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Heiman and Hofstein? have described another insulated-gate field-effect
transistor which is formed in the surface of a single crystal of silicon.
Although some of the physical mechanisms of the two insulated-gate
devices are similar, differences in the nature of the semiconductor and
the structure produce differences in the operating characteristics.
Thin-film transistors using evaporated cadmium selenide as the semi-
conductor have been reported by Shalleross® of these Laboratories.
The construction of an insulated-gate thin-film transistor is shown
in Figure 1. The gold source and drain electrodes are deposited by
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Fig. 1—Cross section and cut-away plan view of a TFT. The thickness of
the layers is exaggerated compared to the lateral dimensions.

evaporation through a mask onto an insulating substrate, such as glass.
Typical experimental units have electrodes 100 mils long separated by
a gap of about 0.4 mil (10 microns). The semiconductor consists of
an evaporated layer of polycrystalline n-type cadmium sulfide less than
1 micron thick. On top of the CdS layer, a thin film of insulator usually
less than 0.1 micron thick is deposited by evaporation. Typical insu-
lator materials found to be suitable are silicon monoxide or calcium
fluoride. The gate electrode, a thin film of aluminum or gold approxi-
mately 15 microns wide, is evaporated on top of the insulator and
centered over the source-drain gap. In the structure shown the gate
slightly overlaps the source and drain electrodes. The thicknesses of
the various layers have been exaggerated in the figure; the actual gap
width is about 20 times the thickness of the CdS layer.

4F. P. Heiman and S. R. Hofstein, “The Insulated-Gate Field-Effect
Transistor,” presented at Electron Devices Meeting, Washington, D. C.,
Oct. 1962 (to be published).

5F. V. Shallcross, “Cadmium Selenide Thin-Film Transistors,” Proc.
LE.E.E., Vol. 51, p. 851, May 1963.
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Due to the presence of the insulator layer, the gate may be biased
either positively or negatively with respect to the source without draw-
ing appreciable gate current. Typical d-c input resistance is 10 meg-
ohms or more. TFT’s have been processed so that only a very small
source—drain current flows at zero gate voltage. However, this small
current is enhanced by several orders of magnitude when positive gate
voltage is applied. The increase in current is due to the formation by
field effect of a conducting channel in the cadmium sulfide adjacent to
the under-surface of the insulator.

DRAIN CHARACTERISTICS

A typical drain characteristic of such an “enhancement” unit is
shown in Figure 2. The drain current is plotted as a function of drain
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Fig. 2—The drain characteristic of an experimental enhancement-type
cadmium sulfide TFT. The maximum transconductance of this unit is about
10,000 gmhos.

voltage with the gate voltage as a parameter. All voltages indicated
are positive with respect to the source. Note that the device exhibits
pentode-like characteristics. Since a 0.2-volt change on the gate pro-
duces a 2-milliampere change in drain current, the transconductance
of this unit is about 10,000 micromhos. The dynamic output resistance
determined by the reciprocal of the slope of the curves in the saturation
region is about 8,000 ohms. The voltage amplification factor calculated
from the product of the transconductance and output resistance is 80.

The saturated characteristics result from the pinch-off of the in-
duced conduction channel in the region of the drain. The rising poten-
tial along the channel from source-to-drain relative to the gate potential
causes a gradation from an accumulation layer near the source to a
depletion layer near the drain. The saturation mechanism is thus a
gate-control phenomenon quite analogous to that observed in the con-
ventional field-effect transistor.
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Insulated-gate TFT’s have also been produced which operate in the
“depletion” mode. Such units exhibit saturated characteristics with
sizeable drain current flowing when the gate is at the same potential
as the source. This drain current may be depleted by applying negative
gate voltage or enhanced by positive gate voltage. The drain charac-
teristic is similar to the one shown in Figure 2 except for the gate
voltage scale.

O G4« Vg + K,
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©) Idﬂt(vg+k3)2 S OmeJ/Ig

Fig. 3—Typical TFT drain characteristics. The dashed line (2) represents
the locus of the knees of the curves.

Enhancement units, such as the one shown, are of interest for
integrated-circuit applications>¢ because the positive gate bias permits
direct coupling of successive stages. The depletion units are useful
for input, detector, and other applications where zero bias is desirable.

Figure 8 shows the behavior of drain characteristics of both en-
hancement- and depletion-type TFT’s. The drain characteristic illus-
trated has been separated into two regions by the dashed line. In
region (1) at low drain voltage, below the onset of current saturation,
the output conductivity is found to be linear with the gate voltage.
The dashed line (2) represents the locus of the knees of the curves.
It has been found that at the knee, there is a linear relationship be-
tween the drain voltage and the gate voltage. Region (3) is the high-
drain-voltage, current-saturation area. Here there is a square-law
dependence of the drain current on the gate voltage. A consequence
of this last characteristic is that the transconductance is proportional
to the square root of the drain current. All three of the characteristics
mentioned above are typical of these types of experimental TFT’s.

6 P, K. Weimer, “Evaporated Circuits Incorporating Thin-Film Tran-
sistors,” presented at International Solid-State Circuits Conference, Phila-
delphia, Pennsylvania, Feb. 1962,
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COMPARISON OF CALCULATED AND MEASURED CHARACTERISTICS

An analysis of the TFT structure based solely on the field-effect
phenomenon is given in the appendix. The analysis assumes that the
semiconductor is a thin homogeneous layer with constant mobility,
and that the source and drain electrodes form ohmic contacts to the
semiconductor. The expression for the drain characteristic below the
onset of current saturation is, as shown in the Appendix,

‘U-Ca Vd2
I,= (V,— Vo) V, : 1)
L2 2

where I; = drain current in amperes,

= drift mobility in em2/volt-sec,

C, = capacitance across insulator layer ~ total gate capaci-
tance, in farads,

L = length of gap between source and drain electrodes,
Vo = gate voltage required for the onset of drain current,
V, = applied gate voltage relative to-the source electrode,

V; = applied drain voltage relative to the source electrode.

Note that V,, is positive for an enhancement-type unit, which requires
an initial gate bias to fill immobile surface states and/or traps in the
forbidden band of the semiconductor. V, is negative in a depletion-type
unit having an initial conductivity at zero gate bias. Equation (1) is
valid for V; =V, — V,, up to the knee in the I, versus ¥V, characteristic.
Shockley? has shown that the drain current is constant, independent
of the drain voltage above the knee of the curves in the drain charaec-
teristic. The theoretically predicted drain characteristic obtained from
Equation (1) appears in Figure 4.

Three experimentally determined traits of drain characteristics,
shown in Figure 3, may now be compared with the theoretically pre-
dicted traits. The output conductivity below the knee is

oI, rC,
Gy;= =
oV, L2

(Vy— Vo), (2)

| Vg0
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i.e., the output conductivity is linear with V.

The locus of the knees of the curves is determined from the zero-
slope condition of Equation (1). It is found that the drain voltage
at the knee is

Vicneey = Vo — Vo (3)

The drain voltage at the knee is equal to the effective gate voltage.
Since experimental TFT’s may have a shunting source-drain resistance
which tilts the drain characteristics upward slightly, it is difficult to
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Fig. 4—Theoretically predicted TFT drain characteristics. These curves
result from an analysis based solely on field-effect. The dashed line is the
locus of the knees of the curves.

uniquely determine the drain voltage at the knee and verify Equation
(8). However, the uncertainty of the locus of points down from the
knee by a constant factor, y < 1, is small and was used to determine
the experimental relationship; the voltage at the knee is proportional
to the quantity gate voltage plus a constant. The corresponding ex-
pression for the modified voltage at the knee is

Vi tkoeey = A —V1—y) (V,— V), (4)

which verifies the proportionality relationship.
The maximum drain current (at the knee), determined from Equa-
tions (1) and (8) is,

#C,

(V,— Vo2, (5)

Id(max) =
212

which verifies the experimentally found square-law relationship of
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saturated drain current with the effective gate voltage. The transcon-
ductance of this device at or above the knee is given by,

aId(mnx) ( .‘-"Ca(Vy - VO) \/2:“‘Cald(mux) )
Im = ————— = = , (6)
aV, Lz L

V g==const,

or, the transconductance is proportional to the square root of the drain
current.

Therefore, all three of the experimentally determined traits of
drain characteristics of experimental enhancement and depletion type
TFT’s have been predicted by a field-effect analysis of a simple model.
This provides good evidence that the primary operating mechanism in
the TFT is conductivity modulation of the channel by field effect.

A figure of merit which characterizes the high-frequency perform-
ance of a three-terminal active device is its gain—bandwidth product.
For the TFT it can be shown that

gain X bandwidth ~ (N

27C,

Typical experimental units have demonstrated gain-bandwidth prod-
ucts of about 15 megacycles. The calculated figure of merit determined
from Equation (1) (which applies at or below the knee) yields,

. . 1V,
gain X bandwidth ~ R (8a)
272

while Equation (6) (which applies at or above the knee) yields,

p(Vy—Vo)

— (8b)
2xL2

gain X bandwidth =~ -

Of course, these two expressions are identical at the knee through
Equation (3). One may determine the effective drift mobility in the
semiconductor from either Equation (8a) or (8b) by inserting the
measured gain-bandwidth product, length of source—drain gap and
appropriate voltage. This yields an effective drift mobility of about
100 cm?/volt-sec for this 15-megacycle unit.
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Fig. 5—TFT small-signal equivalent circuit.

IMPEDANCE CONSIDERATIONS

The small-signal equivalent circuit of a TFT may be represented
as shown in Figure 5. The gate, drain, and source electrodes are repre-
sented as the nodal points marked G, D, and S. The impedances be-
tween gate-and-source and gate-and-drain electrodes are represented
by parallel RC circuits. As will be shown, the magnitude of these
impedances are dependent upon the d-c operating point and also upon
the frequency. The output circuit consists of the dynamic output
resistance, 7, driven by a constant current generator, g,¢,. Drain-
source capacitance is small and has been neglected.

The impedances between the elements in a TFT have been meas-
ured by several different techniques and the results found to be
consistent. Figure 6 shows the total gate capacitance, C, measured
between the gate and both the source and drain electrodes. C, is plotted
as a function of gate-to-source voltage with drain-to-source voltage as
a parameter. As is shown in the transfer characteristic in the lower
part of the figure, the unit illustrated is of the depletion type. Ap-
proximately 1 milliampere drain current flows at zero bias condition.
Note that with zero drain volts applied, the capacitance increases and
tends to level off as the gate potential increases in the positive direc-
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Fig. 6—Total gate capacitance and transfer characteristics of an experi-

mental depletion-type cadmium sulfide TFT. The capacitance was measured
at 100 kilocycles.
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tion. However, at higher drain voltages it is found that the capacitance
increases, reaches a maximum, and then decreases with gate voltage.
This behavior has been observed repeatedly in both enhancement and
depletion TFT’s; the peak in capacitance being shifted toward positive
gate biases for the enhancement units. The maximum in capacitance
always seems to occur at a gate voltage which produces a drain current
of about 5-10% of its maximum stable value. The data presented were
taken at 100 kilocycles using a capacitance bridge. Other measure-
ments taken at frequencies between 2 and 200 kilocycles have shown
similar results except that the measured capacitance decreases slightly
at the higher frequencies. Since the fall-off of capacitance at high
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Fig. 7—Distribution of gate capacitance between source and drain electrodes
of a cadmium sulfide TFT. All data points were measured independently.

drain voltage is observed over a wide range of frequencies and since
the shunt resistance is large (as discussed shortly), the effect is due
to a change in capacitance within the TFT. However, from the appli-
cations point of view, it does not matter whether the cause is due to a
capacitance or a resistance change, since the input signal will see the
capacitance and shunt resistance as measured in these tests.
Three-terminal capacitance measurements are used to determine
the isolated capacitances and shunt resistances which exist between
two of the three terminals of the TFT. The results of such measure-
ments are shown in Figure 7. The solid-line curves correspond to zero
drain voltage, while the dashed curves are for 5 volts applied to the
drain. The total gate capacitance, C,, is separated into two compo-
nents: C,,, the capacitance between gate and source and C,,, the capaci-
tance between gate and drain. Note that with both source and drain
electrodes grounded, the total gate capacitance divides about equally
between the gate-source and gate—drain regions. However, at higher
drain voltage (in the saturation region) the major portion of gate
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capacitance, including the peaked characteristic, exists in the gate-
source circuit and only a relatively small amount in the gate-drain
circuit. This situation is desirable because in TFT amplifier applica-
tions, it is the gate—drain capacitance which is magnified by feedback.
The distribution of shunt resistance from the gate to the source and
drain electrodes also varies with operating voltages. At zero drain
voltage the gate—drain and gate-source resistances are about equal
and do not vary greatly with gate voltage. However, the gate—drain
resistance increases and the gate—source resistance decreases as the
drain voltage is increased. It has been found that these shunt resist-
ances, measured at 100 kilocycles, are greater than about one megohm
for the TFT being described.

The behavior of the gate capacitance as a function of gate voltage
with zero volts applied to the drain is the result of the changing width
of the space-charge region in the semiconductor adjacent to the insu-
lator. The positive gate voltage narrows this width and at very high
voltage the measured gate capacitance approaches the geometrical
capacitance across the insulator. Of course, with both source and drain
electrodes at the same potential, the total gate capacitance should be
distributed between these two electrodes geometrically. In this sample
the measured total gate capacitance increased by about 35% over the
voltage range. This is a typical value, with the maximum observed
increase being about 1009%. These numbers suggest that the maximum
width of the space-charge region is about comparable to the width of
the insulator layer. However, in the operating range it is much less
than the insulator thickness. In effect, a conductive channel is built
into the upper surface of the semiconductor. The analysis given in
the Appendix still applies with the modification that the effective semi-
conductor thickness, h, becomes the thickness of the space-charge
region and not the total semiconductor thickness.

At high drain voltage in the current-saturation region, the observed
fall-off in capacitance with the onset of drain current may be explained
by the repulsion of the induced channel away from the gate in the
neighborhood of the drain. Since the potential of the channel must
rise from source to drain, a gradation from an accumulation layer in
the vicinity of the source to a depletion layer near the drain is devel-
oped. However, impedance-wise the channel is connected more closely
to the source than to the drain, causing the bulk of the gate capacitance
to appear between gate and source electrodes rather than between
gate and drain.
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APPENDIX — FIELD-EFFECT ANALYSIS OF THE TFT STRUCTURE

The following analysis of the thin-film transistor, which predicts
the drain characteristic expected solely from the effect of electric fields

1/ """"
w/ A
qT b LN 2 DRAIN
[ INSULATOR | - ELECTRODE
i m SEMICONDUCTOR
= sox;?o X —= Vy
e FETRODE

Fig. 8—TFT structure used for analysis.

produced by the potentials applied to the electrodes, is based upon un-
published work of A. Many. It differs from an analysis by Ihantola’
for the metal-oxide-semiconductor transistor in that the initial charge
density is taken into account. In this analysis one assumes a homo-
geneous layer of semiconductor thin compared to the insulator, having
constant mobility, and forming ohmic contacts with the source and
drain electrodes. Only majority carriers are considered to exist in the
semiconductor. A somewhat similar analysis applicable to the unipolar
field-effect transistor was presented by W. Shockley.?

As is shown in Figure 8, the semiconductor is a film having a
thickness, &; length of gap between source and drain electrode, L; and
width, w. The gate electrode is spaced from the semiconductor by an
insulating layer, and capacitance C, exists across this insulator. In
this analysis C, is assumed constant even though measurements of
total gate capacitance on TFT’s indicate some variation with operating
voltages. The potential of the semiconductor at an arbitrary point z,

7H. K. J. Ihantola, “Design Theory of a Surface Field-Effect Tran-
sistor,” ASD Technical Note 61-133, Sept. 1961.
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measured from the source electrode, is given by V(x). The potentials
applied to the gate and drain electrodes relative to the source electrode
are V, and V,. With AN (z) charges per unit area impressed onto the
gate e]ectlode, an equal number of charges of ¢ coulombs per charge
is induced in the semiconductor. The charge induced per unit area is
given by,

CQ
gAN(z) =— [V, —V(2)]. (9)
wL

The drain current, I,, in the semiconductor may be expressed as

N, AN (x)
I, = hwpgq -+ K, (10)
hwL h
where p = drift mobility in cm?/volt-sec,

E, = electric field in volts/cm,

N, = total number of initial charges in the semiconductor.

This drain current expression may be written as

) (11)

Id‘:—- NO

L q
Id / dx_

0

nq C, [V ——V(x)]} dv (x)
dx

:l dv (), (12)

which yields

nU*Cy N(;q V42
I;L= +V,}) Va— . (13)
L c, 2

The term N,q/C, may be replaced by a voltage —V,, where +V, repre-
sents the gate voltage required for the onset of drain current. Note
that V, is positive for an enhancement-type unit and negative for a
depletion-type unit. Therefore, the drain current may be expressed as
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.“'Cg Ve
= (V_,,——V(,)Vd—— . (1)
L2 2

Equation (1) relates the drain current to both the drain and gate
voltages. It is valid up to the point where the slope is zero, which
corresponds to the knees of the characteristic curves.



MAGNETIC LOAD-SHARING SWITCHES
FOR HIGH-SPEED APPLICATIONS

By

R. B. LOCHINGER

RCA Laboratories
Princeton, New Jersey

Summary—The feagibility of driving a bidirectional diode matriz with
load-sharing magnetic switches in high-speed applications is investigated.
For purposes of analysis each switch core is treated as a pulge transformer.
The necessary parameters of the pulse transformers are calculated by
means of the source and load impedances and the pulgse specifications.
Experimental results are given for pulse transformers and a 8 X 8 diode
matrix with magnetic storage elements as loads, driven by three magnetic
load-gsharing switches. The conclusions arrived at are: it is feasible to
drive a bidirectional diode matrix with four load-sharing switches at 10
mce repetition rate; 5 mc operation i8 feasible with only two magnetic load-
gsharing switches.

INTRODUCTION

influenced by the cost of its electronic drive circuits. Transis-

tors have limited current-delivering capability, and paralleling
them to obtain greater currents and increased speeds is usually imprac-
tical. Furthermore, due to the memory organization, only a very small
percentage of the drivers are excited and delivering current at any
one time. Thus, a great deal of expensive equipment is idle most of
the time. Matters are improved considerably if a number of drivers
are used to deliver current simultaneously to a selected load. This is
accomplished by means of magnetic load-sharing switches.

Magnetic matrix switches were described as early as 1952 by
Rajchman.!? The switch described in Reference (1) is based on a
binary decoding scheme and is a load-sharing switch, since the output
d¢urrent of the selected matrix core is the sum of # input currents. A
disadvantage of this early scheme is the excitation received by some
of the unselected matrix cores. This excitation tends to drive these
cores further into saturation, thereby producing spurious output sig-
nals and also increasing the driver load.

THE COST of a modern high-speed computer memory is greatly

1J. A. Rajchman, “Static Magnetic Matrix Memory and Switching
Circuits,” RCA Review, Vol. 13, p. 183, June 1952,

2J. A, Rajchman, “A Myriabit Magnetic Core Matrix Memory,” Proc.
[.R.E., Vol. 41, p. 1047, Oct. 1953.

166
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Constantine® describes a load-sharing matrix switch with noise
cancellation. The cancellation is obtained by the polarity pattern of
the primary windings on the cores in combination with the drive
pulses. This load-sharing switch is no longer a binary decoder; indeed,
the number of input wires is larger than the number of output wires.
The noise output of unselected cores depends on the tolerances in the
amplitude and phase of the drive pulses, and is ideally zero.

The number of required input wires may in some cases be reduced
as shown by Marcus.? A class of optimal noiseless load-sharing matrix
switches which require a minimum of input wires are described by
Chien.5

The present paper deals with the application of magnetic load-
sharing switches in high-speed memories.

OPERATION OF A MAGNETIC LOAD-SHARING SWITCH

A brief description of a load-sharing switch is given for the benefit
of the reader unfamiliar with these devices. The diagram and the wind-
ing pattern of a four-input three-output switch are shown in Figure 1.

If an output pulse is to be generated, half of the input wires are
excited. The core windings are arranged in such a fashion that the
magnetic flux change due to the currents in the excited drive lines is
zero in all unselected cores; thus these cores do not produce an output.
All the drive currents flow in the same direction through the selected
core. This core will be magnetized and current flows through the load
that is connected to the output winding of the core. The magnetizing
and load currents are distributed equally between the excited drive
lines. Thus, the larger a switch is, the less current has to be delivered
by a particular driver for a given output current amplitude. To select
load “a” in Figure 1, lines 1 and 2 are excited. The applied current
pulses may be positive or negative, depending on the desired output
polarity. Thus, bi-directionality is achieved with one-polarity drivers
only. If positive polarity drivers are used, a positive output pulse is
generated at output “a” by exciting wires 1 and 2, and a negative
output pulse by exciting wires 3 and 4.

3 G. Constantine, Jr., “A Load Sharing Matrix Switch,” 1.B.M. Journal
of Research, p. 205, July 1958.

4+ M. P. Marcus, “Doubling the Efficiency of the Load Sharing Matrix
Switch,” I.B.M. Journal of Research, p. 195, April 1959.

5R. T. Chien, “A Class of Optimal Noiseless Load Sharing Matrix
Switches,” I.B.M. Journal of Research, p. 415, Oct. 1960,
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MAGNETIC LOAD-SHARING SWITCH FOR HIGH SPEED

The purpose of this investigation is to establish the feasibility of
a magnetic load-sharing switch for a 100-nanosecond (ns) cycle time
memory. The width of the pulses to be delivered by the switch are
assumed to be 30 ns. This means the pulse rise and fall times are to

CORE |

il2]3]a]

uIINPUT quE_]
@ | h
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v
|

(b} WINDING PATTERN

CORE 2 FOR(Q)

] ¢
/ d
{ ) [
CORE 3 /2.,
v\ 2

(0) LOAD-SHARING SWITCH

Fig. 1—(a) Schematic diagram and (b) winding pattern of a four-input
three-output switch.

be about 10 ns. It may be assumed that a drop of 10 per cent of ‘the
initial amplitude is tolerable.

For purposes of analysis, each matrix core may be treated as a pulse
transformer. The effects of unselected cores on the drive lines are
assumed negligible. Knowledge of the load impedance Z; and source
impedance, together with the pulse specifications, permits designing
the required pulse transformers.
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LoADp IMPEDANCE

It is assumed that magnetic load-sharing switches are used to drive
a diode matrix with magnetic storage elements as loads (Figure 2a).
A simplified equivalent circuit of the load to be driven by one pulse
transformer is shown in Figure 2b. C,, represents the capacitance of
the back-biased diodes which are connected to the selected drive line

MEMORY DRIVE
LINE

/‘Izt

ZTE

T0 LOAD SHARING
SWITCH

(a)

TO LOAD-
SHARING SWITCH

(b)
Fig. 2—(a) Diode matrix and (b) equivalent circuit of a selected drive line.

and the stray capacitance. R and L are that portion of the total load
impedance, including the diode, which may be assumed to be driven
from one load-sharing switch. This is symbolically indicated in Figure
la. A more-detailed description of the diode matrix follows.

EQUIVALENT CIRCUIT FOR THE PULSE TRANSFORMER

An approximate equivalent circuit for a pulse transformer is shown
in Figure 3a, with all impedances referred to the primary. The dis-
tributed winding capacitances of the transformer are represented by
a capacitor in parallel with the magnetizing inductance. The inter-
winding capacitance is neglected.
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The performance of the transformer may be considered in three
steps: (1) rise-time response, (2) flat-top response, and (3) fall-time
response. For each one of these steps an even simpler equivalent circuit
may be used as shown in Figures 3b and 3c for steps 1 and 2, respec-
tively. The losses in the transformer core are also neglected in these
equivalent circuits. It is next shown that core losses do not become
excessive even at high repetition rates.

Re, Lg

v,| o c‘,f Lj’Zh _Mlz'
| T ¢ ‘
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'
vz

(a)
O—AA~
. Ro Lo .
v, c R V2
1 —z zz—aI t
[lo Sm—
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' Rg
VI‘ 5 RL ‘Vz
o
(c)

Fig. 3—(a) Equivalent circuit for a pulse transformer, (b) simplified
equivalent circuit used for the calculation of the rise time response (C —
Cir + C»), and (c) equivalent circuit used to calculate the flat-top response.

The core losses may be represented in the equivalent circuit by the
elements shown in Figure 4b.8 For ferrite cores with a very high
resistivity, the eddy current losses may be neglected to a first-order
approximation and only hysteresis losses need be considered. Linear
ferrite material with a relative permeability of about 800 for 20-ns
pulses is used, and the output voltage of the transformer is chosen to
be 20 volts.

For the cores tested,” the following experimental results were ob-

8 “Equivalent Circuit of a Pulse Transformer Core,” Radiation Lab.,
MIT, Report 666, 1945.

* The ferrite material is composed of Fe;0s, NiO and ZnO. The core
dimensions are: inner diameter = 2 mm, outer diameter — 8 mm, lengtk — 6
mm.
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tained (see Figure 4a):
AB = .044 volt-second/square meter,

AH = 9.1 amperes/meter,
2H,= 3.9 amperes/meter.

¢ L--AH -

—=H

O— — S—
Lm * MAGNETIZING
Lh INDUCTANCE
z
n Zh * LOSS IMPEDANCE
Rn
[0 u—

(b)

Fig. 4—(a) B-H loop of cores used and (b) equivalent circuit of a trans-
former core (eddy-current losses, etc., are neglected).

The cores require a current I, of 33 ma to produce a magnetic field
of 3.9 amperes/meter. Hence

20
R, = ———— =600 ohms.
33 x 10—3

R, represents the real part of the hysteresis loss impedance. The rise
time for the current which produced the field of 2H, was found to be
15 nanoseconds. Thus, by means of the partial loop “a” in Figure 4a,

+==10ns

and

L, = r,R;, = 6 ph.
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The maximum hysteresis losses in a transformer core are found to be
P, =185 mw,

with a duty cycle of 30 per cent. Tests with pulses at 10 me repetition
rate showed that this power dissipation in the core does not hLeat up
the core excessively.

A 1:1 primary-to-secondary turns ratio was chosen for the trans-
formers. All the specifications needed to calculate the elements forming
the lumped transformer equivalent circuit are now known. The load
impedance given in Figure 2b may be represented by 20 ohms with
100 picofarads in parallel. The load capacitance is at least one order
of magnitude larger than any capacitance intrinsic to the transformer,
and this can be considered as some justification for the representation
of all the capacitances by just one capacitor in parallel with the mag-
netizing inductance, especially if the stray impedances are combined
as in Figure 3b. In that case, the load capacitance is in parallel with
the transformer capacitance and the two may be combined.

RISE-TIME RESPONSE

Referring to Figure 3b, the rise time response is calculated 5y use
of the Laplace transformation;

R,
Zy=———,
sR,C+1
, _ RO+ s RRC L) + B+ R,
b sR,C + 1 '
1

v, 1
(vl=——
s LC (R, 1 > 1 < R,>
s2+s +—] +— {1+
L, R, C L,C R,

A slightly underdamped case was selected because the output pulse
rises faster than for the critically or overdamped cases, and some
oscillations in the output signal can, in general, be accepted. Hence,

R, 8
Vo=V, — | 1 —e~8 | cosw,t + ——sin w,t ,
R, + R, @,
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1 /R, 1 1 R,
§ =— — + -1, 0)02 = 14+ — R
2 \L. RC L,C R,

— a

o, = Vuwg® — 8§

where:

The rise time of the pulse can be defined by means of the critically
damped case. The rise time is the time required for the pulse to rise
from 0.1 to 0.9 of its final value. This rise time is’

RL 1/2
t, =3.35 [L,——C] .
Ra + RL

Using this formula, the maximum tolerable L, is found to be

L, =180 nh,
with
t, =10 ns,
R, + R,
_ _RL =2,
C =100 pf.

FLAT-ToP RESPONSE

The performance of the transformer at the top of the pulse may
be determined from the low-frequency equivalent circuit of Figure 3c.

v, sR, L
LIVe] =—— ,
s s(R,L+R,L)+R,R,

RL RO'RL
V,=V,———exp {————t} .
R, + R, L (R, + R;)

This result could also easily be obtained without Laplace transforma-
tion by applying Thevenin’s Theorem to the circuit shown in Figure
3c; thus, the equivalent circuit would be reduced to a resistor in series
with an inductance, and V; would be replaced by V,” where,

7 J. Millman and H. Taub, Pulse and Digital Circuits, Chap. 9, McGraw-
Hill, 1956.
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R,
Vll - Vl‘
Ra + RL

The maximum drop tolerated in a good pulse transformer is of the
order of 10 per cent from the initial amplitude. Thus, the formula for
V, can be rewritten by expanding the exponential function into a
series in which only the linear term is significant. Hence,

R R,E,
Vo=V, —— | 1— —t .
R,+R, L (R, +Ry)

The top of the output pulse is tilted downward by

R,R,
P=——1t, ) x 100%,
L (R, +Ry)

where ¢, is the pulse width. Since P =10% and t, =30 ns, L can be
calculated;

10 x 3 x 10-8
L=———— =3 uh.
d

FALL-TIME RESPONSE

The applied source voltage at the input of the transformer goes to
zero at the end of the pulse. This could also be interpreted as a nega-
tive-going pulse (same amplitude as positive pulse) applied to the
input. The rise time and fall time of the output pulse of the trans-
former would be the same and, furthermore, the tail at the end of the
pulse would decay with the same time constant as was found for the
flat-top response, if all the circuit elements remained unchanged. This
last assumption cannot be made in the case considered. The source
impedance included in R, increases considerably at the end of the pulse
and so does the load impedance because the conducting diode becomes
back biased. The half-selected diodes contribute considerably to the
capacitance C, and thus C also varies with the output voltage of the
transformer.

The performance of the transformer at the trailing edge of the
pulse may be calculated similarly to that of a ringing circuit.” The
equivalent circuit considered is shown in Figure 5.
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It is convenient to introduce A, the ratio of current in the inductor
to current through the resistor R at the end of the pulse. Thus

at t =t,. The roots p;, for the characteristic equation of the equiva-
lent circuit in Figure 5 are

1 1 \2 1 |2
Pl‘2 T i [< > B ] '
2RC 2RC LC

- +
L c:,L__v° ROV
. [ 1
bm - S SR

Fig. 5—Ringing circuit for calculating the fall-time response
of the transformer.

In order to achieve a high repetition rate, the decay time for the pulse
tail must be as short as possible. This means that a critically damped
response curve should be obtained. The values of L and C cannot be
changed, but R might be altered without interfering with the rise and
flat-top response. At the end of the pulse, R increases considerably as
was noted before. By shunting the secondary of the transformer with
an additional resistor, a critically damped response characteristic may
be obtained. The condition for critical damping is

1

4R,2C2 LC

Hence,

With the values for L and C as used before,
R, = 87 ohms.

This 87 ohms does not change the response characteristic for the rise
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and the flat top of the pulse appreciably, but improves the fall-time
characteristic considerably. The latter can now be described by

|4 t t
—_—= !:1—-(1+2A) :|exp {— }
V, VLC VLC

A time constant 7 can be defined

+=\/LC =173 ns.

This time constant is sufficiently short for 100-ns cycle time operation.

= 3R >R
3tk 3N

Fig. 6—Circuit to test transformer response with equivalent circuit of
selected line as a load.

If the inductance L is reduced to 2 ph, the required value of R, is
70 ohms, the drop P =13%, and the time constant r = 14 ns. Thus,
very little is gained.

Several transformers were made according to the specifications
given above and tested in the circuit shown in Figure 6. R, represents
the source impedance of the transistor driver, L, and L, the primary
and secondary inductances of the transformer (3 ph each), E, an
additional shunt resistance to minimize the decay time, and R, the
load impedance (10 ohms). The load current i, was measured across
R;. Oscillographs are shown in Figure 7.

The rise and fall times of the voltage pulses at the primary and
the secondary of the transformer are of the order of 10 ns, and the
pulses are 30 ns wide at the base. The transformer has recovered 100
ns after the pulse started to rise; thus 100 ns cycle time operation is
possible. Pulses of 500 ma peak current are obtained through the load
resistor with 8 volts applied to the primary of the transformer. Rise
and fall times of the load current are also of the order of 10 ns. The
top of the current pulse is tilted upward due to conductivity modulation
in the diode which reduces the total load impedance. The diode recovers
within 10 ns after the pulse is turned off.



MAGNETIC LOAD-SHARING SWITCHES 177

0.1 Mcps
I"MCPpS
(a) Voltage V, on primary of transformer
50 ns/cm, 5v/em
2 Mcps
i1 MCpS
0.1 Mcps
2 Mcps (b) Voltage Vi at output of transformer
50 ns/cm, 5v/em
IOMcps
0.1 Mcps
1 MCps
(¢) Current 1,
50 ns/cm, 200 ma/cm
2 MCps
10 MCPS

-1
Fig. 7—Oscilloscope tracings of measurements taken with the circuit
shown in Figure 6.
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LOAD-SHARING SWITCHES COMBINED WITH A BIDIRECTIONAL
DIODE MATRIX

The number of outputs of a magnetic load-sharing switch is always
smaller than the number of inputs.® The switch offers the advantage
of adding the currents of several drivers into a given load. Neverthe-

Jun| T+
/(’F

e T3] [ 3

1 L
‘T I __-11_'.‘1*1_05;:;
R\j ’-M:j N LR

WRITE  READ A PN
SWITCH SWITCH %Eﬁ_ —3
COMMON / E y ~—

SWITCH v

Fig. 8—Magnetic load-sharing switches driving a bidirectional
diode matrix.

less, for a reasonably sized memory, the number of drivers required
would be excessive. However, if it is possible to drive a rectangular
diode matrix with load-sharing switches, the number of drivers may
be greatly reduced. A rectangular bidirectional diode matrix with N
loads requires 2 \/N bidirectional inputs. Normally, 4 \/N unipolar
drivers are employed to drive a bidirectional diode matrix. A 3 X 3
bidirectional diode matrix driven by 3 load-sharing switches is shown
in Figure 8. The loads R, represent words or bits, depending on
whether the memory is word or bit organized. Only 3 load-sharing
switches are used since bidirectional output pulses can be generated
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with unipolar drivers; thus, only one switch is needed for the common
matrix lines. The switch cores may be considered to have recovered
100 ns after the leading edge of the applied pulse. Thus, the repetition
frequency must be reduced to about 5 mec in order to insure proper
operation. If separate wires for read and write pulses are used, then
four switches must be used and the repetition frequency may be in-
creaged to 10 mec.

The matrix diodes are back biased with d-¢ voltage which is about
equal in amplitude to the pulse amplitude at the secondary of the
selected switch cores. In order to read from or write into a memory
location, a core in the ‘“common switch” and a core in the “read or
write switch” must be energized. The total pulse amplitude (sum of
common and, e.g., write pulse amplitudes) is less than or equal to
twice V,; thus only one diode in the entire diode matrix is forward
biased during the time the pulses are applied, and all the other diodes
carry either no current at all or only capacitive current if they are
half selected.

RESULTS AND CONCLUSIONS

An arrangement as shown in Figure 8 was built and tested. The
memory is assumed to be bit organized to avoid additional electronics
for the digit pulses. The loads R; in Figure 8 are ferrite storage
elements.

The current amplitudes used in the experiments do not actually
require load-sharing switches since they may be delivered by single
transistor drives, but this was a convenient setup for testing purposes.

The cycle time for read-write pulses is 150 ns. Tests were made
with values of V, ranging from 5 to 20 volts. The pulse amplitudes
changed accordingly. The switching of the ferrite elements was ob-
served by sensing through back-biased diodes connected to the common
drive line. Oscilloscope photographs of the output pulses of the load-
sharing switches and the sense signal are shown in Figure 9. The
pictures were taken at a 1-mc repetition rate. For a cycle time of 150
ns, a 6-me repetition rate should be possible. The repetition rate was
increased to 6 mec, and it was found that the load current amplitudes
decreased by about 509, while the output voltages of all three switches
increased slightly (Figure 10). Careful inspection of the circuitry
revealed that the bias supplies for the diodes are responsible for the
current reduction.

The supplies were shunted with resistors to reduce the time con-
stants involved. Figure 11 shows the load current pulses at 7 me. The
pulse amplitudes are reduced by about 10% due to the repetition rate
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-t
(a) Read pulse (b) Write pulse
50 ns/em, 5 v/em 50 ns/em, 5 v/em

iaaas iR RR SRENE ISV SV FUTTS FTYTS

(¢) Load current (d) Sense voltage
50 ns/em, 100 ma/ecm 10 ns/em, 0.1 v/em

Fig. 9—Output pulses, load current and sense signal at 1 me repetition rate.

increase from 1 to 7 me. It is concluded that these load sharing
switches and the diode matrix may be operated at 6 me. This upper
limit is due to the common switch, and the use of two separate switches
instead of a common one permits operation at a 10-mc repetition rate.
It is also possible to use only two load-sharing switches instead of
three. The read and write switches are combined into one switch with
two output lines for each core. Bidirectionality in this case is achieved

(a) Read pulse (b) Load current
50 ns/em, 5 v/em 50 ns/em, 100 ma/cm:

Fig. 10—Output pulse and load current amplitudes at 6 me.
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«—1

Fig. 11—Load current at 7 me (50 ns/cm, 100 ma/cm).

as mentioned earlier. Operation at 5 to 6 mc repetition rate might well
be achieved with this configuration.

The tests indicate the feasibility of high-speed magnetic load-
sharing switches combined with diode matrices. Special care must be
taken, however, that all the pulses applied to the switches are in proper
coincidence and stray capacitances must be kept small.
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series resistance. Penfield and Rafuse® have made a detailed analysis
of harmonic generation with diodes having internal losses, and have
shown that the conversion efficiency is closely reiated to the maximum
cutoff frequency of the device. This maximum cutoff frequency, f..,
is given by

1

fem=—7T—, 1)
27R C i

where C,,;, is the junction capacitance at breakdown voltage and R is
the diode series resistance.

The conversion efficiency, 5, can, for high efficiencies, be approxi-
mated as follows:

fln
fom

2=1—D (2)

when f,,./f. > 100. f,, is the fundamental frequency and D is a con-
stant equal to 20.8 for an abrupt-junction doubler, 34.8 for a tripler,
62.5 for a quadrupler, and 92.9 for a quintupler. (These values are
based on theoretical efficiencies computed for many operating condi-
tions.”)

The analyses which have been made of harmonic generation assume
the series resistance of the diode to be a constant independent of ap-
plied voltage. Although this assumption is approximately true for
low-voltage diodes, it is not valid (as will be shown later) for high-
voltage epitaxial structures designed for optimum cutoff frequency.
The equations given above, therefore, are only rough approximations
for these diodes, and defining a figure of merit for such a device be-
tomes difficult.

Power-Handling Capability

The maximum power, P,,, stored at any instant by a lossless linear
capacitor is given by

1
Pln =T Oy cve, (3)
2

where 2V is the amplitude of the sinusoidal wave, o;, = 2xf,,, and C
is the capacitance. In a variable-capacitance diode, the maximum input

8 P. Penfield and R. P. Rafuse, Varactor Applications, The M.I.T. Press,
1962.
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power depends on the way in which the diode is operated, but the form
of the expression is similar to that given above;

Pin = B“’in len VB2 (4)

where B is a constant which depends on the order of harmonic desired,
Coin is the minimum junction capacitance, and Vj is the diode break-
down voltage. Experimental values of B have been found to vary be-
tween 1 and 1/30. Large values are possible at low frequencies if use
is made of the large diffusion capacitance which results from minority-
carrier storage when the diode is forward-biased.

It would appear that high breakdown voltages and/or high capaci-
tance values may be equally acceptable to achieve large power-handling
capacitance in high-frequency circuits. Frequently, however, it is
desirable to limit the junction capacitance in high-frequency circuits.
High breakdown voltages are therefore essential for large power input
in such circuits, and the upper limit to the diode power input may be
determined, not by its electrical parameters, but rather by its thermal
characteristics. An increase in electrical power-handling capability is
accompanied by an increase in the thermal dissipation of the device,
because the power dissipated in the series resistance also increases.

The maximum allowable thermal power dissipation, P,,,(max), is
determined by the maximum permissible junction-temperature rise
above the ambient temperature (determined by the semiconductor) and
the thermal resistance, R,,, as follows:

T/ (max) _— To
P (max) = (5)
Ry

where T;(max) is the maximum junction temperature and T, is the
ambient temperature.

High conversion efficiency, low thermal resistance, and high maxi-
mum operating junction temperatures are therefore important param-
eters for harmonic-generator diodes.

DIODE STRUCTURE AND DESIGN THEORY

In this section, diode parameters and their relationship to the device
structure for different semiconductors are analyzed in detail for a
step-junction model,
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Cutoff Frequency

Figure 1 shows the assumed diode impurity profile. The following

assumptions are made in the subsequent calculations:

(a)

(b)

(c)

(d)

The p+n junction is abrupt. In silicon this assumption is a
reasonably good approximation for shallow diffused junctions
having high surface concentrations. The impurity profile for
zine layers diffused into gallium arsenide at temperatures in
excess of 1000°C is such that nearly abrupt junctions result.®!

PWyax —W)
T +Rmin

——— Wmax — -

Ro

e
|
|
I
|
fe— W

[np=a

n-TYPE n+

. R

|

—» DISTANCE FROM SURFACE

Fig. 1—Assumed device profile.

The nn+ interface is abrupt, and the doping of the n-region is
uniform. Most vapor-deposited layers do, in fact, have a small
built-in impurity gradient, and the net impurity concentration
is a function of the distance from the n+ substrate.

The spreading effect of resistance is neglected. This assumption
is reasonably correct if the diameter of the diode is several times
larger than the thickness of the high-resistivity n-type layer.
The series resistance of the diode is concentrated in the region
between the edge of the junction depletion region and the nt

9 B. Goldstein, “Diffusion of Cadmium and Zinc in Gallium Arsenide,”

Phys. Rev., Vol. 118, p. 1024, May 1960.

10F, A. Cunnel and C. H. Gooch, “Diffusion of Zinc in Gallium Ar-

senide,” Jour. Phys. and Chem. Solids, Vol. 15, p. 127, Aug. 1960.
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layer. This assumption is valid for thin, highly doped p+ and
nt regions at frequencies where the skin effect may be neglected.

As mentioned previously, the theoretical work relating device param-
eters to circuit performance was based on the assumption that the
diode series resistance is a constant independent of the applied bias.
The resulting expression for conversion efficiency (Equation (2)) is
given in terms of the maximum cutoff frequency (at the breakdown
voltage). If, however, the resistance is actually higher at lower bias
points, the internal diode losses are higher than the predicted values
and, as a result, the conversion efficiency is lower than the values pre-
dicted by the theory. It is difficult to define an average resistance
because such a value depends on the way in which the diode is used.
1t is of interest, therefore, to consider the cutoff frequency at a low
bias point, where the resistance is very nearly at its maximum value,
and to compare silicon and GaAs ptnn+ devices.

The minimum n-type layer thickness required is equal to the width
of the junction depletion region at breakdown, W, . The resistivity
should, of course, be such that the desired breakdown voltage is at-
tained.

The width of the depletion region, W, at a given applied voltage is

W=\2epp(V—2¢) (6)

where p is the resistivity of the lightly doped side of the junction, p is
the electron mobility for the p+tn junction, V is the applied voltage,
¢ is the junction potential (1 volt for GaAs, 0.7 volt for silicon), and
e is the permittivity. The minimum n-type layer thickness, W, is
given by

I/Vm:lx = \/Z(P.“' ( VI: - ¢) . (7)

The diode resistance at zero applied voltage, R,,(max), is given by
PWmnx

R, (max) = , (8)

j

where A4; is the junction area. The resistance R, at any bias voltage
V is given by
pW
R, =R, (max) — c (9a)
Ay
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[o)

I
2p8en % .
]

where the value of Cy is given by

2ou(V —¢) |12
cva,.[H””,( 4’1] , (10)

€

The cutoff frequency, f,, at low bias values can be determined by
combining Equations (9) and (10);

1
fos= ; (10a)
27R,(max) Cy
or
1 V—o¢ \%
fl= : (10b)
27pe Ve

when V> V—¢.

Contact resistances, the resistance of the n+ region, and other re-
sistances that are present at microwave frequencies cannot in practice
be neglected. They are, however, difficult to predict analytically. The
lowest resistance measured at 2 gigacycles was about 0.5 ohm. A
minimum of 1 ohm at X-band is probably not unreasonable. If these
additional resistances are lumped under a total value R, the actual
cutoff frequency f,, which can be expected is given by

1 1 1
= dhe— (11)
fca fc fcm
where
1
fom= .
27RpuCy

Equation (10b) shows that the lower the resistivity required to
achieve a given value of breakdown voltage, the higher the cutoff
frequency. Figure 2 shows breakdown voltage as a function of resis-
tivity for silicon and gallium arsenide p+n junctions. (Germanium is
not considered because its low maximum operating temperature severely
limits permissible thermal dissipation.)

As a result of the higher electron mobility and larger band gap of
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gallium arsenide, the breakdown voltages of the gallium arsenide diodes
are higher than those of the silicon devices when materials of equal
resistivity are used. Breakdown voltage and resistivity are shown as
a function of carrier concentration in Figures 3 and 4, respectively.
The curve for silicon in Figure 3 is based on a composite plot of Irvin.!
The minimum energy which an electron must possess to produce an
electron-hole pair is in excess of the band gap. Because the band gap

@
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de A SILICON NEAR ABRUPT JUNCTIONS
T 0O Ga As NEAR ABRUPT JUNCTIONS
ar (KESSEL, BLICHER, GIBBONS)
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RESISTIVITY {p) —OHM—CM

Fig. 2—Breakdown voltage Vs as a function of resistivity o of the n-type
side of silicon and GaAs p+n junctions.1%15

of gallium arsenide is greater than that of silicon, the electric field in
the depletion region must be higher before avalanche breakdown occurs.

Equation (10b) is plotted in Figure 5. The theoretical maximum
cutoff frequency f,, at a total junction potential of 2 volts is shown

1 J. C. Irvin, “Resistivity of Bulk Silicon and of Diffused Layers in
Slllcon,” Bell Syst. Tech. Jour., Vol. 41, p. 387, March 1962.
McKay, “Avalanche Breakdown in Silicon,” Phys. Rev., Vol.
94, p 877 May 19564.
13 S, Miller, “Ionization Rates for Holes and Electrons in Silicon,”
Phys. Rev., Vol. 105, p. 1246, Feb. 1957.
1WH, Kressel, unpublished data. These diodes consist of very shallow
(1#) highly doped boron-diffused junctions.
15 H. Kressel, A. Blicher, and L. H. Gibbons, Jr., “Breakdown Voltage
of GaAs Diodes Having Nearly Abrupt Junctions,” Proc. I.R.E., Vol. 50.
p- 2493, Dec. 1962. (The GaAs curve is drawn somewhat differently in the
present paper.)
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Fig. 3—Breakdown voltage Vs as a function of net carrier concentration
in the n-type base of p+tn GaAs and silicon diodes.

for p+nn+ gallium arsenide and silicon diodes as a function of break-
down voltage. These curves are based on the experimental relationship
between p and V; shown in Figure 2.

o~ T T
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1079 |
10'6 07 10'® 0" 1020
CARRIER CONCENTRATION (N) PER CM3

Fig. 4—Resistivity as a function of carrier concentration for n-type GaAs.18

18 J, Hilibrand, Private Communication.
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The maximum cutoff frequencies shown in Figure 5 may be ex-
ceeded in practice if the mobilities of the particular crystal used are
greater than the values used in the calculations. The frequency limits
are assumed to be independent of junction areas. As the junction
capacitance is increased, however, Equation (11) shows that the meas-
ured value of cutoff frequency will tend to decrease because Ry, is
relatively constant. The highest-cutoff diodes, therefore, are most
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Fig. 5—Theoretical maximum cutoff frequency (f..) at V — ¢ — 2 volts for

GaAs and silicon abrupt-junction diodes as a function of breakdown voltage

(Vs). The experimental points show representative epitaxial (A) and

non-epitaxial (O) GaAs diodes (intermediate between graded and abrupt
junctions).

likely to be produced when the junction capacitance is small and R,
is a small part of the total resistance.

It is evident that superior diodes can theoretically be obtained by
use of gallium arsenide, provided comparable breakdown voltages can
be achieved in both materials.

Equation (9b) indicates that the semiconductor resistance ap-
proaches zero when the applied voltage is such that the depletion region
reaches the nt+ substrate. For a properly designed diode, this effect
occurs at the breakdown voltage; the cutoff frequency at this point
is then independent of the particular value of the diode breakdown
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voltage. As the breakdown voltage increases, however, the resistance
change between zero bias and breakdown becomes increasingly large.
It is of interest to compare this resistance change as a function of
breakdown voltage for gallium arsenide and silicon diodes having the
same area. The expression (B, (max) + RBpy,) /R is plotted in Figure
6 for gallium arsenide and silicon diodes having an area of 3.23 X 103

JUNCTION AREA =3.23 x 1079 cM2
RMlN =1.0 OHM

GoAs — == — —
SILICON

BREAKDOWN VOLTAGE (vg)—VOLTS

Rp (MAX)+RMIN
RmiN

Fig. 6—Theoretical (R,(max) 4+ Rmin)/Rmin for abrupt GaAs and silicon
p+nn+ diodes having a junction area of 3.23 X 10—3 cm2.

square centimeter and a resistance R, of 0.5 and 1 ohm, respectively.
Diodes having breakdown voltages of less than 100 volts show small
resistance changes, but the effect becomes appreciable in diodes having
breakdowns greater than 150 volts. The resistance changes become
more noticeable in small junctions, where the resistance in the n-type
region is appreciable compared to R,,;,. Figure 7 shows curves similar
to those of Figure 6 for a junction ten times smaller.

Thermal Considerations

The thermal resistance of the diode is determined by the junction
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area, the base thickness, the semiconductor thermal conductivity, and
the package design.

If the junction diameter is several times larger than the base thick-
ness, spreading effects can be neglected; the junction-to-base thermal

ar-
— - o - —
S - - — -
v -
yd o=
s s
’ -
2 / Yy
o
(]
o
-
[+3
>
JUNCTION AREA=3.23 X 10-3 cm2
100}-
_____ R piN = 0.5 OHM
9 SILICON wll] N

——~=—— R pmN = 1.0 OHM

R miN = 0.5 OHM
————— RpiN= O OHM

Go As

BREAKDOWN VOLTAGE (vg)
~

-

| ! 1
0 2 a
RD (MaX) +RmIN

RMIN

ol
ot
<}

Fig. T—Theoretical (Rp(max) + Rmin) /Rmia for abrupt junction GaAs and
silicon p+nn+ diodes having a junction area of 3.23 X 10—4 cm2,

resistance R,, is then given by

Ry =— & (12)

where o, is the thermal conductivity (0.5 watt/cm-°C for gallium
arsenide, 0.84 watt/cm-°C for silicon), ¢ is the diode base thickness,
and R, is the junction radius.

Because gallium arsenide is less brittle than silicon, pellets less
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than 70 microns thick can be readily fabricated, and ¢ can be as low
as 0.005 centimeter. Silicon wafers must generally be about twice as
thick to avoid excessive processing losses. For a given junction area,
therefore, the thermal resistance of gallium arsenide and silicon de-
vices can be essentially the same in spite of the lower thermal con-
ductivity of gallium arsenide. For small junctions, where spreading
effects cannot be neglected, the thermal resistance may be calculated
by use of the solutions of the Laplace equation given by D. P. Ken-
nedy.” The maximum junction operating temperature is determined
by the maximum allowable saturation current, which is a function of
the semiconductor band gap. High values of saturation current reduce
the effective cutoff frequency of the diode because the shunt circuit
path established results in an apparent increase in the diode resistance.
As a result, the conversion efficiency may be substantially decreased.
As shown in Table I, the maximum operating temperature is about
175°C for silicon, 100°C for germanium, and 300°C for gallium
arsenide. The actual maximum operating temperature of the gallium
arsenide microwave diodes described in this paper is presently limitzd
to about 220°C by the materials used to make ohmic contacts to the
junction.

The thermal figure-of-merit ratio for the thermal power dissipation
of gallium arsenide and silicon diodes of identical construction is,
therefore, given by

AT(GaAs)  220°C —25°C
AT(Si)  175°C—25°C

1.3 (13)

where AT (GaAs) and AT (Si) represent the allowable junction-tem-
perature rise above ambient for gallium arsenide and silicon, respec-
tively. The value of Equation (13) could potentially be greater than
2. The package thermal resistance may be minimized by keeping the
path between the pellet and heat sink as short as possible and by the
use of high-thermal-conductivity materials.

MATERIALS

Single-crystal layers of gallium arsenide were grown from the
vapor phase on low-resistivity silicon-doped substrates. An open-tube
process in which gallium arsenide is synthesized chemically was used.

17B. P. Kennedy, “Spreading Resistance in Cylindrical Semiconductor
Devices,” Jour. Appl. Phys., Vol. 31, p. 1490, Aug. 1960.
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Gallium trichloride (or HCl) was reacted with gallium metal, and the
products of the reaction were combined with arsenic to form gallium
arsenide. Both the gallium and the arsenic were the highest-purity
grades available commercially. Hydrogen, used as a carrier gas and to
provide a reducing atmosphere, was obtained from a palladium diffuser.
Layer thickness was varied from 10 to 25 microns, as determined by
both angle-lapping and infrared-interference techniques. Surfaces of
all layers were generally smooth.

MAGNIFICATION 150X

DIFFUSED

JUNCTION ‘\

EPITAXIAL
INTERFACE

g . ——SURFACE

SUBSTRATE —»—

Fig. 8—Cross-section of a zinc¢ diffused epitaxial layer.

DEVICE FABRICATION

Diffusion is accomplished in a sealed quartz ampoule. A sufficient
amount of zinc is introduced to maintain a high zinc concentration
during diffusion. The typical junction depth is about 8 microns. A
solution of copper sulfate is used to delineate the junction. The nn+
interface is also clearly delineated so that the thickness of the p+ and
n regions after diffusion can readily be measured, as shown in Figure 8.

Thermal conversion of n-type material to near-intrinsic or even
p-type material, which is frequently observed when high-resistivity
melt-grown gallium arsenide is diffused at high temperature, does not
seem to occur as readily for high-resistivity vapor-deposited layers.
Layers having carrier concentrations below 1015 carriers per cubic
centimeter have been successfully diffused at 1000°C. More experi-
mental data is required, however, before any conclusions can be drawn.



196 RCA REVIEW June 1963

After diffusion, the slices are lapped, cut apart, and soldered into
the ceramic package. A sphere of suitable composition to form the
contact to the p side of the junction is then alloyed on the diffused
p layer. A fine screen is subsequently soldered to both the p-contact
dot and the top of the package. The junction is defined by electrolytic
etching, the alloyed sphere acting as a mask. This technique permits
close control of the junction capacitance. The device is then thoroughly
rinsed in deionized water, baked in dry nitrogen, and hermetically

COPPER STUD ——»
/—P CONTACT
/|
CERAMIC
\"‘ T WALL
MESH ____— pt Sz \
CONNECTION o \
A
COREONY N
7 —  KOVAR
BASE

Z(O.OOI OHM-CM)

COPPER STUD——

DIODE OQUTLINE

Fig. 9—Complete diode outline.

sealed in a dry box by welding a cap to the rim on the base of the
package. Figure 9 shows the completed unit. The package inductance
is typically 0.4 nanohenry and the package capacitance is about 0.3
picofarad.

EXPERIMENTAL RESULTS

Diodes having breakdown voltages between 8 and 240 volts have
been fabricated on epitaxial n-type layers. Most of the units fabricated
have been small-area devices. The use of small areas permits better
evaluation of the inherent diode quality because the semiconductor
resistance is much larger than R ;.. Typical junction capacitances
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-V 50\%:iiv.

Fig. 10—Typical reverse current-voltage curve for a high-voltage
epitaxial GaAs diode.

at zero bias ranged from 0.5 to 2.0 picofarads (measured at 1 mega-
cycle). The reverse current is very small (less than 0.01 microampere
at one half the breakdown voltage), and the knee at breakdown is
typically sharp, as shown in Figure 10. The capacitance—voltage curve
indicates that the junction profile is intermediate between an abrupt
and a graded one. Figure 11 shows capacitance as a funetion of voltage
for a typical epitaxial 200-volt diode and for a similar device fabricated
on a graded epitaxial layer.

Control of the layer thickness and resistivity is critical in the
determination of the device characteristics. If the epitaxial layer is
too thin for a given value of resistivity, the edge of the depletion region
reaches the substrate prior to the breakdown voltage, and the capaci-
tance ceases to change after that point. Further complications are
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Fig. 11—Capacitance-voltage curves for a normal epitaxial diode and for
a diode fabricated on a graded epitaxial film.
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introduced by the doping gradient observed in many high-resistivity
layers. With a large gradient, the exponent of the capacitance—voltage
equation of junctions changes from 0.45 at low values of applied bias,
to 0.38 at higher voltages, and to about 0.2 at still higher voltages.

Representative experimental values of cutoff frequency for epi-
taxial high-voltage diodes are shown in Figure 5. The measurements
were made at 10.2 gigacycles by means of Houlding’s technique.'®
Results for devices fabricated on melt-grown gallium arsenide are also
shown. The epitaxial gallium arsenide devices are superior to the
theoretical maximums for silicon, while the nonepitaxial diodes are
approximately equivalent to the silicon maximum values. As expected,
the experimental results were lower than the computed maximum
values of cutoff frequency. There are several possible reasons for this
discrepancy, the major one being the difficulty of controlling the thick-
ness of the high-resistivity region to the tolerances required to achieve
optimum results. The actual layer thicknesses are in general greater
than required. In addition, surface and crystal imperfections may cause
preakdown to occur at voltages lower than those shown in Figure 2.
Other resistances, mentioned earlier, further reduce the measured
cutoff-frequency values. The devices described are able to dissipate
a maximum of 1 watt; the higher-voltage diodes would be thermal-
dissipation-limited if operated at sufficiently high frequencies.

An obvious extension of this work is the fabrication of larger-area
devices having better thermal characteristics. The cutoff frequencies
for such devices, however, can be expected to be somewhat lower than
those described.

CONCLUSION

Gallium arsenide epitaxial diodes promise to yield devices having
cutoff-frequency values substantially higher than those of comparable-
voltage silicon diodes. The implications of these results are important
in that efficient harmonic-generator circuits handling several watts of
power at frequencies up to X-band will become practical.
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Summary—A gallium arsenide small-area diffused-junction varactor
diode for use in the microwave frequency range is described. Typical cutoff
frequency values obtained are in the neighborhood of 200 gigacycles at —6
volts. The properties of gallium arsenide are compared with those of
germanium and silicon to show the advantages offered by gallium arsenide
in varactor performance. The figures of merit of paramount importance
in parametric amplifiers arc discussed, as well as compromises which were
made to achieve highest performance in X-band amplifiers. Typical charac-
terigtics are presented. Finally, the performance of these diodes in X-band
nondegenerate parametric amplifiers is discussed.

INTRODUCTION

EMICONDUCTOR VARIABLE-CAPACITANCE DIODES have
S become increasingly important in many applications, particularly

for parametric amplification and for harmonic and subharmonic
generation. Although varactor diodes with satisfactory characteristics
have been available for frequency ranges approaching the microwave
region, the lack of suitable diodes for higher frequencies has hampered
efforts to seek out new (higher) frequency bands for communication
media.

This paper describes a small-area diffused-junction gallium arsenide
varactor diode designed for use in low-noise microwave parametric
amplifiers. Because the desirable qualities of varactor diodes for this
application had not been determined uniquely at the beginning of the
development, the performance of this gallium-arsenide device in micro-
wave parametric amplifiers was evaluated throughout the program.
Results of this study are included because the data obtained were useful
in achieving optimum design and characteristics of the diode.

CRYSTALLINE MATERIAL

The first consideration in the design of a microwave-frequency

* A portion of this work was performed under the sponsorship of the
Electronic Technology Laboratory, Aeronautical Systems Division, Air
Force Systems Command, United States Air Force.
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varactor diode is the selection of the semiconductor material. Table I
lists the important design parameters of the three materials consid-
ered: germanium, silicon, and gallium arsenide. Germanium is usually
considered more suitable than silicon for high-frequency devices on
the basis of carrier-mobility values. This difference is partially com-
pensated by the lower dielectric constant of silicon, its higher dielectric
breakdown (and resulting higher junction-breakdown voltages for
comparable doping), and its higher band-gap value, which permits
higher-temperature operation and greater power dissipation for com-
parable mesa areas.

Table I—Important Design Parameters of Semiconductor Materials
for Varactor Diodes

Property Ge Si GaAs
Band Gap (25°C) 0.68 1.11 1.40
Dielectric Constant 15.7 11.7 11.1
Electron Mobility (Np = 1017 cm—3) 2200 600 4500
Hole Mobility (N.=1017 cm—3) 1000 220 220
Junction Built-in Potential (volts) ~0.4 ~0.7 ~1.0

Gallium arsenide appears most suitable for high-frequency, high-
temperature, and high-power devices, however, because it combines
the desirable features of both germanium and silicon. Figure 1 com-
pares the carrier mobilities of the three materials. Because the cutoff
frequency for a given breakdown voltage is proportional to carrier
mobility, gallium-arsenide diodes can be expected to have a higher
cutoff frequency than either germanium or silicon diodes (for equiva-
lent breakdown voltages).

VARACTOR-DIODE EQUIVALENT CIRCUIT

The junction of the diode shown in Figure 2 is constructed by
means of solid-state impurity diffusion into a substrate. The mechani-
cal stability of the mesa varactor structure shown is inherently superior
to that of point-contact structures because the mesa contact is not
merely a pressure contact, but is alloyed into the diffused layer.

The equivalent circuit shown in Figure 3 includes the electrical
parameters of both the junction and the package. The package capaci-
tance C, and inductance L, are assumed to be constant; these lossless
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elements are not considered in the evaluation of the diode. The package
dissipative resistance R, is negligible at low frequencies, but becomes
appreciable in the microwave-frequency range and can severely limit
performance if it becomes excessively high. This resistance can be
minimized by the use of a high-conductivity metallic layer on all metal
parts of the package.

The diode series resistance R,(f) is the sum of the resistances of
the semiconductor material on both sides of the junction and the
contact resistances. Although R,(f) decreases slightly at elevated
temperatures, it is assumed to be constant over the temperature range
considered. Therefore the total series dissipative resistance, R,(f),
is the sum of the package and diode resistances, as follows:

R (f) =R, (f) + R4(f). (1)

The equivalent circuit of the diode itself is represented by the
resistance R,(f) in series with the parallel arrangement of the junc-
tion capacitance C(V) and the junction shunting conductance G (V).
A high-performance diode in the microwave-frequency range generally
must have a junction capacitance C(V) of the order of one picofarad
or less. The junction current through the shunting conductance G(V)
is negligible in the reverse-bias region, and is small over the dynamic
range employed as compared to the component of current through the
capacitance in the microwave frequency region. The equivalent cir-
cuit of the diode alone can thus be considered as a series resistive—
capacitive circuit.

VARACTOR-DIODE FIGURES OF MERIT

Several figures of merit for predicting diode performance in para-
metric amplifiers have been evolved. The quality factor Q for a par-
ticular bias point and frequency is defined as

Q.M = (2)

2nfR,(f)C(V)

Q is a function of frequency both explicitly and through the total series
resistance R,(f); it is a function of voltage through the junction
capacitance C' (V) at the bias point.

An alternative figure of merit which may be derived from Equation
(2) is the frequency for which @ is unity, or the cutoff frequency at
the bias point. This frequency, f,,, is defined as
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1
fo(V, ) =

= (3)
2nR,(f)C(V)

There is no generally accepted voltage at which @ and f,, are evalu-
ated. Uhlir! has suggested that the bias point at which C(V) is a
minimum be used (i.e., the reverse breakdown voltage). In the evalu-
ations reported in this paper, the more conservative points of —1 and
—6 volts are used.

A third figure of merit is the exponent n used in the following
junction capacitance-voltage expression:2

K
cCV)=———-, (4)
(po— V)"

where K is independent of voltage and ¢, is the built-in junction volt-
age. The value of ¢, is approximately one volt for the gallium-arsenide
diodes discussed in this paper. The constant K depends on the dielectric
constant of the semiconductor material employed, the impurity con-
centrations, and the type of junction. The value of n is approximately
1/2 for abrupt junctions and 1/3 for graded junctions; larger values
of n tend to improve performance of a parametric amplifier.

A fourth figure of merit is the capacitance ratio AC/C, which is
defined as follows:

AC C—I—C—G
=- : (5)
c C_,

This quantity is easily measured and provides a convenient indication
of junction characteristics in terms of a circuit parameter. Equation
(4) shows that the ratio AC/C is a function of both n and ¢, at zero
bias; there is a marked dependence on 7, but relatively little on ¢,.
Table II lists values of AC/C calculated for gallium arsenide abrupt
and graded junctions for ¢, values of 0.9, 1.0, and 1.1 volts.

Other parameters which should be considered in the evaluation of
a varactor diode include reverse breakdown voltage, reverse leakage
current, and the magnitude of the junction capacitance. The break-
down voltage must be large enough so that the diode can accommodate
the peak-to-peak pump-voltage swing necessary for a parametric ampli-

1 A. Ullir, Jr.,, “The Potential of Semiconductors in High-Frequency
Communications,” Proc. I.R.E., Vol. 46, p. 1099, June 1958.

2W. Shockley, “The Theory of p-n Junctions in Semiconductors and
p-n Junction Transistors,” Bell Sys. Tech. Jour., Vol. 28, p. 435, July 1949.
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fier to achieve the desired mixing between signal and pump power and
to provide gain.

The reverse leakage current through the shunt conductance must
be kept low in comparison to the current through the junction capaci-
tance in the operating frequency range. Otherwise, an additional loss
is introduced over and above the loss contributed by the total series
resistance of the diode, and as a result, the @ of the diode is reduced
and the noise figure is increased. The junction capacitance at the bias
point is determined by the maximum reverse leakage current allowable
for satisfactory circuit performance; in the X-band region, a junction
capacitance of 0.5 picofarad or less is required.

Table II—Calculated Values of the Fractional Change of Junction
Capacitance of GaAs Diodes for Abrupt and Graded Junctions

¢ AC/C AC/C
(Volts) (Abrupt) (Graded)
0.9 0.475 0.350
1.0 0.466 0.342
11 0.456 0.334

In small-signal parametric amplifiers, the mixing of the signal and
pump frequencies results in maximum power transfer when the phase
between the two frequencies is =x/2. Hilibrand and Beam? have shown
that the total conductance G, is given by

1 dcC w,C
G =——uoV,—+
2 av Q,

(6)

where o, is the signal frequency in radians per second, V,, is the pump
voltage in volts, and Q, is the quality factor of the diode at the signal
frequency. All quantities are evaluated at the bias point. The first
term represents the negative conductance due to the mixing of the two
frequencies; the second term is positive and is a measure of the diode
loss. For transfer of power from pump to signal frequency, G, must
be negative.

3 J. Hilibrand and W. R. Beam, “Semiconductor Diodes in Parametric
Subharmonic Oscillators,” RCA Review, Vol. XX, p. 229, June 1959.
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Equation (6) may be used as a guide to optimum design. The total
conductance G, can be made more negative by an increase in either the
permissible pump-voltage swing or the capacitance-voltage sensitivity.
If the ratio C/Q, is increased, G, becomes more positive and the power
gain is reduced. For maximum power gain, Q, should be large and C
should be optimized for the circuit employed; there may be no gain
if C is too large. For a negative-resistance amplifier, there may be no
gain or an actual loss for certain values of V,, dC/dV, C, and Q,. Gain
may be a rapidly varying function of any of these individual param-
eters in the region of zero gain.

DESIGN CONSIDERATIONS

As discussed above, total conductance G, must be negative to achieve
gain in a negative-resistance amplifier. Therefore, because the value
of C is usually determined by the impedance level required in the circuit,
it is desirable to make Q,, V,, and dC/dV relatively large.

For high values of Q,, the capacitance and the diode series resist-
ance must be small. Because electron mobility is greater than hole
mobility, an n-type base region is used; its thickness is approximately
3 mils (thinner pellets are more difficult to handle). The thickness of
the p-region is usually 0.3 mil or less. The hole mobility is partially
compensated by very high surface concentrations (of the order of 1020
carriers per cubic centimeter).

The diode series resistance R, can be separated into two parts, as
follows:

R;=R,+ R, (M

where R, is the contribution of the contact resistance and R,, is the
contribution of the semiconductor material. The following expression
for R,, can be obtained from the simple model shown in Figure 4:

Pp%y Pr¥m Pn
Ra— s + dzx. (8)
T2 T 2 A

0o

where p, and p, are the resistivities of the p and n regions; r,, is the
radius of the mesa in centimeters; x;, x,,, and z, are the depths of the
junction, the n-doped region, and the base region, respectively; and A
is the junction area. The last term in this expression represents the
spreading resistance. Because of the impurity-diffusion conditions,
p, is usually very small, p,, is dictated in part by the breakdown voltage
required.
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Figure 4 shows several curves of R,, as a function of mesa radius.
The mesa area is the dominant factor in the expression for R,, when
the resistivities on both sides of the junction are small. Therefore,
R,, rises sharply for small mesa radii. When the resistivity on either
side of the junction is high, however, R,, is insensitive to mesa radius.
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Fig. 4—Resistance of GaAs varactor diode as a function
of different parameters.

Contact resistance is usually quite small in germanium and silicon
devices, but larger in gallium arsenide units. In the varactor diode
shown in Figure 2, R, is generally of the order of 0.5 ohm when meas-
ured under d-c¢ conditions.

For junction penetrations of 0.2 to 0.3 mil, the R,C product is
smallest for values of capacitance less than 1 picofarad. The impedance
level in most microwave systems above 1 gigacycle also requires capaci-
tance values less than 1 picofarad. The gallium arsenide varactor
diodes described have capacitance values ranging from 0.1 to 1 pico-
farad. The highest-Q diodes, employing the most up-to-date geometry,
usually exhibit values of 0.3 picofarad or less.

The magnitude of the negative conductance G, is also proportional
to the capacitance-voltage sensitivity dC/dV. Equation (6) can be
rewritten
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1V, dc 1
G=—ol|—————]. (6a)

In this equation, the important parameter showing the fractional
change of capacitance with respect to voltage is obtained from Equa-
tion (4):

_—— = (9)
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Fig. 5—Typical diffusion profiles for zine in GaAs.

Figure 5 shows two types of diffusion profiles obtained in gallium
arsenide compared with an ideal abrupt junction. The anomalous
profile represented by the center curve is obtained by diffusion of zine
into gallium arsenide at temperatures above 850 degrees centigrade.’
This type of junction approaches the greater capacitance—voltage
sensitivity of the abrupt or alloyed junction, but also has the improved
uniformity of electrical and metallurgical properties of diffused p-n
junctions. Because the diffusion boundary condition is that of an

1 F. A. Cunnel and G. H. Gooch, “Diffusion of Zinc in Gallium Arsenide,”
Jour. Phys. Chem. Solids, Vol. 15, p. 127, 1960.
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infinite source, diffusion would normally result in the error-function
complement. The anomalous profile shown in Figure 5 results from
the impurity concentration sensitivity of the diffusion coefficient in
gallium arsenide at high temperatures.

A compromise must be made in varactor diodes between the series
resistance R; and the breakdown voltage Vj (voltage at which the
leakage current is 10 microamperes). The minimum breakdown voltage
required to accommodate 200 milliwatts of pump power at 35 gigacycles
for an X-band parametric amplifier is approximately 6 volts. This
breakdown voltage is achieved by using n-type material with an im-
purity concentration of approximately 5 X 1017 carriers per cubic
centimeter, a junction penetration of 0.2 to 0.3 mil, and a surface
concentration of 2 X 1020 carriers per cubic centimeter. Use of a lower
impurity concentration in the n-type material, a lower surface con-
centration, and/or a deeper junction penetration would increase the
breakdown voltage, but the series resistance would also increase and
the cutoff frequency would be reduced.

EXPERIMENTAL RESULTS

Figure 6 shows the voltage—current characteristics of typical
gallium arsenide varactor diodes at four temperatures ranging from
150° to —196°C. These characteristics were measured with only short
intervals between temperatures. Applications of thermal shocks in the
range between the temperature extremes did not affect the diodes. It
can be seen that the variation of breakdown voltage at either tempera-
ture extreme is less than 15% of the value at 25°C. Reverse leakage
current is less than 10—7 ampere for reverse voltages below the break-
down value for temperatures of 100°C or less. The breakdown charac-
teristic is sharp except at temperatures approaching 150°C. The knee
of the forward characteristic becomes sharper with decreasing tem-
perature. This effect is caused by an increase in the built-in junction
voltage as the temperature is reduced.

Figure 7 shows the junction capacitance as a function of voltage
for typical diodes. The solid curves illustrate the range of n-values
usually employed for gallium arsenide varactor diodes; the dashed
curves represent extreme cases of abrupt and graded junctions. The
magnitude of the slope of each curve is proportional to the exponent n;
larger slopes result in greater capacitance-voltage sensitivity. It can
be seen that the slope of the solid curves is superior to that of graded
junctions, and approaches that of abrupt junctions.

The slope of the capacitance curve is also dependent to some extent
on the value of ¢,, although little effect was noted in Table II in the
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Fig. 6—Typical GaAs varactor diode characteristics at
different temperatures.

voltage range from 0.9 to 1.1 volt. Data are usually plotted for several
values of ¢,, and the value which provides the best straight line is used
as the junction built-in potential. This value is usually about 1.0 volt
for gallium arsenide devices. The experimental values measured for
n indicate that the impurity profile lies between the abrupt and erfc

profiles.
In the early stages of the development program, cutoff frequency

T
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I GRADED JUNCTION

CAPACITANCE—puut

ABRUPT JUNCTION
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4 [ 8
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(¢-V)—VOLTS

Fig. 7—Junction capacitance as a function of voltage for typical diodes
having different n values.
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was measured at 2 gigacycles using a slotted line. The equipment used,
however, did not give accurate values above 250 gigacycles. Further
tests of cutoff frequency were made at 10 gigacycles to obtain accurate
values above 250 gigacycles.

The values of cutoff frequency recorded at X-band are derived from
the “match technique” described by Houlding.? The quality factor @
at a bias of —6 volts is determined from the change AQ between —6
volts and the “match bias.” On the basis of the capacitance measure-
ments at 1 megacycle, it is possible to calculate the quality factor from
the following expression:

Q g=— 5 (10)

Table I1I—Measurements of GaAs Vara-tor Diodes at 10 Gigacycles

C 1= C 1]
VB C..o e R. fea(-o)
Diode No. (at 10 pa) (pf) C. (ohms) (gigacycles)
#5 10.0 0.30 0.39 3.12 170
#6 10.0 0.24 0.37 3.35 198
#7 11.6 0.35 0.42 2.22 170
#8 11.8 0.24 0.36 1.92 346

Figure 8 shows the normalized impedance as a function of bias for a
gallium arsenide varactor diode. It may be seen that the diode series
resistance in the reverse direction (where AQ is measured) appears
to be constant over the range shown (—1 to —7 volts).

Table III shows measurements made on several gallium arsenide
varactor diodes at 10 gigacycles and —6 volts. The values of dissipative
resistance shown in the table represent total diode and package resist-
ance. Diode #8 represents one of the highest cutoff frequency values
measured with the X-band equipment.

Table IV shows typical results obtained when gallium arsenide var-

5 N. Houlding, “Measurement of Varactor Quality,” Microwave Journal,
Vol. 3, p. 40, Jan, 1960,
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Table IV—Performance Data for GaAs Varactor Diodes

Signal Frequency (gigacycles) 9.375 8.7
Pump Frequency (gigacycles) 35.8 35
Gain (db) 15 10
Bandwidth (mc) 16 200
Noise Figure (db) 2.8* 2.9
Pump Power (milliwatts) 125 180

* Includes 0.2 db circulator loss

actor diodes were used in X-band nondegenerative negative-resistance
parametric amplifiers. In both cases, the cutoff frequency of the diodes
was high enough to permit the use of a pump frequency of 35 giga-
cycles. In addition, the capacitance-voltage sensitivity of the diodes

Veias, Q@ |fco
103
63 |

f'é‘ :
N

Fig. 8—Normalized impedance curve for GaAs varactor diodes.
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permitted the use of a relatively low pump-power level to achieve
adequate gain. The capacitance—voltage sensitivity is also reflected
to some extent in the low noise figures. If the sensitivity is too low to
achieve gain, the pump power must be increased, with an accompanying
increase in noise figure.

The noise figure, F, however, is also a function of the factor Q,,
except in cases where the magnitude of the term (1/C) (dC/dV) is
low. In such cases, the noise figure will be high and relatively inde-
pendent of Q,.

Table V—Performance of GaAs Varactor Diodes in Nondegenerate,
Negative-Resistance Amplifier (f, — 35.8 gigacycles, f. — 9.375 giga-
cycles, Gain =15 db).

feo Bandwidth F
Diode No. (gigacycles) n {me) (db) T./To
#10 266 0.37 9 5.3 2.4
#11 266 0.34 6 6.4 34
#12 257 0.32 6 6.4 3.4
#13 238 0.24 5 7.5 4.6
#14 293 0.25 5.5 7.4 4.5
#15 671 0.30 8 6.1 3.1
#16 730 0.34 10 5.1 2.2
#17 150+ 0.48 13 3.5 1.2
* Measured at f — 2 gigacycles, V — —1 volt.

Further tests were made with one of the parametric amplifiers to
determine the diode characteristics desirable for low-noise amplifica-
tion. Table V shows values of normalized noise temperature, T,/T,,
for several gallium arsenide varactor diodes. There is little correlation
between noise temperature and cutoff frequency. However, there is a
correlation between noise temperature and the exponent n as shown in
Figure 9. These data emphasize the importance of a large capacitance—
voltage sensitivity for low-noise amplification. If the pump power has
to be increased to achieve gain, the voltage must extend into the for-
ward region to provide greater capacitance-voltage sensitivity. As a
result the component of current through the shunt conductance in-
creases, and a source of noise is introduced which would not otherwise
be present.

CONCLUSIONS

Comparison of the properties of gallium arsenide, germanium, and
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Fig. 9—Correlation between noise temperature and the exponent n.

silicon indicates that gallium arsenide is better suited for devices for
which high-frequency, high-power, and/or high-temperature operation
are desired. The cutoff-frequency values reported for gallium arsenide
are significantly higher than the values reported in the literature for
germanium and silicon. In many cases, cutoff frequencies exceed 250
gigacycles. The V-I characteristic indicates little change in the tem-
perature range from —196° to approximately 100°C. Cutoff frequency
and the capacitance-voltage sensitivity provide adequate figures of
merit to guide design considerations for parametric amplifiers utilizing
varactor diodes. The resulting circuit performance is outstanding with
respect to gain, bandwidth, and noise figure.
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A RIGOROUS ANALYSIS OF HARMONIC
GENERATION USING PARAMETRIC DIODES

By

K. K. N. CHANG AND P. E. CHASE

RCA Laboratories
Princeton, N. J.

Summary—A rigorous analysis is given of the operating characteristics
of harmonic generators using parametric diodes. The analysis involves a
“gelf-congistent” computation of the interaction between the monlinear
diode and its associated circuits. The computation has revealed many
informative aspects which heretofore had remained obscure. Among these
18 the requirement for a low diode capacitance which is essential to a high-
power harmonic generator. In addition, the analysis reveals an optimum
circuit condition for maximum power output and efficiency.

INTRODUCTION

ARAMETRIC DIODES, which are characterized by nearly loss-
p]ess reactance, are being widely used as efficient frequency

multipliers. The nonlinear interaction of such diodes with cir-
cuits for harmonic generation has been analyzed by approximation.!-23
However, this interaction has not been rigorously studied for many
recent high-power applications.

The purpose of the present work is to present a rigorous analysis
for large-signal harmonic generation using parametic diodes. In
essence, the analysis is evolved through a series of ‘“self-consistent”
simultaneous computations. First, a set of trial input and output
voltages is assumed to drive the parametric diode. The nonlinear
charges which appear on the diode are Fourier analyzed. The funda-
mental and the desired harmonic current components are then obtained.
These current components must satisfy the circuit configuration which
is defined by the available input power, the bias voltage on the diode,

1K. K. N. Chang, “Harmonic Generation with Nonlinear Reactances,”
RCA Review, Vol. XIX, No. 3, p. 455, Sept. 1958.

2J. M. Johnson, “Large Signal Analysis of a Parametric Harmonic
Generator,” Trans. I.R.E. Microwave Theory and Techniques, Vol. MTT-8,
p. 525, Sept. 1960.

3 P. Penfield, Jr., and P. Rafuse, Varactor Applications, The MIT Press,
Cambridge, Mass., 1962.
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and the circuit quality factors (Q’s). The reaction of the circuit will
result in another set of input and output voltages on the diode which,
in general, will not be the same as the original trial ones. Simultaneous
computations are cyclically repeated until these two sets of voltages
are equal and consistent at an optimum condition of maximum power
and efficiency. These voltages are the final correct solutions.

While the large-signal computation presented here is illustrated for
the case using a parametric diode, the method can be applied equally
well to the general case of any nonlinear-reactance device.

DIODE

INPUT CIRCUIT = — OQUTPUT CIRCUIT

s | INPUT ' C|RcU|T Rg | outpur!
Ig ||C|RCUIT ! CIRCUlT‘
—( b .LL- ——y
1|Ld Rd3 Cd : L | ,
é BT
! .,_]- !
I e
' 6
(a) OVERALL CIRCUIT
/
4'\”.
l * ’
’ ?‘1 -L | éc(
3 ]
[ J
T Y g
INPUT CIRCUIT=— '—>0UTPUT cuRcuuT
1 (B) EQUIVALENT CIRCUIT
9 v/ 5
()t T
G l .
Ggq | ]. : ]. G2 %GL
’
L3 L ! T JERY
]

(C) MODEL CIRCUIT

Fig. 1—Equivalent circuit of a harmonic generator using a
parametric diode.

CIrCcUIT CONFIGURATION

Consider an over-all circuit of a harmonic generator using a para-
metric diode as shown by Figure 1a. The circuit is assumed to support
only the fundamental (0) and the desired harmonic (nw) components.
This mode of operation is achieved by use of adequate filters. The
circuit contains an input circuit with a current generator I,cose;t, an
output circuit, and a diode circuit. The diode circuit (3-4) is repre-
sented by a series lead inductance L,, a series resistance R,, a shunt
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resistance K,, and, of course, the diode capacitance Cg, which is re-
sponsible for the nonlinear parametric interaction. At resonance, the
over-all circuit can be represented by an equivalent circuit (Figure
1b). Note that the diode loss resistances R, and R, have been lumped
into the total loss rzsistance by making use of the equivalent circuit.
The circuit model to be analyzed is shown by Figure 1lc, which is trans-
formed from Figure 1b. G, and G, are the generator and load con-
ductances. G, and G, are the input and output loss conductances, and
represent both the circuit and diode losses.

RIGOROUS FORMULATION

The parametric diode to be used as the harmonic generator is an
abrupt semiconductor p-n junction diode. Such a diode has been shown
to be characterized by a voltage-dependent capacitance*

Cd= R (1)

where

eeN,l

K= _,
Nll
2| 1+ —
N.

¢ is the dielectric constant of the semiconductor material, e is the
electronic charge and N, and N, are the donor and acceptor concentra-
tions, respectively. V, is the external bias voltage. y, is the internal
built-in junction potential required to set up thermal equilibrium under
zero-bias condition. The bias voltage is assumed to be smaller than the
breakdown of the diode. In the classical derivation of the quadratic
C-V relationship, the external forward bias, V,, can never exceed the
internal potential, y,, for a physical diode exhibiting capacitance. This
limitation can be explained as follows: at the p-n junction, due to a
high carrier density gradient, electrons diffuse from the n-type material
to the p-type material and holes diffuse in the opposite direction. This
diffusion process immediately creates a space charge which sets up a
strong electric field in a direction such as to oppose the flow of both
electrons and holes. An equilibrium is thus maintained, and a depletion-
layer capacitance is formed. Now if an external forward electric field

4W. Shockley, “The Theory of p-n Junctions in Semiconductors and
p-n Junction Transistors.” Bell Syst. Tech. Jour., Vol. 28, p. 435, July 1949.
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is applied to offset the internal field, the flow of electrons and holes
becomes significant, and the capacitance increases to a limiting case
when these two fields are equal. Near and beyond the limiting case,
the diffusion currents become so large that the capacitance effect no
longer exists.

Since the effective electrostatic potential across the junction is
v, — V. when an external bias voltage V, is applied, the electrostatic
charge q, on the diode capacitor is

K —
a0 =C,V (Y, = V) =KV, — Ve (2)
\/'l’b_ Ve

Now suppose that the external bias voltage consists of a d-c voltage
V., an a-c voltage V, at an angular frequency w,, and another a-c volt-
age V., at a harmonic frequency nws,. Equation (2) then becomes

a=K\/Vy+ V,cosa,t + V,cos (net + 6,)

vV, Va Y
=Co¢Vo| 1+ —cosamt+ —cos (nmt+0,) y 3

V() 0

where V, =y, — V,, the total d-c bias, C, is the diode capacitance at
this d-c bias, and 6, is any arbitrary phase angle of the harmonic
voltage.

The a-c current / through the diode is

dq 0, CyV, v, nV,
= — —sin ot + —— sin (ne,t + 6,)
dt 2 Vo Vo
I: 1+ —cos ot + ——cos (ne it + 6,) . 4)
Vo Vo

Equation (4) represents the sum of all harmonic components resulting
from the nonlinear characteristic of the diode. Since the circuitry
supports only the fundamental and the desired nth harmonie compo-
nents, only these two component currents of Equation (4) need be
considered.

SELF-CONSISTENT COMPUTATION

Component currents of the fundamental and the desired harmonic
in Equation (4) are nonlinear with respect to their voltages. These
currents and voltages must also satisfy the circuit conditions. The
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problem cannot be rigorously handled by analytical methods. However,
it can be solved by a series of computations. In brief, the computation
proceeds as follows: first assume a trial solution, and feed this into
the nonlinear equations to be solved and find the solution. Then com-
pare the solution found in this way with the trial one. Many trials
may be necessary in order to arrive at a final and self-consistent solu-
tion. The computation begins with two sets of current equations, one
being the device currents and the other the circuit currents. From
Equation (4), the device currents flowing through the diode for the
fundamental and the nth harmonic Fourier components are assumed
to be, in complex notations,

wlco

IL=j V14 exp {j (o1t + ¢4}, (5)

MICO

VoB exp {j (ot + ¢a}, (6)

where the voltages V,A and V,B and the phase angles ¢, and ¢, are
to be determined.

Likewise, at resonance, the circuit currents flowing to the parallel
resonant tanks for the fundamental and the nth harmonic are, respec-
tively,

I,= (G, + G,) V, exp {ju,t}, 1)
I,= (G + G2) Vyexp {j(noyt + 6,) ). (8)
The sum of the device resistive currents and circuit resistive currents

must satisfy Ohm’s law (assuming the circuit is tuned to resonance,
making the sum of the reactive currents zero) ;

o .
I,=(G,+G,) Vi———V,Asin¢,, (9)
2

N, Cy
0 = (GL + Gg) Vg“‘

V.B sin (¢, — 6,). (10)

For convenience of carrying out the computation, Equations (9) and
(10) can be reformulated as

. :X(01)9 (11)
A sin ¢,
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2
- — =Y, (12)
B sin (¢, — 0,)

—_— - =M, (13)
1 B S —
Vo(G,+G)) V,

2
Y (g)e gm—i—
18" Ben g g

Y, Q,
02'
Vo,
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M, >M, {b}
[(Q<q W M M,
'I
@) I\ 19, \gy),
L : I
VZ/VO
(c)
Fig. 2—Self-consistent solutions.
wICO
— =@y, (14)
G,+ G,
1w, Cyo
—— = Qy, (15)
G, + G,

where M is an input current parameter, and Q, and Q. are circuit
quality factors. Equations (11) and (12) enable one to perform a
series of self-consistent computations (Figure 2):

(a) By feeding values of V,/V,, V,/V,, and 8, into Equation (4),
the fundamental and the nth harmonic current components
are found. X and Y as functions of V,/V, and 4, are thus
determined for various values of M and Q..

(b) With a given value of M, a curve of 8, versus V.,/V, is plotted
(Figure 2a).

(c) With a given value of Q., a similar curve of 6, versus V,/V,
is plotted (Figure 2b).
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(d) Intersection of constant M and Q. curves plotted in steps (b)
and (c¢) determines final solutions of V,/V,, Va/V,, ¢1, ¢o, A,
and B.

The intersection may take place at more than one point or at no
points at all. The optimum solution is the case where these two curves
just touch at one point. This point will give the maximum power output
and efficiency (Figure lc). This method combines the principle of
self-consistency with simultaneous solutions of the final set of equa-
tions.

POwER OUTPUT AND EFFICIENCY

With a given value of V,/V, an optimum curve of Q. versus M
can be plotted. This Q. versus M relationship enables one to compute
the power output and efficiency.

The input current can be rewritten as

G v
I,= (G, +G) {1+ — v, (16)
G9+ Gl VU
where

G, Q vy I,
———— =— —Asing¢, = - J——— ——1 (|, amn
G,+ G, 2 V. (G, + GV,

which gives the ratio of the power transferred to the output harmonic
circuit to that dissipated in the generator and the input circuit.

The power output is
P, =V.,2G,, (18)

at an efficiency

Vo2 (Gy, + Ga) < GIENGENG: > Gy

1’ — —_—
Vi, G, + G, G, + Gy,

V. >2 B sin (¢, —8)) < G, > Gy

_ P e -
Vv, A — sin ¢, G, + G,y G, + G,
Ge 1 GL

L - - (19)

G, + G, G, + Gy,

For the lossless case (i.e., G; = G. = 0), the efficiency must be 100 per
cent. Therefore, the factor
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Vo \? B sin (¢,—6,)
n_ - —
V. A — sin ¢,

V. 1 Q.
Ly
v, 2 M

from Equations (9), (10), (18) and (15). Equation (19) then re-
duces to

must be unity, or

G, Q, G, 1 Q,
G,+ G, Q/ G,+ G, QL

| A sin ¢, | Q'
=— e (21)
2 QL+Qy
|Asing¢,| + ——
Q)
where
lv)IC“
(‘)1’ == ’
G,
'nﬂ)ICo
Q) =—, (22)
G-
"AJ)]CO
Q=—mo-:
G,

Since both Q" and Q.” are related to the diode series resistance, these
two circuit Q’'s can be written in terms of Q. as

Ql' - k1Q2
Q. = k.Q.. (23)

k, can be either greater or smaller than unity depending on the relative
input circuit losses and output circuit losses. k., must be greater than
unity by definition.

Equations (23) enable one to arrive at two simple normalized ex-
pressions for power output and efficiency:



222 RCA REVIEW June 1963

. 1
Py=— (24)
M
Q.
n=— (25)
M
where
_ P,
= —— — (26)
Vi \2 1
VocwICO T 1 -
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Fig. 3—The output circuit quality factor (Q.) as a function of the input
current parameter (M) at various input voltage drives (V:/Vo).

RESULTS

For illustration, a doubler was rigorously computed according to
the aforementioned method. The Q, versus M relationships at various
input voltage drives V,/V,=0.2, 0.5 and 0.9 are shown in Figure 3.
Power output and efficiency can be calculated and plotted from Equa-
tions (24) and (25), as shown in Figure 4.
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With a given parametric diode, these characteristic Q, versus M
curves not only give the optimum relationship between the input source
and the output load, but also exhibit a boundary between an allowed
region (above the curves) and a stop region (below the curves). On
these characteristic curves lie points of maximum power output and
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Fig. 4—Normalized power output (P:) and efficiency (7) as a function of
output circuit quality factor (Q.).

efficiency. At very low voltage drives, the characteristic curve approxi-
mates a hyperbola which can be deduced from the previous small-signal
analysis. The curve (dashed line in Figure 3) is another limiting
boundary below which the square-root term of Equation (4) becomes
imaginary (i.e., the instantaneous value of the voltage drive on the
diode exceeds the bias voltage) and the capacitance effect of the diode
no longer exists.

The performance characteristic of a parametric diode doubler is
shown in Figure 4. As expected, both the normalized power output
and efficiency increase as the circuit Q and the input voltage drive.
Limiting normalized power output and efficiency occur when the instan-
taneous voltage drive on the diode equals the bias voltage, as shown
by the dashed boundary curves. It is interesting to note that in a low-Q
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doubler system, high power output and high efficiency operation is
possible only at high input voltage drives (provided the instantaneous
voltage drive does not exceed the breakdown of the diode). This is
an important guide for harmonic generation at millimeter and sub-
millimeter wave frequencies, at which the circuit Q cannot be expected
to be high.

The present theoretical results have been used to compute the
characteristics of a previously built 24 to 48 kilomegacycle doubler.’
The doubler used a gallium arsenide parametric diode which had an
internal contact potential (y,) of 1 picofarad. Estimated Q values
were Q. =2, Q.’=4, Q,=28. The input voltage drive on the diode
was of the order of V,=0.9V,. With these circuit parameters, the
computed power output and efficiency are, respectively, 1.52 milliwatts
and 8.4%. The measured values were 2 milliwatts and 10%.

To generate high-order harmonics, a parametric diode can be oper-
ated with a selected output circuit resonant at the particular harmonic
of interest. Alternatively, either a series of successive doublers or a
multiplicity of harmonic idler resonant circuits may be used. The
solution of a series of successive doublers can be readily deduced from
the prototype doubler already analyzed. In circuits which employ a
multiplicity of harmonic idler resonant circuits, the analytic equations
will be the generalizations of Equations (9) and (10):

wICO

I”:lel_ V]A Sin ¢],
20)100

0=G,V,— V,B sin (¢s— 0,),
'nwloo

0=@G,V,— V,Nsin (¢, —0,_,).

The self-consistent computation would be similar to that illustrated
in the doubler, although it is more complex. It is reasonable to assume
that the efficiency obtained therein should be of the same order of
magnitude as that for the case using a sequence of cascaded doublers.

5 G. H. Heilmeier, “Millimeter Wave Generation by Parametric Meth-
ods,” Proc. LR.E., Vol. ,p. , July 1960.
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CONCLUSION

The rigorous analysis on harmonic generation with parametric

diodes has led to the following informative aspects:

(1) An optimum relationship between the input source and the
output load exists for a maximum power output and efficiency.

(2) For high-power and high-efficiency operation in a low-Q
system, at millimeter-wave or submillimeter-wave frequencies,
high input voltage drives are required.

(3) With parametric diodes of the same cutoff frequency, the
power output varies as the cubic power of the junction capaci-
tance. It is thus recommended that diodes of small junction
capacitance be used for high power output.
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THE PERFORMANCE OF SUM AND DIFFERENCE
MODE PARAMETRIC AMPLIFIERS IN
TELEVISION RECEIVERS

By

D. D’AGOSTINI

Summary—Some salient characteristics of junction-diode parametric
amplifiers and their performance at UHF are evaluated in view of their
posgible use in television receivers. The theory is extended to permit the
computation of their performance in the sum, difference, and double-gide-
band modes. Stable operation i8 shown to be posgible with each mode using
different techniques and without the use of expensive isolutors or circu-
lators. The noise figure is shown to improve with the use of the difference
mode for components of similar quality. However, the pump power required
for practical tuners is gtill considerably beyond the present state of the
tunnel-diode art.

INTRODUCTION

fiers, which can be obtained without resorting to very low

temperatures or high focusing fields, promise a major improve-
ment in communication systems. Extensive work has been done in this
field and no outstanding difficulty can be foreseen in applying para-
metric devices to television receivers. A careful analysis of the require-
ments imposed on devices for television receivers indicates, however,
that most of these requirements have not been previously considered
and are not fulfilled by devices which have been reported. In this
paper some salient characteristics of junction-diode parametric ampli-
fiers are analyzed and their potential performance evaluated within the
framework of their application to television receivers.

THE VERY LOW NOISE POSSIBILITIES of parametric ampli-

Due to their low losses, semiconductor junctions with nonlinear
capacitance are considered most desirable for parametric amplifiers
using nonlinear reactances. Nonlinear inductances (ferrites) appear
to be too lossy for low-noise applications at UHF frequencies.

THEORY

The following periodic signal components are present across the
junction diode:

* Deceased; formerly, RCA Laboratories, Princeton, N. J.
226
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o, : fundamental signal frequency,
w, : fundamental pump frequency,
* v, * 0, : pump and signal sums and differences,
* o, * Nw, : pump harmonics and signal sums and differences.
The signal harmonics are disregarded because the signal amplitude

is assumed to be very small compared with that of the pump frequency.
Under these conditions, the incremental voltage across the diode is

o 1
dv= 3" D> Vamexp (7 (nz + my)), (1)
n=—w m 1
where
T = opt,
Y=o,
1/n,mﬁ Ve -n, —m? (2)

since dv is real. The incremental diode charge is similarly periodic
and can be written

© 1
dg= 37 3 Qu.exp{j(nz+my)), (3)
n= »n m 1

where

Qn,m’ - Q' n, —-ms
since dq is real. The incremental voltage and charge are related by
dq = C(v,t)dv. (4)

The diode capacitance is periodic at the pump frequency;

C(vt) = 3 Cyexp {jnx) (5)

== —o0

where

27
1
c,=C"_,=— C(v,t) exp (—jnx}dz. (6)
27
0
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From Equations (1), (3), and (4),

o

1
Z Z Qnm €xp {7 (nx + my) ) Z C,exp {jpr}

n=—o m=—1 = —

Z Z rwexp (G +my)). (D)

- 00 n = —

The diode current is given by the derivative of Equation (7);

) 1
S D luaexp{i(nz+my)) =
n=—0 m=—1
@ 0 1
S 2 il pe, +me,] GV, exp (Il + o+ my|.
re=—w p=—w m=—1
(8)
Therefore the current components are given by
o0
I’n(up-l-w,: Z j(nwp+ms)C,, V(n—pbw”+wa' 9)
p=—c0
with a similar expression for m = —1. The corresponding matrix is

given in Equation (10).

This infinite matrix gives the relations among the infinite number
of components generated by pumping. It has been recognized that
among all the possible signal combinations, two particular combina-
tions (modes) are of special interest.!3* They will be first considered
separately and then in combination. Signal with other frequencies
will be neglected because the actual circuit prohibits their existence
or at least substantially attenuates their effect.

SUM-MoDE PARAMETRIC AMPLIFIER
Theory

A schematic of a parametric amplifier pertinent to both sum and
difference mode operation is shown in Figure 1. Three signal com-

1J. M. Manley and H. E. Rowe, “Some General Properties of Nonlinear
Elements—Part I, General Energy Relatlons," Proc. I.LR.E., Vol. 44, p. 904,
July 1956.

2 S, Bloom and K. K. N. Chang, “Theory of Parametric Amplification
Using Nonlinear Reactances,” RCA Review, Vol. 18, p. 578, Dec. 1957.

3 H. E. Rowe, “Some General Properties of Nonlinear Elements—Part
II, Small Signal Theory,” Proc. I.R.E., Vol. 46, p. 850, May 1958.

3], A. Harwood and T. Murakami, “An Experimental Parametric
Tuner for UHF Televisicn Receivers,” RCA Rcview, Vol. XXIV, p. 253,
June 1963.
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i0

Fig. 1—Parametric amplifier schematic.

ponents flow in the common nonlinear capacitance: the pump frequency
is wp, the input signal o,, and the output signal vy = v, + v,.
The general matrix reduces to a 2 X 2 matrix;

{fers JoeCl —jmo)\V,,,p Vo
= (11)
1, —Jo AV, Jo,Co Vo,
where the diode capacitance is taken as
C(v,t) = Co—)\pr exp {juyt}, (12)
hence
Cy=—2AV,,. (13)

Junction diode losses are represented in Figure 2. The effect of the
losses may be lumped in a parallel conductance. A lossless network is

Fig. 2—Lossy junction diode.
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shown in Figure 3, and a network where the diode losses are lumped
in G,? and G.” is shown in Figure 4. The circuit losses are lumped in
G, and G,.
The network admittance matrix can be written
_ I Yll Y12 (14)
Y21 Y22

The input admittance seen between points 1 and 2 in Figure 4 is

Y12 Y21 -
Yln — Yll I . (10)
Y. + G,
I Tug
oCo  =iwoAV
Gs L E v, 1 ° lv L $6
YU e jugc Yo g2 °

Fig. 3—Lossless parametric amplifier.

[} 3

> : o |[1%Co ~jwohV .
G‘i Gsglliv, 36 [-iw,xv j95Cq 623 Iv2lj36, Go

2 4

N o

Fig. 4—Parametric amplifier with losses.

The input admittance seen between points 3 and 4 is

Y12 Y21
Yout - Y22 - . (16)
Y, +G,
The power gain is
4 I Y21 | z GOGs
=- — — —. amn
l (GO + Y21) (Ga + Yln) |2
The admittance matrix of the amplifier shown in Figure 4 is
jo,Co + G,P + G, + jY, —jw AV
Y = (18)

—jwpAV GuoCo + Gul + Gy + Y,
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When the input and output are tuned,

¥y =—jo,Cy,
7Y2 = — joCo.
Then Y]] = Gll) + G] =Y
Yio=—jo AV =—jy
Yo = — JesdV Yot (19)

Yoo =GP 4+ G = Yo,

Y2 Yn
and Yi.. — Yyt (20)
Gy + Yoo
Y2 Y
Yoo =Yoo+ ——mm. (21)
G, + vy,
The gain is
4G G, |y |*
G = — (22)

[(Gy + ¥11) (G + Ya2) + Y12¥21]2 .

An optimum gain is obtained for an optimum source conductance;

Y L
G’s = [ 1/112 + y12y:_'1 :I ’ (23)
Yoo

and an optimum load conductance

Yoo 172
Go=| ¥+ Yi2¥21 - (24)
Yn

The following quality factors are introduced: ¢, for the input cir-
cuit, ¢, for the output circuit, and @, for the diode, at the input fre-
quency (o,); and the following parameters are defined:

k=—

, (25)

@y

, (26)
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k k2 G+ Gy

To — —— —_— =

) q: Q, 0,Cy ’

L —‘_i
K* = amge V3.

The optimum load and source conductance become

- 1/2
G’ =| (Coo)*ry +— K"'] )
v

7o 1/2
Go=| (Cpp®ri+—K: | .

1

For good diodes

T
(Cou)a)""l'l << T K‘-.’

T2

vy
(C(,m,)z'rg << T K"'.

T

Then Equations (29) and (30) become
1
G, - K—,
Uy
vy
G’y = K—.
71
o 4/_
pP—— TITo
K

the optimum gain becomes

1f

gain - - -

For small losses,

gain = k(1 —2p).

233

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

37
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Note that the product of G, and G, equals K?*—the result for opti-
mum gain and bandwidth derived by Rowe for the lossless case,?
although here K +# G, + G,. The gain becomes & = v/, in the lossless
case, as required by the Manley—Rowe equation.!

Noise Factor

The noise factor is given by

G, + G, 1 G,+G."” (G, + G, +G,P) 2

F=1+ —+ —
G, k K2 G,
(38)
»,Cy 1, G+ 1+ 0,Co TP
1+ 7+ _— | .
G, k K

The noise factor is minimum for an optimum value of the source
conductance,

T 1/2
G.lz[(rlcomg)2+kK2 ’] ) (39)

T2

The over-all system noise factor is given as usual by

F‘_,*‘ 1
ﬁ‘ov:Fl'!' . (40)
G

where G is the parametric stage gain and F,, is the noise figure of
the following stage.

A sum-mode parametric amplifier may be designed for use with
television receivers. Figure 5 shows an “autonomous” version and
Figure 6 shows an “imbedded” version. Autonomous preamplifiers can
tolerate a moderate pump-frequency shift and require a unique pump
source. Imbedded preamplifiers require two different pump sources
whose frequencies are such that the output frequency is 45 me (the
television-receiver i-f), for any input signal frequency. In this case
the frequency of the pumps becomes critical; a supplementary UHF
oscillator can be added to monitor the two pumps and improve the
frequency stability.

In both versions the output frequency of the parametric amplifier
is in the microwave range and is converted down by a crystal-diode
mixer. In the autonomous version, this mixer is followed by a televi-
sion-receiver front end. The best noise figure of UHF television re-
ceivers is 9 db, and the corresponding hest crystal-diode mixer noise
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: e
ANTENNA | PUMP | : PUMP
: { MICROWAVE ) I (UHF)
| ||
] | 1
| I
UHF PARAMETRIC MICRO] NON- LINEAR IUHF' TV RECEIVER] if
DIODE WAVE RESISTANCE | ]
| |up-CONVERTER|™ " DOWN- CONVERTER} L POLHE I
: PREAMPLIFIER UP-DOWN CONVERTER | | TELEVISION RECEIVER
1|
L o = b __

Fig. 5—Autonomous preamplifier.

figure is plotted versus frequency in Figure 7. In the imbedded version,
the mixer is followed by a receiver i-f stage. The best noise figure of
the i-f stage is about 3 db, and the corresponding best crystal-diode
mixer noise figure is also plotted versus frequency in Figure 7.

The parametric amplifier has higher gain when the output fre-
quency is higher, but then the noise figure of the crystal-diode mixer
deteriorates, as seen in Figure 7. The values of 5, 10, and 20 kilomega-
cycles appear to cover a practical range of output frequency.

For lossless parametric diodes, the gain is equal to the ratio of
output to input frequency and, since the diode is noiseless, the noise
figure is simply unity (0 db). In this case a simple computation can
be used to determine the optimum over-all noise figure. This over-all
system noise figure is plotted in Figure 8. This theoretical value is
not attainable in practice, when diodes and circuit losses are present.

\ |
| e —— —— = )

V | ! r---b-——5
| PUNP | puwp2 | b |
| [tmerowave) (MICROWAVE) iCPUMP
| S oo J
|
|
| PARAMETRIC NON- LINEAR .

”"'l DI0DE ‘:I'sg RESISTANCE TV if STAGE
| UP- CONVERTER DOWN- CONVERTER
[
L -

Fig. 6—Imbedded preamplifier.
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It is recalled here that a pure sum-mode operation has been assumed,
and that the presence of spurious modes can also alter these results.

In order to evaluate the over-all noise figure when losses are in-
cluded, three parameters have been varied: R, the diode parallel re-
sistance: r, the diode series resistance; AV, equal to half the peak to
peak diode capacitance change due to the pump voltage swing (V).

A typical diode with Cy, =1 picofarad has been chosen, and the

100
: 18
o IN7!°B 0 INS38
- 118
MA-4218
= e 9db IN29720
12
o
[ IN23E Je
T MA-4218
= Fi¢ * 3db
- -16
- -3
SKMC fOKMC 20 KMC
PUMP PUMP PUMP
] 1 1 []
100 1000 10000 100000

INPUT FREQUENCY — MC

Fig. 7-—Noise figures of bast available microwave mixers for i-f noise
figures of 3 db and 9 db.

above parameters yield effective upper frequency cutoffs of 37.5, 75,
and 150 kme, and effective lower frequency cutofl's of 3.2, 6.4, and 12.8
me. By proper choice of R and r, the circuit losses may be included.
The effective capacitance nonlinearity (AV) is varied from the poorest
to the best practical values.

The noise figure for the matched case is plotted versus frequency
in Figure 9 for both the autonomous and imbedded versions, and the
noise figure for the optimum mismatch is plotted in Figure 10. The
curves were obtained for AV = 0.2 picofarad, C, = 1 picofarad, r = 2.12
ohms and R — 25000 ohms.

For a constant input frequency of 1 kmec and an up-converter out-
put frequency of 10 kme, the noise figure is plotted versus relative

NOISE FIGURE {ad)
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10 10
oI Fovs Fit Em-1 _
= | sa
g r 5KMC 17
[ AUTONOMOUS Jde!
g 10 KMC AMPLIFIER w
3 r 20kmc | Fif=9db 13
™™ - az
w
ol 5KMC] [MBEDDED 18
5 10 KMC |— AMPLIFIER 5
z 20 KMC Fig*3db -2z
0 L 0
10 100 1,000 10,000

INPUT SIGNAL FREQUENCY—MC

Fig. 8-—Over-all noise figure for lossless parametric sum-mode up-converter.

10 10
-
- SKMC | auTonOMOUS
ol JOKMC [~ AMPLIFIER 182
s 20KMC Fig* 9db ]
el —e¥
] [4
w 3
D 5KMC i
2 IMBEDDED -
« ég :::g]— AMPLIFIER ‘5
I Fig*3db 2
<} AV s 2pF -2
z Co® IpF
r o« 2120
| 1 1 R s 25Kf 0
10 100 1,000 10,000

INPUT FREQUENCY — MC

Fig. 9—Over-all noise figure for matched input parametric
sum-mode up-converter.

10 10

o M

[ B~ AUTONOMOUS
ol 10KMC AMPLIFIER -8
E - 20KMC Fit* 9db 8
s oR!
g x
al SKMC IMBEDDED 3
2 %Kkn:‘cc AMPLIFIER —14 :
v Fig=3db »
"
3 W 2pF J428
z Co® IpF

rs2.1248
1 | R=238 [}
10 100 1,000 10000

INPUT FREQUENCY —MC

Fig. 10—Optimum-mismatch over-all noise figure for parametric sum-mode
up-converter with loss.
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INPUT FREQUENCY:IKMC,

'O [ UP-CONVERTER OUTPUT
o | FREQUENCY 10KMC
g | DIODE CAPACITANCE Co:lpF r:4240,R=12.5KQ
o
b=
(]
1 4
> -r=2120,R=25KQ
(&)
fra
w Av= 4pF
> r=1.0602,R=50KQ
4
— R=50KQ \v= 4pF
r=1050,Av=4 pF
2 -
v 1 J
106 2120 4240
AV — . 4
R%0F 2pF 1 pF
50KQ 25KQ 125K0

Fig. 11 —Imbedded preamplifier over-all noise figure (F.., — 3 db).

values of the three parameters in Figure 11 for the imbedded version,
and in Figure 12 for the autonomous version.

The autonomous and imbedded preamplifier curves are neatly sepa-
rated into two groups in all cases. The price paid in higher values of
noise figure for the stage following the crystal diode mixer is apparent.
This is mainly due to the limited gain of the up-converter.

Experiments

An experimental separate VHF preamplifier, shown in Figure 13,

13, INPUT FREQUENCY | KMC, r=4240,R=125kq
UP-CONVERTER OUTPUT f
1o FREQUENCY 10 KMC

DIODE CAPACITANCE CgylpF

-
s 0L 'g 3 122 120,R=25KQ
10 iR ya
C # [’
w 9 | U8 J
3 — r:1060 ;R=50KQ
g d //-< AV= 4pF
; 7 M~ R=50K8 ,AV= 4pF
[=]
Z &F X r=1050;Av=.4pF
5L
L 1 1
1068 2129 4240
xv; 1 J
R“DF leF IlpF
50K 25KQ 12 5k

Fig. 12—Autonomous preamplifier over-all noise figure (Fi.; = 3 db).
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was built and the following performance was obtained:

Input (1) signal frequency : 83 mec
Output(1) signal frequency : 803 mec
Pump frequency (P) : 720 mc
Input(2) signal frequency : 803 mec
Output(2) signal frequency : 83 me
Bandwidth (3 db down) ¢ 12.7 me

Input(1) to output(2) gain : 5.2 db
Output(2) to input(1l) loss : 14.8 db

Noise figure of receiver : Fyy,=424db
Noise figure at input(2) : F,=10.1db
Noise figure at input (1) : F,,=3db
Input(2) to output(2) con-
version loss : 6db
Input(1) to output(l) gain : 11.2 db
Parametric diodes : f,=164 and 81 kmc
Crystal mixers . 1N21B
INPUT“) TRCE
same outputInpuT? {2)

Y PUMP
720 MC

(2)
OQUTPUT
83MmC

720 MCT—i
* PARAMETRIC CRYSTAL-DIODE

UP-CONVERTER DOWN - CONVERTER

Fig. 13—Separate parametric up-converter.

The preamplifier was found to be unconditionally stable and matched,
and to have sufficient signal-power capability. When the pump fre-
quency and the i-f noise factor are taken into account, the measured
noise figure is seen to fit satisfactorily the computed curves of Figure
9. Investigations of the sum mode have shown the following advan-
tages:

Low noise figure,

Unconditionally stable (positive-resistance operation),
Input and output match possible,

Stable gain (relative to pump signal drive),

Good forward-to-backward gain ratio,

AR S
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6. Broad bandpass,
7. Good signal-power capability;

and the following disadvantages:

1. Elimination of the difference mode is elaborate with large-
bandwidth circuits,

2. Spurious mode(s) may result from mere diode bias and/or pump
drive with reduced stability,

3. Gain is limited to output-to-input signal frequency ratio,

4. Spurious resonances at the output signal frequency occur in the

input circuit. Pump circuit couplings at input and output are

troublesome,

Very-high-quality diodes are required,

6. The output signal frequency is much higher than the input
signal frequency.

.Cﬂ

1 .t
o
! e Y — — i
. . 3
V= jwsCy  jwgGy v, v
12 Vw i . i L
s jwiC) jwiGq 4
2 o——— ~

Fig. 14—Two-terminal-pair linear network.

DIFFERENCE MODE PARAMETRIC AMPLIFIER

Theory

The three signal components flowing in the common linear capaci-
tance of the parametric amplifier shown in Figure 1 are now the pump
(w,), the input signal (w,), and the idler (o, = w, —o,).

The general matrix reduces now to:

I, | ju,Co —jw AV 1%
= (41)
I, +jw AV —jwCly v

The parametric stage is shown in Figure 14 as a two-terminal pair
network. The diode series resistance, r, and the idler series resistance,
R, are regarded as part of the idler, as shown in Figure 15. The net-
work has also been modified to extract C, and » from the 1,2’ and 3,4’
network as shown.

The new network input admittance is obtained:
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(D'(D‘IAV‘2
Y, —— . (42)
Y’L.
Near resonance of Y’;, Y ;... becomes real and has the value
g (AV)2
Yo =—27nfyn . (43)
g Co

The noise generated by this negative conductance is due to the idler-
resistances, and is therefore reduced by the frequency ratio w;/m,

e 3 r c L
[} jweC
Yin OTco [ . s:] col .
-jw;C
’_'L"T‘ 1wy o _.-[-
2 2 L —

Fig. 15—Parametric difference-mode with losses.

according to the Manley and Rowe equations.! Hence its equivalent
noise temperature is
@

T=Ty—. (44)

@y

The noise temperature found across 1,2 is increased by the con-
tribution of the diode series resistance r which remains at room tem-
perature.

Hybrid Junctions

Simple negative-resistance amplifiers are inherently unstable; suit-
able stabilizing techniques are therefore necessary. This problem is
usually solved by using circulators, isolators, impedance inverters, or
hybrid junctions. The hybrid junctions offer a promising solution,
because they can be inexpensive and also allow for variation of the
amplifier gain without loss of stability.*”

+R. W. P. King, Transmission Line Theory, McGraw Hill, p. 199, 1955.

5 H. G. Pascalar, “Strip Line Hybrid Junctions,” I.R.E. Trans. PGMTT,
Vol. MTT-5, p. 23, Jan. 1957.

6 T. Morita and L. S. Seingold, “A Coaxial Magic-T,” I.R.E. Trans.
PGMTT, Vol. MTT-1, p. 17, Nov. 1953.

7 D. Sahib, “Broadband Hybrid-Coupled Parametrie Amplifier,” Micro-
wave Jour., Vol. 5, p. 87, May 1962.
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A difference-mode parametric amplifier using a hybrid junction is
shown in Figures 16 and 17. A symbolic diagram of a hybrid junction
is shown in Figure 18, with appropriate parameters. Figure 19 shows
a two Ay/4 hybrid-junction version which can be realized inexpensively
with a double concentric coaxial line.”

r ________________________ -
! I
! )
— o
y : 11
: MICROWAVE FIXED FREQ. |
1 IDLER [ MICROWAVE | \\cpowave i (
I
" (ONE DIODE) [ERUME !
)
1 1
| PARAMETRI y
L (PARAMETRIC AMPLIFIER) | 0o |
] WAVE |
UHF ) |
UHF| PORT2 ! i
I
t
UHF 1
PRESELECTOR |  UHF UHF | MICROWAVE |
UHF PoRT| HYBRD IDLER :
' JUNCTION 3, (ONE DIODE) | |
i )
UHF | PORT 4 i '
o e J
CRYSTAL-MIXER UHF
UHF
UHF l———  LOCAL
| DOWN-CONVERTER OSCILLATOR
IF
1t F . 2™ "
TRANSISTOR I STAGE o
STAGE OUTPUT

Fig. 16—UHF parametric-amplifier block diagram.

The two Ao/4 hybrid junctions can be represented by the matrix

v, 0 —i(1/2) 12 0 V., |
Veo —7 0 0 1/2 Vi,
v, | | 0 0 J(1/2) Vi,
VT_| 0 I j 0 V"_' ‘

(45)

With the reflection coefficient p; at ports 2,3, and 4,
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/ UMHF OSCILLATOR RESONATOR

DIODES

COMPENSATIONS

f
2
-2, V2
Vlz‘ Viz s
22 tZo  Vi2
Vin 14
i
-~ &2
o — 4
Vrl Vr4
V.l by
3 I3
H
3
23-Zo Vi3
Py . s =
Z342o V,a

Fig. 19—Two Ao/4 hybrid junction.

Fig. 17—Parametric amplifier for UHF television.

Fig. 18—Symbolic diagram of a hybrid junction.
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Z,—Z,
p,: , ] ‘2.3.4. (46)
Z;+ Zy
the power gain is
p3 — p? )2
2
G — _ — (47)
ps—p: |
1+p,— :|
2
which reduces to:
G = |p]? (48)

for po = p3g = p.
When ports 2 and 3 are terminated by negative conductances, the gain
of the amplifier is greater than unity because |p| > 1.

The input reflection coefficient is

( pd — p2 >'_'
Vr, [ 2

Pin — P4 B . (49)

Vi| 2 p3— P2 *
P4 — +1
2

Analysis of Equation (49) shows that the amplifier can be matched
when the two negative conductances are equal (p. = p3) and the output
stage presents a match (p, =0). The amplifier remains stable and
immune to the source-impedance variation as long as the input reflec-
tion coefficient is smaller than unity.

Noise Figure

The noise figure of the parametric-amplifier stage is influenced by
the reflection coefficient at each port and the noise temperature of the
termination at that port,

1 ( T.N, T,N, TN,
{ +’ }y (50)

F=1+— db
G UTeNy  ToN,  ToN,

where G is the stage gain and N, is the relative noise contribution of
the termination at port 2,
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1+p; Pr— P4
(mps— 1) | ps 9

1>_]|:< 1 (p1 + pa) (p1ps—1)
2 <PI_P4>
P3 —1
2
1+ p, 14 p, el
1_’)2

245

N,=Re

1—pp

1—p,
(51)

N, is the relative noise contribution of the termination at port 3,

1+p;
N;=Re :

1—ps

Pes— M
(pps+ 1) | po 5 —

1) ll:( 1 (p1 + pa) (papy + 1)
: 1

N, is the relative noise contribution of the termination at port 4,

1+ p,

1+ py
N4: 2Re 1+
1—p, 1—py
P2 P3 p2 + p3 2 pe+ pa !
| +m - p———1
| 2 2 2
14+p -2
-t (53)
1—p,
N,

is the relative noise contribution of the source at port 1,
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1+ py pz t+ p2 P4 Pz P2
N,=2Re . < +G— Ps —1 1--
1—p, 2 2 2
1+p 1+p H
. ) TSR L | (54)
1—p 1—py
when
fo=pP3=—m
T2 = T3 =T,
ps =p1=0,
T,= T, the ambient temperature.
Equation (50) reduces to
T 1 !
Fe14—— ——_1‘, (55)

with G = |p]|=.

Typical Case

Using two parametric diodes with cutoff frequency f., = 75 kme,
idler frequency f, =10 kme, input frequency f, =1 kme, C,— 1 pico-
farad and AV =2/3 picofarad, Equation (43) gives a negative re-
sistance of

L fi G
R=— —
2nf. f. (AV)2

— — 48 ohms. (56)

Hybrid junctions with 50-ohm characteristic impedance at ports 2 and
3 can easily be made. Large gains are therefore possible. If the stage
gain is limited to 10 db, the stage noise figure is about % db.

Because the value of the negative resistance is low, the effect of the
diode series resistance at the input is negligible. The effective noise
temperature at ports 2 and 3 is therefore

R T,
T=Ty—=—-. (87)
wg 10
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If the noise figure of typical following stage is taken as 10 db, the
overall noise figure is about 3 db. Note again that this stage must
present a nearly perfect match over a band around the signal fre-
quency to preserve stability and prevent additional noise figure de-
terioration.

The sensitivity of the amplifier to port termination is the major
inconvenience of this solution. A strict control of the circuit is there-
fore necessary.

The above shortcomings can be traced to the bilaterality of the
gain. A unilateral gain may however be obtained without resorting to
expensive isolators or circulators. Solutions using ferrites in the idler
circuit or controlling the phase of the pump signal on each diode®'°
have been proposed.

DOUBLE-SIDEBAND PARAMETRIC AMPLIFIER

When the idler frequency is raised appreciably, the separation of
the two modes by resonant circuits becomes very difficult. However,
if the idler circuit has sufficient bandwidth, double-sideband amplifica-
tion is possible.!'? The down-converter following the parametric am-
plifier must then also have sufficient input bandwidth.

The matrix (10) reduces to:

Ty ‘ [ JuweCo JuoCy JuwoCo Voq
Iwa = j‘“scl‘ Jo,Co j‘“scl Vw,
Iw‘ ' Jo Ca” j‘“icl. Ju;Co Va,“
1 1 1 ]
(58)

where C, is basically the AV used above, and C, is a cross-coupling term
between he sum (wy = w, + »,) and the difference (v; = v, —w,) com-
ponents. Only the sum (o), difference (v;), pump (w,), and signal
(w,) components are allowed to flow.

8 A. K. Kamel, “A Parametric Device as a Non-Reciprocal Element,”
Proe. I.LR.E., Vol. 38, p. 1424, Aug. 1950.

9 L. D. Baldwin, “Non-Reciprocal Parametric Amplifier Circuit,” Proc.
LR.E., Vol. 49, p. 1075, June 1961.

19 A. Korpel and P. Desmares, “Experiments with Nonreciprocal Para-
metric Devices,” Proc. I.R.E., Vol. 49, p. 1582, Oct. 1961.

MW, Eckhardt and F. Sterzer, “Microwave-Carrier Modulation-
ge{?odguslation Amplifiers and Logic Circuits,” Proc. I.R.E., Vol. 50, p. 148,

eb. 1962.

12 W, Eckhardt and F. Sterzer, “Correction to Microwave-Carrier Modu-
lation~Demodulation Amplifiers and Logic Circuits,” Proc. I.R.E., Vol. 50,
p. 1632, July 1962.
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Lossless parametric converter analysis shows that, for equal side-
band loadings, zero net impedance is reflected at the input of the
converter. Since a finite output is obtained for no net input power
flow, an infinite gain is possible.

This can be visualized by considering Figure 20 which shows a
dissected double-sideband amplifier. The signal flows in two sections:
(1) a sum mode section where the signal is converted to v, = w, + o,,
and a difference mode section where the signal is converted to v; = v,
—w,. For equal loadings at v, and o;, and under the assumption o,;

UP - CONVERTER DOWN-CONVERTER

PUMP
SOURCE

Fig. 20—Dissected double-sideband parametric up-converter followed by
double-sideband crystal mixer down-converter.

> w,, the sum-mode converter reflects a positive conductance G across
the input while the difference mode converter reflects —G. The parallel
combination is an infinite input impedance across which the source
voltage is applied. The net power flow is zero, while both converters
carry power which is down-converted coherently and appears at the
output, yielding an infinite gain. Because the input impedance is
capacitive, the gain-bandwidth product remains finite.

The noise performance is evaluated by referring to Figure 21,
which shows both input conductances +G, and —G,;. The associated

equivalent current noise temperature to each conductance at the input
is:

[CH Wy
To.i =T, T, ’ (59)

(DO"- w

w (o7 ;.

The exchangeable noise power from each conductance is
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w,
<ip>? = kTo B|G, ;| (60)
w
For a matched input
G,=G,—G,>0; (61)
the noise figure is then
(1)_? GO + G
F=1+ _ (62)
o G,—G,
G,>0, G, >0. (62)

<is> @ EEGs <i°> %M;o <.i> %-Ga
>

Fig. 21—Noise sources of double-sideband parametric amplifier.

The stage gain becomes

o GO “I’ Gi
G=——«——, (63)
Wg Go_Gi

When the stage is followed by a down-converter with noise figure F.,
the over-all noise figure under matched condition is

o, [ Gy+G, G,— G,
-+ (Fy—1) -
o Go" Gi Go + G,-J

F, =1+

An optimum noise figure

o, o 1
Fr,=1+ {\/F._.—l o l (65)
VF,—1)

is obtained for

——— =VF.,— 1. (66)
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For a typical case of F, =10 db and o/0, = 10, the optimum over-all
noise figure is below 1/2 db and the optimum gain is 30 db.

The results of the above simplified theory are altered by the diode
and circuit losses. In most cases the input impedance can be made
positive real, imaginary, or negative real by tilting the response at
the output of the up-converter.

Double-sideband devices with a crystal mixer at a signal frequency
of 1.2 kmc have been investigated. A voltage-gain—-bandwidth of 70
mc and a noise figure below 3 db were reported.’’’? The input match
has been determined. The device is unilateral and can be cascaded with
similar devices since the output impedance is positive real.

_—
L L L L L
—> T ——— T ————o
f5=380 MC f,= 380 MC
c # C 7 C #C

1p=630 MC
fp- 15250 MC

1p*630MC

Fig. 22—Traveling-wave parametric amplifier.

TRAVELING-WAVE PARAMETRIC AMPLIFIER

When a series of parametric amplifiers are cascaded, the analysis
of the device involves essentially a cascade of parametric networks such
as those considered above. A signal and a pump are applied at one end
of a transmission line having nonlinear reactances, and waves propa-
gate away from this end to the other end, where the output circuit
is usually located. The input signal generates signals at the sum and
difference frequencies which propagate at different velocities along the
dispersive line and amplification may occur in form of growing
waves.13.14

A traveling-wave parametric amplifier of particularly simple struc-
ture is shown in Figure 22. Four parametric diodes were used, and
the following results were observed:

Signal frequency : 380 me;
Pump frequency : 630 mc;
Idler frequency : 250 me

13 P, K. Tien and H. Suhl, “Traveling-Wave Ferromagnetic Amplifier,”
Proc. I.R.E., Vol. 46, p. 701, April 1958.

4 R. S. Englebrecht, “A Low-Noise-Linear-Reactance Traveling-Wave
Amplifier,” Proc. I.R.E., Vol. 46, p. 1655, Sept. 1958.
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Forward-signal gain : 10-12 db
Conversion gain (380 to 250 me¢) : 8-10 db
Bandwidth : 10-20 mec

Noise figure : 85 db

Match : Not established.

The need for a large number of diodes is a distinct disadvantage
for application to television receivers. Transmission lines uniformly
loaded by evaporated parametric diodes could lower the cost, but this
technique is not within the present state of the art.

SUMMARY AND CONCLUSION

Some salient characteristics of various forms of junction-diode
parametric amplifier have been determined. Experimental results
with sum-mode parametric amplifiers were found to agree with the
predicted results. The noise figure of two embodiments of particular
interest in the television-receiver field have been evaluated over a wide
range of design parameters of practical interest. The noise figure was
found to vary from 2.7 to 7.7 db for imbedded preamplifiers and from
6.2 to 12.5 db for autonomous preamplifiers. There is, therefore, a
large benefit in the use the imbedded preamplifier version despite its
greater complexity.

The stability of difference-mode parametric amplifiers has been
analyzed. Immunity from source impedance variation can be achieved
with hybrid junction embodiments. The importance of accurate termi-
nations at ports 2, 3 and 4 has been established. The dependence of
the noise figure on the termination at all the hybrid junction ports
has been shown, and an over-all noise figure of 3 db is found possible
with parametric stage gain as low as 10 db. The gain of the difference
mode amplifier is not limited to the output-input frequency ratio, and
better noise figures are therefore possible.

A double-sideband parametric amplifier without loss has been
analyzed and was shown to require an appropriate tilting in the up-
converter circuit response to yield an input match and good noise
figure.

A major inconvenience, shared by all parametric amplifiers, is
their requirement of a pump with frequency much above the input
frequency. An estimated power of 50 to 100 milliwatts at 10 kmc is
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judged necessary for a parametric amplifier operational in television
receivers. Tunnel diodes may be able to furnish this power at a reason-
able cost. However, this power range is one to two orders of magnitude
above the present state of the art.!5.16

15 F. Sterzer and D. E. Nelson, “Tunnel Diode Microwave Oscillator,”
Proc. I.R.E., Vol. 49, p. 744, April 1961.

16 E. Johnson, “The Tunnel Diode: Can It Compete?,” Electronic Design,
p. 37, May 24, 1962.




AN EXPERIMENTAL PARAMETRIC TUNER
FOR UHF TELEVISION RECEIVERS

By

L. A. HARwWOOD" AND T. MURAKAMI}

Summary—A parametric tuner has been developed and its feasibility
for television receivers investigated. The tuner operates in a sum-mode
configuration and exhibits a noise figure of 4 db at 575 me. Further reduc-
tion of the noise figure can be expected with improved varactor diodes. The
tuner is designed to operate in the VHF and UHF television bands. Manu-
facturing cost and simplicity are considered. It is shown that the feasibility
of a parametric tuner depends on the availahility of a low-cost microwave
pump. This pump should preferably be a solid-state device such as a tunnel
diode. At present, tunnel diodes are capable of operating at very high
frequencics, but the power output in X-band i insufficient. Furthermore,
means to tune and stabilize high-frequency (X-band) oscillators are not
at hand.

INTRODUCTION

level amplification have opened a new avenue of approach to the

design of UHF tuners. At present, the performance of UHF
tuners is inferior to that of VHF tuners with regard to noise figure
and other characteristics. Although inexpensive mass-produced vacuum
tubes perform adequately in the VHF range, they provide little im-
provement in performance at UHF. UHF tubes which have the neces-
sary performance are expensive mainly because of their critical
geometry. Transistors are available that have noise performance
characteristics comparable to those of tubes in the VHF-UHF range.
However, their ultimate noise performance is inferior to that of
parametric amplifiers.

RZCENT DEVELOPMENTS of parametric devices for low-signal-

Parametric amplifiers that are already in use and are available
on the market exhibit noise figures considerably lower than can be
expected with either tubes or transistors; however, they are unsuitable
for use in television receivers at the present time because of price,
critical operation, size and other factors. This paper considers the
possibility of designing parametric amplifiers that would be practical
for use in television receivers.

* RCA Victor Home Instruments Division, Princeton, N. J.

t Formerly RCA Victor Home Instruments Division, Cherry Hill, N. J.,
now RCA Defense Electronics Products, Camden, N. J.
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Of the several possible modes of parametric operation, the sum-
mode is preferred for a television tuner, because it is the only mode
where the gain stability is independent of the antenna termination.
Practical circulators operating in the VHF and UHF bands are not
available at the present time and this limits further consideration of
the negative-resistance type of parametric amplifier.

The analysis of the sum-mode up-converter given below predicts
a relatively low noise figure, but also reveals that considerable pump
power is required to energize the varactor diode. A parametric tuner
consisting of an up-converter and down-converter, together with a
klystron pump and UHF oscillator circuits, is described in detail. A
klystron and a UHF oscillator were utilized because tunnel diode oscil-
lators with sufficient power were not available at the time. The per-
formance of the parametric tuner is evaluated and the results are
compared with theoretical calculations.

Although the noise figure obtained with varactor diodes now avail-
able is lower than is possible with any other current technique, it seems
that improved diodes could produce still better results. Further devel-
opment of the parametric tuner depends on the availability of a suitable
high-frequency pump.

SYSTEM CONSIDERATIONS

In general, parametric systems can be classified into three basic
types: (1) the sum-mode up-converter; (2) the difference-mode up-
converter; and (3) the negative-resistance amplifier.

In the sum-mode up-converter, the output frequency is equal to the
sum of the signal frequency and the pump frequency; power flow at
other than the above frequencies is negligible. Theoretically, a sum-
mode up-converter should be absolutely stable, even with improper
termination of the input and output terminals. The maximum possible
power gain with this configuration is equal to the ratio of the output
frequency to the input frequency.

In the difference-mode up-converter, the output frequency is equal
to the difference between the pump frequency and signal frequency.
This system presents negative resistance and requires stabilization
at both input and output terminals to prevent oscillation. If the output
is taken at the sum frequency, while a certain amount of power at the
difference frequency is allowed to be present, a combination of the
sum-mode and difference-mode up-converter is obtained and the device
is potentially unstable.

In the negative-resistance parametric amplifier, the output fre-
quency is equal to the input frequency. As in the difference-mode up-
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converter, the negative-resistance amplifier requires stabilization. Also,
there is a significant amount of power flow at a frequency correspond-
ing to the difference between the pump and signal frequencies. There
are two types of negative-resistance amplifiers. They are distinguished
by the operating frequency of the pump relative to the signal frequency.
In the degenerate amplifier, the pump frequency is twice the signal
frequency, while in the nondegenerate amplifier the pump frequency,
while higher than the signal frequency, is of arbitrary value.

ANTENNA
PRE- fi upP- t2 DOWN- | LF. 1.F.
e
SELECTOR CONVERTER CONVERTER AMPLIFIER
to 1o
MICROWAVE
MICROWAVE
PUMP LocaL AFC
OSCILLATOR

Fig. 1—Parametric tuner system using two microwave sources.

Even though the available gain of both the difference-mode up-
converter and the negative-resistance amplifier is greater than that
obtained with the sum-mode up-converter (so that lower over-all system
noise figure is possible), stable operation with these negative-resistance
systems requires the use of circulators or other means! to provide proper
termination in order to prevent oscillation. For application in a VHF-
UHF television tuner where the antenna termination can vary drasti-
cally, the negative-resistance systems appear to be impractical at
present.

This leads to the choice of the sum-mode up-converter for use in
the parametric television tuner.

PARAMETRIC TELEVISION TUNER CONFIGURATIONS

A block diagram of a television tuner using a parametric up-con-
verter is shown in Figure 1. In this system, the input signal from
the receiving antenna, at frequency f,, is coupled to a varactor diode
in the up-converter by means of tunable pre-selector circuits. The
varactor diode is also energized by the microwave pump signal, at

1D. d’Agostini, “The Performance of Sum and Difference Mode Para-
metric Amplifiers in Television Receivers,” RCA Review, Vol. XXIV, p. 226,
June 1963,
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frequency f,, and the resulting idler signal, f, + f,, is applied to the
down-converter. The i-f output signal is obtained by heterodyning the
idler frequency with the microwave local oscillator at frequency f, + f,
+ i-f. The automatic-frequency-control circuit provides compensation
for frequency drift in the local oscillator of the down-converter. In
this system, the pump frequency is tuned in accordance with the desired
signal to keep the idler frequency constant.

To obtain reasonable gain at the highest signal frequency (890
me), a 9.5 ge (gigacycle = 10* cycles) idler frequency is used. This

Table I—Pump frequencies for a parametric television tuner (picture i-f —
45.75 me; idler frequency = 9500 mc; down-converter local oscillator fre-
quency = 9545.75 me).

Picture Pump
Channel Carrier Frequency Frequency
Low Band
2 55.25 944.75
6 83.25 9416.75
High Band
7 175.25 9324.75
13 211.25 9288.75
UHF
14 471.25 9028.75
83 885.25 9614.75

requires both the pump and down-converter local oscillator to operate
in the X-band frequency range. The respective oscillators should be
capable of delivering required power, and should be sufficiently stable
to maintain the idler signal within the passband of the idler circuit.
Only one of the oscillators requires frequency compensation, and the
down-converter local oscillator was chosen because less power output
will be required from this oscillator. The frequencies of the pump for
the VHF and UHF television channels are given in Table I.

An alternative tuner system using a single microwave source is
shown in Figure 2. Here, as in the previously described system, the
input signal from the antenna is coupled to the varactor diode by means
of the pre-selector circuit. However, the pump signal is derived by
mixing the signals of two oscillators—a fixed high-frequency oscillator
(microwave local oscillator) and a variable low-frequency oscillator
(VHF-UHF local oscillator). These signals are coupled to a mixer
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and the resulting sum frequency is applied to the varactor diode in the
up-converter. The fixed-frequency oscillator also energizes the down-
converter diode where the idler frequency signal is converted to i-f.
With a 9.5 ge idler frequency, the frequency of the fixed tuned oscillator
is 9.545 gc and the frequency of the lower-frequency oscillator varies
with f,. Reasonable frequency stability can be expected of this system,
since stability is determined by the low-frequency oscillator, which has
a tuning range identical with that employed in present commercial
VHF and UHF tuners.

ANTENNA
PRE- f upP- t2 DOWN- | LF. 1.F.
SELECTOR CONVERTER CONVERTER AMPLIFIER y
forty=fy fo
VHF -UHF [ ¢ ¢, |MicROWAVE
LOCAL MIXER 8 LOCAL
OSCILLATOR OSCILLATOR

Fig. 2—Parametric tuner system using a single microwave source.

A serious problem in the above system is the presence of interfering
signals generated in the mixer as a result of harmonics of the low-
frequency oscillator. In addition, the available power from the micro-
wave oscillator must be sufficient to compensate for the loss in the
mixer. Because of the above problems, the first of the two systems
described appears to be the more desirable,

In the experimental setup, the high-frequency oscillator, a klystron
tube, was coupled to the varactor diode and the derived signal generated
in the mixer was applied to the down-converter diode. The microwave
frequencies were chosen so that spurious responses were avoided.

The practicability of either of the two tuner systems deseribed
depends on the availability of low-cost microwave oscillators of ade-
quate power. Solid-state oscillators using a tunnel diode as the active
device are capable of operating in the desired frequency range, but
at the present time their power output is only a fraction of a milliwatt.
It can be expected that tunnel diodes will be improved in this respect.

THEORETICAL PERFORMANCE

Up-converter Performance

Since the theory of the upper-sideband parametric up-converter




258 RCA REVIEW June 1968

(sum mode) is adequately covered in the literature,>® the treatment
here is limited to the application of the theory to the up-converter used
in the parametric television tuner. Due to the relatively high second-
stage noise figure, the system under consideration will have a minimum
over-all noise figure when the first-stage gain is at a maximum. There-
fore, only the maximum-gain condition is considered here.

The over-all up-converter performance is determined by the dy-
namic quality factor of the diode and the input-to-output frequency
ratio. As defined by Uenohara,* the dynamic quality factor is

- Q
Q=——"""", (1)
2C, C,

c, 20,

where C, is the first term and C, the coefficient of the first dynamic
term of the Fourier expansion of the capacitance-voltage characteristic
of the varactor diode. C, corresponds to the static capacitance of the
diode at the operating point. The quality factor @ is defined as

1
Q= : (2)
wCOR,

where o is the angular frequency and R, the spreading resistance of
the varactor diode. It is convenient to define the quantity

C
Y=—> (2)
Co

which is the ratio of fundamental to static capacitance. This quantity
is a function of the pump power applied to the varactor diode and is
a key factor in the determination of parametric-amplifier and up-
converter performance. In terms of y and the signal and idler fre-
quencies, f; and f,, the maximum gain for the sum-mode up-converter
has been shown to be?

L. A. Blackwell and K. L. Kotzebue, Semiconductor-Diode Parametric
Amplifiers, Prentice-Hall, Inc., Englewood Cliffs, N. J., 1961.

3K Kurokawa and M. Uenohara, “Minimum Noise Figure of the
Variable-Capacitance Amplifier,” Bell Syst. Tech. Jour., Vol. 40, No. 3,
p. 714, May 1961.

4 M. Uenohara and H. Seidel, “961-mc Lower-Sideband Up-Converter

for Satellite-Tracking Radar,” Bell Syst. Tech. Jour., Vol. 40, No. 4, p. 1189,
July 1961.
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o K—1
G= ) (3)
i K+1
where
(5 e ]
K = 1 + Q12 ’
fa
- 4N
Ql = s
2 v
y 2
1
Q1 = .
‘”lCORo

The gain given by Equation (3) is less than the output-to-input
frequency ratio due to the diode losses and the limited fundamental
capacitance variation. As the dynamic quality factor increases, the
gain approaches the frequency ratio f,/f,.

Under the maximum-gain condition, the noise figure for the up-
converter is given by3

f. K—1

(4)

1 fi K+1
F=1+— {1+ :
K

or, in terms of the gain,

1 1
F:l—}——(l«}-—). (5)
K G

As the dynamic quality factor of the diode is increased, the noise figure
is decreased, so that as the gain approaches the frequency ratio f./f;,
the noise figure tends toward unity, or zero db.

A plot of the maximum gain of the upper-sideband up-converter as
a function of the dynamic quality factor for several different output
to input frequency ratios is shown in Figure 3. The corresponding set
of curves for the noise figure is shown in Figure 4. The frequency
ratio for the system under consideration varies from 10.5 to 175,
assuming an idler frequency of 9.5 ge. For commercially available
varactor diodes, the dynamic quality factor roughly encompasses the
values 15 to 200 for frequencies in the VHF-UHF range.

The up-converter performance as a function of frequency and y is
indicated more clearly in Figure 5, which shows the variation of the
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DYNAMIC QUALITY FACTOR, G,

Fig. 3—Normalized maximum gain of upper-sideband up-converter.

maximum gain over the VHF-UHF range for several values of y. In
this case, the idler frequency was chosen as 9.5 ge and the diode cutoff
frequency 50 g¢ (f, = 1/(2xC,R,)). A similar plot for the noise figure
is shown in Figure 6. These curves indicate satisfactory gain and
noise figure for the conditions assumed.

System Noise Performance

The system noise figure of the parametric tuner can be expressed as

F2—1

F=F +——, (6)
G,

NOISE FIGURE IN DECIBELS

i

2 3 456789
10

20 30 4050 7090I°° 200
DYNAMIC QUALITY FACTOR, G,

Fig. 4—Noise figure of upper-sideband up-converter under
maXimum-gain condition,
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Fig. 5—Maximum gain of sum-mode up-converter.

where F, is the up-converter noise figure, G, is the up-converter gain,
and F, is the down-converter noise figure. Assuming ideal conditions,
where the dynamic Q of the varactor diode is sufficiently high so that
the gain is equal to the output-to-input frequency ratio and the noise
figure of the up-converter is unity, the minimum over-all noise figure
will be

fa
F=14—(F,—1). (7

1

FIGURE IN db

NOISE

50 100 200 400 600 1000
FREQUENCY IN MEGACYCLES

Fig. 6—~Sum-mode up-converter noise figure.
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Fig. 7—Over-all noise figure of ideal sum-mode parametric up-converter.

System noise figure as a function of signal frequency (Equation
(7)) has been plotted in Figure 7 for several different second-stage
noise figures. It is evident from the over-all noise-figure curves of
Figure 7 that due to limited available gain, the noise contributed by
the down-converter is significant even for the ideal sum-mode up-
converter. Using the up-converter gain and noise figure obtained from
Equations (3) and (5), the over-all system noise figure varies over
the VHF-UHF band as shown in Figure 8. Curves for several different
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Fig. 8—O0Over-all system noise figure of sum-mode up-converter
followed by down-converter.
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second-stage noise figures are plotted using a value of 0.5 for y. A
similar set of curves are shown in Figure 9 for y = 0.3. A practical
value of y for commercially available diodes with moderate pumping
is between 0.3 and 0.5.
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Fig. 9—Over-all system noise fizure of sum-mode up-converter

followed by down-converter.

Effect of Circuit Losses

The gain and noise figure discussed above do not include the effect
of circuit loss and bandwidth in the various parts of the parametric
tuner. At microwave frequencies, the circuit loss and bandwidth of
the pump and idler circuits influence the up-converter performance.
An even more significant effect on tuner performance is the insertion
loss produced by the pre-selector circuits at the signal frequency. The
effects at the input are more pronounced than at the output of the
up-converter, since the noise figure is a direct function of the insertion
loss at the input. At the output, effects of idler frequency losses are
somewhat masked by the gain of the up-converter.

Pump and Idler Circuit Losses

Circuit losses due to the circuits which are tuned to the pump
{requency can be overcome by additional pump power. However, these
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losses cannot be cancelled at the idler frequency, and the bandwidth
and @ of the idler circuit will affect the over-all tuner performance.
The idler-circuit bandwidth depends upon the loading provided by the
varactor diode and also upon the coupling of the idler circuit to the
down-converter. In the up-converter system utilizing a derived local
oscillator signal for the down-converter, the idler-circuit bandwidth
must be broad enough that the frequency drift of the microwave pump
oscillator does not cause the idler frequency to pass out of its passband.
Also, the selectivity provided by the idler and input pre-selector circuits
must be such that adequate attenuation is provided for the image
signal. The insertion loss, L, of a tuned circuit in terms of the loaded
and unloaded circuit Q’s is expressed as®

Q.
L=20log,o(1+—)db (8)

0

where Q, is the loaded Q of the circuit and @, is the unloaded Q of the
circuit,

Unloaded circuit Q’s in the order of 3000 to 3500 are readily avail-
able with capacitance-tuned resonant cavities. A bandwidth of 20 me
for the idler circuit results in a loaded Q of 475 for an idler frequency
of 9.5 gc. The corresponding insertion loss for such a system would
be 0.6 db. Since the insertion loss in the idler circuit occurs after
amplification of the signal, its effect can be considered equivalent to
a poorer second-stage noise figure. Thus, the noise figure of the up-
converter is not appreciably deteriorated by losses in the idler circuit.

Input Circuit Losses

The insertion losses in the input are due primarily to the circuit
losses and to the impedance mismatch between the input and the
antenna. At VHF, the input losses represent a large portion of the
over-all system noise; however, since the up-conversion process for
this frequency range is so efficient, the over-all system noise figure
will still be quite low (< 3 db). These losses also add to the system
noise in the UHF range, but at these frequencies the up-converter
performance is not as good as at VHF, so that the effect of the added
losses is more serious.

At UHF, circuit Q’s between 500 and 1000 are obtainable using a
capacitively tuned section of line. With a 3-db bandwidth of 20 me,

5G. L. Ragan, Microwave Transmission Circuit, McGraw-Hill Book
Company, Inc., New York, 1948, p. 654.
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the ohmic power loss is in the order of 0.25 db. Allowing for a 2 to 1
voltage-standing-wave ratio at the input due to tracking errors and
impedance mismatch, the total insertion loss due to this cause is 0.5
db. The total theoretical input loss would be between 0.5 and 1 db for
the conditions assumed above. This loss should be added to the curves
of Figures 8 and 9 to obtain the theoretical system noise figure with
the effects of circuit loss and mismatch included.

Reverse Current Induced Noise®

To obtain optimum performance from the parametric up-converter,
the capacitance of the varactor diode must be swept over its entire
range. The maximum swing is determined by the point at which the
diode is driven into forward conduction and the point at which reverse
breakdown occurs. Significant deterioration of the noise figure of the
up-converter occurs when a current as low as 5 microamperes is drawn
in the reverse direction. The reverse-current noise is found to increase
as the ratio f,/F, increases, where f, is the cutoff frequency of the
diode and F, the noise figure of the parametric amplifier using the
diode. Thus for a given breakdown voltage, the better diodes produce
the most reverse-current noise.

Since the reverse current induces noise, the useful maximum excur-
sion of the capacitance swing is limited to the region where no appre-
ciable reverse current flows. For this reason, it is not feasible to pump
the varactor diode to the point where optimum gain is obtained. If
the gain of the up-converter is limited, more noise is contributed from
the relatively noisy down-converter which follows it. The noise intro-
duced by the reverse current is one of the more serious limitations
imposed on the gain and noise figure of the sum-mode up-converter.

Pump Power Requirements

In a parametric amplifier or up-converter, the varactor diode is
driven from a high-frequency source (the pump) to produce the time-
varying capacitance necessary for signal amplification. It is of interest
to know the magnitude of this pump power as a function of the charac-
teristic parameters and operating conditions of the varactor diode.
The pump power is utilized in the amplification process and is dissi-
pated for the most part in the diode series resistance.

A simplified equivalent circuit of the varactor diode consists of a
voltage-dependent junction capacitance C, in series with the bulk or

8R. D. Weglein, “Some Limitations on Parametric Amplifier Noise
Performance,” Trans. I.R.E. PGMTT, Vol. MTT 8, No. 5, p. 538, September
1960,
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spreading resistance R,. The resistance R, is of the order of a few
ohms and is almost independent of frequency and the applied bias.
If the voltage E represents the r-m-s value of the pump voltage across
the junction capacitance, the resultant current, I, in this capacitance
is joCE. Since this current is also common with the series resistance
R,, the power dissipated in R, will be

I’R, = E?*C?R,. (9)
In terms of the cutoff frequency, f.—=1/(2=R,C), the power dissipated
can be expressed as
2nCEZ2f2

P=— . (10)
fe

In Equations (9) and (10), the capacitance C has been assumed to be
the capacitance at the operating point. For a diode such as the
MAA450F, the cutoff frequency referred to the operating point is about
50 ge, and the operating capacitance is approximately 1 micromicro-
farad. Assuming that 1.5 volts r-m-s of pump voltage is required to
produce the desired capacitance variation, the power required at 9.5
ge is 11.5 milliwatts. Equation (10) gives only a rough indication of
the actual power required, since the capacitance C is nonlinear and the
voltage E across the junction has been only an estimate.

DEVELOPMENT OF THE TUNER

The preselector circuits must cover the entire VHF-UHF range
of 54 to 980 me. Since noise figure was not considered a serious problem
in the VHF range, the effort in this work was concentrated in the UHF
range. In the proposed system, the input circuit would be capacitively
tuned; a band switch is used to insert the appropriate inductance in
series with the capacitance. A schematic diagram of such a circuit is
shown in Figure 10. Two resonant circuits are used in the input to
obtain the necessary image attenuation, with a 3-db bandwidth in the
VHF range of approximately 6 me. In the UHF range the input band-
width would be about 20 me, as previously mentioned, to keep the input
insertion loss low. In most respects the techniques that are presently
being used in the input circuit of VHF and UHF television tuners may
be applied to the design of the input circuits for the parametric tuner.

The resonant circuit element used for the up-converter and down-
converter will, to a large extent, determine the structural configuration
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SIGNAL SIGNAL
INPUT OUTPUT

Fig. 10—Preselector circuit with band switching.

of the parametric television tuner. The choice of a particular micro-
wave tuning means for the parametric up-converter is governed by
practical and economic consideraticns. The construction should be
adaptable for mass production at low cost, and at the same time it
should be reliable in operation and easy to align. Transmission lines
(such as the stripline) are relatively easy to manufacture, but tuning
over a given microwave frequency range presents a mechanical prob-
lem. Tunable waveguide lines are not practical because of their large
size and difficulty in tuning and assembly. The use of the capacitance-
tuned microwave cavity appears to be a more-reasonable approach for
the parametric tuner.

Of all the various microwave cavities, the rectangular cavity, be-
sides fulfilling the size and electrical characteristic requirements, is
the simplest to manufacture. The mechanical structure of the cavity
with provision for tuning is shown in Figure 11(a). Electric and
magnetic fields corresponding to the TE,, mode are shown in Figure
11(b).

For a rectangular cavity such as that shown in Figure 11(a), the
resonant wavelength, neglecting the capacitance screw, is?

2ad
Ay =— - - (11)
(a2 + d2)1/2

TUNING SCREW

TOP

MAGNETIC
ﬁr b -
{
T d' ELECTRIC + ] SioE
. _ LECTRI o
RIS — 0 —of FIELD LTLITJJ VIEW

(o) (b)

Fig. 11—Resonant cavity with corresponding fields for
TEi:: mode of operation.

“S. Ramo and J. R. Wthinnery, Fields and Waves in Modern Radio,
John Wiley and Sons, New York, 1944, p. 385.
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where a and d are the length and width of the box, as shown in Figure
11(a). When the cavity is a square prism with a = d, the wavelength
becomes av/2. The corresponding unloaded @ for the rectangular
cavity is®
™ (a2 + d2) %2
Q= —— — (12)

4R, ad
ad + d® + — (a2 + d2)
2b

where 7, = intrinsic impedance — 1207 ohms,

R, = skin-effect surface resistivity = 2.61 X 10-7~/f for cop-
per and 5.01 X 10—7+/f for brass.

A rectangular cavity with the inside dimensions of ¢ =10.9 inch,
d=0.7 inch and b =0.4 inch has a resonant frequency of 10.7 gec.
Using copper as the cavity material, an unloaded Q of 7760 is obtained
at this frequency. When brass is used, the corresponding @ is found
to be 4050. Additional circuit losses are introduced by the capacitance
tuning screw so that the effective Q is between 3000 and 4000. A tuning
range of approximately 1.4 gc at 10 ge, can be obtained by the use of
a capacitive tuning screw. This is more than adequate to cover the
tuning range of the high-frequency pump required for the television
spectrum.

The microwave coupling to the resonant cavity was accomplished
by use of a predominantly inductive iris as illustrated in Figure 11(a).
These irises were used to couple the pump energy into the pump cavity
and also to couple the idler energy out of the idler-circuit cavity. It
was found that an iris 5/16 by 5/32 inch gave the desired coupling to
the cavity when an iris thickness of 1/16 inch was used.

Since only partial loading of the resonant cavity by either the
varactor diode or the point-contact diode is desired, it is necessary to
tap the diodes down on the microwave resonant circuit. One method
of decoupling the diode from the cavity is to place the diode close to
one of the sidewalls of the cavity. This method was used in both the
up-converter and down-converter described.

Signal frequencies in the 54 to 980 mc frequency range were coupled
to the varactor diode by use of the microwave filter shown in Figure
12. This filter consists basically of an open-circuited 3/4-wave radial
transmission line which presents a short circuit for microwave fre-
quencies but behaves as a small capacitance for signal frequencies.

8 See Reference (6), p. 390.



AN EXPERIMENTAL PARAMETRIC TUNER 269

TOP VIEW OF FILTER

TEFLON

“-DIODE SOCKET

CROSS SECTIONAL VIEW
OF FILTER

Fig. 12—Microwave filter.

An input filter of simpler design consisting of a quarter-wave radial
line was used in some of the up-converters. However, for uncondition-
ally stable parametric operation, the more-complex input microwave
filter of Figure 12 was found to be a necessity because difference-mode
resonances would occur in the input circuit if the radial line were used.

The up-converter incorporates two of the microwave resonant cavi-
ties previously described placed adjacent to one another as shown in
Figure 13. One cavity is used in the pump circuit and the other for
the sum-mode idler circuit. Decoupling of the varactor diode from both

TUNING SCREWS
A. PUMP INPUT // - DIODE HOLDER
-~ B. IDLER
OUTPUT

C." SIGNAL MICROWAVE
INPUT FILTER

Fig. 13—Up-converter structure.
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cavities is accomplished by placing the diode in the center of the parti-
tion wall between the two resonant cavities as illustrated in Figure 13.
The varactor diode is held between the crown shown on the upper
side of the up-converter structure and the microwave filter assembly
on the bottom of the structure. Irises A and B provide the means to
couple the pump oscillator into the pump cavity and the idler signal
out of the idler cavity. The input signal at VHF or UHF from the
pre-selector is applied to the up-converter at terminal C, which is con-
nected to the varactor diode through the microwave input filter.
Tuning of the microwave cavities is achieved by means of the capaci-
tive tuning screws centrally located in each of the cavities as shown

Ll
PUMP
OSCILLATOR g: IDLER OUTPUT
[ L, fz s fp +f|
T2
SIGNAL
SOURCE

fi

Fig. 14—Circuit diagram of the up-converter.

in Figure 13. In the complete tuner, for a variable signal frequency
input, the pump-tuning screw must be made to vary in accord with
the signal so that the idler frequency is kept constant. Since the pump
frequency is always lower than the idler frequency, the pump cavity
is made slightly larger (.4 X .9 X .8 inch) than the idler-circuit cavity
(4 X .9 X .7 inch). Thus the capacitance added by the tuning screw is
kept to a minimum to reduce circuit loss.

An equivalent circuit of the up-converter is shown in Figure 14.
Here, the pump-circuit resonant cavity is comprised of the inductances
L,, L, and the capacitance C,, while the transformer T, represents the
iris for this cavity. Similarly, the inductances L; and L, and the
capacitance C, comprise the equivalent circuit for the idler-cavity
resonator, with the transformer T, representing the idler output-
coupling iris. The varactor diode is shunted by the inductance L
which is equivalent to the iris between the two resonators. Capacitance
C; provides a short at microwave frequencies and is also the input
capacitance at the signal frequency. In the more-complex input-filter
structure, C; would represent the 3/4-wave radial transmission line.
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As shown in Figure 15, the down-converter is quite similar in
structure to the up-converter. The main differences are the use of the
simpler quarter-wave filter for the microwave bypass and i-f output
and the symmetrical resonant cavities (each .4 X .9 X .7 inches) used
in the down-converter local oscillator. Output at the intermediate
frequency is taken from the F terminal.

TUNING SCREW

€. LOCAL OSCILLATOR //

D. IDLER
SIGNAL
INPUT

DIODE socxer/J/
-

/ \ RADIAL LINE
. LF ouTpuT LLER

Fig. 15—Down-converter structure.

The equivalent circuit of the down-converter does not differ ma-
terially from that of the up-converter and is shown in detail in Figure
17 as part of the complete tuner circuit.

The complete tuner structure, consisting of the pre-selector, up-
converter, and down-converter, is assembled as shown in Figure 16.
In this assembly, the output from the pre-selector circuit S, is fed to
the varactor diode through the microwave bypass capacitor C,. The
pump oscillator is fed to the diode through the aperture A, of the
up-converter, and the sum-mode idler signal resulting from the mixing
of the signal and pump oscillator is coupled to the down-converter
through the iris A,. Local oscillator excitation of the point-contact
diode in the down-converter is made through the aperture Aj, and the
i-f resulting from the mixing of the local oscillator and idler signal is
taken out from terminal Q. The circuit diagram of the parametric
tuning unit is shown in Figure 17. The broken lines indicate the
pre-selector, up-converter, and down-converter portions of the tuner.

Although Figure 17 shows only the UHF pre-selector circuits, the
VHF circuits would normally be included by use of a switching
mechanism. The main power source at microwave frequencies used in
this tuner has been an X-13 klystron: the other required microwave
signals are derived by a mixing process.
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Fig. 16—Parametric tuner.

EXPERIMENTAL RESULTS

Since the main purpose of this investigation was to determine the
feasibility of a low-noise parametric system for UHF television appli-
cation, the main effort was directed towards obtaining optimum per-
formance in this frequency range. To this end, the noise figure and
gain measurements were made in the UHF range.

MIXER
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r————— N i
| - | ) |
: ] |
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Fig. 17—Circuit diagram of the parametric tuner.
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Noise Figure and Gain Characteristic of Tuner

The performance of the parametric tuner depends to a great extent
on the first-stage noise figure and gain. These, in turn, are functions
of the output-to-input frequency ratio, the pump power applied to the
diode, and the characteristic of the varactor diode used.

The measured values of the up-converter noise figure as a function
of the pump power applied to the diode are shown by curve A of Figure
18. For these measurements, an MA450F varactor diode was used at
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Fig. 18-—Gain and noise figure of the up-converter with a
MAA450F varactor diode. (Vsr = 6 volts)

a signal frequency of 575 mec. The corresponding up-converter gain
measured by the bolometer method is shown by curve B of Figure 18.
The input circuit losses have been deducted so that the noise figure
shown represents the up-converter noise alone. It is noted that the
noise figure of the up-converter increases as the pump power is in-
creased above 10 mw, while the gain of the stage increases sharply up
to a pump power of about 8 mw and then levels off. Since the over-all
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system noise figure is dependent upon both the gain and noise figure
of the first stage, the minimum system noise figure occurs at a different
level of pump power than that required to obtain minimum first-stage
noise figure. Using a second-stage down-converter with a noise figure
of 8.7 db, the measured over-all system noise figure shown by curve C
of Figure 18 was obtained. The optimum value of pump power required

["curve v N u U 7
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Fig. 19—Gain and noise figure of the up-converter with a
MA4342A varactor diode. (Ve = 12 volts)

for a minimum over-all system noise figure is approximately 10 milli-
watts for the MA450F (V,, = 6 volts) varactor diode. The increase
in the noise figure of the up-converter stage with increasing pump
power is believed to be due to reverse-current noise.

To show the effect of the reverse-current noise, another varactor
diode with a higher reverse-breakdown voltage (Vy, = 12 volts) was
used in the up-converter. Curve A of Figure 19 shows the measured
first-stage noise figure as a function of the applied pump power using
the MA4342A diode. In this case, the first-stage noise figure remains
rather constant over the range of pump power applied to the diode.
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The over-all system noise figure, shown by curve C of Figure 19, is
slightly higher than that obtained in the previous case due to the
reduced gain realized with this diode.

The measured values of gain and noise figure of the parametric
up-converter compare reasonably well with the theoretical values previ-
ously calculated. Since the computed results are so dependent upon
the value of y chosen for the diode, the comparison of tha computed
and measured values of the performance characteristics is rather
limited. A better comparison could be made if a more exact value of
y were obtained by means of a Fourier analysis of the capacitance—
voltage characteristic and if a more precise value of the voltage drive
on the varactor diode was determined by careful measurement.

Input Circuit Losses

With a sum-mode up-converter, no negative resistance is associated
with the input circuit so that any loss connected with this circuit adds
directly to the system noise figure and degrades the effective gain of
the up-converter. To determine the total insertion loss due to the
input circuit, the input voltage-standing-wave ratio was determined.
The minimum standing-wave ratio occurs very close to the point where
the over-all system noise figure is at a minimum. Similar results are
obtained at other frequencies in the UHF range. The particular input
circuit used was made to match a 50-ohm source. The loss associated
with input voltage-standing-wave ratios of the magnitude shown in
Curve D Figure 18 near the operating point is negligible. More sig-
nificant are the ohmic losses in the input circuit which result in inser-
tion losses in the order of 0.5 to 1.0 db over the 470 to 890 mc frequency
range,

Bandwidth of Up-converter

In the up-converter structure used, the varactor diode loads the
cavity quite heavily, so that the 3-db bandwidth of the idler circuit is
about 1000 mc. Some of this loading is also due to the load provided
by the down-converter. Due to the wide-band nature of the idler
circuit response, the over-all tuner bandwidth, excluding the i-f charac-
teristic, is determined largely by the bandwidth of the input circuit—-
approximately 10 mec. The idler-circuit bandwidth could be reduced
by further decoupling of the varactor diode from the resonant cavity
(through the use of a thicker iris between the pump and idler reso-
nators). The wide-band characteristic of the idler circuit does not
impair the noise figure and gain performance of the up-converter,
although the image response is deteriorated.
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Dynamic Range of Parametric Tuner

The dynamic range of the up-converter, including the saturation
effects of the down-converter, is shown in Figure 20. This curve is a
linear function of the input signal for input signals less than 30 dbm.
Across a 300-ohm transmission line this would correspond to a signal
of 17,300 microvolts. Additional dynamic range could be obtained by
application of reverse bias to the varactor diode. With the up-converter
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Fig. 20—The dynamic range of the up-converter and
down-converter combination.

structure described, application of reverse bias can reduce the system
gain by 20 db without appreciable detuning of the microwave circuits.

Other Characteristics

Further work on the parametric tuner would be necessary before
the more detailed measurements are possible (e.g., spurious responses,
frequency stability, tracking of microwave and VHF-UHF circuits,
and cross modulation). Some previous work has been done in this area
on the difference-mode up-converter; however, direct application of
those results to the present tuner is probably not possible. Determina
tion of such items as oscillator frequency stability must be delayed
until a solid-state microwave source with sufficient power output is
available.



AN EXPERIMENTAL PARAMETRIC TUNER 277

CONCLUSIONS

A parametric tuner was developed and its feasibility for television
receivers was investigated. The developed tuner was operated in a
sum-mode and exhibited a noise figure of 4 db at 575 mec. Further
reduction of the noise figure can be expected with improved varactor
diodes. The tuner was designed to operate in the VHF and UHF bands.
Consideration was given to cost and simplicity in manufacturing.

The feasibility of a parametric tuner depends on the availability
of a low-cost microwave pump. This pump should preferably be a solid-
state device such as a tunnel diode. At present, tunnel diodes are
capable of operating at very high frequencies, but the power output in
X-band is less than 1 milliwatt. Furthermore, means to tune and
stabilize high-frequency (X-band) oscillators must be developed.

APPENDIX

Gain and Noise Measurements of the Upconverter Stage

The power gain of an amplifying stage is defined as the ratio of
the output power P, to input power P;. The maximum available power
gain is realized when a matched condition exists at the input and
output terminals. Since the input and output frequencies of a para-
metric upconverter differ widely, a convenient method of measuring
the power gain is by means of a bolometer. The noise figure of the first
stage can be computed using the stage gain and the measured values
for the system noise figure and the down-converter noise figure. An
alternative method of measuring the gain and stage noise figure was
used in order to double check the results of measurements with the
above described method. There was good correlation between the two
methods. A new method was found to measure the first-stage noise
figure and is described below.

The normal noise-measuring setup is shown in Figure 21. Under
operating conditions, with switch S closed, the output meter will indi-
cate a particular noise power output denoted Ni.. Insertion of 3 db
attenuation by opening the switch reduces the total noise power at the
output to N,,/2. The noise figure of the system is then given by the
amount of noise power required from the calibrated noise generator
to restore the noise at the output to its original value of N),. The
system noise figure is expressed by

Fo=F +—0H+, (13)
1
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Fig. 21—Setup for noise measurement.

where F, = system noise figure,
F, = first-stage noise figure,

F., = noise figure of second stage including any added noise
from succeeding stages,

G, = first-stage available power gain.

The noise figure and the available power gain of a stage can ble
obtained from a set of noise-figure measurements conducted under
specific conditions. Figure 22 shows the necessary equipment in block
diagram form. In addition to the 3-db attenuator following the second
stage, another attenuator has been inserted between the first and
second stages. The first and second attenuators are labeled I and II
in Figure 22. In these measurements, a particular value of attenuation
is chosen for attenuator I and the corresponding noise figure is found
by the normal method of measurement using attenuator II and the
noise source.

If an attenuation ratio of M is inserted in attenuator I, the new
system noise figure F';,” will be

MF,—1
Fyp/=Fy+——. (14)
G,

The available power gain from Equations (13) and (14) is

s
CALIBRATED 3db AMPLIFIER
IRST !
NOISE | —| ;TASGE - “IEN | AMPLIFIER |4 AT TEN. AND OUTRUY
GENERATOR o peTecTor | | METER

Fig. 22— Setup for noise measurement from which available gain
can be obtained.
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F,(M—1)

Gy=—--—7, (15)
Fio' —Fyy

and the corresponding first-stage noise figure is given by

(Fg—l) (Flz’—pm)
F, (M —1) '

F]_F]:!—_ (16)

When M = 2, corresponding to 3-db attenuation, Equations (15) and
(16) reduce to

F,
G, — —_, (15a)
F.o—F,
and
1
Fi=Fu—— F.— D (F/—Fp). (16a)
F.
If Equation (14) is rewritten as
Fi/=F,- +—M, (17)
1 Gy

and the system noise figure F'|,” plotted as a function of M, the slope
of the resulting straight line will give the value of F./G,. The gain
GG, can be obtained using the value of F.. From the M = 0 intercept,
F, — (1/G,), the first-stage noise figure can be obtained.

Alternative Method of Determining Noise Figure of First Stage

An alternative method of finding F, is as follows. The noise figure
F is defined as

N,
F= ) (18)
GkT,B
where N, = total available noise at the output,

G = available power gain of system,
k — Boltzmann’s constant,
T, = absolute temperature in degrees Kelvin,

B = bandwidth in cycles per second.

The factor GkTyB is equal to the available power at the output due to
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the source resistance alone. At the output, the total available noise is
then

N, = FGkTB. (19)

Figure 23 shows a block diagram of the measuring scheme used. With
the switch S closed, the noise at the output of the system shown in
Figure 23 is given by

N,, = F,,GkT,B. (20)

CALIBRATED AMPLIFIER
NOISE FIRST 3db AMPLIFIER|—| anp | OUTPUT

STAGE ATTEN. METER
GENERATOR

DETECTOR

Fig. 23—Alternative setup for determining noise figure of first stage.

When the switch S in Figure 23 is opened, the output noise will be

N|2’ = F12’G’kToB, (21)

where G’ = G /2.

For a low-noise first stage, the noise power output with the switch
S open will be less than that obtained with the switch closed. Let
sufficient noise be added from the calibrated noise generator so that
the output noise is restored to its original value, so that

Nyis=Ny'+ N, (22)

where N, = noise at the output due to added noise at the input. This
increment of noise power N,, at the output can be expressed in terms
of the corresponding noise figure ¥, by

N,=F,GkT,B. (23)
From Equations (20), (21), (22), and (23), we obtain the relation

GF,, =G (Fyo'+ F,), (24)
or, since G’ = G /2,

1
Flz‘:'z' (Fya"+ F,). (25)
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Using Equation (13)

Fi.=F,+ ’

1

and Equation (14) (M =2)

2F, —1
Fiy=F 4+ ——,

1

in Equation (25), results in the expression

1
Fi=F, 4+ —.
1

281

(26)

Thus, the first-stage noise figure is expressed in terms of the incre-
mental noise figure F, and the first-stage gain. For large first-stage

gains, where F, > 1/G,,
F,=F,
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