage of Ty is determined largely by the relatively small time constant
Ry'Cy5. Plate current switches from T, to Ts when the grid voltage of
T4 reaches the cutoff value. (See discussion of Fig. 105, Sec. 30.2.) Switch-
ing of current from T; to T is again followed by exponential changes of
voltage and currents, the cyele being completed when the grid voltage of
T has risen to the cutoff value.

51.3. Waveforms of Multivibrator Voltages and Currents. Figure
176 shows typical waveforms of currents and voltage in the circuit of Fig. 175
when the circuit is symmetrical, the grid supply voltage positive, and
switching time negligible in comparison with the period of oscillation. Two
representative waveforms of plate-to-plate and grid-to-grid voltage for an
asymmetrical circuit are shown in Figs. 177a and 177b. The negative spikes
of grid current in Fig. 176 are caused by the charging of the grid-cathode
tube capacitance during switching, which was neglected in the foregoing
analysis. As the period of oscillation is decreased, the transition time be-
comes appreciable in comparison with the period. Figures 177¢ and 177d
show two representative waveforms of plate-to-plate and grid-to-grid volt-
age of a symmetrical circuit in which the transition time is not negligible.

The waveforms of multivibrator currents and voltages, particularly the
plate-to-plate voltage, depend in such a complicated manner upon the cir-
cuit constants and the tube characteristics that they are very difficult to
predict. A discussion of some of the factors that affect the plate-to-plate
voltage is of interest. (See also Prob. 51.3-1.)

The plate-to-plate voltage is the difference between the voltage drops
across the two plate resistors. Tts waveform therefore depends upon the
waveforms of the two plate voltages. From Fig. 175 and the discussion of
that figure it can be seen that variation of the plate voltage of the con-
ducting tube T; occurs for two reasons. Unless the plate current is inde-
pendent of the grid voltage at positive grid voltages, positive grid swing of
the conducting tube causes the plate voltage of the conducting tube to drop
to a value below that corresponding to zero grid voltage and to rise rapidly
subsequently as the grid voltage decays toward zero. Secondly, the dis-
charge current of the capacitor C1o” connected to the plate of the conducting
tube causes the plate voltage of that tube to be higher than it would be
otherwise, and to fall slowly as the capacitor discharges. The plate voltage
of the nonconducting tube varies because charging current of the capacitor
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F1a. 176. Typical current and voltage waveforms in the circuit of Fig. 174 when the
switching time is negligible in comparison with the period of oscillation: (a) R, =
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Vae = +50 v.; 6SN7 tube,
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Ci2 connected to the plate of that tube prevents the plate voltage from
rising instantaneously to the supply voltage during transition. The voltage
first rises abruptly to a value less than the supply voltage and then rises
exponentially toward the supply voltage.

51.4. Screen-Coupled Pentode Multivibrator. Useful variants of the
basie multivibrator circuit are based upon the various modifications of the
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Fic. 177. (a) and (b) Representative plate-to-plate and grid-to-grid voltages in an

asymmetrical vacuum-tube multivibrator; (c) and (d) representative plate-to-plate

and grid-to-grid voltages in a symmetrical vacuum-tube multivibrator in which
transition time is not negligible relative to the period of oscillation.

Eccles-Jordan circuit in which tetrodes and pentodes are used in place of
triodes. One ecircuit that merits special mention is that in which the
capacitors are connected between the screen grid of one tube and the control
grid of the other and the output is taken from the plates.! Because the
plate current is largely independent of positive control-grid voltage and be-
cause the capacitor currents do not flow through the plate load resistors,
the plate-voltage waveform is more nearly rectangular than in the usual
triode cireuit.

1N. W. Mather, Electronics, October, 1946, p. 136.
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51.5. Cathode-Loaded Multivibrator. Another variant of the basic
multivibrator, which makes use of the symmetrical current-stable charac-
teristic, Fig. 69e, of the circuit of Fig. 68e, is shown in Fig. 178.2 Advantages
of this circuit include the single tuning capacitor and the fact that the plate-
voltage waveform is more nearly rectangular than in the circuit of Fig. 174
A physical analysis of the operation of this circuit is of interest. Assume
that conduction has just changed
from T; to T, Voltage across C
caused by the flow of current through
R when T; was conducting raises
the potential of the cathode of T,
above that of T; and thus helps to
maintain T; cut off. The voltage
across B” produced by the plate cur-
rent of T discharges C and charges
it in reverse polarity. As the volt-
age across C changes, the negative
grid bias of T decreases. When it
becomes equal to the cutoff volt-
age, T, starts to conduct and the
current switches rapidly from 7T,

Fic. 178. Symmetrical single-capacitor
multivibrator formed from the negative- to T )
resistance circuit of Fig. 68e. Although the capacitor current in

the circuit of Fig. 178 passes through
R and the combination of R’ in parallel with T, and its plate resistor while
T conducts, 1, 4 Ry is so small in comparison with B’ that the time con-
stant approximates RC. Furthermore, the small fraction of the capacitor cur-
rent that flows through the cathode resistor of the conducting tube has very
little effect upon the grid voltage of the conducting tube. For this reason
the plate current of the conducting tube is nearly constant and the plate-to-
ground voltage is very nearly rectangular. The cathode-to-ground voltage
also approximates rectangular form. The degree to which the plate-to-
ground and cathode-to-ground voltages approximate rectangular form ecan
be increased by the use of pentodes with cathode-resistor bias in place of
the resistors R and R’ in order to make the charging and discharging cur-
rent of the capacitor nearly constant. Under this condition the voltage
across the capacitor rises and falls linearly and the capacitor-voltage wave
is triangular. The coupling capacitors Cq; and Cy5" serve the same function
as in bistable circuits, namely, to reduce the transition time. Their capaci-
tance is therefore of the order of 25 to 200 uuf. Alternatively, capaci-

2 Rad. Lab. Series, Vol. 19, Sec. 5.6, McGraw-Hill Book Co., Inc,, New York, 1949;
G. W. Gray, Electronics, February, 1952, p. 101.
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tors may be used in place of Ri» and R.o’, the time constants R,C;s and
RyC,y’ being made large in comparison with the oscillation frequency.?
The circuit of Fig. 178 may also be used with transistors.*

52. Stabilization of Multivibrator Frequency

52.1. Importance of Frequency Stability. In some applications of
multivibrators, good frequency stability is important. In other applica-
tions, the frequency must be controlled by means of a voltage. It is there-
fore important to determine the manner in which the frequency of oscillation
depends upon supply voltages and the circuit parameters,

The manner in which the circuit operates is somewhat different for nega-
tive grid (or reverse base) supply voltages than for positive grid (or forward
base) supply voltages. In either type of operation, however, if the period
of oscillation is long in comparison with the transition time between the two
quasistable states, the period of the positive or negative portion of the
cycle approximates the time taken for the grid voltage of the nonconducting
tube to rise from its maximum negative value to the cutoff value. Opera-
tion with negative grid supply voltage has no advantage over operation
with positive grid supply voltage, but complicates the power-supply problem
and makes stabilization of frequency against changes of supply voltage
more difficult. For this reason, only positive-voltage operation will be ana-
lyzed in detail. Some aspects of negative-grid-supply operation will be
discussed in Sec. 52.4, further details being presented in Probs. 52.2-1 and
52.4-1.

52.2. Period of Oscillation. Figure 179 shows the form of the grid-
voltage wave of Ty or T in Fig. 174a when Vg is positive and transition
time is negligible in comparison with both halves of the eycle. Under the
assumption that the transition time is negligible and that R, and R, are
large in comparison with K, and Ry, the change of grid voltage kVpp dur-
ing transition is approximately equal to the change of plate voltage. Its
approximate value can be determined from the family of plate charac-
teristics and the load line corresponding to the resistance R, or Ks'.* The
factor m is merely the ratio of the grid supply voltage Vge to the plate
voltage Vpp and is used in order that all voltages may be expressed in terms
of Vep. In the following analysis, m will be assumed to be positive through-
out. The magnitude of the cutoff voltage is Vpp/p, u being measured at
cutoff.

When the grid supply voltage is positive, the grid voltage of the conducting

8 Gray, loc. cit.

+E. W. Sard, I.R.E. Convention Record, Part 11, p. 119 (1954).

* When R; and B, are not large in comparison with By’ and Ry, k is smaller because the
effective load resistance during transition is then RoR:'/(R2 + Ry') instead of Ro.
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tube following transition falls rapidly from its initial positive value to a
value in the vicinity of zero, where it is maintained by the flow of grid cur-
rent through the grid resistor until the cireuit again switches. Since the grid
voltage of the conducting tube remains essentially constant throughout
most of the time in which the tube conducts, and the change of plate voltage
resulting from exponentially varying capacitor current produces a rela-
tively small change of plate current, an approximate expression for the
instantaneous grid voltage of the nonconduecting tube can be readily deter-

Vo6 =m Vpp
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Fie. 179. Grid-voltage waveform for the circuit of Fig. 174a with positive grid
supply voltage.

mined by assuming that the plate voltage of the conducting tube is con-
stant throughout the conduction period.* Under the additional assumption
that R, is large in comparison with the parallel combination of R’ and
the plate resistance of T2, the grid voltage of T'; rises exponentially with
the approximate time constant R,C;» following the switching of current from
T, to T2. The following expression for the time ¢, in which the grid voltage
of the nonconducting tube rises from its maximum negative value —kVpp
to the cutoff grid voltage —~ Vpp/u may be readily found from the expression
for the voltage across the resistance B, when the voltage (k 4 m)Vpp is
applied suddenly to R, in series with Cs:

Vep(k — 1/u) = Vep(k + m)(1 — e %/FiCn) (86)

* Note that, if the plate load resistance in pentode circuits is such that the load line
intersects the zero-grid-voltage plate characteristic well below the knee, driving the
grid positive has very little effect upon the minimum plate voltage. A similar limiting
of minimum collector voltage occurs when the base voltage of a transistor is driven
into the saturation range.
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52.3. Frequency Instability of Multivibrators. Usually the most im-
portant cause of frequency instability of multivibrators is the dependence
of frequency upon supply voltages. Since t,, and therefore f, is constant if
the right side of Eq. (87) is constant, the variation of frequency with supply
voltages can be minimized by minimizing the dependence of the right side
of Eq. (87) upon supply voltages. If the grid and plate supply voltages
are obtained from separate sources, they may vary independently and any
change in either one produces a proportional change in m. Equation (87)
shows that considerable variation in frequency may then be expected. On
the other hand, if the grid supply voltage is obtained from a tap on a
voltage divider across the plate supply voltage, m is constant. The ampli-
fication factor of tubes normally used in multivibrators is also essentially
constant. The only factor in the right side of Eq. (87) that is dependent
upon Vpp is then k, and we may write:

d m+ 1/u m+ 1/u dk o8
dVpp k+m (k 4 m)® dVpp (88)

Equation (88) shows that the frequency stability against changes of sup-
ply voltage is increased by decreasing the dependence of k upon Vpp and
by increasing p or k. Since 1/p is usually small relative to k, stability is also
favored by making m either large or small relative to k. However, small m
is unfavorable to stability against noise (Sec. 52.6). Consequently, a large
value of m is preferable. It will now be shown that increase of m or k pro-
duced by increasing Vge or R» does not increase dk/dV pp.,

Under the assumption that R, and R," are so large that grid current re-
duces the grid voltage of the conducting tube to nearly zero in a time that
is short in comparison with the period of conduction, kVpp approximates
the difference between Vpp and the plate voltage at the point where the
load line in the plate diagram of the conduecting tube intersects the zero-
grid-voltage plate characteristic, as shown in Fig. 180. The following facts
are apparent from an inspection of Fig. 180: (1) Because the grid voltage
of the conducting tube following transition remains at a value close to zero
during most of the conduction period if Vgg is positive, and this value
changes very slowly with Vge when R, and R, are large, k is affected very
little by an increase of Vgg. For the same reason, inerease of m by means
of Vge has a negligible effect upon dk/dVep. (2) The value of k would
be independent of Vpp, and dk/dVpp would therefore be zero, if the zero-
grid-voltage characteristic were a straight line through the origin. The
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zero-grid-voltage characteristic of pentodes approximates a straight line
through the origin at plate voltages below the knee of the characteristic.
With triodes, the variation of k with Vpp is reduced by an increase of Ro,
which brings the intersection of the load line with the zero-grid-voltage
characteristic close to the origin, but is increased by an increase of Vpp
unless this increase is accompanied by an increase of Rs.

Because increasing Vge increases m without increasing dk/dVpp or de-
creasing k, the frequency stability of the multivibrator of Fig. 174a against
changes of supply voltage is increased by increasing m. For this reason,
R, and R/ should be connected to the positive side of the plate-voltage
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(a) (b)
Fie. 180. Plate diagram for the circuit of Fig. 174a: (a) triode circuit; (b) pentode
cireuit.

supply, or R, and Ry should be connected to a tap on a voltage divider
across a positive grid-voltage supply. With triodes, the supply voltage and
the values of R, and R, should be chosen so that the load line intersects
the zero-grid-voltage characteristic close to the origin. With pentodes,
the intersection should be well below the knee. In general, the dependence
of k upon Vpp can be made smaller with pentodes than with triodes, and
the frequency stability therefore greater.

52.4. Frequency Stability for Negative Grid Supply Voltage. When
Ve is negative, the grid voltage of the conducting tube is not clamped at
or near zero by grid current, but falls exponentially toward Vge. As the
grid voltage of the conducting tube swings negative, the plate voltage rises
and helps to raise the grid voltage of the nonconducting tube. Because of
amplification, the grid voltage of the conducting tube need fall by only a
few volts in order to raise the grid voltage of the nonconducting tube above
cutoff. Consequently, the time during whieh the nonconducting tube re-
mains off is determined almost entirely by the rate at which the grid voltage
of the conducting tube falls, rather than by the rate at which the grid voltage
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of the nonconducting tubes rises. The period of each portion of the cycle
is determined by the time constant of the grid circuit of the conducting
tube, rather than by the time constant of the grid circuit of the noncon-
ducting tube. It follows that Fig. 179 and Eqs. (86) to (88) are not ap-
plicable when m is negative.

An analysis similar to that used in the derivation of Egs. (86) to (88)
shows that, when the grid supply voltage is negative, the frequency stability
is also improved by obtaining the grid supply voltage from the same source
as the plate supply voltage and that the stability increases with the magni-
tude of m (Prob. 52.4-1). However, there 1s a maximum magnitude of m,
which cannot exceed k, above which oscillation ceases. There is no ad-
vantage in the use of a negative grid supply voltage, and the use of a single
tapped voltage source in order to maintain negative m constant may involve
grounding problems.

52.5. Frequency Stability of Transistor Multivibrator. A similar
analysis for the transistor cireuit of Fig. 174b shows that, for good frequency
stability against changes of supply voltage, R, and R, should be connected
directly to the collector voltage supply or that the collector supply voltage
should be obtained from a tap on a voltage divider across the base voltage
supply.

52.6. Stabilization of Frequency Against Noise. Another important
consideration in the stabilization of multivibrator frequency is the effect
of noise. Noise raises the grid or base voltage of the nonconducting tube
or transistor above cutoff before the instant at which this would normally
oceur, and therefore advances the onset of transition by an amount that is
dependent upon the amplitude of the noise voltage. The dependence of
the time of advance upon noise amplitude causes a random variation in the
period of oscillation when the noise is random. This phenomenon is called
frequency jitter, because the pattern observed on the screen of an oscilloscope
used to display the output wave moves from side to side in a random manner.,

Superposition of a periodic or random increment of grid voltage of con-
stant magnitude upon the grid-voltage curve of Fig. 179 shows that the
maximum change of the instant of switching that can be produced by
voltage increments of fixed magnitude decreases with increase of steepness
of the grid-voltage wave in the vicinity of the cutoff grid voltage. Increase
of Vae therefore helps to stabilize the frequency against noise, as well as
against variation of supply voltage.

52.7. Stabilization Against Variation of Load. The effect of the re-
sistance and capacitance of external load coupled to a multivibrator upon
the frequency and waveform can be best prevented by the use of a cathode-
follower or common-collector stage between the multivibrator and the load.
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53. Tuning of the Multivibrator

B3.1. Frequency of Oscillation, When the parameters and supply volt-
ages of a multivibrator are such that the transition times between the two
quasistable states of equilibrium are small in comparison with the times
in which the grid voltages of the nonconducting tubes rise from their most
negative values to the cutoff value, the period of oscillation approximates
the sum of the rise times t, and t,” in the two halves of the cycle. If the
oscillator is asymmetrical because of differences in circuit parameters or
supply voltages, t, and ¢, are in general different. The following expression
for the oscillation frequency when the grid supply voltage is positive and
R, and Ry’ are much larger than Re and Eo” may be found (Prob. 53.1-1)
by solving for ¢, and ¢,” in Eq. (87):

! to + &’ = B1Cy21 i + R,/'Cio’ 1 T (89)
— =, 0 = OG_——__— OE*.___._
1 1La2 log /n 1 L2 loge —

+ 1/u

The primed symbols in Eq. (89) refer to one-half of the cireuit, and the un-
primed symbols to the other half. If the circuit is completely symmetrical,
Eq. (89) becomes

m-+k

1
- = 2R,Cy3 log. ———— 90
7 1120gm+1/” (90)

When R; and R,’ are not large in comparison with Ry and R,y’, Eq. (90) has
the more general form

1 ) m+k
- =2 (Rl + ) Crzloge ———— (90A)
f T + R m +

Equations (89) to (90A) show that the frequency of oscillation of a multi-
vibrator with positive grid supply voltage increases with decrease of Ry, R/,
C,, Cy and k, and with increase of m and therefore of Vge. Since negative
grid supply voltage is not ordinarily used, a detailed analysis will not be
made for this method of operation. The following simple qualitative analy-
sis is, however, instructive. It was pointed out in Sec. 52.4 that the grid
voltage of the conducting tube is not clamped at or near zero when the grid
supply voltage is negative, but that it continues to fall toward Vge, and
that the resulting rise in plate voltage of the conducting tube is then the
main cause of the rise in grid voltage of the nonconducting tube. Increasing
the magnitude of negative V¢ increases the rate of fall of grid voltage of
the conducting tube and therefore the rate of rise of grid voltage of the non-
conducting tube and thus reduces the time taken by the grid voltage of the
nonconducting tube to reach the cutoff value. Consequently, increase of
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magnitude of Vg increases the frequency of oscillation not only when Vg
is positive, but also when it is negative. Figure 179 indicates that the fre-
quency of oscillation should be increased by decrease of k regardless of
whether Vg is positive or negative,

An experimental curve of frequency of a symmetrical multivibrator as a
function of grid supply voltage is shown in Fig. 181a. This curve is in agree-
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Fic. 181. (a) Experimental curve of frequency vs. grid supply voltage for a sym-

metrical vacuum-tube multivibrator; Ry =75 kQ, RB; =20 kQ, Cyp =001 uf,

Vpp = 250 v,, 6SN7 tube. (b) Experimental curve of frequency vs. base supply

voltage for a symmetrical transistor multivibrator; Ry = 4.7 kQ, By =1 kQ, Cyp =
0.02 uf, Voo = 95 v, n-p-n switching transistors.

ment with the theoretical analysis. An oscilloscopic examination of the
plate-voltage wave of one tube of a multivibrator also confirms the theoreti-
cal prediction that the conducting time of either tube should depend mainly
upon the time constant of the grid circuit of the nonconducting tube when
Ve is positive and mainly upon that of the grid circuit of the conducting
tube when Vgg is negative.

53.2. Limits of Frequency of Oscillation. The extent to which the
oscillation frequeney of a multivibrator can be increased by reduction of C,s
and C;5 i1s limited by interelectrode capacitances and by the fact that opera-
tion in the negative-resistance portion of the current-voltage characteristic
is not in a growing-exponential region of Fig. 159 if Cy» and C;2 are too
small. The extent to which R, and Ry can be reduced, on the other hand,
is limited by grid dissipation when positive grid supply voltage is used, and
by reduction of the factor k. As R, and R’ are reduced, k is reduced because
of reduction of the effective plate load resistance of the tubes during transi-
tion. The lower limit of frequency is usually determined by capacitor
leakage.
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53.3. Voltage Tuning of the Multivibrator. The frequency of oscilla-
tion of the tube multivibrator of Fig. 174a may be varied by changing
either supply voltage or the voltage V, applied to diodes connected to the
grids or to the plates, as in the bistable ecircuit of Fig. 107. Varying either
supply voltage changes the value of m, the ratio of the grid supply voltage
to the plate supply voltage. Varying the diode voltage V; in the astable
form of the circuit of Fig. 107 causes a proportional change of k, since the
plate voltages cannot fall appreciably below V; Frequency variation by
means of V; is of necessity accompanied by amplitude variation.

Equations (89) to (90A) ghow that the frequency does not in general
vary linearly with m or k and therefore with control voltages applied
in series with the supply voltages, or in series with the diode reference voltage
when clipping diodes are used. The variation of frequency with m may,
however, be made approximately linear by keeping ¢, small in comparison
with the time constant E;C;». Figure 179 shows that this can be accom-
plished by making Vge equal to the quiescent value of Vpp and by making k
small by the use of small values of R. and Ey" or by the use of diodes to
limit the plate or grid swings. If ¢, « R1C12, the left side of Eq. (87) may
be replaced by the first two terms of the series expansion for the exponential.
This procedure leads to the following expression for the oscillation frequency
of a symmetrieal circuit:

1 L4+ m

= o ™ 2Rt = )

(91

The value of k was shown in Sec. 52.3 to be nearly independent of Ve when
Vee 18 positive, and to vary only slowly with Vpp. Equation (92) there-
fore shows that the frequency varies approximately linearly with m when m
approximates unity and k is small in comparison with unity, and that nearly
linear tuning is then obtained if the control voltage is introduced in series
with VG(; or Vpp.

A high degree of frequency stability of the multivibrator can be achieved
by applying the output voltage to a frequency discriminator tuned to the
desired fundamental frequency and applying the direct-voltage output of
the diseriminator to the multivibrator control grids in such a manner that
the discriminator voltage resulting from a change in frequency produces a
frequency change of opposite sign.

b3.4. Linearization of Tuning. The linearity of the relation between
frequency and positive grid supply voltage of a multivibrator can be in-
creased by making the charging current of the coupling capacitors as
nearly constant as possible. One way in which this can be done is illustrated
by the asymmetrical circuit of Fig. 182a in which the parameters are chosen
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so that the time of conduection of T is very large in comparison with that
of T, and the period of oscillation is therefore determined almost entirely
by the rate at which C,2’ charges® When T, fires, the voltage of the grid
of T3 is driven negative to the value —kVpp. Since T is a cathode-follower
amplifier, its cathode voltage falls by nearly the same amount as its grid
voltage, and the cathode of diode T4 is made negative. If the d-c resistance
of T3 and T, is small, C3 charges rapidly to a potential difference equal to
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Fic. 182. (a) Circuit having a linear voltage-tuning curve; R, = 330 k), Ry = R,
=22 kQ, By =1 M, Cip =250 guf, C1o' = 1000 puf, C3 =0.1 pf. (b) Tuning
curve for this cireuit.

nearly mVpp — kVpp, where m is determined by the voltage V. The
capacitor 2’ immediately starts to discharge through R,". The resulting
rise in grid voltage of T3 is accompanied by a practically equal rise in
cathode voltage and, if C; > Cy./, by a nearly equal rise in the voltage of
the cathode of T4. The voltage across Ry, and consequently the charging
current of C'y/, therefore remains essentially constant, and the grid voltage of
To continues to rise approximately linearly at the rate Vpp(m + k) /R'C1o,
which is the same as the initial rate in the absence of the cathode-follower
stage. Figure 182b shows an experimentally determined tuning curve for
the circuit of Fig. 181a.

When a symmetrical circuit is desired, cathode-follower feedback stages
may be added to both halves of the circuit and controlled by the same volt-
age. If the control voltages applied to the diodes are changed in opposite
directions by equal amounts, the change in frequency is proportional to the
square of the change of control voltages 2 (see Prob. 53.3-1).

1J. M. Sturtevant, Electronics, December, 1949, p. 144.
2 Sturtevant, loc. cit.
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53.5. Transistor Circuit. Figure 182A shows a transistor multivibrator
in which positive base supply voltage is obtained by shunting Cy» and Cyo’
by resistors Ri2 and Rqy2’.* The values of R, and R, used in this circuit are
not negligible in comparison with Ry and Ro’. The frequency of oscillation
of a symmetrical eireuit of this type is given by the relation:

l~ 2R12C19(Ry + Ry) o k _ Ry
f R +Rup+R 1—k Ri+R,

(92)

Complete design procedure was developed by Suran and Reibert.

A curve of frequency vs. base supply voltage Vzp of a transistor multi-
vibrator using n-p-n switching transistors is shown in Fig. 181b. With some
other types of transistors the curve is
of the same form as that of Fig. 181a,
the minimum occurring at or near zero
base supply voltage. Oscillation may
not take place at reverse values of
"L ! Vap.

The curve of Fig. 181b is in agree-
ment with an extension of the theoretical
analysis of Secs. 52 and 53.1 in which
account is taken of the fact that the

- loop amplification of the transistor eir-

Fic. 182A. Modified transistor mul- cuit may rise above unity at a forward

tivibrator. value of base voltage, rather than at

a reverse value. For values of Vg to

the right of the minimum of the tuning curve the frequency is determined

mainly by the time constant of the base circuit of the off transistor; for

values to the left of the minimum it is determined mainly by the time con-

stant of the base circuit of the on transistor. Because considerable base

current may flow at the value of base voltage at which the loop amplifica-

tion is unity if this is a forward value, the displacement of the minimum of

the tuning curve from the frequency axis may increase appreciably with
R, and R/

54. Synchronization of Relaxation Oscillators

b4.1. Use of Relaxation Oscillators in Frequency Transformation.
Relaxation oscillators are of great value in frequency transformation. In-
troduction into the oscillator circuit of a small voltage of frequency slightly
higher than a multiple or submultiple of the oscillation frequency causes the
relaxation oscillator to “lock in.” This locking action is possible because in

3J. J. Buran and F. A. Reibert, Trans. L.R.E., Vol. CT-3, p. 26 (March, 1958).
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all relaxation oscillators transition commences at certain critical values of
some voltage in the circuit. If a peak of the control voltage comes just
before the transition normally begins, the added voltage is enough to trigger
the circuit. The control frequency may be a multiple or submultiple of
the oscillator frequency because the only peak of locking voltage that af-
fects the oscillator is that which comes just as transition is about to oceur.
If the frequency of the control voltage is lower than that of the oscillator,
every nth cycle of the oscillator will be controlled, where n is the ratio of
the oscillator frequency to the control frequency. With reasonable care in
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Fic. 183. Three methods of introducing synchronizing voltage into a multivibrator.

circuit adjustment, relaxation oscillators may be controlled when the fre-
quency ratio is as great as 50. The fundamental output of one controlled
oscillator may be used to control a second relaxation oscillator, which may
in turn control a third, etec. By this means it is possible to obtain an audio-
frequency voltage of great stability from the final relaxation oscillator when
the first one is stabilized by a crystal-controlled radio-frequency oscillator.
The a-f output may be used to drive a synchronous clock.! By observation
of the clock over a long period of time, a very accurate determination may
be made of the frequency of the crystal-controlled oscillator or of any lower
frequency controlled by it. By separating and amplifying the various har-
monies of the controlled relaxation oscillators, a large number of frequencies
of high constancy may be obtained from one crystal oscillator.

The multivibrator has proved to be the most satisfactory type of relaxa-
tion osecillator for use in frequency conversion. Its use in this manner has
been discussed by a number of investigators.? Figure 183 shows three ways
in which the control voltage may be introduced into a vacuum-tube multi-
vibrator. Transistor circuits are similar. In circuit a the control frequency

1J. W. Horton and W. A. Marrison, Proc. [.R.E., 16, 137 (1928).

2 H. Abraham and E. Bloch, Ann. Physik, 12, 237 (1919); M. Mercier, Compt. rend.,
174, 448 (1922); J. K. Clapp, J. Opt. Soc. Am. and Rev. Sct. Instruments, 16, 25 (1927);
W. A. Marrison, Proc. I.R.E., 1T, 1103 (1929).
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must be an even integral multiple of the multivibrator frequency, in circuit b
it must be an odd integral multiple, and in circuit ¢ it may be any integral
multiple. Resistance-capacitance coupling may be used in place of trans-
former coupling in impressing the control frequency upon the multivibrator
circuit. An excellent analysis of the control of multivibrator frequency has
been given by Hull and Clapp, and further details by Andrew.?

54.2. Mechanism of Synchronization. As pointed out in Secs. 30.2 and
51.2, the onset of transition of a multivibrator is determined by the voltage
of the grid (or base) that is reverse biased. For this reason, the action of
the stabilized circuits can be analyzed by reference to the negative portion
of the wave of grid (or base) voltage. Under equilibrium conditions, each
cycle of oscillation of the stabilized circuit must be identical with the previ-
ous cycle, and the grid voltage at the beginning of each cycle must be the
same as at the beginning of the previous cycle. Furthermore, in a sym-
metrical circuit, the number of cycles of control voltage per half cycle
must be the same in both halves of the cycle. The instantaneous grid volt-
age must therefore be the same for both tubes at the beginning of their
respective half cycles. In the circuit of Fig. 1834, in which the control volt-
age is applied in like phase to the grids of the two tubes, the requirement
is satisfied if the instantaneous value of the control voltage of one tube at
the end of the negative half cycle of grid voltage of that tube is the same
as at the beginning of that cyele, i.e., if there is an integral number of cycles
of control voltage per half cycle of oscillation. (This assumes that the
transition time between quasistable states is negligible.)

Figure 184 shows how the frequency of oscillation of the circuit of Fig,.
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Fic. 184. Control of period of oscillation of the circuit of Fig. 183a. The dotted
curves show the grid-voltage wave of one tube in the absence of control voltage.
The solid curves show the wave for three values of control frequency.

183a is changed by an increase of control frequency at a frequency ratio of 6.
The dotted curve shows the manner in which the negative grid voltage of
one tube varies without control voltage. The solid curve shows the varia-

8L.. M. Hull and J. K. Clapp, Proc. I.LR.E., 17, 252 (1929); V. J. Andrew, Proc. I.R.E.,
19, 1911 (1931).
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tion of grid voltage when control voltage is impressed, and the dashed line
indicates the critical grid voltage at which triggering occurs. It can be seen
that, as the frequency of the control voltage is increased, the beginning of the
negative half-cycle shifts in phase relative to the control voltage in such a
manner that there are always three cyeles of control voltage per half cycle
of oscillation. If the frequency is increased beyond that corresponding to
curve ¢ in Fig. 184, the grid-voltage curve will not intersect the line of trig-
gering voltage in three cycles, but at some time in the fourth cyele, and the
frequency ratio will jump from 6 to 8. As the control frequency is increased,
therefore, the oscillation frequency will also increase over a certain range,
above which the frequency ratio will jump to a higher value at which control
will again be attained throughout a similar frequency range. Further
analysis of Fig. 184 shows that the range of control frequency throughout
which the oscillator “locks in” increases with amplitude of control voltage.
It can be seen from Fig. 184 that there must always be a whole number of
cycles of control voltage per half cycle of oscillation, and so the frequency
ratio for the circuit of Fig. 183a must be an even integer.

In the circuit of Fig. 183b, the control voltage is applied to the two grids
(or bases) in phase opposition, and so the control voltage at the end of the
negative half cycle must be of equal magnitude but opposite polarity to
that at the beginning of the eycle in order to make the grid voltage the same
in both tubes at the beginning of their respective negative half cycles. There
must be (n — 14) cycles of control voltage per half cycle of oscillation, and
hence the frequency ratio will be 2n — 1, where n is any positive integer.
The frequency ratio is therefore odd. In the circuit of Fig. 183c the control
voltage is applied to only one tube. The voltage at the beginning of the
negative half cycle of grid voltage of that tube must be the same in each
succeeding cycle, which is true for any integral frequency ratio.

In a multivibrator based upon the circuit of Fig. 99b, the control frequency
may be applied to one or both control grids. In the van der Pol oscillator of
Fig. 167a, the control frequency is best applied to the suppressor grid.* In
the circuit of Fig. 167b, the control frequency may be applied to any elec-
trode, preferably the control grid or the suppressor grid. In the transistor
circuits of Figs. 170 and 171, the control voltage may also be introduced in
series with any of the electrodes.

54.3. Synchronization by Periodic Pulses. It can be seen from Fig.
184 that variations in the amplitude of the sinusoidal control voltage may
not only cause changes in the ratio of the oscillation frequency to the con-
trol frequency, but may also cause random variatons in the period of
oscillation. It was pointed out in See. 52.6 that the same effect is produced
by random noise. The resulting random variation of frequency is called

4 Page and Curtis, loc. cit.
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frequency ptter. Changes in the ratio of oscillation frequency to control
frequency may be avoided and frequency jitter minimized by the use of
sharp periodic pulses of constant amplitude, instead of sinusoidal voltage,
as the control voltage. If the primary source of control voltage is a sine-
wave generator, the desired periodic pulses may be obtained by clipping
and differentiating the sinusoidal voltage in the manner explained in Sec. 7
(Fig. 29, for example) and, if necessary, removing positive or negative pulses
by means of a diode clipper. Then, if the control frequency exceeds the free-
running frequency of the relaxation os-
cillator, the oscillator is triggered at the
beginning of each cyecle or half cycle of
the control voltage, regardless of the
amplitude and frequency of the sinus-
oidal control voltage.

544, Control by Resonant Circuit.
The control frequency of a multivibrator
need not be supplied by an external
source, but may be generated by a
high-@ resonant eircuit connected in se-
Fic. 185. Multivibrator in which Ii€S with the plate resistor of one or
the frequency is controlled by a both tubes, as shown in Fig. 185, which

resonant circuit. is based upon the circuit of Fig. 174.

The resonant circuit, which is shock-

excited by the plate-current pulses, introduces a sinusoidal component into

the grid voltages. If the resonance frequency of the resonant circuit ex-

ceeds the free-running frequency of the multivibrator, the oscillation fre-

quency is that of the resonator, or a submultiple thereof. Further stabili-

zation may be obtained by applying the oscillator voltage to a frequency

discriminator, the direct-voltage output of which is impressed in series with

the grid supply voltage in the proper polarity to produce parial compensa-
tion of frequency variations, as explained in Sec. 53.3.

Frequeney control and stabilization of a multivibrator may also be
achieved by the use of the pulse-sharpening circuit of Fig. 33a in place of
the plate-circuit resistors Ry and Ry'.°

+

L

i |
1

55. Monostable Circuits

56.1. Theory of Operation. Although the term “monostable’” should
logically apply also to circuits that have only one state of equilibrium, it is
usually applied only to circuits that have one stable state and one quasi-
stable state. Application of a triggering voltage or current to a monostable
circuit initiates transition from the normal stable state to the quasistable

5 A. E. Johnson, Bell Lab. Record, 28, 208 (May, 1950).
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state. After a time interval that depends upon the circuit parameters, the
circuit returns to its stable state, where it remains until it is again triggered.

From the point of view of negative resistance, a monostable circuit differs
from an astable circuit only in that the load line intersects the current-volt-
age characteristic in one of the positive-slope sections, rather than in the
negative-slope section. A typical current-voltage diagram and path of
operation for a current-stable circuit triggered by an exponential voltage
pulse of the form Ve~ is shown in Fig. 186. The circuit is normally in the
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Fic. 186. (a) Equivalent ecircuit for a monostable cireuit using a current-stable
negative-resistance element. (b) Current-voltage diagram for this circuit obtained
by means of an analog computer,

stable state of equilibrium corresponding to point 1. Closing of the switeh
S initiates the triggering pulse across the small resistance B’ and thus moves
the operating point abruptly to point 2, from which rapid transition takes
place to the high-current branch of the ¢-v curve. Transition is followed by
exponential decrease of voltage and current, with the approximate time
constant RC, to point 4, from which rapid transition occurs to point 5. The
voltage then rises exponentially, with the approximate time constant RC,
to the value at the stable point 1.

The dashed curve in Fig. 186, obtained with a triggering pulse of consider-
ably longer time constant, shows that increase of triggering-pulse duration
moves point 3 to higher values of current and voltage and thus tends to
lengthen the time in which the circuit remains in the quasistable state. The
circuit is affected similarly, but to a lesser degree, by increase of pulse
amplitude. If the pulse amplitude or duration (time constant) is too small,
transition is not completed and the operating point returns to point 1, as
shown by the dotted line in Fig. 186. There is, however, a range of pulse
amplitude and duration over which transition is assured and for which the
time in which the cireuit remains in the quasistable state is essentially in-
dependent of the triggering-pulse characteristies.
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The path of operation in the current-voltage diagram is similar when the
stable point is in the high-current section of the current-voltage character-
istie.

Figure 187 shows a typical diagram for a voltage-stable circuit triggered
by a short exponential current pulse.

{and (g

LN

000/
Ly

Y 1{5 l" Lc P[V

l,—

S

—L‘I—} V5+V

v (a) (b)

Fic. 187. Current-voltage diagram for a monostable circuit using a voltage-stable
negative-resistance element.

556.2. Conversion of Astable Circuits Into Monostable Circuits. It
follows from the foregoing discussion that any astable circuit (relaxation
oscillator) can be converted into a monostable circuit merely by changing
one or more supply voltages in order to bring the intersection of the load
line with the current-voltage characteristic into one of the positive-slope
ranges. However, the most commonly used monostable circuits are based
upon the negative-resistance circuits of Figs. 68b or 70 or upon the equiva-
lent transistor circuits of Figs. 74b or 74c. The basic vacuum-tube mono-
stable circuits of these types are shown in Fig. 188. The basic transistor
circuits are similar in form. Circuit (a), which is basically an asymmetrical
multivibrator, is often called a “one-shot multivibrator.,” This name is
also frequently applied to circuit (b) which is a modification of the astable
circuit of Figs. 169 and 171. It is sometimes applied to monostable circuits
formed by modifying single-tube or single-transistor astable circuits.

55.3. Analysis of One-Shot Multivibrator. The operation of the cir-
cuits of Fig. 188 is in some respects similar to that of the multivibrator of
Fig. 174. The circuit values are chosen so that the cireuit has more than
one state of equilibrium, 7; conducting in one state and T» in another.
Under standby conditions, the positive grid supply voltage of Ty maintains
T1 in the conducting state and T’ is cut off. Application of a positive trig-
gering pulse to the grid of Ty or of a negative pulse to the plate of T»
or the grid of T, initiates transition. The sudden drop in voltage of the



MONOSTABLE CIRCUITS 243

plate of T'; during transition is accompanied by a practically equal drop in
voltage of the grid of T, that biases T, beyond cutoff. The capacitor Cy»
immediately starts to discharge and the voltage of the grid of T rises ex-
ponentially until it reaches the cutoff voltage and reverse transition takes
place. The abrupt rise in plate voltage of T causes Ci2 to recharge rapidly
through R, and the grid of T;. Normally the resistance R; is large in com-
parison with the d-c¢ grid resistance of T';, and the standby value of grid
voltage of T’ relative to the cathode of T'; is close to zero. The plate voltage
of T, is therefore normally low and rises to approximately the supply volt-
age when T, is cut off (if By + R,2">> R2). The output voltage is a posi-
tive pulse of duration equal to the time during which T, is off and T, on.

Fic. 188. Monostable circuits based upon the negative-resistance circuits of (a)
Fig. 68b and (b) Fig. 70.

The diagram of Fig. 179 applies to the rise of grid voltage of 7,. Under
the assumption that R; is large in comparison with the resistance of Ry’ in
parallel with the plate resistance of Tg, the following approximate expression
for the time during which 7', remains cut off may be found by solving Eq.
(87) for t,:

m+ k
to = R\Cyg loge—— (93)

m+ 1/u
in which m is the ratio of the grid supply voltage of T to the plate supply
voltage (unity when R, is connected to the positive terminal of the plate
supply voltage, as in Fig. 188), and k is the ratio of the negative swing of the
grid voltage of T, to the plate supply voltage. An approximate value for k
may be found from the plate diagram for 7', the approximate load resistance

Ry’ being used to determine the slope of the load line when Ry >> Ry'.

Equation (93) shows that the length of the output pulse may be changed
by means of R;, Cq2, or the ratio of the grid supply voltage of Ty to the
plate supply voltage. In most applications of the circuits of Fig. 188 large
changes of pulse length are made by changing Cy» and continuous adjust-
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ment is made by varying R;. The extent to which Ci3 can be reduced in the
production of very short pulses is limited by the input capacitance of T4,
which tends to prevent transition. Furthermore, if Cy2 is made too small,
operation in the negative-resistance portion of the current-voltage charac-
teristic may change from the growing-exponential region of the diagram
of Fig. 159 to a decaying-exponential region. The circuit then becomes
completely stable. The extent to which K, can be reduced is limited by the
allowable value of standby grid current of 7, and by the reduction of k when
Ry approaches Ry’ (see Sec. 52.3). As R; is reduced, a value of k is reached
at which the negative grid-voltage swing of T; is insufficient to cut 7'; off.
As this value is approached, the response of the circuit to a triggering pulse
becomes erratic. Another factor that may determine the minimum allow-
able value of R; is the change from monostable to bistable operation if the
slope of the load line becomes greater than the slope of the current-voltage
characteristic in the negative-resistance range.

The maximum attainable pulse length is limited largely by capacitor
leakage, which reduces the effective value of E;. Except at low values of
plate supply voltage, the extent to which R, may be increased may also be
limited by the maximum grid-cireuit resistance of T’y that can be used with-
out danger of cumulative increase of grid current. This value is specified
by the tube manufacturer. The minimum time interval between pulses, and
therefore the maximum pulse-repetition frequency, is limited by the time
required for Cy» to recharge following termination of the pulse. Short settling
time is favored by small Cy2 and Ry’

An analysis similar to that of Sec. 53.3 shows that if the circuit values are
properly chosen, the length of the pulse generated by the circuits of Fig. 188
may be made to vary very nearly linearly with grid supply voltage of Tt
The pulse length may be conveniently varied by means of a voltage divider
shunted across the plate power supply.

The analysis of Sec. 52, which also applies to the circuits of Fig. 188, shows
that stability of pulse length against changes of supply voltage is favored
by making m large. For this reason R, is usually connected to the positive
terminal of the plate supply voltage unless the pulse length is varied by
means of the grid supply voltage.

The time required for conduction to switch from Ty to T can be reduced
by applying the triggering pulse to the circuit through a diode. Cutting
off of the diode disconnects the source of triggering voltage from the circuit
near the beginning of transition, and thus allows transition to proceed
freely (see Sec. 29.2). As in the Eccles-Jordan bistable circuit, less trig-

1K. Glegg, Proc. I.R.E., 88, 655 (1950). Note that R./R:- R: should have been
written R./(R:+4 R.) in this article.
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gering voltage is required if a negative triggering pulse is used than if a
positive pulse is used (see Sec. 28.2).

55.4. Causes of Nonrectangular Pulse Form, As the conduction time
of T, is reduced, the ratio of the transition times to the conduction time of
T» becomes larger. When the conduction time is of the same order of
magnitude as the transition times, the rise and fall times of the output
pulse are an appreciable fraction of the pulse duration and the pulse is no
longer approximately reetangular, but is of the general form of the positive
pulses of Fig. 14c. As in bistable circuits (Secs. 30 and 31), the transition
times can be minimized by the use of
tubes having high transconductance
and low interclectrode capacitances,
by adding diodes to limit plate-volt-
age swings, and by shunting Ris" by
a coupling capacitor Cy2’ having a 1—'
capacitance of the order of 25 to
200puf. Too large a value of Cy _V—

may increase the rounding of the
leading edge of the pulse and de-
crease the maximum repetition fre-
quency, however. Transition in re- Fio. 189 One-shot lt'-'b wor i

sponse to the triggering pul_se ean \vilci’.ch a aiodencfisscogxnezrtllsl ti:’el ;;u;)(fe :)1}
also be speeded up by applying the triggering voltage after initiation of
triggering pulse through a diode that transition.

becomes reverse biased and discon-

nects the triggering circuit as soon as transition starts. Such a ecircuit is
shown in Fig. 189. The diode may serve the additional function of elimi-
nating any positive input pulse that might cause termination of the output
pulse before it is terminated by the timing cireuit.

Reduction in the rise time may be achieved in the circuits of Fig. 188
by the use of a highly damped resonant circuit in place of Ry.2 If the grid
supply voltage of T, is zero, the first half cycle of the transient oscillation
set up in the tuned circuit by transition initiated by the triggering pulse
drives the grid of T1 beyond cutoff, but the grid-cathode path of T short-
circuits the resonant circuit during the second half eycle and thus dissipates
the energy stored in the tuned ecircuit, eliminating the remainder of the
transient. The length of the output pulse is equal to half the period of
oscillation of the tuned circuit and may be varied by means of the capaeci-
tance of the tuned circuit. A disadvantage of this circuit is that the output

2F. A. Benson, Wireless Engincer, 29, 12 (June, 1952).
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waveform is critically dependent upon the values of the inductance and Cs.
A 250-uh choke, shunted by a 650-ohm resistance was found to be suitable,
and provided a rise time of a half microsecond.

Nonrectangular pulse shape is also caused by variation of plate voltage
following transition. In the circuit of Fig. 188hb, and in that of Fig. 188a
when C,2’ is small, the principal cause of variation of plate voltage of Ty
is the positive swing of the grid voltage of T; following the termination of
conduction of T and the subsequent decay of grid voltage to approximately
zero. The principal cause of variation of plate voltage of Ts, on the other

+250v.

F1a. 190. Monostable circuit capable of generating pulses as short as 0.1 gsee.

hand, is the flow of charging current of C;» through Ry’ following the con-
duction of T,. Because the effect of positive swing of grid voltage of T,
can be made small by the use of a large value of Ry, particularly with pen-
todes, whereas the effect of charging current upon the plate voltage of Ts
is difficult to avoid, better waveform can usually be obtained if the output
is taken from the plate of 7,. An additional advantage of taking the output
from Ty, rather than from T, is that variation of resistance or capacitance
of load shunted across the output terminals has negligible effect upon the
plate-voltage swing of T, and hence upon the grid swing of 7T, and the
pulse length. When close approach to rectangular form is essential, there-
fore, a negative-going pulse is best obtained by the use of a phase-inverting
tube to invert the pulse derived from the plate of T, rather than by using
the plate of T as the output terminal. Clipping may also be used to im-
prove the output waveform. In the circuit of Fig. 188b, a low-amplitude
negative-going pulse of good form can be obtained from the cathodes of
T; and T, as shown by the dotted line.

Another cause of variation of output voltage during or following the pulse
is capacitance of the external load shunted across the output terminals.
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The effect of load capacitance can be best minimized by the use of a
cathode-follower stage between the load and the output of the monostable
circuit. This is particularly desirable when pulse lengths of the order of a
microsecond or shorter are desired. The cathode-follower stage serves the
additional function of preventing the load capacitance or resistance from
affecting the pulse length.

When the output pulses are not required to be approximately rectangular,
pulses as short as a fraction of a microsecond are attainable by the use of
monostable eircuits of the general form of those of Fig., 188, Figure 190
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Fig. 191, Transistor one-shot multivibrators.

shows a circuit by means of which pulse lengths as small as 0.1 psec and
practically independent of load resistance can be attained.? This cireuit
is based upon the negative-resistance circuit of Fig. 68e (or astable circuit
of Fig. 178).

55.5. Transistor One-Shot Multivibrators. Figure 191 shows two tran-
sistor circuits analogous to the vacuum-tube circuit of Fig. 188a. The main
difference between circuit (a) * and ecircuit (b) ® lies in the method of pro-
viding the bias for the base of T2. The direct coupling from the collector
of T; to the base of T in circuit (b) is favorable to rapid transition. The
use of an additional transistor in the application of the triggering pulse is
also shown in circuit (a). Circuit (b) delivers a 250-usec pulse with a 2-usec
rise time at a maximum repetition frequency of 1000 pulses per sec.

When surface-barrier and some alloy-junction transistors are used, con-
siderable cireuit simplification is made possible by the fact that these tran-
sistors cut off when the base is still forward-biased relative to the emitter.

8 Rad. Lab. Series, Vol. 19, Fig. 527 (McGraw-Hill Book Co., Inc,, New York, 1949).

+T. A. Prugh, Electronics, January, 1955, p. 168.
5 P. G. Sulzer, Electronics, August, 1953, p. 170.
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The base of transistor T; may then be connected directly to the collector
of T; without the use of an emitter resistor to raise the emitter potential of

Fic. 192. Direct-coupled transistor
one-shot multivibrator in which both
emitters are at ground potential.

T. above ground, as shown in Fig.
192.¢ For some values of R; this cir-
cuit is astable, rather than monos-
table.

55.6. Nonsaturating Transistor
Circuit. Figure 193 shows a more
complicated transistor version of the
circuit of Fig. 188a in which diodes
are used to prevent the transistors from
being driven into the saturation range
of collector current (below the knee
of the collector characteristic).” The
resulting reduction of minority-carrier
storage reduces transition time and

thus makes possible the generation of pulses of shorter rise and fall times
and shorter duration. The diode D; prevents the collector voltage of
T, from falling to zero, whereas diode D prevents a sufficient rise of the
collector voltage of T to drive T2 into the saturation range. (Diodes D,
and D, may be breakdown diodes if they are reversed in polarity, the

Fic. 193. Transistor one-shot multivibrator in which diodes are used to prevent
transistor saturation.

cathode of D, being connected to the positive terminal of the voltage sup-
ply and the anode of D; to ground.) The breakdown diode Dj is used to

¢ R. H. Beter, W. E. Bradley, and M. Rubinoff, Electronics, June, 1955, p. 132.
7J. G. Linvill, Proc. 1.R E., 43, 826 (July, 1955).
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couple the base of T, directly to the collector of 7;. In combination with
Dy and Dy it also ensures that the maximum and minimum voltages of the
output wave are independent of the transistor characteristies.

When the voltage V, in the circuit
of Fig. 193 is zero, or close to zero, T»

normally conducts, and T, is cut off. 1—7’/2‘/'
Diode Ds also conducts. Since the ~ 6.8K0 g%ﬂ; 68KD
emitter-to-base voltage of T, is very S ' ‘4 - ]
small, the output voltage V, approxi- o c Ju
mates Vs — V43, where Vg is the . z ]
breakdown voltage of diode Dj. A pos- 2 69 )

7

itive triggering pulse initiates transi-

tion, which leaves T; conducting and luf 3\0,
Ts cut off. The reduction of eollector B
k2
T

voltage of Ty cuts D, off and causes

D, to conduct. The output voltage Input |
then approximates Vs — Vg3 Transi- -t
tion is followed by charging of Ci»
through R." and through R. and the g 104 Transistor circuit analogous
base of T;. When the base voltage of to the tube cireuit of Fig. 188b.
Ty has fallen to the value at which D,

becomes reverse-biased, D; ceases to conduct, the collector voltage of T
starts to rise, and the cireuit switches back to its initial state of equilibrium.

The circuit of Fig. 193 can provide a minimum pulse length of approxi-
mately 1 psec with a V4-psec rise time. The maximum repetition frequency
is about 10° pulses per sec. When the voltage V; is raised sufficiently to
open Dg the circuit becomes astable, delivering an output voltage of swing
equal to V3 — Vs, Both the monostable and the astable circuits deliver an
essentially rectangular output voltage.

A transistor circuit analogous to the tube circuit of Fig, 188b is shown in
Fig. 1945 Use of the diode D, in place of a resistor B, ensures rapid charg-
ing of Cy» following termination of the output pulse. The rise time of the
output pulse is 2 psec and the pulse length is adjustable from 5 psec to
several seconds by variation of Ci.

55.7. High-Current Transistor Circuit. The analysis of Sec. 32 shows
that rapid transition of transistor monostable cirecuits necessitates the use
of transistors having high values of hs and f,,. At the present time, how-
ever, such transistors do not have high current ratings and therefore are
ineapable of providing high-current pulses. Figure 195 shows a circuit that
avoids this difficulty by the use of one low-power n-p-n transistor having

8 F. C. Alexander, Electronics, December, 1954, p. 188.
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high values of &y and fqp and two medium-power p-n-p transistors having a
relatively low value of f4,.° The circuit is based upon the negative-resist-
ance circuit of Fig. 71. Transistor T, which is normally cut off, is rapidly
driven into saturation by a positive triggering pulse. The resulting drop
in collector voltage drives T» into saturation, conduction in 7'; being then
maintained by the rise in potential of the collector of Ta. This transition
is followed by charging of C, and therefore by falling of base potential of
Ta, which is driven into saturation. Since the collector-emitter resistance

|*ev
P-N-P j}p &
s P-N-P \

N-P-N Cs
—)
- %\ 000iuf
{ .

F1c. 195. Monostable transistor circuit capable of providing high-current output
pulses.

of T3 is only about 50 ohms in the saturation range, the base of T is con-
nected to the emitter through a low resistance. Consequently, T» is rapidly
cut off and causes T to be cut off. The coupling capacitor C; then dis-
charges through the diode.

The pulse length is adjusted by means of the arm of Rs. The purpose of
Rg is to improve the temperature stability of the circuit. This circuit pro-
vides a Y4-volt output pulse of 2.5-usec minimum length at repetition fre-
quencies up to 100 ke. The rise time is 0.7 usec at the upper limit of repetition
frequency and falls to 0.5 psec as the frequency is reduced. The fall time is
0.6 usec for a 2.5-usec pulse and 1 psec for a 5-usec pulse. A 3-ma triggering
pulse is required.

556.8. Monostable Unijunction-Transistor Circuit. Very simple mono-
stable circuits are made possible by the use of double-base diodes. Figure
196 shows a circuit that provides pulses ranging in length from 50 usec to
2000 psec at repetition frequencies up to 5 kel The pulse length varies

9 F. Rozner, Electronic and Rad. Eng., 84, 8 (January, 1957).
10 J, J. Suran and E. Keonjian, Proc. I.R.E., 48, 814 (July, 1955).



PRECISION PULSE GENERATORS 251

linearly with the capacitance C. Other monostable circuits may be formed
from the basic negative-resistance circuit of Fig. 75.1

+12v.

L

Fic. 196. Monostable unijunction-transistor circuit.

556.9. Use of Monostable Circuits as Delay Circuits. A very useful
application of monostable circuits is in the production of delayed pulses.
If the output of a monostable circuit is applied to an R-C differentiating
circuit of the form discussed in Sec. 3, the output of the differentiator con-
sists of a short pulse initiated by the leading edge of the pulse generated
by the monostable circuit and a second short pulse of opposite polarity
initiated by the falling edge. The delay between the second pulse and
the triggering pulse applied to the monostable circuit can be adjusted
by changing the length of the pulse generated by the monostable circuit.
The first pulse, which is usually only slightly delayed relative to the trig-
gering pulse, may be eliminated from the output of the differentiator by a
diode clipper. The delayed pulse can in turn be used to trigger a second
monostable circuit, which then generates a pulse of adjustable length delayed
relative to the initial triggering pulse by an adjustable interval (Prob.
55.9-1).

56. Precision Pulse Generators

56.1. Use of Miller Integrator for Timing. The Miller integrator cir-
cuit of Fig. 20a, because it provides a timing voltage that varies essentially
linearly with time, makes possible more accurate timing of pulse length over
a wide range than does a simple R-C circuit. The requirement of high
voltage amplification necessitates that the capacitor in a pentode Miller
circuit be connected between the plate and the control grid, rather than
between the plate and the screen or the suppressor. For this reason the
control grid ecannot be used for feedback purposes in the negative-resistance
circuit from which the pulse generator is derived. Negative-resistance cir-

11 J, J. Suran, Electronics, March, 1955, p. 198.



252 FUNCTIONAL CIRCUITS AND OSCILLATORS

cuits in which the coupling is from screen to suppressor, as in Fig. 66a, from
plates to screens, as in Fig. 99a, or from plates to suppressors, as in Fig. 99b,
are suitable for this purpose, however. Only the phantastron pulse gen-
erator, based upon the single-pentode trigger circuit of Fig. 66a, will be dis-
cussed.?

56.2. The Phantastron. Comparison of the basic phantastron circuit of
Fig. 197 with the bistable circuit of Fig. 93a shows that the former may
be formed from the latter by coupling the grid to the plate through the
capacitor C and adding a coupling capacitor in parallel with Rq» to increase
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F1c. 197. Phantastron circuit based upon the bistable circuit of Fig. 93a.

speed of transition. The flow of grid current through the resistor R, the
resistance of which is of the order of a megohm, prevents the control-grid
voltage from rising appreciably above zero. At zero control-grid voltage
the screen current has its higher equilibrium value and the plate current
has its lower value, zero. Application of a positive triggering pulse to the
suppressor or the screen or of a negative pulse to the control grid causes the
circuit to switch to its other equilibrium state, in which plate current flows
and the screen current has its lower value. The manner in which the plate
current and the control-grid, plate, and screen voltages vary following
transition is illustrated in Fig. 198.

The magnitude of the change of plate and control-grid voltage during
transition is reduced by the degenerative coupling of the plate to the grid,
the abrupt decrease of plate voltage being accompanied by an equal reduc-
tion of control-grid voltage that tends to prevent the increase of plate cur-
rent. The grid voltage vg: therefore drops to a negative value of magni-

1For a treatment of other pulse generators incorporating the Miller integrator, see
Rad. Lab. Series, Vol. 19, Secs. 5.16 to 5.18 (McGraw-Hill Book Co., Inc., 1949).
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tude ¥’ that is of the order of only 5 or 6 volts. The capacitor ¢ immedi-
ately starts to charge and the grid voltage to rise from an initial value
—V’ toward a positive value Vggs. Inasmuch as the tube in conjunction
with R, Rg, and C constitutes a Miller integrator circuit, the effective time
constant is RC(]4] 4 1), where [A4] is the magnitude of the voltage ampli-
fication of the circuit between the control grid and the plate, and the grid
voltage rises nearly linearly at its initial rate (Vgee + V') /RC(|A]| + 1).

L Suppressor
triggering
pulse

Zero

zero I I ip

Zero WVG,
_ I/’__ _

Vop

Zero

Fic. 198. Current and voltage waveforms for the circuit of Fig. 197.

As the grid voltage rises, the plate voltage falls approximately linearly
at the much higher rate |A|(Vge2 + V') /RC(|A| + 1) until it reaches the
limiting value vp’ equal to the supply voltage Vpp minus the product of R,
and the upper equilibrium value of plate current. The Miller effect then stops
and the time constant of the control-grid circuit changes from RC (|4] 4 1)
to RC. Thereafter the control-grid voltage rises rapidly to the value at
which the circuit switches back to its initial state of equilibrium. The
rise in plate voltage resulting from the interruption of plate current swings
the control-grid voltage to a positive value. As the capacitor C then dis-
charges through Ry and the grid-cathode path, the grid voltage falls ex-
ponentially and the plate voltage rises exponentially toward its standby
value Vpp. The grid resistance being low, the charging time constant ap-
proximates R3C.

The positive grid-voltage swing and subsequent exponential decay causes
the screen voltage to fall below its standby value and then to rise exponen-
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tially. The negative exponential portion of the screem-voltage wave may
be removed by means of a diode having its cathode connected to the screen
and its anode to a point on the voltage supply corresponding to the standby
voltage of the screen. The length of the rectangular pulse of screen voltage
is nearly equal to the time taken by the plate voltage to fall from its initial
value Vpp — V7 to its minimum value vp’. The approximate pulse length is
therefore (Vpp — V' — v,/)RC/(Vggz + V’). Since vp’ is nearly independ-
ent of Vpp and approximates only a volt or two if R; is of the order of a
quarter of a megohm or greater, the pulse length varies nearly linearly
‘Vith Vpp.

The initial value of plate voltage, and therefore the length of the pulse,
can be conveniently controlled by means of a reverse-biased diode Tz con-
nected to the plate of T, as shown by the dotted lines of Fig. 197. Diode
current limits the maximum pentode plate voltage to the biasing voltage V.
The pulse length is therefore (V — vp’)RC/(Vgge + V'), and linear pulse-
length modulation can be produced by varying V. Limitation of the plate-
current swing by the diode serves the additional function of reducing the
transition time. The transition time can also be reduced by applying the
triggering pulse through a diode, as in the bistable circuit of Fig. 102.

Fig. 199. Phantastron circuit based upon the bistable circuit of Fig. 93b.

56.3. Modified Phantastron. Figure 199 shows a modification of the
phantastron based upon the pentode bistable eircuit of Fig. 93b, in which
the screen is coupled to the suppressor by means of a cathode resistor, in-
stead of a voltage-dividing network. The advantages of this circuit are
that the screen (output) circuit is not loaded by the screen-suppressor
coupling network, that both positive and negative output voltages may be
obtained from the circuit, and that it does not require a negative supply
voltage. Because of the lower amplification of the tube as the result of de-
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generation, however, the approximation to linear variation of grid and plate
voltages is not so close and the pulse-length timing accuracy is therefore
not so good as in the cireuit of Fig. 197.

57. Sawtooth-Voltage Generators

57.1 Types of Sawtooth-Voltage Generators. Sawtooth-voltage gen-
erators find their principal applications as timing devices and as sweep
generators for cathode-ray oscilloscopes, radar displays, and television re-
ceivers. They are of two basic types: astable or monostable circuits, and
circuits in which a capacitor is charged relatively slowly and approximately
linearly by means of an approximately constant current and discharged
relatively rapidly by means of a short-circuiting tube. The astable and
monostable circuits are basically of the form of the circuit of Fig. 157b and
make use of negative-resistance elements having a current-stable charae-
teristic of the general form of those of Figs. 75, 79, and 80. The important
features of these characteristics in this application are very high resistance
in the negative-resistance range, and very low resistance in the high-current
range. For convenience of reference, Fig. 157b is repeated as Fig. 200a.
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Fic. 200. (a) Equivalent circuit for astable or monostable circuits based upon a
current-stable negative-resistance element; (b) current-voltage characteristic suit-
able for sawtooth-voltage generation.

57.2. Analysis of Astable Sawtooth-Voltage Generators. Figure 200b
shows an idealized current-stable current-voltage characteristic suitable for
sawtooth-wave generation, together with a load line that intersects the
characteristic in the high-current range. In the low-current range the resist-
ance R;. of such a characteristic is usually so high that operation of the
circuit of Fig. 200a is in the upper decaying-exponential range of the dia-
gram of Fig. 159. When voltage is first applied to the circuit, the voltage
across the capacitor therefore rises exponentially with a time constant ap-
proximating R’C, where R’ is the resistance of R in parallel with Ry, the
value of R;, in the low-current range (see Sec. 47.1). Usually R > Ry and
the time constant is very nearly RC.
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When the voltage across the capacitor reaches the value Vg, the cur-
rent 7 enters the negative-resistance range of the characteristic and the cur-
rents and voltages become growing exponentials. The rapid drop in the
voltage v across the current-stable element with increase of current ¢ is
balanced by voltage Ldi/dt induced in the inductance. As shown in Sec.
47.1, the time constant of the growing exponentials in this range approxi-
mates L/R;y, where R,y is the value of R, in the negative-resistance range.
The ratio of this time constant to the approximate time constant RC of the
low-current range is L/R;RC. Typical values of L, R, R, and C are
10— henry, — 10® ohms, 10° ohms, and 1038 farad, respectively. With these
values the magnitude of the ratio is 10—%. Because of the low value of this
ratio and the small current range covered by the negative-resistance portion
of the characteristic, the current passes through this range in a time very
short in comparison with that in which it passed through the low-current
range. The effect of the transition from the low-current range to the high-
current range is therefore equivalent to a sudden reduction of the voltage
v aecross the current-stable resistive element of Fig. 200a from V.. to
Vi, and an abrupt reduction of the resistance R; from the high value in
the low-current range to the low value in the high-current range. The sub-
sequent behavior of the circuit is similar to that of the equivalent cireuit
of Fig. 201 if the switch S in the latter cir-
cuit is moved from the left position to the
right position at the instant the capacitor
voltage reaches the value V.. The resist-
ance Ry in Fig. 201 is the resistance of the
current-stable clement in the high-current
range.

The resistance Ry is so low and the re-
sistance R so high that the currents and
voltages in the circuit of Fig. 201 following
switching are oscillatory with small damp-
ing. Because of the large value of R, the

I < current i, through the resistance E is small

lent circuit applicable follow- . . . . .
ing transition to the high-cur- in comparison with the capacitor current 2,
rent range. and the capacitor current and voltage wave-

forms approximate those observed when a

charged capacitor is discharged through an inductance in series with a
low resistance. Typical waveforms during the first two periods are shown
by curves (a) and (b) of Fig. 202. The variation of capacitor voltage is
accompanied by an equal variation of voltage across B and therefore of
current 1,, as shown by curve (c¢) of Fig. 202. The current ¢ through the
current-stable element, which is the sum of the currents 7, and 7,, is shown
in curve (d). In the actual circuit of Fig. 200a the current ¢ does not swing

Fic. 201. Approximate equiva-
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to negative values. When this current reaches the value corresponding to
the upper end of the negative-resistance range of the characteristic, the
currents and voltages again become growing exponentials and the current
falls through this range in a very short interval, at the termination of which
the voltage v is equal to Vi, the voltage across the capacitor is approxi-
mately 2Viin — Vi, and the resistance R, is again the high value Ry
of the low-current range. The sub-
sequent behavior of the circuit is
similar to that of the equivalent cir-
cuit, Fig, 201, if the switch S in the
latter is moved to the left position
when the current ¢ re-enters the neg-
ative-resistance range. The current
i and the capacitor voltage v, at this
instant are those corresponding to
points p and p’ on curves (d) and
(a), respectively, of Fig. 202. The
capacitor then recharges exponen-
tially with the approximate time
constant RC. The path of operation
rapidly approaches a closed loop.

The current ¢ and voltage v, In
the high-current range approximate
portions of sine waves that are
nearly 90 degrees out of phase. The
curve of 7 vs. v, in the high-current
range should therefore resemble a
p or?xon of an elhpse., as shown in the rents in the circuit of Fig. 201 follow-
typical curve of Fig. 203a. If the ing switching of S to the right-hand
circuit @ in the high-current range position.
is high, so that the damping is small,
as assumed in the foregoing analysis, the voltage across the capacitor may
reverse iIf Vi, is smaller than Vies/2, as it is in the characteristics of Figs.
75 and 80.

57.3. Frequency of Oscillation of Astable Circuit. The approximate
frequency of oscillation in the high-current range is 1/2=\VLC. The ratio
of the period of the oscillation to the time constant in the low-current range

Fic. 202. Typical waveforms of cur-

is approximately (2x/R)V/L/C. For the circuit parameters used earlier in
this seetion, this ratio 1s 6.28 X 10—3. Since it was shown that the ratio of
the time required for the current to pass through the negative-resistance
range to the time constant in the low-current range is 10—¢ with these
parameters, it follows that most of the complete period of oscillation is



258 FUNCTIONAL CIRCUITS AND OSCILLATORS

taken up in charging the capacitor from its minimum voltage (which may
be negative if V, is less than V,,,./2) to the voltage Viax. The waveform

of the capacitor voltage is therefore similar to that shown in Fig. 204a.
[ {

(Vs v
{ Vs Vp
L
Slope =~
v oand v Vs Vm‘/'n.\ Vr;)ax. Vs
(a) (b)

F1a. 203. Current-voltage diagram for the circuit of Fig. 201: (a) for a high-Q
circuit; (b) for a low-Q circuit.

It can be seen from curve (a) of Fig. 202 that the total change of capacitor
voltage approximates 2(Viax — Vi) if the damping of the oscillatory cir-
cuit in the high-current range is small. The frequency of oscillation is then
given approximately by the relation (Prob. 57.3-1):

Vs + Vmax - 2Vmin

1
— = RC log, 94
f Og Vs - Vmax ( )

As the damping in the high-current range is increased, the capacitor-voltage
swing becomes smaller, approaching Viax — Vmin as a limit, and the fre-
quency approaches the value given by the relation:

- Vmin

L RC1 Vs = Vinin (94a)
—_ = O € a
f g Vs - Vmax

If the current ¢, is maintained constant, the capacitor charges linearly and
the waveform is that of Fig. 204b. With small damping in the high-current
range, the frequency then has the approximate value (Prob. 57.3-1):

I

f - 2C(Vmax - Vmin)

(95)

in whieh I is the constant eurrent. With increase of damping the frequency
goes up, approaching twice the value given by Eq. (95). The current <,
can be made approximately constant during charging of the capacitor by
making R and V, so large that the change of capacitor voltage is small in
comparison with V, Alternatively, a constant-current device, such as a
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pentode, may be used in place of B. This method will be discussed in Sec.
58.2.

57.4. Effect of Changes of R and C. Decreasing the resistance R in
the circuit of Fig. 200a increases the current ¢, and also increases the damp-
ing of the oscillatory currents in the
high-current range. The amplitude
of curve b of Fig. 202 is consequently
decreased, and the minimum of
curve d is raised. A value of R
is reached at which the current <
does not re-enter the low-current
range. The curve of 7 vs. v¢ is then
of the form shown in Fig. 203b. Ap-
plication of the voltage V, to the
cireuit is followed by a single tran-
sient, and the current and voltage
terminate at the values correspond-
ing to the intersection of the load

| ,
m/\./i\/

Low~-current range

line with the characteristic.
Decreasing the value of C de-
creases the amplitude of ¢ and at
the same time decreases the @ of the
circuit in the high-current range and
thus increases the damping of 1.
The extent to which the current ¢

“(exponential )

Fia. 204. (a) Capacitor voltage of the

astable circuit of Fig. 200a for a current-

voltage characteristic of the form of Fig.

200b; (b) voltage waveform if 4, is

maintained constant; (¢) voltage wave-
form if C/R is very large.

swings to negative values is conse-

quently also decreased by a decrease of C, and there is a minimum value
of C at which relaxation oscillation can oceur at a fixed value of B. This
value may, however, be smaller than the inherent shunt capacitance of the
negative-resistance element.

Increasing C increases the period of the damped oscillation in the high-
current range. Decreasing E reduces the capacitor charging time in the low-
current range. Consequently, if C is increased and B decreased, the portion
of the cycle of relaxation oscillation in which the capacitor charges becomes
a smaller fraction of the entire period of oscillation. If the capacitor
charging time becomes of the same order of magnitude as the time required
for the current to pass through the negative-resistance and high-current
ranges, the waveform of the capacitor voltage is of the general form shown
in Fig. 204¢, which, on casual inspection, appears to resemble a sine wave.

Theoretical predictions of the manner in which the circuit should respond
to changes of R and C are in agreement with observations of the behavior
of actual circuits. As R is decreased, the frequency increases until the cir-
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cuit stops oscillating. Increase of C then allows the circuit to oscillate again
through an additional range of B. With large values of C and values of B
near those at which the circuit stops oscillating, the waveform of the capaci-
tor voltage is of the form of Fig. 204c.

57.5. Choice of V, and R. 1If the resistance R;z in the high-current
range is low, the behavior of the circuit of Fig. 200a is essentially the same
whether the load line intersects the characteristic in the high-current range,
as assumed In the analysis of Sec. 57.2, or in the negative-resistance range.
Because of the difficulty of adjusting the values of V, and R so that the
intersection is in the negative-resistance range if this range is small, this
type of operation is usually observed only if the slope of the current-voltage
characteristic in the negative-resistance range is relatively high. Transi-
tion from the low-current range to the high-current range then requires a
larger portion of the period of oscillation, and the waveform of the capacitor
voltage is intermediate between those of Figs. 204a and 204c.

57.6. Monostable Operation. When the current-voltage characteristic
and the parameters of the circuit of Fig. 200a are such that sawtooth re-

laxation oscillation is obtained, the

i circult may be made monostable by
reducing the supply voltage so that
the load line intersects the current-
voltage characteristic in three points,
as shown in Fig. 205. The intersec-
tion of the load line with the low-cur-
rent section of the characteristic then
corresponds to a stable state of equi-
librium. Application of a short volt-
age pulse in series with V,, of suffi-
Stable pt Vs vé&y,  cient magnitude to cause the load line

Fia. 205. Current-voltage diagram for to be displaced to the right of the

the circuit of Fig. 200 in monostable voltage peak of the characteristic, as
operation. shown by the dashed line of Fig. 205,

is followed by a single discharge of
the capacitor and subsequent slow exponential recharging to the voltage
corresponding to the stable point. The general form of the curve of I vs. v¢
is shown in Fig. 205. If the duration of the triggering pulse is short in
comparison with the time in which the current passes through the negative-
resistance and high-current ranges, the recharging of the capacitor is not
affected by the triggering pulse, and the waveform of the capacitor voltage
is that of one period of the wave of Fig. 204a or 204b.
b7.7. Synchronization. Like other relaxation oscillators, sawtooth-wave
oscillators may be synchronized to a control frequency slightly higher than
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the uncontrolled frequency of the oscillator or a multiple or submultiple
thereof (see Sec. 54). The control voltage may be applied to the circuit in
series with the supply voltage V,, or it may be applied to a control electrode
of the negative-resistance element in such a manner as to cause the break-
down voltage V..., to vary at the control frequency.

58. Practical Forms of Sawtooth-Voltage Generators

58.1. Glow-Tube Circuit. The first circuit to be used as a sawtooth-
voltage generator made use of a glow tube as the negative-resistance element.
The circuit is shown in Fig. 206. (The inductance L, which is essential to
the operation of a circuit of the form of Fig. 200a, is
not shown, since it is internal to the tube.) The glow-
tube current-voltage characteristic of Fig. 79 is a
static characteristic and does not apply when the tube c R
is used in a relaxation oscillator. The form of the
dynamie characteristic depends upon the ionization

of the gas within the tube and therefore upon the Vs
time elapsed between the extinction of an earlier dis- Fig. 206. Glow-tube
charge and reapplication of voltage to the electrodes, sawtooth-voltage
magnitude of current in earlier discharges, rate of generator.

change of voltage applied to the tube, tube tempera-

ture, and other factors.* The dynamie breakdown voltage is always lower
than the static value, and decreases with increase of frequency when the
tube is used in a relaxation-oseillator circuit. For this reason the amplitude
of oscillation decreases with increase of frequency, and Egs. (94) and (95)
cannot be used to predict the frequency of oscillation of a glow-tube circuit.

As a generator of sawtooth voltages, the glow-tube relaxation oscillator
has been displaced by other circuits that are more stable as to frequency
and amplitude and can be used over a wider frequency range. The glow-
tube oscillator has found recent application as a flashing warning light. The
very small amount of power required is an obvious desirable feature of the
cireuit in this application.

58.2. Thyratron Circuit. Considerable improvement in operating char-
acteristics results from replacing the glow tube of Fig. 206 by a low-current
thyratron. Advantages of a thyratron over a glow tube in this application
include breakdown voltage that is independent of frequency but controllable
by means of grid voltage, and much lower extinction voltage and therefore
higher amplitude of varying capacitor voltage and shorter transition time
from the low-current range to the high-current range. Because the break-
down voltage of a thyratron may be hundreds of volts, whereas the extinc-
tion voltage is of the order of only 10 to 20 volts, Fig. 202 shows that the

1 H. J. Reich and W. A. Depp, J. Appl. Phys., 9, 421 (1938).
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capacitor voltage swings to negative values in a thyratron sawtooth-voltage
circuit. If the breakdown voltage Vmax is large in comparison with the ex-
tinction voltage Vi, and damping is small in the high-current range, the
negative plate-voltage swing approximates the breakdown voltage.

The dependence of thyratron breakdown voltage upon grid voltage makes
possible the variation of frequency and amplitude of oscillation by means of
the grid voltage. The frequency of oscillation may be readily synchronized
to the frequency of an external source by introducing a small amount of the
synchronizing voltage in series with the grid. The synchronizing grid volt-
age causes the breakdown voltage to vary at the control frequency.

S Synch.
= voltage
ww—«m—i
A\ +

Amphtude and

Freguency
control frequency control

Fia. 207. Thyratron linear sawtooth-voltage generator.

Figure 207 shows a thyratron sawtooth-voltage generator in which ap-
proximately linear charging of the capacitor is obtained by the use of a
pentode in place of the charging resistor B. In this circuit charging of the
capacitor raises the cathode potential of the thyratron relative to the grid.
The breakdown voltage therefore falls as the applied anode-to-cathode volt-
age rises. The resulting rapid rise of anode-cathode voltage relative to the
breakdown voltage is desirable from the point of view of frequency stability.
The small inductance L, in series with the thyratron plate serves to limit the
peak thyratron plate current and also increases the @@ of the circuit in the
high-current range of the current-voltage characteristic and thus assures
that the capacitor-voltage swing approaches twice the difference between
the breakdown and extinction voltages. Continuous variation of frequency
is accomplished in the circuit of Fig. 207 by changing the pentode control-
grid voltage; large changes are made by changing the capacitance C. The
amplitude of the output voltage may be changed by means of the grid bias
of the thyratron.
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58.3. P-N-P-N-Transistor Circuit. Examination of the p-n-p-n tran-
sistor characteristics of Fig. 94 indicates that a p-n-p-n transistor can also
serve as the active element of a sawtooth-voltage generator. The transistor
has the advantage over thyratrons of not requiring a source of heater volt-
age. The transistor circuit therefore has the simplicity of the glow-tube
circuit, together with the desirable feature of controllability of breakdown
voltage by means of base current. Unlike thyratrons, however, p-n-p-n
transistors break down at relatively low reverse collector voltage. Proper
operation of the circuit requires that the maximum reverse collector-voltage
be less than the reverse breakdown voltage. Since the extinction or “break-
off” voltage Vi of a p-n-p-n transistor is independent of the breakdown
voltage Vmax, the reverse collector-voltage swing decreases with decrease
of forward breakdown voltage and may be adjusted to a suitable value by
means of the base current. Synchronizing voltage may be applied to the
base circuit.

58.4. Eccles-Jordan Circuit. The grid bias of the Eccles-Jordan circuit
can be adjusted so that the current-voltage characteristic observed in the
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Fic. 208. Tube and transistor sawtooth-voltage generators that make use of the
current-stable current-voltage characteristic observed in the circuit of Fig. 68d.

cathode lead of either tube has the general form of the characteristic of Fig.
200b (see Figs. 68d and 69d). Figure 208 shows tube 2 and transistor * cir-
cuits that make use of the current-voltage characteristics of Fig. 69d.

2. 8. Puckle, J. Seci. Instr,, 13, 78 (1936).
8 P. G. Sulzer, Electronics, August, 1953, p. 170.
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59. Switch-Type Sawtooth-Voltage Generators

59.1. Basic Circuit. Certain types of cathode-ray oscilloscopes, radars,
and similar equipment make use of circuits that generate a linearly rising
or falling voltage initiated by a triggering pulse that may not be periodic.
The basic cireuit ordinarily used for this purpose is shown in Fig. 209. Under
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Fic. 209. Tube and transistor versions of the switeh-type sawtooth-voltage gen-

erator.

standby conditions the capacitor is short-circuited by a triode, the grid of
which is biased positively, or by a transistor, the base of which is forward-
biased. Application of a rectangular negative pulse to the grid of the
triode or of a reverse-voltage pulse to the base of the transistor biases the
tube or transistor beyond cutoff and allows the capacitor to charge through-
out the duration of the pulse. If the time constant RC is large in com-
parison with the pulse duration, the voltage rises approximately linearly.
The nonlinearity may be reduced by the addition of inductance in series
with the resistance.

In the tube circuit of Fig. 209a an approximately linear positive-going
voltage is obtained across the capacitor and a negative-going voltage across
the resistor, The availability of both n-p-n and p-n-p transistors suitable
for use in the circuit of Fig. 209b makes possible the generation of either
positive-going or negative-going voltage across either the capacitor or the
transistor.

As the ratio of the time constant EC to the charging period of the capaci-
tor is increased in order to linearize the output voltage, the amplitude of
the output voltage decreases unless the supply voltage is simultaneously in-
creased. In order to avoid the necessity of using inconveniently large sup-
ply voltage, the resistor B may be replaced by a constant-current device,
such as a self-biased tube or transistor, as shown by the tube circuit of Fig.
210a. The regulating action is the result of increase of negative grid voltage
of T with plate current. A high degree of current stabilization may call
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for such a large value of resistance R, that the grid bias is excessive. This
problem is even more acute when a transistor is used as the constant-current
element, since the transistor requires a forward-biasing voltage, whereas the
voltage drop across the resistor in series with the emitter produces a reverse
bias.

Figure 210b shows a modification of the circuit of Fig. 210a in which the
biasing problem is solved by the use of a charged capacitor as a means of
providing biasing voltage.” The standby grid voltage is maintained at the

T L
C

UT | 1 T T
(a) "1:"

F1c. 210. (a) A modification of the circuit of Fig. 209a in which a current-stabiliz-
ing tube is used to linearize the output-voltage wave; (b) a variant of circuit (a)
in which 7', is biased by means of a charged eapacitor C,.

(b)

desired value by means of the diode T'5. As the capacitor C charges fol-
lowing application of the input pulse to T4, the diode cathode becomes posi-
tive relative to the anode and T; becomes nonconducting. The capacitor
then discharges through R, but if the time constant R.C, is large in com-
parison with the length of the control pulse, little change in voltage across
C, takes place during the charging of C. The rate of rise of output voltage
approximates the initial voltage across C, divided by RxC. At the termina-
tion of the pulse, C discharges rapidly through T';. When a transistor in the
common-emitter conneection is used for the constant-current device, the flow
of base current necessitates the use of a larger value of C, than that required
when a triode is used. The required value of C, can be reduced by the use
of compound-connected transistors for T's.

59.2. Bootstrap Circuit. Another type of linear-voltage generator, based
upon the bootstrap circuit of Fig. 20b, is shown in Fig. 211a.2 The circuit

1 Rad. Lab. Series, Vol. 19, Fig. 7.16 (McGraw-Hill Book Co., Inc., New York, 1949).
2 Rad. Lab. Series, Vol. 19, 7.13 (McGraw-Hill Book Co., Inc., New York, 1949).
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of Fig. 211a is formed from that of Fig. 20b by replacing the input voltage
v; by a constant direct voltage V and shunting the capacitor C by a short-
circuiting tube. As the capacitor C' charges following application of the
control pulse, the grid voltage of tube T, rises at the same rate. Because
the tube and the load resistor B, form a cathode-follower amplifier, the
cathode voltage rises at very nearly the same rate as the grid voltage, and
the voltage across R remains essentially constant. Consequently, the cur-
rent through R is nearly constant and the voltage across C rises approxi-
mately linearly. The cathode-follower amplifier increases the effective
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Fi1c. 211. (a) Bootstrap sawtooth-voltage generator; (b) variant of eircuit (a) in
which the voltage source V is replaced by a charged capacitor C,.

time constant governing the charging of C' from the value RC to the value
RC{1 + uR;/(r, + R;)]. Low-impedance output may be taken from
across the resistor R,

Figure 211b shows a practical form of the circuit of Fig. 211a in which the
need for a separate voltage source to charge the capacitor C is eliminated
by the use of a charged capacitor C, in place of the voltage supply V. If C,
is much larger than C and the time constant RR.C./(R 4+ R,) is large in
comparison with the duration of the control pulse, the voltage across C, does
not change greatly during the charging of C, and the linearity of the output
voltage is comparable with that obtained from the circuit of Fig. 211a. As
a result of the time required to recharge C, between input pulses, however,
the initial voltage across C, at the beginning of each pulse is a function of
the time between pulses, and therefore the rate at which the output voltage
rises is also dependent upon the time between pulses. If the control pulses
are periodic, the rate of rise of output voltage depends upon the repeti-
tion frequency and the duty factor. This effect is small if the period be-
tween pulses is large in comparison with the approximate time constant
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C.RR./(R + R,) and it can be reduced by substituting a diode for the
resistor R, as in the transistor circuit of Fig. 212.3

For the duration of the control pulse the diode of Fig. 212 is cut off by
the rise in emitter voltage of Ts, and C, discharges only through R and the
base of T3. The base current is made small by the use of the compound-
connected transistors Ts and Tj, instead of a single transistor. The use
of the diode in place of R, therefore increases the discharging time constant
from approximately C.RE./(R -+ R.) to approximately C.E and thus re-
duces the change in voltage across C, during the charging of C. At the
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F1g. 212. Transistor version of the circuit of Fig. 211b in which R, is replaced by a
diode D.

termination of the input pulse the sudden discharge of C lowers the potential
of the diode cathode and C, recharges rapidly through the diode. The low
resistance of the diode in comparison with the resistance R, of the ecircuit
of Fig. 211b results in much more rapid recharging of C., and hence in less
dependence of the rate of rise of output voltage upon the interpulse interval.#

59.3. Miller Circuit. A linear voltage generator based upon the Miller
circuit of Fig. 20a is shown in Fig. 213a. A pentode is used in place of the
triode shown in Fig. 20a, and the positive supply voltage is used for the
voltage v; of Fig. 20. Under standby conditions, current through the high
resistance R reduces the plate voltage of T's to a low value and the capacitor
C charges in the indicated polarity. When the control pulse is applied to
the grid of Ts, T is cut off and C discharges through R and the parallel
paths of R, and the plate of T';. As shown in Sec. 4, the amplifier T4, to-

2], 8. Sherwin, Univ. of California, Inst. of Eng. Res., Rpt. Series No. 60, Issue No, 181,
May 15, 1957.

4 For a detailed analysis of the frequency dependence of this circuit, see Rad. Lab.
Series, Vol. 19, Sec. 7.8 (McGraw-Hill Book Co., Inc., New York, 1949).
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gether with the feedback capacitance C, acts like a much higher capacitance
between the grid of T; and ground. Consequently the grid voltage of T,
rises slowly and approximately linearly and the plate voltage falls approxi-
mately linearly at a much higher rate.* At the termination of the input

(a)

]
N
=~

]
<

(b) =

Fig. 213. (a) Miller sawtooth-voltage generator; (b) Modified form of the Miller
circuit in which the step at the beginning of the output pulse is reduced by a
cathode-follower stage; (c) transistor version of circuit (a).

pulse T» again conducts and C recharges through 7. and through R, in
parallel with the plate path of T,. Because the plate resistance of T, is
relatively low, the charging time constant approximates the product of C
and the resistance of R; in parallel with the plate resistance of T};.

Before T is cut off by the control pulse, the current through R approxi-
mates Vpp/R. When T is cut off, the reduction in current through R tends
to raise the grid voltage of Ty and therefore the plate current of T;. A

* A simple qualitative explanation of the operation of the Miller circuit is that any
increment of grid voltage produces a much larger increment of plate voltage of opposite
sign, which is coupled back to the grid through the capacitor and thus tends to prevent
the increment of grid voltage. The grid voltage of T consequently rises much more
slowly than it would if 7' did not amplify.
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portion of the increment of plate current appears as discharging current
of C and maintains a voltage drop through B. However, because the output
resistance of the amplifier stage is much higher than the resistance of the
short-circuiting tube T'; in the absence of an input pulse, the initial dis-
charging current is less than the standby current through R, and there is
an abrupt rise in the control-grid voltage of 7, at the instant of application
of the control pulse. Since the capacitor cannot change voltage instan-
taneously, there must be an equal initial rise in output voltage. The initial
output voltage step may be eliminated by the addition, in series with C,
of a resistance R’ equal to the reciprocal of the transconductance of T4;.
An abrupt decrease of control-grid voltage of T'; is then accompanied by an
equal drop in voltage across the series resistance, and the output voltage
does not change (Prob. 59.3-1).

The output voltage step at the beginning of the control pulse can also be
reduced by connecting the capacitor C to the output of 7'y through a cathode-
follower stage, which has a low output resistance. The circuit is shown in
Fig. 213b.5 This circuit has the additional advantage that the lower output
resistance of the cathode-follower stage allows C to recharge more rapidly
following the termination of the control pulse and therefore results in a
more rapid drop in voltage at the termination of the control pulse.

A transistor version of the circuit of Fig. 213a is shown in Fig. 213e¢.8

59.4. Suppressor-Controlled Miller Circuit. Figure 214a shows a sin-
gle-tube Miller linear-voltage generator in which the control pulse is applied
to the suppressor of the pentode. The suppressor bias is sufficient to make the
standby plate current zero. Initially the control-grid voltage approximates
zero, and the plate voltage is equal to the positive supply voltage. The
voltage across the eapacitor is therefore the supply voltage. Application
of a rectangular positive pulse to the suppressor first causes the plate cur-
rent to increase abruptly to a value determined by the zero voltage of the
control grid, and the plate voltage to drop. The capacitor then discharges
and the plate voltage falls nearly linearly at a rate equal to the initial voltage
across the capaeitor divided by RC. At the termination of the control pulse
the plate current is cut off abruptly and the capacitor recharges through B,
and the control grid. The plate voltage therefore rises exponentially with
the approximate time constant R, C.

The initial drop in plate current at the instant of application of the control
pulse can be reduced by making the standby grid voltage negative, rather
than zero. A circuit by means of which this ecan be done is shown in Fig.
214b.” Under standby conditions the drop in R caused by the plate current

5 Rad. Lab. Series, Vol. 19, p. 199 (MeGraw-Hill Book Co., Inc., New York, 1949).

8J. S. Sherwin, Univ. of California Electronics Research Laboratory Series No. 60,

Issue No. 182, Div. of Electrical Eng., Berkeley, Calif., May 15, 1957.
7H. A. Dell, Electronic Eng., 25, 94 (March, 1953).
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of T, lowers the control-grid voltage of T;. Conduction of the diode D,
however, prevents the control-grid voltage of T'; from falling below the nega-
tive voltage applied to the anode of D. Application of a negative control
voltage to the grid of T, cuts T3 off. The resulting rise in plate voltage of
T» cuts the diode off and allows C to start charging linearly, as in the cir-
cuit of Fig. 214a. At the termination of the control pulse, C recharges
through R and the plate of T’s.

(b)

Fic. 214. Suppressor-controlled Miller eircuit: (a) circuit controlled by a positive-
going input pulse; (b) circuit in which the initial output-voltage step is reduced.

The operation of the circuits of Fig. 214 is in some respects similar to
that of the phantastron circuit of Fig. 198, and the output voltage is of the
same form as the plate voltage of the phantastron, shown in Fig. 198. The
phantastron circuit has the advantage that it delivers both a linearly falling
voltage and a rectangular positive voltage pulse.

59.5. Triangular-Wave Circuit. When the circuits of Figs. 209 to 214
are used with periodic control pulses, the output wave consists of linearly
rising or falling sections separated by constant-voltage sections. In some
applications it is desirable to make the interval between the linear sections
as small as possible. This can be accomplished by making the interval be-
tween rectangular control pulses very small or, if it is not essential that
the linear sections be initiated by the leading edge of the control pulses, by
biasing the short-circuiting tube or transistor beyond cutoff and applying
short, positive pulses to the grid of the tube or forward pulses to the base
of the transistor. A modification of the circuit of Fig. 210b that operates
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in this manner is shown in Fig. 215.® The positive biasing voltage necessary
to compensate for the large voltage drop across R; is furnished by the
capacitor C;, which is charged through the diode D, to a voltage approxi-
mating the negative supply voltage, during the time in which T, is made
conducting by the control pulse. The rate of rise of output voltage approxi-
mates the magnitude of the negative supply voltage divided by R,C. If
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Fi16. 215. Sawtooth-wave generator based upon the circuit of Fig. 210b.

the output is taken from the cathode of the diode, the output voltage rises
from approximately zero; if it 1s taken from the plate of T, it rises from
approximately the negative supply voltage.

59.6. Pentode-Triode Circuit. Figure 216 shows a self-excited saw-
tooth-voltage generator in which the capacitor is charged through a pentode
and discharged through a triode in series with a resistance.® The constant-
current feature of the pentode is used to obtain nearly linear charging of the
capacitor. During charging of the capacitor C the voltage drop through R,
produced by the pentode screen current biases the triode T2 beyond cutoff.
As the capacitor charges, the potential of the cathode of T, falls and
eventually reaches a value at which T, starts to conduct. The flow of
capacitor discharge current through R, then drives the control grid of T,
in the negative direction. The resulting reduction of screen current of T
raises the grid voltage of T.. Cumulative action terminates with T,
cut off and T'» highly conducting. Discharge of C’ causes the grid voltage
of T to rise to a point where T, starts to conduct, and cumulative action
returns the circuit rapidly to the initial state in which Ty conducts and T,
is cut off.

8 D. Sayre, Electronies, July, 1950, p. 172.
9 Loc. cit.
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Fine control of frequency in the circuit of Fig. 216 can be obtained by
means of a variable 1000-ohm resistor in series with the cathode of T;.
For short discharge time, the time constant R3;C’ should be small. Shorter
discharge time can be obtained by using a high-transconductance tetrode or
pentode for T'» and connecting Rs and C’ to the screen. The discharge

Fic. 216. Pentode-triode sawtooth-voltage generator.

time may then be adjusted by means of a variable 2000-ohm resistor in
series with the plate of Ts. The capacitor discharge may be made linear
by restricting the operation of the pentode T's to the constant-current range.

Synchronizing voltage may be conveniently applied to the circuit of Fig.
216 by the use of a series grid resistor between E; and the grid of 7'z, and a
small coupling capacitor to the grid.

60. Sawtooth-Current Generators

A sawtooth wave of current through a nonreactive load can be readily
obtained by using the load in the output of an amplifier excited by one of
the sawtooth-voltage generators discussed in Secs. 58 and 59. With an
inductive load, however, such as the coils used to produce electromagnetic
deflection of the beam of a cathode-ray tube, the amplifier exciting voltage
required to produce a sawtooth wave of load current is not sinusoidal. The
sawtooth-voltage generator used to drive the amplifier must therefore be
modified in order that the load current will have the desired sawtooth form.

Figure 217a shows the equivalent circuit of a tube with an inductive
load. The resistance R includes the inherent resistance of the inductor.
If the current is of the form K¢, where K = di/df = constant, it produces
a constant voltage KL across the inductance and a linearly rising voltage
K(R 4 r,)t across the resistances. The required exciting voltage therefore
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consists of the sum of a constant component of magnitude KL and a linearly
rising component having a rate of change K (R 4+ r,), as shown in Fig. 217b.
An exciting voltage of this form can be generated by sending a constant
current I, through a series combination of resistance R’ and capacitance C.
The current produces a constant voltage I R’ across the resistance and a
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Fic. 217. (a) Equivalent circuit of a vacuum triode with inductive load; (b)
voltage vg required in circuit (a) in order to produce a linearly rising current; (c)
waveform of voltage across a series combination of capacitance and resistance when
the capacitance is periodically charged by a constant current and discharged by a
much larger constant current; (d) current in circuit (a) when vq is of the form
shown in (c); (e) the use of an R-C-diode combination to damp out transients.

linearly rising voltage Ixt/C across the capacitance. The load current will
have the desired form Kt if R’ = L/(R 4 r,)C and I}, = KRC/u. A similar
analysis may be readily made for a transistor circuit.

If the capacitor C of the exciting-voltage generator is periodically charged
slowly by means of a relatively small current I; and discharged rapidly by
means of 2 much larger current of opposite sign, the voltage produced across
R’ and C is of the form of Fig. 217¢ and the load current is of the form of
Fig. 217d. It follows that a sawtooth wave of current through an inductive
load can be approximated closely by driving the load by means of an ampli-
fier excited by one of the sawtooth-voltage generators discussed in Secs. 58
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and 59 if a resistance of magnitude L/(R + r,)C is inserted in series with
the capacitance C of the sawtooth-voltage generator.

When an impedance-matching transformer is used between the amplifier
and the inductive load, the primary of the transformer should be shunted
by a diode in series with a parallel combination of capacitance and resist-
ance, as shown in Fig. 217e, in order to damp out transient oscillations
initiated in the transformer windings during the rapidly changing portion
of the current wave.

61. Blocking-Oscillator Pulse Generator

61.1. Principle of Operation. An approximately rectangular pulse of
large amplitude and of duration ranging from a fraction of a mierosecond
to several hundred microseconds and a rise time as short as 10—1? sec may
be generated by the feedback circuit shown in Fig. 218. Beecause the circuit
is basically a feedback oscillator in
which the parameters are chosen so
that relaxation oscillation or mono-
stable operation is obtained, it 1is
called the blocking oscillator.

If the grid-bias in the vacuum-tube
circuit of Fig. 218a is gradually raised
from a large negative value, plate
current starts flowing when the grid
— voltage reaches the cutoff value. A
I o further increment of grid voltage
Fic. 218. Common-cathode blocking eauses an increase of plate eurrent
oscillator: (a) basic cireuit; (b) cir- that induces a voltag:e in the trans-
cuit using resistance and capacitance to former secondary which is added to

control the pulse length. the impressed grid-voltage increment.

The transconductance, and therefore

the voltage amplification, increase as the grid voltage is raised. At some

value of grid voltage the open-loop voltage amplification of the tube and

transformer exceeds unity and the rise in grid voltage and plate current

become cumulative. The plate current then rises rapidly to a value deter-

mined by the characteristics of the tube and by the internal resistance of

the B supply. One of the most important factors that limit the plate cur-

rent is the diversion of current from the plate to the control grid at large
positive values of grid voltage.

Because of the rapidity with which the plate current rises to its maximum
value, the subsequent behavior of the circuit is similar to that which would
obtain if the plate-cathode path of the tube were replaced by a switeh in
series with a resistance. The sudden rise in plate current, which flows
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through the primary winding, is accompanied by the sudden flow of grid
current through the secondary. Since there is no source of direct voltage in
the secondary circuit, the secondary current decays toward zero and the
primary current rises toward the value determined by the voltage supply
and the primary circuit resistance. If the grid and plate resistances of the
tube and the transformer inductances were constant, the secondary current
would decay exponentially. Actually, however, the grid resistance is an
inverse function of the grid current, and core saturation reduces the trans-
former inductance as the secondary current dies out. For these reasons the
secondary current in the circuit of Fig. 218a decreases more rapidly than
if the decrease followed an exponential law. Oscillographic studies indicate
that in some circuits the decay follows more nearly a linear law than an
exponential.

As the grid current and voltage fall, the transconductance of the tube
rises and eventually becomes so large that the open-loop amplification of
the tube and transformer again exceeds unity. The reduction of grid voltage
and plate current caused by a small decrease of secondary current then
produces an additional decrease of secondary current equal to the initial
decrease and the action becomes cumulative. The plate current is there-
fore rapidly reduced to zero, i.e., the equivalent switch is opened.

61.2. Use of Resistor and Capacitor to Control Pulse Length. In
the circuit of Fig. 218a, the time taken for the secondary voltage to decay
to the value at which the circuit switches back to its initial state and the
plate-current pulse terminates may be of the order of several hundred
microseconds unless very small transformers are used. Much shorter pulses
are produced by the modified circuit of Fig. 218b, If the time constant R’C’
is small, the capacitor charges rapidly following the first transition; hence
the grid voltage falls quickly to the value at which transition is again initi-
ated and the plate current falls to zero. The circuit may be triggered by
voltage pulses applied to any electrode, in a manner similar to that for
Eccles-Jordan circuits.

61.3. Modes of Operation. If the grid biasing voltage of a blocking
oscillator is sufficient to keep the tube cut off, plate current pulses are ob-
tained only when a positive triggering pulse is applied to the grid. The
characteristics of the circuit then resemble those of the monostable multi-
vibrator discussed in Sec. 55, but the circuit is capable of producing pulses
having much shorter rise time and duration than those generated by the
monostable multivibrator. Because low transconductance in the vicinity
of cutoff causes the current to rise slowly near cutoff, short rise time is
favored by making the amplitude of the triggering pulses high.

If the biasing voltage is less than the cutoff value, the blocking oscillator
acts as a relaxation oscillator. One application of the astable blocking
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oscillator is as a frequency divider. Its advantage over the multivibrator
is the much higher upper limit of oscillation frequency.

The grid of a blocking oscillator may also be biased positively, so that
the tube conducts in the standby state. The positively biased blocking
oscillator is called the multiar. Usually the flow of grid current through the
grid resistor prevents the grid voltage from rising greatly above zero. Ap-
plication of a negative triggering pulse to the grid circuit initiates a reduction
of plate current that in turn induces in the grid winding of the transformer
a voltage of correct polarity to depress the grid voltage further. The action

R C R
- = (a) - (b) =
Fra. 219. (a) Common-grid blocking oscillator; (b) common-plate blocking oscil-
lator.

becomes cumulative and the plate current falls rapidly. The negative grid
voltage during the fall of plate current prevents the flow of grid current.
Hence the secondary of the transformer is essentially unloaded and there
is no long transformer transient to maintain the circuit in a quasistable
state, as in the negatively blased circuit. As the plate current approaches
zero, the reduction of transconductance causes the rate of change of plate
current to be reduced and the induced secondary voltage to become smaller.
Unless the amplitude and duration of the triggering pulse are sufficient to
hold the grid voltage below cutoff, therefore, the plate current stops falling
before it reaches zero. The subsequent increase of plate current induces a
positive voltage in the secondary of the transformer. The plate current
then rises at an increasing rate, and the circuit returns to the standby state.

Common-grid and eommon-plate variants of the circuits of Fig. 218 are
shown in Fig. 219.* Transistor blocking oscillators will be discussed in Secs.
63 to 66.

61.4. Blocking-Oscillator Transformers. The size, structure, and
parameters of transformers used in blocking oscillators vary greatly with
the rise time and pulse length required. For extremely short pulses and

1 B, Chance, V. Hughes, E. F. MacNichol, and D. Sayre, Waveforms, Rad. Lab. Series,
Vol. 19, Chap. 6.
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rapid rise times, the transformers may be very small, consisting, for example,
of five primary turns and five secondary turns wound upon a toroidal fer-
romagnetic dust core approximating %4 in. in outside diameter and 14 in.
in inside diameter. Such a transformer may have a shunt capacitance of
the order of 10—1¢ farad, a maximum inductance of 10—¢ henry, and a
coupling coefficient of 0.8. Because the lead inductance of such a trans-
former is obviously appreciable in comparison with the winding inductance,
the transformer must be mounted as close to the tube or transistor as pos-
sible, preferably directly on the electrode leads. Interelectrode and inter-
winding capacitances are also an important consideration in tube circuits,
the latter because it may cause degenerative feedback coupling unless great
care is taken in the arrangement of windings.

62. Analysis of the Vacuum-Tube Blocking Oscillator

62.1. Analysis During Switching Periods. Although the vacuum-tube
blocking oscillator is basically simple in form, rigorous analysis of the eir-
cuit is greatly complicated by the faect that the effect of shunt and inter-

Fic. 220. Equivalent circuit for the common-cathode blocking oscillator during the
time in which grid current is negligible.

winding capacitances cannot be ncglected at the high rates of change of
voltage that are obtainable in practical circuits. Furthermore, for the very
short rise times observed in tube circuits using miniature transformers, such
as that described in Sec. 61.4, the electron transit time is of the same order
of magnitude as the rise time and the transadmittance of the tube cannot be
considered to be a pure transconductance.

Some indication of the manner in which the plate-current rise and fall
times are affected by the circuit parameters of a blocking oscillator may be
determined by analyzing a greatly simplified equivalent plate circuit in
which interwinding coupling capacitances are neglected and the transadmit-
tance is assumed to be nonsusceptive. During the time in which the grid
current is negligible, the equivalent circuit is of the form of Fig. 220, in
which C represents the distributed capacitance of the windings and the
grid-cathode capacitance of the tube. Solution of the network equations
for this equivalent circuit shows that the primary current is of the form (see
also Prob. 62.1-1)
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1= Aé! (96)

in which
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If uM > r,RC + Ly and pM > 4r,(Ry + rp)LC (which is true when the
tube has high transconductance, the transformer is tightly coupled, and the
winding capacitance is low), the second term under the radical in Eq. (97)
is small in comparison with unity and by application of the binomial expan-
sion Eq. (97) may be written in the form,

u]ll - L1 - TpRIC Rl + p
pr= roLiC WM — r,R.C — I
=~ Mgn/LC — 1/Mg,, (98)
Ry +r
Do = ! P =4 I/M{]m (99)

;.LM e TpRIC - L1

The primary current is of the form

,': — Al{é(ﬂlgm/L]—lll\lgm)t _ elll\lgm] (100)

If Mg,,/L,C > 1/Mg,, the time constant of the first term of Eq. (100) is posi-

tive and very small, whereas the time constant of the second term is much

greater. Consequently the current increases rapidly from its initial value.
The plate current may be shown to be of the form

’1:7, - Aze(Mgm/LlC—I/Mgm)t _ Betm[gm (101)

in which A, is much larger than B. The magnitudes of A4, 4», and B depend
upon the disturbance that initiates the current change.

In the derivation of Eqs. (100) and (101) the dependence of circuit and
tube parameters upon current magnitudes was neglected. For values of .
plate current just above cutoff, the plate resistance is high and therefore g,

"is low. Although the assumptions made in the derivation of Eqgs. (100)
and (101) are not satisfied, Eqs. (96) and (97) indicate that current caused
by a small initial disturbance then dies out exponentially. If the magnitude
of the negative grid-biasing voltage is reduced, however, g, reaches a value
at which an initial disturbance causes an exponentially increasing current.
The rise of current is accompanied by rapid increase of g,, to the high value
assumed in the derivation of Egs. (100) and (101). As the current con-
tinues to rise, the high positive grid voltage accompanying the rise of primary
current results in a diversion of current from the plate to the grid and there-
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fore in a reduction of p and g,. At the same time, loading of the trans-
former secondary by the relatively low grid resistance causes a reduction
of the effective primary inductance L, of the transformer. Although the
reduction of p may result in a violation of the assumptions made in the
simplification of Eq. (97}, these equations still show in a qualitative way
that reduction of ¢,, and L, with increase of current causes the time constant
of the first term of Eqs. (100) and (101) to increase and that of the second
term to decrease. Eventually, therefore, the magnitude of the second term
of these equations increases at least as rapidly as that of the first term, and
the currents stop increasing and may start to decrease.

62.2. Analysis During Settling Periods. Because practical values of
circuit and tube parameters are such that rise times as short as 10—2 sec
are obtainable, the subsequent behavior of the
circuit may be analyzed under the assumption
that the tube may be replaced by a switeh in

series with the plate supply voltage Vpp, a con-
stant voltage V', and the resistance r,. The
voltage Vp' and the resistance r, are the direct
plate voltage and the a-c¢ plate resistance, re-

spectively, at the termination of the abrupt rise
of plate eurrent. Inasmuch as the currents are ) )
.. Fic. 221. Equivalent ecir-

observed to vary slowly subsequent to the ini- cuit for the common-cathode
tial rise, winding capacitance may be neglected.  plocking oscillator during
The equivalent circuit is then that of Fig. 221, the time of high plate con-
in which r, represents the a-c¢ grid resistance, duction.
which is a function of the grid voltage. The
winding resistances B, and R; have been neglected in comparison with the
much larger resistances r, and r,.

Solution of the differential equations for the eircuit of Fig. 221 yields the
following expressions for the plate and grid currents under the assumption
that the transformer coupling is perfect (M = L;/N and L; = L;/N?):

— ’ - t
i) = Vep Ve [1 - — Tg . L’(”’”"'Nz/'g)] (102)
Tp Nerp + g
- t
i = M T L, TN (103)
Nrp + 1y

Equation (102) shows that the plate current continues to rise slowly
following the initial abrupt rise, and that the grid voltage falls. When the
tube is in its high-conduction state, the plate current varies relatively
slowly with plate voltage, but the grid current rises rapidly with grid volt-
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age. Consequently, , is high and r, is low, and the time constant with
which the plate and grid currents change approximates N2L,/r,. As the grid
current and voltage fall, r, increases rapidly. Furthermore, although the
primary and secondary ampere-turns are initially equal in magnitude and
opposite in sign, the secondary ampere-turns decrease in magnitude as the
transient dies out and hence the core becomes saturated by the flux produced
by the primary current. Therefore L; decreases as the secondary current
falls. The reduction of L, and increase of r, cause the time constant to de-
crease. Consequently the secondary current falls, and the primary current
rises, more rapidly than if they changed exponentially. In some practical
circuits the secondary current is observed to fall nearly linearly.

When the grid voltage has fallen to a value at which the transconductance
is again large enough so that the bracketed term in Eq. (100) increases
with time, the current falls abruptly to zero.

63. Transistor Blocking Oscillators

63.1. Transistor Blocking-Oscillator Circuits. Transistor versions of
the blocking oscillator are shown in Fig. 222. The common-emitter, com-
mon-base, and common-collector circuits of Figs. 222a, 222b, and 222¢ are
equivalent to the common-cathode, common-grid, and common-plate eir-
cuits, respectively, of Figs. 218b, 219a, and 219b.* Figure 219d shows a
variant of the common-base circuit in which a portion of the voltage pro-
duced across the 10,000-ohm collector load resistance is applied to the base
by means of a tapped inductor.

To eliminate transient oscillations initiated in the transformer windings
by the rapid fall of collector current during transition out of the high-
current state, the secondary of the transformer may be shunted by a diode
or a diode and a series resistor, as shown by the dotted lines in Figs. 222a
and 222b. (The relatively low input resistance of the transistor following
transition to the high-current state prevents transformer transient oscilla-
tion at that time.)

Although the transistor blocking oscillator functions in a manner that is
basically the same as that of the analogous tube circuits, the speed of
transition from the off to the on state in the transistor circuits is limited
principally by delays caused by diffusion effects in the transistor, rather
than by capacitance of the transformer windings or the electrodes. Another
difference between transistor and tube circuits is the result of the fact that
the base of the transistor is forward-biased during the entire transition
period and the input conductance is therefore not negligible.

1 P. Sulzer, Electronics, August, 1953, p. 170; T. A. Prugh, Electronics, January, 1955,

p. 169; J. E. Flood, Wireless Engineer, 32, 122 (May, 1955); W. S. Ekess, J. E. Deaven-
port, and K. J. Sherman, Elsctronics, November, 1955, p. 132.
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63.2. Simplified Analysis. Before a detailed analysis of transistor
blocking oscillators is presented, it is desirable to make a rough determina-
tion of the upper limit of the speed of transition by means of a greatly
simplified analysis in which the circuits are considered as current amplifiers,
the output of which is applied to the input. Thus, if the resistance R in the

‘-‘IT—' (c) = (d)

F1g. 222. Transistor blocking oscillators: (a) common-emitter; (b) common-base;
(¢) common-collector; (d) modified common-hase.

circuit of Fig. 222a is large in comparison with h; and the time constant
hyC is large in comparison with the transition period, the circuit may be
represented by the simplified circuit of Fig. 223 during transition. The
magnetizing inductance of transformers used in transistor blocking oscil-
lators is sufficiently high so that negligible magnetizing current builds up
during the short transition period, and the coefficient of coupling k is nearly
unity. Therefore 79 ~ Nig as the collector current builds up from its initial
value, which approximates zero. Furthermore, for values of N normally
used, R1 + N2(h;, + R2) is so small in comparison with 1/hk,, that the col-
lector current is very nearly equal to the short-cireuit collector current and
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to0 = Nhsta. In the actual circuit of Fig. 222a the restriction is imposed
that 7z must equal iy at all instants during transition. In the simplified
circuit of Fig. 223 this can be true only because ks, becomes smaller as the
rate of change of collector current increases. (It will be shown in Sec. 64
that the speed of transition may be reduced by transistor capacitance,
which is neglected in this simplified circuit.) The dependence of ks upon
rate of change of collector current may be taken into account by the use
of Eq. (55). We may therefore write

1
(1 + + 4 )'ic =1ip = 19 = Ni¢ (104)
hvo  hrobwad
where p = d/dt.
Solution of Eq. (104) leads to the following expression for the collector
current at any instant following the onset of

(o 0 transition:
~— —
R, R, i = Aewasl1H N+ Ry )¢ (105)
‘8 . h[e%, in which A is a constant. Since hp, ap-
proximates —1 in the usual types of june-
N tion transistors, Eq. (105) may be reduced
Vas Vee to the approximate form:
Fic. 223. Simplified equivalent ) Nowt
circuit for the common-emitter ic = Ae ¥ (106)
blocking oscillator during tran- ) oo
sition. Equations (105) and (106) indicate that,

as long as the transition speed is not greatly
dependent upon transistor or eircuit capacitance, the speed increases with
the alpha-cutoff frequency wqss of the transistor and with the transformer
turns ratio N. It can be seen from Eq. (105) that the current increases
with time (i.e., the exponent is positive) only if

1+ by 1

hfb hfe

N >

The collector winding of the transformer must therefore have a greater num-
ber of turns than the base winding.

Similar analyses (Prob. 63.2-1) lead to the following approximations for

the collector current during transition in common-base and common-collector
blocking oscillators:

lo =~ AN Doat (common-base) (107)

ic = AN A=Mloat (common-collector) (108)
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These equations show that the speed of transition of the common-base
circuit and of the common-collector circuit increases with the alpha-cutoff
frequency. In the common-base circuit, N must exceed unity; the collector
winding of the transformer must have a greater number of turns than the
emitter winding. The speed of transition increases with N. In the common-
collector circuit, N must be less than unity; i.e., the base winding must
have a greater number of turns than the emitter winding. The speed of
transition increases as N approaches unity. Because of the difficulty of
maintaining high coefficient of coupling as the turns ratio is increased, it
would appear that somewhat higher transition speed should be possible in
the common-collector circuit than in either the common-emitter or the
common-base circuit.

The constant A in Egs. (106) to (108) is the value of the collector current
when t = 0. If the circuit is initially biased beyond cutoff, therefore, the
current cannot build up unless a triggering pulse causes some initial current
to flow.

63.3. Transition Time. Usually the transition time, rather than the
transition speed, is the more important consideration. The transition time
decreases with increase of transition rate and with decrease of collector cur-
rent in the high-conduction state.

The factors that influence the current i Slope=hyes =
in the high-conduction state can be
determined from the collector dia-
gram of Fig. 224. Under the as-
sumption that the transformer leak-
age inductance is negligible, the col-
lector load in the common-emitter
circuit during transition to the high-
current state consists of the effee- g 294 Collector diagram for the
tive input resistance of the trans- common-emitter blocking oscillator.
former, R, + N2(Rs -+ h;), where

R, is the resistance of the collector winding and Ry is that of the base
winding. The increase in the slope of the load line in Fig. 224 with collec-
tor current is caused by decrease of the transistor input resistance ki, as
the base current ¢z increases. Collector-current transition terminates when
the collector voltage has fallen to saturation. The collector current in the
common-emitter circuit at the end of transition is seen from Fig. 224 to be

ic’ = Vee/lres + Ry + N?(Ra + hi)] (109)

where 7., is the value of 7, in the saturation range and h;/ is a value of hy,
near the midpoint of the load line. For the common-base and common-
collector circuits, h; in Eq. (109) must be replaced by hy’ and b/, respec-
tively. Equation (109) indicates that the value of the collector current at
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the termination of transition, and therefore the transition time, can be de-
creased by increasing R; or E: or, more practically, by adding resistance
R., Ry, or K, in series with the collector, the base, or the emitter. The addi-
tion of circuit resistance decreases the transition time only up to the point
where the decrease in amplification causes a decrease in rate of change of
current that offsets the reduction of current change. The transition time
can also be decreased by decreasing Ve, Since the current at every instant
increases with the coefficient A in Egs. (107) and (108), the transition time
is also decreased by increasing the amplitude and duration of the triggering
pulse.

Tt should be noted that lag in the response of the collector current to an
increase of base current does not change the path of operation, but causes
the collector current at any instantaneous value of base current to be smaller
than if the change took place so slowly that diffusion delay were negligible.
The effect upon the collector diagram can be approximated by compressing
the characteristic curves downward at every instant during transition by a
sufficient amount so that the current amplification Ny, at that instant is
reduced to unity.

64. Linear Analysis of Transition of Transistor
Blocking Oscillators

64.1. Transition to the High-Current State. Figure 225 shows ap-
proximate equivalent circuits of common-emitter, common-base, and com-

hfb( ”’ab [0 Ia

{a) (b) (¢c)

Fre. 225. Approximate equivalent circuits for transistor blocking oscillators ap-
plicable below the alpha-cutoff frequency: (a) common-emitter; (b) common-base;
(¢) common-collector.

mon-collector blocking oscillators that are valid at frequencies below and
approaching the alpha-cutoff frequency.* Although Eqs. (106) to (108)
indicate that transition time constants smaller than the reciprocal of the

18ee, for example, R. F. Shea, editor, Transistor Circuit Engineering, Chap. 2, John
Wiley and Sons, New York, 1957,
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TasLe VIII. Cogrriciexts For EquaTion (110)
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alpha-cutoff frequency are to be expected, the more complete analysis based
upon the circuits of Fig. 225 yield equations which indicate that the col-
lector eapacitance C, prevents reduction of the transition time constant
below 1/w,;. For this reason, and because of the fact that any linear
equivalent circuit is at best only an approximation, the relatively simple
circuits of Fig. 225 are adequate.

During most of the transition period to the high-current state, the emitter-
base junction of the transistor is forward-biased to such an extent that the
equivalent emitter resistance is of the order of only a few ohms. The
emitter diffusion capacitance C, is approximately equal to 1/1.27.wq.2 It
will be shown that the results obtained when this capacitance is neglected
indicate that other resistances with which r, is effectively in series make its
effect upon the circuit negligible. It is therefore valid to assume that C,
is negligible in order to simplify the analysis.

Analysis of the circuits of Fig. 223 with C, neglected lead to the following
characteristic equation:

ap* + asp® + ap® + aip + a0 = 0 (110)

The coefficients of Eq. (110) are listed in Table VIII. These coefficients were
obtained with the aid of the relations A1% = k%L;Ly, Lo = L;/N? M =
kLi/N. The winding resistances R; and Rj, which are of the order of a few
ohms, have been neglected where they are in series with 7, which is of the
order of 100 chms, but not where they are in series with ., which is of the
order of an ohm or two, or with R, which may be zero.

Typical values of transformer parameters are k% = 0.9 t0 0.98, N = 1.5 to
10 for common-emitter and common-base circuits and approximately unity
for common-collector circuits, L; = 107 to 1073 henry, and R; and Ry = 1
to 5 ohms. Typical transistor parameters are hyp, = —0.98 7, = 1 to 2
ohms, 7, = 100 to 200 ohms, C, = 107! farad, and was, = 107 rps. Substi-
tution of these values into the coefficients listed in Table VIII shows that aq
and terms involving L% and r, may be neglected in an approximation, and
that B, and Ry may be assumed to be zero. The characteristic equation then
reduces to the following forms for the common-emitter, common-base, and
common-collector circuits, respectively:

1 - ¥)p’ + [(1 — k?)was t (N?'Tb + Rc)]

2 1 ]
[ (N*ry + R.) + I, LIC [+ (NE+ Dhyso] = 0 (111)

2 Shea, op. ctt., Chap. 2.
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1 R,
(1 - EHp® + [(1 — I war + — (N — 1)%ry + —] p?
L1 Ll

a 1 «
+ {%—b[(N - D%y + R + ] »+ dad (1 + Nkhsyo) = 0 (112)
1

Le) " L,
N2T (N — 1 ZRc

b + ) ] pg
L, L,

(I—Wm“+bﬁ—1mﬂ+

Wab N —1)?

—— [N? N — 1)2R, ————~—}
+{L1[ ™+ ( YR + Iic. P
Wab

L,C,

+ (N — D+ (1 — NE)hso| = 0 (113)

For abrupt transition from the off state to the on state, the collector
current should be of the form of an exponential with positive exponent.
One root of Egs. (111) to (113) must therefore be positive. This can be
true only if the final term of the characteristic equation is negative. For the
common-emitter circuit, this requirement is satisfied if —Nkhp,/ (1 + hsoo)
> 1, i.e, if NKhy; > 1. The ecriterion for a growing-exponential solu-
tion in the common-base circuit is that —Nkhsp, > 1. In the common-col-
lector circuit, Nk must be less than unity and |hp,| > (N — 1)2/(1 — Nk).
If k approximates unity, the latter criterion reduces to N/(1 + ko) > 1,
which is equivalent to —Nhj, > 1. It follows that the turns ratio must
exceed approximately 0.02 in the common-emitter circuit, and unity in the
common-base cireuit, and that it must lie in the range from approximately
0.02 to unity in the common-collector circuit. It was pointed out in Sec.
63.2 that the speed of transition increases with N at a fixed value of k up
to the point where the speed is limited by capacitance.

64.2. Solution of Approximate Characteristic Equations. Examina-
tion of Egs. (111) to (113) shows that the magnitude of the positive root,
and therefore the rate of increase of current, increases with the coupling
coefficient k. This is to be expected, since the open-loop amplification of
the eircuit increases with the primary-to-secondary coupling and the rate of
change of current at all instants during transition must therefore be greater
in order to satisfy the requirement that the loop amplification be unity in
the closed circuit. Although practical values of k are not ordinarily large
enough to justify neglecting the first term of the characteristic equation,
it is instructive to examine the ideal case in which the coupling is perfect.
If the two terms involving 1 — k2 are neglected and hp, is assumed to be
—1, Eqgs. (111) to (113) reduce to:
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(common-emitter circuit)

2 1 Nwas
# o+ (o + WP, + Rc)oc) PT Wit rge, 0 U
(common-base circuit)
\ 1 (I = N)was
7+ (o + [V — Dra + e e s A
(common-collector circuit)
N - 1) NN = D,
v+ (‘““” * +( W —)1)2RC]CC> Pt v, i W —)1);1{:0]00 =0
(116)
Equations (114) to (116) are all of the following general form:
p? + (wab + ?) p— w“:_’"z ~0 (117)

Equation (117) may be solved by application of the quadratic formula,
the radical being expanded by means of the binomial expansion. Since
4wapnaT

(rwas + m1)*
lected, and the following approximate expressions for the roots obtained:

& 1, all but the first two terms of the expansion may be neg-

n2
Py~ (118)
m/wap + 7

m

p_ = — <wab + *) (119)
.

The growing transient corresponding to the positive root is therefore
t0 = Aeht!hmeat) (120)

Substitution of the applicable expressions for 1, 52, and - inte Eq. (120)
shows that, for the ideal common-emitter, common-base, and common-col-
lector circuits with perfect coupling, the speed of transition is increased by
an increase of N in the allowable range of N. In any practical circuit, how-
ever, the coupling coefficient is not only less than unity, but tends to de-
crease as N departs from unity. As suggested in Sec, 63.2, this fact would
appear to indicate that mecre rapid transition should be possible in the
common-collector circuit than in either the common-emitter or common-
base circuits.
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Substitution of typical values of transformer and transistor parameters
into Eq. (120) shows that the transition time constant is determined prin-
cipally by the alpha-cutoff frequency wq, but that it is increased, and the
speed of transition therefore reduced, by the collector capacitance C..

64.3. Graphical Solution of Characteristic Equations. Although the
third-order Eqgs. (111) to (113) cannot be solved directly, graphical methods
of solution are possible for known 2y
values of transistor parameters. One
convenient method consists of re- 10 / "
placing p in Eqs. (111) to (113) by WS
the normalized variable p/wsy by
dividing through by g, and then
solving the equations for L;. For
known values of B, and the transis-
tor parameters and selected values
of Py /wes, L1 may then be plotted
as a function of N.* Typical curves ?
obtained in this manner for zero R, \‘/
are shown in Fig. 2262 It is appar- 0.2
ent from Fig. 226 that the speed of

/ 1]

6L,
&

Primary inductanc

transition of the common-base cir- 0 5 10 5 20 25
cuit does not increase continuously Turns ratio, N

with & when & is less t}}an unity, g 296. Typical curves of Ly vs. N at
but passes through a maximum, the three values of P /wgp-

value of which increases with L.

64.4. Effect of Loading. Solution of the equations of the equivalent
circuits of Fig. 225 with a resistance shunting the transformer primary or
secondary leads to characteristic equations that indicate that loading re-
duces the positive root of the equations.* Loading therefore reduces the
speed of transition. This is to be expected, inasmuch as conductance shunt-
ing the transformer diverts current from the transistor input and thus reduces
the current amplification of the circuit. Consequently, the amplification
falls to unity at a lower rate of change of collector current, and the rate
of change of current is less at all instants during transition.

64.5. Method of Triggering. It was shown in Sec. 63.3 that the transi-
tion time is decreased by an increase in the magnitude or duration of the
triggering pulse. The transition time is not dependent upon the point in the
circuit at which the triggering pulse is applied, provided that the pulse pro-
duces the same initial increment of collector current, and that the impedance
of the source of the triggering pulse is such that it does not. affect the time

3J. G. Linvill and R. H, Mattson, Proc. I.R.E., 48, 1632 (November, 1955).
¢ Linvill and Mattson, loc. cit.



290 FUNCTIONAL CIRCUITS AND OSCILLATORS

constant appreciably. Thus, a low-impedance voltage source may be con-
nected in series with one of the transistor electrodes, or a high-impedance
current source between two of the electrodes. For the same transition time,
the amount of triggering energy required is about the same, regardless of
the type of triggering used.®

65. Linear Analysis of Transistor Blocking Oscillators
During Conduction

65.1. Analysis of Equivalent Circuit. Prior to the onset of transition
to the high-current state, the transistor emitter-base junction is reverse-
biased and transistor currents are sufficiently small in comparison with
those which flow after transition that they may be assumed to be zero. If
C and R are infinite in Fig. 222, transition takes place so rapidly that the
subsequent behavior of the circuit is essentially the same as though the
supply voltages were suddenly applied to the equivalent circuits of Fig. 227,

(a)

F1a. 227. Approximate equivalent circuits applicable following transition to the
high-current state: (a) common-emitter circuit; (b) common-base circuit; (e)
common-collector circuit.

in which the resistances rys, 7., and r, are the equivalent tee-circuit re-
sistances of the transistor in the saturation range. The emitter resistance
Tes, Deing of the order of only an ohm or two, may be neglected in comparison
with 7., and 7, which are of the order of 5 to 25 ohms and 50 to 75 ohms.
The equivalent reverse voltage V3" is required because the input char-
acteristies of the transistor are curved, as shown in Fig. 228 (see also Sec.
6.2). The magnitude of Vp’ is of the order of 0.1 to 0.3 volt. Since change
of base current does not affect the collector current in the saturation range,
the equivalent circuit does not contain an equivalent current generator;
i.e., hy, is zero.

The equivalent circuit for the common-emitter circuit following transition
to the on state may be simplified to the form of Fig. 229, in which r, = 0,

5 Linvill and Mattson, loc. cit.
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R/’ =R+ rs+ Re, Ry’ = Ro + 15, and Vipp' = Vpp — V5. Solution of
the equations for the circuit of Fig. 229 subject to the conditions that the
primary and sccondary ampere turns are initially equal in magnitude and

te { {
c 8
R;% LM ELa %Ré
4
2
£ Voe 1 ]
B Ver Ve
Fie. 228. Input charac- F1c. 229. Simplified equivalent cir-
teristic of a transistor in cuit of the common-emitter blocking
the common-emitter con- oscillator following transition to the
nection. high-current state.

of opposite sign (the initial flux is zero) and that steady-state primary and
secondary currents are Voe/Ey and Vpp’/Ro’, and under the assumption that
the coupling is perfect leads to the following expression for the collector
and base currents:

Vg’ R//N 1%
ip = [1 _ BN e—'/f] — % (121)
Ry Ry/N — NRy' NRy + R,’/N
Vea’ 1% NRy
do = 2B mur gy [1 - 2 e_”’j, (122)
NRy + R{/N Ry NRy 4+ Ry'/N
where
L <N2 4 > (123)
e VA W

Equation (121) shows that the collector current continues to increase
after its initial rise during transition, but that the base current decreases
after its initial rise. (Note that Vs’ is negative in a monostable circuit and
that the magnitude of V5" is much less than that of V¢e.) The path of oper-
ation in the collector diagram of Fig. 224 after transition to point P first fol-
lows the saturation characteristic. As the collector current rises and the base
current falls, however, values are eventually reached that correspond to a
point to the right of the saturation curve. The collector current then again
becomes dependent upon the base current. The falling base current reduces
the rate of rise of collector current and finally causes the collector current to
start to fall. When the operating point has moved far enough to the right
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of the saturation curve so Nkhy, again exceeds unity, the action becomes
cumulative and the current falls abruptly to zero in a manner similar to that
during the transition to the high-current state. The value of k being ap-
proximately unity, the period during which the circuit remains in the high-
current state approximates the time required for the collector and base cur-
rents to reach values such that iy = Nhytpt (This approximation is
based upon the assumption that ks, does not vary during transition.) The
length of the pulse generated may therefore be determined by combining
this relation with Eqs. (121) to (123).

Solution of the equations for the circuits of Figs. 227b and 227c¢ leads to
equations that are similar to those of Eqgs. (121) to (123). The time con-
stants during the high-conduction period are given by the approximate rela-
tions:

N — D% + Ry + N2°RY
= I, ( 2 ) Tb At . C-B (124)
Nolres(R) + Ry') + Ri'RY']

in which
Rl’ = Rl + Tes + Rc and RQI = R2 + Tes
N —1)? R,) + R/ + N?Ry’
e WVt RO ROANRY
N(res + R.)(Ry' + Ry') + Ri/Ry’
in which

R1’ = Rl + Tes and Rz, = Rg + Tbs

Increase of the transistor input resistance as the secondary current decays,
as well as saturation of the transformer core as the ratio of primary to
secondary ampere turns increases, causes the waveforms of the primary and
secondary currents to depart from the exponential forms predicted by Eqgs.
(121) and (122) and similar equations for the common-base and common-
collector cireuits. The current variation may, in fact, be more nearly linear
than exponential.

66.2. Use of R-C Timing Circuit. The analysis of See. 65.1 applies to
the circuits of Fig. 225 only when the time constant RC is large in compari-
son with the time constants given by Eqs. (123) to (125). If RC is consid-
erably smaller than the value given by one of these equations, on the other
hand, the pulse length is determined primarily by RC. The addition of R
and C to the circuit therefore reduces the minimum pulse length below that
attainable when the resistor and capacitor are omitted (R and C' made

1D. O. Pederson, Univ. of California, Inst. of Research, Series No. 60, Issue No. 161,
September 10, 1956. Since %o ~ Nic when k = 1, the relation ic = Nhreois states that

the current amplification of the transistor and transformer in the circuit of Fig. 223 is
unity.
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infinite), and allows the pulse length to be varried by change of resistance
or capacitance. The pulse length may also be varied by changing Vg, be-
cause the steady-state value toward which i falls, and therefore the time
taken for 7z to become equal to i¢/kNh;,, depend upon Vpp?

65.3. Transition to Low-Current State. During the transition from
the high-current state, a high reverse bias is developed across the emitter-
base junction. Eqs. (123) to (125) are applicable to the period following
transistion from the high-current state if r,, is replaced by the reverse re-
sistance of the emitter-base junction. Because this resistance is of the order
of thousands of ohms unless the reverse bias is sufficient to eause breakdown
of the junction, the time constant during the period following transition
from the high-current state is much smaller than that following transition
to the high-current state in common-emitter circuits in which the timing
resistor B and capacitor C are not used.

If reverse base-biasing supply voltage is used, the transistor remains cut
off following transition from the high-current state until transition is again
initiated by a triggering pulse. If forward base-biasing supply voltage is
used, on the other hand, the base voltage rises above cutoff at some time
following transition from the high-current state, and the circuit again
switehes to the high-current state without the application of a triggering
pulse. The circuit is therefore astable and the collector current consists of
periodic pulses.

66. Nonsaturating Transistor Blocking Oscillators

66.1. Use of Diodes to Reduce Saturation. The rate at which the col-
lector current falls during the transition from the high-current state is
reduced by the presence of stored minority car-
riers when the collector voltage is allowed to fall
into the saturation range. Some decrease in pulse
fall time may therefore be achieved by the use
of a diode to limit the minimum collector voltage,
as shown in the circuit of Fig. 230.* The manner
in which this circuit functions can be explained
with the aid of the collector diagram of Fig. 231,
in which the charactgrlstlc curves are drawn for Fia. 230. Nonsaturating
constant values of emitter voltage. At low values  ¢ommon-base blocking os-
of collector current the diode is reverse-biased and cillator.
has negligible effect upon the operation. The path
of operation is therefore the load line corresponding to the effective input re-
sistance R, of the primary, where R; = Ry + N?(Ry + hy). When the col-

25, H. Dinsmore and D. O. Pederson, Univ. of California, Inst. of Eng. Research,

Series No. 60, Issue No. 190, July 25, 1957.
1 Linvill and Mattson, loc. cit.




204 FUNCTIONAL CIRCUITS AND OSCILLATORS

lector voltage reaches Vo', however, the diode starts to conduct and the for-
ward resistance of the diode is shunted across the primary.

In the ideal case in which the diode is assumed to have zero forward re-
sistance, the diode short-circuits the transformer primary at currents greater
than that corresponding to the intersection P of the load line with the con-
stant-voltage line v¢ = Vo' and thus prevents further increase of emitter
voltage. Under the assumption that there is negligible buildup of the trans-
former magnetizing current during the short transition time, the emitter
voltage when the operating point reaches P approximates (Vee — Vee') /N.
Because of the delay in the response of the transistor to increasing base
voltage, the collector current at P is much lower than it would be with the
same emitter voltage under static conditions, and the static characteristic
for the emitter voltage (Ve — Veo') /N lies far above P. The collector cur-
rent therefore continues to increase to the value at P’ of Fig. 231a, where

: Voo ~Vop
p _ecYee
( L

Static char.

Dynamic char:
o VoV

Ves
Vel Ve

(a)
Fic. 231. Collector diagram for the circuit of Fig. 230: (a) for an ideal diode hav-
ing zero forward resistance; (b) for an actual diode. R, = R, -+ N2(R, + hy).

the static characteristic intersects the constant-voltage line vy = V', the
additional current flowing through the diode. The rate at which the current
builds up in this range is determined by diffusion phenomena in the tran-
sistor, and is lower than the rate below P.

In the actual circiut the resistance of the diode allows the collector voltage
to continue to decrease somewhat as the current rises above the value at P.
If the diode resistance is small in comparison with R, + N2(R, + hy), the
path of operation in this range resembles the mirror image of the diode char-
acteristic, as shown in Fig. 231b. The collector current at the termination
of transition corresponds to the intersection of the path of operation with
the static characteristic for vg = Avg/N. The increasing voltage across the
diode as the current rises causes the emitter voltage to continue to rise and
thus increases the rate at which the eollector current rises. The rise time
would not be expected to be shorter than with zero diode resistance, for the
emitter voltage at P’, and hence the collector current at P/, increase rapidly
with diode resistance.
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It can be seen from Fig. 231b that the diode resistance must be consider-
ably lower than R; 4 N2(R; 4+ hy) in order to be effective in preventing
saturation, and that V¢ should not be too much smaller than Vee. Lower
diode resistance can be achieved by the use of a breakdown diode, rather
than the usual type of diode. The breakdown diode has the additional ad-
vantage of much smaller minority-carrier-storage effects.

66.2. Behavior Following Transition to the High-Current State.
Following transition to P’ the primary current increases and the secondary
current decreases, in the same manner as in the saturating circuits of Fig.
222. Reduction of emitter (secondary) current causes the collector current

Pey i Ideal

T\/€ fransformer _‘)
I
ip 1 Ty !
[ A
0 Y

Fic. 232. Approximate equlvalent circuit applicable following transition of the
circuit of Fig. 230 to the high-current state.

to fall. The diode current, which is the difference between the collector
current and the primary current, falls and would eventually become — (Vo
— Veo')/(rg + Ry) at zero collector current if the diode acted like a con-
stant nonrectifying resistance r;. As the diode current falls, however, its
resistance increases and at some instant before the diode current passes
through zero the resistance becomes high enough so that the loop amplifica-
tion of the circuit exceeds unity. Rapid transition to cutoff then takes place.

An approximate equivalent circuit that applies during the period following
the transition to the high-current state is shown in Fig. 232. (The parameter
h.» 1s assumed to be zero and hyy to be negligible in comparison with 1/74
and 1/N2h;;. The coupling is also assumed to be perfect.) Solution of the
equations for this circuit leads to the following expression for the root of
the characteristic equation (see also Prob. 66.2-1):

Nra(hiy + Re + R1/N?)
Li[ra(hsoo + 1/N) + N(hiy + Ry + R1/N?)]
~ _ Nrghoy (126)
Ly[ra(hyo + 1/N) + Nhyy)

Since kg, is negative and N exceeds unity, p; is negative only if

ra < N2?hyp/|1 + Nhpol,

pL= —
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infinite if r; equals this critical value, and positive if r; exceeds this value.

If the perveance of the diode is so low that r, exceeds the critical value
at the termination of transition to the high-current state, but high enough to
prevent the collector voltage from falling to saturation, the currents follow-
ing this transition are growing exponentials. The growing rate of fall of
collector current indicates that transition to the high-current state is at once
followed by transition to cutoff. The collector-current pulse then does not
have a flat portion, and its duration is the sum of the two transition times.

If the perveance of the diode is high enough so that r, is less than the
critical value at the termination of transition to the high-current state,
on the other hand, p; is negative and the currents following this transition
are decaying exponentials. As the diode current falls, r; increases and the
magnitude of p; increases. If hy remained constant at the value hp, and
the collector and circuit capacitances had no effect, the rates of change of
the currents would become infinite at a value of diode current such that rg
equaled the eritical value. Transition to cutoff may be assumed to start
at this instant. Typical values of Ay, hip, and N are —0.98, 35 ohms, and
2, respectively. For these values the critical value of r; at which transition
to cutoff begins is 146 ohms, which is obtained at a relatively low value of
current in a diode suitable for this application. Thus transition to cutoff
may be assumed to begin when the diode current becomes zero.

Actually, as the diode current approaches the critical value, the rapid
change of collector current reduces |hs| below the static value. This reduc-
tion and the effect of collector capacitance limit the rate of change of cur-
rents during transition, as explained in Sec. 64.

66.3. Conduction Period. The diode current at the termination of
transition to the high-current state is the difference between the collector
current at point P’ of Fig, 231a and that at point P. If hy > Ry and R,
the diode current at this instant is (Prob. 66.3-1) (note that h;, is negative
and N > 1):

) Vee' — Vee

Do = hib'N (h;bo + 1/N) (127)
where k3 is the value of the short-circuit input resistance h;, at a point near
the midpoint of the section of the path of operation below P. If the diode
behaved like a nonrectifying constant resistance, the diode current would
decay toward the value — (Voo — Veo')/(rao + R1), where 74, is the initial
value of r4, and the decay curve would be of the form shown by the solid
curve of Fig. 233. The following approximate expression for the diode cur-
rent subsequent to the termination of transition to the high-current state
may be obtained by inspection of Fig. 233:
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1 hyvo + l/N] —pp_ Yee—Ved!
et S0 7

: € (128)
ra + It his’ N rq + Ry

For typical values of hsye, i, 7a, B, and N, the initial diode current is so
small relative to the magnitude of the negative current toward which the
current decays that current may be assumed to fall nearly linearly for an
appreciable portion of the period of conduction. As pointed out in the pre-
ceding section, however, increase of 74 causes the rate of decay to increase
toward a value limited by decrease in hy;, and the decay curve is of the gen-
eral form of the dotted curve of Fig. 233. Under the assumption that the

ip = Vee—Veo' [

(p B +IN

Y —————— (VCC‘VCC fhbfT

02X Time

- .
r iV
rdo+Pl

Fic. 233. Curve of diode current vs. time following transition of the circuit of
Fig. 230 to the high-current state.

current decays linearly to zero, the period during which the eircuit remains
in the high-conduction state is (Prob. 66.2-1c):

_ (hfboN + 1)Ll

129
Nzhib ( )

T =

As in other blocking oscillators, the conduction period may be shortened by
the addition of R-C timing circuits.

67. Nonlinear-Circuit Simulators

67.1. Advantages of Diode Circuits. Need frequently arises in analog
computers, electronic instruments and controls, and other electronic circuits
for circuit elements that have special nonlinear current-voltage relations.
A number of special circuits have been devised in which the amplifying
properties of vacuum tubes or transistors or the physical properties of
vacuum or semiconductor devices have been used to provide continuous
parabolic, exponential, or other special current-voltage characteristics.
These circuits generally have the disadvantage of relatively high complexity
or dependence of their characteristics upon the characteristics of individual
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active circuit elements. It is obviously desirable to make use of circuits in
which the vacuum tubes or semiconductor devices serve only as switches
and in which the current-voltage characteristic is dependent almost solely
upon passive circuit elements. For this reason combinations of resistances
and biased diodes are used in order to approximate a desired current-voltage
curve by means of a number of straight-line segments. For some purposes
one or two diodes and resistors suffice to provide a sufficiently close approxi-
mation to the desired curve. The maximum departure of the actual char-
acteristic from the desired characteristic can be reduced to any desired degree
by the addition of more circuit elements.

67.2. Characteristics of Multiple-Branch Circuits. In general, biased-
diode circuits may contain combinations of parallel branches and series
branches. Since the voltage across parallel branches is common and the
total current is the sum of the individual branch currents, the resultant
current-voltage characteristic of parallel circuits of known characteristics
can be conveniently derived graphically by the simple process of adding the
currents of the individual charaecteristic curves at equal values of voltage.
Similarly, since the current through elements connected in series 1s common
and the total voltage across the combination is equal to the sum of the
individual voltages, the resultant current-voltage characteristic of a series
combination of circuits of known current-voltage characteristics can be
derived by adding the voltages of the individual characteristics at equal
values of current over the range in which all the component circuits conduct.

The current-voltage characteristic of any diode-resistance network can
be displaced parallel to the voltage axis by means of a constant voltage in
series with the network. Similarly, the characteristic can be displaced
parallel to the current axis by a constant-current source in parallel with the
network. Although a constant-current source can be approximated by means
of a self-biased pentode or transistor, usually a high resistance in series
with a voltage source is adequate. If necessary, the effect of shunting the
network by the additional finite resistance can be compensated by small
changes in the network resistances.

67.3. Basic Diode Circuits. The basic voltage-biased resistance-diode
circuits and their current-voltage characteristics are shown in Figs. 234a
and 235a. Under the assumption that the diode is a perfect rectifier and
that the diode perveance and the circuit resistance are sufficiently high so that
the voltage across the diode is negligible in comparison with that across the
resistance when the dicde is forward-biased, the current-voltage character-
istics of the circuit are of the form shown in Figs. 234b and 235b. As the re-
sistance B is reduced, the forward characteristic of the circuit becomes
steeper, and it gradually departs from approximate linear form, approaching
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{ L Stope= 7

EyN

—  (a) (b)

Fic. 234. (a) Voltage-biased resistance-diode circuit; (b) current-voltage charae-
teristic of the circuit.

the form of the diode characteristic at very low values of resistance. Re-
versal of the biasing voltage displaces the break point to the left of the origin.

Current-biased circuits are formed by paralleling the circuit of Fig. 234
or that of Fig. 235 by a resistance in series with a voltage source, as shown

{ {

-
R
74 I‘V_ v
___:r‘V /</
1 Stope™ i
= (a) (b)

Fic. 235. (a) Voltage-biased resistance-diode circuit; (b) current-voltage charac-
teristic of the cireuit.

in Fig. 236a. The current-voltage characteristic of the circuit of Fig. 236a,
shown by curve (3) of Fig. 236b, may be constructed by inspection or by
adding the current values of curve (1) for branch 1 to the current values of
curve (2) for branch 2 at equal values of voltage (Prob, 67.3-1). The
characteristic may be displaced horizontally by changing the magnitude or

- i i
itle

R, 22
2 2
(3)4wf /(1)
S/ope=§+/j / ope f
e (b) (c)

= (a) 4

Fic. 236. (a) Current-biased resistance-diode eircuit; (b) current-voltage charac-
teristic of the eireuit,.
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polarity of V; or by an additional voltage source in series with the circuit;
it may be displaced vertically by changing the magnitude or polarity of V.
If V5 and R, are made very large, branch 2 of the circuit approaches a con-
stant-current source I and the slope of the upper branch of the curve ap-
proaches zero. If R, is zero, the lower branch of the curve becomes the diode
characteristic, displaced from the origin, and approximates a vertical line
if the voltage scale is large and the current scale small. The characteristic
obtained with zero R; and infinite R is shown in Fig. 236¢. If the polarities
of the diode and of both voltages are reversed, the characteristics of Figs.
236b and 236¢ are rotated 180 degrees about the origin.

4

/
R R
v
v
‘B / /}—vb_J
v oL
T ,Q/
= (a) (b)

F1a. 237. (a) Breakdown-diode circuit; (b) current-voltage characteristic of the
circuit. (V, is the diode breakdown voltage.)

Figure 237 shows the current-voltage characteristic of a breakdown diode
in series with a resistance. The characteristic may be made symmetrical
about the origin by making V = —V,/2, where V, is the breakdown voltage
of the diode, or by using two breakdown diodes of opposite polarity in series
and making V zero. Breakdown diodes are useful in obtaining character-
istics that are symmetrical with respect to the voltage axis or with respect
to both axes (Prob. 67.3-2). Although the same characteristics can be ob-
tained by the use of ordinary diodes, only half as many breakdown diodes
are required, and fewer sources of biasing voltage may be required.

67.4. Parallel and Series Circuits. Figures 238 and 239 show examples
of parallel and series circuits by means of which exponentials or curves of
the form ¢ = v” may be approximated. Characteristics similar to those of
Figs. 238 and 239, but lying in the third quadrant, are obtained if the
polarities of all diodes and biasing voltages are reversed. The various
biasing voltages may be obtained from a single source by means of a low-
resistance voltage divider.

Figure 240 shows the characteristic obtained by the series eombination
of the voltage-biased circuit of Fig. 234 and the current-biased eircuit of
Fig. 236, The voltage V; produces the same effect as a simultaneous in-
crease in Vy and decrease in V3, and may therefore be omitted.
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Curves having some sections that are concave upward and others that
are concave downward can be approximated by circuits consisting of parallel
combinations of the eircuits of Figs. 238 and 239. Thus, if V4 and I, are
zero in the circuit of Fig. 241a, the current voltage characteristic is that of

s Ve Y
Ry "R, TR (d)

(c)

Fic. 238. (a) Reverse-biased parallel circuit; (b) current-voltage characteristic of
the circuit; (c¢) reverse-biased series circuit; (d) current-voltage characteristic of
the circuit.

Fig. 241b. (Note that the lowest break point in Fig. 239d is at the origin
if Vo = —(Vy 4 Vo4 Vi), 1e., if the lower input terminal voltage in Fig.
239¢ is Vi + Vs + Vi) The biasing voltage Vy and current I, displace the
characteristic, as shown in Fig. 241c. The input diode prevents the flow of
current when the input voltage is negative. Similar S and reverse-S char-
acteristics may be obtained by paralleling two circuits of the form of Fig.
238a, 238¢, or 239a. Circuits having “stair” characteristics were discussed
in Secs. 34.4 and 34.5.
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A typical characteristic obtained by the use of two breakdown-diode eir-
cuits in parallel is shown in Fig. 242. If the two resistances are equal, the
characteristic has the interesting property that sections of slope 2/R alter-

I Stpepy
LY )
Ti R, <A R, Ry '
|
v D, Dy Dy /7’,"‘/%2*/3/3‘
t
Y y, Y Y I=- LI -
0—1— /T zT 3T / }A’,/?ZPSR,,: ,
"
(a) Y (i, Y
Iz, (Rﬁﬁ?z R,
(b)

Sttt
(d)

Fi1c. 239. (a) Forward-biased parallel circuit; (b) current-voltage characteristic of
the cireuit; (c) forward-biased series circuit; (d) current-voltage characteristic of
the circuit.

nate with sections of slope 1/R. Similar properties are displayed by curves
obtained by the use of three or more breakdown-diode circuits in parallel.
67.5. Synthesis of Circuits Having Desired Characteristics. It is ap-
parent that, if the desired slopes and break-point-positions are known in
the broken curve of Figs. 241, the resistances and biasing voltages necessary
to obtain this characteristic can be determined without great difficulty
(Probs. 67.5-1 and 67.5-2). Furthermore, the characteristic can be made



NONLINEAR-CIRCUIT SIMULATORS 303

symmetrical by paralleling the network by a similar network in which
polarities of all diodes and biasing voltages are reversed, and the charac-
teristic can be displaced horizontally or vertically by connecting a voltage
source in series with it or a current source (high voltage in series with a
high resistance) in parallel with it. It follows that a wide variety of curves
having only positive slopes can be simulated by the use of diode eircuits.
The simplest procedure is to draw
the curve that is to be simulated
and then to approximate the curve
with the minimum number of linear
sections that will keep the maximum
error within the allowable value.
This can usually be done with suffi-
cient accuracy by eye (Probs. 67.5-3
to 67.5-5). The general form of the
required ecircuit can then be deter-
mined and the values of the resist-
ances and biasing voltages deter-
mined from the slopes of the seg-
ments and the positions of the break

points. With practice, considerable V;/ /If\/; 7 v
facility can be developed. In design- /v, RtR Ry /(R *R3)
ing the complete ecircuit, care must \ I

/ Slope=5 +5
be taken to ensure that the max- (b) R, R,

imum inverse-voltage and power-
dissipation ratings of the di i ; , A .
S1p tings o e diodes will series with a current-biased circuit; (b)

not be exceefied. ) current-voltage characteristic of the cir-
Even relatively simple character- cuit,

istics consisting of three or four seg-

ments can usually be obtained in a number of ways. The characteristic of
Fig. 243a, for example, may be obtained by means of the three-diode circuit
of Fig. 243b. The characteristic may, however, be synthesized by adding
the ordinates of the two characteristics of Fig. 243¢. Thus the simpler two-
diode circuit of Fig. 243d may be used to obtain the desired characteristic.
The desired characteristic can also be obtained by means of the even simpler
breakdown-diode eircuit of Fig. 243e.

The reader will find it instructive to determine the characteristics of
various modifications of the circuits of Figs. 234 to 239 and combinations
of these circuits, and also to synthesize circuits that will provide character-
istics of desired forms.

The application of diode-resistance circuits to multistable circuits was
discussed in See. 35 (Prob. 67.5-6).

Fic. 240. (a) Voltage-biased eircuit in
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Fic. 241. (a) Circuit consisting of two series branches in parallel; (b) current-
voltage characteristic of the circuit when Vy and J, are zero; (¢) approximate cur-
rent-voltage characteristic when V, and I, are not zero and R; > Ry to R,.

67.6. The Photoformer. An interesting device that is capable of pro-
viding a voltage transfer fuction of arbitrary form v = f(vy), where v,
is single-valued with respect to v, is the photoformer, which consists
basically of a cathode-ray tube, a phototube, a d-c¢ amplifier, and a mask
having the contour of the desired transfer function.! Light produced by the
cathode-ray-tube spot falls upon the phototube, the voltage output of which
is amplified by the d-c amplifier and applied to the vertical-deflection plates

1D. J. Mynall, Electronic Eng., June, 1947, p. 178; D. E. Sunstein, Electronics, Febru-
ary, 1949, p. 100.
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Fia. 242. (a) Circuit in which two breakdown-diode circuits are used in parallel;
(b) current-voltage characteristic of the circuit.

in the proper polarity to displace the spot toward the edge of the mask, as
shown in Fipg. 244, The spot assumes a vertical equilibrium position such
that it is partially masked. If a varying voltage is applied to the horizontal-
deflection plates, the spot moves along the upper edge of the mask. Vertical
deflection being proportional to ws, the functional relation between the
output voltage vy of the amplifier and the voltage applied to the horizontal-
deflection plates is the relation y = f(x) of the upper edge of the mask. The

Slope =k,
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Fig. 243. (a) Desired current-voltage characteristic; (b) a three-diode ecircuit

that has this characteristic; (¢) two current-voltage characteristics with which the

desired characteristic can be synthesized; (d) two-diode cireuit that has the desired
characteristic; (e) single-diode circuit that has the desired characteristic.
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minimum rise and fall times of the output voltage produced by this device
is limited by the high-frequency amplitude and phase characteristics of the

A

D-C Amplifier

Phototube

Mask

Fic. 244. Diagram showing the principle of operation of the photoformer.

amplifier. In the circuit deseribed by Sunstein, the minimum rise time was
approximately 10 psec.?

68. Pulse Amplifiers

68.1. Requirements of Pulse Amplifiers; Step Response. An ideal
pulse amplifier would be one capable of amplifying pulses having short rise
and fall times without changing the pulse shape. The amplification and
delay time of such an amplifier would have to be independent of frequency.
Unfortunately, the shunt tube and circuit capacitances of vacuum-tube
amplifiers and the diffusion delay of transistors make such an ideal amplifier
impossible of attainment. One well known and convenient method of ex-
amining amplifiers for frequency and delay distortion is the determination
of the response of the amplifier to a step input voltage or to a rectangular
input pulse or wave. The response to a voltage step is particularly sig-
nificant for pulse amplifiers because the pulses to be amplified often ap-
proximate rectangular form.

The equivalent circuit of the resistance-capacitance-coupled tube amplifier
stage of Fig. 245a is shown in Fig. 245b. The undesired shunt capacitance
C across the output may consist of the input capacitance of a following stage
or of distributed circuit capacitance. The equivalent circuit may be redrawn
in the form of Fig. 245¢, which is identical in form with the differentiating
circuit of Fig. 13c. The output of the amplifier for a step input voltage
should, therefore, be of the form shown in Fig. 14a. The time constant R'C’
is normally much larger than the time constant r,KC/(r, + R). The rising
part of the output pulse is then determined principally by rRC/(rp, + R)
and the falling portion by R’C’, as indicated by Eq. (11). Usually no

2 Mynall, loc. cit.; Sunstein, loc. cit.
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difficulty is encountered in making R’C” so large in comparison with the
period in which the output voltage is of interest that the output voltage may
be assumed to remain constant after its initial rise and the equivalent cir-

(b)

e 1

R Tc o Tc
| @

Fic. 245. (a) One stage of a resistance-capacitance-coupled vacuum-tube amplifier;
(b) equivalent circuit for the stage; (c) alternate form of the equivalent circuit;
(d) simplified approximate equivalent cireuit.

£
o~
o7 ey

cuit may be reduced to that of Fig. 245d. The output voltage for an input
voltage step of magnitude 17 is then

Vgmrplt
™+ R

The rise time of the output voltage is reduced by reducing the time constant
rpRC/(r, + R), which can be accomplished, at the expense of reduced output
amplitude, by reducing E. Usually the rise time of a pulse is defined as the
time during which the voltage or other variable rises from one-tenth to
nine-tenths of its maximum value. In accordance with this definition, the
product of the rise time and the upper cutoff frequency, at which the ampli-
fication is 0.707 times its midband value, is 0.35 for the amplifier of Fig. 245a
(see Prob. 68.1-1).

68.2. Compensation of Shunt Capacitance by Inductance. The re-
sponse of a resistance-capacitance-coupled amplifier to a step input voltage
can be improved considerably by the addition of a small amount of induct-
ance in series with the resistance R, as shown in Fig. 246a.) An equivalent

[1 — ¢~ CptRInRC)

tH. M. Lane, Proc. IL.R.E., 26, 722 (1932); G. D. Robinson, Proc. I.R.E., 21, 833
(1933) ; J. Beardsall, Television and Short-wave World (London), 8§, 95 (1936) ; L. E. Q.
Walker, Television and Short-wave World, 9, 305 (1936); S. W. Seeley, and C. N.
Kimball, RCA Rev. 2, 171 (1937); P. Nagy, Television and Short-wave World, 16,
160, 220 (1937); R. L. Freeman and J. D. Schantz, Electronics, August, 1937, p. 22;
F. A. Everest, Electronics, January, 1938, p. 16; May, 1938, p. 24.
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Fia. 246. (a) Inductance-compensated stage; (b) equivalent circuit of the com-
pensated stage applicable at high frequencies.

circuit applicable at high frequencics is shown in Fig. 246b. Solution of the
differential equation for this circuit leads to Eqgs. (P-58) to (P-60) of Prob.
68.2-1 for the output voltage resulting from the application of a voltage
step V to the input. These equations have been plotted in terms of normal-
ized variables t/2xRC and v,/g.RV in Fig. 247. 1t is apparent from Egs.
(P-58) to (P-60) and Fig. 247 that the rise time can be reduced appreciably
by the use of series inductance, but that overshoot occurs if the inductance
is so large that @ exceeds 0.5. The overshoot that can be tolerated depends,
of course, upon the application of the amplifier.

Since the change in t/2zRC corresponding to change in v,/g.,RV from 10
to 90 percent of its final value depends only upon @, it is also evident from
Fig. 247 that, at fixed @, the rise time is decreased by a decrease of C or R.
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Fia. 247. Normalized curves of the response of the circuit of Fig. 246 to a step
input voltage.
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Fia. 248. Normalized curves of (a) voltage amplification and (b) phase shift of the
circuit of Fig. 246 vs. frequency.



310 FUNCTIONAL CIRCUITS AND OSCILLATORS

Reduction of R is, however, accompanied by loss of output-voltage ampli-
tude Vg.R. The extent to which R can be reduced in order to decrease the
rise time is therefore dependent upon how much reduction in gain can be
tolerated.

Solution of the network equations for the equivalent circuit of Fig. 246b
with sinusoidal input voltage leads to Eqs. (P-62) and (P-64) of Prob.
68.2-2 for the relative amplification (ratio of the voltage amplification K,
at high frequencies to the midband amplification K,,) and the delay time ¢,
as functions of the normalized frequency variable 2xRCf. These equations
have been plotted in Fig. 248 for several values of . From general circuit
theory it is to be expected that improvement of the response of the amplifier
to a voltage step by the use of series inductance L is accompanied by an in-
crease in the bandwidth over which the gain and delay time are constant.
This is confirmed by examination of Figs. 247 and 248. 1In fact, these curves
show that the bandwidth-risetime product remains essentially 0.35 over the
range of from zero to 0.7 (see Prob. 68.1-1d). It is of interest to note that
minimum rise time without overshoot (critical damping) is obtained with
Q = 0.25, the least dependence of delay time upon frequency is obtained
with @ = 0.583, and the least dependence of amplification upon frequency
is obtained with @ = 0.645.

68.3. Use of Cathode-Follower Coupling Stages Between Pentodes.
An amplifier combination that is useful in the amplification of short pulses
consists of a pentode common-cathode stage preceded and followed by
cathode-follower stages. Because of the low effective input capacitance of
the first cathode-follower stage, capacitance loading of the preceding circuit
is minimized. The low output resistance of the first cathode-follower, to-
gether with the moderate input capacitance of the pentode stage make for
good high-frequency response of the first cathode-follower; the low input
capacitance of the second cathode-follower ensures good response of the
pentode stage, particularly if the pentode load resistance is made as low as
allowed by the required amplification.

68.4, Response of Stages in Tandem. When two or more stages of
amplification are used in tandem, the rise time is increased over that of a
single stage, the beginning of the output pulse is delayed relative to that of
the input pulse, and if the individual amplifiers are designed so that over-
shoot is present, the total overshoot is increased above that for a single
stage. This is illustrated by Fig. 248A, which shows the output of a 16-stage
amplifier, a 32-stage amplifier, and a 64-stage amplifier at three values of
@ when the input is a unit voltage step.?

68.5. Determination of Step-Voltage Response. A convenient method
of determining the step-voltage response of an amplifier is to impress a

2 A. V. Bedford and G. L. Fredendall, Proc. I.R.E., 27, 277 (April, 1939).
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rectangular or triangular periodic wave upon the input and to observe the
output waveform by means of an oscilloscope.? Each step in the input volt-
age then produces an output of the general form shown by Figs. 247 and
248A, which shows as a stationary pattern on the oscilloscope. The funda-
mental frequency of a rectangular input voltage used for this purpose should
in general be close to the highest value that allows the output voltage to ap-
proach its steady value during a half eycle,

24
@R=0707 Q=0707
Q=0662 16 stages Q=0.662 32 stages

T

QR=0707
Q=0.662164 stages

N
T 1 r 1T rrrr7

t/2mRC

Fig. 248A. Response of a 16-stage, a 32-stage, and a 64-stage inductance-com-
pensated amplifier to a step input voltage.

68.6. Transistor Pulse Amplifiers. Distortion of short pulses by tran-
sistor amplifiers is usually the result of alpha cutoff (diffusion delay effects),
rather than capacitance. Distortion is minimized by the use of transistors
having high alpha-cutoff frequency, by low collector-circuit resistance, and
by use of the common-base connection, rather than the common-emitter con-
nection (fup = hsofee). Limitations upon transistor amplifier performance
are being rapidly removed by the development of transistors having high
cutoff frequency. When such transistors are used, inductance compensation
of the type discussed in the preceding sections may be profitably employed
in order to extead the upper cutoff frequency of transistor amplifiers.

69. Distributed Amplifiers

69.1. Principle of Operation. Considerable increase in gain-bandwidth
product over that attainable with conventional amplifiers, and therefore a
corresponding improvement in the step-voltage response, can be obtained
with distributed amplifiers.* A distributed amplifier consists of two lumped-

3 H.J. Reich, Proc. I.R.E., 19, 401 (1931); A. C. Stocker, Proc. I.R.E., 25, 1012 (1937);
G. Swift, Communications, February, 1939, p. 22; A. V. Bedford and G. L. Fredendall,
Proc. I.R.E., 27, 277 (1939); L. B. Arguimbau, Gen. Rad. Expt., 14, December, 1939,
p. 1; D. L. Waidelich, Proc. I.R.E., 32, 339 (1944).

1W. S. Percival, Brit. Patent Spec. No. 460,562, applied for, July 24, 1936; E. L.
Ginzton, W. R. Hewlett, J. H. Jasberg, and J. D. Noe, Proc. I.R.E., 36, 1956 (August,
1948).
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element transmission lines having equal propagation velocities and incor-
porating the tube capacitances as shunt elements, as shown in Fig. 249 for
one type of line. In order to prevent reflections from the ends of the lines,
the lines are terminated in matched loads. The velocities of the waves in
the two lines being equal, each grid is excited in the proper phase so that
the resulting varying component of plate current adds to the current wave
in the plate line. Because the tube capacitances serve as essential line
elements, they do not in themselves directly limit the attainable bandwidth.

The plate load of each tube is Z,/2, where Z, is the characteristic im-
pedance of the plate line. In the absence of line losses, therefore, the output
voltage of the line would be 14ng,Z,v, where n is the number of line sec-

Fic. 249. A distributed amplifier.

tions, ¢, is the transconductance of the tube, and v is the input voltage.
For the constant-K-section lines used in the ecircuit of Fig. 249, Z, =
1/2CV/ .2 — f2, where C is the capacitance of each line section and f, is the
cutoff frequency of the line. The voltage amplification of a stage consisting
of n sections is therefore:

A, = ngm/zwcpk v fc2 - f2 (130)

The amplification A, reduces to ng,/2xCpuf, at frequencies that are small
in comparison with f., and the gain-bandwidth product is ng,,/2=Cp. It is
apparent that tubes used in distributed amplifiers, like those used in conven-
tional amplifiers, should have high transconductance and low interelectrode
capacitance in order that a high gain-bandwidth product may be achieved.*
The advantage of the distributed amplifier over conventional amplifiers lies
in the fact that the bandwidth may be made large at the expense of gain per
section, the required over-all gain being achieved by the use of a large num-
ber of sections per stage.

* (';x should be small in order to avoid loading of the source of input voltage and in
order to avoid loss of gain in matching transformers between stages.
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69.2. Number of Tubes Required. It has been shown ? that the fewest
tubes are required in order to achieve a desired gain-bandwidth produet if
the distributed amplifier is designed so that the amplification per stage is
the Naperian logarithmic base ¢, and the number of sections per stage is
27fsV CgrCpr/gm. The total amplification of m stages is then ™.

Equation (130) indicates that the voltage amplification rises as the fre-
quency approaches the cutoff frequency. It can be made constant to the
cutoff frequency by connecting the grids or the plates of all even-numbered
tubes to the grids or plates, respectively, of the preceding odd-numbered
tubes and replacing the shunt capacitances thus removed from alternate line
sections by “dummy” capacitances. The frequency and phase characteristics
of a distributed amplifier can also be improved by the use of more compli-
cated filter sections.?

69.3. Attainable Bandwidth. The bandwidth attainable in practical
distributed amplifiers is limited by input conductance of the tubes, which
introduces high line attenuation at frequencies at which the conductance is
comparable with the characteristic impedance of the grid line. Input con-
ductance is caused by transit-time effects in the grid-cathode region of the
tubes and by the cathode-lead inductance in conjunction with the grid-
cathode capacitance of the line inductors and, to some extent, by inductor
losses. By proper design the loss in amplification in the vicinity of cutoff,
resulting from grid conductance and other causes, can be made to offset the
rise in amplification of the ideal constant-K line, so that the gain remains
essentially constant to the vicinity of cutoff. In this manner amplifiers that
have a nearly flat amplitude response curve to about 180 Me can be con-
structed with standard tetrodes or pentodes.*

The frequency and phase characteristics of distributed amplifiers are af-
fected adversely by mismatched terminations. Proper matching is essential
in amplifiers used in the amplification of pulses, because transient oscillation
(ringing) may occur when the lines are not correctly terminated. The dif-
ficulty of matching may be complicated by the relatively low values of
characteristic impedance of the lines, which necessitate the use of very large
coupling capacitors between stages in order to obtain good low-frequency
response,

Commereially built traveling-wave amplifiers are available.

70. Gain Controls for Pulse Amplifiers

When resistance voltage dividers are used to control the gain of pulse
amplifiers, the input capacitance of the following circuit is shunted between
2 Ginzton, Hewlett, Jasberg, and Noe, loc. cit.

3 Ginzton, Hewlett, Jasberg, and Noe, loc. cit.
+W. H. Horton, J. H. Jasberg, and J. D. Noe, Proc. I.R.E., 38, 748 (July, 1950).
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the divider tap and ground, as shown in Fig. 250a. If the circuit is replaced
by the equivalent circuit of Fig. 250b, it is seen to be an integrating circuit.
Unless very low values of resistance can be used, therefore, the leading
and trailing edges of pulses with short rise and fall times may be rounded
to an undesirable extent. Although this effect may be prevented by shunt-
ing R, by a capacitance of value C’ = CR,/R4, this is not a convenient

RR
Rtk
AN >
5 il
V, —c C V2
R*R, T
(a) (b)

Fre. 250. (a) Voltage-divider gain control, including input capacitance of the follow-
ing circuit; (b) equivalent circuit.

solution when the output voltage must be varied over a wide range. A
more satisfactory solution is to use the voltage divider in the output of a
cathode-follower or common-collector stage. The voltage-divider resistance
can then be made low without excessive loss of amplification.

71. One-Port and Two-Port Sine-W ave Oscillators

Although there are many types of electronic sine-wave oscillators, for the
purposes of analysis and design they may, with very few exceptions, be in-
cluded in two broad classes: one-port oscillators, and two-port oscillators.

A one-port oscillator consists of a single-port cireuit element that exhibits
a negative real component of input admittance or impedance in a portion
of its operating range, shunted by a parallel or series resonator (resonant
circuit). Examples of suitable negative-conductance or negative-resistance
elements were given in Secs. 18 to 22.

A two-port oscillator consists of an amplifying device, such as one or
more tubes or transistors, and some form of frequency-sensitive two-port
passive network that couples a portion of the amplifier output back to the
input in the proper phase and magnitude to ensure oscillation at a frequency
determined by the network.

One-port and two-port oscillators are usually called negative-resistance
and feedback oscillators, respectively. Although the latter terms will be
used in the remainder of this book, they are likely to be misleading in that
they suggest that one-port oscillators do not involve feedback and that
two-port oscillators do not involve negative resistance. As pointed out in
Sec. 17, negative-resistance circuits involve regenerative feedback of some
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sort. It may also be shown that feedback oscillators exhibit negative varia-
tional resistance at one or more points in the circuits. Some oscillators may
be analyzed equally well as two-terminal oscillators and as four-terminal
oscillators.

72. Sine-Wave Oscillator Characteristics

72.1. Desirable Features of Sine-Wave Oscillators. Oscillators for
laboratory or commercial use must not only be capable of providing the re-
quired power or voltage output at the desired frequency, but must generate
only a small percentage of harmonic voltages, must have good fre-
quency and amplitude stabilities, and must have accurate and constant
calibration. These requirements will be discussed in this and following sec-
tions.

The output voltage or power, frequency of oscillation, and harmonic con-
tent of an oscillator are not in general independent. The amplitude of oscil-
lation of a directly loaded oscillator varies with load and therefore with
power output. Direct loading of an oscillator in general also affects the
frequency of oscillation, both because one or more parameters of the resonant
cireuit are dependent upon the load, and because dynamic tube or transistor
parameters depend upon the amplitude of oscillation, which varies with
load. Harmonie content in general increases with amplitude of oscillation.
Both harmonic content and frequency stability are dependent upon the @
of the resonant circuit and therefore upon coupled load.

72.2. Power Output of Oscillators. The power output that can be ob-
tained from a Class A oscillator greatly exceeds the output from a Class A
power amplifier with the same tube or transistor. This is so because the
oscillator tube or transistor remains continuously excited and can normally
be kept under constant load, whereas an amplifier usually has excitation
of variable amplitude and may deliver zero output for long periods of time.
The maximum power that the amplifier tube or transistor is required to dis-
sipate is therefore equal to the plate-circuit or collector-circuit input power.
Since the oscillator load is constant, on the other hand, the maximum power
that the oscillator tube or transistor is required to dissipate is equal to the
d-c power input minus the power output. At 22-percent efficiency, which is
readily attainable without excessive harmonic generation, the dissipation
is 78 percent of the input. The Class A oscillator can therefore use about
28 percent higher input power and thus deliver 28 percent more output with
the same maximum plate or collector dissipation. If the eircuit drops out
of oscillation, however, the tube or transistor is likely to be damaged, both
because of the increase of dissipation resulting from the elimination of
power output and because of the rise in plate or collector current resulting
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from a change of bias when the bias is produced by rectification of the
alternating voltage in & manner that will be discussed in See. 74.

72.3. Harmonic Content. Low harmonic content of the output of an
oscillator is favored by maintaining the amplitude of oscillation as small
as possible. When both large output and low harmonic content are re-
quired, it is best to use small-amplitude operation and to obtain the needed
output by means of a low-distortion power amplifier. Advantage can be
taken of the filtering action of the resonator in minimizing distortion. Thus,
the impedance of a parallel resonant circuit is high at the fundamental fre-
quency and low at harmonic frequencies. Consequently lower harmonie
content is obtained if voltage output is taken from across the resonator or
from a coil coupled to the resonator than if it is taken from some other
point in the circuit, such as the plate of a vacuum tube or the collector of a
transistor. The purity of the voltage waveform across the resonator in-
creases with the resonator Q. The output from an oscillator that uses a
series resonant circuit should be taken from across the resonator capacitor,
which has a lower reactance at harmonic frequencies than at the funda-
mental frequency, or from a small resistance in series with the resonant
cireuit.

72.4. Frequency Stability. Undesired changes of frequency of oscilla-
tion of an oscillator result from three major causes:

(1) Changes in the mechanical arrangement of the elements of the oscil-
lating eircuit, which may be produced by vibration, by mechanical, elec-
trostatie, or electromagnetic forces, or by temperature changes. Frequency
changes resulting from this cause can be minimized by careful mechanical
and electrical design and by stabilizing the oscillator temperature.

(2) Variations in the values of circuit parameters as the result of changes
of temperature and humidity of induetors and capacitors and as the result
of changes of load. Changes of inductance and capacitance can be mini-
mized by temperature control, by use of thermally compensated inductors
and temperature-controlled compensating capacitors, and by the careful
selection of component parts and their judicious location. The effect of
stray capacitances can be reduced by the use of a high C/L ratio in the
resonator. The most obvious method of preventing the reaction of load
upon an oscillator is to use the oscillator only to excite a “buffer amplifier”
that requires negligible driving power and is capable of delivering the re-
quired power to the load. Other methods will be discussed in conjunction
with specific oscillator circuits.

(3) In feedback oscillators, changes of phase angle of the forward transfer
parameter of the amplifying device. Since the over-all phase shift around
the closed circuit must be zero or 360 degrees, changes in amplifier phase
shift must be accompanied by equal changes of phase shift of the frequency-
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sensitive feedback circuit, and hence by changes in frequency. This type of
frequency instability and methods of reducing it will be discussed in detail
in Secs. 82, 84, and 85.

(4) Changes of amplifier parameters with temperature. The dependence
of amplifier parameters upon temperature is particularly severe when tran-
sistors are used. Methods of stabilizing the frequency of transistor oscil-
lators against temperature change will be discussed.

72.5. Amplitude Stability. Changes of amplitude of oscillation are usu-
ally the result either of changes of load coupled to the resonator or of changes
of transconductance of a tube or of a current amplification factor h; of a
transistor. Short-time changes in the transconductance of a tube are usu-
ally the result of changes of supply voltage or of grid bias, although changes
of cathode temperature may also have appreciable effect. In transistors,
change in current amplification factor may be caused by changes of collector
supply voltage or base biasing current, or by changes of temperature. Long-
time changes of parameters occur as the result of normal aging or of exces-
sive dissipation. Methods of stabilizing amplitude of oscillation will be
discussed in Sec. 74.

72.6. Constancy and Accuracy of Calibration. Constancy and ac-
curacy of calibration of an oscillator depend not only upon frequency sta-
bility, but also upon details of mechaniecal design, which will not be discussed.

72.7. Use of a Power Amplifier. In order to ensure good amplitude and
frequency stability in an oscillator used with variable load it is usually best
to combine a low-level, high-stability oscillator with a low-distortion power
amplifier, intervening voltage-amplifier and driver stages being used if nec-
essary. In this manner the oscillator stage can be designed for good wave-
form and stability, and the power stage for high power output and efficiency.
When appreciable power must be obtained directly from a feedback oscil-
lator, it should be borne in mind that such an oscillator is actually a self-
excited amplifier (Sec. 78) and that the laws which govern the design of
power amplifiers also apply to feedback power oscillators. Special methods
of loading feedback oscillators in such a manner as to minimize the effects
of load upon amplitude, frequency, and harmonic content will be discussed
in Sec. 78.

73. Negative-Resistance (One-Port) Oscillators

73.1. Analysis of Two-Terminal Oscillators. Sine-wave oscillators
may be formed by using any of the voltage-stable negative-resistance ele-
ments of Secs. 18 to 22 in the circuit of Fig. 157a or any of the current-
stable elements in the circuit of Fig. 157b. It is necessary only to choose
the circuit parameters to correspond with the growing-oscillation region of
the diagram of Fig. 158 or 159 and to adjust the supply voltages so that the
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load line intersects the current-voltage characteristic in only the negative-
resistance range.

For the sake of convenience of reference, the basic single-port oscillator
circuits of Fig. 157 are shown again in Fig. 251, and some of the equations
derived in Sec. 45 will be repeated. Usually the capacitance inherent in
the voltage-stable element is too small to make sustained oscillation possible
at the desired frequency. The capacitance C of Fig. 251a is therefore

R, R C v R

V, C=C +C, v L=L;+L¢
(a) (b)

Fic. 251, Single-port sine-wave oscillators using (a) a voltage-stable negative-
resistance element and (b) a current-stable element. (See also p. 450.)

assumed to be the sum of the inherent capacitance C; and whatever addi-
tional eircuit capacitance C, is required in order to achieve sinusoidal oscil-
lation at the desired frequency. Similarly, the inductance L in Fig. 251b
is the sum of the inherent inductance L; of the negative-resistance element
and whatever additional circuit inductance L, is required. The series wind-
ing resistance of the external inductor may be taken into account most
readily by adding it directly to B, The winding resistance is ordinarily
so small in comparison with the magnitude of R,, that it may be neglected.

If the parameters of the circuits of Fig. 251 are chosen so that operation
is in one of the oscillation regions of the diagram of Fig. 158 or 159, the
current into the negative-resistance element is of the form:

i = A’ sin (wl + 0) + I, (131)

in which A’ and 6 are the amplitude and the phase of the oscillation when ¢
is zero, and 1, is the current corresponding to the intersection of the load line
with the current-voltage characteristic (see Sec. 45). For the circuit of Fig.

251a, « and w are:
1( 1 +R) 1(1 +RC> 132)
2\R,C ' L/  2C\R;,, L

R Riv
w = 2xf = 1{—1:7—012 (133)

For the circuit of Fig. 251b, « and w are:

R
]
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= 1(1+R“)~ 1(L+R) (134)
“= L)~ rRC
R + R,
=2 — 135
©=2nf = \/ RLC (135)

Equation (131) also applies to the other currents and to the voltages in the
circuits of Fig. 251, but the constants for the various currents and voltages
differ.

Equations (131) and (132) show that if R;, is positive in the circuit of
Fig. 251a, or if it is negative but greater in magnitude than L/RC, « is
negative and any oscillation initiated by noise, closing of a switch, or other
disturbance dies out. If R,, is negative and cqual in magnitude to L/RC,
« is zero and oscillation initiated in any manner remains constant in ampli-
tude. If R, is negative and smaller in magnitude than L/RC, on the other
hand, « is positive and oscillation initiated in any manner, and however
small, grows in amplitude. Similarly, in the circuit of Fig. 251b any initial
oscillation decays if R is positive or if it is negative but smaller in magni-
tude than L/RC, remains constant if R;, = —L/RC, and grows if R, is
negative and larger in magnitude than L/RC.

If the values of the circuit elements are such that the amplitude of oscil-
lation is constant, « is zero in Eqgs. (133) and (135). It is apparent, there-
fore, that the frequency of oscillation is always lower during transient
periods in which the amplitude is growing or decaying than it is under
equilibrium conditions. Equations (133) and (135) also show that the
steady-state frequency of oscillation is dependent upon the ratio R/R;, or
R, /R. Usually these ratios are small and the frequency of oscillation
approximates 1/2x\/LC. Nevertheless, the dependence of the oscillation
frequency upon R/R;, or R,/R, however small, cannot be neglected when
frequency stability is important, since R;, and R, in general vary with
supply voltage, and the effective value of R is increased by load coupled
to the resonator. Frequency stability will be discussed further in Sec. 74.5.

The seeming absurdity that, if the values of the circuit elements are
chosen so that the amplitude of oscillation grows, it will continue to grow
without limit is the result of the assumption that the input resistance R;, or
R, of the element is constant. This is equivalent to the assumption that
the current-voltage characteristic of the voltage-stable or current-stable ele-
ment has constant slope. In any actual circuit, R;, or B, is a function of
amplitude, both because of curvature of the negative-slope branch of the
characteristic and because operation is not confined to the negative-slope
branch if the amplitude becomes sufficiently high,
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73.2. Determination of R; A more elegant analysis® than that pre-
sented in Sec. 45, in which the nonlinearity of the negative-resistance de-
vice is taken into consideration, shows that R;, and R; are dynamic or
effective values and should be defined as in Sec. 15.1: as the ratio of the
fundamental component of voltage across the port of the negative-resistance
element to the fundamental component of current flowing into the port. The
manner in which R; varies depends upon the form of the current-voltage
characteristic and the position of the
intersection of the load line with the
current-voltage characteristic; 1i.e.,
upon the location of the static op-
erating point. The input resistance
R, of a particular negative-resist-
ance element may be determined
from measurements of fundamental
components of voltage and current,

et Vo or may be found graphically from
L the current-voltage characteristic.

Figure 252 shows how the current
Fic. 252. Determination of current waveform corresponding to a sinus-
waveform by means of the current-volt- 0idal applied voltage may be deter-
age characteristic curve. mined from a voltage-stable current-
voltage characteristic. The funda-
mental component of current may be determined to any desired degree of
accuracy by any of the well known selected-point methods of graphical
harmonic analysis. To a first approximation, which is very rough if the
percentage of third or higher-order harmonies is high, the ecrest value of
the fundamental component of current is equal to Y% (Ines — Imin). The
effective value of R, is therefore (Eunos — Emin)/ (Imaz — Imim), Which is the
reciprocal of the slope of the chord joining the limits of the path of opera-
tion on the characteristic. If the nonlinearity of the characteristic over
the range of operation is great, a greater number of points must be used in
determining the fundamental component of current (see Prob. 73.2-1). The
procedure for the graphical determination of R; from a current-stable char-
acteristic is similar, but current is used as the independent variable and
the fundamental component of voltage is found.

Although the chord-slope approximation is not in general useful in the
accurate determination of R, as a function of amplitude, it, does serve to indi-
cate that R; varies with voltage or current amplitude. At small amplitudes
the magnitude of R; may either decrease or increase with amplitude, de-

Imax.

Imin.

3
3

1 8See, for example, J. Cunningham, Introduction to Nonlinear Analysis, MeGraw-Hill
Book Co., Inc., New York, 1958.
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pending upon the shape of the current-voltage characteristic and the choice
of the static operating point. When the amplitude becomes so large that
the path of operation about a static operating point in the negative-slope
region of a voltage-stable characteristic extends into the positive-slope
regions, however, the slope of the chord joining the limits of the path of
operation decreases with increase of amplitude and the magnitude of Ry,
consequently increases. It follows that if the parameters of the circuit of
Fig. 251a are chosen so that the magnitude of R;, is less than L/RC and «
therefore positive, the amplitude will eventually reach a value such that
the magnitude of R;, has increased to L/RC and a is zero. The amplitude
then remains constant. Similar reasoning shows that decrease of the mag-
nitude of R; at large amplitudes limits the amplitude of oscillation of the
circuit of Fig. 251b.

73.3. Type of Resonator Required. Since oscillation of constant or
growing amplitude is possible only if E; is negative, the static operating
point must lie on the negative-slope section of the current-voltage charac-
teristic. The value of R in the circuit of Fig. 251a must therefore be less
than the reciprocal of the slope of the negative-slope section of the voltage-
stable characteristic at its steepest point. This is consistent with the re-
quirement that R must be smaller than |Ry,| in order for sustained sinusoidal
oscillation to occur (Prob. 73.3-1). Similarly, the requirement that R must
be large in the circuit of Fig. 251b in order to ensure that the load line inter-
sects only the negative-slope section of the current-stable charaeteristic
is consistent with the requirement that R be greater than |E| in order for
sustained sinusoidal oscillation to occur.

Sinusoidal oscillation cannot be obtained by the use of a series resonant
circuit across a voltage-stable element or a parallel resonant circuit across
a current-stable element. If the capacitance of a series resonant circuit
is shunted by a resistance small enough to ensure that the load line inter-
sects the voltage-stable current-voltage characteristic only in the negative-
resistance range, or if the sufficient resistance is used in series with the
inductance of a parallel resonant circuit to ensure that the load line inter-
sects the current-stable characteristic only in the negative-resistance range,
the combination of circuit parameters will correspond to a point in Fig. 158
or Fig. 159 that is outside of the growing-oscillation range (see Prob. 73.3-2).

738.4. Dynamic-Negative-Resistance Circuits. The negative-resistance
devices discussed in Secs. 18 to 22 all have static current-voltage charac-
teristics that have a negative-slope range. Such devices exhibit negative
variational resistance over a frequency range that extends to zero, a negative
resistance being observed even when incremental measurements are made
under static conditions. There is another class of one-port devices that
exhibit negative resistance only under dynamic conditions, and then only
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at very high frequencies. Some of these devices, of which the reflex klystron
is an outstanding example, have negative resistance by virtue of electron-
transit-time effect and are therefore useful only as generators of microwave
power. For a discussion of these devices the reader is referred to the
literature in the microwave field.?

73.5. Shunt and Series Equivalent Circuits. As far as the varying
components of current and voltage are concerned, the circuit of Fig. 251a
may be approximated by an equivalent circuit of the form of Fig. 253a. The

(a) (b)

Fia. 253. (a) Equivalent circuit for the oscillator of Fig. 251a; (b) equivalent
circuit for the oscillator of Fig. 251b.

damping factor « and the angular frequency of oscillation « for the two cir-
cuits with the same value of Ry, are identical if G, = RC/L and L, =
LR;,/(R;, + R) (see Prob. 73.5-1). Ordinarily R is the winding resistance
of the inductor and is therefore several orders of magnitude smaller than
Riy; L, may then be assumed to be equal to L. Similarly, the circuit of
Fig. 251b may be represented by the circuit of Fig. 253b if R, = L/RC
and C, = CR/(R;. 4+ R) =~ C. The resistance R, may also include the
winding resistance of the inductor, which was taken into account in the eir-
cuit of Fig. 251b as an equivalent change in the magnitude of R, usually
negligible. Both G, and R, may include a component caused by loading
of the resonator. The advantages of the circuits of Fig. 253 over those of
Fig. 251 lie in their slightly simpler form and the fact that they may be much
more conveniently used to represent distributed-element circuits such as
those employed at microwave frequencies. Equivalent values of G, L, and C
for a cavity resonator, for example, may be determined from measured
values of resonance frequency, @, and shunt conductance.

The circuits of Fig. 253, rather than those of Fig. 251 will be used in the
remainder of the discussion of single-port oscillators. In Sees. 74 and 75
only the shunt circuit of Fig. 253a will be treated in detail. The discussion
of the eircuit of Fig. 253b is similar, but resistances replace conductances,
and reactances replace susceptances.

2 See, for example, H. J. Reich, J. G. Skalnik, P. F. Ordung, and H. L. Krauss, Micro-
wave Principles, D. Van Nostrand Co., Inc., Princeton, N. J., 1957,
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74. Amplitude and Frequency Stabilization of Parallel-
Resonator Negative-Resistance Oscillators

74.1. Amplitude Diagrams. The criteria for decreasing, constant, and
increasing amplitude of oscillation in the circuit of Fig. 253a are obtained
from Eqs. (131) and (132) if RC/L is replaced by G, and 1/R,, is replaced
by G, or they may be obtained directly by solution of the nodal equations
for the ecircuit. They are:

If |G| > G., the amplitude increases
If |G:| = G,, the amplitude remains constant (136)
If |G;| < G., the amplitude decreases

In practically all electron-tube and transistor oscillators, the relation be-
tween G; and amplitude (or between R; and amplitude) is not sufficiently
simple so that the equilibrium amplitude can be predicted analytically. A
simple graphical method may be used, however, if the curve of |G| vs.
amplitude can be constructed from measured values of fundamental compo-
nents of eurrent and voltage or by the application of graphieal methods to
the current-voltage characteristic of the negative-resistance element. Al-
though such a procedure is not likely to be warranted in the design of an
oscillator, much useful information eoncerning the general behavior of
single-port oscillators can be gained from an analysis based upon generalized
curves of |G| vs. amplitude.

Application of the chord-slope method of determining the approximate
effective value of G; shows that, if the operating point lies at or near a point
on the negative-slope portion of the current-voltage characteristic where
the slope has a maximum value, as in Fig. 254a, the magnitude of G; de-
creases continuously with increase of amplitude. The curve of |Gy vs.
amplitude is then of the general form of that shown in Fig. 255a. If the
operating point is located as in Fig. 254b, on the other hand, the magnitude
of G; increases with amplitude at small amplitude, reaches a maximum
value, and then decreases when the amplitude becomes so great that the
range of operation extends to the positive-slope sections of the character-
istic. (In many negative-resistance circuits the transition from negative
to positive slope is caused by the cutting off of one or more tubes or tran-
sistors. Consequently, when the path of operation extends into the positive-
slope sections of the characteristic the tubes or transistors are cut off during
portions of the eycle. In other words, Class AB operation is being used.) The
curve of |G| vs. amplitude is of the form of that of Fig. 255b.

The equilibrium amplitude of oscillation can be determined by adding
curves of G, vs. amplitude to the diagrams of Fig. 255. Since L, R, and C
are ordinarily independent of amplitude, GG, is normally constant and the
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(a) (b)

Fic. 254. (a) Operating point for which |G| decreases continuously with increase
of amplitude; (b) operating point for which |G| first increases with increase of
amplitude,

curve of ¢, vs. amplitude is a horizontal line. The value of G, may, how-
ever, be made to vary with amplitude by introducing an additional nonlinear
element, such as a biased diode or a current-sensitive resistor into the circuit.

In order for the amplitude to build up following noise or some other
disturbance in the cireuit, |G'y|o, the magnitude of G, at zero amplitude, must
exceed G,. Since the amplitude continues to grow as long as |Gy > G,
the amplitude will increase to a value corresponding to the intersection P
of the |G4| and G, curves. Further increase of amplitude would cause |G
to become smaller than G, and the amplitude to decrease to the value cor-
responding to the intersection. It can be seen from Fig. 255a that the
amplitude of oscillation can be controlled by increasing or decreasing G,
by changing R or the load coupled to the resonator. It can also be in-
creased or decreased by raising or lowering the |G| curve. This is ordinarily
accomplished by changing one or more operating parameters of the elec-
tronic device that produces the negative conductance, such as the grid bias
of an electron tube or the base current of a transistor. Figure 255a also
shows that when the magnitude of G; decreases continuously with increase
of amplitude, the equilibrium amplitude may be varied continuously from
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F1c. 255. (a) Conductance-amplitude diagram for the operating point of Fig. 254a;
(b) diagram for the operating point of Fig. 254b.



AMPLITUDE AND FREQUENCY STABILIZATION 325

zero to the maximum value of which the oscillator is capable and back to
zero by changing (7, or some operating parameter of the source of negative
resistance.

74.2. Amplitude Hysteresis. When the curve of |Gy vs. amplitude is
of the form of that in Fig. 255b, equilibrium amplitude of oscillation cannot
be varied continuously from zero to its maximum value. For curve (a) of
Fig. 255b, |G]o barely exceeds G, and « in Eq. (131) is small, but positive.
The amplitude again builds up to an equilibrium value corresponding to the
intersection of the curves. If the |Gj| curve is then raised by changing some
parameter of the source of electronic conductance, the amplitude increases
continuously with change of parameter. When the parameter is changed
in the opposite direction, so as to lower the |G| curve, the amplitude de-
creases continuously with change of parameter until the curve becomes

1

9 § N2 6
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Controlling parameter Amplitude of oscillation
Fia. 256. Variation of amplitude of F 1G. 2_57- D'ia.gr.am fO.I' an oscillatqr
oscillation of the oscillator of Fig. n Whlch osqﬂla:tlop .b}lllds up pnly if
253a with a parameter of the nega- the ecircuit is initially excited.

tive-resistance element when the
curve of |Gy vs. amplitude is of
the form of Fig. 255b.

tangent to the G, line, as shown by curve (b) of Fig. 255b. Any further
lowering of the |G, curve causes |G| to be smaller than G,, « to be nega-
tive, and the oscillation consequently to die out. It will then start spon-
taneously only if the curve is raised until |G;|o exceeds G., and the amplitude
again jumps to that corresponding to point P. The minimum attainable
amplitude of sustained oscillation is therefore that corresponding to the
maximum of the |G;| curve. Variation of the controlling parameter will
cause the amplitude to vary in the general manner shown in Fig. 256. Simi-
lar abrupt changes of amplitude occur when G, is changed continuously.
They are also observed when G, is constant over a range of amplitude, i.e.,
when the current-voltage characteristic is linear over a region about the
operating point. The variation of amplitude in the manner shown in Fig.
256 is called amplitude hysteresis. Amplitude hysteresis may be observed
in most oscillators under some conditions of operation.
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If the curve of |G4| vs. amplitude has two or more maxima, there may be
several discontinuities in amplitude as the controlling parameter is gradu-
ally varied. When the variation of eonductance G; with amplitude is ac-
companied by variation of susceptance B;, as is usually true in microwave
oscillators, the abrupt changes in amplitude are accompanied by abrupt
changes in frequency.

When the |G| curve has a maximum and [Gi|o is adjusted to a value that
is somewhat smaller than (;, as in Fig. 257, oscillation is not self-starting.
However, if the circuit is driven by external means to an amplitude equal
to or greater than that corresponding to intersection 1 of the conductance
curves, the amplitude will increase abruptly to the value corresponding to
intersection 2 and oscillation will continue when the driving source is re-
moved.

74.3. Minimization of Harmonic Content. As in amplifiers, the ratios
of the amplitudes of harmonics generated in an oscillator to that of the
fundamental increase with amplitude of oscillation and may become ex-
cessively large at high amplitudes. For this reason it is usually desirable
to design and operate the negative-resistance element in such a manner that
the curve of |G| vs. amplitude is of the form shown in Fig. 255a rather than
Fig. 255b. This can be accomplished with most of the negative-resistance
circuits of Figs. 18 to 22 merely by proper choice of operating point, and
low harmonic content can therefore be assured by adjusting the operating
parameters and voltages so that the amplitude of oscillation is small. Sym-
metrical current-voltage characteristics, such as the one in Fig. 69b, are
particularly desirable, since the curve of [Gi| vs. amplitude obtained with a
device having such a characteristic is of the desired form if the operating
point is placed on the voltage axis. This is usually achieved simply by mak-
ing the circuit completely symmetrical, as in Fig. 68b, and using zero ex-
ternal supply voltage in series with the port.

74.4. Amplitude Stabilization. Unfortunately, the magnitude of the
negative resistance of practical negative-resistance elements, such as those
discussed in Secs. 18 to 22, is dependent upon supply voltages. In general,
the principal effect of a small change of supply voltage upon the |G;| curves
of Fig. 255 is a vertical displacement. A change of supply voltage is there-
fore in general accompanied by change of equilibrium amplitude of oscilla-
tion. The stability of amplitude against changes of supply voltage may be
poor if the rate of change of |G;| with amplitude is small; i.e., if the nega-
tive slope of the curve of |Gy vs. amplitude is small. The instability is
particularly objectionable if |Gi|o is made only slightly larger than G, in
order to ensure low amplitude of oscillation, since a small change in the
vertical position of the |G;] curve will then result in a large percentage change
in amplitude, and may even result in cessation of oscillation.

It is apparent from an examination of Fig. 255a that the amplitude sta-
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bility can be increased by increasing the angle at which the |G| and G,
curves intersect, either by modifying the circuit in such a manner as to
cause G, to increase with amplitude, or by modifying the negative-con-
ductance element in such a manner as to cause |G;| to fall more rapidly with
increase of amplitude. The eircuit conductance (7, can be made to rise with
amplitude of oscillation by shunting the resonator with a resistance that
has a large negative temperature coefficient of resistance.* The rise of
temperature with oscillation amplitude, re-
sulting from increase of current through the
resistor, then causes the shunt resistance to
decrease and @, consequently to increase. R&
There are two ways in which the magni-
tude of G can be made to fall more rapidly

—t——Amplit =0
R T/ unif
with increase of amplitude. The first con- < ] 32

\,
sists in rectifying the resonator voltage, or { i 4
a voltage proportional to the resonator volt-
age, and using the resulting direct voltage 012345

to bias the negative-resistance tube or tran-
sistor in such a manner as to reduce g, or
h; and thus the magnitude of G; (see Table
I). Although the rectification may often be
accomplished by making use of the rectify-
ing property of one of the grids of a tube
used in the negative-resistance ecircuit, the
use of a separate diode may be advanta- 01234 5 Amplitude
geous. Because the emitter-base junction of (b)

transistf)rs Ipust bg for.ward-bifased, 8 8D~ pyg 958, Increase of steep-
arate diode is required in transistor cireuits gess of the curve of |Gy vs.
(see Sec. 76.3). The manner in which the amplitude by the use of a bias-
steepness of the negative-conductance curve ing voltage that increases with
is increased can be seen from Fig. 258a. amplitude of oscillation.
The curve marked 0 is assumed to be that

obtained in the unstabilized circuit. The curves marked 1, 2, 3, and 4
are those obtained with an additional constant biasing voltage equal to
that obtained by rectifying the resonator voltage at amplitudes of 1, 2, 3,
and 4 units, respectively. The curve of |G| vs. amplitude for the stabilized
circuit is the locus of the intersection of the curve for each value of bias
with the abscissa corresponding to the amplitude necessary to produce that
bias, as shown by the dashed curve of Fig. 258a. Figure 258b shows that
if sufficient stabilizing control can be provided, undesirable character-
istics of the form of Fig. 255b can be modified so as to prevent amplitude

(a)

* Negative-coefficient resistors, made of semiconducting material and called ther-
mistors, are available in a variety of resistance and power ratings.
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hysteresis and make relatively small amplitude of oscillation possible. Prob-
lem 74.4-1 illustrates the application of this method of amplitude stabiliza-
tion to an oscillator based upon the symmetrical current-voltage character-
istic of Fig. 69b.

The second method of increasing the slope of the curve of |G;| vs. ampli-
tude consists in incorporating a resistor having a high positive * or nega-
tive temperature coefficient of resistance into the circuit of the negative-
resistance device in such a manner that the change of resistance accompa-
nying the increase of temperature with amplitude reduces the magnitude of
G;. 'This method lends itself readily to use with negative-resistance devices
that make use of voltage-divider feedback, such as the pentode circuit of
Fig. 66, in which the screen grid is coupled to the suppressor grid by means
of a resistance voltage divider. If one of the resistances is a temperature-
sensitive resistor of proper temperature coefficient of resistance, increase of
amplitude reduces the magnitude of the coupling and thus the magnitude
of the negative conductance. Figure 258 also applies to this type of stabiliza-
tion if each solid curve is assumed to be that obtained with a fixed coupling
resistance of magnitude equal to the resistance of the thermal resistor at
the amplitude corresponding to the number with which the curve is marked.

Examples of oscillators making use of these methods of amplitude stabili-
zation will be given in See. 76.

74.5. Frequency Stabilization. Because « is zero when the amplitude of
oscillation has reached its equilibrium value, equilibrium frequency of oscil-
lation for the circuit of Fig. 261a, as given by Eq. (133), is

_\/R+Rw 1 (137
““N R, VIC

The factor v (R + R,,) /Ri», which was assumed to approximate unity in
the equivalent circuit of Fig. 253a, may depend both upon load and upon
supply voltage. The dependence upon load arises because the effective value
of R may include a component associated with load coupled to the resonator.
The dependence upon supply voltage is caused by change of R;, with tran-
sistor or tube electrode voltages.

Dependence of oscillation frequeney upon load can be prevented by use
of a buffer amplifier stage. The fractional change of frequency approxi-
mates B/2R;, times the fractional change in Ry, (Prob. 74.5-1). If a buffer
amplifier 1s used, R/2R;, may be readily made of the order of 10—* except
when high-inductance inductors must be used in order to obtain frequencies
in the low audio range or below. For a typical negative-resistance element,

* Tungsten-filament lamps have a positive temperature coefficient of resistance and
may be used for this purpose.
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the fractional change in resistance is of the same order of magnitude as the
fractional change of operating voltage of an electrode. It is therefore not
difficult to keep the change of frequency less than 10~* percent for a 1-per-
cent change of supply voltage, particularly since compensating effects
usually reduce the change of R;, if all electrode voltages are obtained from a
single source.

74.6. Amplitude and Frequency Stabilization of Series-Resonator
Negative-Resistance Oscillators. As pointed out in Sec. 73.5, treatments
similar to those presented in Sec. 74 are possible for oscillators in which
current-stable negative-resistance elements and series resonant circuits are
used. The conductances G; and G, must be replaced by resistances E;
and R, in Eqgs. (136) and in the amplitude diagrams of Figs. 255 and 257.
The discussion is analogous to that of Sec. 74 and will therefore be omitted.

75. Admittance Diagrams for Negative-
Resistance Oscillators

76.1. Theory of Admittance Diagrams for Parallel-Resonator Oscil-
lators. It has already been shown that G; must be negative in order that
sustained sinusoidal oscillation may take place, and that the magnitude of
G; is equal to G, under equilibrium conditions. The following relation must
therefore hold under equilibrium:

Gi= -G, (138)

If L.isassumed to be equal to L in the circuit of Fig. 253a;i.e., if \/(R+Ri,,)/R@-v
is assumed to be equal to unity, the angular frequency of oscillation is

\/ ! 2 (139)
w = LCC o

Under equilibrium conditions, & is zero and Eq. (139) reduces to

w=1/VLC (140)

In Sec. 73.1 C was defined as the sum of internal capacitance C; of the
negative-resistance element and additional circuit capacitance C.. If C. + C;
is substituted for C in Eq. (140), the equation may be rewritten in the following
form:

.
wC; = — — wC, (141)
wl,
In some devices in which negative resistance is the result of electron transit
time, notably in the reflex-klystron microwave oscillator, the susceptive com-
ponent of the input admittance of the negative-resistance element may be
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either capacitive or inductive, depending upon the magnitudes of the electrode
voltages, and may pass through zero as the frequency is varied. Equation
(141) should therefore be generalized by the addition of another inductive-
susceptance term. (This is equivalent to the addition of a second shunt in-
ductance, L;, to the circuit of Fig. 253a.) The following general equation
therefore applies under equilibrium amplitude of oscillation:

1 1
wC; — — = — (ch - —) (142)

wly ok,
or

B, = —B, (143)

Equations (138) and (143) may be combined into the following single criterion
for equilibrium oscillation:

V,= -7, (144)

Although Y, may vary considerably over a wide frequency range (Probs.
17.2-1 to 17.2-4), the variation is negligible over the frequency range in
which the admittance of the resonator is high. Both @; and B; are, however,
functions of amplitude of oscillation. Unless the resonator incorporates
some type of nonlinear element, on the other hand, G, and B, are independ-
ent of amplitude, but vary with frequency. If the amplitude dependence of
Y; and the frequency dependence of ¥, are sufficiently simple, Eqs. (138)
and (143) can be written in terms of amplitude and frequency and solved
simultaneously to find the equilibrium values of amplitude and frequency.
This procedure is possible with some oscillators, notably the reflex klystron,
but Y, is in general not known or is such a complicated funetion of amplitude
that G; and B; cannot be readily expressed in terms of amplitude. Much
useful general information concerning the behavior of oscillators may be
obtained from a graphical analysis, nevertheless, even when the exact forms
of the expressions for Y; and Y, are not known. The graphical method con-
sists in plotting the conductive and susceptive components of Y, at various
amplitudes and of — Y, at various frequencies in rectangular coordinates of
admittance and susceptance; i.e., in plotting B; vs. G4 and —B, vs. —Q,,
in the same diagram. Because the two curves intersect at points at which
Eqs. (138) and (143) are satisfied, the points of intersection indicate possi-
ble equilibrium values of amplitude and frequenecy.

The presence of the term «? in Eq. (139) indicates that during the build-up
and decay of oscillation the frequency of oscillation is less than the value
at which B; and B, are equal in magnitude. Since o2 is usually small in
comparison with 1/L,C, however, the following treatment will be simplified
by the assumption that B; and B, are equal in magnitude not only under
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steady-state oscillation, but also during the transient periods. Under this
assumption, the ordinate of the admittance point on the —Y, curve in the
admittance diagram must be equal to the ordinate of the admittance point
on the Y, curve at all times.

75.2. Analysis of an Admittance Diagram. Figure 259 shows an ad-
mittance diagram in which the curves of circuit admittance Y, and elec-
tronic admittance Y, are of arbitrary form. Equilibrium oscillation obtains
for values of frequency and amplitude corresponding to point 3, since Egs.
(138) and (143) are satisfied at this point. The zero-amplitude electronic-
admittance point is at 0. Under the assumption that B; 4- B, = 0 during
the build-up of oscillation, the circuit admittance and frequency at zero
amplitude correspond to point ¢ on the curve of —Y,. Because the mag-
nitude of the electronic conductance at point 0 exceeds that of the circuit
conductance at point a, « is positive and any disturbance, such as circuit or
tube noise, initiates an oscillation of inereasing amplitude. As the ampli-
tude increases, the electronic-admittance point moves toward point 1 and
the circuit-admittance point moves toward point b. Inasmuch as the fre-
quency increases along the circuit-admittance curve from a to b, increase
of amplitude from 0 to 1 is accompanied by increase of frequency of oscilla-
tion. With increase of amplitude beyond that corresponding to point 1,
the electronic-admittance point moves back toward the conductance axis,
the displacement being accompanied by an equal displacement of the cir-
cuit-admittance point and consequently by a decrease of frequency. The
amplitude continues to increase and the frequency to decrease until the
amplitude reaches the value corresponding to the intersection at 3. This
point is stable, inasmuch as further increase of amplitude would cause the
magnitude of G to become less than G, and the amplitude therefore to de-
crease.

The rate at which the amplitude increases during the build-up of oscilla-
tion to the stable value corresponding to point 3 is at every instant propor-
tional to the difference in magnitudes of the electronic and circuit con-
ductances (Prob. 75.2-1). In the foregoing example, the greatest difference
between the magnitudes of G; and G, oceurs for an amplitude corresponding
to a point on the Y; curve not far from that at which G; has its greatest
magnitude. Figure 259b shows the general manner in which the amplitude
and frequency vary with time during the growth of oscillation. The fre-
quency f, is that at which the ecircuit susceptance is zero, and is therefore
the resonance frequency of the resonator alone.

If the electronic conductance at zero amplitude is smaller in magnitude
than the circuit conductance, as in Fig. 259¢, « is negative at zero amplitude
and oscillation cannot start spontaneously. Should the circuit be driven to
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F1c. 259. (a) Admittance diagram for an oscillator that is self-starting; (b) varia-
tion of frequency and amplitude of oscillation during the growth of oscillation;
(¢) admittance diagram for an oscillator that is not self-starting.

an amplitude equal to or greater than that at point 2, however, the amplitude
would increase to the equilibrium value at point 3.

76.3. Oscillation at More than one Frequency. When the Y, curve is
of such a form that there are two or more values of G, for each value of B,
over a range of B,, oscillation may start simultaneously at two or more fre-
quencies, The manner in which oscillation builds up is then complicated
by the fact, shown both theoretically and experimentally, that when two or
more voltages of different frequencies are impressed simultaneously across
a nonlinear circuit element such as the elements used to produce a negative
conductance, the electronic admittance for any of the voltages is changed
by the presence of the other voltages. An example of an admittance
diagram that predicts simultaneous starting at two frequencies is shown in
Fig. 260a, in which the circuit admittance is that of a section of parallel-
wire or coaxial transmission line.
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In Fig. 260a, the zero-amplitude electronic conductance is greater in mag-
nitude than the circuit conductance of both point a and point a”. Oscillation
therefore starts at the frequencies corresponding to these points. Because
of the lower magnitude of G, at point @ than at point ¢’, however, the oscil-
lation corresponding to point a has a larger value of « and hence builds up
much more rapidly than that corresponding to point ¢’ and eventually
reaches equilibrium at point 3. The electronic conductance for the a’
frequency is reduced not only as a result of increase of amplitude of the
@’ oscillation, but also as the result of the presence of the higher-amplitude
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Fic. 260. (a) Admittance diagram for an oscillator that may start at two fre-
quencies; (b) variation of frequency and amplitude in the two modes of oscillation
during growth of the dominant mode.

a oscillation. At some time before the amplitude of the a oscillation reaches
that corresponding to point 3, |G| for the a’ oscillation falls below the cor-
responding magnitude of G, and the o’ oscillation therefore dies out. Figure
260b shows the general manner in which the amplitude and frequency of
the two modes of oscillation vary with time.

Under certain conditions oscillations may exist simultaneously at two
frequencies under equilibrium conditions. Oscillations may also take place
alternately in two modes, one dying down as the other builds up.

The particular curves used in Figs. 259 and 260 were selected only because
they are convenient in explaining important points in the analysis. The
graphical analysis based upon admittance diagrams may be applied to any
type of oscillator, regardless of the type of energy-converting device, type
of resonator, or type of loading. The form of the electronic-admittance
curve depends upon the type of electronic device and the operating voltages
and currents; that of the circuit-admittance curve depends upon the char-
acteristics of the resonator and the extent and manner in which it is loaded.

75.4. Use of Admittance Diagrams. In general, oscillator admittance
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diagrams are of principal value in explaining qualitatively the observed
phenomena of oscillator behavior, rather than in making numerical predie-
tions of power output and efficiency. However, when the electronic and
circuit admittance curves can be drawn accurately and the amplitude cor-
responding to each point on the electronic-admittance curve is known or
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Frc. 261. Admittance diagram for the oscillator of Fig. 251a under the assumption
that B, is zero.

can be computed, the power delivered to the eircuit conductance G, can be
readily found from the diagram, since the equilibrium point determines both
the voltage amplitude and the circuit conduetance. Furthermore, if the
frequency corresponding to each point on the circuit-admittance curve is
known or can be computed, the frequency of oscillation can be found from
the equilibrium point. This graphical method of predetermining oscillator
performance is illustrated by Prob. 75.4-2.

Figure 261 shows the admittance diagram for the oscillator of Fig. 251a
under the assumption that the electronic susceptance B; is zero. In order to
generalize the diagram, G; and G, have been normalized relative to RC/L,

and B; and B, have been normalized relative to V C/L (see Prob. 75.4-1).
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Equilibrium oscillation is obtained at the point —1,0 corresponding to a cir-
cuit conductance of RC/L and a frequency

1 1 R
RNy =___\/ "
L VYL = BYLE = TN T Ry
This value of frequency agrees with that given by Eq. (133). It is apparent
from Fig. 261 that increasing RC/L causes an equal increase in |G;| and
therefore a decrease of amplitude of oscillation.* If the shunt conductance
RC/L is changed by changing E/L, the resonance frequency f,, and therefore
the frequency of oscillation, is changed. This is also in agreement with Eq.
(133) and is an important consideration in frequency stability of oscillators
of this type, practical forms of which will be discussed in Sec. 76.

At frequencies such that transit-time effects in the negative-resistance
element are not negligible, the admittance Y; of the negative-resistance ele-
ment has a susceptive component. The |Y,| curve is then no longer hori-
zontal. At a fixed value of |Y,| the susceptive component alters the fre-
quency of oscillation and reduces the amplitude (Prob. 75.4-2). If the
phase angle of Y, differs sufficiently from 180 degrees, the Y; and Y, curves
no longer intersect. The admittance diagram therefore predicts that transit-
time effects impose an upper limit upon the frequency of oscillation at fixed
values of L., C., and Gf,. In general, the upper frequency limit is the result
not only of the change in the phase angle of Y, but also of a reduction in
the magnitude of Y; by transit-time effects (Probs. 17.2-1 to 17.2-4).

75.5. Admittance Diagrams for Oscillators Based Upon Current-
Stable Negative-Resistance Elements. An analysis similar to that pre-
sented in Secs. 75.1 to 75.4 for the parallel-resonator oscillator of Fig. 253a
justifies the use of diagrams analogous to those of Figs. 259 and 260 for the
series-resonator oscillator of Fig, 253b (Prob. 75.5-1). Curves of X; vs. R;
and — X, vs. — K, replace those of B; vs. G; and —B, vs. —(G,.

(]

76. Practical Negative-Resistance Oscillators

76.1. Choice of Circuits. Once it is understood that a sine-wave oscil-
lator can be formed by shunting a voltage-stable port with a parallel
resonant circuit or a current-stable port with a series resonant circuit, it
becomes apparent that a large number of oscillator circuits can be formed
from the various negative-resistance devices and circuits discussed in Secs.
18 to 22. The chief merit of many of these circuits lies in the fact that they
differ in some respects from other known circuits and are therefore patent-
able. The desirable features of others may include extreme simplicity, high
oscillation frequency, small size, low cost, good waveform, high stability,

* Note that G.L/RC = —1 at the equilibrium point. Therefore |G| = RC/L. The
amplitude must decrease in order to increase |G|
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and the ability to operate on very low supply voltage. Only a few of the
many possible circuits will be discussed, the derivation of the others being
left to the reader as an exercise (Probs. 76.1-1 and 76.1-2).

The prineipal problems encountered in the devising of negative-resistance-
oscillator circuits are those of providing the proper voltage or current biases
to ensure that the operating point lies at the best point in the negative-
resistance portion of the current-voltage characteristic and of selecting the
circuit parameters so that sinusoidal, rather than relaxation, oscillation is
obtained. In order that the amplitude of oscillation, and therefore the
harmonic output, may be readily kept small, the operating point should be
chosen so that the curve of |G;] vs. amplitude is of the form of that of Fig.
255a. This is most readily accomplished by the use of a negative-resistance
element that has a symmetrical characteristic, such as the characteristics of
Figs. 69b and 69e, and using the point of symmetry as the operating point.

76.2. Pentode Negative-Resistance Oscillators. Two single-tube oseil-
lators based upon the pentode negative-resistance circuit of Fig. 66a are

C L C

Fic. 262. (a) Pentode oscillator that makes use of the voltage-stable current-

voltage characteristic of Fig. 66¢; (b) pentode oscillator that makes use of the

current-stable characteristic of Fig. 66e; (¢) amplitude-stabilized version of cir-
cuit (a).

shown in Fig. 262. Circuit (a), which is known as the transitron oscillator,
makes use of a parallel resonator across a voltage-stable port. Circuit (b)
makes use of a series resonator across a current-stable port. The time con-
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stant R,C;e of the coupling path of circuit (a) should be large enough in
comparison with the period of oscillation so that relatively little alternating
voltage appears across Cye. If R;Cy2 is made too small in comparison with
the period of resonance of the resonator, relaxation oscillation will take
place at a frequency determined by R, and Cis.

The operating voltages and circuit parameters of the circuits of Fig. 262
may be chosen so that the amplitude of oscillation is small and the har-
monic content therefore low, even when all operating voltages are constant,
as in circuit (a). The dependence of amplitude upon supply voltage may be
greatly reduced by use of control-grid bias that increases with amplitude of
oscillation. One way in which this can be accomplished is by means of a
diode excited by voltage from the resonator, as shown in Fig. 262c. In
order to prevent excessive inverse feedback resulting from the application
of oscillation-frequency voltage to the control grid, the time constant RzC’
should be large in comparison with the period of oscillation. Re and Rj
should be large enough to prevent excessive loading of the resonator.

76.3. Balanced Negative-Resistance Oscillators. The circuits of Fig.
263 make use of the symmetrical current-voltage characteristics of Figs.
69b and 69¢ obtained in the circuits of Figs. 68b and 68e, respectively, or
their transistor counterparts. Because the magnitude of the negative con-
ductance G, decreases continuously with increase of amplitude in the cireuits
of Figs. 263a and 263b (see Fig. 69b and Sec. 74.1) and the magnitude of R;,
decreasges continuously with increase of amplitude in the circuits of Figs. 263¢
and 263d (see Fig. 69e), these circuits may be very easily adjusted for low
amplitude of oseillation and resulting low harmonic content.

In order to avoid relaxation oscillation at a frequency determined by
R, and C,s, instead of sinusoidal oscillation at a frequency determined by
L and C, the time constant R;,Cis must be large in comparison with the
period 2«LC in the cireuits of Fig. 263. Alternatively, Cy5; and Cyy’ may
be replaced by resistors. However, the resulting reduction of |Gi| or |Ru|
increases the value of resonator ¢ required in order to satisfy the criterion
for oscillation, and therefore reduces the frequency range in which sustained
oscillation is possible.

As pointed out in Sec. 74.4, the amplitude stability against changes of
supply voltage can be greatly increased by modifying the circuit so that the
grid or base bias varies with amplitude of oscillation. This is most readily
accomplished in the tube circuit of Fig. 263a by reducing the fixed bias to
zero by making R; zero. The flow of grid current during the halves of the
cycle in which each grid is positive increases the charge on the capacitor con-
nected to that grid and therefore the voltage across the capacitor. Under
the assumption that grid current starts flowing at zero grid voltage, the
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increase of capacitor voltage is equal to the crest value of the alternating
voltage of the plate of the other tube. If the time constant R;C;. is large
in comparison with the oscillation period, little discharge of the coupling
capacitors takes place during the portions of the cycle in which each grid
is reverse-biased. Consequently the grid bias is approximately equal to the

=

(c) = (d)

Fic. 263. (a) Symmetrical oscillator that makes use of the voltage-stable charac-
teristic of Fig. 69b; (b) equivalent transistor circuit; (c¢) oscillator that makes use
of the current-stable characteristic of Fig. 69e; (d) equivalent transistor circuit.

amplitude of the voltage across the resonator. At zero amplitude the bias
is zero, g,, is large, and the expression for 1/R;, given in Sec. 18.2 shows that
the magnitude of G, is large. As the amplitude increases, the negative grid
bias increases, g, becomes smaller, and the magnitude of G, decreases. The
curve of G, vs. amplitude is relatively steep, as required for good amplitude
stability (Prob. 74.4-1).

Similar amplitude stabilization is produced by grid rectification in the
circuit of Fig. 263¢. In the eircuit as shown, grid rectification and stabiliza-
tion occur only at amplitudes of oscillation greater than the grid bias pro-
duced by the cathode resistors. The stabilization can be extended to small
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amplitudes by connecting the grid resistors to a point in the voltage supply
that is positive relative to ground by an amount equal to the average voltage
of the cathodes, instead of to ground.

Although rectification by the emitter-base junction can be used to stabilize
the amplitude of the transistor circuits of Figs. 263b and 263d, the behavior
of the circuit is complicated by the fact that forward bias is required in
the normal operation of the transistors and that collector-current cutoff
occurs in the vicinity of zero base-emitter voltage. Consequently stabiliza-
tion as the result of base-emitter rectification is likely to be associated with
Class C operation of the transistors and therefore with relatively high
harmoenic generation. This difficulty may be avoided by using adequate
forward base bias and reducing this bias with increasing amplitude by -
means of rectified voltage provided by an auxiliary diode, as shown in Fig.
263e.

76.4. Cathode-Coupled and Emitter-Coupled Oscillators. Figure 264
shows transistor and tube oscillators based upon the negative-resistance cir-
cuit of Fig. 70 and its transistor counterpart. The merit of the circuits of

(a) (b)

Fia. 264. (a) Oscillator based upon the circuit of Fig. 70; (b) equivalent transistor
cireuit.

Fig. 264 lies in their ability to oscillate at very low values of supply voltage.
This is the result of the low magnitude of negative resistance attainable
between cathodes and ground in the negative-resistance circuit of Fig. 70
(see Sec. 18.3). Supply voltage as low as 10 may be used in the cireuit of
Fig. 264a * and 1.5 in that of Fig. 264b.

76.5. Negative-Resistance-Diode Oscillators, Figure 265 shows the
relative simplicity that can be achieved by the use of a p-n-p-n diode or its
two-transistor equivalent in a negative-resistance oscillator. Even greater

1H. J. Reich, Proc. I.R.E., 43, 228 (February, 1955).
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simplieity is achieved in the unijunction-transistor circuit of Fig. 266a. The
ultimate in oscillator simplicity is probably afforded by the use of a tunnel
diode as the negative-resistance element, as in the circuit of Fig. 266b.
Tunnel-diode circuits may be used over a frequency range extending into
the microwave frequencies and require a supply voltage of the order of only
a quarter of a volt. (See also Addendum, page 450.)

‘h,{b|>7 +6v
A ekl
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Fic. 265. (a) Oscillator using a p-n-p-n Fic. 266. (a) TUnijunction-
transistor; (b) equivalent two-transistor cir- transistor oscillator; (b) tun-
cuit. nel-diode oscillator.

76.6. Stabilization of Transistor Oscillators Against Change of Tem-
perature. It is important to bear in mind that the presence of Ri, or R
in Eqgs. (132) to (135) is an indication that the amplitude of oscillation and,
to a lesser extent, the frequency of oscillation of negative-resistance oscil-
lators are dependent upon the magnitude of the negative resistance and
therefore upon the parameters of the tubes or transistors used in the nega-
tive-resistance element. The fact that transistor parameters depend upon
temperature necessitates that stabilization against temperature change be
used when frequency and amplitude stability are important. The simplest
method of stabilization, which is not always sufficiently effective, is the use
of bypassed resistance (1000 to 2000 ohms), in series with the emitters of
transistors, Other methods of stabilization against change of temperature
are discussed in Sec. 84.7.

77. Electronic Tuning and Modulation of Negative-
Resistance Oscillators
77.1. Tuning by Direct Variation of Susceptance. Negative-resistance
oscillators may be tuned or frequency-modulated electronically in a number
of ways. At frequencies at which carrier transit times are of the order of
magnitude of the period of oscillation the input admittance of the negative-
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conductance element will in general have a susceptive component that is
comparable in magnitude with the negative conductance, and the magnitude
of the admittance will be a function of the transit times and consequently
of the electrode voltages. Variation of one or more electrode voltages
changes the susceptance shunting the parallel resonant circuit and thus the
frequency of oscillation. Simultaneous change of the magnitude of the
negative conductance causes the frequency change to be accompanied by
an amplitude change unless the resonator is shunted by a voltage-controlled
conductance element that varies with the control voltage in such a manner
as to compensate for the variation of negative conductance. An outstand-
ing example of a negative-resistance oscillator in which the frequency may
be varied by means of an electrode voltage is the reflex-klystron microwave
oscillator.' (See Prob. 75.4-3.)

A second method of varying the frequency of negative-resistance osecil-
lators is by means of voltage-controlled variable capacitors, such as the
reverse-biased semiconductor diodes (Sec. 6.4). The low leakage conduct-
ance attainable in capacitor diodes makes possible frequency control of
modulation with relatively little change of amplitude.

77.2. Tuning by Variable-Admittance Tube and Transistor Circuits,
A third commonly used means of controlling or modulating oscillator fre-

: I
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(a) (b)

Fic. 267. (a) Variable-admittance circuit; (b) use of this circuit to vary the fre-
quency of the oscillator of Fig. 262a.

quency is by means of a vacuum-tube or transistor variable-admittance
circuit, of which the tube cireuit of Fig. 267a is an example. Analysis of
this circuit (Prob. 77.2-1) shows that the input admittance has a capacitive
component and that the magnitude of the admittance depends upon the
transconductance of the tube and hence upon the control-grid bias. The
effective capacitance has a maximum value when R’ = 1/0C’. For this
value of R’ the effective capacitance approximates g,./2« and the input eon-

18ee, for example, H. J. Reich, J. G. Skalnik, P. F. Ordung, and H. L. Krauss,
Microwave Principles, D. Van Nostrand Co., Inc., Princeton, N. J., 1957,
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ductance is g,./2. Figure 267b shows how this circuit may be used to vary
the frequency of the pentode negative-resistance oscillator of Fig. 262. The
dependence of input conductance of the variable-admittance circuit upon
gm causes frequency modulation to be accompanied by amplitude modula-
tion unless the variation of input conductance is compensated by means of
another voltage-controlled conductance. A transistor may be used in place
of the tube in the circuit of Fig. 267a and other similar variable-admit-
tance circuits.

A somewhat simpler electronic variable-admittance circuit consists of a
capacitor in series with the plate of a tube or the collector of a transistor.?
Variation of the grid or base bias changes the effective susceptance of the
series combination. The conductance variation produced by this circuit
is relatively high, however. Frequency modulation is therefore accompanied
by considerable amplitude modulation.

78. Feedback (Two-Port) Oscillators

78.1. Dependence of Type of Amplifier Upon Feedback-Network
Phase Shift. In feedback oscillators the output of an electron tube or
transistor, or of a more complicated amplifier incorporating two or more
tubes or transistors, is coupled back to the input through a two-port fre-
quency-determining network. Various types of feedback oscillators differ
as to the type of feedback network that they incorporate and as to the de-
tails of the amplifier. Some feedback networks have a 180-degree difference
in phase between the input and output voltages at or near resonance and
therefore require an amplifier that produces a 180-degree voltage phase shift
in order that the feedback voltage shall be in phase with the amplifier input
voltage. Single-stage amplifiers are almost always used in such oscillators.
Other feedback networks produce zero phase shift at or near resonance and
consequently must be used with amplifiers that produce zero voltage phase
shift. Either a two-stage amplifier or a single-stage of a tube having a
negative value of g,, or of a transistor having a negative value of h; exceed-
ing unity in magnitude may be used in these oscillators.

78.2. Analysis of Generalized Feedback Oscillator. Any feedback
oscillator may be represented by the block diagram of Fig. 268. In Fig.
268a the feedback loop has been opened and the amplifier excited by means
of an external voltage V,. The input admittance yi, of the amplifier, which
normally loads the output of the feedback network, has been replaced by
an equivalent admittance. If the amplifier and feedback-network parame-
ters are adjusted so that V, = V; and I, = I; in both phase and magnitude,
the amplifier cannot discriminate between the external voltage V; and the

2 For a transistor circuit of this type, see L. L. Koros and R. F. Schwartz, Electronics,
July, 1951, p. 130.
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output voltage V, if the latter is used in place of the external voltage.
Hence, if the double-pole, double-throw switch is instantaneously thrown
to the left and the external driving voltage is simultaneously removed, all
voltages and currents in the system will be unchanged. In other words, the
circuit will oscillate and deliver a constant output voltage V,. The require-
ment that the voltage at the output port of the feedback network be equal
to the input voltage of the amplifier prior to closing of the feedback loop
is equivalent to the requirement that the feedback in the closed system must
be regenerative and that the closed-loop amplification under steady-state
conditions must be unity.

I
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Amplifer Feedback 11, fé %y
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l Amplifier Feedback network
(b)

Fic. 268. Generalized representation of feedback osecillators.

A commonly used method of determining the frequency of oscillation and
the criterion for oscillation of constant amplitude in a feedback oscillator is
to replace the amplifier by an equivalent circuit and to solve the loop or
nodal network equations simultaneously. An alternative procedure is to
relate the currents and voltages in the circuit of Fig. 268 by means of gen-
eralized two-port network equations. Although any set of parameters may
be used for the amplifier and any set for the feedback network, it is con-
venient to use y parameters for the amplifier and z parameters for the feed-
back network. The advantage of y parameters for the amplifier is that the
y parameters ¢, and 1/r, have long been used for tubes and that there is no
difﬁculty in converting y parameters to h parameters in the equations ob-
tained in the analysis of transistor circuits. For many feedback networks
the 2z parameters can be more readily found than can the y parameters.

The following four equations completely specify the conditions that must
be satisfied in order that the output current and voltage of the feedback
network shall be equal in phase and magnitude to the input current and volt-
age of the amplifier, as required in the circuit of Fig. 268b:
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I="Vy:+ Vy, (145)
I = Vyr + V'y, (146)
V'= =TIz, — Iz, (147)
V= —Iz—1Iz (148)

Solution of the simultaneous equations (145) to (148) leads to the following
relation between the two sets of parameters:

Yrzr + Yizo + Yo2i + Yr2r + ByA, + 1 =0 (149)

in which 4, = vy, — ysy» and A, = 22, — 22, Since z, = 2 for a passive
network and y; > y, for amplifiers suitable for use in the eircuit of Fig. 268,
the term y.2, may ordinarily be neglected in Eq. (149). Therefore,

Yrer + Yigo + Yoti + AyA. + 1 =0 (149A)

For particular cireuits the impedance parameters of the feedback network
may be found and substituted into Eq. (149). Because the sum of the real
terms and the sum of the imaginary terms of Eq. (149) must each be equal
to zero, Eq. (149) leads to two equations that may be solved simultaneously
for the frequenecy of oscillation and the criterion for oscillation of constant
amplitude. Frequently the dropping of negligible terms leads to consider-
able simplification, particularly in the analysis of tube circuits. Examples
of the use of Eq. (149) or (149A) in the analysis of feedback oscillators will
be given in sections that follow. .

It is important to note that the use of Eqgs. (145) to (148) implies the
assumption that the amplifier is a linear circuit. The application of Eq.
(149) or (149A) can therefore yield no information concerning harmonic
generation or the limitation of amplitude as the result of dependence of cir-
cuit parameters upon amplitude. The assumption that the amplifier is
linear is not valid at large amplitudes. At large amplitudes the y parameters
must therefore be defined as the ratios of fundamental components of cur-
rent to fundamental components of voltage.

Interelectrode capacitances and coupling impedances used in the input
and output of the amplifier can usually most conveniently be assumed to
form parts of the feedback network. The analysis of some circuits, however,
is simplified somewhat by considering the input and output coupling resist-
ances to be included in the amplifier.

78.3. Analysis of Circuits in Which y, and y, Are Small. If 2, is re-
placed by its equivalent z; in the term y,2,, Eq. (149) may be rewritten in
the form:

Yr 1
yf(l——Az)+E+yr=0 (150)
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where
1 1
o= (yizo + Yoz: + yiyoAz + ]) (151)
Zf Zf

It may be shown that Z; is the open-circuit forward transfer impedance of
the network of Fig. 269a, in which the feedback network of Fig. 268 has
been augmented by shunting the input terminals by y, and the output ter-

Fic. 269. (a) Augmented feedback network; (b) augmented feedback network
applicable when y; « 1/2,; (c) augmented network that includes R,.

minals by y; (Prob. 78.3-1). In common-cathode vacuum-tube circuits in
which the grids are biased sufficiently negative to prevent the flow of grid
current, y; and y, are zero and the augmented feedback network of Fig. 269a
simplifies to that of Fig. 269b. If y; and y, are made zero in Eqs. (150)
and (151) the following relation is obtained:

1
yr = —1/Z; = — ” (o2 + 1) (152)
f

Although the second term within the parentheses of Eq. (150) is not ordi-
narily negligible when transistors are used, useful qualitative information
can sometimes be obtained under the assumption that Eq. (152) is also
applicable to common-emitter transistor feedback oscillators.

The value of Eq. (152) rests partly in the fact that Z; may sometimes be
determined by inspection of the augmented feedback network. The approxi-
mate frequency of oscillation and the approximate criterion for oscillation
of constant amplitude may thus be obtained with a minimum of effort.
Equation (152) is also useful in the construction of admittance diagrams
similar to those discussed in See. 75 for negative-resistance oscillators. Ad-
mittance diagrams for feedback oscillators will be discussed in Sec. 79.

In many feedback oscillators, a coupling resistance R; in the output ecir-
cuit of a tube or transistor shunts the input to the feedback network. This
resistance can either be considered to be a part of the feedback network,
as in Fig, 269¢, or it may be considered to be a part of the amplifier. When
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it is considered to be a part of the amplifier, y, in Eqs. (151) and (152) must
be replaced by y, + 1/R;. Equation (152) then becomes

w= -+ 2+ VR (1524)
&

In the analysis of some circuits it is simpler to find the z parameters of the

feedback network alone and to use these in Eq. (152A) than it is to find

Z; for the augmented network, including R,.

78.4. Analysis by Differential Equations. An alternative method of
analysis of feedback oscillators that is analogous to the method used in Sec.
73 for negative-resistance oscillators consists in writing the differential equa-
tions for a circuit in which the amplifier is replaced by an equivalent eir-
cuit containing one or more equivalent current or voltage generators. The
advantage of this method lies in the fact that the solution of the equations
for the equivalent circuit yields not only the frequency and the ecriterion
for oscillation of constant amplitude, but also the criteria for increasing
and decreasing amplitude of oscillation. These criteria are essential to an
understanding of amplitude limitation and amplitude hysteresis. An ex-
ample of this method of analysis is given in Sec. 81.2. The analysis of Sec.
81.2 and similar analyses for other types of feedback oscillators show that
the amplitude of oscillation increases, remains constant, or decreases if |yy]
is greater than, equal to, or less than, respectively, a critical value. In
oscillators in which y; and v, may be considered to be zero, as in vacuum-
tube circuits in whieh the grids are negatively biased, the critical value is
equal to |1/Z,|, the magnitude of the reciprocal of the forward open-circuit
transfer impedance of the augmented feedback network of Fig. 269b or e¢. In
oscillators in which y; and y, cannot be assumed to be zero, as in transistor
circuits, the critical value approximates |1/Z,| sufficiently closely so that it
may be assumed to be equal to [1/Z,] in rough qualitative analyses. When
y; is not negligible, the augmented feedback network must include y;, as
shown in Fig. 269a. The analyses also show that when the circuit values are
such that the amplitude increases or decreases, the frequency of oscillation
is slightly lower than when it is constant.

79. Admittance Diagrams for Feedback Oscillators

79.1. Justification for Admittance Diagrams, Considerable useful quali-
tative information concerning the behavior of feedback oseillators, particu-
larly mierowave oscillators, can be obtained by the use of admittance dia-
grams based upon Eq. (152). Over any single frequency range in which
the open-circuit transfer impedance of the feedback network is high (i.e.,
in the vicinity of any one resonance frequency of the feedback network),
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the dependence of y; upon frequency is ordinarily negligible. The magni-
tude of y;, however, and in some amplifiers the phase of y;, depends upon
amplitude. Although y, may increase in magnitude with increase of ampli-
tude at low amplitudes, amplifier nonlinearities associated with saturation
and cutoff invariably cause the magnitude to decrease with increase of ampli-
tude beyond some critical value of amplitude. Unless the feedback net-
work incorporates a nonlinear element, such as a diode, varistor, or ther-
mistor, on the other hand, Z; is independent of amplitude and is a rapidly
varying function of frequency in the vicinity of a resonance frequency. It
follows from Kq. (152) that, if the susceptive component of y,; is plotted
against the conductive component over a suitable range of amplitude and if
the susceptive component of —1/Z; is plotted against the conductive com-
ponent in the same diagram over a suitable frequency range in the vicinity
of a resonance frequency, any intersections of the two curves correspond to
equilibrium values of frequency and amplitude.

79.2. Example of an Admittance Diagram for a Feedback Oscillator.
Figure 270a is an admittance diagram in which the curve of —1/Z; is typical
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F16. 270. (a) Admittance diagram for one type of feedback oscillator; (b) diagram
showing the locus of y, at zero amplitude.

of a feedback network consisting of a transformer tuned by means of
capacitance across both the primary and the secondary,® and in which the
yy curve is typical of a vacuum tube operated at a sufficiently high fre-
quency so that the transadmittance has a susceptive component. Point 0
on the y; curve corresponds to zero amplitude. Since |y;| at zero amplitude
exceeds |1/Z,|, any small oscillation initiated by noise or some other circuit
disturbance increases in amplitude.* The operating point on the y; curve
therefore moves to the left until it reaches point 1, at which |y, = [1/Z/|

18ee H. J. Reich, P. F. Ordung, H. L. Krauss, and J. G. Skalnik, Microwave Theory

and Techniques, Sec. 10-17, D. Van Nostrand Co., Ine., Prineeton, N. J., 1953.
* See Secs. 78.4 and 81.2.
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and the amplitude is constant. If the amplitude scale for the y,; curve and
the frequency scale for the —1/Z; curve are known, the equilibrium values
of amplitude and frequency may be read from the curves. Usually, how-
ever, admittance diagrams such as Fig. 270a are of principal value in
explaining or predicting general operating characteristics, rather than in
predicting numerical values of frequency or amplitude (Prob. 79.2-1). It
can be seen from Fig. 270a, for example, that the effect of the susceptive
component of y; caused by electron transit time is to reduce the frequency
of oscillation below the value that would obtain if y, were nonsusceptive.

79.3. Klystron Admittance Diagram. Admittance diagrams are par-
ticularly instructive in the analysis of two-resonator klystron oscillators 2
in which the phase of y; ean be varied through all angles by means of the
anode voltage. The dotted ecircle in the diagram of Fig. 270b shows the
locus of the zero-amplitude magnitude of ¥, as the phase is varied. The
curve of —1/Z; approximates that for two coupled cavity resonators. It
can be seen that if the phase of y; is gradually advanced from the value
corresponding to point e, the oscillation builds up when the phase advances
beyond the value at b. The equilibrium amplitude increases, passes through
a maximum value at an angle approximately halfway between b and ¢, and
becomes zero at ¢. Oscillation again starts at d, the amplitude rises to a
second maximum value, and becomes zero at e. If the magnitude of y, is
increased to a value that exceeds |1/Z;| at the peak of the curve of —1/Z,,
oscillation takes place at all phases of y; in the range bede. This predicted
behavior is in agreement with the observed behavior of two-resonator
klystrons.

80. Parallel-Resonator Feedback Oscillators

80.1. Tuned-Output, Tuned-Input, Hartley, and Colpitts Circuits.
Feedback oscillators, like negative-resistance oscillators, are characterized
by great variety of usable circuits, many of which have no particular ad-
vantage over others. The desirable features of individual oscillator circuits
may include good frequency and amplitude stability, low harmonic output,
simplicity, low cost, and small size and weight.

A class of feedback oscillators that has found more applications than any
other over the period of years since the invention of the vacuum triode is
that in which the amplifier consists of a single tube or transistor and the feed-
back network consists essentially of a tuned parallel resonant circuit, the
proper phase of z; being obtained by the use of an untuned coil coupled to
the resonator, a tapped inductor, or a capacitor voltage divider. The four
most commonly used circuits are shown in basic form in Fig. 271. Circuit

2 Reich, Ordung, Krauss, and Skalnik, op. cit., Chap. 12.
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(a), in which the transformer winding that is in the output circuit of the
amplifier is tuned, will be called the tuned-output oscillator. Circuit (b),
in which the transformer winding that is in the input circuit is tuned, will
be called the tuned-input oscillator. In the Hartley circuit (c) either a
two-winding transformer or an autotransformer may be used. Coupling
from the output of the amplifier to the input in this circuit is both inductive
and capacitive. The Colpitts oscillator (d) uses a single inductor.
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Fic. 271. (a) Tuned-output oscillator; (b) tuned-input oscillator; (c¢) Hartley
oscillator; (d) Colpitts oscillator.

In order that the feedback shall be regenerative in the Hartley and Col-
pitts circuits, the algebraic sign of the forward transfer admittance or for-
ward current transfer ratio of the amplifier must be positive. Hence, when
a single tube or a single transistor is employed in either of these circuits,
it must be used in the common-cathode or common-emitter connection. In
the tuned-output or tuned-input circuits, on the other hand, the algebraic
sign of the forward transfer admittance or forward current transfer ratio
may be either positive or negative, the sign of the coupling being chosen so
that the feedback is regenerative. A single tube may therefore be used
in these circuits in either the common-cathode, the common-grid, or the
common-plate connection, and a single transistor may be used in these cir-
cuits in either the common-emitter, the common-base, or the common-col-
lector connection.

Tuned-output oscillators in which a single tube is used in the common-
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cathode connection or a single transistor in the common-emitter connection
are called tuned-plate and tuned-collector oscillators, respectively. Simi-
larly, common-cathode and common-emitter tuned-input oscillators are
called tuned-grid and tuned-base oscillators, respectively. Examples of
tuned-plate, tuned-base, Hartley, and Colpitts oscillators are shown in Fig.
272.

(b)
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Fre. 272. (a) Tuned-plate oscillator; (b) tuned-base oscillator; (e) transistor
Hartley oscillator; (d) tube Colpitts oscillator.

80.2. Choice Between Types. There is little difference in performance
between tuned-input and tuned-output oscillators or in the performance of
either type between the common-cathode and common-grid connections or
between the common-emitter and common-base connections. Usually the
choice between circuits is governed by practical considerations of grounding
and provision of proper operating voltages and currents. In tube circuits,
for example, it is usually convenient to maintain the cathode at ground
potential. For this reason the common-cathode connection is usually used
except in microwave oscillators, in which physical considerations of the
resonator structure necessitate the use of the common-grid connection. The
frequency stability of the common-plate or common-collector tuned-output
and tuned-input oscillators against changes of amplifier parameters is some-
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what lower than that of the other tuned-input and tuned-output circuits
(Prob. 80.2-1).

Because both the input and the output inductances are included in the
resonator of the Hartley circuit, this circuit requires less total inductance
at a given frequency than do the tuned-output and tuned-input circuits.
For this reason the Hartley circuit found frequent application at low audio
frequencies before the advent of the resistance-capacitance-tuned oscillators
to be discussed in Secs. 85, 86, and 88. The Colpitts oscillator is particu-
larly useful in tube circuits at frequencies approaching the upper limit at
which transit-time effects reduce the dynamic transconductance to the
minimum value capable of satisfying the criterion for sustained oscillation.
The dificulties involved in mutual coupling between small coils is avoided
in this circuit. The inductance L may be that of a single loop of wire,
and the capacitances C; and Cy may be the grid-cathode and plate-cathode
capacitances of the tube. As a capacitance-tuned, variable-frequency osecil-
lator, the Colpitts oscillator is less convenient to use than other types be-
cause of the necessity of varying both C; and C, in order to maintain the
correct coupling for sustained oscillation. It has been found suitable for
use in marine transmitters because the capacitors may be sealed against
moisture and the circuit tuned by means of a variometer type of inductance.

80.3. Doubly Tuned and Push-Pull Feedback Oscillators. In another
type of parallel-resonator osecillator, parallel resonators are used in both
the input and the output of the amplifier, the only coupling between the
output and the input being the input-to-output capacitance of the amplifier.
The use of two resonators, rather than a single resonator, favors frequency
stability, but the necessity of tuning two circuits is a disadvantage in tun-
able oscillators. Furthermore, the presence of two coupled resonant cir-
cuits, which have two frequencies of resonance if the coupling between
them exceeds the critical value, may result in undesirable frequency jumps
when the cireuit is tuned.

The circuits of Fig. 272 and similar circuits may be modified to use two
tubes or transistors in push-pull operation. As in amplifiers, the use of
push-pull circuits increases the power output and decreases the harmonie
content of the output. The frequency stability of push-pull circuits is also
generally higher than that of single-sided circuits. In general, however,
when large power output, low harmonic content, and good frequency
stability are required simultaneously, it is simpler to use a low-power oscil-
lator of high stability to excite a low-distortion power amplifier.

80.4. Methods of Obtaining Bias. In order to emphasize the basic form
of the feedback network, rather than the details of supplying the required
electrode biasing voltages, fixed grid and base biasing voltages have been
indicated in Fig. 272. It will be shown that limitation of amplitude to a
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low value in order to minimize harmonic content of the oscillator output
requires the use of grid or base biasing voltage that varies with amplitude
of oscillation. For this reason, fixed grid or base bias is seldom used. Prac-
tical circuits in which variable bias is used to control amplitude will be dis-
cussed in Sec. 83.

81. Analysis of Parallel-Resonator Feedback Oscillators

81.1. Methods of Analysis. Equation (149) applies only under steady-
state conditions and its use in the analysis of any oscillator circuit implies
the assumption that the circuit and amplifier parameters are such that
sinusoidal oscillation of constant amplitude is obtained. As in the analysis
of negative-resistance oscillators, the conditions that must be satisfied in
feedback oscillators in order to ensure sustained sinusoidal oscillation can be
determined only by solution of the differential equations for the circuits.
It is desirable to introduce the general analysis of feedback oscillators by a
simple analysis of this type, because such an analysis demonstrates clearly
that various modes of operation other than sustained sinusoidal oscillation
may occur in feedback-oscillator circuits. The differential-equation method
also indicates the conditions under which the amplitude of oscillation in-
creases and decreases.

In general, the frequency of oscillation and the criterion for oscillation
with constant amplitude are more readily obtained by application of Eq.
(149) or by an equivalent method of analysis than by solution of the differ-
ential equations. Furthermore, the general behavior of various circuits
with respect to the various modes of operation is similar. For these reasons
the following analysis will be made as simple as possible by the choice
of a circuit that reduces the complexity of the differential equations to a
minimum. This is the tuned-plate oscillator with sufficiently negative grid
bias to ensure that negligible grid current flows. The assumption will also
be made that the frequency of oscillation is so low that electron transit
time and the interelectrode capacitances have a negligible effect upon the
behavior of the circuit. The method of analysis is applicable to other
feedback-oscillator circuits.

If appreciable grid current flows, it affects the behavior of the circuit both
by introducing additional power losses and by inereasing the harmonic con-
tent of the output as the result of the large nonlinearity of the curve of grid
current vs. grid voltage in the vicinity of grid-current cutoff. These same
effects result from the flow of transistor base current. The effects of non-
linear current-voltage characteristics can be determined only by approxi-
mation methods of analysis applicable to nonlinear circuits and will not be
considered further.! The loading effect of grid or base current can be taken

18ee, for example, J. Cunningham, Introduction to Nonlinear Analysis, McGraw-Hill
Book Co., Inc., New York (1958).
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into account by adding the grid or base admittance to the feedback network,
as explained in Sec. 78.

81.2. Analysis of Tuned-Plate Oscillator by Differential Equations.
An equivalent circuit for the tuned-plate oscillator under the assumption
that grid current is negligible is shown
in Fig. 273. The circuit equations are
the following:

ve =M (153)

di di
rolp + 10+ L p7 = ug = uM at (154) g o273, Equivalent plate circuit
' of the tuned-plate oscillator under
the assumption that grid current is

di 1
ri 4 LEZ + Ef(2 — i,y dt =0 (155) negligible.

If Eq. (155) is differentiated and the result substituted into Eq. (154), the
following second-order differential equation is obtained:

d% r 1 g M N
— 4+ <_ _ ) 7 =0 156
i \L ¢ IC roLC (156)
The solution of Eq. (156) is
i = A sin (wf + 0) (157)
in which A and 6 are constants determined by the starting conditions and
1 /g 7 1
a=-{— - == — (158)
2\LC L rC
Tp 4 T
N L o? (159)

The solution given by Eq. (159) is oscillatory only if w is real. The ampli-
tude of oscillation increases if @ > 0, is constant if « = 0, and decreases if
a < 0. Equation (155) therefore leads to the following amplitude criteria:

. . . rpC + L
Amplitude increases if ¢,, > — (160)
Mr,
rr,C + L
Amplitude is constant if ¢,, = £ (161)
Mr,
rr,C + L
Amplitude decreases if g, < S A R (162)

Mr,
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Under equilibrium conditions of oscillation (constant amplitude), for which
a is zero, the frequency of oscillation is

1 T+ 7
= oo N T (163)

Unless the effective value of r is increased by loading of the resonator or
by the flow of appreciable grid current, r is normally very small in com-
parison with r,, and the frequency of oscillation closely approximates

1/2xvLC. However, because the value of 7, depends upon the operating
point of the tube and upon amplitude, Eq. (163) shows that the frequency of
oscillation is to some extent dependent upon supply voltage and load.

If the circuit parameters are such that Eq. (159) gives an imaginary
value of o, the solution is exponential in form. The currents are then
either decaying exponentials or growing exponentials. As in negative-re-
sistance oscillators, if the solution has the form of a growing exponential,
variation of ¢, with current leads to relaxation osecillation. A diagram
similar to Figs. 158 and 159 may be constructed to show the ranges of
parameters in which the various types of behavior occur (Prob. 81.2-1).
The value of such a diagram lies in its emphasis of the fact that, if the
circuit parameters of feedback oscillators are not properly chosen, relaxa-
tion oscillation, rather than sinusoidal oscillation, will occur. Analysis of
Eqgs. (158) and (159) shows that relaxation oscillation will not occur if
the following relation is satisfied (Prob. 81.2-1):

L LO( L e
rC +——2 —M<gmﬂl<r0+—+2\/—w (164)
Tp Tp Tp Tp

81.3. Analysis of Tuned-Plate Oscillator by Means of Eq. (152).
Although Eq. (149) will be used in See. 82 to derive generalized expressions
for the frequency of oscillation and the

criterion for oscillation that are applica-

ble to all tuned-output feedback oseil-

di, L,
M lators, it is of interest at this point to
- C r . L IV demonstrate the ease with which the un-
) 2 . .
T loaded tuned-plate oscillator with nega-

tive grid bias can be analyzed with the
Fia. 274. Augmented feedback net-  aid of Eq. (152). The method is ap-

work of the tuned-plate oscillator .
under the assumption that grid plicable to other vacuum-tube feedback-

current is negligible. osci%lator cireuits.
Figure 274 shows the augmented feed-
back network of the tuned-plate oscillator under the assumption that grid

current does not flow and that the resonator is otherwise unloaded. The
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ratio of the current I through L to the input current I, is equal to the ratio
of the admittance of the L-r branch of the circuit to the sum of this admit-
tance, oC, and 1/r,. The output voltage V3 is —joMI. The forward open-
circuit transfer admittance 1/Z; is readily found from these two relations.

mrpC + L rp + 1 — 1w’ LC
17, = — > 4 p) p 165
/% Mmr, T o, (165)

At frequencies at which the susceptive component of the short-circuit transfer
admittance y; of the tube is negligible, Eq. (152) becomes for this oscillator:

rrpC + L 7, + 7 — rw?lC
G = — — 2 st (166)
Mr, WM,

The real part of Eq. (166) leads immediately to Eq. (161), and the imagi-
nary part to Eq. (163).

It follows from the assumptions made in the derivation of Eq. (152)
that the use of this equation to obtain the frequency of oscillation and the
criterion for oscillation is equivalent to determining the conditions under
which the feedback is regenerative and the loop amplification equal to
unity. An equivalent method of analysis is to write the steady-state equa-
tions for the equivalent circuit of Fig. 273.

81.4. Analysis of Tuned-Plate Oscillator; Transit-Time Effects Con-
sidered. At frequencies at which the interelectrode transit times of elec-
trons in the amplifier tube are comparable with the period of oscillation,
the criterion for sustained oscillation and the frequency of oscillation are
affected by transit time. Transit time causes the plate current to lag the
grid voltage and may reduce the magnitude of the plate current. The short-
circuit forward transfer admittance therefore departs from the low-fre-
quency value both in phase and in magnitude.? The factor that causes the
magnitude of the forward transfer admittance of the tube eventually to fall
to a very low value as the frequency is increased is not interelectrode transit
time in itself, but differences of the transit times of individual electrons.
The expressions for forward transfer admittance as a function of frequency
are too involved for a rigorous theoretical oscillator analysis. An in-
dication of the general manner in which the eriterion for oscillation and the
frequency of oscillation are affected by transit time can be readily obtained,
however, under the assumption that the short-circuit forward transfer ad-
mittance at any frequency is given by the following formula:

2 F, B. Llewellyn and L. C. Peterson, Proc. I.R.E., 82, 144 (1944). For a résumé of

this article, see H. J. Reich, J. G. Skalnik, P. F. Ordung, and H. L. Krauss, Microwave
Priniciples, D. Van Nostrand Co., Inc., Princeton, N. J., 1957.
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_ Imo _
L+ if/fe

in which f, is the frequency at which the magnitude of the transfer admittance
has fallen to 1/4/2 of its low-frequency value gm,. The analysis will be
further simplified by the assumptions that the oscillator is not loaded either
as the result of the flow of grid current or by a resistance shunted across
either winding of the transformer, that r is very small in comparison with r,,
and that C is much greater than the interelectrode capacitances. Under
these assumptions Eq. (152) becomes:

Yr (167)

Gmo TTpC + L . w?LC — 1

= + 168
1+ jo/ws i, 0T oM (168)

The real and the imaginary parts of Eq. (168) yield the following expres-
sions for the criterion for sustained oscillation and the frequency of oscillation:

1 L r/L + 1/r,C
Jme = —— rC + — 4 )
M rp  welwe + r/L 4+ 1/r,C)

1
" 2eVIC + (C + Liry)/w.

Since w, i1s an inverse function of transit time, it is apparent from Eq. (169)
that transit time increases the value of low-frequency transconductance
Omo Tequired for sustained oscillation and that there must be an upper fre-
quency limit beyond which the maximum attainable value of g, is in-
sufficient to make oscillation possible. Equation (170) shows that transit
time reduces the frequency below the value that would obtain if the transit
time were negligible in comparison with the period of oscillation.

(169)

S

(170)

82. Generalized Analysis of Tuned-Output Circuits

82.1. Derivation of Expressions for Frequency and Criterion for
Oscillation. Substitution of the impedance parameters listed in column 1
of Table IX into Eq. (149A), and the solution of the simultaneous equa-
tions obtained by separating real and imaginary terms of this equation leads
to the following expressions for the frequency of oscillation of tuned-output
feedback oscillators and the eriterion for oscillation with constant amplitude:

g 1+ yor
“ T LCF AL — MP) £ yilirC

3 rC + y(M?/L + y,L'r) + yoL
M — y.L'r

(171)

Yr =

(172)
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When the coils are wound on high-permeability cores or when the two coils
are wound upon forms of equal diameters, L = N?L, where N is the ratio
of the number of turns of L’ to the number of turns of L. Furthermore,

M = kLN, where the coefficient of coupling & is equal to M/ VLI By
use of these expressions for L’ and M, Eqs. (171) and (172) may then be
written in the following alternate form:
2 1+ yor
() =
LC + N%(1 — k®A,L? — N2y,LrC

_1C/L + N*:(k* + yor) + vo
Nk — N2y,r

(171A)

yr = (172A)

For vacuum tubes in the common-cathode connection y; = 1/r,, y, = 0,
yr = 1/gm, and y, = 1/r,. Substitution of these values into Eqgs. (171) and
(172) yields the following equations for the frequency of oscillation and the
criterion for oscillation of the tuned-plate oscillator: *

1 P Ty
I=5ic | v L Lr M (173)
it et T T o
M r+r L Crry M

L Cr
fm reL Tp M(r+ 1) + M+ rp) N rel + Mr, + M (174)
The principal value of Eqs. (173) and (174), which reduce to Eqgs. (163)
and (161), respectively, when r, is infinite, is that they show that the fre-
quency of oscillation is to some extent dependent upon r,, as well as upon
7p, and that grid current increases the value of g, required to maintain oseil-
lation. Since the amplitude of oscillation increases if g, exceeds the right
side of Eq. (174) [compare with Eq. (160) ], grid current also helps to limit
the amplitude of oscillation by increasing the term M /r,L with amplitude.
This action will be discussed further in Sec. 83.

It is apparent from Fig. 269a that load shunting the grid or plate coil may
be taken into account by replacing r, or r, by the resultant resistance of the
parallel combination of the load resistance and v, or 7,. A load coupled to
the resonator may be taken into account by an equivalent increase in the
resistance r of the resonator coil. Loading of the oscillator therefore changes
the frequency of oscillation and increases the value of g¢,, necessary to main-
tain oscillation.

* In the derivation of Eq. (174) the assumption is made that «2 = 1/LC,



GENERALIZED ANALYSIS OF TUNED-OUTPUT CIRCUITS 359

82.2. Tuned-Collector Oscillator. Because the values of transistor ad-
mittance parameters are not usually available, Eqs. (171) and (172) are
more useful for transistor circuits if they are written in terms of & parameters
by substitution of the following identities: *

Yi = l/hi Yr = _hr/hi

(175)
yr = he/hi Ay = ho/hi Yo = Ar/hy
With these substitutions, Eqgs, (173) and (174) become:
9 h,; + AhT
~ (176)
hLC + ho(LL) — M?®) + L'rC

" h;rC + ApL n M a7
T w T T L )

For the tuned-collector oscillator, Eqs. (176) and (177) must be written in
terms of the common-emitter parameters. In the common-emitter connec-
tion, terms in Eqs. (176) and (177) involving r are usually so small that they
may be neglected in comparison with other terms. The frequency of oscilla-
tion of the tuned-collector oscillator and the criterion for oscillation are then
given by the following approximations:

1 1
~ _ 178
1= oe/IC \/ L+ (LL — M®hy,/LChy (178)
L LAy, n M (179)

A YR

It is apparent from Eqs. (176) and (178) that the frequency of oscilla-
tion is dependent upon the transistor parameters and therefore upon the
supply voltages and the amplitude of oscillation. Equation (179) demon-
strates that hy, like g,, in the tuned-plate circuit, is an important figure of
merit in the tuned-collector oscillator. It will be seen that these parameters
are also important figures of merit in other types of feedback oscillators.
Another conclusion that ean be drawn from Eqs. (177) and (179) is that
there is in general not only a minimum value of coupling at which oscilla-
tion can oceur at fixed values of transistor parameters, but also a maximum
value. Although increasing the mutual inductance M increases the positive
feedback, it also increases the loading effect of the transistor input resistance

1 See, for example, W. W. Gértner, T'ra’nsz'stors, Chap. 7, D. Van Nostrand Co., Inc.,
Princeton, N. J., 1960,
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upon the resonator and may therefore increase the required value of Ay
at large values of coupling.

Load conductance shunted across either the collector coil or the base coil
or coupled to the resonator by means of an additional coil may be taken
into account by an equivalent increase of the resistance r of the collector
coil. Loading of the oscillator therefore changes the frequency of oscilla-
tion and increases the value of hy, required to maintain oscillation.

82.3. Effect of Carrier Transit Time. The effects of carrier transit
time and electrode capacitance upon the frequency of oscillation and the
criterion for oscillation can be determined either by solving the network
equations for an equivalent circuit in which the transistor is replaced by a
high-frequency approximate equivalent tee circuit,? or by using in Eq. (149)
or its h-parameter equivalent the complex expressions for the transistor
parameters found from the equivalent tee circuit. Either procedure leads
to complicated equations that are difficult to solve. However, the fact that
the magnitudes of ks, and h;, are reduced and those of h,, and h,, are in-
creased as the frequency approaches the alpha cutoff frequency, ks ap-
proaching zero at very high frequencies, indicates that transit-time effects
set an upper limit to the attainable frequency and that this limit is in-
creased by an increase in the low-frequency value of hy. It is also to be
expected that the imaginary component of hy, together with increased load-
ing of the resonator as the result of the reduction of input resistance of the
transistor, will reduce the frequency of oscillation below the value predicted
by Eq. (176) or Eq. (178) (cf. Eq. (170) for the tuned-plate circuit).

82.4. Other Tuned-Output Oscillators. Expressions for the frequency
of oscillation and the criterion for oscillation of common-grid and com-
mon-plate tuned-output oscillators can be derived by substituting the ap-
propriate values of the y parameters listed in Table III into Eqs. (171)
and (172) or (171A) and (172A) (Prob. 82.4-1). Similarly the correspond-
ing expressions applicable to the common-base and common-collector tuned-
output oscillators may be obtained by using the common-base or common-
collector h parameters in Eqgs. (176) and (177). If preferred, the expres-
sions may be written in terms of the common-emitter A parameters by use
of the identities listed in Appendix, Table A-1 (Prob. 82.4-2).

82.5. Tuned-Input, Colpitts, and Hartley Analyses. Tuned-input,
Colpitts, and Hartley oscillators may be analyzed in a similar manner to
tuned-plate and tuned-collector oscillators by using in Eq. (149) the ap-
propriate z parameters listed in Table IX. For convenience, the expressions
for the frequency of oscillation and the criterion for oscillation of the tuned-

2 For a discussion of high-frequency equivalent circuits, see, for example, R. F. Shea,
editor, Transistor Circuit Engineering, John Wiley and Sons, Inc., New York, 1957.
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grid, tuned-base, Colpitts, and Hartley eircuits, together with those for the
tuned-plate and tuned-collector circuits, are listed in Table X (Probs.
82.5-1 to 82.5-3).

83. Amplitude Limitation in Parallel-Resonator
Feedback Oscillators

83.1. Amplitude Diagrams for Vacuum-Tube Feedback Oscillators.
Equations (160) to (162) and similar equations for other LC feedback
oscillators, such as those listed in Table X, show that if the circuit and
amplifier parameters are initially adjusted so that oscillation can start,
amplitude limitation can result only from the dependence of the dynamic
values of the circuit or tube parameters upon amplitude.

The most commonly used method of amplitude limitation in vacuum-tube
parallel-resonator oscillators is based upon the dependence of the dynamic
transconductance upon amplitude of the alternating grid voltage. Consider-
able useful qualitative information concerning the amplitude behavior of
feedback oscillators can be deduced from a diagram based upon a generalized
criterion for oscillation derived directly from Eq. (152). Equation (152)
states that, at frequencies at which the tube transadmittance is nonsusceptive
and equal to g,,, the magnitude of g,, under equilibrium conditions must be
equal to the magnitude of the real ecomponent of 1/Z;, the reciprocal of the
open-circuit forward transfer impedance of the augmented feedback net-
work of Fig. 269b. For convenience, the magnitude of the real part of
1/Z; may be represented by the symbol ;. If g, exceeds Gy, the amplitude
of oscillation increases with time; if g, = (;, the amplitude remains con-
stant; and if g,, is less than G4, the amplitude decreases. For the oscillators
listed in Table X, G, is the right side of the criterion for oscillation. It
can be seen from Table X that G, involves 7, and that G, therefore depends
to some extent upon amplitude of oscillation. (The exact criterion for the
Hartley oscillator also contains r,.) However, unless the feedback network
contains a nonlinear resistor, such as a thermistor or thyristor, the depend-
ence of G; upon amplitude is so small in comparison with the dependence
of ¢gm that G, may be assumed to be constant. At amplitudes exceeding the
magnitude of the grid bias, grid current may cause G, to increase rapidly
with amplitude of grid voltage.

As pointed out in Sec. 78.2, the y parameters of the amplifier must in
general be defined in terms of fundamental components of current and volt-
age. The dynamic value of transconductance that appears in the criteria
for sustained oscillation is the ratio of the fundamental component of plate
current to the alternating grid voltage at constant plate voltage. (At
small amplitudes the dynamic transconductance approaches the slope of
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grid current LC Lrp+L'r Gm M L
hie + 1 1 1 L M Ap, L M Ap,
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the grid-plate transfer characteristic at the operating point.) The dynamic
transconductance may be found either by measurement or, at frequencies
at which transit-time effects are negligible, from the characteristic curves
by graphical methods.

Figure 275 shows a curve of dynamic transconductance g, vs. amplitude
of alternating grid voltage that is typical of fixed-grid-bias operation,
together with a typical curve of Gy vs. I

amplitude. In order for oscillation to
start, gmo, the transconductance at zero  § Imo
amplitude (the static transconductance, §§<" ~~~~~~~~~ \'G\
determined from the slope of the trans- 8" 5, - :~f. _____
fer characteristic at the operating point) & o ;
must exceed Gy. Since g» then exceeds g Equilibriam ?

& omp//fude\‘\

G, at amplitudes less than that corre- - :

sponding to the intersection of the Alfgng%;gg: “voltage
curves, the amplitude will build up to .
the value corresponding to the intersec- Fig, 275. Transconductance-ampli-
. . . tude diagram typical of a vacuum-
tion, the rate of increase depending tube feedback oscillator with fixed
upon the amount by which g, exceeds bias.

G; at each instantaneous amplitude, as

shown by Eqgs. (157) and (158) or similar equations for other feedback
oscillators. Any increase of amplitude beyond the value corresponding
to the intersection would cause ¢, to become less than G and the ampli-
tude consequently to decrease to the value at the intersection. Once
oscillation has built up, the amplitude can be reduced by an increase of
grid bias, which causes the curve of g, to be lowered. However, if the
bias is increased beyond the value at which the curves are tangent, as indi-
cated by the dotted curve, oscillation will cease. The minimum steady-state
amplitude therefore corresponds approximately to the value at the peak
of the g,, curve, but at this value of bias the oscillation is not self-starting.
Since the minimum grid bias at which oscillation is self-starting allows the
amplitude to build up to the large value corresponding to the intersection
of the curves, it is apparent that the small amplitude of oscillation essential
to low harmonic content cannot readily be attained when fixed bias is used.*
It is also apparent that amplitude hysteresis is observed as the grid bias
is varied.

83.2. Capacitor-Gridleak Bias. Small amplitude of oscillation, con-
sistent with self-starting, can be obtained by the use of a grid capacitor
and resistor, as shown in Fig. 276a, in which the voltage v is the alternating

* Note that the distortion at high amplitude results not only from curvature of the

transfer characteristic, but also from the flow of grid eurrent during the positive peaks
of alternating grid voltage.
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grid voltage derived from the resonator, directly or by coupling. Before
oscillation starts, the grid bias is zero and the corresponding large value of
transconductance assures starting and rapid growth of amplitude. Flow
of grid current during the positive half cycles of grid voltage causes the
capacitor Cy to be charged in the indicated polarity and therefore introduces

(b)

Plate current

Grid
voltage

Fre. 276. (a) Capacitor-gridleak biasing circuit; (b) diagram showing the in-
crease of dynamic transconductance with amplitude in & circuit in which capacitor-
gridleak bias is used; (c) tuned-plate oscillator with capacitor-gridleak bias.

negative grid bias. If the resistor B were omitted, the capacitor voltage
would build up to a value equal to the crest value of the impressed voltage
v, but there would be no way for the capacitor to discharge if the amplitude
of oscillation were reduced or the oscillator turned off. The addition of the
high resistance R provides a discharge path for C, and causes the biasing
voltage to be reduced only slightly below the crest value of v. T Since R is
large, the flow of grid current during positive peaks of alternating grid volt-
age is small and the distortion produced by the flow of grid current is
negligible.

Under the assumption that the second and higher plate-current harmonics
may be neglected, the dynamic transconductance approximates the slope
of the chord joining the end points of the path of operation on the transfer

t Reference to Sec. 8 shows that the gridleak-capacitor biasing circuit is actually a
clamping ecircuit that clamps the positive peak of grid voltage at or near zero voltage.
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characteristic relating plate current and grid voltage at constant plate volt-
age (see Prob. 83.2-1). Figure 276b
shows that, if the grid bias is maintained

. 8 Gmo
approximately equal to the crest value Sk~ G

. A [ \gmg f
of the impressed grid voltage v, the slope ~§ | ' N
of the chord decreases continuously with  § T _______________ |
increase of v. When capacitor-gridleak L,§ Grp |
bias is used, therefore, the transconduet- S i Equ///)bfffgm
ance decreases continuously with in- > - 'f/amp o
crease of amplitude of oscillation, as Alternating -grid-volfage

! Amplitude

shown by the g, curve of Fig. 277.3 It

can be seen from Fig. 277 that the ampli- : :

tude of oscillation can be reduced to a ‘U4° diaram typical of a vacuum-
. . tube feedback oscillator in which

low value by choosing the operating capacitor-gridleak bias is used.

plate voltage and the circuit parameters

s0 that gmo is only slightly greater than Gy, as indicated by the dotted

curve, and that the small amplitude is attained without preventing the

spontaneous starting of oscillation.

83.3. Choice of C, and R; Squegging. Choice of the values of biasing
capacitance C, and resistance R is governed by a number of considerations.
In order to prevent excessive discharging of the capacitor during the nega-
tive half cycle of the impressed grid voltage, the time constant RC, must
be large in comparison with the period of oscillation. The value of R
should be large in order to prevent loading of the oscillator. If C, is too
large, the charging time constant, which is determined principally by the
capacitance C, and the grid resistance of the tube when R is large, may be
so large that the amplitude of oscillation builds up much more rapidly than
the bias. The amplitude of the voltage across the grid coil may then reach
a value that greatly exceeds the cutoff bias of the tube while the biasing
voltage produced across the capacitor is still small. The bias continues to
increase, and eventually becomes so large that g, is no longer large enough
to satisfy the criterion for sustained oscillation. Because of the initially
large amplitude of oscillation, however, if the resonator @ is high, the ampli-
tude of the voltage across the grid coil may still exceed the cutoff value of
grid bias even after the requirement for self-sustained oscillation is no
longer satisfied. As the resonator oscillation gradually dies out, the capaci-
tor continues to charge up and the bias may reach a value exceeding cutoff.
Since RC, is large in comparison with the period, the capacitor discharges
relatively slowly, and the transient oscillation may reach a very low value

Fie. 277. Transconductance-ampli-

1 Figure 277 can be derived from Fig. 274 by a procedure analagous to that illustrated
for a two-terminal oscillator in Fig. 258.
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and may even die out completely before the magnitude of the bias becomes
sufficiently low so that the criterion for self-sustained oscillation is again
satisfied. Oscillation then again builds up rapidly, and the cycle repeats.
The periodic interruption of oscillation in this manner is called motorboat-
ing or squegging. The likelihood of motorboating can be prevented by re-
ducing C,, reducing RC, and reducing resonator Q.

83.4. Amplitude Limitation by Temperature-Controlled Resistance.
Another method of limiting and stabilizing the amplitude of oscillation is
by the use of a thermistor or other resistor, the resistance of which varies
rapidly with temperature and therefore with current through it.* The
temperature-sensitive element is incorporated in a voltage divider or a more
complicated bridge in such a manner that the change of resistance resulting
from an increase of amplitude of oscillation reduces the feedback voltage
impressed upon the grid. The effect of the variable feedback is to cause Gy
to inecrease rapidly with amplitude. If the slope of the G, curve is high
enough, low amplitude of oscillation and freedom from amplitude hysteresis
are obtained without the use of eapacitor-gridleak bias, as can be seen from
Fig. 278a.

Figure 278b shows a stabilized Hartley circuit in which increase of voltage
across the resonator raises the current through the nonlinear resistor N,
increasing its resistance and thus reducing the alternating voltage impressed
upon the grid. In some circuits, of which Fig. 292 is an example, the non-
linear resistor may form a portion of a frequency-determining bridge. Al-
though the resistance change that produces the stabilization is usually caused
by alternating current, a higher degree of stabilization may be attained by
the use of direct current obtained by rectifying the oscillator output voltage
and using the resulting direct voltage as grid bias to vary the plate current,
which flows through the control element, as in the circuit of Fig. 279.2

83.5. Amplitude Stability of Vacuum-Tube Parallel-Resonator Feed-
back Oscillators. It is apparent that a vertical displacement of either the
@, curve or the g,, curve in Fig. 277 results in a change of amplitude of oseil-
lation unless both curves are displaced in the same direction by equal
amounts. Vertical displacement of the g, curve is caused by a change of
the tube operating point and hence by a change of supply voltage. A verti-
cal displacement of the G, eurve occurs when the oscillator is tuned by the
variation of a single circuit element, such as a variable capacitance, because
G, depends upon L and C. Although it is possible to vary one or more oper-
ating voltages as the circuit is tuned and thus to maintain the amplitude of
oscillation nearly constant, this method of amplitude stabilization is not in
genera] feasible over wide frequency ranges. The use of capacitor-gridleak

1P. R. Aigrain, Proc. I.R.E., 86, 16 (1948). Contains a bibliography on stabilization

by the use of nonlinear resistances.
2 Aigrain, loc. cit.
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Fie. 278. (a) Transconductance-amplitude diagram typical of an oscillator in
which a temperature-sensitive resistor is incorporated in the feedback network; (b)
oscillator incorporating a temperature-sensitive resistor in a voltage divider.
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Fia. 279. Thermistor-stabilized oscillator in which the stabilization is increased by
the use of a diode rectifier and a d-¢ amplifier.
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bias results in considerable improvement in amplitude stability against
changes in either supply voltage or tuning capacitance or inductance, be-
cause it increases the slope of the curve of gm vs.
amplitude.

If the amplitude of the output voltage is greater
than that of the alternating grid voltage, the grid
bias can be made to vary more rapidly with ampli-
tude by using rectified output voltage, instead of
rectified grid voltage, to provide bias that increases
with amplitude. The slope of the curve of g, vs.
amplitude is thus increased and the amplitude
stability of the oscillator improved. Figure 280
shows an example of the use of this method of sta-
bilization. Considerable improvement in ampli-
tude stability may also be obtained by the simul-

. . tancous use of capacitor-gridleak bias and ampli-
Fig. 280. Oscillator in tude-dependent feedback networks, such as those
which rectified output . ’
voltage is used to re- Of Figs. 278 and 279.
duce the dynamic trans- 83.6. Amplitude Limitation in Transistor
conductance. Feedback Oscillators, The form of the transfer
characteristic relating collector current with base
current for junction transistors is such that the magnitude of hj decreases
continuously with increase of amplitude. The amplitude of oscillation of
transistor feedback oscillators can therefore be more readily limited to small
values than that of vacuum-tube osecillators, and amplitude hysteresis is not
ordinarily observed. This advantage is offset by the fact that the ampli-
tude stability of transistor oscillators against changes of circuit elements
and supply voltages cannot be increased by the use of a simple resistance-
capacitance biasing circuit equivalent to the capacitor-gridleak bias used
with vacuum tubes. The reason for this is that the emitter-base junction
is forward-biased in Class A operation and therefore does not act as a
complete rectifier. Although some rectification is obtained as the result of
curvature of the base current-voltage characteristic, it is insufficient to pro-
duce stabilization comparable with that obtained in vacuum-tube ecircuits.
However, stabilization can be achieved by the use of amplitude-sensitive
feedback networks equivalent to those of Figs. 278 and 279, as in the circuit
of Fig. 281. If the values of B and N in Fig. 281 are such that R can
provide the proper base bias, C’ and R’ may be omitted and the base con--
nected to the junction between R and N.

Transistor feedback oscillators can also be stabilized against changes of
amplitude by the use of a separate diode rectifier, as in the circuit of Fig.
282.3 1In this circuit, which employs a modified form of Colpitts feedback

3 F. Keonjian, Electrical Eng., 74, 672 (August, 1955).
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network to be discussed in Sec. 84.4, increase of amplitude of oscillation
causes a decrease of base current, and therefore of hs, as the result of

b8
S
L,

L/ r :
-
T Ry Ry TCI C7 -
F1g. 281. Transistor oscil- F1a. 282. Transistor oscillator
lator in which amplitude is in which a diode rectifier de-
stabilized by means of a creases the base current with

temperature-sensitive resis- increase of amplitude.

tor.

rectification of the diode D. The function of the thermistor Bs will be dis-

cussed in Sec. 84.7.

The low variational resistance of the emitter-base junction of a transistor

when the junction is forward-biased makes
of amplitude of oscillation of a transistor
oscillator at a value determined by a con-
stant reference voltage, such as the break-
down voltage of a breakdown diode.* The
stabilization of a tuned-base oscillator by
this method is illustrated in Fig. 283. The
breakdown diode starts to conduct when the
amplitude of the voltage V” induced in L”
exceeds the breakdown voltage V4 of the
diode Dy minus the base-emitter biasing
voltage Vgp. The variational base-emitter
resistance of the forward-biased base being
very low in comparison with R; and R, the
average diode current I flows almost entirely
out of the base of the transistor, and there-
fore reduces the average base current. The
resulting reduction of average collector cur-

+E. R. Kretzmer, Proc. [.R.E., 42, 201 (February,

possible excellent stabilization

+

Fic. 283. Transistor oscillator

in which the amplitude is sta-

bilized at a value determined

by the voltage of a breakdown
diode.

1954).
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rent reduces hy, and therefore tends to prevent further increase of amplitude.
The amplitude is stabilized at a value such that V” = V; — Vg, where Vg
is of the order of 0.1 to 0.2 volt. The amplitude of oscillation may be changed
by voltage applied to the lower terminal of L”. The capacitance of C,
must be great enough so that essentially all the varying component of diode
current flows through C,, rather than through the base. The function of
Dy is to prevent current from flowing through D; when the voltage induced
in L” is positive.

84. Frequency Stabilization of Parallel-Resonator
Feedback Oscillators

84.1, Stabilization Against Change of Load. The expressions for the
frequency of oscillation of the feedback oscillators listed in Table X involve
r, the resistance of the resonator coil, as well as ky and ke or 7, and 7,.
Because loading of the resonator may be taken into
account by an equivalent change in one of these pa-
rameters, it follows that the frequency of oscillation
of parallel-resonator feedback oscillators will in gen-
eral vary with load. Dependence of frequency of os-
cillation upon load can be best prevented or made
negligible by not loading the oscillator directly, but
using the oscillator only to excite a power amplifier
that supplies the load power.

Another method of making the frequency of oscil-
lation of vacuum-tube oscillators independent of load
is the use of electron coupling in loading the oscil-
Fic. 284, Hartley lator® A Hartley oscillator with electron-coupled
oscillator with elec- load is shown in Fig. 284. The control grid and the

tron-coupled load.  gsereen of a tetrode replace the grid and the plate of a
triode in the oseillating eircuit. The plate circuit
serves only to deliver the output. The flow of electrons through the screen
grid varies with screen current, which in turn varies at the oscillation fre-
quency. The electrons that pass through the screen are attracted to the
plate by the plate field, and hence the plate current has an alternating com-
ponent whose frequency is equal to the oscillation frequency. Since the
field of the plate terminates almost entirely on the screen, the plate load
has very little effect upon the oscillating circuit.

Because of capacitive coupling of the load to the oscillating circuit through
the screen-plate capacitance, the simple electron-coupled circuit, of which
Fig. 284 is an example, is not entirely free from the effects of reaction of
load upon the oscillating eircuit. This difficulty may be eliminated by

1J. B. Dow, Proc. I.R.E., 19, 2095 (1931).
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the addition of a neutralizing capacitor C,, as shown by the dotted lines in
Fig. 284. The capacitor C, and the screen-plate capacitance form a voltage
divider, the ends of which are connected to the control grid and the screen.
The control-grid and screen alternating voltages being opposite in phase,
a setting of C, may be found at which no alternating voltage is applied to
the plate when the plate supply voltage is zero. The same result may be
accomplished by using a pentode in place of a tetrode, the third grid, which
is made positive, acting as a screen between the second grid and the plate.

If the plate and oscillator-anode voltages are properly chosen, the change
in frequency resulting from a change in plate voltage is equal and opposite
to that resulting from a proportional change of oscillator-anode voltage.?
Therefore, if the supply voltage for the oscillator anode (the screen in Fig.
284) is obtained from a tap on a voltage divider across the plate supply
voltage, a setting of the tap can be found such that the frequency is inde-
pendent of supply voltage. Thus, the electron-coupled oscillator not only
prevents reaction of load upon the oscillating circuit but may also be de-
signed to minimize the effect of supply-voltage variation upon frequency.

The advantages of the electron-coupled oscillator are gained at the ex-
pense of good wave form. The high harmonic content of electron-coupled
oscillators results from two causes. Inasmuch as the oscillator-anode
current is in itself not sinusoidal, the space current beyond it is not likely to
be. Secondly, the plate current is influenced by secondary emission effects
and may even reverse. Oscillographic studies show that it is difficult to
obtain sinusoidal output from electron-coupled oscillators without the use
of a resonant circuit or other form of filter in the output cireuit.

84.2. Dependence of Oscillation Frequency upon Supply Voltage.
Table X shows that the frequency of oscillation of parallel-resonator feed-
back oscillators is to some extent dependent upon the plate resistance in
vacuum-tube circuits and upon all the transistor parameters in transistor
circuits. The frequency is also to some extent dependent upon the inter-
electrode capacitances and, at extremely high frequencies, upon electron or
hole transit time. Since tube or transistor parameters, interelectrode ca-
pacitances, and electron or hole transit time are dependent upon operat-
ing voltages and currents, the frequency of oscillation is in general not
independent of supply voltages. (Interelectrode capacitances are altered
by changes of electrode separation with electrode temperature and by
changes of space-charge density with electrode voltages or currents.)

Dependence of frequency of oscillation upon transit time is predicted
by Eq. (149). Carrier transit time affects the phase angle of the y parame-
ters of the amplifier. In order that Eq. (149) shall hold when the phase

2 Dow, loc. cit.
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angle of one or more y parameters is changed, there must be a compensat-
ing change in one or more z parameters of the feedback network. TUnless
the required changes of 2z parameters are made by altering one or more
of the circuit elements, they must result from a change of frequency. This
can be seen most readily from Eq. (152), which applies to vacuum-tube
oscillators with negative grid bias and may also be used as a first approxi-
mation for transistor oscillators. Any change in the phase angle of y; must
be accompanied by an equal change of phase angle of Z;, and therefore
by a change of frequency.

A second cause of dependence of oscillation frequency upon supply volt-
ages is the variation of the magnitudes of the amplifier parameters with
operating voltages and currents. Because the input port of the feedback
network is shunted by the output admittance of the amplifier and the out-
put port of the feedback network is shunted by the input admittance of
the amplifier, changes of the amplifier parameters in general affect the
phase angles of the z parameters of the feedback network and therefore
the frequency of oscillation.

The reason for the dependence of oscillation frequency upon amplifier
parameters is most readily understood for the special case of a vacuum-tube
oscillator with negative grid bias. Equation (152) then applies and the
oscillator may be represented by the equivalent ecircuit of Fig. 285. If yy

A
b, | i
I Zi Z _
‘yo"rzl Zin 2; 2: { V=(Vye) 24
{ Feedback {
e ___remork Ly

Augmented F-B network

F1a. 285. Equivalent circuit of a vacuum-tube oscillator with negative grid bias.

is nonsusceptive, the frequency of oscillation is that at which 1/Z; is non-
susceptive; i.e., the frequency at which the output voltage of the augmented
feedback network is in phase with, or in phase opposition to, the driving
current Vy; Unless the input impedance z;,, of the feedback network is
nonreactive at the frequency of oscillation, shunting the feedback network
by r, causes the phase angle of Z; to differ from that of z; and to vary with
T, even at frequencies at which the plate impedance is nonreactive. In
general, z; and 2, are not nonreactive at the same frequency, and the phase
angle of Z, is determined in part by r,. A change of r, must then be ac-
companied by a change of oscillation frequency in order that 1/Z, remain
nonsusceptive.
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The frequency at which z; is nonreactive is not necessarily the series
resonance frequency of the feedback network (the frequency at which the
expression for z listed in Table IX does not contain a reactive term). For
this reason, the oscillation frequency may differ from the resonance fre-
quency and be dependent upon 7, even when z;, is nonreactive at the reso-
nance frequency.

A third cause of variation of oscillation frequeney with supply voltages
that is very important in transistor oscillators is the dependence of electrode
capacitances upon operating voltages and currents.

Change of magnitude of y; (or h;) may have a second-order effect upon
the frequency of oscillation because the resulting change of amplitude of
oscillation results in a change of the dynamic values of the other amplifier
parameters or of the values of any nonlinear resistances that may be con-
tained in the feedback network.

84.3. Stabilization of Frequency Against Changes of Voltage. The
dependence of the phase angle of Z, upon the input and output admit-
tances of the amplifier and therefore upon the supply voltages can be re-
duced by (1) reducing the input and output impedances of the feedback
network, (2) decreasing the output and input admittances y, and y; (de-
creasing kb, and increasing &;), or (3) adding resistances in series with the
output and the input of the amplifier. Decreasing the input and output im-
pedances of the feedback network also decreases the effect of the amplifier
input and output capacitances upon Z; and therefore increases the fre-
quency stability against changes of interelectrode capacitance. Another
method of stabilizing the frequency against changes of amplifier parameters
consists in the addition of one or more properly selected reactances to the
feedback network. One way in which this can be done is by the addition of
reactances of proper sign and magnitude to cause the z parameters of the
feedback network to be nonreactive at the series resonance frequency of the
network. In some oscillators with inductive coupling, the frequency stability
is improved by increasing the coefficient of coupling. These various methods
of frequency stabilization will be discussed further in following sections.

84.4. Clapp-Gouriet Oscillator, An example of a circuit in which good
frequency stability against changes of interelectrode capacitances and plate
resistance is achieved by the use of low feedback-network input impedance is
the modified Colpitts oscillator shown in vacuum-tube form in Fig. 286.2
In this circuit the capacitances C; and Cz are made large and the frequency
is kept within the desired range by the introduction of the relatively small
series capacitance C3, which serves as the tuning element. Although the
same frequency stability can be obtained in the Colpitts circuit by decreas-

3J. K. Clapp, Proc. I.R.E., 88, 356 and 1261 (March, 1948); W. A. Roberts, Proc.

I.RE. 36 1261 (October, 1948); G. G. Gouriet, Wireless Engineer, 27, 105 (April,
1950) ; J. K. Clapp, Proc. I.R E., 42, 1259 (August, 1954).
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ing the inductance to compensate for the increase of Cy and C» at a desired
frequency, the single small tuning capacitor in the Clapp-Gouriet circuit
affords a cheaper and more convenient means
of tuning than do the two large capacitors

in the Colpitts circuit.
84.5. Resistance Stabilization. Frequency
Isolating  stabilization by use of a large resistance in
¢4pac. series with the input or output of the ampli-
fier is ealled resistance stabilization. Two
typical resistance-stabilized vacuum-tube
circuits are shown in Fig. 287. The equiva-
lent circuit of Fig. 285 represents the resist-
ance-stabilized circuits if y, is 1/(rp 4+ 14).
Fic. 286. Clapp-Gouriet oscil- The increase of stability results not only
lator. from the fact that a decrease in the magni-
tude of the conductance shunting the input
of the feedback network reduces the rate of change in phase of Z; with this
conductance, but also from the fact that a certain percentage change in
1/rp produces a much smaller percentage change in 1/(r, + 7,), since r, is

constant.

When the stabilizing resistance is present, the transconductance g, must

.
Blocking capacitor
Blocking capacitor 4
Choke
Is
'—\QD.EQ.O./—
-
(a) (b)
Fig. 287. Resistance-stabilized vacuum-tube oscillators: (a) tuned-plate; (b)
Hartley.

be replaced by u/(ry + 7,) and r, by r, + r; in the criteria for oscillation
listed in Table X. This indicates that the variation of amplitude with unde-
sired changes of operating voltages is reduced by the stabilizing resistance,
but that the criterion for self-sustained oscillation is more difficult to satisfy.
Furthermore, because the variation of u/(r, 4 r,) with grid bias when 7, is
large in comparison with 7, is much smaller than the variation of g,, the
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stabilizing resistance prevents much of the benefit of capacitor-gridleak
bias. However, if the stabilizing resistance is made so large that oscillation
barely starts, the additional losses resulting from the flow of grid current
when the grid starts to swing positive limit the amplitude to a value that
approximates the grid bias. Satisfactory waveform can therefore be ob-
tained by proper choice of fixed bias.

Design details for resistance-stabilized vacuum-tube oscillators have
been published. It is desirable to use tubes having an amplification factor
ranging from 5 to 8, unity turn ratio of grid and plate coils, close coupling
between grid and plate coils, resonator shunt impedance of the order
to 5000 to 20,000 ohms, and stabilizing resistance of the order of two to five
times the plate resistance.*

84.6. Reactance Stabilization. Examination of Table IX shows that the
four z parameters of the commonly used feedback networks are not all non-
reactive at the same frequency. The phase angle of the open-circuit for-
ward transfer impedance Z, of the augmented feedback network of Fig.
269a is therefore dependent upon the magnitudes of y; and y,, even though
y; and ¥y, are nonreactive. Consequently, a change in the y parameters
of the tube or transistor accompanying a change of supply voltage results
in a change of oscillation frequency. The dependence of oscillation fre-
quency upon the tube or transistor parameters can be minimized by adding
to the feedback network one or more reactive elements in such a manner
that the z parameters of the modified network are all nonreactive at some
frequency. If the y parameters of the tube or transistor are also nonreac-
tive, oscillation will occur at this frequency.

The stabilization of feedback oscillators by the addition of reactive ele-
ments to the feedback network was analyzed by Llewellyn.®* His method of
analysis consists of setting up equivalent circuits of vacuum-tube feedback
oscillators and determining from a general solution of the eircuit equations
how the frequency of oscillation may be made independent of the tube fac-
tors by the addition of one or more inductances or capacitances to the cir-
cuits. The effect of grid current is taken into account in the analysis, but
distortion resulting from nonlinearity of tube characteristics is neglected.
It is assumed that losses in the oscillating circuit are negligibly small and
that the load is applied to the oscillator through a buffer stage that draws
no power from the oscillator. Llewellyn’s method has been extended to tran-
sistor circuits.®

Llewellyn also showed that frequency stability could be increased in in-
ductively coupled circuits by the use of close coupling. This is apparent

+F, E, Terman, Electronics, July, 1933, p. 150.

5F. B. Llewellyn, Proc. IL.R.E., 19, 2063 (1931); see also G. H. Stevenson, Bell Sys.

Tech. J., 17, 458 (1938) ; and H. Jefferson, Wireless Engineer, 22, 384 (August, 1945).
8 J, B. Oakes, Proc. [.R.E., 42, 1235 (August, 1954).
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also from the expressions for the frequency of oscillation of tuned-collector,
tuned-base, and transistor Hartley circuits listed in Table X. The term
involving (LL" — M?) or (L;Ls — M?) approaches zero as the coefficient
of coupling approaches unity.

The improvement in frequency stability predicted by Llewellyn’s analysis
is verified by measurements. Typical of the performance of a stabilized
vacuum-tube oscillator is a frequency change of less than 10 cps at 1 Me
when the plate voltage is reduced by 50 percent. Since the frequency of
oscillation is independent of resistance shunting the input or output of the
feedback network when stabilization is complete, an external load may be
applied across either the input or the output without a reduction of stabiliza--
tion. A practical problem in reactance-stabilized oseillators is the necessity
of varying at least one stabilizing capacitance or inductance in variable-
frequency oscillators. Fortunately, in some circuits the required stabilizing
capacitance or inductance is proportional to the tuning capacitance or in-
ductance,

84.7. Stabilization of Frequency of Transistor Oscillators Against
Change of Temperature. The need for frequency stabilization is par-
ticularly great in transistor circuits, since the transistor operating currents
and parameters depend upon tem-
perature. Some stabilization against
temperature change can be obtained
by the use of bypassed resistance in
series with the amplifier emitter.
The stability against changes of
temperature can be greatly in-
creased by incorporating a thermis-
tor in the amplifier. In the Clapp-
Gouriet circuit of Fig. 282 7 the fre-
quency tends to decrease with in-
Fic. 288. Thermistor-stabilized transis- crease of temperature. However, in-

tor Clapp-Gouriet oscillator. crease of temperature also decreases

R3; and thus causes a decrease of

base and emitter currents of the transistor 7. The decrease of emitter

current reduces the base-emitter capacitance shunting C, and thus tends

to prevent the reduction of frequency. In this manner the frequency sta-

bility is improved by a factor of from 20 to 35. Increase of C; tends to

improve the stability, but the maximum value of C; is limited by feedback
considerations.

Another thermistor-stabilized transistor Clapp-Gouriet oscillator is shown
in Fig. 288." 1In this circuit stabilization against changes of supply voltage

"E. Keonjian, Electrical Eng., T4, 672 (August, 1955) ; also Trans. I.R.E., Vol. CT-3,
No. 1, 38 (March, 1956).
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is improved by the addition of a second transistor 7. Increase of supply
voltage increases the base voltage of T and therefore its collector current.
The inecreased voltage drop in R, tends to compensate for the increase of
supply voltage and thus maintain the base voltage of Ty constant. With
proper choice of circuit values, the frequency can be made nearly inde-
pendent of supply voltage, an improvement in stability by a factor of the
order of 25 being possible. The thermistor B3 serves the same function as
in the cireuit of Fig. 282. Reverse-biased junction diodes may also be used
as the temperature-sensitive element in the stabilization of transistor
circuits.®

84.8. Use of Common-Collector and Common-Base Coupling Stages.
Some improvement in the frequency stability of transistor parallel-resonator
feedback oscillators can be achieved by the use of a common-collector or
compound-connected stage ahead of the common emitter amplifier in order
to increase h; and a common-base stage following the common-emitter
amplifier In order to decrease h,.

84.9. Electronic Tuning and Modulation of Feedback Oscillators.
The frequency of parallel-resonator feedback oscillators may be controlled
or modulated by the same methods as negative-resistance oscillators (Sec.
77). Some microwave feedback oscillators, of which the two-resonator
klystron is an example, may be tuned by varying one or more electrode op-
erating voltages. The effect of the voltage variation is to change the
transit time of electrons and therefore the phase angle of the transfer ad-
mittance y;. Since the phase of 1/Z; must change by the same amount, the
frequency changes. Voltage-controlled capacitors and variable-admittance
circuits such as those of Fig. 267 may be used to control or modulate the
frequency of parallel-resonator oscillators electronically.

85. Null-Network Oscillators

85.1. Desirable Features of Null-Network Oscillators. FExcellent fre-
quency of stability of feedback oscillators can be obtained by the use of null
networks to provide the feedback path. Because the phase of the transfer
impedance of null networks relative to the input voltage varies rapidly with
frequency, only a small change in frequency is then necessary in order to
compensate for an undesired change of phase of y; or Z;,. Null networks in-
clude the Wheatstone bridge ecircuits of Figs. 289a and 289b, the bridged-tee
network of Fig. 289¢,* and the parallel-tee (twin-tee) network of Fig. 289d.?
The resistance-capacitance bridged-tee network of Fig. 289, although it

8 J. W. Stanton, Trans. I.R.E., Vol. CT-3, 65 (1956).

1 H. H. Scott, Proc. I.R.E., 26, 226 (February, 1938) ; Augustadt, U. S. Patent 2,106,785;
W. N. Tuttle, Proc. I.R.E., 28, 23 (January, 1940); P. M. Honnell, Proc. IL.R.E., 28, 88
(February, 1940).

2 Tuttle, loc. cit., W. G. Shepherd and R. O. Wise, Proc. I.R.E., 81, 256 (June, 1943);
A. E. Hastings, Proc. I.R.E., 34, 126P (March, 1946); L. Stanton, Proc. I.R.E., 34, 447
(July, 1946).
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is not a true null network, has similar characteristics.? Oscillator null net-
works cannot be adjusted for a true null, but must be unbalanced sufficiently
so that the magnitude of the transfer admittance 1/Z; does not exceed the
amplifier transconductance y, at zero amplitude. The rate of change of
phase of Z, with frequency in the vicinity of the resonance frequency in-
creases as the balanced condition is approached, being infinite when the
network is adjusted for a true null. For this reason the frequency stability

/
Y

(a) (b}
R R R

TC ,
C %P' C %R’
__I (,_J
(c) (d) (e)
Fig. 289. Null networks suitable for use in feedback oscillators: (a) and (b)

Wheatstone-bridge; (c) bridged-tee; (d) parallel-tee (twin-tee); (e) resistance-
capacitance bridged-tee.

of a null-network oscillator increases with the transfer admittance of the
amplifier.

The output voltage of a null network at resonance may be either in phase
with or in phase opposition to the input voltage, depending upon the manner
in which it is unbalanced. Consequently, null-network oscillators may use
either single-stage (voltage-inverting) or two-stage (noninverting) ampli-
fiers. Because of the greater amplifier transfer admittance attainable, two-
stage oscillators have greater frequency stability, but two-stage, wideband
amplifiers are more difficult to design than single-stage amplifiers.

A second desirable feature of null-network oscillators is that amplitude
stabilization can be readily accomplished by the use of a temperature-de-
pendent resistor as one of the network resistors. The sign of the temperature

8 8cott, loc. cit.; Augustadt, loc. cit.; Tuttle, loc. cit.; Honnell, loc. cit.; H. S.

McGaughan and C. B. Leslie, Proc. I.R.E., 35, 974 (September, 1047); P. G. Sulzer,
Proc. IL.RE., 39, 819 (July, 1951).
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coefficient of resistance must be such that increase of temperature resulting
from increase of oscillation amplitude reduces the unbalance of the network
and thus increases the attenuation. Amplitude stabilization may also be
accomplished by using a temperature-dependent resistor to provide a nega-
tive-feedback path. The sign of the temperature coefficient of resistance
must then be such that the negative feedback increases with oscillation
amplitude.

A third desirable characteristic of null-network oscillators is that the
feedback may be degenerative for all harmonies. Harmonies lying within
the frequency-response band of the amplifier are then attenuated.

85.2. Parallel-Resonator Bridge Oscillator. An insight into the reason
for the rapid rate of change of the phase of null-network transfer impedance
with frequency can be gained by an examination of the oscillator circuit of
Fig. 290, which makes use of the bridge of Fig. 289a.¢ If arms 1, 3, and 4 of

Noninverting
amplifier

| < |

Fic. 290. Meacham oscillator.

the bridge are nonsusceptive, the impedance parameters of the bridge are
nonsusceptive at the resonance frequency of arm 2. Consequently, if the
forward transfer admittance y, of the amplifier is nonsusceptive, oscilla-
tion occurs at the resonance frequency of arm 2. If y; has a susceptive
component, as it will have at frequencies near the limits of the amplifier
pass band, the output voltage V, of the bridge must be out of phase with
the input voltage V;, as shown in Fig. 201. In the construction of Fig. 291
it is assumed that the transfer admittance of the amplifier is large and that
the required magnitude of the ratio of the bridge output voltage to the input
voltage is therefore small. The phase angle between V, and V; is greatly
exaggerated in Fig. 291, and the input admittance of the amplifier is as-
sumed to be negligible. Figure 291 shows clearly that only a very small
difference in phase between I,Zs and I3R, pi'oduces a large difference in

¢ L.'A. Meacham, Proc. I.R.E., 26, 1278 (October, 1938).
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phase between V, and V; and that the ratio of the phase angles increases
with the magnitude of V,;/V,. Consequently the frequency departure from
the resonance value required to compensate for a susceptive component of
Yy is small, and decreases with increase of ;. (Note that z; = 2i,Vo/V5.)
Since the ratio of the phase angle between V, and V; to that between I.Z.
and I3Rg increases with the magnitude of V,/V,, change in y; caused by
changes of operating voltage or of amplitude of oscillation must result in a

“IJ P.‘a
\[4;_.:7
I, Z,
Fic. 291. Phasor diagram for the bridge used in the circuit of Fig. 290.

Vo=l 2o~ Ry

frequency change. This effect is small, however, unless the amplifier phase
shift departs greatly from 180 degrees. For high stabilization, the amplifier
should be designed for high, nonsusceptive forward transfer admittance vy,
and the resonator @ should be as high as possible.

It can be seen from Fig. 291 that in order for V, to have a component in
phase with V;, as required for oscillation, the magnitude of I,Z, must ex-
ceed that of I3R3. Since Z» is very low at harmonic frequencies, I.Z, is
much smaller than I;R; at these frequencies. Harmonies are therefore
passed through the bridge with negligible attenuation and are fed back to
the amplifier degeneratively. Consequently, if the bandwidth of the ampli-
fier is great enough to include the lower harmonies, considerable reduction
of harmonic output may be obtained.

A practical form of the oscillator of Fig. 290 is shown in Fig. 292. The
amplitude of oscillation is limited in the circuit of Fig. 292 by the use of a

BN

= Tungsten bulb
Fi1c. 292, Cirecuit diagram of a Meacham oscillator with amplitude stabilization.
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temperature-controlled resistor for Es. The zero-amplitude adjustment of
the bridge is such that the attenuation is smaller than the amplification of
the amplifier (1/Z; < y; at zcro amplitude). As the amplitude of oscillation
builds up, increase of resistance of Rj resulting from the increase in tem-
perature reduces the bridge unbalance to the point where the bridge atten-
uation is equal to the amplifier amplification (1/Z; = y;). A tungsten-fila-
ment bulb has the positive temperature coefficient required in this circuit.
A thermistor, which has a negative temperature coefficient, can be used if
it is placed in arm 4 instead of arm 3 of the bridge.

85.3. Bridged-Tee Feedback Oscillators. A vacuum-tube feedback
oscillator based upon the bridged-tee null circuit of Fig. 289c, is shown in
Fig. 293a.5 The resistance R’ is made sufficiently smaller than the null value

T h
]

(b)

F1c. 293. Vacuum-tube and transistor bridged-tee oscillators.

B+

to provide the required positive feedback voltage. Amplitude-dependent
negative feedback is provided by the thermistor K;. Increase of amplitude
raises the temperature of R; and the resulting decrease in R; increases the
inverse feedback, and thus stabilizes the amplitude. The frequency of
oscillation is approximately 1/2x\/2LC. The rate of change of phase of Z,
with frequency, and therefore the stability of this type of oseillator increases
with the inductor @, 2»fL/R.

A practical oscillator based upon the circuit of Fig. 293a showed a fre-
quency instability of less than one part per million per volt, high amplitude
stability, and very low harmonic output.

A transistor bridge oscillator analogous to the tube circuit of Fig. 293a is
shown in Fig. 293b.® Transistors T» and T3 serve as a push-pull, common-
collector, power-output stage.

5 W. G. Shepherd and R. O. Wise, Proc. I.R.E., 31, 256 (June, 1943).
8 P. G. Sulzer, Electronics, September, 1953, p. 171.
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A noninverting (voltage) amplifier may be used in the circuit of Fig. 293
if the resistance R’ is made larger than the null value. Shepherd and Wise
reported a stability improvement of two or three times and a corresponding
decrease of harmonic content as the result of the use of a two-stage ampli-
fier, Ordinarily this improvement is not sufficient to compensate for the in-
creased complexity of the amplifier.

Although the resistance-capacitance bridged-tee network of Fig. 289 is
not a true null network, at small ratios of R’/R its characteristics are similar
to those of an unbalanced null network.” The ratio of input voltage to out-
put voltage passes through a minimum and the rate of change of phase
of z; with frequency passes through a maximum at the frequency f =

1/2xVn RC, where n = R’/R. The phase angle of the voltage transfer ratio
Vi/V, is zero at this frequency. The maximum attenuation and the rate of
change of phase of z; with frequency increase with deerease of n, but the rate
of change of phase at a given maximum attenuation is less than in the null
networks of Fig. 289a, b, ¢, and d. Consequently, the frequency stability
and waveform of positive-feedback oscillators based upon this circuit are
inferior to those of null-network oscillators. Since the output voltage of
the network is in phase with the input voltage at the resonance frequency,
a feedback oscillator based upon this network must use a noninverting ampli-
fier. To avoid change of amplitude and the ganging of dissimilar tuning
elements, the circuit should be tuned by means of ganged capacitors rather
than ganged resistors.

85.4. Parallel-Tee, Resistance-Capacitance-Tuned Oscillator. Figure
294 shows the circuit of a resistance-capacitance-tuned oscillator in which
the feedback network is the parallel-tee null network of Fig. 289d.®2 Analysis
of the parallel-tee circuit shows that an output-voltage null is obtained
when the following relations are satisfied: ®

f=1/22V2n RC (180)
R'/R = C'/4C = n (181)

in which n is any positive number. The open-circuit input and output im-
pedances of the network are then:

2 = 2, = ——1 1 —-5V1i/2n) (182)

7H. S. McGaughan and C. B. Leslie, Proc. I.LR.E., 35, 974 (September, 1947); P. G.
Sulzer, Proc. I.R.E., 39, 819 (July, 1951).

8 W. G. Shepherd and R. O. Wise, Proc. I.R.E., 31, 256 (June, 1943). See also L. G.
Cowles, Proc. I.R.E., 40, 1712 (December, 1952); A. O. Behnke, Proc. I.R.E., 41, 935
(July, 1953) ; A. P. Bolle, Brit. Inst. of Rad. Eng., 13, 571 (December, 1953).

9 A. E. Hastings, Proc. . R.E., 34, 126P (March, 1946).
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In order for oscillation to take place, C’/4C must exceed R’/R by a suffi-
cient amount so that the attenuation of the network at the null frequency
is smaller than the gain of the amplifier (g, > 1/Z;} at zero amplitude.
Amplitude is stabilized in the circuit of Fig. 294 by means of the thermistor
R,, which provides negative feedback. Increase of amplitude of oscillation
raises the temperature of R; and the resulting decrease of resistance in-
creases the negative feedback. Alternatively, the amplitude may be stabil-
ized by using for B’ a thermally controlled resistor having a positive tem-
perature coefficient of resistance. This type of stabilization is less satis-
factory than negative-coefficient stabilization because the relatively low

Thermis for,\/?i%
-@ W
B

Fic. 294. Parallel-tee resistance-capacitance-tuned feedback oscillator.

resistance of positive-coefficient resistors results in a low value of z; and
thus necessitates greater unbalancing of the bridge in order that ¢, > 1/Z,.
The frequency stability is therefore lower than when the amplitude is sta-
bilized by means of a thermistor. Positive-coefficient control cannot be
conveniently used when tuning is accomplished by ganged variable resistors.

Ganged-capacitor tuning of the oscillator of Fig. 294 is preferable to
ganged-resistor tuning because it does not vary the magnitude of z, and
therefore results in less amplitude variation, and because of lower likeli-
hood of tuning noise. Although the greatest rate of change of phase of 2,
with frequency is obtained when n is 14, tuning is simplified if » is chosen
as 14 in order to make all capacitors alike. The function of the series grid
and plate resistors in the circuit of Fig. 294 is to suppress spurious high-
frequency oscillations in the tube circuit. The phase angle of the input
impedance of the parallel-tee network, like that of the Wien bridge circuit
to be discussed in Sec. 86, is large. Consequently much of the discussion
of Sec. 86 is also applicable to the parallel-tee oscillator. For additional
details of design of this type of oscillator, the reader should refer to the
literature.®* An obvious disadvantage of the parallel-tee oscillator relative
to the Wien-bridge oscillator is the necessity of ganging three tuning capaci-
tors, instead of only two.

16 Shepherd and Wise, loc. cit.
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86. Wien-Bridge Oscillator

86.1. Analysis of General Form of Circuit. A resistance-capacitance-
tuned feedback oscillator that has a number of desirable features is shown
in basic form in Fig. 295 Because

C the feedback network has the same

1 | form as two arms of the Wien bridge,
o R this oscillator is usually called the
% "2< T Wien-bridge oscillator.

The frequeney of oscillation and
the criterion for oscillation with con-
Fic. 295. Basic circuit of the “Wien- stant amplitude may be determined

bridge” oscillator. by substituting the appropriate z pa-

rameters listed in Table IX into Eq.

(149) and separating the real and imaginary terms. In general form, the

equations obtained in this manner are complicated and difficult to interpret.

For practical reasons, however, R, is usually made equal to R, and C; to

C,. The analysis can be made somewhat more general without making the

equations too complicated by the assumption that R.C. = R,C;. Equa-
tion (149) then leads to the following simultaneous equations:

Rl k*+ Ri(1 + yoR)] + KRy — KR\2(y; + RiA,)
— [Ri(1 + yoRy) + KR, *(y: + Rip,)) = 0 (183)
yrRIKE? + k2 + 1 4+ Kk® + y KR, + (B + R)KE?]
+ YoRulk? + 1 + Kk + A, RIR K2 4+ 1) =0 (184)

Noninverting
ampiifier

1A

in which
R2 Cl
K=—=22 (185)
Rl C'2
and
k = wR101 = szCz (186)

86.2. Vacuum-Tube Wien-Bridge Oscillator. For tube circuits with
negative grid bias, y; = v, = A, = 0. Equation (184) then reduces to

k2 m
_ =0
m+1 m-+1

1F. E. Terman, R. R. Buss, W. R. Hewlett, and F. C. Cahill, Proc. I.R.E., 27, 649 (1939).
See also J. A, B. Davidson, Electrical Eng. (London), 16, 316 and 361 (1944); C. M.
Edwards, Proc. I.R.E., 89, 277 (March, 1951) ; D. A. Bell, Electronic Eng., 23, 274 (July,
1951); J. A. B. Davidson, Proc. I.R.E., 40, 1124 (September, 1952); K. K. Clarke, Proc.
I.RE. 41, 246 (February, 1953); W. J. Wray, Proc. I.R.E., 41, 801 (June, 1953); H. L.
Armstrong, Electronics, July, 1953, p. 43; J. M. Diamond, Proc. I.R.E., 42, 1449 (Septem-
ber, 1954) ; J. M. Diamond, Proc. I.R.E., 42, 1807 (December, 1954) ; N. Kovalevski and
B. M. Oliver, Hewlett-Packard J., 8, No. 5, January, 1957.

K+

(187)
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in which
m = Ri(y, + 1/R)) (188)
The solution of Eq. (187) is
R (189)
m+ 1

Therefore

m 1 Ri(yo + 1/R) 1
m+1 2zR,C, R(y, + 1/R;)) + 1 2%R,C,

Examination of Eq. (190) shows that the best way to minimize the de-
pendence of oscillation frequency upon y,, and therefore upon supply voltage,
is to make R; < 1/y,. When decade tuning is used, it is also desirable that
the frequency of oscillation be independent of the ratio of R; to R, so that
frequency ranges can be conveniently changed by proportionate changes of
Ri. The frequency can be made essentially independent of R; by choosing
R; so that it is much smaller than E; in the highest frequency range (smallest
value of R,). The value of %% then approximates unity and Eq. (190) re-
duces to

If y;, ¥,, and A, are zero and k? is unity, Eq. (184) becomes
Y v

K+2( + 1/R)
K Yo l KR,

yr = — (192)

Since the amplitude builds up to such a value that Eq. (192) is satisfied,
making R; small in comparison with R, not only tends to stabilize the fre-
quency, but also the amplitude of oscillation. If R; < R;, the last term of
Eq. (192) may be neglected and the equation written in the form:
ijl - K+2
1 + yoRl K

(193)

If Ry = Ryand Cy = Cy, K is unity and the criterion for oscillation reduces to

YR
1+ y.Ry

Under the previous assumption that B, 3> R;, the left sides of Eqs. (193) and
(193A) is the voltage amplification of the amplifier. Equation (193A) there-
fore states that under equilibrium conditions of oscillation the voltage ampli-
fication of the amplifier must be approximately 3. In order for oscillation to
build up initially, the zero-signal voltage amplification must exceed 3.

(193A)
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The minus sign in Eqgs. (192) and (193) indicates that the forward short-
circuit transfer admittance of the amplifier must be negative. Since the
voltage amplification must also exceed 3, a conventional single-stage amplifier
cannot be used in this circuit. It is possible to use a single pentode with the
input voltage applied to the suppressor and the output taken from the sereen,
but much better performance is obtained with a two-stage, resistance-capaci-
tance-coupled, common-cathode amplifier, as in the eircuit of Fig. 296. In
such a circuit y, is the plate resistance of the second stage and y; is the prod-
uct of the voltage amplification of the first stage and the transconductance of
the second tube. By the use of pentodes, ample voltage amplification is ob--
tained even when R; < rp.

TR

= Tungsten bulb

Fic. 296. Detailed circuit diagram of a vacuum-tube Wien-bridge oscillator.

The function of the tungsten-filament bulb Rj in the circuit of Fig. 296
is to limit the amplitude of oscillation by reducing the input to the amplifier
as the amplitude of oscillation increases. Alternatively, a thermistor may
be used for K4 In order to minimize tuning noise and to achieve accuracy
of ealibration, tuning is accomplished by simultaneous variation of C; and
Cz, rather than R; and Rs. The tuning range is changed by simultaneous
change of E; and R..

The tuning range of a Wien-bridge oscillator is limited at the low-fre-
quency end by practical limitations on the size of the variable capacitors
and by input conductance of the amplifier, which, although small, becomes
important when R, and R; are of the magnitude of megohms or larger. It
is limited at the high-frequency end by interelectrode capacitance and by
the desirability of keeping R, and R, large relative to E,. If the magnitude
of R, and R, becomes comparable with that of R, the change in frequency
between ranges is not proportional to 1/E,. The resulting complication
in the choice of the values of B, and R, necessary to achieve decade tuning
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may be avoided by introducing a resistance equal to or slightly larger than
r,R1/2(r, + Ri) in series with the parallel combination of R and C».?

The high-frequency limit of oscillation can be extended considerably by
the use of a cathode-follower stage between the main amplifier and the
input to the feedback network.? A very low value of K, may then be used
without excessive loss of amplification, and R; and K. may be correspond-
ingly reduced without departure of the tuning curve from that predicted

Fic. 297. (a) Single-pentode Wien-bridge oscillator; (b) Wien-bridge oscillator
using a cathode-coupled amplifier.

by Eq. (191). The use of the cathode-follower stage has the additional
advantage that it reduces the dependence of amplification upon R; and thus
reduces change of amplitude from one frequency range to another (Eq. 192).
Changes of amplitude between ranges in the circuit of Fig. 296 may be com-
pensated by suitable changes in the value of R,.

Figure 297a shows a single-pentode Wien-bridge oscillator and Fig. 297b
a circuit in which a cathode-coupled (common-plate, common-grid) amplifier
is used.* The principal merit of these circuits is their simplicity.

86.3. Transistor Wien-Bridge Oscillator. The transistor version of the
Wien-bridge oscillator operates basically in the same way as the vacuum-
tube version. The amplifier must therefore have a forward short-cireuit
transfer admittance that is negative and must be capable of voltage ampli-
fication in excess of 3. With ordinary junction transistors having a magni-
tude of h;, smaller than unity, this requirement can be met only by the use

2J. A. B. Davidson, Proc. I.R.E., 40, 1124 (September, 1952).

3J. M. Diamond, Proc. I.R.E., 42, 1449 (September, 1954).

4P, 8. De Laup, Electronics, January, 1941, p. 43; H. J. Reich, Theory and Applica-
tions of Electron Tubes, p. 398, McGraw-Hill Book Co., Inc, New York, 1939; H. L.
Armstrong, Electronics, January, 1941, p. 43.
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of more than one stage. Three possible combinations are a common-base
stage followed by a common-collector stage, a common-collector stage fol-
lowed by a common-base stage, and two common-emitter stages. It will
be shown that good frequency stability necessitates that both the input
impedance and the output impedance of the amplifier be high relative to the
feedback-network resistances. For this reason the common-base, common-
collector amplifier is unsuitable. The common-collector, common-base am-
plifier has somewhat higher input and output resistances than the common-
emitter, common-emitter amplifier, but this advantage is more than offset
by a much lower value of voltage amplification, together with a much higher
value of k.. In the analysis that follows, therefore, the amplifier will be as-
sumed to have two common-emitter stages.

If the collector load resistance of the first common-emitter stage is of
the order of 2000 ohms or less, the value of k, of the two-stage amplifier is
less than half the value of h.>2 or less than 2 X 10—8, and k, is approxi-
mately equal to A2, or 2500. The value of h, for the amplifier is the output
admittance of the second-stage transistor for an input-source resistance ap-
proximately equal to the interstage coupling resistance. For a coupling re-
sistance of 2000 ohms, k, approximates 5 X 10—% mho. The parameter k;
is the input resistance of the first stage, which is loaded by the coupling
resistance in parallel with the input resistance of the second stage. For a
coupling resistance of 2000 ohms, k; approximates 2000 ohms. For these
values of hs, ky, hy, and h,, Ay = hsh,. Under this assumption, Eq. (183)
may be written in the form

KR, KR,
k4(1+m)+k2(1— - m)— 1+ . >m=0 (194)
in which
m = Ri(ho + 1/R)) (195)

In order to minimize the dependence of oscillation frequency upon &,
KR,/h; must be much smaller than unity. Equation (194) then reduces
to Eq. (187), h, in Eq. {195) being nearly equivalent to ¥y, in Eq. (188).*
As in the vacuum-tube circuit, dependence of oscillation frequency upon h,
can be minimized by making R much smaller than 1/h,, and it is desirable
to choose R; so that it is much smaller than R, in the highest frequency
range. Then k2 = 1 and the frequency of oscillation is given by Eq. (191).

The criterion for oscillation of constant amplitude is derived by expressing
Eq. (184) in terms of A parameters and eliminating k2 by means of Egs.
(188) and (189):

* This is true only when As = hohs.
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h Kt hR) + 2 £ 2R+ hR) + R (196)
hi = K ofl] KRI h,,' 1 ofl] 13
Under the previous restrictions that KR;/h; Riho, and R;/R; are small in
comparison with unity and that K is equal to unity, Eq. (196) reduces to

hsRy
hi

The left side of Eq. (196A), like that of Eq. (193A), approximates the
voltage amplification of the amplifier, and the criterion for oscillation again
indicates that the zero-amplitude voltage amplification of the amplifier must
exceed 3 1n order for oscillation to build up.

The requirement that B; must be much smaller than h;, which approxi-
mates 2000 chms when a simple common-emitter input stage is used, greatly
complicates the design of a frequency-stable transistor Wien-bridge oscil-
lator and practically necessitates the use of one or more common-collector
stages or of a compound-connected transistor before the two-stage, common-
emitter amplifier. In this manner, h; may be increased to a value between
a hundred thousand ohms and a megohm. A common-collector stage be-
tween the common-emitter amplifier and the feedback network also allows
the use of a value of R, less than 100 ohms, and therefore correspondingly
low values of R; and R.. Increased stabilization against changes of A,
can be achieved by the use of series resistance between the output of the
feedback network and the input of the amplifier. The improvement is the
result of both increased effective input resistance of the amplifier and a re-
duetion of the percentage change of effective input resistance with h;.

Figure 298 shows two transistor Wien-bridge oscillators. Circuit (a) is
the equivalent of the vacuum-tube circuit of Fig. 296; circuit (b) is the
equivalent of the tube circuit of Fig. 297b.

86.4. Desirable Features of Wien-Bridge Oscillators. An obvious ad-
vantage of the Wien-bridge oscillator and of other oscillators having re-
sistance-capacitance frequency-determining networks is their small size,
weight, and cost as compared to those of oscillators with inductance-
capacitance and inductance-resistance networks. This advantage is par-
ticularly important in wide-range, low-frequency oscillators, in which the
gize and weight of suitable inductors may be prohibitive. The absence
of tuning inductors is also desirable because inductors may intercept stray
magnetic fields from power transformers and other sources. The fact that
the frequency of oscillation of resistance-capacitance-tuned oscillators is
proportional to 1/C, rather than to 1/ v/C, makes possible a 10-to-1 tuning
range with a single control.

At frequencies that are high in comparison with the resonance frequency

~ 3 (196A)
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of the feedback network, the output voltage of the network has a component
that is in phase opposition to the input voltage. Harmonics whose fre-
quencies lie within the response band of the amplifier can consequently be
reduced appreciably by degenerative feedback. For this reason, and be-
cause the amplitude of oscillation can be readily stabilized at a low value,
the waveform of the Wien-bridge oscillator is excellent.

I

=

.

(b) -

Fic. 208, Two transistor Wien-bridge oscillators.

The Wien-bridge oscillator circuit of Fig. 296 is well suited to applica-
tion as a precision decade oscillator covering a wide frequency range.®>® A
typiecal vacuum-tube decade oscillator of this type has the following perform-
ance characteristics: alignment maintainable to within 0.1 percent; fre-
quency change less than 0.1 percent for a 10-percent change of line voltage;
harmonie output less than 1 percent throughout most of the frequency range
and less than 2 percent throughout the remainder; output level constant to

3 Edwards, loc. cit. ¢ Davidson, loc. cit.
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within 1 percent over most of the frequency range and within 5 pereent
over the remainder.® Another decade oscillator has been designed to cover
a frequency range from 1 to 100,000 cps.®

The Wien-bridge oscillator may be frequency-modulated if R» is replaced
by the cathode-to-ground path of a cathode-follower amplifier.”

87. Double-Feedback Null-Network Oscillators

If a null network is used to provide negative feedback in a high-gain
amplifier, the feedback is zero at the null frequency of the network, but in-
creases rapidly as the frequency departs from the resonance value. Con-
sequently the amplifier has a sharp peak in gain at the resonance frequency
of the network. If additional positive feedback is provided through a
wideband path having an attenuation less than the maximum gain of the
amplifier, oscillation takes place at the resonance frequency of the null net-
work.r In order to ensure constant amplitude of oscillation throughout the
tuning range, the amplifier response curve must be flat throughout this
range. A Wien bridge is suitable for the negative-feedback path.

A frequency-modulated double-feedback oscillator has been deseribed in
which the negative-feedback path is through a resistance-capacitance
bridged-tee network of the form of Fig. 289e.2 The frequency is varied by
using as R’ a balanced, tube-controlled, variable resistance incorporating
nonlinear resistance. McGaughan and Leslie reported “reasonably linear
frequeney variation over a range from 14 to 114 times the carrier frequency
with less than 5-percent amplitude modulation and negligible harmonic dis-
tortion.”

88. Phase-Shift (Ladder-Network) Oscillators

88.1. Vacuum-Tube Phase-Shift Oscillators. Phase-shift oscillators,
two forms of which are shown in Fig. 299, consist of a single-stage amplifier
and a ladder-type feedback network having three or more sections.* Al-

7 C. K. Chang, Proc. I.R.E, 81, 22 (January, 1943). See also M. Artzt, Proc. I.R.E., 32,
409 (July, 1944).

1H. H. Scott, Proc. I.R.E., 26, 226 (1938); Gen. Radio Expt. 13, April, 1939, p. 1; 14,
January, 1940, p. 6.

2H. 8. McGaughan and C. B. Leslie, Proc. I.R.E., 35, 974 (September, 1947).

1t E. L. Ginzton and L. M. Hollingsworth, Proc. I.R.E., 29, 43 (February, 1941); W. W.
Kunde, Electronics, November, 1943, p. 132; Rad. Lab. Series, Vol. 19, Sec. 4-4
(MecGraw-Hill Book Co., Inc., New York, 1949); A. Blanchard, Proc. I.R.E., 32, 641
(October, 1944) ; P. G. M. Dawe and A. S. Gladwin, Wireless Engineer, 24, 125 (April,
1947); W. C. Vaughan, Wireless Engineer, 26, 391 (December, 1949); W. R. Hinton,
Electronic Eng., 22, 13 (January, 1950) ; W. R. Hinton, Wireless Engineer, 27T, 65 (Febru-
ary, 1950) ; W. P. N. Court, Wireless Engincer, 27, 65 (February, 1950); J. D. Tucker,
J. Brit. I.R.E., 11, 22 (January, 1951); W. W. Holbrook, Electronic Eng., 26, 509 (Decem-
ber, 1953); W. Bacon, Wireless Engineer, 31, 100 (April, 1954) ; S. Sherr, Proc. L.R.E., 42,
1169 and 1568 (July and October, 1954) ; D. Barbiere, Proc. I.R.E., 48, 679 (June, 1955).
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though the rate of change of phase shift with frequency in this type of net-
work is lower than in null networks, the frequency stability of phase-shift
oscillators is adequate for many applications, and the distortion may be
made low. The output voltage of the ladder network lags or leads the input

c <
—HEHEHH %wa v
! .
| - -
i %9 %p %p T C CT
= Q) (b)

F1a. 299. Two forms of the phase-shift (ladder network) oscillator.

voltage by 180 degrees at some frequeney. Consequently the amplifier must
be a voltage-inverting amplifier, and either a single common-cathode or
common-emitter stage can be used.

The vacuum-tube circuits of Fig. 299 may be analyzed by application of
Eq. (152). The 2 parameters of the generalized ladder network of Fig. 300
are:

k® + 5k% 4 6k + 1

;= 7 197
¢ By ak+3 ¢ (197)
Zs (198)
M T ikt 3
B 45246k 41
k2 4+ 3k + 1
in which
k= Zl//ZZ (200)

The plate load resistance R; will be considered to be part of the amplifier,
rather than of the feedback network. Then, under the assumptions that the
impedance of the biasing network is negligible in comparison with R, in the
circuit of Fig. 299a, that R, is very large in comparison with E in the circuit
of Fig. 299b, and that the susceptances of the interelectrode capacitances are
negligible throughout the desired frequency range, Eq. (152) for these cir-
cuits is:

gm = —(k® 4 5k% 4 6k 4+ 1)(1/r, + 1/R)) — (k° + 4k + 3)/Z; (201)
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The frequency of oscillation and the criterion for equilibrium oscillation are
obtained by substituting the appropriate values for k and Z, into Eq. (201)
and separating the real and imaginary terms. This procedure leads to the
following expressions for the circuit of Fig. 299a (Prob. 88.1-1):

1 0.065 1

= 2rRCV'6 + 4/R(1/r, + 1/Ry) T RC V1 +2/3R(1/r, + 1/Ry) (202)
gm = 29 (i + —1—) + [23 + --—im] - (203)
" o Ry R(1/ry + 1/R)] R

The corresponding relations for the oscillator of Fig. 209b are (Prob. 88.1-2):

1 1 1

+—+ =
;e 039 (r, R 2R
" RC 1 1 1

(204)

p E R
111
11 2aqn R 2R 111 ]
"’"=29[;+E+29_RJ'1—T“T“29(;+E+§> (209)
r R R

88.2. Stability of Vacuum-Tube Phase-Shift Oscillator, It is ap-
parent from Eqgs. (202) to (205) that both the frequency and the amplitude
of oscillation of the circuits of Fig. 299 are to some extent dependent upon
ry and therefore upon the operating voltages of the tube. It can also be
seen that the frequency and amplitude stabilities may be improved to some
extent by making K; smaller than r,. However, the highest values of ampli-
fication factor of available tubes are such that Eqgs. (203) and (205) are
not satisfied if R, is less than r,/2 to r,/3. Although the use of a common-
grid stage following the common-cathode amplifier in the circuits of Fig. 299
would increase both the output resistance and the voltage amplification
while preserving the proper phase relation between the amplifier input and
output voltages, biasing difficulties make this method of obtaining a high
ratio of r, to R; unfeasible.

An alternative method of increasing the frequency stability against changes
of 7, is to make R >> r,R;/(r, + R;). Equations (202) and (204) then reduce to

i~ 1/20V6 RC = 0.065/RC  (Fig. 209a) (206)

f=V6/2rRC = 0.39/RC  (Fig. 299b) (207)
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and the criterion for sustained oscillation becomes, for both cireuits,

gmrpﬁl_
p + Rl

Equation (208) states that, if R is large enough so that the loading effect
of the feedback network upon the amplifier is negligible, the amplitude of
oscillation will build up to such a value that the voltage amplification of
the amplifier approximates 29. The zero-amplitude voltage amplification
must evidently exceed this value, which is approximately ten times that re-
quired in the Wien-bridge oscillator.

The extent to which the frequency may be raised by reducing C is limited
by the effects of tube and other stray shunt capacitances. For this reason,
very high frequencies can be obtained only by reducing R also. Conse-
quently, if frequency stability is important, K, must be correspondingly re-
duced. The extent to which R; can be reduced is limited by the neccssity
of satisfying Eq. (208). It is apparent from this equation that a high ratio
of R to r,Ri/(r, + R,) can be obtained more readily with a tube of specified
gn if r, is small, and that triodes are therefore preferable to pentodes in
phase-shift oscillators if frequency stability is important.

It is of interest to note that the frequency dependence upon 7, is caused by
the susceptive component of the input admittance of the phase-shifting
network, which produces a susceptive component of transfer admittance at
the frequency given by Eq. (202) or (204). Alternatively, one may say
that the loading of the amplifier tube by the bridge input susceptance causes
the amplifier phase shift to depart from 180 degrees. Since the frequencies
given by Eqs. (206) and (207) are those at which the ladder-network phase
shift is 180 degrees, the frequencies must differ sufficiently from these values
to make the network phase shift equal to the amplifier phase shift.

Loading of the amplifier by the feedback network can be greatly reduced
by the use of a cathode-follower stage between the amplifier plate and the
input to the network. The effect of the circuit change upon Egs. (202) to
(205) is to replace 1/r, by (u -+ 1)/7,, and g by gnd, where u, 7, and gm
now refer to the cathode-follower tube, and A is the voltage amplification of
the amplifier stage. The requirement for good frequency stability then be-
comes that R > r,Ri)/[r, + (¢ + 1)R;]. This requirement is much easier to
satisfy than that R > r,R;/(r, + R;).

88.3. Use of Modified Ladder Networks. In the ladder network of
Fig. 300, in which the three sections are alike, the impedance that shunts
Z, in the first and second sections is of the same order of magnitude as Zs.
If the impedance of the second section is made higher than that of the first,
and the impedance of the third section higher than that of the second, the
loading of one section by the following sections is reduced. This has the

~ 29 (208)
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desirable effect of increasing Z; and Z;. The increase of Z; reduces the load-
ing of the amplifier by the network and therefore inereases the frequency
stability of the oscillator; the increase of Z; reduces the required amplifica-
tion below the minimum of 29 required

when all sections are alike.? As the im- Z, z, Z,

pedance ratio of succeeding sections is ——WWv A M >
made increasingly large, the required

value of amplification approaches the Ze Zz 2
limiting value of 8. (The factor 29 is >
replaced by 8 in Eq. (208).) The re- Fia. 300. Generalized ladder net-
duction in the required value of ampli- work.

fication allows the use of a lower value

of R;. The upper limit of the tuning range may consequently be raised by
the use of smaller B without excessive frequency instability. The lower
value of R; also raises the frequency at which shunt tube capacitance lowers
the amplification and thus the amplitude of oscillation.

The maximum value of the impedance ratio of succeeding sections of the
ladder network is limited in practice because the maximum impedance of
the final section is limited by the allowable grid-circuit resistance of the
tube, and the input impedance of the first section must be large in compari-
son with r,R,/ (v, + R;). By the use of an impedance ratio of 5, a frequency
range from 1 ceps to 1 Mc with good frequency and amplitude stability can
be readily attained.?

The principal objection to the use of an impedance ratio greater than
unity between sections is the greater difficulty of ganging dissimilar variable
resistors or capacitors. Although the required amplification can also be
reduced by the use of four network sections, instead of three, this alterna-
tive also results in increased tuning complication. A third method of re-
ducing the required amplification is to use three amplifier stages, one be-
tween the output of each network section and the input of the next, instead
of a single amplifier. The frequency and the criterion for oscillation of an
oscillator of this type in which the ladder network consists of three equal
series capacitances C and shunt resistances B are (see Prob. 88.3-1, part

(a)):
0092 1/, 4+ IR,
" RC l/r,+ 1/R,+ 1/R

gm = 2(1/rp + 1/Ri + 1/R) (210)

2R. W. Johnson, Proc. L.R.E., 88, 597 (1945); P. G. Sulzer, Proc. I.R.E., 36, 1302
(October, 1948); P. W, Ward, Electronic Eng., 26, 318 (July, 1954).
3 Johnson, loc. cit.

(209)
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Considerably better frequency stability is obtained if the required amplifica-
tion is obtained in a single common-cathode amplifier and a cathode-follower
stage is used to drive each section of the ladder network, as shown in Fig.
301.+ The frequency of oscillation and criterion for sustained oscillation
are then (Prob. 88.3-2, part (a)):

0092 gn+ 1/r, + 1/Rs

(211)
RC g+ 1/r,+1/Rx + /R
i 1 1/R 1/R73
A=8[9+/Tp+/k+/] (212)
Im

in which A is the amplification of the common-cathode amplifier stage and
Gm, T'p, and Ry refer to the cathode-follower stages. Equations (209) to (212)
hold for analogous shunt-capacitor phase-shift oscillators if the factor 0.092
is replaced by 0.276 (Probs. 88.3-1 and 88.3-2, parts (b)).

1A

Tj-phase
output

H_l_c

Fig. 301. Phase-shift oscillator with cathode-follower-coupled ladder network.

Three-phase output can be obtained from the cireuit of Fig. 301, as shown.
In a similar manner, polyphase output may be obtained from circuits using
a larger number of phase-shift sections. Polyphase output may also be
obtained from a phase-shift oscillator having N identical R-C phase shifters

+H. J. Reich, Proc. L.R.E., 43, 229 (February, 1955); L. Fleming, Proc. I.R.E., 43, 754
(June, 1955) ; J. L. Stewart and K. S, Watkins, Proc. I.R.E., 43, 1527 (October, 1955).
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coupled by single-stage, common-cathode amplifiers.® To minimize de-
pendence of frequency upon plate-supply voltage, it is desirable to follow
each phase-inverting amplifier by a cathode-follower amplifier.

A modified form of the Barrett circuit covering a frequency range from
0.01 to 1000 cps has been developed by Smiley.® In this eircuit use is made
of the Miller effect in order to reduce the size of the capacitors required to
achieve these low frequencies. Need for very large coupling capacitors is
avoided by the use of glow-tube coupling and cathode-follower coupling.
Amplitude is limited by means of diodes.

88.4. Tuning of Phase-Shift Oscillators. The frequency of oscillation
of phase-shift oscillators may be varied continuously by means of either
ganged resistors or ganged capacitors, but capacitor tuning is preferable in
oscillators designed to cover a wide frequency range. Equations (202) to
(212) show that resistance tuning is accompanied by an increased depend-
ence of frequency upon plate resistance and an increase in the required value
of g as the frequency is increased. Since g,, must be large enocugh to satisfy
the criterion for sustained oscillation at the highest frequency in the tuning
range, the amplitude of oscillation increases as the frequency is decreased
by inecreasing R. This problem is not serious, however, when the phase-
shift network is driven by a cathode-follower stage or when continuous
tuning is confined to a range of the order of 10 to 1. An additional disad-
vantage of resistor tuning, however, is the greater likelihood of noise as the
result of poor contacts. Resistor tuning is preferable at very low frequencies
because of the relatively high cost of large variable capacitors. With either
type of tuning, frequency ranges may be selected by changing the magni-
tudes of the fixed elements of the feedback network.

Because the frequency of the shunt-capacitor circuit is approximately six
times that of the shunt-resistor circuit for the same value of RC, the shunt-
resistor circuit is preferable at low frequencies and the shunt-capacitor cir-
cuit at high frequencies. An advantage of the shunt-capacitor circuit at
high frequencies is that the input capacitance of the tube is in shunt with the
capacitance of the output section of the ladder network and therefore does
not produce an adverse effect upon the phase shift. Another advantage
that is important when frequency is varied by means of ganged capacitors
is that the three capacitors have a common circuit point, which is at ground
potential. The filtering action of the networks causes lower harmonic dis-
tortion to be obtained in the shunt-resistor circuit when the output is taken
from the plate of the tube, and in the shunt-capacitor circuit when it is
taken from the grid end of the ladder network. Although the second-

5 R. M. Barrett, Proc. I.R.E., 38, 541 (August, 1945).
6 G. Smiley, Proc. I.LR.E., 42, 677 (April, 1954). See also M. D. Armitage, Wireless

Engineer, 32, 173 (June, 1955).
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harmonie distortion in the shunt-capacitor eircuit is somewhat lower than in
the shunt-resistor circuit, the over-all distortion is greater.’

88.6. Transistor Phase-Shift Oscillators. In the analysis of transistor
phase-shift oscillators, the input and reverse short-circuit transfer admit-
tances of the amplifier cannot be neglected and Eq. (152) is not applicable.
The analysis and the resulting equations for the frequency of oscillation
and the criterion for sustained oscillation are considerably more compli-
cated than those for the vacuum-tube phase-shift oscillator and for the
transistor Wien-bridge oscillator® The analysis shows, however, that the
frequency and amplitude of oscillation are dependent upon h; and h,, and
that good frequency stability requires that R/ (hoE; + 1) <K R>> h;. This
requirement cannot be met without the use of a common-collector stage to
drive the feedback network and pref-
erably also another common-collec-
tor stage or a compound-connected
transistor between the output of the
network and the input of the com-
mon-emitter stage. When the com-
mon-collector stages are used, the
frequency of oscillation is approxi-

c ¢ ¢
mated by Eqs. (206) and (207) for
R Yo R p the series-capacitance and shunt-
<

A o

|
g % Voltage -dropping
resistor

A

capacitance circuits, respectively,
and the criterion for sustained oscil-
lation is again that the voltage am-
Fic. 302. Transistor phase-shift oscilla- plification of the entire amplifier
tor in which a common-collector stage is must exceed 29.
used to drive the feedback network. A transistor phase-shift oscillator
incorporating a common-collector
stage to drive the feedback network is shown in Fig. 302.° A transistor cir-
cuit equivalent to the tube circuit of Fig. 301 is shown in Fig. 303. The fre-
quency of oseillation of this cireuit approximates 0.092/RC, where R =
R’R”/(R" + R”). The voltage amplification of the common-emitter ampli-
fier must be somewhat greater than 8.

Transistor phase-shift oscillators should be stabilized against temperature
changes by the use of series emitter resistance or by more involved methods
equivalent to those used in the circuits of Fig. 282 and 288. 1In some ecir-
cuits, of which Fig. 303 is an example, the tuning resistors may also serve
as stabilizing resistors.

salm

7 Chance, et al,, Rad. Lab. Series, Vol. 19, Sec. 4-4 (McGraw-Hill Book Co., New York,
1949).

8 See, for example, L. J. Giacoletto, Trans. I.R.E.,, Vol, AU-5, 60 (May-June, 1957).

8 Giacoletto, loc. cit.
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Fic. 303. Transistor phase-shift oscillator with emitter-follower-coupled ladder net-
work

88.6. Two-Section Phase-Shift Oscillator. An interesting modification
of the phase-shift oscillator is obtained by using a two-section network con-
sisting of one R-C section and one C-R section. The phase shift produced
in the second section is then equal and opposite to that produced in the first
section, and the net phase shift is consequently zero. Oscillation takes place
if such a network is used to couple the output of a noninverting pentode or
cathode-coupled (common-cathode, common-grid) amplifier to the input,
as shown in Fig. 304a. If Ry = Re =R, Cy = Ca = C,and R > r,R\/(rp +
R;), the frequency of oscillation is very nearly 1/2=RC, and the zero-ampli-
tude voltage amplification of the amplifier must exceed 3 (Prob. 88.6-1).
An equivalent variant of the circuit is obtained by interchanging the R-C
and C-R sections of the network. Loading of the first section of the net-
work by the second may be avoided by inserting one section into each grid

. ,|F

(b)
Fig. 304. Phase-shift oscillators using a two-section feedback network.
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circuit, as in Fig. 304b. The required amplification for such a circuit in
which equal resistances and equal capacitances are used is reduced in this
manner from 3 to 2. A slightly more complicated circuit similar to that of
Fig. 304b, but with the R-C and C-R sections interchanged, was deseribed
by J. H. Owens and analyzed from a different point of view.®

A modified form of ladder-network phase-shift oscillator using a balanced
two-tube (push-pull) circuit has been described by D. A. Bell!* The ad-
vantage of such a circuit is very low even-harmonie distortion.

88.7. Other Types of Phase-Shift Oscillators. Another type of phase-
shift oscillator is based upon the phase-shifting network shown in Fig. 305.
If Ry = R; and the impedance of the eapaci-
tance branch of the network is high in com-
R, T__’ parison with R; + R, the magnitude of the

[ output voltage remains essentially constant
A, %P and equal to the voltage across Rs or Rj3 as

o~

either € or R is increased from zero to in-
Fia. 305, All-pass phase-shift finity, but the phase of the output voltage
network. changes from 180 degrees lead to zero. The
oscillator, shown in Fig. 306a, uses two simi-
lar phase-shifting stages, each of which gives a phase shift of 90 degrees
when f = 1/2xRC** (see Prob. 88.7-1). In each phase-shifting stage,
R, and R; correspond to Ry and R of Fig. 305, the a-c plate resistance of
the tube corresponds to R;, and uV, corresponds to V. The resistors R,
and R, should preferably be matched. The frequency is changed over a
10-to-1 range by either ganged resistors R or ganged capacitors C.

Figure 306b shows a circuit that incorporates a more complicated phase-
shifting network which produces a phase shift of 180 degrees and has a
voltage ratio of approximately unity.* At the oscillation frequency,
1/2xv/ C1R;C2R5, a 90-degree phase shift occurs in the R,-C; bridge, and
an additional 90-degree shift in the Ry-C» voltage divider. If E» and C»
are interchanged, the R»-C» phase shift is opposite to the R;-Cy shift, and
the output voltage of the network is in phase with the grid voltage of tube 1.
Oscillation is then obtained if the triode T'» is replaced by a noninverting
(voltage) amplifier, such as a cathode-coupled (common-cathode, common-
grid) or a pentode noninverting amplifier.

Willoner and Tihelke have described a phase-shift oseillator in which the

10 J. H. Owens, Electronics, March, 1954, p. 176.

1D, A. Bell, Electronic Eng., 28, 274 (July, 1951).

120, G. Villard, Jr., Electronics, July, 1949, p. 77.

18P, Kundo, J. Brit. LR.E., 11, 233 (June, 1951); 12, 393 (July, 1952); H. Stibbe, J.
Brit. IR.E ., 12, 392 (July, 1952).
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phase-shifting network is a resistance-shunted ladder type of all-pass filter.
The various sections of the filter are chosen so that each section functions
over a portion of the entire frequency range. This oscillator has the ad-
vantage that it is tuned by means of a single tapped potentiometer, but it is
basically more complicated than other oscillators discussed in this and pre-
ceding sections. For further details the reader is referred to the paper
by Willoner and Tihelke.*4

(a) “I_—' "l:- (b)

Fic. 306. (a).Oscillator based upon the phase-shift network of Fig. 305; (b) an-
other resistance-capacitance-tuned oscillator.

88.8. Frequency-Modulation of Phase-Shift Oscillators. A number
of methods have been developed for frequency modulation of phase-shift
oscillators. A frequency-modulated oscillator capable of a frequency devia-
tion of 40 percent of the carrier frequency with negligible amplitude modu-
lation in the audio-frequency range is shown in Fig. 307.** In this circuit,
tube T provides the required amplification, T is a cathode-follower used to
prevent loading of the amplifier by the network, and T3 and T4 modulate
the frequency by changing the effective shunt resistance of one section of
the filter. The resistance R, is made sufficiently larger than the other shunt
resistances of the phase-shifting network so that the network attenuation is
approximately the same with R» open-circuited and grounded. When the
control-signal voltage is zero, the plate eurrent of T3 and T4 is high, and
their plate resistance low. So far as alternating voltage is concerned, there-
fore, Rs is connected to ground through a low resistance, and the oscillator
frequency is high. When the control voltage is made negative, the plate
current of T3 and 7T, is reduced and the plate resistance of the tubes is in-

14 G. Willoner and F. Tihelke, Proc. I.R.E., 36, 1096 (September, 1948).
18 M, Artzt, Proc. I.R.E., 32, 409 (July, 1944).
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creased. The oscillation frequency consequently falls, reaching its lowest
value when T3 and T4 are cut off and their a-c¢ resistance is infinite. Ex-
amination of the eircuit discloses that T, serves as a cathode follower with
T3 as its load resistance. Since the grid of T4 is connected to a fixed point
on the voltage divider between B+ and ground, cathode-follower action
tends to maintain the cathode of this tube at constant potential relative to

Ny

o~

Modulating

b—'L volfage
% T T f

Frc. 307. Frequency-modulated phase-shift oscillator.

ground. Hence very little modulation-frequency voltage is introduced into
the oscillator through R and amplitude modulation of the oscillator is neg-
ligible if the operating bias of T3 is properly chosen and the grid swing of
T’ is limited to the range in whieh the network attenuation remains essen-
tially constant.

Figure 308 shows typical curves of frequency vs. grid voltage of Ts.
Curve A was obtained by varying the effective value of R;, whereas curve
B was obtained by varying the value of R.. When both B, and R, are con-
nected to the cathode of T, the curves are similar, but extend over a wider
frequency range. These curves show that linear frequency modulation over
a wide range is possible. Corresponding curves of network attenuation vs.
grid voltage of T'; have a broad minimum occurring near the center of the
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linear range. Amplitude modulation is therefore small. The time taken
for the frequency to respond to a change in grid voltage was found by Artzt
to be negligible in comparison with the

oscillation period. Useful design curves 2000
and procedures are given in the original }
paper. 6000
Another form of phase-shift oscillator /
. w 5000
that can be tuned electromically over a 2
100-to-1 frequency range and that is ca- 4000 S’ Ak
pable of linear frequency modulation over § // /
a wide range is shown in basic form in &30 7
Fig. 309.¢ In this oscillator the phase- &2000 z
shift network consists of four cathode-fol-
lowers with capacitive load. Analysis of 1000 T
the equivalent plate circuit for one stage Grid voltage of T,

of the phase-shift network yields the fol-

lowing expression for the ratio of the alter- FI6. 308. Frequency-modulation
nating output (cathod.e-to-.ground) V(_)ltage %‘};g'raggqu%cosr fggntlge A(ilr;’:lt;ﬁ/gi
Vo to the alternating input (grid-to- a 68J7, T, a 6J5, and the cathode
ground) voltage V,; of one stage under the of 7, was connected to R,. For
assumptions that the effects of interelec- ecurve B, T and T, were 6C8G
trode capacitances are negligible and that tubes and the circuit was con-

gm > 1/R (Prob. 88.8-1): nected as in Fig. 307.
14+u  juC
Vo M gm
*I—/-; = T+ 2 o207 (213)
Ly e
14 I

Because the network phase shift must be 180 degrees throughout the frequency
range in which the amplification of the voltage amplifier is constant, the phase
shift per stage is 45 degrees if ¢,, and p are the same in all stages. Separating
the real and imaginary components of Eq. (213) gives the following expression
for the frequency of oscillation:

+1
f= gm b (214)
27C
Under the assumption that the amplification factor u is constant, therefore,
the frequency of oscillation is directly proportional to g,. Under the same
assumptions, Eq. (213) indicates that the magnitude of the voltage ratio

18 M. E. Ames, Electronics, Vol. 22, p. 96, May, 1949.
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Vo/V; has the constant value given by the following relation:

Vo M

e 2156
Vi (u+1)42 @15

Consequently, the amplitude of oscillation does not vary as the frequency
is varied. The zero-amplitude amplification of the amplifier stage must ex-
ceed (V;/V,)2, or somewhat more than 4.

L

+

M voltoge

L

Fig. 309. Voltage-tuned phase-shift oscillator,

In the cireuit of Fig. 309 the plate resistance of the cathode-followers is
varied by changing grid-bias voltage. The modulation frequency is ordi-
narily so much smaller than the oscillation frequency that the quantity
wC/gm is negligible in comparison with (1 + p)/p at the modulation fre-
queney and V,/V, approximates unity if u is large. The variation of grid
bias of the four cathode-follower stages is therefore nearly equal. How-
ever, the fact that the amplification is not exactly unity and that the varia-
tion of grid bias of each successive cathode-follower is less than that of the
preceding one, means that the phase shifts of the four stages can be equal
at only one frequency. As a consequence, the quantity oCr,(1 + p) varies
in Eq. 213 as the oscillator frequeney is changed, and frequency modulation
is accompanied by some amplitude modulation. This difficulty is eliminated
by replacing the cathode resistors in the circuit of Fig. 309 by triodes and
applying the frequency-control voltage to the grids of these tubes, as shown
in Fig. 310. The change in grid voltage of the control tubes results in a
change in plate current of the cathode-follower tubes and thus in a change
of their plate resistance. The increase of control-tube plate resistance with
cathode-follower plate resistance makes it possible to satisfy the require-
ment that the transconductance of the cathode-follower be large in compari-
son with the cathode-follower load conductance at much lower frequency
than in the circuit of Fig. 309.
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The small curvature of the frequency-modulation characteristic of this
type of oscillator is shown by the experimental curve of Fig. 311. Equation
(215) shows that the required amplification of the voltage-amplifier stage

/24u7\£ r_ﬁ(mw:i }
C
c ey

oo.s _J_OM.L

+400
5k12
+200 — Wy

M osur

Bias adjustment

Fic. 310. Modified form of the circuit of Fig. 309 in which the cathode resistors
are replaced by triodes in order to reduce amplitude modulation.

of the circuits of Figs. 309 and 310 is only slightly greater than 4 when u
is large in comparison with unity. This low value of amplification is readily
attainable over a wide range of frequency. As the frequency is reduced by
lowering g, however. a point is reached beyond which 1/R is no longer
negligible in comparison with g,,, as assumed in the derivation of Eq. (213).
The magnitude of the voltage ratio is then

appreciably smaller than the value given by z8

Eq. (215), and the required amplification of 27 /
the amplifier stage greater. The amplitude 2 v/

of oscillation therefore falls with decrease of §“ /

gm, until oscillation ceases. The constant- $25 /

amplitude range can be increased by making §g4 /

the low-frequency amplification of the ampli- & 23

fier stage considerably greater than 4 and re- J
ducing the amplification as the frequency is 22" 45 7 7 %
raised. This may be accomplished by using Modulating voltage

the output impedance of a cathode-follower Fig. 311. Frequency-modula-

in shunt with the plate load resistor of the
amplifier stage and varying the grid voltage
of the cathode-follower concomitantly with

tion characteristic for the cir-
cuit of Fig. 309.

that of the control tubes.!™ At high frequencies, interelectrode capacitances,
neglected in the foregoing analysis, cause the oscillation frequency to de-

part from the value given by Eq. (214).

17 A, Cormack, Wireless Engineer, 28, 266 (September, 1951}.
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Another method of frequency-modulating, phase-shift oscillators is shown
by the circuit of Fig. 312, in which the input to the phase-shifting network
is shunted by a reactance tube.!* The required 90-degree phase relation
between the grid and plate voltages of the reactance tube is obtained by
taking the alternating grid voltage from the midpoint of the four-section
phase-shifting network. Dennis and Feleh reported linear modulation over

+
[l

Reactance

ATTT°

-J:- Modulation input '
Fic. 312. Phase-shift oscillator tuned by means of a reactance tube (c.f. Fig. 267a).

L

110

a +9-Mc band at 80 Mec¢ and over a +3-Me band at 25 Me., Although
the tubes are shown as triodes in Fig. 312 for the sake of simplification,
pentodes are more suitable because of their high transeonductance,

89. Sum- and Difference-Circuit Oscillators

89.1. “Seven-League” Oscillator. A number of useful oscillators in-
corporate a sum or difference circuit as one element of the phase-shifting
circuit. One such oscillator is the “seven-league” oscillator, which is based
upon the circuit of Fig. 313! If the R-C network in the grid circuit of tube
T, contains a number of parallel R-C sections and the network parameters
are properly chosen, the reactive component of the voltage V, of point A
relative to ground is nearly constant over a wide frequency range, but the
resistive component increases with freqency. The voltage V, of point B
relative to ground is purely resistive and at any frequency may be made
equal to the resistive component of V,. The difference between V, and V,
is then the constant reactive component of V,. Conversely, for any setting
of the voltage divider, there is one frequency at which V, — V, leads V; by
90 degrees, and the magnitude of V, — V, at this frequency is nearly inde-
pendent of the voltage-divider setting. Since tubes T, and T» and their
associated plate and cathode resistances form a differential amplifier (Sec.
2), the plate voltage of T at the balance frequency leads V; by 90 degrees
and that of T, lags V, by 90 degrees.

18 F, R. Dennis and E. P. Feleh, Bell Sys. Tech. J., 28, 6801 (October, 1949).
1 ¥, B, Anderson, Proc. I.R.E ., 89, 881 (August, 1951).
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The seven-league oscillator consists of two stages of the form of Fig. 313
with ganged voltage dividers. The output of tube 1 of the first stage is
capacitance-coupled to the input of the sec-
ond stage, and the output of tube 2 of the
second stage is capacitance-coupled to the
input of the first stage. The output of the
two stages is taken from opposite tubes in
order that the 90-degree lead of the output
voltage of the first stage relative to its in-
put voltage is offset by the 90-degree lag of
the output voltage of the second stage rela-
tive to its input voltage at the balance fre-
quency. At this frequency, therefore, the
total phase shift around the loop is zero,
and oscillation takes place if the ampli-
fication of the differential amplifiers equals =
or exceeds the attenuation of the R-C  Fic. 313. Phase-shifting circuit
networks. The frequency is determined wused in the “seven-league” os-
by the setting of the ganged voltage di- cillator.
viders.

An experimental oscillator described by Anderson covered a frequency
range from 20 cps to 3 Mc. The frequency variation with tube gain was
2 percent per decibel and the setting accuracy was 1 percent in a thermistor-
stabilized circuit. The frequency varied logarithmically with the balancing
voltage V,. The frequency range increases with the number of parallel R-C
sections used in the phase-shift network. Tentative frequency limits obtain-
able in practical circuits were given as 0.01 eps and 10 Mc. For details of
the network analysis and design and other design details, the reader is re-
ferred to Anderson’s article.

89.2. De Lange Circuit. Figure 314 shows the block diagram of an
oscillator that incorporates an adding circuit. The parameters of the two
phase-shifting circuits are such as to produce opposite phase shifts 8; and 6,,
one of which increases with frequency and the other decreases. When k;
equals ks, there is a frequency at which 6; = 6, and the sum of the voltages
L.V and koVe? is in phase with V, as shown in the phasor diagram (a) of
Fig. 315. 1f the amplification of the amplifier is equal to the attenuation of
phase shifters, voltage dividers, and the adding circuit, oscillation will take
place at this frequency.

If k, exceeds ki, there will be some other frequency, corresponding to a
larger value of 6; and a smaller value of 6,, at which the sum of V; and V»
is again in phase with V, as depicted in diagram (b) of Fig. 315. Oscillation
will take place at this new frequency if the circuit attenuation does not ex-
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ceed the amplifier amplification. Similarly, increase of k; and decrease of
k2 results in an opposite change of frequency. For a properly chosen ratio
of k2 to ki, the magnitude of the voltage sum ¥V’ will be the same as for equal
ke and k, and therefore the amplitude of oscillation will be the same. The

Ve 6 s
Phase '7%:;—/ 4
shifter y'e ki

y Y

-

14 Amplifier 7| Adder

V’=V(k,efg‘+¢2 %) |

™1 Prase ok, Ve
shifter ;émz'

Fic. 314. Schematic diagram of a feedback oscillator in which the required phase
shift is obtained with the aid of an adding circuit.

frequency of oscillation can then be varied over a wide range by simultane-
ous adjustment of the potentiometers Py and P,. Alternatively, if the adding
circuit consists of two triodes or pentodes with a common load resistor, the
frequency can be varied by raising the bias of one tube and lowering that of
the other, Wideband frequency modulation may be accomplished with the
aid of a phase-inverter stage to convert a single-sided modulation voltage
into a push-pull voltage.

The proper phase-shift characteristics can be obtained by the use of a
series R-L voltage divider for one phase shifter and a series R-C voltage

v v
A [
4 ViV(k,eje’Mzéﬂz) .o AT
(4
4
6,6 AV Vke'" %
57/!/,

V=Vk,e’ &
(a) (b)
Fic. 315. Phasor diagrams for the circuit of Fig. 314,
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divider for the other phase shifter.? The load impedance presented to the
amplifier by the two phase shifters is nonreactive and has the value R at

all frequencies if the resistances both have the value R, equal to \/L/C,
where L is the inductance of the R-L circuit, and C is the capacitance of
the R-C circuit. The frequency of oscillation is then 1/27V/ LC, when &, =
ko. For a 65-Mc frequency-modulation ecircuit, De Lange reported a fre-
quency deviation of +2 Me, small amplitude deviation, second-harmonie
amplitude 32 db below the fundamental, and third-harmonic amplitude 37 db
below the fundamental.

89.3. Villard-Holman Oscillators. The necessary phase relation be-
tween the adding-cireuit input voltages in Fig. 314 can also be obtained by

Vlke Pk, ™)

k, +k,=constant

Fi1c. 316. Phasor diagram that suggests another method of obtaining the required
phase of the feedback voltage.

the use of similar phase-shift circuits of different time constants and a phase
inverter to provide an additional 180-degree shift of one voltage. The
phasor diagram of Fig. 316 shows that the desired phase angle between V
and V> can be obtained by means of a phase shift 6, of the same sign as 4,
but of greater magnitude, and an additional 180-degree shift.* The resultant
phasor ¥’ is of constant magnitude if k; + k2 is constant. The locus of the
ends of the phasors V; and Vs is then an ellipse, as shown in Fig. 316. The
circuit of an oscillator based upon this principle is shown in Fig. 3172 The
phase-shift networks used in this oscillator are of the same form as one stage
of the phase-shift network of Fig. 306a, which is based upon the all-pass
R-C network of Fig. 305. The phase shift 8, is made larger than 6, by mak-
ing Cs larger than Cy, and the additional 180-degree phase shift is obtained
2(, E. De Lange, Proc. I.R.E., 37, 1328 (November, 1949).

30. G. Villard and F. 8. Holman, Proc. I.R.E., 21, 368 (March, 1953); J. L. Stewart,
Proc. L.R.E., 43, 589 (May, 1955).
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by taking the input of Ty from the plate of T, rather than directly from the
junction of By and C,. The 180-degree phase shift in the amplifier T5 is
offset by the 180-degree shift in Ty and Ts. If the circuit of Fig. 317 is to
be used as a tunable oscillator, rather than as an FM eircuit, the mixer tubes
T and T, may be replaced by triodes and the frequency controlled by means

250v.

100v. J 1
%6.8/({2 12k2 M
]
uf
6BE6
S00k12
Wt IZAU7
1
! Q05uf
500k
1kll
Phase shifter =
6, Amplifier
=
= Push-pull
Phasgj/”ﬁer modulating voltage

Fre. 317. Oscillator based upon the phasor diagram of Fig. 316.

of ganged potentiometers, as in the circuit of Fig. 314. Although an ideal
oscillator of this type is theoretically tunable from zero to infinite frequency,
Villard and Holman reported that bandwidth limitations on the amplifier
and other circuit elements limit the practical frequency ratio to about four.
Specific performance figures were not given.

Another interesting type of oscillator that incorporates either an adding
circuit or a subtracting circuit is shown in Fig. 318.4 Phasor diagrams for
this oscillator are shown in Fig. 319. It can be seen from diagram (a) that
if the voltage V is shifted in phase through an angle 8 smaller than 180 de-
grees and a voltage kVé?/2 is subtracted from the shifted voltage Ve, the
resultant is equal to —V if k is properly chosen. Similarly, if  exceeds 180

4Villard and Holman, loc. cut.
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degrees, the resultant voltage is — V if a voltage kVe#/2 of proper magnitude
is added to the voltage Ve%. Since 6 is a function of frequency, the value of
k required to make the resultant equal to —V is also a function of fre-
quency. Conversely, for each value of k there is one freouency at which
Ve? + kVe®2 = — V. Inasmuch as the amplifier provides an additional

L e ,7/2 Ve /8
Phase L

Phase Adder Phase-
V| shiffer [ shifter r/ or inverting
&/2 &/2 subtractor A amplifier
Freguenc . )
—l/cgmm/y ve Or ke i
? Wz

F1a. 318, Schematic circuit of a feedback oscillator that incorporates either an add-
ing circuit or a differential amplifier.

180-degree phase shift, oscillation takes place at this frequency. A practical
form of the circuit of Fig. 318 is shown in Fig. 320. Like that of the circuit
of Fig. 317, the tuning ratio of this circuit approximates 4. The circuit may
be adapted to frequency modulation by inserting an amplitude modulator
ahead of T4 in order to vary the value of k at modulation frequency.

¥

v

y
ke ¥

(@) (b)
F1c. 319, Phasor diagrams for the cireuit of Fig. 318.
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90. Crystal-Controlled Oscillators

90.1. Principle of Operation.® Very high frequency stability can be
obtained in relatively simple cireuits by the use of mechanical resonance
to determine the frequency. Radio-frequency oscillators in which the fre-
quency-determining element is a quartz crystal have long been used in radio

S0k

Qluf

005uf
20 —¢
ooas £ 1212AX7 a5

% 1
Vz/24x'7—' Ry

/?ez} controf T -
I

Phase ' Phase " Diferential Pha—se—/nven‘/ng
shifter §/2 shiffer §2 amplifier amplifier

Fia. 320. Circuit diagram of an oscillator of the form of Fig. 318.
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broadeasting. The value of a crystal in controlling frequency lies in the
sharpness of its resonance curve. The equivalent @ of a crystal resonator
is of the order of a hundred times that which can be readily obtained in
lumped-element electrical circuits. When the temperature of the crystal is
maintained constant by means of a temperature-control chamber, the fre-
quency drift may be made less than 2 parts in 10 million.

The control of oscillator frequency by means of erystals is based upon
the piezoelectric effect. When some crystals, notably quartz, are compressed

1W. G. Cady, Proc. I.R.E., 10, 83 (1922); G. W. Pierce, Proc. Am. Acad. Arts Sci., 59,
81 (1923); A. W. Hull, Phys. Rewv., 27, 439 (1926); D. W. Dye, Proc. Phys. Soc. (Lon-
don), 38, 399, 457 (1926); A. Hund, Proc. I.R.E., 14, 447 (1928), and 16, 1072 (1928);
L. P. Wheeler and W. E. Bower, Proc. I.R.E., 16, 1035 (1928); K. 8. Van Dyke, Proc.
I.R.E, 16, 742 (1928) ; J. R. Harrison, Proc. I.R.E., 16, 1455 (1928); E. M. Terry, Proc.
I.R.E, 16, 1468 (1928); W. G. Cady, Proc. I.R.E., 18, 521 (1928) (with bibliography);
J. W. Wright, Proc. I.R.E., 17, 127 (1929); H. R. Meahl, Proc. IL.R.E., 22, 732 (1934);
1. E. Fair, Bell Sys. Tech. J., 24, 161 (April, 1945); D. Makow, Proc. I.R.E., 44, 1031
(August, 1956). For other references, see A. Hund, Phenomena in High-frequency
Systems, p. 118, McGraw-Hill Book Co., Inc., New York, 1936 and 1952.
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or stretched in certain directions, electric charges appear on the surfaces of
the crystal that are perpendicular to the axis of strain. Conversely, when
such crystals are placed between two plane, conducting surfaces between

which a difference of potential is applied, the crystals ex-
pand or contract. If the applied potential is alternating,
the crystal is set into vibration. Because of compressional
waves set up in the crystal, mechanical resonance is observed
in the crystal, the resonance frequency being inversely pro-
portional to thickness of the crystal. The amplitude of vi-
bration of the crystal is greatest when the frequency of the
impressed alternating voltage is equal to a resonance fre-
quency of the crystal. So far as their effect upon the ecir-
cult is concerned, the crystal and its holder may be repre-
sented by the equivalent circuit of Fig. 321, in which L,, C,,
and r, are equivalent circuit elements for the crystal, C,, is
the capacitance of the mounting plates, and Cy is an equiva-
lent capacitance that represents the effect of the air gap
between the crystal and the mounting plates.

90.2. Use of Crystals in Negative-Resistance Circuits.
Since a erystal normally behaves like a series resonant cir-

Fic. 321.
Equivalent
circuit for a
piezoelectric
erystal  and
holder.

cuit, it may be used as the resonator across any current-stable port of any
negative-resistance circuit, provided that the magnitude of the negative re-
sistance exceeds the effective series resistance of the crystal at its resonance

-6v.

Fic. 322. Two transistor negative-re- Fia. 323. Vacuum-tube negative-resist-
sistance crystal oscillators. ance crystal oscillator.

frequency. Figure 322 shows a crystal oscillator based upon the transistor
version of the symmetrical current-stable circuit of Fig. 69e.2 The reader

2F. C. Alexander, Electronics, December, 1954, p. 188.
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can readily devise other erystal oscillators based upon the negative-resistance
circuits discussed in Secs. 18 to 22.

A commonly used vacuum-tube cireuit, shown in Fig. 323, makes use of
the negative input conductance of a triode resulting from the grid-plate
capacitance when the plate load is inductive.

90.3. Crystal-Controlled Feedback Oscillators. In the original Pierce
circuit, shown in Fig. 324a, the crystal is connected between the grid and

1.35v.
350uuf 10002
+
6mh
c L %\
T 3 22k0 +——
[ 100ke 40uuf
= ___a_ '——l”}_ '
= e :\s\) ) wa
T %t_.T
@ (b)
Fic. 324. Pierce crystal-controlled Fre. 325. A variant of the
feedback oscillators: (a) vacuum- circuit of Fig. 286 in Whlc_h
tube circuit; (b) transistor ecireuit. a quartz crystal is used in
place of the series resonant
circuit.

the plate of a vacuum tube. This circuit oscillates only when the plate load
is capacitive, and therefore the plate resonator must be tuned to a slightly
lower frequency than the resonance frequency of the crystal. A transistor
Pierce circuit is shown in Fig. 324b.® The frequency instability of this
circuit is only 1.5 X 10—? eps per degree C and 10—7 eps per volt at a fre-
quency of 100 ke, and the drift is within 10—8 cps per week. It seems likely
that even higher stability against change of temperature could be attained
by the insertion of resistance in series with the emitter.

A crystal may also be used in place of the series resonator in the
Clapp-Gouriet oscillator of Fig. 286, as shown in the transistor circuit of
Fig. 325.4

90.4. Crystal-Controlled Null-Network Oscillator. A circuit that
combines the high @ of the quartz crystal with the phase-shift-multiplica-
tion property of null networks is obtained by using a crystal in place of the

8 P. G. Sulzer, Electronics, May, 1953, p. 206.
4+ P. G. Sulzer, Electronics, August, 1953, p. 172.
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resonant circuit in the bridge oscillator of Fig. 290.> For a 100-ke bridge-
stabilized crystal oscillator in which the erystal had a @ of approximately
105, Meacham reported a measured frequency change of one part in 108
for a plate-supply-voltage change from 120 to 140 volts. In Meacham’s
cireuit, the tetrode amplifier, which was coupled to the bridge input and out-
put terminals through singly tuned transformers, had an amplification of
approximately 425.

91. Magnetostriction Oscillators

The phenomenon of magnetostriction is the expansion or contraetion of
magnetic materials as the result of magnetization, and the converse change
of magnetization as the result of strain. The
phenomenon may be used as the basis of an +
oscillator having high frequency stability. The o
circuit diagram of a typical magnetostriction v
oscillator is shown in Fig. 326. The operation
is as follows: The steady component of plate
current produces a steady strain in the rod.
Any small change in plate current results in a
change of magnetization of the end of the rod
that is within the plate coil. This results in an =
elongation or contraction of this portion of the g, 306 Magnetostriction
rod and causes a compressional wave to move oscillator.
toward the other end of the rod. When the
wave reaches the portion of the rod that lies inside of the grid coil, the
resulting change in magnetic flux induces a voltage in the grid coil,
which causes a change of plate current. This change in plate current in
turn starts another compressional wave in the bar. The compressional
waves are reflected from the grid end of the rod and return to the plate end,
where they are again reflected. If the polarity of the grid and plate coils
is correct, the induced and reflected waves at the plate end are in phase and
will reinforce one another. The tendency for the amplitude to build up
is increased to the point of oscillation by tuning the electrical circuit so
that it has the same natural frequency as the rod. The action is not de-
pendent upon inductive coupling of the coils. In contrast with that in the
feedback oscillators of Fig. 271, the orientation of the coils must be such
that the inductive coupling is degenerative. The inductive coupling should
preferably be made small by the use of shielding. Considerable improve-
ment results from the use of a two-stage amplifier in place of the single tube
shown in Fig. 326.2

5L. A. Meacham, Proc. I.R.E., 28, 1278 (October, 1938).

1G. W. Pierce, Proc. Am. Acad. Arts Sci., 68, 1 (1928); Proc. I.R.E., 17, 42 (1929);

W. W. Salisbury and C. W. Porter, Rev. Sci. Instruments, 10, 142 (1939).
2(G. W. Pierce and A. Noyes, Jr., JAS4, 9, 185 (1938).

O P
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Because the change in length of an initially unmagnetized rod is of the
same sign for both polarities of magnetization, the rod will vibrate at twice
the frequency of the electrical circuit if it is not polarized, To ensure that
the rod is polarized throughout its length, it is usually magnetized perma-
nently and placed in the coils so that the field of the plate coil increases the
magnetization,

Nickel, monel metal, nichrome, invar, stoic metal, and other metal alloys
may be used to make magnetostrictive rods. Difficulties of design of suitable
rods having high natural frequency of oscillation restriet the use of the
magnetostriction oscillator to frequencies within the audible and supersonic
ranges. Very low audio frequencies are produced by the use of rods that
are loaded at the ends or that consist of an outer shell of magnetostrictive
material filled with lead or other material having a low velocity of propa-
gation of compressional waves. If the temperature of the rod is kept con-
stant, a frequency stability of 1 part in 30,000 may be obtained.®* Depend-
ence of frequency upon temperature can be reduced by employing special
alloys of low temperature coefficient ¢ or rods made up of a core and a shell
of two magnetostrictive metals of opposite temperature coefficients of ex-
pansion.

92. Beat-Frequency (Heterodyne) Oscillators

In the beat-frequency oscillator, shown schematically in Fig. 327, the
outputs of two radio-frequency oscillators of slightly different frequencies
are applied simultaneously to a detector. The output of the detector con-
tains, in addition to the impressed radio frequencies, their sum and differ-
ence. By means of a filter, the

Fixed~- r fundamental radio frequencies and
freg. r-f f,-r/;e, their sum are removed, leaving only
oscillator the difference frequency in the out-

l_ Detec] [7F 1 [of put, which may be suitably ampli-
Variable- M tor [Vfilter| |ampt[” fied by audio-frequency amplifiers.
freq. r-f The principal advantage of the beat-
oscillator frequency oscillator is that a very

Fio. 327. Schematic diagram of the Wide frequency range can be cov-
beat-frequency oscillator. ered with a single dial. Other de-
sirable characteristics that can be

obtained with careful design include good waveform, constant output level,
lightness, and compactness. By proper variable-capacitor design, a loga-
rithmic frequency scale can be obtained, a considerable advantage when

3 Pierce, loc. cit.
4+J, M. Ide, Proc. LR.E., 22, 177 (1934).
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the oscillator is to be used in obtaining amplifier-response curves. Unless
extreme care is taken in the design and construction, however, this type
of oscillator is likely to have relatively poor frequency stability, which
necessitates frequent setting against a standard frequency during the period
of use, particularly during the time required to establish temperature equi-
librium.

The design of a heterodyne oscillator involves a number of special prob-
lems, among which are the prevention of interaction between the oscillators,
elimination of harmonics and other undesired frequencies, improvement of
frequency stability, and the prevention of variation of output level. Inter-
action of the two r-f oscillators may cause them to pull into synchronism
when their frequency difference is small and thereby prevent the production
of low audio-frequency. It also tends to distort the output wave into a
sawtooth wave at output frequencies somewhat greater than that at which
the oscillators pull into step. Interaction may be prevented by adequate
shielding, proper location of component parts, use of chokes or decoupling
resistors and bypass capacitors in voltage-supply leads, and by correct
methods of eoupling the output of the r-f oscillators to the detector tube,
Coupling methods include the use of buffer amplifiers between the oscillators
and the detector; electron-coupled oscillators; a balanced modulator eircuit;
a mixing bridge; or a multigrid mixer tube, the oscillator outputs being
applied to two grids that are shielded {rom each other.

If the harmonics are removed from the output of one of the r-f oscillators
of a heterodyne oscillator and detector distortion is negligible, the only
undesired output frequencies lie above the beat-frequency range and are
removed by the r-f filter following the detector.

Frequency instability in heterodyne oscillators results from the same
causes as in other types of oscillators, but it is likely to be greater because
a small percentage variation in the frequency of either r-f oscillator pro-
duces a much greater percentage variation of output frequency. The stabil-
ity of the r-f oscillators should be as high as possible, and the two oscillators
should be as nearly alike as possible in order that they will respond similarly
to changes of supply voltage and of temperature.

Variation of amplitude of the oscillator output results from change of
amplitude of the variable oscillator over the tuning range, from the action of
improperly designed r-f filters in the plate circuit of the detector, and from
frequency distortion of the a-f amplifier. The first effect can be made small
by using a linear detector and making the amplitude of the variable-
frequency input to the detector much greater than that of the fixed-fre-
quency input. Audio-frequency attenuation by the r-f filter in the detector
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plate circuit can be avoided most readily by the use of a radio frequency
that is several times the highest output frequency. The choice of the best
value of frequency of the r-f oscillators of a heterodyne oscillator is gov-
erned largely by frequency stability, ease of filtering of r-f voltages from
the detector output, and desired frequency range.

If a beat-frequency oscillator incorporates two or more fixed-frequency
oscillators, instead of the single fixed-frequency oscillator shown in Fig. 327,
it can generate two or more variable output frequencies having fixed differ-
ences. Such an instrument is useful in testing amplifiers for nonlinearity
distortion.

93. Microwave Oscillators

Microwave oscillators are those operating at frequencies such that the
circuits must be of the distributed-element type, rather than lumped-element.
Such oscillators differ from those operating at lower frequencies in two
important respects. The first is that microwave oscillators can usually be
made to function efficiently only if the tube elements serve as portions of
the resonators. The second important difference lies in the fact that,
whereas electron transit time is ordinarily small in comparison with the
period at the lower frequencies, the transit time between the electrodes of
microwave tubes is of the same order of magnitude as the period and may be
considerably greater. Although large transit time has objectionable effects
in oscillators designed for lower frequencies, it is essential to the functioning
of most types of microwave oscillators.

The mechanism of operation of various types of miecrowave oscillators
differs in various details, but in all types using electron streams it involves
the transfer of power from a source of direct voltage to a source of alternat-
ing voltage by means of a density-modulated (bunched) stream of electrons.
{The word “source” as used here is not restricted to a primary source of
power, but includes passive networks, such as resonators.) This is accom-
plished by accelerating electrons in a direct electric field and retarding
most of them in an alternating electric field. The density modulation of
the beam allows more electrons to be retarded than accelerated by the alter-
nating field. In addition to triodes and tetrodes, microwave oscillators in-
clude klystrons, magnetrons, and traveling-wave tubes.

Whereas oscillators operating at frequencies below the microwave range
can usually be analyzed most readily by considering the amplifying de-
vices as circuit elements, as has been done throughout this book, microwave
oscillators are usually analyzed by studying the mechanism by means of
which an initially uniform-density electron beam is formed into bunches
of electrons, and the mechanism by means of which energy is delivered to
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individual electrons by the direct field and extracted from individual elee-
trons by the alternating field. For descriptions of microwave oscillators
and explanations of their operation, the reader is referred to books covering
the microwave field.:

1 8ee, for example, H. J. Reich, J. G. Skalnik, P. F. Ordung, and H. L. Krauss, Micro-
wave Principles, D. Van Nostrand Co., Inc., Princeton, N. J., 1957.



APPENDIX—-TWO-PORT PARAMETERS

The relations between the input and output currents and voltages of a two-port
(four-terminal) network, Fig. A-1, can be expressed in terms of a number of sets of
parameters, of which the h parameters and y parameters are examples. The de-
fining equations of these two sets of parameters are the following:

I L:-_]—Z_— Vi= L+ Vb, (A-1)
y T Tl/z I, = Lihy + Vsh, (A-2)
— I = Vi + Vayr (A-3)

Fia. A-1. I = Viyy + Vayo A(4)

Any of the parameters can be expressed as the ratio of one dependent varjable
to one independent variable. Thus h;, which is called the short-circuit input re-
sistance, is the ratio of V; to I, when V, is zero; ie., when the output terminals
are short-circuited to alternating current. The open-circuit inverse voltage transfer
ratio or open-circuit inverse voltage amplification factor h, is the ratio of V; to V,
with I, zero; ie., with the input terminals open-circuited to alternating current.
The short-circuit forward current-amplification factor h; is the ratio of I, to I,
with the output terminals short-circuited to alternating current. The open-circuit
output admittance h, is the ratio of I, to V, with the input terminals open to
alternating current. The short-circuit input admittance y,;, the short-circuit reverse
transfer admittance y,, the short-circuit forward transfer admittence y,;, and the
short-circuit output admittance y, are defined in a similar manner.

There is a set of h parameters and a set of y parameters for each of the three
possible connections of a transistor or tube. These are specified by means of addi-
tional subseripts that indicate which electrode is common to the input and the
output: ,, », and , for transistors, and ;, ,, and , for tubes. Any one set of parame-
ters suffices to determine the performance of a transistor or tube, the parameters
for any circuit connection being readily expressible in terms of the parameters
for the other two connections. For convenience, the relations among the three
sets of A parameters and among the three sets of y parameters are given in Table
A-1, and the relations between the A parameters and the y parameters in Table A-2.

It should be borne in mind that the circuit parameters are in general complex
quantities and that the complete performance of an active circuit element over a
frequency range can therefore be determined only if the real and imaginary com-
ponents of each of the four parameters of any set is known as a function of fre-
quency. The parameters are also a function of the operating voltages and currents
and, in transistors, of temperature. The difficulty of measuring and publishing
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TaBLE A-I. CommoN-Base aNp CoMMON-COLLECTOR PARAMETERS IN TERMS
oF CommoN-EMITTER PARAMETERS

Yib = Yie + Yre T Yse + Yoe Yic = Yie
Yrb = — Wre + Yoo Yre = —(Yie T+ Yro)
Yo = —(yfa + yoe) Yie = _(?/ic + yfe)
Yob = Yoe Yoe = Yie + Yre + Yre + Yoe
Ayb = Ayz = Yielfoe — Yrelre Ayc = Aue = Yielfoe — YselYre
Rie hie
hip = — = — hic = h;‘e
PT B Mot 1
Ape — hoe Dpe — hre
= = hee =1 —hpe= 1
e Dpe hye 41 ' '
Ape + hje hfe
R gp— =~ - } e = h e 1
b i Y y (hye + 1)
hoe hos
oh = T = o — )oc=}a¢
h > Ahc hfe + 1 ' ‘
Ape A
Ay = T SR Ape = hye = hre 4+ Bie + 1 = by + 1

Bre  hyet 1

TasLE A-1I. ReraTioNs BETWEEN & AND y PARAMETERS

1 1
hi=§; Y=g
h,:—% yr=—}-,;€
h,=% ?/f=%};_
A A
ho=y—f yo=~f
A = hiho — hshr =Z— By = Yo — Yyr =’,1—

curves of the four real components and the four imaginary components for various
operating voltages and currents makes advantageous the use of approximate rela-
tions between the high-frequency and low-frequency values of the parameters, such
as Eq. (55) and the analogous relations given in Prob. 63.2-1, or of approximate
equivalent circuits.?

1See, for example, R. F. Shea, editor, Transistor Circuit Engineering, Chap. 2, John
Wiley and Sons, Inc.,, New York, 1957.



PROBLEMS

1.1-1, (a) Show that, if the input resistance of the amplifier of Fig. 2 is infinite
when R is infinite, the effective input resistance with finite B is /(1 — A) and that
the input Tresistance is therefore positive and has the magnitude B/(1 +A4]) when A
is negative, i. e., when the amplifier is phase-inverting.

(b) Show that the output voltage of a circuit with n inputs is

AY bWy i
Vo= ot m — > Vi (P-1)
[Al+ 14 Xk !

n
if |[A|>>1 + 3 ks, in which ¥, is the input voltage to the Ath input branch and %
T

is the ratio of the resistance R to the series resistance R of that input branch.
(¢) Show that the effective input resistance of the Ith input branch is

Vi=R kl+ L p *"*kl (P-2)
! 4]+ 1 — kit 2k !

(d) Show that the current I,, in the mth input branch caused by a voltage V; applied
to the lth input branch has the following value if the input source resistances are
negligible in comparison with the series input-branch resistances:

— Vikikn _ Vikikm

In=
" AR
R([A[+ 1+ 2 k)

(P-3)

1.2-1, (a) Justify the use of the equivalent circuit of Fig. P-1 for n tubes with a
common plate load resistance R;. In Fig. P-1, g.» and rp represent the transcon-
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ductance and plate resistance of the hth tube and V) the signal voltage impressed
upon the grid of that tube.

I = Z G Vh
h=1
X 3 :
I/R = Z l/Tph
h=1
Fic. P-1.
Z Vlrgmlr
(b) Show that V, = — —*=2 (P-4)

hz ]/Tph + l/Rl
=1
(c¢) Show that, if the tubes are identical,

BB 3D Vi
h=1
Vo - rp + nR;

1.2-2, (a) Justify the use of the equivalent circuit of Fig. P-2 for n similar triodes
connected as cathode followers with a common cathode load resistance Ry.

(P-5)

n
Gm Z’éh — 5—9 'Qk T\é
h=t

Fic. P-2.

(b) Evaluate the signal grid voltage V4, of the Ath tube in terms of the signal volt-
age V) impressed upon the grid circuit of the Ath tube and the output voltage V,,
and show that

ﬂRk "

= P-6
rp + n(u + DRy hgl Vs (P-6)

(c¢) Under what conditions does Eq. (P-6) reduce to the following approximation?

Vo

Vom X Vy (P-7)
h=1
1.2-3. Show that, if R3;+ R, is much larger than the output resistance
1/(gm + 1/rp) of the cathode-followers 71 and T in the cireuit of Fig. 3c,
V.~ Z1R4 + VoR;
¢ R:+ R,

2.1-1, (a) Find the output voltage V,; developed across B;; and the voltage Vs
developed across Ry by the voltage V), in the cireuit of Fig. 4a.

(P-8)
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(b) Taking advantage of circuit symmetry, make use of the expressions derived in
(a) to obtain Eq. (1).

(¢) Show that the ratio of V., produced by Vi, to that produced by V, is
frp + Rt + Ri{p + 1)]/Ri(u 4+ 1), and that this ratio approximates unity when
Re>> (rp + By)/(u + 1.

(d) Derive Eq. (2) from Eq. (1).

(e) Show that, if the two halves of the circuit of Fig. 4a are identical and
Ry << 1/gy, the plate-to-plate output voltage V, approximates uR(Vy — Va)/(rp +Ry)
and that the signal voltage developed across the cathode resistor approximates
(Vi + Va)/2.

(f) Derive Eqs. (4) and (5). (Suggestion: Find V, and V,3 produced by Vi and
invoke the superposition theorem, taking advantage of circuit symmetry.)

3.1-1. (a) Derive Eq. (6). (Suggestion: Expand the voltage transfer funetion in
the form of a series.)

(b) Derive Eq. (10).

(¢) Show that the characteristic equation for the eircuit of Fig. 13c is:

1 1

R, C,
.0, (F+1+5)e+ RCR.C, ~° (P-9)

(d) Show that, if R,/R and C,/C < 1, the roots of Eq. (P-9) are:

P+

1 [ 4R.C,
P=sme | =N~ re ) (P-10)
(e) By application of the binomial expansion, show that
1 1
p= - —R'a and — —RSC‘, (P'll)

(f) Derive Eq. (11).

3.1-2. (a) Determine the amplitude and waveform obtained by clipping a 100-cps,
100-volt sine wave at 10 volts and differentiating the resulting approximately trap-
ezoidal wave by means of an RC circuit having a 1-usec time constant,

| +

X 4’14\

|
1
|
|
|
!
|
|
I
I
|
f
!
|
|
|

Ry = Ry; = 14 megohm R =5kQ
Ry = R; = 10 kQ C = 100 uuf
Rk = 1 kQ 012 = 25 pﬂf
R, = 20 kQ C: = 0.01 uf

R; = 14 megohm
Fie. P-3.
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(b) Repeat (a) if the trapezoidal wave is amplified by a factor of 10 and again
clipped at 10 volts before being differentiated.

(¢) Repeat (a) if another similar amplifier and 10-volt clipper are added ahead of
the differentiator. :

3.2-1. The characteristics of the circuit to the right of the dotted line of Fig. P-3
are such that either tube T'; or tube T'; conducts, and that conduction is changed from
T, to T2 by a short exponential positive pulse applied to the plate of T and from T
to T1 by a short negative pulse. The resistance R and capacitance C are used to differ-
entiate the rectangular input pulse to produce the short pulses necessary to cause 7'y
to start conducting at the beginning of the rectangular input pulse and to stop at the
end of the pulse.

(a) Which of the circuit and tube parameters affect the differentiator time constant
during differentiation of (1) the leading edge of the input pulse and (2) the trailing
edge?

(b) Determine the approximate time constants.

3.3-1. Derive Eq. (12).

3.3-2. Under the assumption that the input resistance of the amplifier of Fig. P-4
is infinite, find the input resistance of the circuit.

R
~AMMN—

4 Amplifier AV

Fig. P-4.

6.2-1. (a) Zero-signal output voltage from the circuit of Fig. 21 can be eliminated
by the application of a compensating voltage to the grid of 7. Zero-signal output
voltage may therefore be assumed to be the result of an unbalancing voltage vy im-
pressed in series with the grid of 7. Since the first stage of the d-c amplifier, con-
sisting of T'; and T’z and associated resistors, is a differential amplifier of the type dis-
cussed in Sec. 2.4, the output voltage vo in the presence of an input voltage vr approx-
imates the difference between the voltage vg + vy at the grid of 7 and the stabilizing
voltage vs at the grid of Ty, multiplied by the amplification A, of the entire d-¢c ampli-
fier (a function of frequency).

Under the assumption that v is exactly equal to (vg + vy — vs)A41, show that

14
_ UIZ/(I - A?) + UU(Zf + Zi) (P—l2)

T (Zi+ Z)/ A+ Z{A— 1)

Yo

in which A4,, the over-all amplification of the chopper, a-c amplifier, and rectifier, is
equal to vs/vg.
(b) Show that, if 41(ds — 1)>>(Z; + Z,)/Z., Eq. (P-12) reduces to

Zy 4 Z;

= V7 (P-13)

VA
Yo = V1 — + vy
Z;
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(¢) What requirement must the a-c amplifier, chopper, and filter meet in order that
the second term of Eq. (P-13) shall be negligible and the zero-signal output voltage
therefore be maintained negligible?

8.2-1. Derive Eq. (18).

11.2-1. With no control voltage applied to the grid circuit of Ts, the voltage across
Rk in the circuit of Fig. 43 is minimum when 7 is cut off by the negative signal;
T» then acts as a cathode-follower. Under the assumption that the tube is approx-
imately linear, the voltage across Rx approximates the voltage amplification of 7',
acting alone, multiplied by the change in grid-to-ground voltage between the cutoff
value Vpp/u and Vgg. The voltage across Rx is maximum when the signal voltage
and the control voltage are both zero. The two tubes then pass equal currents and
the current through Rk is the same as it would be with a single tube having the same
amplification factor but twice the transconductance of each of the two tubes.

Show that if the negative signal voltage is increased in magnitude from zero to a
value that cuts 7’1 off, the control voltage remaining zero, the change in output volt-
age is

ng Jm
~ - s -
AV (Vee + Ver/u) [2gm+2/rp+1/RK It l/rp+1/RK]

~ Vko ~ — Vko . I
2Rk(gm + 1/rp + 1/RK) 2gnRx p+1

(P-14)

in which Vj, is the voltage across Rx when both the signal voltage and the control
voltage are zero:
20m uVaee + Vpp
Vio = (V vV = P-15
r = (Vee + PP/#)zgm+2/rp+l/RK F¥1Fr2ks (P-15)

13.2-1. By the use of the collector curves of Fig. 5la, determine the collector
current waveform when a 1-volt sinusoidal voltage is applied to the input terminals
of the cireuit of Fig. 52a and the base voltage is (a) +125 mv, (b) zero, (¢) —500 mv,
(d) —1.5 volts. R; = 2500 ohms.

14.3-1. (a) Design the circuit of Fig. P-5 so that output is obtained when a posi-

+

A’ o—— ——
l | Input Output
S I T S S
8 & c o D
Fic. P-5

tive control voltage is applied to terminal B’ or C’, or both, but not when a negative
voltage is also applied to terminal D’. There should not be coupling between the
various sources. of voltage.

(b) Show how the circuits of Fig. 37 may be modified so that output is obtained
only in the absence of an inhibiting control pulse.

14.3-2. Indicate which of the following statements are correct:

(a) In the circuit of Fig. P-6, pulse output is obtained when (1) both input pulses
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M
[ A~ ' >

Pulse A

Sv. t
Pulse B :

Ov. ?

=
Fic. P-6.

are positive, (2) both input pulses are negative, (3) pulse 4 is positive and pulse B is
negative, (4) pulse B is positive and pulse A is negative, (5) pulse B is zero and pulse 4
is negative.

(b) In the circuit of Fig. P-7, pulse output is obtained when (1) both input pulses
are negative, (2) both input pulses are positive, (3) pulse A is positive and pulse B
is negative, (4) pulse B is positive and pulse A4 is negative, (5) pulse B is zero and

pulse A is negative.
. 1
1 an_.
Lulse A
——

g

Pulse B
/0v.
i

Fic. P-7.

14.3-3. Which of the following statements are correct?
(a) In the circuit of Fig, P-8, pulse output is obtained when (1) both input pulses

+100v.
0k0
— W @ H
Pu//;i/’ "M M puf/‘?vg
7 [
—‘l‘- -25v.
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are positive, (2) both input pulses are negative, (3) pulse 4 is positive and pulse B is
negative, (4) pulse 4 is negative and pulse B is positive, (5) pulse B is zero and pulse A
is negative. (Plate current is cut off when the suppressor voltage is —25.)

+10v.

M
Pulse A Pulse B
{1v v
Q 2
-
Fig. P-9.

(b) In the circuit of Fig. P-9, positive output is obtained when both input pulses
are positive, (2) positive output is obtained when both input pulses are negative,
(8) negative output is obtained when both input pulses are negative, (4) negative out-
put is obtained when one input pulse is negative and one is positive, (§) positive output
is obtained when one input pulse is negative and one positive.

16.2-1. By means of the criteria given in Sec. 16.2, determine at which points the
circuits of Fig. 74 are voltage-stable, and at which points they are current-stable. Ex-
amine ports both within and outside of the amplifiers.

16.2-2. (a) The amplifier in the circuit of Fig. 65b consists of a single tube having
negligible input conductance, a plate resistance r,, and a negative transconductance
of magnitude greater than unity.

(b) Determine the algebraic expression for the input conductance of the port whose
terminals are the upper input and output terminals of the amplifier.

(c¢) By application of criteria (a) and (b) of Sec. 16.2, show that by proper choice
of g and the circuit resistances. the port may be made either voltage-stable or cur-
rent stable.

(d) Is this consistent with criteria (¢) and (d) of Sec. 16.2?

17.2-1. (a) Show that, if the resistors R of the circuit of Fig. 68b are shunted by
capacitors of sufficiently high capacitance so that the plate of each tube may be con-
sidered to be directly coupled to the grid of the other for rapidly changing voltages,
the circuit may be represented by the equivalent circuit of Fig. P-10.

(b) Show that the input admittance is given by the following relation:

Yi=1/V = 3(1/R1+ 1/Rs + 1/75 — gm + jo(Cor + Cp + 4Cpp)]  (P-16)

(¢) By means of the criteria stated in Sec. 16.2, determine whether the port is volt-
age-stable or current-stable.

(d) Discuss the validity of the use of the circuit of Fig. 84 as an equivalent for a
bistable circuit formed from the vacuum-tube circuit of Fig. 68b.
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Plate 1 - ll Plate 2
6rid2 v " v Grid !

LAY

2L,,

cgk+Cpk %
<¢> %rp %Rr %Pz -T™ . ’F Rz R, - o é (l)
am(tV) ok TPk InV)
Cathode | 0 Cathode 2
Fic. P-10.

17.2-2. (a) Show that, if the resistors Ry of the circuit of Fig. 68e are shunted by
capacitors of sufficiently high capacitance so that the plate of each tube may be con-
sidered to be directly coupled to the grid of the other for rapidly changing voltages,
and if 12> Rs, the circuit may be represented by the equivalent circuit of Fig. P-11.

Plate | Plafe 2
Grid2. Vr C9P’ |+ [ C9P 2 lé Grid |
9m (VZ—V3) ‘) Tt Cr ‘l‘\c/iz Coke oz 9”7[1//_%)
: . O V o . :
Cathode! V4 A Cothode 2
I 4

Fic. P-11.

(b) If the circuit is completely symmetrical with respect to circuit and tube param-
eters, Vo = —Vy, V3= ~V/2 and V, = +V/2. By summing currents at nodes 1
and 3, confirm the following equations relating V,, V, and I:

1 . vri 1 .
Vl[;; — gm + J(Cpr — Cor) ]+ 7 [r_p + R + gm + J(Co + Cpk)] =1

1 1 . |4 1 .
Vi 4 = om+5Co + Cot +4Co) | + 5 [gm + - + O — Ca) | = 0
T, Ry 2 Tp
(c) Derive the expression for the input impedance V /I, and show that it reduces to
the following form if R = Ry = R and Cg = Cpi = Cyp = C:
Z-i - 23 +zg ;— gm' + .76"’0 (P-17)
9(gp + 9/2) + 60°C* + jwC(4g, + 49 + 2gm)
in which g, = 1/r, and g = 1/R.
(d) By means of criteria (a) and (b) of Sec. 16.2, determine whether the port is
voltage-stable, or current-stable.
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(e) For the following values of circuit and tube parameters, show that Z; = — 543
k$2 at zero frequency, — 416 + 7232 kQ at 10° rps, — 15.4 + k7 94 kQ at 10° rps, and
1.25 4+ 79.65 k2 at 10" rps. Plot X, vs. G; with frequency as a parameter.

gm = 2.5 X 1073 mho R = 5 X 10* ohms
rp = 5 X 10° ohms C =4 X 107" farad

(f) How can the inductive component of input impedance be explained in a circuit
that contains no inductance?

17.2-3. (a) Under the assumption that the coupling capacitors C12 of the circuit
of Fig. 96b are sufficiently large so that the collector of each transistor is in effect
directly coupled to the base of the other for rapidly changing voltages, show that the
circuit may be represented by the equivalent circuit of Fig. P-12, in which R,, is the

Ve v V—IF:-» Vo=l tV
i3 ] 4 Veo
T T T
Iy (D %’% Re Re %Pz‘ Q I,
0
Fig. P-12.

base-to-emitter input resistance of the transistors and R is the resistance of the
1
parallel combination of R;, Rs, and e

(b) Under the assumption that Eqs. (53) and (54) are valid, show that the input
admittance I/V is

14+ 1/hpe — jf/fabh/ba
2R [(1 * hfbo) fathjbo ]

(c) Show that ks must be negative and that its magnitude must exceed unity in
order that the conductive component of ¥; shall be negative.

(d) If the value of As, is such as to make the input conductance negative, is the
input susceptance capacitive or inductive?

(e) By means of the criteria stated in Sec. 16.2, determine whether the port is
voltage-stable or current-stable.

17.2-4. (a) Table II shows that when a transistor in the common-base connection
is used in the T circuit of Fig. 65b the input resistances at two of the ports are

14 hms — heo + Diy
hob

Under the assumptions that 1 + ks 3> Awy — b, that the frequency of the impressed
voltage is such that Eq. (53) is valid but that the effects of transistor capacitances

+§I_B,—e+

(P-18)

(BT = (R)f = (P-19)
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are small, and that A, remains nonsusceptive,! show that the input impedance at

these ports is ) bl — 3/0)
7 _ T _ rbolL — JJ/Jab,
@) = (2 hob + ho(1 + f2/1a?)

(b) What are the restrictions on A, if the resistive component of the input im-
pedance is to be negative?

(c) If the value of Ay, is such as to make the input resistance negative, is the input
reactance inductive or capacitive?

(d) How do the magnitudes of the input resistance and susceptance depend upon
frequency?

18.1-1. By inspection of pi and tee circuits using a single triode in the common-
cathode, common-grid, and common-plate connections, verify the values of R; listed
in Table IV.

18.1-2. By means of qualitative analyses of the circuits of Fig. 66, explain the
general aspects of the current-voltage characteristics of Figs. 66¢, 66d, and 66e. Note
that current-stable characteristics must be explained by choosing the current as the
independent variable and determining how the voltage varies as the current is changed.

18.2-1. Construct the a-c¢ equivalent circuits for the Eeccles-Jordan ecircuits of
Fig. 68 and from them determine the expressions for the input resistance (the ratio of
the alternating voltage V impressed upon the port to the resulting alternating cur-
rent I).

18.3-1. (a) By inspection, show that the input resistance E; between the cathodes
and ground (when R, is infinite) in the circuit of Fig. 70 approximates 1/gms(1 — A.1),
where g2 is the transconductance of T'» and 4, is the voltage amplification of T,
between the cathode of Ty and the grid of T.

(P-20)

(b) Show that the voltage amplification A,; between the cathode of 7 and the
grid of T, in the circuit of Fig. P-13 is

114
A~ A DR BT (P-21)
o + Ry R' 4+ R
! Actually, the collector capacitance should not be neglected, and the output admittance
hos has both a real and an imaginary part. It is assumed to be nonsusceptive in order to
simplify the proof that the frequency dependence of kys is such as to make possible a reactive
component of input impedance of the expected sign in this transistor circuit.
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(¢) Show that, if R’ + R'">> R,, the y parameters of the circuit of Fig. P-13 are:

Yr = _Avlgm2 Yr = 0
Tp1

T'p1 + Rl

(d) By the use of the expression for (R, listed in Table II, show that when the
circuit of Fig. P-13 is used in a tee feedback circuit and Ry = By = 0, the value of
(Ry)T, is given by the following relation if g.1>> 1/rp1 and gma>> 1/rpe:

1

Yo = gme + 1/7p Yi = (gm1 + /) (P-22)

Rz' T ~ P-23
( )12 gmlrpl/(rpl + Rl) + gm2(1 - Av) ( )
(e) Show that, if the tubes are identical and R;>> r,, Eq. (P-23) reduces to:
1
Ry = (P-24)

gmll — uR"/(R" + R")]

(f) Assume reasonable values of the circuit parameters and determine the numerical
value of R; for several high-transconduetance tubes.

19.1-1. Using the expressions listed in Table IT and the transformations listed in
Table A-1, derive Eqs. (20A), (21A), (20B), and (21B).

19.2-1. (a) Express the h parameters of the circuit of Fig. 71d in terms of the h
parameters of the two transistors.

(b) If hsp = 40 ohms, hwp = 5 X 1074 hypy = —0.98, and hp = 4 X 1077 mho for
both transistors, show that Eqgs. (20) and (21) are satisfied if the two-stage amplifier
of Fig. 71d is used in the pi and tee feedback circuits of Fig. 65.

19.6-1. (a) By inspection of the circuit of Fig. 74d, determine whether the circuit
is voltage-stable or current-stable at the port across which Ry2 appears.

(b) By inspection, determine the general form of the current-voltage character-
istic to be expected at this port over a voltage range extending into both positive and
negative values.

24.2-1. Derive Eq. (30).

26.1-1. Figure P-14 shows a circuit that differs from a commonly used two-stage
voltage stabilizer only in the absence of a glow tube in the cathode lead of 7' to fur-
nish a reference biasing voltage.

Load
R
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(a) Show that the circuit of Fig. P-14 may be bistable.

(b) What types of amplifier circuits are used in the two stages (common-cathode,
common-grid, or common-plate)?

(¢) At which ports is the circuit voltage-stable, and at which ports is it current-
stable?

26.2-1. (a) With the aid of superposition, derive Eq. (35) by inspection of Fig. 93.

(b) Derive Eq. (36) by substituting the appropriate ¥ parameters into Eq. (32).

26.2-2. By substituting the common-cathode y parameters of Table III into
Eq. (34), derive Eq. (37).

27.1-1. (a) Show that the low-frequency voltage amplification of the circuit of
Fig. P-15 between the grid of T; and the grid of 7% is

A, = —gnBiR1/(R1 + R1o) (P-25)

in which
V/Ry = 1/rp, + 1/By 4 1/(R1 + E1) (P-26)
(b) Show that the y parameters of the circuit of Fig. P-15 are
yi=0 Yo = 1/1p
U = —gn’RiR1/(R1 + Ry) yr=20 (P-27)
Ay =0

(c) The amplifier of Fig. P-15 is used in the pi circuit of Fig. 65b to form the sym-
metrical Ececles-Jordan circuit of Fig. 96b. By the use of Eq. (32), show that the
circuit is bistable if

1 Ris 1 Rz 1
— gn?RiR —( ~—) S g (P28
gm By 1/(R1+R12)+Tp 1+R1 +R1+R1R2+R2 ( )

(d) Transform Eq. (P-28) into Eq. (38).

(e) With the aid of Eq. (P-25), show that the criterion of Eq. (P-28) is _equi\_ralent‘
to the requirement that the low-frequency open-circuit loop voltage amplification of
the circuit of Fig. 96b exceed unity. Is this conclusion verified by Fig. 104?
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27.1-2. (a) Show that, if Rih,.<< 1, the low-frequency current amplification A4;
between the base of T'; and the base of T in the circuit of Fig. P-16 is

Khye

4= T Ribe

~ Khy, (P-29)

F1c. P-16.

in which R; is the resistance of the series-parallel combination of Ri, Ry, B3, and the
input resistance of 7's, which may be assumed to approximate %..

Ro[R1R12 4+ hie(R1 + Ry9))

R = P-
d "7 hiBi + R + R2) + Ru(R2 + Ruo) (F-50)
an
K . R2 % Rl - R1R2
Ry 4+ Rz + Rihie/(Ry+ hie) " By 4 hie  hidR1 + Riz + Ra) + Ri(R2 + Ri2)
(P-31)

(b) Show that the A parameters of the amplifier circuit of Fig. P-16 have the fol-
lowing values:
h,‘ =~ hie hr = (

hf = —hfe2K h() = hoe (P'32)
Ah = hihge

(c¢) The amplifier of Fig. P-16 is used in the pi circuit of Fig. 65a to form the n-p-n
version of the symmetrical Eccles-Jordan circuit of Fig. 96b. By the use of Eq. (31),
show that the circuit is bistable if

~ Ky 14 Kho [ Ry + S0 (P-33)
i
(R1 + Rig)hie
7

hie(R1 4+ Ris + Ro) + Ry(R12 + Ro)
>
RiR»

(d) Show that K [Ru +
duces to

] = R; and that Eq. (P-33) therefore re-

hye (P-34)
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(e) With the aid of Eq. (P-29) show that the criterion of Eq. (P-34) is equivalent
to the requirement that the low-frequency current amplification of the circuit of Fig.
P-16 exceed unity when the output load resistance is h;. (This amplification might
be termed the “open-loop current amplification’” of the circuit of Fig. 96b.)

27.1-3. (a) By inspection of the circuit of Fig. P-17, show that if the resistances R,
in the Eccles-Jordan circuit of Fig. 93b are made infinite and the circuit is symmetrical,
the necessary collector biasing voltages being supplied by batteries in series with the

dv. | g

Fic. P-17.

collectors, the current Az is given by the following expression (note that the base-
emitter input resistance approximates h..):

i oY Av (1 S h,e) (P-35)
2 Ry + 2 _R1hie Ry~ hee
1 Rl + hz‘e

and that the input resistance R, is therefore given by the expression:

Ryl — hye) + hae ]
Rle(R1 + h.’e) + Rihie

1 1

7= 5 [t +

(P-36)

(b) A resistance 2R, is connected between the collectors to form the cireuit of Fig.
96b. Making use of the fact that the circuit is bistable if 2Ry > | R,|, show that the
criterion for bistability is

(1 + Rohoo)[R1o(Ry + hie) + Rihid]

h.
] hae il P37
hre > 14 5+ Riks (P-37)

(¢) Show that Eq. (P-37) reduces to Eq. (39) if Rohee <K 1.

27.1-4, Using the parameters of Eqs. (P-32) in the appropriate relations listed in
Table I, find the values of R; corresponding to the negative-slope portions of transistor
curves equivalent to the tube-circuit characteristics of Figs. 69a and 69c.

31.2-1. Derive Iigs. (40) to (45).

32.1-1. Are the following relations consistent?

1
Ie = hf_b (1 +J:f/fmb)1c (P'38)
and 10 1 di
(23
L — P-39
o= (it 2 (P-39)
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36.2-1. By listing the states of equilibrium of the various stages of the circuits of
Figs. 123 to 125 following each input pulse, show that the order in which the various
combinations are assumed is reversed if the triggering voltages for the second, third,
and fourth stages are obtained from the plate of the 1 tube of the preceding stages,
instead of the plate of the 0 tube.

37.1-1. (a) Show a block diagram of the Bagley circuit discussed in Sec. 37.1 and
explain its operation.

(b) Devise a practical decade circuit of this type.

37.6-1. Show a block diagram (similar to Fig. 123a) of a counting circuit that com-
pletes one cycle of stable states in twelve counts.

37.6-2. Show a block diagram of a circuit that completes one cycle of stable states
in six counts.

38.2-1. Show how count-indicator glow tubes may be connected in the circuit of
Fig. 125, each glow tube being connected to the collector circuit of only three transis-
tors. (Note that the voltages available in a transistor circuit would probably be
insufficient for reliable operation of the glow indicators.)

39.2-1. Assume that pentodes 7' to T4 of the circuit of Fig. 128 are conducting.
Assume a supply voltage and determine reasonable possible values of voltage at the
plates of the pentodes and at the junctions between the resistors connected in series
from each plate to the positive supply terminal. Show that the voltage impressed
upon the glow-tube branches is highest for the branch containing Gy.

40.2-1. Show that the order in which the tubes of the circuit of Fig. 131a conduct
can be reversed by changing the commutating-capacitor connections as explained in
Sec. 40.2.

45.2-1. (a) By reference to Eq. (69), show that, if z and y are defined as in Fig. 158,
the characteristic equation for the circuit of Fig. 157a may be written in the form

z+y zy + 1

p+ =0

4+

LC

(b) Show that the roots of the characteristic equation are complex, and the solution
of Eq. (69) therefore oscillatory, if (x — ¥ + 2)(x — y — 2) < 0, and that this in-
equality can be satisfied only if Eq. (70) holds.

45.2-2. With the aid of Eqs. (70) to (75) and Table VII, verify the general aspects
of Fig. 158.

46.3-1, By analyzing Egs. (71) and (76) in conjunction with Eqgs. (80) and (81),
construct a table analogous to Table VII for the current-stable cireuit of Fig. 157b.

46,1-1, Derive Eq. (84) by eliminating the time variable from the differential equa-
tions for the circuit of Fig. 157a.

47.1-1. (a) Show that, if L/(R 4+ R.,)R.C>> 1, Eq. (72) reduces to:

1

am = oo (P-40)
. R + Riv ] . . -‘
(b) By expanding (1 ~ ip.pc,) Inseries form, show that if L/(R + Ri)R:uC >
4, Eq. (77) reduces to: R+ R R+ R
fr g e =T e P41
WEe = R IC =T L (P-41)
o~ — BT R (P-42)

L
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1
a4+ o= — oo (P-43)

(¢) In a similar manner, show that if R'R..C/L>> 4,
1

o —w = — }-?75 (p-14)
@t~ — Ef (P-45)

where R’ = RR.;./(R + R,).
(d) Show that, if R’'R;.C/L>> 4 and R, is positive, A’ in Tiq. (76) is very small in
comparison with B’ and Eq. (76) therefore reduces to

I = BleRc 4, (P-46)

(e) Show that, if R;. is negative, Eq. (76) reduces to
= AleRitlL (P-47)

47.1-2. Under the assumption that the time constants in the various ranges are
known, show how the general forms of the curves of Fig. 162a may be derived from
Fig. 161a.

47.2-1. A current-voltage characteristic of the general form of Fig. 69¢ may be
assumed to be made up of a section through the origin with a slope corresponding to a
resistance of — 70,000 ohms, and two sections having slopes corresponding to a resist-
ance of 70,000 ohms and current-axis intercepts of 0.7 ma. The port at which the
characteristic is observed is shunted by a eapacitance of 0.01 uf and a resistance of
100 k2. Under the assumption that the internal inductance at the port is 1072 henry,
determine the approximate frequency of relaxation oscillation.

48.1-1. Using the information presented in the first paragraph of Sec. 48.1, analyze
Figs. 1653 and 165b in a manner analogous to that used in Sec. 47 to explain Figs.
161a and 161b.

48.1-2. Under the assumption that the time constants in the various ranges are
known, show how the general forms of the curves of Fig. 166 may be derived from
Fig. 165.

51.3-1. (a) Explain the change of slope in the negative half of the wave of grid
voltage vg) of Fig. 176b. (Note that the rate of change of vg; is dependent upon both
the rate of change of plate voltage of T, and the rate at which €1, discharges.)

(b) Why is this effect not apparent in Fig. 176a?

52.2-1. Assume that the negative grid supply voltage Vgg is used in the multi-
vibrator circuit of Fig. 175 and that transition from T’ to T has just been initiated.
During transition from 7’z to T, the grid voltage of T’y rises abruptly from cutoff to a
value which is usually positive, and then falls relatively rapidly to the value at which
grid current ceases. It then falls toward the negative value V¢ with a time constant
(R1 + Ry)Chs, where R) = 7,0Ry/(rp0 -+ Ry’). Make the following assumptions:

1. The load resistances R, and R.’ are so large relative to the grid resistance of the
conducting tube that the positive grid swing of the conducting tube is small. Under
this assumption the grid voltage of T at the termination of transition is zero, and the
drop in plate voltage kV pp is the difference between Vpp and the intersection of the
load line with the zero-grid-voltage plate characteristic.
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2. The grid resistance of the conducting tube while the grid is positive is so small
in comparison with R, that the time taken for the grid voltage of T to fall to zero is
a negligible portion of the cycle.

3. Grid-current cutoff occurs at zero grid-cathode voltage. (Actually, the cutoff
voltage is usually approximately — 15 to — 34 volt.)

Under these assumptions the grid voltage of T rises from the cutoff value — Vpp/u
to zero during transition from 73 to T and then falls exponentially toward Vge. The
varying component of this voltage following the termination of transition is
Vee(l — e t/®1+R"C1)  Immediately preceding transition, the grid voltage of Ts was
falling toward Vge and had a value somewhere between zero and the plate-current
cutoff value — Vpp/u, probably close to the latter. If it is assumed to have had the
value — Vpp/p at the initiation of transition, the value immediately following transi-
tion is —Vpp/u — kV pp, where kV pp is the magnitude of the change in plate voltage
of T, accompanying the rise of grid voltage of Ty from cutoff to zero.

If the cireuit is assumed to be linear, the grid voltage vge of T following transition

3
G R, l—> ’

ngGG(l —_ e—ll(R1+RL)Clz')
= rRe/(rm + Ra)
—Vep(k + 1/u) when t =0

Y

&
=

[

—1
=~

@

<=

Q

»

i

Fic. P-18.

from T, to Ty may be determined from the equivalent circuit of Fig. P-18, in which
R = Tlez/(Tpl + Ro).
(a) For a completely symmetrical circuit, show that

A.m

vG2/VPP=m_(k+1/ﬂ+m+m

) et (R1—R)Cra (P_48)

in which
= |Vee|/Ver
Ay = gul (voltage amplification of T\)

(b) Show that the rate of change of vgz when ¢t = 0 is given by the relation:

T | = e+ 1w+ ml = AR+ RO (P-49)
dt Ver
(c) Show that the maximum value of vg2 occurs when

mA, — 1) —k— 1/u
A,m

t=1tm=(B1 4+ RB)Cre (P-50)
and that the maximum value is

Max vge/Vep =m — (k+m+ 1/p + Am)/e (P-51)
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(d) Choose a suitable tube and circuit parameters and determine & and A4,. Plot
the curve of vge/Vpp for several negative values of m.

52.4-1. (Sequel to Prob. 52.1-1.) Except at very small values of |m], the time ¢,
required for the grid voltage of the nonconducting tube to rise from its approximate
maximum negative value — Vpp(k + 1/u) to the cutoff value 1/u is small in com-
parison with (Ry + R)Cha.

(a) Under the assumption that the variation of grid voltage during this interval is
sufficiently linear so that rate of change of voltage remains approximately constant
at its initial value, show that

k(R1 + R)Cye

b o U+ m(l = A (P-52)
and that the frequency of oscillation is given by the relation
1 1— A, (1 — A,
f%k-i- /w+m(l —A) k+ 1/u+ml— A) (P-53)

2k(R: + R)Cr2 2k Ry

(b) Justify the statement that the frequency stability of a multivibrator with nega-
tive grid-supply voltage against changes of line voltage is favored by deriving the
grid-supply voltage from the same source as the plate-supply voltage and making the
magnitude of the grid-supply voltage large.

(¢) Account for the difference between Eqgs. (91) and (P-53) form = 0. (Is the value
of vge assumed at the termination of transition from T to Ty valid when Ve = 0?)

(d) Is the difference between Lgs. (91) and (P-53) in agreement with the experi-
mental curve of Fig. 1817

(e) Give a physical explanation of the difference between the values of 9f/3Vge
predicted by Egs. (91) and (P-53).

63.1-1. Derive Eq. (89) by solving for ¢, and ¢, in Eq. (87).

63.3-1. (a) Show that the frequency of the asymmetrical multivibrator of Fig. 182a
is given by the approximate formula:

m -+ k

f= k = WR/Cy (F-54)

{b) The circuit of Fig. 182a is made symmetrical by making the circuit elements of

the two halves equal and adding another eathode follower, T's, and another diode, T',
in the grid eircuit of 7y. Show that the period of oscillation is

1 1 1
'J? = (k — WkiCre (m + m) (P-55)

where m = V/Vpp and m’ is a similar ratio for the control voltage applied to the
diode Ts.
(e) Show that, if m = m, + Am and m’ = m, — Am,

(P-56)

Ps (mo + k)2 — Am?
" 2(m, + k)(k — w)RiC1e

55.9-1. (a) Show, in block form, a circuit that will provide two periodic rect_angular
output voltages of the approximate form shown in Fig. P-19. The circuit is to be
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Lo T[]

v,
L [TV 1

e ety
Fic. P-19.

driven by a sinusoidal voltage of 10-volt crest value and adjustable frequency ranging
from 1000 cps to 5000 cps. The values of {1, ¢s, t5, V1, and V; are to be independently
adjustable and should not be affected by the driving frequency. (Change of any one
should not affect any other.) The values of #; and ¢ should be adjustable from 5 to
10usec, and {3 should be adjustable from 50 to 100 usec.

(b) Design the complete circuit, which is to be operated from a single high-voltage
power supply. Determine the proper values of the circuit resistances, capacitances,
and operating voltages. (If monostable circuits are used, determine the required time
constants with the aid of Fig. 179.)

(c) Inspect the complete circuit to make sure that all circuit elements have been
taken into account in determining differentiator time constants, that diodes are not
continuously forward-biased, that coupling capacitors and diodes do not cause unde-
sirable clamping, and that electrode dissipations are not excessive.

(d) If possible, build the circuit and test it.

§7.3-1. (a) Derive Eq. (94) by determining the time required to charge the capaci-
tor C of Fig. 201 from its approximate minimum voltage 2V min — Vmax to its maxi-
mum voltage Vmay through R,

(b) Derive Eq. (95) by finding the time required to charge a capacitor of capacitance
C from the voltage 2V min — Vmax to the voltage Viax if the charging current I is
constant.

69.3-2. (a) Justify the use of the equivalent circuit of Fig. P-20 in determining the

[»

R
,31+®I‘c’
o
VWA
o~

Fia. P-20.
initial response of tube T’ of the circuit of Fig. 213a to a voltage step AV applied to
the control grid.

(b) Show that the initial output is zero if R = ‘—]1— +

144

Ry.
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62.1-1. (a) Derive the characteristic equation for the circuit of Fig. 220 for the
portion of the transition period in which the grid conducts. Assume the grid resist-
ance 7, to be constant.

(b) By application of the quadratic formula and of the binomial expansion, derive
approximate expressions for the roots of the characteristic equation.

(¢) Use the relations M? = kLiL; and L, = N®L, in order to express the roots in
terms of Ly, &£, and N, rather than L, Ly, and M.

63.2-1. (a) Construct approximate equivalent circuits analogous to that of Fig, 223
for the common-base and common-collector blocking oscillators.

{b) Making use of the following relations, derive Eqgs. (107) and (108):

. hfbowab .
w=1+ _7‘__] iR
B |: P + Wab &

66.2-1. (a) An approximate equivalent circuit for the transistor circuit of Fig. 230
in the high-current state, if perfect coupling is assumed and Ri/N? + B: <K hy, is
shown in Fig. P-21. Using this circuit, derive an expression for the root of the char-
acteristic equation.

————
‘e
e

Hebole i /N

)
v r v r a 1
AEL A % T L’ E

| 1l
II L /
Ve Vo Vel Ideal transformer

Fig. P-21.

(b) Making use of the fact that the short-circuit input resistance A of the transistor
is 7o + (hsp + 1)7, show that the expression derived in (a) is equivalent to Eq. (126).

(¢) Under the assumption that the diode current decays linearly from the initial
value given by Eq. (127) and that transition to the low-current state begins when the
diode current is zero, derive Eq. (129).

66.2-2. (a) Show the common-emitter form of the circuit of Fig. 230.

(b) Construct an equivalent circuit analogous to that of Fig. 232 or Fig. P-21.

(¢) Derive the characteristic equation.

(d) What is the critical value of diode resistance at which transition to the cutoff
state begins?

66.2-3. Repeat Prob. 66.2-1 for the common-collector form of the circuit of Fig. 230.

66.3-1. The emitter current tg of a transistor in the common-base connection and
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with zero collector-circuit resistance is equal to vg/ha', where vg is the collector volt-
age and Ay’ is the value of hy at some value of emitter current between zero and <g.
To a first approximation, the collector current i¢ is equal to Assie.

(a) Find the approximate value of the collector current at point P’ of Fig. 231a.

{b) Find the approximate value of the collector current at point P in terms of Vee,
Veo!, and hip' under the assumption the ki is so much larger than Ry and Ry that
Ry = N?hs. (Assume that the path of operation below P has a constant slope of
magnitude 1/ks'.)

(¢) Show that the difference between the collector currents at P’ and at P is given
by Eq. (127). Derive Eq. (129).

67.3-1. (a) Plot the current-voltage characteristic of the circuit of Fig. 236a for
the following circuit values: Ry = 1000 ohms, R, = 25,000 ohms, V; = 5 volts, and
Vo = 25 volts.

(b) Determine the effect upon the characteristic of reversing the polarity of ¥, and
V2, individually and simultaneously.

67.3-2. (a) Plot the current-voltage characteristic of two parallel circuits of the
form of Fig. 237a. The breakdown voltage of one diode is 10 volts and the series resist~
ance is 10,000 ohms. The breakdown voltage of the other diode is 20 volts and the
series resistance is 20,000 ohms. The diodes are biased so that the characteristic of
each branch is symmetrieal with respect to the origin.

67.6-1. Design a resistance-diode network that will provide the current-voltage
characteristic shown in Fig. P-22,
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F16. P-22.

67.5-2. Design a resistance-diode network that will provide the current-voltage
characteristic shown in Fig. P-23.

67.6-3. A parabolic current-voltage characteristic passes through the origin and
through the point 10 volts, 1 ma.

(a) Approximate this characteristic by means of two linear segments, adjusting the
lengths and positions of the segments visually to minimize error at voltages ranging
from zero to 20,

(b) Design a resistance-diode network that will provide the linear approximation.

(c) Determine the maximum current error.
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Mifliamperes
N (Y] R ©

0 2 4 6 8 10 12 ¥4 6 I8 20
Volts

Fic. P-23.

67.6-4. (a) Repeat Prob. 67.5-3, using a three-segment approximation.

(b) Repeat Prob. 67.5-3, using a four-segment approximation.

67.5-6. Design a resistance-diode network that will provide a three-segment approx-
imation of the plate characteristic curve of a 6F6 pentode at zero grid voltage.

67.6-6. Show how two breakdown-diode circuits in parallel may be used with a
symmetrical Eccles-Jordan circuit to obtain a eircuit with three stable states.

68.1-1. (a) Determine the time required for the output voltage of the cireuit of
Fig. 245 to increase from 0.1 to 0.9 of its final value when the input voltage is a step.

(b) Determine the frequency f. at which the amplitude of the output voltage has
fallen to 0.707 of its midband value if the input voltage is sinusoidal.

(c) Show that the product of the rise time ¢, found in (a) and the upper cutoff fre-
quency f. found in (b) is 0.35.

(d) Using values of £, and f, found from Figs. 247 and 248, determine the values of
t.f. for @ = 0.585, 0.662, 0.71, and 1,

68.2-1. (a) Show that the roots of the characteristic equation for the circuit of
Fig. 246b are

- __[1i\/TTT2 (P-57)
‘here f' = 1/20RC dQ—l\/E
where f' = TRC an =zVNo
(b) Show that, when @ > 0.5,

Vo —xfit1Q? 1- 2Q2 . ng ’ 1l"\/4Q ,
RV LTt e [\/4432—1S Q- f o ft]

(P-58)

in which V is the amplitude of a step voltage impressed upon the circuit, and v, is the

instantaneous output voltage.
(¢) Show that, when @ = 0.5,
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?,

- T];V =1 — "'t — 2pflte 7! (P-59)

(d) Show that, when @ < 0.5,

) 2 — 40° — 2 _ 1102 —
_ - =1— 0+ \/1—4Q ! P! 4 2 \/1__48 ! et (P-60)

g RV 24/1 — 4@? 24/1 — 402
where p; = —(1 + \/T:_Q—? Yrf'/Q% and pe = —(1 — VA Y f'/ Q2.

68.2-2. (a) Using the high-frequency equivalent circuit shown in Fig. 246b, show.
that the high-frequency voltage amplification of the resistance-coupled amplifier stage
of Fig. 246a is

1+ jQ°F
Ay = gmB ——
I T QW + jF

where @ = é\/-g and F = 2zxRCf.

(P-61)

(b) Show that the ratio of the magnitude of the voltage amplification at high fre-
quencies to the magnitude of the voltage amplification at zero frequency (actually the
midband amplification when the coupling capacitor €’ is used) is

_ 1+ QiF4 S a
- \/Q‘F“ T - i A (r-62)

‘ A
Ao
(c) Show that the phase shift of the output voltage relative to the input voltage is

8 = tan~' [(Q® — )F — Q'FY (P-63)

and that the delay time is given by the relation

Fla = s tan =t (@ — DF — QF (P-64)
2rF
where f' = 1/2xRC.

73.2-1. A three-point analysis indicates that, if the voltage of a nonlinear two-
terminal resistance is varied sinusoidally about an operating value, the magnitude of
the fundamental component of current through the resistance is to a first approxima-
tion equal t0 Y5(Imax — I'min), Where ey and Ini, are the instantaneous currents
corresponding to the positive and negative crests of voltage. A five-point analysis
shows that a closer approximation to the magnitude of the fundamental component
of current is 24(/max + I1s — I35 — Imin), where Ii; is the current at the instant
the alternating voltage is half its positive crest value and 7_;; is the current at the
instant the alternating voltage is half its negative crest value.

(a) Using the three-point approximation, construct a curve of |G| vs. voltage ampli-
tude at an operating voltage of 12 volts if the nonlinear resistance has a current-
voltage characteristic corresponding to the values listed below.

(b) Repeat, using the five-point approximation.
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VALUES For Pron. 73.2-1

Volts Milliamperes Volts Milliamperes
0 0 12 5.2
2 2.7 14 3.25
4 6.5 16 2.0
6 11.2 18 1.4
6.6 12,0 20 1.1
7 12.2 21 1.0
7.4 11.9 22 1.2
8 11.3 24 2.0
10 8 26 4.0

73.3-1. (a) By reference to Fig. 158, show that the circuit of Fig. 157a is nonoscilla-
tory if the value of R exceeds the magnitude of the negative resistance.

(b) By reference to Fig. 159, show that the circuit of Fig. 157b is nonoscillatory if
the value of R is less than the magnitude of the negative resistance.

73.3-2. (a) Show that, if a series resonant circuit is connected across a voltage-
stable negative-resistance element having a very small value of internal shunt capaci-
tance C;, the circuit approximates that of Fig. 251b with R, replaced by R;,.

(b) By reference to Fig. 159, show that sustained sinusoidal oscillation is possible
in this circuit only if B > |R,|.

(c) Is this requirement consistent with the requirement that the load line intersect
the voltage-stable current-voltage characteristic only in the negative-resistance range?

(d) With the aid of Figs. 251a and 158, repeat (a), (b), and (c¢) for a parallel resonant
circuit connected across a current-stable element.

73.6-1. Show that the damping factor a and the angular frequency of oscilla-
tion w for the circuits of Figs. 251a and 253a are identical if G, = RC/L and L, =
LRiv/(Riv + R)-

74.4-1. Figure P-24b shows a family of current-voltage characteristies for the cir-
cuit of Fig. P-24a with several values of grid bias. The curves were derived dynam-
ically at a frequency high in comparison with 1/R,C1s.

(a) Using the chord-slope approximation for the negative conductance G, plot
curves of |G| vs. alternating-voltage amplitude at the various values of grid bias.

(b) If L/rC = 5000 ohms, determine the amplitude of oscillation of a parallel
resonant circuit connected between the plates, when the grid bias is zero.

(¢) Determine the curve of |G;| vs. v if the voltage across the resonator is rectified
and the rectified voltage is added to the bias in such a manner that the negative grid
bias is equal to the amplitude of the voltage across the resonator at all amplitudes of
oscillation. From this curve, find the amplitude of oscillation if L/rC = 5000 ohms.

(d) Compare the rate of change of amplitude with r with and without the auto-
matic bias,

74.6-1. Equation (137) may be conveniently written in the form

R Riv b
7= () (P-65)
By differentiating Eq. (P-65) with respeet to R;, and eliminating f, from the result by
means of Eq. (P-65), show that

df R ARy R dR;

7 2R +R.) Rw. 2R, Ra

(P-66)
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756.2-1. By differentiating Eq. (131) with respect to time and making use of

Eq. (132), show that the instantaneous amplitude of oscillation is proportional to
RC/L — 1/|Ry|= G, — G4,

Vop ] V=0 5
o | INY S
0V \ §) 4
—iav. NN
PZ PZ 1 ,2.0\" \\ _§ 2
L25v. | | X )
— ] 04 08 12 16 20 24 28 32
szi T Ce 224 20 16 (2 08 a7 Vlfs | | ,ev.
— - : N 0.0,
p 7/_ 72- R -2 -18Y
! e ! 3 R e
. N ose
T 4 s
- G=
Vie S -
(Q) (b)
Fic. P-24.

76.4-1. (a) Show that the effective shunt conductance of the L, R, C' portion of
the circuit of Fig. 251a is

R
G, = R_‘Z‘*'—w% (P-67)
(b) Show that the susceptance is
wL .
Be = C — T (P-68)
(e) Show that the resonance frequency, at which B, is zero, is
w, = V1/LC — R/L? (P-69)
and that the shunt conductance at resonance is
G., = RC/L (P-70)
(d) Show that, if 1/LC>> RY/L? i, if Q> 1,
Ger
Gc - EGcr + “02/(*’r‘2 (P-71)
B~ 9\ [C_ _(l)VI/C (P-72)

w, YL R?+ (0¥w,2)L/C

(e) Show that, if also w?/w,®>> RG.,, ie., if w¥/w,2> RC/L, Egs. (P-71) and
(P-72) reduce to:

G. ﬁ% ~ (f?) (1-73)
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76.4-2. In the circuit of Fig. 251a, L = 8 mh, ¢ = 1 uf, and B = 20 ohms. The
values of G; and B; at several amplitudes of voltage across the negative-resistance
element are given in the following table:

Amplitude in volts  G; in millimhos B, in millimhos

0 —-3.0 1.0
1 —-2.8 0.78
2.5 —2.6 0.60
5 —-24 0.45
10 —22 0.35
15 —-20 0.25

(a) With the aid of Eqs. (P-69), (P-70), (P-73), and (P-74), construct the admittance
diagram, indicating the scale of frequency on the — Y, curve and the scale of ampli-
tude on the Y; curve.

(b) Repeat (a) if B; is zero at all amplitudes.

(¢) Repeat (a) for R = 40 ohms.

76.4-3. The admittance diagram for a reflex-klystron oscillator, with the load
coupled to the resonator through an unmatched transmission line, is shown in Fig.
P-25.' Decrease of direct operating voltage of one of the electrodes causes the — Y

Decrease
operating
voltage §
3
3
S
Conductance
\\\ / [, [ncf eﬂgé
o of N Y amplitude
Y. at zero —~ —
L;mp//'fude \zwz;/;jgz
Frg. P-25.

curve to be rotated clockwise, as shown by the dotted curve. Discuss the way in
which the amplitude and frequency of oscillation would be expected to change with
the electrode operating voltage as the electrode voltage is first gradually raised and
then gradually lowered over the indicated range.

75.5-1. By a procedure analogous to that used in the derivation of Egs. (138), (143),
and (144), show that equilibrium amplitude and frequency of oscillation are obtained
in the series circuit of Fig. 253b when R; = —R.and X; = —X..

tH. J. Reich, J. G. Skalnik, P. F. Ordung, and H. L. Krauss, Microwave Principles,
See. 10-32, D. Van Nostrand Co., Inc., Princeton, N. J., 1957.
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76.1-1. Devise parallel-resonator oscillators based upon the negative-resistance
circuits of Figs. 68, 70, 73, 74, and 75.

76.1-2. Devise series-resonator oscillators based upon the negative-resistance cir-
cuits of Figs. 68, 70, 73, 74, and 75.

77.2-1. (a) Show that the input admittance of the circuit of Fig. 267a is given by
the following expression when the grid current is negligible:

y. = BPCHA 4 p) + R0 4 1 4 joC' (R’ + 1)
T r(R"%*C" + 1)

(P-75)

(b) Show that, if g,R'>> 1, the effective input capacitance is maximum when
wR’C’ = 1, that the maximum capacitance is equal to g.»/2w, and that the correspond-
ing input conductance is ¢../2.

78.3-1. Show that the impedance Z; defined by Eq. (151) is the open-circuit forward
transfer admittance of the network of Fig. 269a.

80.2-1. The following circuit and transistor values apply to a tuned-output oscil-
lator:

r=1018Q hie = 2000 2
L=1L=10"%h hee = 16 X 10~
C =10%f hye = 50

M? = 10-7 2 hoe = 5 X 1075 mho

(a) With the aid of Tables A-I and A-II, determine the values of the transistor y
parameters in the common-emitter, common-base, and common-cathode connections.

(b) Find the frequency of oscillation of the oscillator in the common-emitter, com-
mon-base, and common-collector connections.

(¢) Compare the departure of the oscillation frequency from the resonance fre-
quency of the feedback network, and the dependence of this departure upon the
transistor parameters, in the three connections.

81.2-1. By the general method used in Sec. 45 in the derivation of Figs. 158 and
159, construct a similar diagram for the tuned-plate oscillator, starting with Egs.
(157) to (159). ‘

82.4-1. By substituting the common-grid y parameters (Table ITI) into Eqs. (171A)
and (172A) and solving the resulting equations for f and g.., determine the frequency
lOf oscillation and the criterion for oscillation of the common-grid tuned-output oscil-
ator.

82.4-2. (a) By substituting the common-collector 4 parameters into Eqs. (176) and
(177), derive the expressions for the frequency of oscillation and the criterion for oseil-
lation of the common-collector tuned-output oscillator.

(b) By means of the identities listed in Table A-I, write the expressions of part (a)
in terms of the common-emitter 2 parameters.

82.6-1. (a) By using in Eq. (149) the appropriate 2 parameters listed in Table IX,
derive the expressions for the frequency of oscillation and the criterion for oscillation
of the tuned-input oscillator.

(b) By using the appropriate tube y parameters listed in Table III, convert the
expressions of (a) into the proper forms for a tuned-grid oscillator.

(c) Use Tables A-I and A-II to convert the expressions of (a) into the proper forms
for the tuned-base oscillator, in terms of the common-emitter & parameters,

82.5-2. Repeat Prob. 82.5-1 for the tube and transistor Colpitts oscillators.

82.5-3. Repeat Prob. 82.5-1 for the tube and transistor Hartley oscillators.
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83.2-1, Show that the dynamic (large-signal) value of ¢, may be approximated by
the slope of the chord joining the limits of the path of operation on the characteristic
relating plate current with grid voltage.

88.1-1. Derive Egs. (202) and (203) by substituting 1/jwC and R for z; and 2, re-
spectively, in Eqs. (200) and (201) and solving the real and imaginary parts of the
resulting equation,

88.1-2. Derive Eqs. (204) and (205) by substituting B and 1/jwC for z; and 2z,
respectively, in Eqs. (200) and (201) and solving the real and imaginary parts of the
resulting equation.

88.2-1. A phase-shift oscillator consists of a closed chain of three stages of the form
of Fig. P-26. Under steady-state conditions of oscillation the output voltage of each

C
R 3R

T

F1a. P-26.

stage must lead the input voltage of that stage by 120 degrees and the magnitude of
the output voltage must be equal to the magnitude of the input voltage. (a) By mak-
ing use of these relations, show that the frequency of oscillation and the criterion for
oscillation are given by Egs. (209) and (210).

(b) Show that the factor 0.092 in Eq. (209) must be replaced by 0.276 if the posi-
tions of C and R are interchanged in Fig. P-26.

88.2-2. (a) Derive Egs. (211) and (212).

(b) Show that the factor 0.092 in Eq. (211) must be replaced by 0.276 if the posi-
tions of the capacitances C and the resistances R are interchanged in the circuit of
Fig. 301.

88.7-1. Derive the voltage transfer function of the cireuit of Fig. 305.

88.8-1. Derive Egs. (213) to (215).



ADDENDUM

Maximum Oscillation Frequency of Negative-Resistance Oscillators

The equivalent circuit of Fig. 251a, in which C is assumed to be the sum
of the external tuning capacitance C, and the internal capacitance C; of the
voltage-stable negative-resistance element, neglects the series inductance L,
in the leads of the element. With most negative-resistance devices or circuits
this is permissible because, as the frequency of oscillation is increased, oscil-
lation ceases (the operating point in the diagram of Fig. 158 moves out of
the region of growing sinusoidal oscillation) before the inductance and ca-
pacitance of the external resonator have been reduced to values such that
the lead inductance has an appreciable effect upon the frequency of oscil-
lation. This is true either if C;/L, is large or if the magnitude of the dynamic
value of R;, decreases with increase of frequency at high frequency as the
result, for example, of reduction of amplification or positive feedback within
the negative-resistance element (Probs. 17.2-1 to 17.2-4). The circuit of
Fig. 251a also neglects series lead resistance E,, which is small in comparison
with R and |R;| in most negative-resistance oscillators.

With some voltage-stable negative-resistance devices, notably the tunnel
diode, the ratio of C; to L, is relatively small, and the dynamic negative
resistance is independent of frequency to a very high frequency. With such
a device oscillation may take place even if the external circuit is reduced to
a short circuit across the terminals. The oscillation frequency is then the
self-resonance frequency of the device, which may be of the order of 1 to 2
kMe in tunnel diodes that are on the market in 1961. The equivalent circuit
of a short-circuited tunnel diode is shown in Fig. A-2a. If the frequency of
oscillation is reduced somewhat below the self-resonance frequency by the
use of a high-frequency external resonator in place of the short circuit, the
complete equivalent circuit is that of Fig. A-2b. As the frequency is lowered
by increasing C, and L, (and E,), the effect of L, and K, upon the frequency
of oscillation decreases and the circuit approaches that of Fig. 251a.

The frequency of oscillation can be raised considerably above the self-
resonance frequency by offsetting a portion of the inductive reactance of L,
by a eapacitive reactance across the terminals, in place of the short cireuit.?

1 F, Sterzer and D. E. Nelson, Proc. [.R.E., 49, 744 (April, 1961). In this paper Sterzer
and Nelson have also taken into consideration the voltage-dependence of C; in tunnel
diodes.
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Ry C,"_IL
(a)

(b)

SR —[ICL'LS Rscc% A3 SR '-][:Ci -
| ——

(c) fd)
Fic. A-2.

To insure that the load line in the current-voltage diagram intersects the
voltage-stable characteristic only in the negative-resistance range, the ex-
ternal capacitor must be shunted by a resistance smaller than the magnitude
of R;;. The resulting circuit is that of Fig. A-2¢. This circuit may at first
glance appear to incorporate a series resonator and thus to violate the rule,
established in See. 73.3, that a parallel resonator must be used in a negative-
resistance oscillator based upon a voltage-stable negative-resistance element.
However, since R, is small and the function of C, is to reduce the effective
induetive reactance of Ly, the circuit of Fig. A-2¢ is equivalent, at the oscil-
lation frequency, to the circuit of Fig. A-2d, in which L <L, and R > R,.
The form of this circuit is identical with that of the parallel-resonator eireuit
of Fig. 251a.

The upper frequency of oscillation of the cireuit of Fig. A-2¢ is determined
by the extent to which the inductive reactance of L, can be offset by the
capacitive reactance of the parallel combination of B, and C, without mak-
ing the effective shunt resistance of the combination of C;, L,, R,, C., and
R, less than |Ry.



LETTER SYMBOLS

Standard letter symbols for transistor parameters, currents, and voltages
are used throughout this book.* For the sake of consistency, standard tube
letter symbols have been modified to agree with transistor symbols. Thus
the symbols v and V are used in place of e and E for tube electrode voltages,
and the same system is used for tubes as for transistors to distinguish be-
tween the various components of currents or voltages by means of lower-case,
capital, and subscript symbols.? The tube subsecripts 4, ¢, 5, p, x, and x cor-
respond to the transistor subseripts 4, g, ¢, ¢, ¢, and g, respectively.

The symbol R; is used to represent the input resistance of a circuit or
device capable of producing negative resistance. Where necessary, paren-
theses with subscripts and superscripts are used to indicate whether the
negative resistance is that of a pi1 feedback circuit or of a tee feedback cir-
cuit, and to indicate the port at which the resistance is observed (page 75).
In some derivations it is convenient to employ subscripts , and , to show
whether the port at which the negative resistance E; is observed is current-
stable or voltage-stable (pages 198 and 201).

The subseript ; or » following the symbol for a resistance, conduetance, or
capacitance indicates that the circuit element in question is used in the input
circuit or output circuit, respectively, of an amplifier (Fig. 65). The sub-
seript 10 indicates that the circuit element serves to provide feedback from
the output cireuit to the input circuit (Fig. 65) or that it couples the output
of one amplifier stage to the input of another (Figs. 68 and 96).

The following index, which lists the first page on which special symbols are
defined or used, does not include many symbols that appear on only one or
two pages.

1IRE Standards on Letter Symbols for Semiconductor Devices (56 IRE 28. 81), Proc.

IL.RE., 14,934 (July, 1956). Reprints of this Standard may be purchased while available
from the Institute of Radio Engineers, 1 East 79 Street, New York 21, N. Y.
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4,16 N, 279

A, 71 (R)T, (R)T, (Ri) L, 75
4,70 (R)7, (B, (B[, 75
B., 330 74, 295

Bi, 330 Riw 201

C, 198 R, 136

C,, 177 Rux, 256

C., 13 R.., 255

C,, 14 Ri, 198

fan, 137 R, 14

G., 322 t,, 228

Gi, 323 I‘Tmnx; 256

hy, hiy hoy by, 420 V sminy 256

Fsv, 137 v, 102

hib,a 296 Yz Yi, Yo, Yry 4201 343
1,199, 203 Y., 330

k, 227, 286, 384 Y, 330

K, 272 21y &y Zoy &yy 343
1,198 Z, 345

Ly, 77 «, 198, 202, 318

L, 278 o, 108, 202, 318, 319
Le, 278 o', 199, 203

M, 278 wap, 138

m, 227
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SUBJECT INDEX

Adding circuits, 1-3
Adding circuits, stabilized amplifier for,
21-24
Admittance diagrams
feedback-oscillator, 346-348
negative-resistance-oscillator, 329-335
use of, 333-335
Amplifiers
pulse, 306-314 (for detailed index, see
Pulse amplifiers)
stabilized d-¢, 21-34
Amplitude comparators (see Clippers)
Amplitude diagrams for oscillators, 323-
328, 361-365
Amplitude hysteresis, 325
Amplitude limitation (see Oscillators)
Amplitude stability (see Oscillators)
Amplitude stabilization (see Oscillators)
And circuits, 66-68
Anticoincidence circuits, 68-69
Are tubes (see Thyratron)
Agstable circuits, 197-240, 255-260 (see
also Blocking oscillator)
analysis of, 197-212, 255-260
choice of supply voltage and circuit
values, 213-214
comparison of current-stable and volt-
age-stable cireuits, 210, 214
control of frequency of, 234-240
conversion of bistable eireuits into, 213
effect of change of C/L ratio, 208, 212
frequency division by, 236-240
frequency of oscillation of, 216, 257~
260
general observations concerning, 212
practical circuits, 215-220, 261-263
(see also Multivibrator)
sawtooth-voltage, 255-263
synchronization of, 236-240
synthesis of from negative-resistance
circuits, 212-213
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Astable circuits (continued)
typical operating paths (limit cycles)
for, 206-209
use of in frequency transformation,
236-240
useful properties of, 210
waveforms of currents and voltages in,
209, 211, 256-259
Avalanche transistor, 86

Beam-deflection tube, 55-58
Bistability, criteria for, 104-105, 111-112,
116
Bistable eircuits, 100-154
analysis of, 104-112, 127145
criteria for bistability of, 104-105, 111~
112, 116
diode, 113-114
Eccles-Jordan, 116-154 (for detailed
index, see Eecles-Jordan bistable eir-
cuits)
graphical explanation of bistability,
100-101
limitation of power dissipation in, 115
p-n-p-n-diode and transistor, 113-114,
117-119
speed of transition between states, 106—-
107, 130, 131-139
stability of equilibrium points, 101-
105, 140-145
synthesis of, 111
transition between states,
127-139
triggering of, 107-111, 121-127
use of in counting circuits (see Count-
ing circuits)
use of to control amplifiers, 153-155
Blocking oscillators, 274-297
analysis of transistor eircuits, 281-297
analysis of vacuum-tube circuits, 277-
280
circuits, 274-275, 280, 293
length of output pulse, 275, 292, 296

105-107,
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Blocking oscillators (continued)
modes of operation, 275-276
nonsaturating-transistor, 293-297
principle of operation, 274
transformers for, 276

Breakdown voltage, 27-28, 98, 99

Bridged-tee oscillator, 381-382

Clamping circuits, 4044
Clapp-Gouriet oscillator, 368-369, 373-
374
Clippers, 32-40
applications of, 34
cathode-coupled, 37-40
diode, 32-35
pentode, 36
transistor, 37
triode, 36
Coincidence circuits, 66—68
Colpitts oscillator, 349, 351, 360
Commutation of bistable circuits, 122-
127
Counting eireuits and devices, 155-197
binary circuits, 155-157, 173
commutation in, 122-127
counting eircuits for any number sys-
tem, 163
count indicators for counting cireuits,
163-166
decade circuits based upon binary cir-
cuit, 1568-162
decade ring counting cireuits, 166-170,
175
glow-diode counting circuits, 170-173
multiple-cathode glow counting tubes,
177-183
multistable magnetron counting tube,
183-192
semiconductor-diode counting cireuits,
173
ternery circuit, 157
thyratron and p-n-p-n-transistor cir-
cuits, 176
Critical grid voltage, 94
Crystal-controlled oscillators, 413415

Difference-circuit oscillators, 406-
411
Differential amplifiers, 5-11
balanced, 5-7

current output of, 7

Differential amplifiers (continued)
single-sided, 811
Differentiating circuits, 11-18, 21-24
basic resistance-capacitance, 11-15
choice of driving source, 15
effect of source resistance and output
capacitance, 13
inductance-capacitance, 18
resistance-capacitance with amplifier,
16~18
response to linearly varying voltage,
12
stabilized amplifier for, 21-24
Diodes
are-tube, 98
breakdown, 25, 27
capacitor, 29
characteristics of, 24-32
effect of temperature upon, 24-27
Esaki, 96-97, 450
glow-tube, 97-08
negative-resistance, 93-97, 339-340
p-n-p-n, 93-96
resistance of, 25, 27
transient response of, 29-32
use of in clippers, 32-35
use of in coupling, 139, 293-296
use of in nonlinear-circuit simulators,
207-304
uze of in oscillators, 217, 339-340
Distributed amplifiers, 311-313

Eccles-Jordan bistable circuits, 116~

154

analysis of as an amplifier, 127-131

analysis of traunsistor circuit during
transition, 136-139

analysis of vacuum-tube circuit during
transition, 131-136

basic tube circuit, 116-117

bistability criterion for, 116

cathode-coupled circuit, 121

commutation of, 122-127

function of coupling capacitors in, 118

settling speed, 134-136

speed of transition between states,
130-139

static stability of transistor eircuit,
142-145

static stability of tube circuit, 140-142
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Eccles-Jordan bistable circuits (contin-
ued)
transistor circuit, 117-119
triggering of, 121-122, 129
use of breakdown diodes for coupling
in, 119
use of diodes to aid in commutation of,
124-126
use of diodes to reduce carrier-storage
effects in, 139
use of in counting circuits, 155-162,
166-168
use of to control amplifiers, 1563-155
variants of the basic tube circuit, 119-
121
Electronic switches, 47-65
beam-deflection tube, 55-58
cathode-follower, 52
desirable features of, 47
diode, 47-51
effect of load upon, 51
gated-beam tube, 54
pentode, 53
power dissipation in, 62
secondary-emission beam tube, 56-58
transient effects in, 64
transistor, 58-65
triode, 51-53
use of as choppers, 65
Electronic tuning of oscillators, 341-342
Esaki diode
theory and characteristics of, 96-97
sine~wave oscillator, 340, 450
Extinction voltage, 98, 99

Feedback oscillators (see Oscillators,
feedback)
Frequency hysteresis, 331-333
Frequency modulation of oscillators, 340—
342, 377, 401-406, 408411
Frequency of oscillation (see Oscillators)
Frequency stability and stabilization (see
Oscillators)
Function generators
diode, 297-304
photoformer (cathode-ray-tube), 304—
306
Gain controls for pulse amplifiers,
313-314
Gated-beam tube, 54

Gates (see Electronie switches)
Glow tubes
current-voltage characteristic of, 97-98
multiple-cathode counting, 176-183
use of as bistable counters, 173-175
use of as counting indicators, 163-166,
170-173
use of in sawtooth-voltage generation,
261

Hartley oscillator, 349, 351, 360
h parameters
at high frequency, 137
definition of, 420
relations between in common-emitter,
common-base, and common-collector
connections, 421
relation to y parameters, 421
Hysteresis, amplitude and frequency,
325, 331-333

Integrating circuits
bootstrap, 20
Miller, 20
resistance-capacitance, 18
resistance-capacitance with feedback
amplifier, 19
stabilized amplifier for, 21-24
use of in timing, 251-254, 265, 269

Magnetostriction oscillator, 415-416
Magnetron, multistable, 183-192
current-voltage characteristics of, 184
189, 190
prineiple of operation, 183-185
structure of decade counting tube, 185—
189
switching mechanism of, 189-192
Meacham oscillator, 379-381
Microwave oscillators, 332, 348, 418-419
Miller integrator
circuit, 20
use of in pulse generation, 251-255
use of in sawtooth-wave generation,
265-269
Modulation of oscillators, 340-342, 377,
391, 401-406, 408-410
Monostable circuits, 240-263 (see also
Blocking oscillator)
analysis of, 242-250
applications of, 47, 251
choice of circuit parameters, 241, 260
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Monostable circuits (continued)
conversion of astable circuits into, 242
form of output pulse, 243, 245-247
length of output pulse, 241, 243-244
path of operation (limit cycle), 241-

242
sawtooth-pulse generator, 260
stability of pulse length, 244
theory of operation, 240-242, 248-249
transistor, 248-251
triggering of, 240-242, 244-245, 249
vacuum-tube, 242-247
Multistable circuits (see also Bistable eir-
cuits)
modified Eccles-Jordan, 145-147
multiple-tube Eccles-Jordan, 151-153
using nonlinear load resistance, 148
151
Multistable electrostatic-deflection tube,
192-196
Multistable glow tube, 176-182
Multistable magnetron, 183-192 (for de-
tailed index, see Magnetron, multi-
stable)

Multivibrator, 220-236
basic circuit, 220-221
derivation of period of oscillation, 227~

228
frequency of oscillation, 232-236
frequency stability against changes of
supply voltage, 229-231
frequency stability against noise, 231
frequency stabilization of, 227-231
limits of oscillation frequency, 233
one-shot (see Monostable circuits)
synchronization of, 236-240
variants of basic circuit, 225~227
voltage tuning of, 234-236
waveforms of voltages and currents in,
223-225

Negative resistance, 69-99, 320-321
basic circuits for producing, 75-77
criteria for voltage-stable and current-

stable circuits, 73-75
criterion for in diode circuits, 93
criterion for in transistor circuits, 85
criterion for in tube cireuits, 77
current-stable (open-circuit-stable)
(see Negative resistance, current-
stable)

Negative resistance (continued)

definition of, 69

formulas for in pi and tee circuits, 76—
78

graphical determination of, 320-321

principle of production of, 70-72, 75~
77

voltage-stable (see Negative resistance,
voltage-stable)

Negative-resistance eircuits and devices,

70-99 (see also Astable circuits,
Bistable circuits, Monostable ecir-
cuits, and Oscillators)

analysis of L-R-C circuits containing
a negative-resistance element, 198-
212, 255-260

arc-tube (thyratron), 98-99

astable circuits (see Astable circuits)

basic pi and tee circuits, 76~77

bistable cireuits (see Bistable ecircuits)

criteria for voltage-stable and current-
stable circuits, 73-75

definition of negative resistance, 69

effect of reactive elements in, 77-79

Esaki (tunnel) diode, 96--97

generalized equivalent circuit for ecir-
cuits containing a negative-resistance
element, 197-198

glow-tube, 97-98

illustrative examples of eurrent-stable
and voltage-stable, 70-72

magnetron, 183-185, 189-190

monostable ecircuits (see Monostable
circuits)

multistable eircuits (see Multistable
circuits)

pentode, 79

p-n-p-n-diode, 93-96

sine-wave oscillators (see Sine-wave
oscillators, negative-resistance)

some characteristics of, 72-73

transistor, 85-93

two-tube, 81-85

Negative resistance, current-stable, 201

analysis of L-R-C eircuits containing,
197-198, 201-210, 212-214

astable circuits based upon, 203-210,
213-240, 255-263 (see also Astable
cireuits)
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Negative resistance, current-stable (con-
tinued)

bistable circuits based upon, 100, 103-
104, 111, 113-114 (see also Bistable
cireuits)

characteristics of, 72

cireuits, 71-72, 75-77, 79-95, 97-99

criteria for, 73-75, 77, 85, 93

definition of, 72

monostable circuits based upon, 240-
250, 252-255, 260 (see also Mono-
stable circuits)

sine-wave oscillators based upon, 316-
322, 334-336, 337 (see also Oscil-
lators, negative-resistance)

Negative resistance, voltage-stable, 198

analysis of L-R-C circuits containing,
197-201, 203-206, 210-214

astable cireuits based upon, 202-215
(see also Astable circuits)

bistable circuits based upon, 100-103,
111, 116-144 (see also Bistable cir-
cuits)

characteristics of, 72

cireuits, 70-71, 76-77, 79-91, 96-97

criteria for, 73-75, 77, 85

definition of, 71

sine-wave oscillators based upon, 316—
336, 339, 413-414, 450 (see also Os-
cillators, negative-resistance)

Nonlinear-cireuit simulators, 297-306

diode, 297-304 [306

photoformer (cathode-ray-tube), 304—

svnthesis of, 302-303

Not circuit, 49, 68

Null-network oscillators (see Oscillators,

nuli-network feedback) Or circuits,

66

Oscillators (see the next five items and
Astable circuits, Sawtooth-current
generators, and Sawtooth-voltage
generators)
Oscillators, blocking (see Blocking oscil-
lators)
Oscillators, feedback (two-port), 342415
admittance diagrams for, 346-348
amplitude diagrams for, 361-365
amplitude hysteresis in, 363-365
amplitude limitation in, 361-370, 378-
381, 383

Oscillators,

Oscillators, feedback (two-port) (contin-

ued)

amplitude stabilization of, 361-370,
378-379

analysis of generalized circuit, 342-346

augmented feedback network of, 344-
345

bridge (see Oscillators, null-network
feedback)

criterion for steady-state oscillation of,
344-346

crystal-controlléd, 414-415

definition of, 342

frequency instability, causes of, 370-
373

frequency modulation of, 340-342

frequency-stabilization of, 370-377

magnetostriction, 415416

null-network (see Oscillators, null-net-
work feedback)

parallel-resonator  (see  Oscillators,
parallel-resonator feedback)

phase-shift (ladder-network) (see Os-
cillators, phase-shift feedback)

polyphase, 396-397

sum- and difference-circuit, 406-411

Wien-bridge, 384-391

negative-resistance  (one-
port), 198-212, 317-342, 413-414

admittance diagrams for, 329-335

amplitude diagrams for, 323-328

amplitude hysteresis in, 325

amplitude stabilization of, 323-329,
338-340 [321

analysis of basic circuits, 198-212, 317~

circuits, practical, 336-340, 450

circuits, synthesis of, 335-336

criterion for oscillation of, 318-319, 323

crystal-controlled, 413-414

determination of negative-resistance in,
320-321

Esaki-diode, 340

equivalent circuits for, 322, 450

frequency hysteresis in, 331-333

frequency modulation of, 340-342

frequency of oscillation of, 318-319,
332, 341, 450

frequency-stabilization of, 328-329,
340

growth of oscillation in, 331
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Oscillators, negative-resistance
port) {continued)
harmonic content of output of, 3186,
326, 339
making use of dynamic negative re-
sistance, 321-322
oscillation at two or more frequencies,
332-333
p-n-p-n-diode, 339
temperature effect in transistor cir-
cuits, 340
tuning of, 340-342
tunnel-diode, 340
type of resonator required for, 321
Oscillators, null-network feedback, 377-
391
bridged-tee, 381-382
crystal-controlled, 414~415
desirable features of, 377
double-feedback, 391
frequency stability of, 377-381
Meacham, 379-381
parallel-resonator-bridge, 379-381
parallel-tee, resistance-capacitance-
tuned, 382-383
resistance-capacitance-tuned, 382-391
Wien-bridge, 384-391
Oscillators, parallel-resonator feedback,
348-377
amplitude limitation in, 361~370, 378-
379
amplitude stability of, 366-368, 378-
379
amplitude stabilization of, 378-379
analysis of, 353-360
biasing of, 351-352, 363366 [351
choice between various types of, 350~
Clapp-Gouriet, 368-369, 373-374
Colpitts, 349, 351, 360
criterion for oscillation of, 353-360,
Table 10
doubly tuned (tuned-input, tuned-out-
put), 351
frequency dependence upon transistor
temperature, 376-377 [373
frequency instability, causes of, 370-
frequency modulation of, 377
frequeney of oscillation of, 353-360,
370-377, Table 10
frequency stabilization of, 370-377

(one-

Oscillators, parallel-resonator feedback
(continued)
harmonic content of output of, 363
Hartley, 349, 351, 360
push-pull, 351
reactance-stabilized, 375-376
resistance-stabilized, 374-375
tuned-base, 350, 360
tuned-collector, 349-350, 359-360
tuned-grid, 350, 360
tuned-input, 348-351, 360
tuned-output, 348-351, 356-360
tuned-plate, 349-350, 353-356
tuning of, 341, 377
Oscillators, phase-shift (ladder-network)
feedback, 391-406
amplifier-coupled, 395-396
analysis of, 391-394
frequency modulation of, 401-406
frequency stability of, 393-394
polyphase, 396-397
tapered-network, 394-395
transistor, 398-399
tuning of, 397, 401-406
two-section, 399-400
using all-pass network, 400-401
vacuum-tube, 391-397
Oscillators, relaxation (see Astable cir-
cuits)
Oscillators, sawtooth-voltage (see Saw-
tooth-voltage generators)
Oscillators, sine-wave (see also Oscilla-
tors, feedback; Oscillators, negative-
resistance; Oscillators, null-network
feedback; Oscillators, parallel-reso-
nator feedback; Oscillators, phase-
shift feedback)
admittance diagrams
346-348
amplitude diagrams for, 323-328
amplitude hysteresis in, 325, 365
amplitude limitation in, 323-329, 338-
340, 361-370, 378-379, 380-381, 383
amplitude stability of, 317, 366, 377~
381, 393-397
amplitude stabilization of, 323-329,
340, 378-379
beat-frequency, 416-418
bridge (see Oscillators, null-network
feedback)

for, 329-335,
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Oscillators, sine-wave (continued)

bridged-tee, 381-382

Clapp-Gouriet, 368-369, 373-374

Colpitts, 349, 351, 360

crystal-controlled, 413-415

desirable features of, 315

Esaki-diode, 340

feedback, 814, 342-415

frequency hysteresis in, 331-333

frequency modulation of, 340-342, 377,
401-406, 408-411

frequency stability of, 316, 328-329,
340, 371-381, 393-394

frequency stabilization of, 328-329,
340, 370-377

growth of oscillation in, 331

harmonic content of output of, 316,
326, 339, 363

Hartley, 349, 351, 360

heterodyne, 416-418

magnetostriction, 415-416

Meacham, 379-381

microwave, 332, 348, 418-419

modulation of, 340-342, 377, 391, 401-
406, 408-410

negative-resistance, 314, 317-342, 450
(for detailed index, see Oscillators,
negative-resistance)

null-network, 377-382 (for detailed
index, see Oscillators, null-network
feedback)

one-port and two-port, 314

oscillation at more than one frequency,
332-333

parallel-tee, 382-383

phase-shift (ladder-network), 391-406

polyphase, 396-397

power output of, 315

resistance-capacitance-tuned, 382-407

squegging in, 365

sum- and difference-circuit, 406-411

temperature effect in transistor ecir-
cuits, 340, 398

tuning of, 341-342, 386-387, 391, 397,
401-406, 408411

tunnel-diode, 340

Wien-bridge, 384391

Parallel-tee oscillator, 382-383
Phase-shift oscillators (see Oscillators,
phase-shift feedback)

Phantastron, 262-255
Photoformer, 304-306
P-n-p-n transistor
negative-resistance oscillator, 339-340
relaxation oscillator (astable circuit),
217
sawtooth-voltage generator, 263
theory and characteristics, 86-90
Point-contact transistor, 86
Polyphase oscillators, 396-397
Pulse amplifiers, 306-314
bandwidth of, 309, 313
cathode-follower-pentode, 309
distributed, 311-313
gain controls for, 313-314
requirements for, 306
response of, 309-311
shunt-compensated, 307-309
transistor, 311
Pulse generators, 40, 251-255, 260, 274-
297 (see also Blocking oscillator and
Monostable circuits)
Pulse sharpeners, 44
Pulse stretchers, 45-47

Rectangular-wave generators, 34

Rejection ratio, 5

Relaxation oscillator (see Astable cir-
cuits)

Sawtooth-current generators, 272-
274
Sawtooth-voltage generators, 255-272
analysis of astable, 255-260
astable, 255-263
bootstrap, 265-267
circuits of, 261-263, 264-272
Eceles-Jordan, 263
frequency of oscillation of, 257-260
glow-tube, 261
Miller, 267-270
pentode-triode, 271-272
switch-type, 264-272
thyratron, 261
transistor, 263
voltage and current waveforms, 256-
259
Secondary-emission beam tube, 568
Sine-wave oscillators (see Oscillators,
sine-wave)
Squegging, 365



466

SUBJECT

INDEX

Subtraction circuits, 5-11

Summing circuits, 1-3, 21-24
Summing-cireuit oscillators, 406-411
Switches (see Electronic switches)

Thyratron
bistable circuit, 113
counting cireuit, 176
relaxation oscillator (sawtooth-voltage
generator), 261-262
structure of, 98-99
Transit-time effects in oscﬂlators, 355—
356
Transmission factor, 5
Triggering
of bistable eireuits, 107-111, 121-127,
129
of monostable circuits, 240-242, 244-
245, 249
of multistable circuits, 146-147, 151,
177-180, 186, 189-190
Tuned-base oscillator, 350, 360
Tuned-collector oscillator, 349-350, 359~
360
Tuned-grid oscillator, 350, 360
Tuned-input oscillator, 348-351, 360

Tuned-output oscillator, 348-351, 356-
360
Tuned-plate oscillator, 349-350, 353-360
Tunnel diode
sine-wave oscillator, 340, 450
theory and characteristics, 96-97
Two-port parameters, 420~421

Unijunction transistor (double-base
diode)
relaxation oscillator, 218-220
sine-wave oscillator, 340
theory and characteristics, 91-93

Variable-admittance circuits, 341-
342, 377
Voltage-stable negative resistance (see

Negative resistance, voltage-stable)
Wien-bridge oscillator, 384-391

y parameters
definition of, 420
of vacuum tubes, 78
relations between in common-emitter,
common-base, and common-collector
connections, 421
relation to A parameters, 421
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