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The Electrostatic Loudspeaker

has been known for many years, it has

not so far found much practical use. One
of its main attractions is the possibility of applying
the driving force uniformly over the whole area of
the diaphragm and so achieving for it a piston-
like motion. Against this, however, must be set
the fact that, until recently, this force has been a
non-linear function of the e.m.f. applied to the
loudspeaker. As a result, in order to secure
reasonably-small amplitude distortion, it has been
necessary so to restrict the amplitude of vibration
of the diaphragm that the loudspeaker has
not becn a useful device at other than high
frequencies.

We said above ‘“‘until recently”. We do not
mean to imply by this that there has been any
recent change in the laws of nature. What has
occurred has been the discovery of how to
construct the electrostatic loudspeaker so that
what has always been regarded as its inherent
limitation disappears. Its response can now be
made almost completely linear. Its efficiency,
too, turns out to be very high, although it is not
yet possible fully to realize this.

In its simplest and oldest form, the electro-
static loudspeaker comprises two conducting
plates mounted parallel to each other and close
together as shown diagrammatically in Fig. 1.
One plate A is rigid, the other B forms the
diaphragm and is made as thin and light as
possible and is free to move within the constraint
imposed by its mechanical mounting.

The signal voltage v is applied, in series with a
polarizing voltage V, between the two plates.
If the plates are of area .4 they form a capacitor

SLTHOUGH the electrostatic loudspeaker
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C = koA /d where d is their spacing and «, is the
permittivity of free space. The polarizing
voltage produces a uniform electric field V/d
between the plates, neglecting fringe effects, and
there is a force of attraction between them of
3QV/d. But Q =CV’, hence this forceis }xoA V2/dz.
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This force is balanced by the constraint of the
diaphragm mounting and, with no signal, the
diaphragm takes up a position such that it is
separated from the fixed plate by the distance d.
Now let a signal voltage v be applied. When
this is positive, it assists V and the force of
attraction is increased and, under the constraint
of its mounting, the diaphragm moves nearer to
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the fixed plate by some distance x. When v is
negative it opposes V, the force of attraction is
reduced and the diaphragm moves further from
the fixed plate.

Under these conditions, the force is

1:=5K0A<gj_5§>2.. )

The relation between force and voltage is obviously
far from a linear one.

One step in the development of the loudspeaker
was the introduction of push-pull operation!, This
is sketched in Fig. 2. The diaphragm B is placed
midway between two fixed plates A and C and is
spaced by d from each. If x is now regarded as a
displacement from this mid-position, it is plain
that equation (1) can be applied to each side of
the diaphragm if we remember that v and x
change sign when we pass from one side to the
other. For the push-pull loudspeaker, therefore,

R | AN I — v>2:,

b—%KoAl: d—x> d+x

Vo(x? + d%) + xd(V? + v9) o
(dz —_ x2)2 ( )

The law of variation of F with v is different, but
it is still not a linear one.

The lack of linearity arises out of the funda-
mental fact that the force is proportional to the
square of the voltage. If we turn back to the
fundamental relations, however, we find that
this is so because voltage enters into the force
equation in two ways. Basically, the force is
10V /d, which is a linear relation. It is only
because § = CV in the arrangements that we
have so far discussed that the square-law relation
enters. If we can devise some way of keeping the
charge constant we can achieve linearity.

This is what has now been done to a sub-
stantial degree®?®.  Consider the arrangement
shown in Fig. 3. The time constant of R and the
total capacitance of B to A and C is made large
compared with the time occupied by one half-
cycle of the lowest frequency to be reproduced.
When the diaphragm vibrates, there is then no
time for any appreciable current to develop in
R and the diaphragm carries substantially
constant charge. For purely static conditions,
of course, the presence of R does not affect
matters and equation (2) still applies.

It is interesting to note that in the old circuit
of Fig. 2 a resistance was usually inserted in
series with V in order to limit the current in the
event of a flashover. It was made as low as
possible, however, so as not to affect the operation
of the loudspeaker. It is rather ironical that this
was just the thing that should not have been done.

An exact analysis of Fig. 3 under dynamic
conditions is rather difficult. We can, however,

= 2kyA4
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see what happens if we consider the diaphragm to
be initially charged to the voltage V and, in
doing so, to acquire the total charge 2Q, and then
to be completely disconnected from the battery.

With the diaphragm in its mid-position and
v = 0 there is charge Q = x4 V/d on each of its
sides. Now let the diaphragm be displaced by
z. On one side, the capacitance becomes C,
= kogd[(d —x); on the other C, = «yd/(d + x).
If the diaphragm is a conductor both sides of
it must be at the same potential but, as the
capacitances on the two sides are unlike, the
charges on the two sides must be unlike. Let
the potential be V|; then the charge on one side
will be Q; = kgdV,/(d — x) and on the other
@y = xgdV/(d 4+ x). As there can be no loss of
charge from the diaphragm, Q,+ Q, = 20Q.
Therefore V, = V(1 — x%/d?).

The force on the diaphragm thus becomes

F = b d V(1 —xz/dz)z[(—d-_lx)z L ]

(@ + x)®
20 AV 1
="°d2%-d~.. I )

This is the static force on an insulated dia-
phragm carrying a constant total charge. It is
zero when the diaphragm is midway between the
fixed plates, but only then. If the charge on each
side of the diaphragm were constant, this force
would be zero for any position of the diaphragm.

However, this is not the whole story. In one
practical case, at least, the diaphragm is not a
conducting sheet fed from a battery through a
high resistance. The diaphragm and the resistance
are one, for the diaphragm is made from material
of very high resistivity. This may affect matters
considerably, for it may well result in the dia-
phragm having an internal time constant which
tends to prevent appreciable redistribution of
charge on rapid displacement. Such a time
constant would have to be large compared with
one half-cycle of the lowest frequency to be
reproduced. The diaphragm would then be
operating under conditions of substantially con-
stant charge on each side and the polarizing
voltage would cause negligible force upon it at
any amplitude of vibration.

It is interesting to see whether such conditions
are possible in the diaphragm. Suppose that
the diaphragm itself can be regarded as a sheet
of near insulating material of thickness £. Assume
that the charges on its surface can be regarded as
capacitor plates. Then the capacitance between
its two sides is «A/t. Let the material be of
resistivity p, then the resistance between its
faces will be pf/4 and the time constant CR will
be «p. For reproduction down to 50 c/s, this
should be large compared with 0-01 second, say
kp = 0-05 sec. We might assume x, = 2:5

WIRELESS ENGINEER, MAy 1955



making « = 2-5 x 8854 x 10* F/m = 22-1 x
1012 F/m. Therefore we require p to be about
5 x 1072/22:1 x 10712 = 2-26 x 10° ohms-metre
= 226 X 10" ohms-cm.

This is certainly a feasible value and it does
appear that with it the charge redistribution
will not take place across the diaphragm under
operating conditions.

The diaphragm, however, is clearly much more
like an insulator than a conductor and it may be
asked how it can be charged from a polarizing
supply. This is perfectly possible, however, if
the support is a circumferential conductor to
which the polarizing voltage is applied. The
insulation of this conductor from the fixed
plates will then form a shunt leakage path, and
so will not tend to prevent the polarizing voltage
from appearing on the diaphragm.

It is thus not unreasonable to assume that the
diaphragm operates with substantially constant
charge Q on each of its faces. \Whatever the
position of the diaphragm, the force on it due to
the polarizing supply is then negligible.

Now consider the signal conditions. If the
diaphragm is absent, the signal 2v sets up an
electric field v/d in the space between A and C,
Fig. 3. We now interpose the diaphragm with
total charge 2Q. The total field is then v/d on
each side plus the fields on each side due to the
charge. The forces are }Q times these totals and
the resultant force is their difference. Since the
relation is clearly a linear one, we can consider
the two fields separately. We have already
found that the force due to the charge by itself is
substantially zero, so the force due to the-signal
is simply

Fs = Quld L@
but = x AV,
so  Is= xgAVvld?

The force does not vary with the position of
the diaphragm. Provided that the charge on
each side of the diaphragm can be kept sub-

stantially constant, therefore, the loudspeaker
will be substantially linear in its response, so far
as the electrical side is concerned.

We have here touched only on the fringe of
some of the interesting electrical aspects of the
electrostatic loudspeaker in its new guise.
Measurements have shown that amplitude dis-
tortion of under 0-39%, is practicable and that the
new method of operation with a large time
constant reduces amplitude distortion by some
25 db as compared with the.old push-pull arrange-
ment. With modern acoustic technique the
frequency response is good and the even drive
over the whole surface of the diaphragm prevents
some of the effects known as ‘cone break-up’.

The true efficiency is very high indeed. How-
ever, the signal voltage is developed across a
large capacitance, xoA4/2d, and this makes it
hard to supply power to the loudspeaker
efficiently at low frequencies. The volt-amperes
needed are higher than the watts and as a
result there is a power loss in the resistance of
the supply circuit. The overall efficiency of the
loudspeaker and its supply system is, therefore,
not remarkable, but this may be improved.

The polarizing voltage required is high, several
kilovolts, but at virtually no current, so that it
can be obtained fairly cheaply from an r.f.
oscillator in the manner sometimes adopted for
cathode-ray tube e.h.t. supplies.

Time will show whether or not the electrostatic
loudspeaker will be a serious rival of the moving-
coil speaker. There is one place, however, where
it fits as though it were made for it; that is, in
the television receiver. The e.h.t. system of the
tube is there to supply the polarizing voltage and
there is no stray magnetic field to affect the c.r.
tube. W.T.C.
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JUNCTION-TRANSISTOR TRIGGER
CIRCUITS

By J. E. Flood, pPh.p., B.Sc.(Eng.), AM.LE.E.

(Siemens Bros. Ltd., Woolw-ich, London)

SUMMARY.—The paper describes an experimental investigation of some simple trigger circuits

using junction transistors.

Because of the similarity between the junction transistor with earthed

emitter and the thermionic valve with eairthed cathode, the transistors are used in conventional

trigger circuits of the types used with thermionic valves.

Details are given of bistable and monostable

trigger circuits, multivibrators, emitter-coupled trigger circuits, a scale-of-two circuit and a blocking
oscillator designed on this principle. The circuits can generate pulses with a minimum length of about
10 microseconds and have a power consumption of the order of one milliwatt per stage.

1. Introduction

OST published work on the use of
M transistors in pulse applications relates
to circuits using point-contact transis-
tors!"?. Relatively little work seems to have been
done on the use of junction transistors in this
field*, although some pulse circuits using junction
transistors have been described by P. G. Sulzer®
and E. W. Sard®. One reason for this is that
point-contact transistors have been available for
a longer time and in greater numbers. Another
reason is that the point-contact transistor has
greater than unity current gain without a phase
reversal, so that a bistable trigger circuit needs
only one transistor. The junction transistor has
either less than unity current gain (when the
emitter is the input terminal) or a phase reversal
(when the base is the input terminal). Con-
sequently, a bistable trigger circuit requires two
junction transistors. Another reason for the use
of point-contact transistors is that their more
rapid transient response permits shorter pulses
and higher operating speeds than are obtainable
with currently-available junction transistors.
Techniques have been evolved for designing
point-contact transistor trigger circuits which are
reliable despite variations in the characteristics of
the transistors themselves. These techniques®&7?
usually involve the use of fairly large supply
voltages (e.g., 15 to 50 V) in order to stabilize
operating currents, and diodes are used in order
to define voltage excursions.  Junction transistor
circuits appear able to operate satisfactorily with
much smaller supply voltages and usually without
needing diodes. Typical point-contact type circuits
require two diodes, so that if the price of crystal
triodes can be brought down to twice that of
crystal diodes the objection to junction-type
circuits on the score of the number of valves
required will disappear. This will be especially
true if junction transistors ultimately become
cheaper than point-contact ones, as seems likely,
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because they have no catswhiskers and do not
require forming.

This paper describes an experimental investiga-
tion of some simple trigger circuits using junction
transistors of a type now available in this country
and operating from low voltage supplies (eg.,
+ 1-:5V). Because of the similarity between the
junction transistor with earthed emitter and the
thermionic valve with earthed cathode, the
transistors are used
inconventional trig-
ger circuits of the
types used with
thermionic valves.

Fig. 1. Larthed-emitter
circuit using p-n-p junc-
tion transistor.

2. Junction Transistor Characteristics

The most useful circuit configuration for use
with the junction transistor in trigger circuits
appears to be the earthed-emitter circuit in which
the base is used as the input terminal as shown in
Fig. 1. This arrangement is closely analogous to
the thermionic valve with earthed cathode and
can be used in similar circuits. If the transistor
is a p-n-p junction type, it will be conducting if
both base and collector are biased negative with
respect to the emitter. A positive-going input
signal reduces the p.d. between base and emitter,
so reducing the emitter current; this reduces the
collector current, so the p.d. across the load
resistance R, falls and the collector becomes more
negative. The circuit thus provides a phase
reversal like the thermionic valve.

In the earthed-emitter circuit, the current from
the base is equal to the difference between the
emitter and collector currents (i = 17, — 4.). In
a junction transistor the collector and emitter

*Since this paper was written, further work has been described by
J. B. Oakes?®, ¥, C. Alexander!'s, and T. A. Pugh'?,
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currents are nearly equal, so the base current is
much smaller than either. Consequently, the
input resistance is relatively high and there is a
large current gain between base and collector.
If the current gain between emitter and collector
is «, then the current gain between base and
collector is approximately

o

’

o

1l —a
If the transistor has a base resistance 7, and
emitter resistance 7, then the input resistance is
approximately

Ye
7i=7'b+1_a

Thus if « = 095, for example, the earthed-
emitter circuit provides a current gain of 19 and
if 7, = 10 ohms and 7, = 500 ohms the input
resistance is 700 ohms. The input resistance is
still low compared with that of a thermionic
valve so it is still con-
venient to regard the
transistor as a current-
controlled device.

The collector-voltage-
collector-current charac-

30 2's 2°0 IS [§¢]

COLLECTOR CURRENT (mA)

be seen from the load line drawn on Fig. 2(a)
which represents a 2,200-ohm collector load with
a supply voltage of — 15 V. When the transistor
is turned fully ‘on’ the collector voltage is less
than 0-15V and when it is switched right ‘off’
the voltage is nearly 1-5V. The transistor thus
provides as large a signal relative to its supply
voltage as a thermionic pentode which bottoms at
50 V and has a supply voltage of 500 V: equally
reliable circuit operation should result. A
technique for designing ‘an-off’ circuits using the
junction transistor is first to choose a collector
voltage and load resistance that provide adequate
bottoming conditions. Thuswith V, = 1-5 Vand
R; = 2:2kQ the collector current is approxi-
mately 0-6 mA provided that the base current
exceeds 0-05 mA. It is then necessary to arrange
the base voltage excursion to ensure that the
base is at least 0-1 V positive when the transistor
is required to be off and that the base current

teristics for a typical
junction transistor with

earthed emitter are shown
in Fig. 2(a). Apart from

/

the orientation of the
axes, there is an obvious

<]

ass
o

similarity between these
characteristics and those
of a thermionic pentode.

However, the transistor
. characteristics have been

’s,
\-\/‘A

K

plotted for several values
of input current whereas

/

<

1\
thermionic valve charac-
teristics are plotted for (a)
various values of input (i.e., grid) voltage. There-
lation between input voltage and input current for
the same transistor is given by the characteristics
shown in Fig. 2(b). Fig. 2(a) shows that reduction of
the base current to zero only reduces the collector
current (above the knee of the curve) to about
0-1 mA. Further reduction in collector current can
be produced by making the base positive so that the
base current is reversed. For all base voltages
above 0-1 V positive I is approximately constant
at 10 pA*.

The transistor is clearly capable of working

with a very low collector supply voltage, as can

* The minimum value of collector current (usually designated by Ieo)
is obtained by reducing the emitter current to zero. This condition is
approached when the emitter is biased negative with respect to base,
so the earthed-emitter circuit of Fig. 1 will have its base positive with
resgect to earth and current approximately I will flow into the base
and out of the collector.
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exceeds 0-05 mA when the transistor is required to
be on. Provided that these requirements can be
met, the trigger circuit configurations which are
used with thermionic valves should also be
suitable for junction transistors having earthed
emitters. A simple specification for transistors
to use in these circuits is that with Ve = — 1-5V
and R, = 2,200 Q, then at 4 = 0-05 mA, — 7,
< 015 Vandatvy, = + 0-1 V, 4, < 25 uA. These
conditions were found suitable for all trans-
istors of types OCl10, OCl1, 0OC12, OC70,
OC71, 2N34 and 2N36 so far tested. Tests
on a few samples of transistors 2N38 and CK722
indicate that a base current of 0-1 mA is
required to ensure reliable bottoming of these
types. The circuits described in the following
sections were constructed using Mullard trans-
istors type OCI10.
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3. Bistable Trigger Circuit

Fig. 3 shows a junction transistor circuit similar
to the well-known Eccles-Jordan trigger circuit
using thermionic valves. The polarities of the
supply voltages are the reverse of those used with
thermionic valves as a result of using p-n-p
transistors. When the circuit is in stable equili-
brium, one transistor, say V,, is bottomed and
the potential divider connected to its collector
holds the base of V, positive, so this transistor is
cut off. The collector of V, is therefore nearly
at — 1-5V and the potential divider holds the
base of V, sufficiently negative to ensure that it
is bottomed. A negative pulse applied to the base
of V, or the collector of V, or a positive pulse
applied to the base of V, or the collector of V,
causes the circuit to change ovcr to the other
stable state with V, on and V, off.

The power consumption of the circuit shown in
Fig. 3 is 1-3mW. The resistances used in the
divider chains arc such that, with 4+ 109,
tolerance on resistance values and 4 59, tolerance
on supply voltages, the base of the ‘off’ transistor
is at least 0-1 V positive and the base of the ‘on’
transistor has at least 0-05 mA current flowing.
These tolerances permit all values to be adverse
together, including one supply having a high
voltage when the other is low. If the positive
and negative supply voltages are always equal,
then they can have a tolerance of 4 20%,. A
positive bias equal to the negative supply can be
derived by using a single 3-V supply with a

—o ~-|'5V
%z-zm 22k
<

\
! 10k 10kl 2
39kN 39k
_ ©0
v ([
~0 + 15V

Fig. 3. Eccles-Jordan trigger circuil.

2-2-k€) resistor common to the two emitters as
shown in Fig. 10, but allowance must then be
made for the tolerance on this resistance and the
power consumption of the circuit is also increased.
If wider tolerances are required, then higher
supply voltages are necessary (e.g., + 3 V). The
circuit may still work if the supply voltages or
component values are outside limits, but the
collector of the ‘on’ transistor will then be above
the bottoming potential or that of the ‘off’
transistor below the supply voltage, with the
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result that the amplitude of the output signal is
not exactly defined.

The circuit of Fig. 3 was found to trigger when
a 10-usec positive pulse of 1 V was applied via a
0-001-xF capacitor to the base of the ‘on’ transis-
tor. When 0-005-uF capacitors were connected
across the 10-kQ coupling resistors, the circuit
could be triggered by a 10-usec positive pulse of
0-25 V applied to the base or a 1-2-V pulse applied
to the collector, but when negative pulses were
applied to the base 1-2 V was required to trigger
the circuit.

o—1'sV
R
%2'2“}. 22kl 22k0
<
V| l VZ
C 10kl
%mdl
00
000ILF [ '-1'"
—L"_l © +1'5V

Fig. 4. Flip-flop circuit.

4. Monostable Trigger Circuit

Fig. 4 shows a monostable trigger circuit or
‘flip-flop’. In the position of stable equilibrium,
transistor V, is bottomed because its base is
taking current from the negative supply and the
potential divider connected to its collector holds
V, cut off. When the circuit is triggered into the
unstable state by applying a negative pulse to the
base of V,, V, bottoms and the rise in its collector
potential is transferred to the base of V, by the
capacitor C. This cuts off V,, whose collector
potential falls and holds the base of V, sufficiently
negative to ensure that it remains bottomed.
The circuit remains in this state until the capacit-
ance C has discharged sufficiently through R for
V, to be turned on again. Positive feedback
round the loop comprising V,, the potential
divider, V, and C then ensures that the circuit
rapidly reverts to its original state with V,
bottomed and V, turned off. The circuit thus
produces a negative pulse at the collector of V,
and a positive pulse at the collector of V,, eachwith
a duration determined by the time constant CR.

In the circuit of Fig. 4 the resistance values in
the d.c. coupling are chosen as described in
Section 3 to provide a minimum base current of
0-05mA to V, when it is on. Similar considera-
tions fix the maximum value of resistance R at
27,000 ohms. :

Fig. 5 shows the waveforms obtained at the
collectors and emitters when the circuit is
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triggered by a square-wave input signal, which is
‘differentiated’ by the input coupling capacitor.
The length of the pulse at the collector of V,
[Fig. 5(a)] is accurately determined by the saw-
tooth waveform at its base [Fig. 5(b)] and agrees
with the value calculated from the time-constant.
The length of the pulse at the collector of V,
[Fig. 5(c)j is less accurately determined and is a
little longer than that at the collector of V,.
The rise and fall times of the collector pulses are
2 usec and 7 psec approximately. A pulse of
9 usec duration was obtained from the collector
of V, when C was 600 pF [Fig. 5(e). If C is
reduced further, V, fails to cut off completely and
the pulse amplitude falls. No improvement in
waveform could be obtained by connecting a
capacitor across the 10,000-ohm coupling resistor.

COLLECTOR OF V,

AWWWWWWWAY,

BASE OF V,

COLLECTOR OF V,

BASE OF V,

COLLECTOR OF V,

IYig. 5. Oscillograms of waveforms in a flip-flop circuil,

(a)-(d) refer to a 30-usec pulse at the collector of V| with

C = 2,000 pI°; (e) is for a 9-psec pulse with C = 600 pF.
The timing waveforms are all 200 kc/s.
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5. Multivibrator Circuit

Fig. 6 shows a multivibrator circuit based on
the familiar circuit using thermionic valves. If
V, is initially bottomed and if V, is cut off by a
positive potential on its base, this will decay
exponentially towards the negative supply voltage
until V, is turned on. The rise in collector
potential of V, is applied to the base of V, by
means of the capacitor C, and turns V, off. The

o —|'5V

-2kl

o

L

-

Fig. 6. Multivibrator circuil.

collector potential of V, falls to the negative
supply with a time constant determined by its
collector load and capacitance C,, since the base
of V, is conducting to earth (V, is bottomed).
Meanwhile, the base potential of V, (which 1is
positive) falls exponentially toward the negative
supply voltage until V, is turned on. The circuit
then reverts to the initial condition with V, cat
off and V, bottomed and the cycle of operations
recommences. In order to ensure reliable
bottoming, the valve which is ‘on’ requires a
minimum base current of 0-05 mA and this fixes
the maximum value of resistances R, and K, at
27,000 ohms in order to permit a tolerance of
-+ 10%, on their values.

The circuit of Fig. 6 was found to operate
satisfactorily over a wide range of frequencies.
Fig. 7(a) to (d) shows oscillograms of the wave-
forms on the bases and collectors of the two
transistors when the circuit was oscillating at
1-5 ke/s approximately (R, = R, = 22 kQ, C, =
C, = 0-025 uF). As was expected, the waveforms
are similar to those obtained in the corresponding
thermionic valve circuit. The maximum fre-
quency at which the circuit would oscillate was
approximately 60 kcfs (R, = R, = 22k, C, =
C, = 820 pF). At this frequency the waveforms
were poor [see Fig. 7(e} to (h)]. Operation up to
150 kc/s could be obtained by increasing the
supply voltage to 6V, but at these frequencies
the circuit was not self-starting: it proved
necessary to apply a positive pulse to the base of
one transistor in order to make oscillation
commence.
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6. Scale-of-Two Circuit

Fig. 8 shows a binary counter circuit based on
the similar circuit using thermionic valves. If V,
is initially bottomed, V, will be cut off. Con-
sequently, the p.d. across C, will be greater than
that across C,. A short positive input pulse
(applied via Cg and diode D,) will bring the
collector of V, to a higher potential and its
change in voltage will be transmitted by C, to
the base of V,.

This brings the circuit to a state in which both

1-5 kefs

COLLECTOR OF V,

BASE OF V,

COLLECTOR OF V,

BASE OF V,

transistors are cut off but both collectors are at
a small potential. ~ When the input pulse
disappears, each collector tends to fall towards
the negative supply voltage and so lower the
potential of the other base. Because the p.d.
across C, is less than that across C,, the base of
V, reaches first the point at which the transistor
begins to conduct. This prevents the collector
of V, rising further and keeps the base of V,
biased positive. The collector of V, therefore

falls to the full negative supply voltage and
60 kefs

ensures that V, is turned
fully on at its base.
Application of the pulse
has thus caused the cir-
cuit to assume the oppo-
site state from that in
which it was initially.
The resistance values
shown in Fig. 8 are chosen
as explained in Section 3.
Capacitance C, ensures
that a square wave app-
lied to the input terminal
is ‘differentiated’ to pro-
duce short pulses for
driving the counter. The
values of the capacitances
across the coupling
resistors were chosen
empirically to ensure that
the change in p.d. across
each resistor during the
input pulse was suffi-
ciently small to ensure
reliable operation. The
circuit was found to
operate satisfactorily at
any frequency up to
20-kc/s. Fig. 9(a) to (e)
shows oscillograms of
two binary counters

—1sV

Fig. 7 (above). Multivibvator mné
waveforms. Waveforms (a)-(d) <
are for operation at 1-5 kcfs 4]

with C = 0-025 puF (the timing 0,
waveform is 10 kefs). Wave-
forms (e)-(h) ave for 60 kcls
with C = 820 pF (the timing
waveform is 200 kcfs).

Fig. 8 (right). Scale-of-two cir-
cuit. Thediodes D, and D, are

type CV425 (B.T.-H. type
CGIC  point-contact  ger- I
manium diode). —MN
)
0001 uF
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operating in cascade from a [-5-kc/s input signal,
while (f) to (k) show the same circuits with a
20-kc/s input signal. Above 20 kc;s the shape of
the waveforms is so poor that the first stage is
nearly failing. Waveforms (1) to (n) show the first
stage misoperating when the input frequency has
been increased to 235 kc/s.

1'5 kefs

COLLECTOR OF
PULSE GENERATOR

COLLECTOR OF
Ist BINARY

COLLECTOR OF
2nd BINARY

BASE OF Ist BINARY

BASE OF 2nd BINARY

Fig. 9. Waveforms of binary counter.

positive with respect to the emitter it is cut off
and the collector current of V, remains constant
at its bottoming value (over region AB on the
characteristic).

When the base becomes sufficiently negative
for V, to take a small current, the increase in its
collector potential is applied to the base of V, by

25 kefs

NMAWWWWWWA

20 ke/fs

&
‘*“-\L-khnlk-qk‘h.ila

MAVMVWAN

;-""l.-WWWUL‘EUEu.;‘“.

—t = lf

k)

Two binary stages in cascade fed from pulse generator. Waveforms (a)-(e) pulse

vepetition frequency 1-5 kcls (timing frequency 2 kels),; (f)-(k} pulse vepetition frequency 20 kcfs (timing frequency

50 kcefs);

7. Emitter-Coupled Circuits

Fig. 10 shows a circuit in which the emitters are
coupled by a common resistor. This circuit is
thus analogous to the Schmitt cathode-coupled
trigger circuit using thermionic valves and has
similar properties. If the base of V| n initially
at earth potential, this transistor is biased off by
the p.d. across R, due to the current flowing in
V, which is bottomed. If the base potential of
V, is gradually lowered, then the circuit behaves
as shown in Fig. 11. As long as V, has its base
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()-(n) pulse repetition frequency 25 kcjs, 1st binavy just failing (timing frequency 50 kc/s).

the potential divider. The collector current of
V, thus begins to decrease as the base potential of
V, continues to fall (along BC). The decrease in
p-d. across R, caused by the fall in current of V,
makes the emitter of V; more positive, causing
its current to increase. \When the current of V,
has become large enough to provide sufficient
gain for this action to be cumulative, the circuit
snaps over into the state in which V,;is on and V,
is off (along CD). Transistor V, is now bottomed
and the potential divider biases V, beyond cut
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off. The collector current of V, is then very small
and does not change when the base of V, is made
more negative (along DE).

If the base of V,; is now brought back
towards earth potential, V, will remain cut
off for as long as the base of V, is sufficiently
negative to keep its collector bottomed (over

—o —~3Y

22kl

Fig. 10. Emitter-coupled circuit, ;'

region ED). When the collector potential of
V, begins to decrease, the base potential of V,
is lowered by means of the potential divider
and this transistor begins to take a small current
(region DF). When the current in V, becomes
sufficient to provide enough gain for triggering,
the circuit snaps back into the state with V, on
and V, off (along FB). V, is now bottomed and
its collector current does not change any more as
the base of V, is brought back to earth potential
(over region BA). The circuit thus exhibits the
backlash which is characteristic of the ‘negative
grid base’ associated with the Schmitt circuit?®.
The d.c. coupling between the collector of V,
and base of V, was replaced by a resistance-

BASE VOLTAGE OF V,

=3 -2 =l 0
F
3 D
A

0l
~
«C
E
oz ™~
>N
S
oy
=
wl
[- 3
o4 3
! s
. -
05 §
ck‘ g

06

B A
08
Fig. 11. Measured characteristic curve for an emitter-
coupled circuit using transistors type 0C10.
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capacitance coupling of the form shown in Fig. 4
and a flip-flop circuit was obtained. The general
performance of this circuit was similar to that of
the circuit described in Section 4.

8. Blocking Oscillator

Fig. 12 shows a blocking oscillator which is
triggered by a negative pulse applied via C,. In
the quiescent state, the transistor is ‘off’ because
resistor R is connected to a positive bias voltage.
The negative pulse applied to the base causes
the transistor to conduct and the collector current,
which flows through the primary of the trans-
former, induces a voltage in the secondary which
is fed back to the base in such a phase as to
increase the current further.

This positive feedback causes the first half
cycle of an oscillation for which the transformer
provides the tuned circuit. During this half cycle
the collector voltage has risen and the diode D,

is cut off. The oscillation is of considerable
B
, =Isy
"4l
C
] 0- oot uf
—
G
0-001uF
r +01V
Fig. 12. Blocking oscillator (triggered). The diode is u

B.T.-H. germmanium junction tvpe GJ3D.

amplitude and a heavy base current flows through
the coupling capacitor C,. At the beginning of
the second half cycle, the base swings positive
and the transistor is cut off. There is thus no
positive feedback and the tuned circuit is heavily
damped by the diode D, which conducts when the
collector potential falls below the supply voltage.
The third half cycle of oscillation is therefore of
negligible amplitude and fails to drive the base
sufficiently negative to make the transistor
conduct. The circuit thus produces only one
half cycle of appreciable amplitude, after which
the base is at a large negative voltage due to the
charge on C,. This capacitor discharges through
resistor R and the base voltage decays towards
+ 01 V. While that capacitor is holding the
base positive by an amount greater than the
amplitude of the input pulses these are unable to
trigger the circuit, whose further action is thus
blocked for a time depending on the time constant
C,R.
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If the resistor R is connected to a negative
instead of a positive voltage, the circuit is made
free running. After each pulse of base current
has charged C,, the base potential falls towards a
negative potential so that, after an interval, the
transistor conducts again and another half cycle
of oscillation occurs. The pulse repetition
frequency can casily be varied by adjusting the
value of C, or R or the negative bias voltage.

The circuit of I'ig. 12 was constructed using a
transformer wound on a ferrite ring core with
200 turns in cach winding. The core had a
rectangular cross-section, its outside diameter was
1-0 in., its inside diameter 0-76 in. and its depth
0-19in. This produced a pulse with a duration
of 10 psec and rise and fall times of 2 and 1 psec
approximately. The waveforms obtained are
shown in Fig. 13. Fig. 13(a) and (b) show the
collector and base waveforms when the circuit is

7 kefs

COLLECTOR OF Vv,
{With collector diode
junction type GJ3D)

BASE OF V, ABOVE

COLLECTOR OF V,
(With collector diode
point contact, type CV425)

BASE OF V, ABOVE

COLLECTOR OF V,
(With 680-Q load)
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free running at 7 kefs.  Fig. 13(c) and (d) show
the collector and base waveforms when the junc-
tion diode is replaced by a point-contact type;
the damping on the transformer winding is less
efficient. It was found that a load resistance of
down to 680 ohms could be connected across the
collector winding before the circuit failed to
bottom ‘sce Fig. 13(c)].  Fig. 13(f) and (g) show
the circuit used as a frequency divider with a
ratio of 5:1; the input frequency is 25 ke/s.

9. Speed of Operation

The circuits described in the preceding sections
can produce pulses with a minimum length of
about I0psec using junction transistors com-
mercially available in this country. A very
similar performance was also obtained from these
circuits using a few samples of junction transistors
madein the U.S.A. (types CK722, 2N34, 2N36 and

25 ke/fs

Fig. 13. Blocking oscil-

lator waveforms. (a)-(d)
free running at 7T-kcls
repetition frequency (C =
0025 plf, R = 1:5M2
refurned to —1-:517) and
timing frequency of 20 kefs.
(e} collector loaded with
680D, timing  frequency
100 kes.  (f) and (g)
operation  as «a  divider
(C=001pul’, R =10kQ);
the input pulses, which ure
clso shown, have arepetition
frequency of 23 ke/s.

2N38). A higher speed may possibly be obtained
using circuits which do net bottom, but the action
is likely to be less reliable. The relativelyslowspeed
of operation results from the low alpha cut-off
frequency of the junction transistor. The physical
cause of this limitation is the transit time of the cur-
rent carriers. This can be made less by reducing the
width of the base section so as to bring the emitter
and collector closer together. Two methods have
already been described for producing junction
transistors with very thin base layers'1? which
are claimed to oscillate at frequencies of up to
about 70 Mc/s. Another method of construction
which results in a very high cut-off frequency has
recently been described!® which involves the
interposition of a layer of high-purity germanium
between base and collector to act as an intrinsic
semiconductor. Such transistors are known as
p-n-i-p or n-p-i-n transistors and it is claimed
that there is a prospect that they may be made to
work vp to 3,000 Mc/s. However, it has been
estimated that a cut-off frequency of 10 Mc/s can
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be obtained by improvement of conventional
triode structures!®: this should be adequate for
most trigger circuit applications.

It should be possible to make some increase in
the alpha cut-off frequency without reducing the
electrode spacing or introducing an intrinsic semi-
conductor layer if it is permissible to reduce the
value of «. This is because the high-frequency
response is influenced by the life-time of holes in
the base region as well as by the width of the base
region itself. It has been shown! that, for
earthed-emitter circuits, the carrier life-time 7 is
the predominant influence on the cut-off frequency
so that an n-fold reduction in carrier life-time
should produce very nearly an n-fold increase in
cut-off frequency. However, reducing = will also
reduce x. Fortunately, a smaller value of « is
acceptable for trigger circuits than for amplifiers,
because triggering will occur provided that the
gain round the loop is greater than unity. If, for
example, one transistor has « = 0-98 and another
has « = 0-89, solely because of a difference in
carrier life-time, the second transistor should
have a cut-off frequency six times that of the
first. An improvement in operating speed of this
order would greatly extend the usefulness of
junction transistor trigger circuits and transistors
made of material with lower carrier life-time might
be cheaper than those produced by methods
which achieve a high cut-off frequency and still
preserve a high current gain.

10. Conclusions

The junction transistor with carthed emitter
is sufficiently similar to the thermionic valve with
earthed cathode to enable it to be used in con-
ventional trigger circuits of the types used with
thermionic valves. The circuits require different
component values, which usually result in the
transistor circuits having lower impedances than
thermionic valve circuits. The junction transistor
circuits operate at lower currents than valve
circuits and operate from very much lower voltage
supplies. Consequently, the power consumption
is very greatly reduced and is small even compared
with that used by point-contact transistor circuits.
In typical circuits described in this paper the
power consumption is about one milliwatt per
stage.

As a consequence of the small supply voltages
used, the output voltages obtainable are also
small. These voltages are of course ample for
operating similar circuits, but may be too small
to drive other types of circuit or to operate
indicators. In a counter, an indication is usually
required of the state of each stage, and it is a
disadvantage not to be able to use simple
indicators, such as the neon lamps often used with
thermionic valve scalers. The most convenient
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indicator seems to be a moving-coil voltmeter
which can be switched to read the collector
voltages of the different stages. In digital com-
puting apparatus there is usually a large number
of circuits but external outputs are required
from relatively few of them, so thermionic valves
or point-contact transistors can be used to amplify
the output signals without greatly increasing the
total power consumption. Thelow output voltage
obtainable from junction transistor trigger circuits
should therefore not be a disadvantage in this
application.

The chief disadvantage of junction transistor
circuits, at present, seems to be the relatively
low operating speed. The circuits described in
the paper produced pulses of lengths down to
10 psec and operated up to about 50 kefs. This is
much slower than is obtainable from trigger
circuits using point-contact transistors or therm-
ionic valves, but compares favourably with trigger
circuits using cold-cathode gas-filled valves or
saturated magnetic cores. There should thus be
quite a wide range of applications for junction
transistor trigger circuits, particularly in circum-
stances where their reliability and low power
consumption are advantages. If future develop-
ments increase their operating speed and reduce
their cost, the usefulness of junction transistors
in trigger circuits will be still further extended.

Acknowledg ments

Acknowledgment is made to Siemens Brothers
& Co. Limited for permission to publish this paper.
Thanks are also due to Mr. B. D. Simmons for
his assistance in the experimental work.

REFERENCES

1 H. J. Reich and R. L. Ungvary, “A Trans:stor Trigger Circuit",
Rev Sct Instrum,, Aug. 1949, Vol. 20, p. 586,

A Lo, “Transistor Tnggcr Clrcuns
Nov., 1952 Vol. 40, p. 1531,

A L. Anderson "l‘ransnstors in Switching Circuits”, ibid, p. 1541.

¢J. H. Felker, “Regenerative Amplifier for Dlgltal Computcr
Applmnnons”, lbld p. 1584,

C. Williams and G. B. B. Chaplin, A Method of Decsigning
Tnnsnstor Trigger Circuits”, Proc. Instn elect. Engrs, July 1953, Vol.
l()0 Part 111, p. 228.

¢'E. H. Cooke- Yarborough, “A Versatile Transistor Trigger Clrcmt"
Proc. Instn elect Engrs, Sept. 1954, Vol. 101, Part I11, p. 28

Proc Inst. Radio Engrs,

G. B. B Chaplm “The Transistor chcneratlve Amphﬁcr as a
(l;ompu’ter Elcment Proc. Instn elect. Engrs, Sept. 1954, Vol. 101,
art 111 298.

*P.G. bulzer *“Junct:on Transistor Circuit Applications”, Electronics,
August 1953, Vol 26, No. 8, p. 170,

YE. W, Sard _]uncnon "Transistor Multivibrators and Flip-Flops”,
I.R.E. Convention Recard, Vol. 2, Part 11, p. 119,

*F, C. Williams, * Introduction to Circuit Techniques for Radio-
Ioc1t|on ', J. Instn elect, Engrs, 1946, Vol 93, Part 111A, p. 289.

11 C, W, Mueller and J. 1. Pankove ‘A P-X-P Triode Alloy Junction
Transistor for Radio-Frequency Ampllﬁcanon R.C.A. Review, Dec.
1953, Vol. 14, p. 586,

nw, E, Bradle et al.,
lnsl. Radio Engrs, cc. 1953, Vol. 47, p. 1702.

13 J, M. Early, “P-N-1-P and N-P-1.N Juncnon Transistor Triodes”,
Btll Sysl Tech. J., May 1954, Vol, 33, p. 517

E. L. Steele “Theory of Alpha for P\‘ P Diffused Junction
Transnstors" Proc. Inst. Radio Engrs, Nov. 1952, Vol 40, p. 1424,

], B. Oakes “Junction Transistor Pulse- Formmg Circuits'’,
Eleclromcs Sept. 1954 Vol 27, No. 9, p. 1865,

¢ F. C. Alexander, “Trapsistors Use Emmer -Coupled Feedback",
Eltclromcs, Dec. 1954 Vol. 27, No. 12, p. 188.

2 T. A. Pugh, * Juncnon Transnstor Swnchmg Circuits”, Electronics,
Jan. 1955, Vol. 28, No. 1, p.

“The Surface-Barrier Transistor”, Proc.

WIRELESS ENGINEER, May 1955



INPUT RESISTANCE OF L.F. UNIPOLE
AERIALS

With Radial Wire Earth Systems
By J. R. Wait, B.ASc., M.ASc., Ph.D. and W. A. Pope

(Radio Physics Laboratory, Defence Research Board, Ottawa, Ontario, Canada)

SUMMARY.—The input resistance of a low-frequency unipole aerial is calculated. The earth

system consists of a number of radial conductors buried just below the surface of the soil. The integrals
involved in the solution are evaluated, in part, by graphical methods. The final results are plotted in
a convenient form to illustrate the dependence of the input resistance on number and length of radial

conductors for a specified frequency and earth conductivity.
design of earth systems for low-frequency transmitting aerials.

The curves should be useful in the
It is pointed out that increasing the

radius of the earth system beyond a certain limit gives only a slight improvement in radiation efficiency.

LIST OF SYMBOLS

(m.k.s. units are employed throughout)

(p. ¢, 2)
]

a
4
€
€0
Ho
Y
n
Yo
No

w

A
Z
Zo
4z,
4R,
4X,
T,

Hg (p, 0)

Ep(p. 0)

1(2)
Hg (p. 0)

Ne

Ns
d

o

cylindrical polar co-ordinates

height of an ideally top-loaded aerial
or the equivalent height of an
unloaded aerial

length of radial wires

conductivity of ground

permittivity of ground

permittivity of air (= 885 x 1071%)

permeability of free space (= 47 x 1077)

intrinsic propagation constant of ground

characteristic impedance of ground

propagation constant of air

characteristic impedance of air (= 120n)

wave number in air (= — jyq)

angular frequency

wavelength in air

self-impedance at terminals of aerial

self-impedance of the aerial for a

perfectly-conducting earth plane

self-impedance increment (= Z; — Z,)

real part of 47,

imaginary part of 4Z;

current at terminals of aerial
(= 4/2 X r.m.s. current)

the tangential magnetic field of the
aerial on a perfectly-conducting earth
plane of infinite extent

the tangential electric field of the aerial
on the imperfect ground

current along the aerial

the tangential magnetic field of the
aerial on the imperfect ground

= the surface impedance of the air-ground

interface

the surface impedance of the radial
wire grid

the spacing between the radial wires

radius of the wires of the grid

the effective propagation constant of a
wire in the air-ground interface

number of radial wires in the earth
system

self-impedance increment for an ideal
circular ground screen of radius a

correction to 4Z to account for the
losses within the ground screen

limit of integration for equations (12)
and (13)

MS accepted by the Editor, May 1954
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o«
Ei(—x) = — f (eytyat
x
O (y) = a quantity whose order of magnitude is
equal to y
Vand § = magnitude and phase of the complex
number Veifdefined inequation[15(b)]}
P = variable of integration (= p/})
H, = height of aerial in wavelengths (=//})
Fandy¢y = magnitude and phase of the complex

number Fef¥ defined in equation (15a)
p. g, 3, 4, B, C; = dimensionless quantities defined
in the text following equation [15(a)]

R, = the input resistance of the aerial for a
p .
petfectly-conducting earth plane
C = Euler's number (= 0-5772 .. )
Iy = actual height of the unloaded acrial
X
Si (%) = J S‘:"dt
0
el
Ci () - jc";' at
22
3 = (‘”—w)&: ground conductivity parameter
[+ 4
Introduction

ERIAL systems for low-frequencies are

A designed, usually, to work in conjunction

with a radial-wire earth system buried

just below the surface of the earth. The purpose

of this wire grid is to provide a low-loss path for

the aerial base current and consequently to im-
prove the radiation efficiency.

The rules for earth-system design are usually
empirical and based on the results of experiments
on existing installations. The first systematic
study of this problem was carried out by Brown'?
and his associates who were mainly concerned
with the operation of half-wave aerials for the
broadcast band. Sometime later Abbott3 develop-
ed a procedure for selecting the optimum number
of radial conductors, given the values of the
electrical constants of the ground. An important
related problem is the actual change of input
impedance of the aerial with different sizes and
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types of earth systems. This analysis has been
carried out by Leitner and Spence* and more
recently by Storer5, for a vertical aerial situated
over a perfectly-conducting disc. However, they
only considered the case where the surrounding
medium was free space.

In a previous paper® the electrical charac-
teristics of a vertical aerial with a radial conductor
system was studied. Employing an approximate
method the input impedance was calculated.
To illustrate the nature of the problem only a
quarter-wave unipole was considered in detail
since it was the case most easily computed.
Curves were plotted showing the dependence of
the input base resistance on number and length of
radial conductors for a specified frequency and
ground conductivity. It is the purpose of this
paper to extend the solution and calculations for
shorter aerials with top-loading.

With reference to a cylindrical polar co-
ordinate system (p, ¢, z) the aerial of height 4 is
coincident with the positive z axis as indicated in
Fig. 1. The earth screen is of radius  and lies in
the plane z = 0 which is also the surface of the
ground. The conductivity and permittivity of
the ground are denoted by ¢ and ¢ respectively,
and the permittivity of the air is denoted by e,.
The permeability of the whole space is taken as
ko Which is taken to be that of free space. The
intrinsic propagation constant y and characteristic
impedance 5 of the earth medium are defined by

Y = [new (0 + jwe)]'?
and 9 = [Juow/(o + jwe)]"?
where w is the angular frequency. The propaga-

tion constant y, and the characteristic impedance
7o Of the air are then defined by

Yo = J (€omo)?w = j2m[A = jB
and 7y = (uef€)V? & 377 ohms
where A is the wavelength in air.

aerial is now denoted by Z; which can be broken
into two parts by setting, Z; = Z, + 4Z; where
Z, is the self-impedance of the same aerial if the
earth plane were perfectly conducting and infinite
in extent. Thus 4Z; is the difference between
the self-impedance of the aerial over the imperfect
and the perfect earth plane. It is called the self-
impedance increment and can be written in terms
of a real and imaginary part as follows

47y = AR, + jAX; (1

where 4R; and 4X; represent the resistance and
reactance increments. If the current amplitude
at the terminals of the aerial is 7 o the power
required to maintain this current is I 2R;/2 watts.
If the ground were perfectly conducting, the
input power would be I,2R,/2 where R, is the
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Z
Fig. 1. The vertical aervial
wilth a radial-conductor eavth
system.
h RADIAL CONDUCTOR
EARTH SYSTEM
€p (AIR)
/< ~) p
Z % 7 77
l . ‘ €po (GROUND)

I 1

real part of Z,. The additional power required
to maintain the same r.m.s. current J,//2 at the
terminals is 1 24R;/2. :

General Theory

It was shown in the previous paper® that the
self-impedance increment 4Z; could be written
in the following form:

o

1 = .
gz JH¢ (p.0) E, (p, 0) 2mpdp .. (2)
0

where Hg (p, 0) is the magnetic field of the aerial
tangential to a perfectly conducting earth plane
of infinite extent and E, (p, 0) is the tangential
electric field on the imperfect earth.* This
formula also follows immediately from the work
of Monteath?. If the current on the aerial is
I(z) amps it follows that

h 0
exp. [— 7B (2 + p®)V¥]
” (zz‘_'_ Pz)uz
The electric field E,(p, 0) is essentially an

unknown quantity. However, since |y |> |y, |
an approximate boundary condition can be

4Z; =

I(2)dz (3)

v

_employed expressed by,

E,(p,0) ~ — 9 Hy (p, 0) (4)

where H, (p, 0) is the tangential magnetic field
for the imperfect earth and 7 is the surface
impedance of the air-ground interface.

If p is greater than a (the radius of the earth
screen) 7 can be replaced by 5. If p is less than
a, mc is the intrinsic impedance s of the earth
screen in parallel with the impedance 5 of the
earth. In a previous investigation®? of this
problem it was assumed that 55 was zero, so that
the earth system was equivalent to a perfectly-

"NBLHG(60) = [ (n9)], S,
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conducting disc of radius a. The limits of the
integration in equation (2) are then from p = a
to p =00.

A more general case is when 75 is comparable
in magnitude to x, in which if follows that

s

")C—,,]+

~forO0< p<a
Ns

. d d
where Ns = 1Mo X IOgg 276—

and where d is the spacing between the radial
conductors and ¢ is the radius of the wire. The
expression for ns has been derived!® for a wire
grid in free space where it was necessary to
assume that |y.d| <€ 1. Since the grid is lying
on the earth plane, this restriction must be
replaced by | yed | € 1 where y, is the effective
propagation constant for propagation along a thin
wire in the interface and is given by!!

2 o\ 172
Ye = <L) ;_ l)

If there are N radial conductors it can be seen
that 4 can be replaced by 2mp/N since N is usually
of the order of 100. It is assumed also that

H, (p, 0) isnot very different from Hg (p, 0) in the
region of the ground plane where the losses are
significant. This approximation has alsc been
discussed previously®® and it certainly appears
to be valid if |y >, yo .

The impedance increment 4Z; is then written
in the following form

AZy=AZ + 4Zs .. .. .. (3
where I 2 4Z ~n |[Hy (p, 0)]227pdp ..  (6)
5
and I124Zs~ | --TE_[Hf (p. 0)]2 2mp dp. (7)
, 1t

The first term AZ corresponds to the self-
impedance of the unipole over a perfectly con-
ducting discoid, whereas the second term A4Zs
accounts for the finite surface impedance of the
radial-conductor earth system.

Assuming a sinusoidal current distribution for

I(z) the magnetic field H§ (p, 0) can be expressed
in closed form. The integration indicated by
equation (6) can then be carried out and the
result expressed in terms of sine and cosine
integrals?. Curves of the function 4Z for un-
terminated aerials have been computed from this
formula®. The integrations indicated in equation
(7), however, cannot be carried out analytically.
It is necessary to resort to a numerical procedure
for this case.

Impedance Calculation
From equation (3) it follows that

exp. [ 7B (2 + 2 | jgexp- [= 7B (P + 29 1 1 () g (8)
L T ) P == Pt o o
(a) (b)
T | ! Fig. 2. The increment of the
| \ \ aerial base vesistance as a function
o | 2 | of the vadius of the earth system
(a) for various values of N for two
values of 8 and (b) for various
== \ \ values of 8 for N = .
= e — g‘
R n=002s | \ \
- \
‘ ‘ \ \ \ A/x=0025
| - S M= N=w>
| A\
03 | — N= 50 ——t—f—
Pt A
\ =150 \
06 |— | }, W] el A\
el \ d
V' / N
04— N <z, — 1 T < NS o o |/
. \ \\ N
\ ; =
02 M= 50 — - | o065
=% = : = \%ﬂ\i\r\é\
L = @ i S e | : ——
0 9'04 0°c8 012 0°16 020 024 0 004 0'08 012 cIs 0-20 0°24
a/x a/x
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For top-loaded aerials that are short compared with a wavelength a reasonable approximation is
I(z) ~ I,, over the length of the aerial. Also, exp. [— 7B (p® + 22)V] is given to sufficient accuracy
by exp. (— jBp) so that

) h
e 780 pl, 2 | 232 | iR (2 2)-17 4 A PIO[ h B an h]
T on Jo[(P b 2279+ g8 (pP + )M de T p (P + A +7tan1’—)

.. .. .. .. (9)
This can be expanded in a power series in (4/p) as follows:

H3 (p,om‘i‘;:’f"[(f-j)(l+jﬁp>—(§>3@+§ﬁp>+....] L (o

and corres;iondingly,
[#2(p0) | ~ 22 (5) (s +m0) = (5" (1 400 ) (1 + 280 + .. S
) (2) (b)

4
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Fig. 3. The increment of the
aerial base vesistance as a function
of the radius of the earth system
(a) for various values of N for two
values of 8 and (b) for various
values of 8 for N = .
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The self-impedance 4Z is then given by a series of integrals as follows:
b 2 [
4z = Ilzf (H3 (p, 0)]2 2mp dp + 32% f e4Pe (1 4 278p — %% pdp
0 a b

B2, .
_%F , €80 (1 + 5iBp[3 — 2B%%3) podp + . . .. ... s 1)

The integration of p has been broken conveniently into two ranges, from @ to & and & tooco. The
distance b is chosen sufficiently large so that the series of integrals converges rapidly. The integral
with limits a to & is integrated by graphical means. Using the exponential integral defined by,

@

Ei (— 2jBb) = — fb ehe pldp

the impedance 47 is written
27 =" 52 (o, 012 2mp dp + ”hzﬁz[ ! ( L, > '2iﬂb_Ei< 2';%)]
TIf a[¢(P. )12 2mp dp “2n LB\ 2B J)e -4

— nf‘;ﬁ(g){[(# + 11_8> +7J <éb — %b>j| ¢ ~21Bb +_§_sz2 Ei<— 2jﬁb>}+ 7%1;?2 G (()%:3))
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When A%/b2 < 1, the terms containing higher powers of 4%/b* can be neglected.
The increment of the input resistance 4Ry for purposes of calculation is now written

4R; = Real part of (4Zs + 42)

vz [* F* (H,P) .
=% f gy o (- + T P
- B
+.12/;2j F2(H, P) P cos (26 — 4nP + n/4)dP + vZrp H.2 V cos (8 + m/d) .. (14)
A
. H,/P . .
where F (H,, P) ei% = mlgl—/p-)—z?,é + j 22P tan! (H,/P), (15a)
_ 240m2P r
p = 120n8/4/2, ¢ ="y logye . 3 = (eqw[o)',
Hy=hA, P=op/\, A=aj\, B, =bAandC, =c/A,
and Veit = 2 [ Bb< 2/79—b> ¢ i28b _ Ey <_ 2jﬁb>] » (15b)

Summarizing, this formula for 4R; should be
accurate to within a few per cent under the
restrictions that H,; < 0-1 (electrically short
aerial), ew/oc <€ 1 (negligible displacement current
in soil), and (B,/H,)? = (b/h)2 = 25.

Presentation of Results

It hardly needs to be mentioned that the major
part of this work has to do with the evaluation
of the integrals in equation (14). A graphical
procedure was adopted employing a conventional
area planimeter. The resulting values of the
integrals, so obtained, are believed to be accurate
to within 19%,.

(2)

The computed values of ARy for fixed aerial
heights are plotted as a function of a/A for various
values of 8 and N in Figs. 2 to 4. The wire radius
to wavelength ratio, ¢/A, is taken to be 107¢ which
corresponds to No. 8 B. & S. wire at 183 kc/s. The
curves in Figs. 2(a), 3(a) and 4(a) are for two fixed
values of the ground conductivity parameter 9,
whereas the curves in 2(b}, 3(b) and 4(b), for a
perfect ground screen N =oc,show a wider range of
8. With the results plotted in this form, values of
AR, for intermediate values of N and 8 can be
estimated quickly by interpolation. For purposes

(v) Fig. 4.
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of comparison, the values of 4R; for a quarter-
wave unipole (h = A/4) are shown plotted in Fig.
5(a) and 5(b). The data for these curves are
taken from a previous paper$.

(a)

10 S

It is usually justified in these cases to assume
that the current distribution is constant from the
base of the aerial to its upper end. It has been
shown also by Brown!?, Smeby!?, and others!?

(b)

Fig. 5. The increment
\ of the base resistance for

a quarter-wave unipole.

\
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) . 0 0412 915 . - - .
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It is apparent immediately that
the increase of 4R; with diminishing

earth-screen radius ismuchmorerapid
for the short aerials than for the
quarter-wave unipole. This behaviour

is connected with the fact that the

induction and static fields of short
aerials are more significant than those

for a higher aerial, such as a quarter-
wave unipole.

The appropriate value of § to use in
connection with these curves is

0005

obtained conveniently from Fig. 6,
when the ground conductivity and
the frequency are specified.

The effect of changes in wire radius
is slight. This fact is illustrated in
Fig. 7 where 4R, is shown plotted as
a function of a/A for various values of the wire
radius/wavelength ratio foraquarter-wave unipole.

For earth screens which are small compared
with the wavelength 4R; varies in a linear
manner with 8. That is, it varies directly as the
square root of the frequency and inversely as the
square root of the ground conductivity. However,
for larger values of a/X as is illustrated in Fig. 8,
the values of 4R become somewhat less sensitive
to changes in 8.

Up to this point, the discussion has been limited
mainly to vertical aerials with ideal top-loading.

[}
10”4
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2 s I 2 5 ] 2 s
1073
GROUND CONDUCTIVITY o (mhos/metre)

10!

IFig. 6. The parameter & as a function of frequency in kcls and

ground conductivity.

that the radiation resistance R, can be computed
by considering only the current on the vertical
portion of the aerial. The contributions for the
currents flowing on the loading ‘umbrella’ or
‘cone’ are usually negligible if the top-loading
has been adjusted for maximum radiation
resistance. This radiation resistance is given by 14
Ry ~ 16072 (h/A)?
It is possible now to apply the above results to
aerials without top-loading by defining an
‘equivalent’ or ‘effective’ height 4. This value is
obtained by assuming that the loaded and
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unloaded unipoles are electrically equivalent if
their radiation resistances are equal. For thin
unloaded unipoles the current distribution is
approximately sinusoidal and if its actual height
is denoted by 4, the radiation resistance, R,,
is given by

sin? Bg Ro = 30 (C + log 28hy — Ci 2Bhe) + 15 (Si 4B, — 3 i 9Bhs) sin 2B,
+ 15 (C + log Bhy — 2 Ci 28Ry + Ci 4Bhy) cos 28k, .. . ..

where C = 0-5772. Si and Ci are the sine and cosine
integral functions. R, is just one-half of the self-
resistance of a thin, centre-driven, aerial of
length 24, situated in free space!t.  When #44/A
is small compared with unity, Ry & 40 72 (ho/A)2

Using these formulae to calculate the equivalent
height % of the unloaded aerials it follows that
for 2/A = 0-025, 0-050 and 0:10 A4/A = 0-050,
0-095, and 0-175 respectively. In other words,
it is probable that the curves in Figs. 2, 3, and 4
for loaded aerials also apply to unloaded aerials
of heights 0-050A, 0-095X and 0-1752A respectively.
The accuracy of this procedure can be checked by
comparing the results with more exact previous
calculations for an unloaded unipole situated
over a circular, perfectly conducting, disc laid on
the ground. Employing the data in Figs. 2, 3
and 4 the function 4R; for the loaded unipole and
N =0 is plotted in Fig. 9 as a function of 4/A for
selected values of a/A. The corresponding curves,
for the unloaded unipole are obtained by the

9

8- (42) -

8 Ax=02s
N =100.
7 \
6
m
£ s
< \\
<
¢/x=0sx10"°
Mf—— =ix10”*¢ \
=5x10""
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2 \Q
!
9 004 008 012 0ls 020 024
a/x

Fig. 7. The effect of changing wire vadius on the increment
of imput resistance AR,.
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above mentioned approximate procedure and
are also shown in Fig. 9. The encircled points on
the dotted curves are obtained from calculations
carried out from equation (16) of reference 6.
The points indicated by X for 2/A = 0-25 can
be obtained either from equation (16) of reference

5
Afx =01 /
aF =100 4
N =100 /
m A
ER Ry
x N
N .\_//
o 0\ A
S A
/ / =02
i % g
0 002 004 006 008 010 012
3
Fig. 8. Amn illustration to show hew AR, varies with

ground conductivity and frequency.
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Fig.9. Thesolid & ey /
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ly loaded unipole . y 4 / /
of height h, wheve- o8 7 7
as the dashed /| . )!
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to the estimated /, \.\!/ N=wo
values for an un- ot/ 8 =01
terminated uni- ol /
pole of height hy. 4 /
The indicated / 4
points are plotted
from more exact 603
formulue. 002 003 005 0l 02
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6 or directly from Fig. 5(b). The good agreement
between the two methods of calculation for 4R,
is reassuring.

It is also instructive to plot-4R; as a function

10

=
£
o
N
o !
Fig. 10. The 4
curves for the
loaded  unipole

and the estimaled 05
curves for the /
unloaded unipole

are shown by the [

solid and dashled N=100
linesvespectively. . —
The enpcircled 02/ / / §=01 —
poinis represent / /A =i0-¢
values computed /
by Monteath. ‘0 I
002 003 0°05 ol 02

AN anp Ao/

of A/A for both loaded and unloaded unipoles for
a finite value of N. The results are shown in
Fig. 10 for N =100, 8§ = 01, ¢/A = 10" em-
ploying data from Figs. 2, 3, 4 and 5. The
encircled points correspond to results, communi-
cated to us privately by Mr. G. D. Monteath of the
B.B.C. for unloaded unipoles with heights of 0-10A
and 0-167A. Again the agreement is very satis-
factory.

Both the curves in Figs. 9 and 10 illustrate the
near linear log-log relationship between 4R; and
h{A. This behaviour is also prevalent for other
values of N and 8 and provides a convenient
means of interpolating and extrapolating for
values of A/A other than those shown in Figs.
2 to 6.

Conclusion

No attempt has been made in this paper to
consider the economic factors but rather the
emphasis has been on showing the manner in
which the impedance varies with the number and
length of radial wires, aerial height, and ground
conductivity. The curves should be useful in the
design of earth systems for low-frequency
transmitting aerials. It would appear that many
earth systems are probably more extensive than
necessary since the benefits gained by employing
large radius screens are lost if there are not a
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sufficient number of radial conductors. This is
particularly so if the ground conductivity is
relatively high.

The calculations for the base input-resistance
are derived on the assumption of uniform current
distribution along the vertical portion of the
aerial. It has been indicated, however, that the
results are also applicable to aerials with non-
uniform current distribution if the quantity 4 is
regarded as an effective height.
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APPENDIX

Measurements on a 250-ft umbrella top-loaded unipole
show good agreement with the theory. The following
observed values were supplied to us by Mr. R. S. Thain
of this laboratory:

Length of Radials, « = 800 ft.

Number of Radials, N = 120

Ground Conductivity, ¢ = 2:0 X 10°3 mhos/metre

Frequency, 97 kc/s

Radiation Resistance as calculated from field strength

measurements, R, = 0-50 ohm

Input resistance measured on a bridge, R, = 0-75 ohm

Observed resistance increment, 4R, = 0-25 ohm

Theoretical value of resistance increment (for

hfA = 0-025, afA = 0-08, 8§ = 0-07), AR, = 0-23 ohm.
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IMPEDANCE NETWORKS

By H. J. Orchard, m.sc., A.M.LE.E.

TRANSFORMATION FOR CONSTANT-

SUMMARY.—Certain constant-impedance networks having a restricted range of variation of

loss often contain components which are difficult to manufacture.

The transformation which is

described overcomes this difficulty at the expense of two extra resistors in the network and a small

amount of frequency-independent loss added to the characteristics.

tion of inductor dissipation in special cases.

1. Constant-Impedance Networks

N line-transmission circuits the distortion
I produced by cables, filters and other related

equipment 1s frequently corrected by the use
of constant-impedance networks, the most general
form of which is represented by the symmetrical
lattice configuration shown in IFig. 1. The name
derives from the fact that the image impedance
is a constant resistance K, achieved by making
the two arm impedances Z, and Z, satisfy the
relation

ZyvZy = Ry? O ¢ )
(= 4 -0
[ [
[ [
EROESZEE
& L
<R Ry s  ZuZy=Ri
x c
i ‘.
: |
|- [ Ve __J

Fig. 1 (above). General form
of lattice network.

¥ig. 2 (right). Restricted form
of lattice network.

Fig. 3 (extreme right).
Bridged-T equivalent of IFig. 2

Such networks were originally proposed by
Zobel' and have found very wide application
because of their simplicity and generality; in
fact Bode? has proved the remarkable property
that any physically-realizable transfer charac-
teristic can be produced by a single constant-
impedance network of this type when operating
between resistive terminations equal to K,

In the interests of easy construction it is often
prefemblc to prov1de any given characterlstlc

MS au.,tptcd by the Editor, July 1954
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Another application is the absorp-

by means of a tandem connection of fairly
simple networks. When only the loss (and not
the phase) is prescribed these networks are
conveniently restricted in complexity to the
form shown in Fig. 2, with R, R, and Z; a
simple reactance of either one or two elements.
Although the condition R, R, confines the
network to producing minimum-phase charac-
teristics and restricts the maximum phase shift
to 4 90 degrees, it does, nevertheless, allow it to
be constructed in the equivalent bridged-T form
shown in IFig. 3, and this is how it is most commonly
made. Despite the rather severe restrictions
imposed upon Z, it is still possible, as Bode? has
proved, to produce any physically-realizable
loss characteristic by using a suitable tandem
connection of these bridged-T networks.
Maximum loss occurs when Z, is infinite
(and Z5 is consequently zero) and, because the
network then behaves like a pad, the value of
this maximum loss is known as the pad loss.
Denoting this pad loss, in nepers, by 4, we have

the relations
zza
2RE(Ry-R, a)‘\
AAAA~

R, Ry= R}
2,2y =R
Re< Ry
Ry = Rytanh 4, .. .. .. {(2a)
Rl, = Rycoth 34, .. .. .. {2b)
2R = Rysinh A, (2c)
Ry — Ry = Kos .. .. ..

When A, is small, K, becomes small compared
with R, and the result is to lower the impedance
level of Z, which is in parallel with R,. This
not only leads to component values in Z, and Zp
which are difficult to manufacture but also
magnifies the effects of stray inductances and
capacitances. The main purpose of the trans-
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formation to be described in the next section is
to raise the impedance level of Z, so as to reduce
these undesirable effects accompanying a small
pad loss. A subsidiary application is to permit
the absorption of dissipation in the inductors
when Z, is a series-tuned circuit and Zj a parallel-
tuned circuit.

of the transformed lattice in terms of those of the
other two. This expression can then be broken
down into the form indicated in Fig. 4.

A somewhat similar equivalence has been given
by Dagnall and Rounds? in connection with the
absorption of dissipation in lattice all-pass net-
works.

Ry sinh 4,
90'1."' Ry
tonh;—Az tanh%(AH’Az) tanh%(A.*’Az)
Ro
a
& — o

ar,
°
. Ry sinh (A4,+A4,)

2,2,=R;

Tig. 4. The tandem connection of a bridged-T network and
a pad is equivalent to a single, more complex bridged-T.

2. The Transformation

The transformation can be regarded as the
rearrangement into one network of a tandem
connection of two networks, one being a bridged-T
network of the form just described with a pad
loss of A, nepers and the other a symmetrical
pad with a loss of A, nepers, both networks
having the same image impedance R, The
result is illustrated in Fig. 4. The reactance arms,
which were shown in Fig. 3 as 27, and Zp/2, have
been rewritten Z, and Z, respectively while the
resistance components have been given in terms
of Ry and 4, and A4, rather than the arms of the
parent lattice.

The characteristics of the transformed network
appearing on the right-hand side of Fig. 4, will
be the same as those of the bridged-T network on
the left-hand side from which it is derived except
for an additional constant loss of A, nepers.
This additional constant loss represents the
sacrifice which must be made for any benefits
which the transformation may confer.

The proof of the transformation is fairly simple
and will be merely outlined. One method is to
put all three networks into lattice form and note
that the series-arm impedances are given by
Ry tanh 36 where 8 is the image transfer co-
efficient of the network concerned. As the
tandem-connected networks are matched as
regards image impedances their transfer co-
efficients add directly, so that by applying the
addition theorem for the hyperbolic tangent we
get an expression for the series-arm impedance
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o= 2 sinh % A,y sinhjl (A,+Az)

sinh% A,

k= [sinh —; (A|+Az)jlz

sinh% A,
3. Applications

The main purpose of the transformation as
mentioned in Section 1 is to raise the impedance
level of Z, when the pad loss A, is small and it
achieves this by virtue of the large value obtained
for k£, the multiplying constant on Z,. # is given
by the expression

sinh 4 (d, + 4,) |? .

k= l: sinh § 4, :| ©)

and for values of 4, and A, less than about 0-25
neper (2:2 db) we may approximate the hyperbolic
functions by the first term in their power series
expansions and obtain the useful approximation

k~<1+%j>2 @)

in which the units of A, and A, can be taken
either in nepers or in decibels.

Thus, for example, when the pad loss in the
original network is only 0-2 db say, the addition
of 1-0 db of constant loss will cause the impedance
level of Z, in the transformed network to be in-
creased by a factor of approximately (1 + 1-0/0-2)2
= 36 times. It is in this region of losses (i.e., less
than about 1-0 db) that the use of the transforma-
tion will be found of greatest value.

As the amount of added loss 4, is not critical
it is often convenient to choose its precise value
so that the shunt resistors Rgftanh 4 (4, + A4,)
in the transformed network assume some pre-
ferred value.
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Another use for the transformation is in the
case where Z, is a series-tuned circuit when the
effect of dissipation in the inductors may cause a
greater change of the characteristic around the
frequency of resonance than can be tolerated.
In applying the transformation we place a
resistor aR, in series with 2Z,; reducing this
resistor by the amount of the equivalent series
resistance of the manufactured inductor in 22, will
effectively remove the dissipation. The parallel-
tuned circuit in the inverse arm Z,/k will have a
corresponding resistor Ry/a for absorbing the
equivalent shunt resistance of its inductor. If
both inductors have the same Q and the value of
A, is carefully chosen the extra resistances

required in the network can be provided entirely
by inductor dissipation so eliminating the need
for extra components.
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CORRESPONDENCE

Letters to the Editor on technical subjects ave always welcome. In publishing such communications
the Editors do not necessarily endorse any lechnical or general statements whick they may contain.

High-Stability Oscillators

Sir,—In spite of the time since it appeared, I would
like to draw attention to a point in G. G. Gouriet’s paper
in Wireless Engineer for April 1950. A statement is
made which 1 believe to be incorrect and it is repeated
in a later paper in Proc. Inst. Radio Engrs by ]. K.
Clapp. This statement is that the effect upon frequency
of a phase-change caused by non-linearity is directly
proportional to the L/C ratio. [ maintain that the
effect upon frequency is independent of the I./C ratio.

LLE

Iig. 1.

In Fig. 1(a), 1 show the basic circuit and, at (b), its
equivalent, these being Figs. 4 and 3 respectively of
Gouriet’s paper. In this, he regards R, and C, as the
maintaining circuit and L, C4 and R, as the frequency-
determining circuit. 1 regard this division as incorrect,
because when C, is increased to infinity, and the circuit
becomes that of an ordinary Colpitts’ oscillator, one is
left with only L, and R, in the 'frequency-determining
circuit’.

It is plain from Fig. 1(a) that the circuit is, in reality,
that of a Colpitts’ oscillator in which, because of C,, the
valve is effectively tapped down the tuned circuit.
The resulting transformation ratio is the same for in-
phase components of anode current as for quadrature
components. The phase relation between the components
of the tank current will thus be the same as the phase
relation between the components of anode current
causing them. Consequently, the degree of tapping
down has no effect upon the reaction of the tuned circuit
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to changes of phase of the anode current of the valve
driving it.

I submit, therefore, that the circuit of IFig. 1(a) has
no basic advantage over the ordinary Colpitts’ oscillator.
In practice, of course, its use may be advantageous in
that it may permit more suitable values of components
to be used.

San Diego,
California, U.S.A.
28th February, 1955.

\W. B. BERNARD

Multiloop Feedback Amplifiers

Sir,—I1 was very interesfed in Mr. Cutteridge’s article
‘Multiloop Feedback Amplifiers’ in your November
issue of last year, and also in the comments made by
Dr. Cruickshank (letter, IFebruary 1955). There are one
or two remarks I would like to make regarding the stability
problem associated with multiloop feedback amplifiers.

Nyquist’s stability criterion, in its original form,
was established for the single-loop amplification function.
This function is most valuable in design work and can be
measured experimentally. However, the function used
in Mr. Cutteridge’s work is
1 -4, B, —4,4,B; — 4, B,+ 4, 4, B, B, (1)
This equated to zero is the characteristic equation of the
differential equation of the system. The classical way
of determining the stability of the system consists of
direct calculation of the roots of this equation. If any
root of this equation has a positive real part, this system
is unstable, and vice versa.

It should be borne in mind that Nyquist’s plot is the
conformal mapping of the frequency axis (jw) and that
the area inside the graph represents a map of the right-
hand half of the complex-frequency plane. If it does not
contain the origin the characteristic equation of the
system has no roots with a positive real part, and
consequently the system is stable. Function (1) equated
to zero, being a polynomial of the complex frequency p,
apparently needs only one mapping for deciding whether
it has any roots with a positive real part. This use of
Nyquist’s plotting of the characteristic equation has
already been noted by some authors, 1.2 3. Further-
more, as F. E. Bothwell? showed, when using the
characteristic equation of the system, it is more
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advantageous, and easier, to use the Routh-Hurwitz
detcrminant instead of the Nyquist plot. He states that
it is not difficult by means of the Routh-Hurwitz criterion
to find cven the boundary conditions for stability.
However, it must be admitted that this is only possible
in the relatively simple cases.

In his letter, Dr. Cruickshank suggested using the
inverse Nyquist diagram, and hence the following
function

AIA,C)—,—B,):O.. L@

This does not, however, change the matter, for it is
casy to see, if one substitutes the expression for Y in this
equation, that it becomes exactly the same as the equa-
tion proposed by Mr. Cutteridge [(1) above]; i.c., the
characteristic equation of the system differential equation.

On the other hand, if the loop amplification function
is used, becausc of the above mentioned practical value
in design work, the function for Nyquist plotting becomes,
using the same notation as in Mr. Cutteridge’s Fig. 1(c) :—

B, A, A .
aT=aE-ae) 0 ®

This function, as Dr. Cruickshank has mentioned,
may have poles in the right half-plane. By using the
so called Principle of Argument of the Meromorphical
functions, it is possible to find a very simple analytical
criterion to decide the exact number of the poles of the
loop amplification function in the right half-plane. (It
is worth while to notice that this theorem can be
used in a straightforward proof of the Routh-Hurwitz
criterion.) This can be done fairly easily by inspection
of function (3) on the imaginary axis without plotting
any diagram, and then it is sufficient only to plot one
Nyquist diagram of the loop amplification function to
decide upon the stability of the multiloop system. This
procedure seems to be a much easier way than the one
proposed by Bode which consists in successive plotting
of Nyquist's diagram.

Very much confusion exists about the definition and
usc of Nyquist's stability criterion. Nyquist’s criterion
is the conformal mapping of the imaginary axis (jw) by
means of a particular function—this function being
almost exclusively used in practical design because, as
well as showing whether or not a system is stable, it can
be helpful in deciding what modifications are necessary
in the system to make, say, an unstable system stable.
This is the great reason for its common use. 1t is only
when the loop amplification function is used that we have
a true Nyquist plot. But if we allow the change of
function to say the characteristic equation, which is
what Mr. Cutteridge did, it is evident then that the
Routh-Hurwitz criterion is much easier to apply and
more powerful in use.

B. D. RakovicH
Marconi College,
Chelmsford, Essex.
23rd March 1955.

' AL Vazsonyi, “A Generalization of Nyquist's Stability Criteria”,
Journal of Applied Physics, Scpt. 1949, Vol. 20, pp. 863-867.

*F. E. Bothwell, “Nyquist Diagrams and the Routh-Hurwitz
S!abili;y Criterion™, f’roc. Inst. Radio Engrs, Nov. 1950, Vol. 38,
p. 1345,

? A. Lconhard, “A New Method of Investigating Stability ", drch.
Elektrotech. Jan.-Feb, 1944, Vol. 38, pp. 17-28.

Coefficient Errors in Analogue Computors
Sir,—In an analogue computor designcd to solve
linear differential equations it is usually desirable to
know the inaccuracy of the solution duc to known
cocfficient errors.
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Let the subsidiary equation which the computor is to
solve, be

Fp)e = d,px=0
0

and let the error in A, be 34,.
The equation which the computor solves is therefore

13

>+ 84)pF =0

0

i.e.,i.4,p'+i$.4,p’=0 N 1)
0 ()]

If the error [i.e., the second term in (1)] is small this
will produce a displacement of the roots of the original
equation by a small amount. Let the A% root of the
original equation be S;.  Then the displaced root is
5% =St + B )

Then F(S%) = F(Se + B) = F(Se) + B F'(Se) + . . .
by Taylor’'s Theorem.

From (1)
n n
Z 4,8 + Z 84,8 =0
0 0
Therefore
n
F(S) + Be F/(Se) = — Z 54,5¢
(V]

Neglecting terms in By greater in power than the first,
since B is small.
n
2 84,5
g

== ey

As an example the error in the roots of a second-order
equation will be derived in the case where §4, = 0-19,.
Theequationis® + 2 + x =0, F(p) =p* +p 4+ 1 =0,
F(p)=2p+ 1, 4dy=141=1,4,=1, 84, = 0001,

Hence

. — 1 4+ 43 — 1 — /3
& = R__zl_., S, = »__21_
B = ‘/gji Be= _ V3

"7 3000 7 73000

This represents a change in frequency which is clearly
seen to be correct by working out the error from the
solution of a quadratic.

The method described above for estimating the errors
due to inaccurate coefficients should prove useful in
assessing the accuracy of an analogue computor in each
individual case.

H. Fucns
Electronics Dept.,
The University,
Southampton.
31st March 1955.

CORRECTION

Three errors occurred in equation (2.2) of Appendix 2
of the paper ‘‘ Discriminator Circuit Analysis ™ in the
Aprilissue. The bracketted expression on the right-hand
side of the equation for D*.v should be raised to the »nth
power. The terms D-2 and D -” should both be D .
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NEW BOOKS

Dielectrics and Waves
By ARTHUR R. voN HipPEL. Pp.284 4 xii. Chapman
& Hall .td., 37 Essex Street, London, W.C.2. Price 128s.

Prof. von Hippel, who is Professor of Electrophysics
and Director of the Laboratory for Insulation Research
at the Massachusett’s Institute of Technology, is well
known as an authority on dielectrics. His book is more
than an cxcellent account of these materials. Tt is an
attempt to cstablish intercommunication between the
advancing sectors of physics and enginecring all along
the linc. He shows how problems in pure physics are
amenable to the methods of clectrical engineering, and
how the physicist’s microscopic approach has developed
materials tailored to engincering requirements. He calls
the book ‘‘a biography of dielectrics”, and hopes that
the reader may follow it with the attention normally
reserved for a detective story. It is indeed biography
on the Odyssean scale, and detection shorn of Baker
Street irregularity—-definitely not “elementary . . "

Physicists and engincers have devised their own
worlds of statistics, quanta and fields. Between the
worlds of microscopic concept and macroscopic practice
lies the limbo of actual individual materials. The author
approaches this from both sides, and the two paths
converge happily on their objective. The book is really
a treatise on electromagnetism and another on modern
physics, both lcading up to (or woven into) the study
of "dielectrics. Two separate books of this standard
would do any author credit, but to amalgamate them into
a single continuous story is a magnificent achievement.

The ideas of complex permeability and permittivity
are first presented, and these lcad to a description of
dielectric properties in terms of the parameters. attenua-
tion distance, decibel loss, complex refractive index, and
conductivity. Several pages of nomograms arc given
for reference. Optical behaviour is related to clectrical
properties; itisrefreshing to find geometrical an:l physical
optics lucidly summarized in terms of the properties of a
Joss-free diclectric.  Field phenomena are discussed in
terms of cquivalent circuits, and the lumped circuit
equivalents are applied to propertics of materials. The
molecular world of physics is approached via the
macroscopic field quantities polarization and magnctiza-
tion, the clementary quantities being ficld-producing
dipoles rather than particles. Then follows the historical
development of atomic theory from the early Bohr atom
to modern quantum mechanics. Returning once more
to materials, the process of molecule formation between
quantum-mechanical atoms, and the calculations of
binding energy and dipole moments, arc followed by a
cetailed account of the solid state, given in relatively
simple terms. The author’s own studies of the behaviour
of barium titanate provide a wealth of illustration of the
general propertics of ferro-electrics. The close analogy
between the organization of electric and magnetic
dipole moments lcads on to ferro-, ferri- and anti-
ferromagnetic materials. Other solid-state phcnomena
—piezoelectricity, semiconductors, and metallic conduc-
tion—are fitted into the picture; and the book ends with
an account of conduction and various forms of brcakdown
in solid dielectrics.

Excellent diagrams, concise writing, clear mathematical
statement, and a pretty wit that filters in irrepressibly,
make the book intclligible and interesting to read.
Whatever his own background, the reader is likely to
find here new ideas, and new ways of approaching
familiar topics. This does not mean that the material is
all intrinsically novel; it is simply that no cne person
who has left his student days behind will ever have had
the opportunity to sort out his more recently acquired
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parcels of knowledge in their relation Lo one another.
The book does this so well that it should encourage people
to make this kind of effort. The examples at the end,
though based on well-known results, seem to be of
the standard of minor research excercises; but perhaps
after a sccond or third reading of the text one might be
fortified to attempt them.

To quote from the preface: ““Nobody can leave his
problems to others without losing control over his
destiny. The electrical engineer has to remember that
he is an applied scientist and join his colleagues of physics
and chemistry in a co-operative venture of ‘molecular
clectrical engincering’. Seen from this point of view,
[ would want this book to be a trumpet of Jericho; alas,
it may only loosen some bricks that will fall on the
author’'s head'’. The author’s wish may well be ful-
filled; his fears arc groundless, since the reader who
follows him through to the end will accept his aims and
presentation with enthusiasm.  1f he himself has dropped
a brick, it is a large one; the kind that people lay as
foundation stones.

G. R.N.

Television (2nd Edition)

By V. K. ZworykIN, E.IL, Ph.D, and G. A. MoRrToON,
Ph.D. Pp. 1037 + xv. Chapman & Hall Ltd., 37 Essex
Street, [.ondon, W.C.2. Drice 140s.

This is a book to which the expression ‘a weighty
tome’ may be applied with literal truth; it weighs 33 1b!
The first edition, which appeared in 1940, contained a
modest 646 pages and cost 36s.; this one, with just over
509, more pages, costs nearly four times as much.

The content of the book covers an cnormous range;
there are few matters connccted with television that do
not receive some mention. Tt is divided into four parts:
1, Fundamental physical principles; 2, Principles of
television; 3, Component elements of an electronic-
television system; and 4, Color television, industrial
television and television systems. .

Part 1 covers eleetron physics, fluorescent materials
and electron optics, while Part 2 decals with television
fundamentals, scanning, resolution and like matters,
camera pick-up devices and reproducing methods.
Mecchanical as well as electronic methods are discussed.

Part 3 has a chapter on the iconoscope and another in
which other camera tubes are trcated; such as, the
orthicon, the image orthicon and the videcon: the
reproducing c.r. tube has a chapter and so has the
clectron gun. Then there are chapters on video ampli-
fiers, scanning and synchronization, the transmitter and
the receiver.

In Part 4, a chapter is devoted to colour fundamentals
and another to the principles of colour television while
the final one on colour, is entitled practical cclour
television. The section concludes with two chapters on
industrial television and practical television systems.

The authors give no indication in their preface of the
kind of reader for whom they have written. The treat-
ment is by no means the superficial one that might be
expected from the enormous field which is covered, but
it is not nearly deep enough to satisfy the specialist in
any part of it. The book will enable an engineer to
obtain a good outline of the technicalities of almost any
aspect of television and the good bibliography which is
included will direct his attention to sources of more
detailed information on particular subjects.

As might be expected from these authors, the parts of
the book which deal with camera tubes or c.r. tubes are
by far the best. That is where their interests lic. The
circuitry is, relatively, poorly treated and not very well
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balanced. For example, the chapter on receivers is of
only 43 pages. 1t is truc that video amplifiers are
separately treated and that scanning and synchronization
have a chapter to themselves but, cven allowing for this,
the space devoted to receiving problems is rather small.
W.T. C.

Fundamentals of Transistors

By Leonarp M. Krueman, B.S, M.S, P.E. Dp. 140.
Chapman & Hall Ltd., 37 Esscex Street, London, W.C.2.
Price 21s.

This is an American book and the author intends it
“for the technician and the amateur”, but he considers
that it will also serve ‘‘the initial needs of engineering
students and enginecrs who are confronted with tran-
sistors for the first time”.

The first two quite-short chapters cover basic semi-
conductor physics and transistors and their operation.
That they arc very clementary and give no real under-
standing of the internal operation of the transistor is
clear from the fact that these two chapters together
occupy only 18 pages. Thereafter, the transistor is
trcated as a black box having characteristics which are
determinable by external measurements at its terminals.

The third and fourth chapters cover the development
of equivalent circuits for transistors in earthed-base,
carthed-emitter and ecarthed-collector connection and
the evaluation of input and output resistances. IBoth
point-contact and junction transistors arc dealt with.
After this, there are chapters on amplifiers, oscillators
and transistor high-frequency and other applications.
In them, the cascading of transistor stages is trcated and
such practical matters as obtaining bias supplies.

The book is for those who want to use transistors and
to design apparatus which embodies them. The author s,
therefore, quite right to omit any serious discussion of
the internals of the transistor.

Quitc a large part of the treatment is mathematical.
Nothing beyond ordinary algebra is nceded but, to gain
the full benefit from the book, one has to be more familiar
with algebraic interpretation than are most amateurs
and many technicians. The reader is not helped by the
voltage and current convention used, and he must have
good eyesight if he is to distinguish clearly between the
very small ‘o’, ‘e’ and ‘¢’ subscripts which are used to
denote output, emitter and collector. There is no list
of symbols and so one has to become familiar with the
symbolism employed before one can benefit from the book.

in spite of thesc defects, the book is undoubtedly
one of the best introductions to transistor characteristics
and circuits that has so far appeared. Therc is no doubt
at all that it will be extremely useful to the budding
engineer and the more scrious technician, and many
qualified engineers will find it very helpful. Few who
arc interested in transistors can afford to be without it.

W.T.C.

Basic Television, Principles and Servicing (2nd
Edition)

By BERNARD GroB. Pp. 660 + xv. McGraw-Hill Pub-
lishing Co. Ltd., 95 Iarringdon Street, London, E.C.4.
Price 64s.

The Radio Amateur’s Handbook 1955 (32nd
Edition)
Pp. 620. Amcrican Radio Relay league, West

Hartford 7, Connecticut, U.S.A. Price $4.

Radar Pocket Book

By R. S. H. BourLping, O.B.E.,, B.Sc, M.LE.E,,
AM.ILMech.E., F.lnst.P. Pp. 176 + vii. George
Newnes Ltd., Tower House, Southampton Street,
London, W.C.2. Price 15s.

144

MEETINGS
LLE.E.

11th May. ‘“‘Transistors and other Semi-Conductor
Devices”—Group of papers including * Junction Tran-
sistor Noise in the Frequency Range 7-50 kcfs”, by
W. L. Stephenson, B.Sc., and * Noise in Silicon Micro-
wave Diodes”, by G. R. Nicoll, B.Sc.

19th May. Annual General Mceting to be followed
at 6.30 by “Human Relations in Industry’”, by the
Rt. Hon. Lord Citrine, P.C., K.B.E.

These meetings will commence at 5.30 and will be held
at the lnstitution of Electrical Engineers, Savoy Dlace,
Victoria Embankment, London, W.C.2.

BRIT.I.R.E.

18th May. “The Development of the Underwater
Television Camera”, by . R. Coleman, D). A. Allanson
and B. A. Horlock. To be held at 6.30 at the London
School of Hygiene and Tropical Medicine, Keppel Street,
Gower Street, London, W.C.1.

STANDARD-FREQUENCY TRANSMISSIONS

(Communication from the National Physical Laboratory)

Values for March 1955

Frequency deviation from
nominal: parts in 108 Lead of MSF
Date impulses on
1955 T — GBR 1000
March | MSF 60 ke/s | Droitwich G.M.T. time
1429-1530 200 kc/s signal in
G.MT. 1030 G.M.T. | milliseconds
| —0'5 +2 +49-4
2 —0-5 +2 +48-0
3 —0-5 +2 +47-7
4 —0-6 +2 +47-0
) NM +2 NM
6 NM +1 NM
7 —0-6 +2 +45-3
8 —0-5 +2 +44-8
9 —0-4 +2 +44-3
10 —0-5 +2 -+ 43-5
I —0-5 +2 +42:7
12 —0-5 +2 NM
13 —05 +2 NM
14 —0-5 +2 +41-2
15 —0-5 +3 +40-6
16 —06 +2 +39-9
17 —0-6 -2 +39-4
18 —0-4 —1 +-38-1
19 —0-4 —1 NM
20 —0-4 —1 NM
21 —0-5 0 + 361
22 NM 0 NM
23 —0-5 0 +35.7
24 —05 0 +35-1
25 —0-4 0 +34-1
26 —0-4 —1 NM
27 —0-4 0 NM
28 —0-5 0 +32:9
29 —0-4 0 +33-8
30 —0-4 0 +31-9
31 —0-5 0 +31-3

The values are based on astronomical data available on Ist April 1955,
The transmitter employed for the 60-kc/s signal is sometimes required
for another service.
NM =Not measured.
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