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ABSTRACT

This report describes the development and analysis of preferred-

circuit techniques for the reduction of certain RFI effects in reflection-type

parametric amplifiers.

Emphasis is placed on reducing spurious responses and increas-

ing the saturation power of paramps. Some of the preferred-circuit tech-

niques are incorporated in experimental models, and extensive measure-

ments are reported which support the theoretical predictions of the effects

of intermodulation products on paramp performance and the effect of the

balanced configuration on spurious responses. Many additional character-

istics of the models are described.
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1. INTRODUCTION

This report describes the work performed on Contract AF

30(602)-3583 to study interference effects in, and to develop preferred-cir-

cuit techniques for, reflection-type parametric amplifiers.

The approach to the development has been to analyze the effect

of a preferred-circuit techoique on the RFI effects as well as on the desired

operating performance characteristics. When this analysis shows promise

for improvement in the reduction of RFI effects, and the compromise of

desired operating performance is reasonable, the circuit technique is

evaluated in practice.

This approach to preferred-circuit development minimizes the

amount of cut-and-try experimentatation, because the results of a relatively

few circuits can be used to validate a theory. Thus, an overall economy of

effort results. Much of the analytical work and all of the relevant measure-

m2nt results are described in this report.

The interference effects (Appendix I) that are of concern in

parametric amplifiers (paramps) are:

1. Spurious responses (intermodulation between the pump and the

signal),

2. Saturation of the amiplifier by a large input signal,

3. Intermodulation between two input signals,

4. Cross modulation between two input signals,

5. Desensitization of the amplifier by an interfering input signal,

6. Gain-recovery time of the amplifier after a desensitizing pulse

of interfering signal.
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Preferred-circuit techniques have been developed on this pro-

gram which reduce interference effects 1 and 2 of the above list. In addition,

techniques are suggested to improve amplifier performance with respect to

interference effects 3, 4, 5, and 6.

Spurious responses due to intermodulation between the pump and

the signal are the major RFI problem in paramps, and the greater part of

the theoretical analysis in this report is devoted to this problem. A rigorous

analysis is presented which shows the worst-case effect of spurious

responses upon the major performance parameters (gain-bandwidth product,

and noise temperature) in a single-diode paramp.

Analysis is presented which demonstrates the advantage of a

balanced paramp configuration for spurious-response reduction, and the

worst-case effect of spurious responses upon the major performance para-

meters in a balanced paramp is demonstrated.

Another performance parameter that is of interest in a paramp

is its tunability without drawing bias current and thereby degrading the noise

temperature.

Two experimental balanced paramps were designed and built in

the 900-MHz range. One amplifier was used as a control for experiments

while, in the other, several preferred-circuit techniques were incorporated

and tested. Data on the interference effects and the performance of each

amplifier are given in this report.
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2. THEORY OF OPERATION OF REFLECTION-TYPE
PARAMETRIC AMPLIFIER

A reflection-type parametric amplifier can be thought of as

a transmission line terminated in a negative resistance. Consider a uniform

transmission line of characteristic impedance Z0 terminated in a resistor

of resistance R. The reflection coefficient r at the input of the line is:

R-Z
r = 0-- - I

0

Therefore, for a positive resistance R,

Ir r 1

Since the power gain of a transmission line terminated in some

impedance is given by:

G = I rl 2 (2)

and for this case

G I

a positive resistance terminating a transmission line results in a power loss
rather than a power gain.

If the same transmission line is terminated in a negative resistor

of resistance -R, the reflection coefficient at the input of the line is given by:

-R-Zo
r =-R+Z (3)

0

3



Therefore, for a negative resistance,

Irl _2 1

The power gain in this case is

G_>

and it can be seen that a negative resistance terminating a uniform trans-

mission line results in a power gain rather than a power loss.

The actual expression for the mid-band power gain of a reflection-

type paramp can be obtained from equation II-58 in Appendix H by not allow-

ing sum -frequency propagation (K3 = wc)

2 2

1-K -

1 + KO (4)

where j rto = mid-band voltage gain

f= signal frequency

f2 = idler frequency

K = the ratio of the generator output resistance to the varactor-0
junction series resistance

K2 = the ratio of the external idler-circuit resistance to the

varactor -junction series resistance

M = a varactor figure of merit, defined by equation 11-57 in

Appendix I.

The derivations in Appendices II, III, IV, VI, VII, and VIII are

based on a characterization of the varactor as a time-varying elastance

rather than a time-varying capacitance. Capacitance notation is commonly

used in the literature, (references 1, 2, 3, 4, and 5). Although either

4



characterization can be used, there is an advantage in using the time-

varying elastance.

To show the advantage of the use of elastance rather than

capacitance, a computer study was performed on the equations of the

capacitance and elastance for the varactors which were used in the experi-

mental amplifiers. Figure 1 is a curve of manufacturer's data on junction

capacitance versus voltage for the two D5270 silicon graded-junction

varactors used in the experimental amplifiers.

2.0 --

1I.6

1.2

U 150 -2-4
0.8

0

z 0.4

0

-6.0 -4.0 -20 0 01 0 2 03 04 0.5
BIAS VOLTAGE IN VOLTS

FIGURE 1. JUNCTION CAPACITANCE VERSUS BIAS VOLTAGE
FOR SYLVANIA D5270 VARACTORS

The varactors are considered to be pumped by a cosinusoidally

varying source, and a computer program was written which gave the

Fourier series of the capacitance versus time curve of each varactor.

The capacitance-voltage curves are then inverted, and the Fourier series

of the elastance-versus-time curves are computed. The following data

are the computer results.,
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VARACTOR D5250 (150-2-)

C (t) = .3403 + .1777 coswt + .1151 cos 2 wt

+. 1002 cos 3 wt + . 08634 cos 4 (,t + .08076 cos 5wt

+.07464 cos 6 wt + . 07093 cos 7 wt + . 06682 cos 8 wt

S(t) =3.449- 1.167cos wt -. 3139 cos 2 wt

.2668 cos 3 wt - . 1533 cos 4 wt -. 1434 cos 5 wt

.1039 cos 6 wt - .09872 cos 7 wt - .0732 cos 8 wt

VARACTOR D5270 (150-2-4)

C (t) =.3387 + .1776cos wt+ .1179cos2 wt

+.1021 cos 3 wt + . 08853 cos 4 t + .08285 cos 5 ot

+.07596 cos 6 wt + 07222 cos 7 wt + .06861 cos 8 wt

S(t) =3.4730- 1.159cos wt-.3393cos2 wt

-2705 cos 3 wt -. 1546 cos 4 wt -. 1526 cos 5 wt

.1017 cos 6 wt -. 09691 cos 7 wut -. 07851 cos 8 wt

The computed equations above show that the elastance series

converges more rapidly than the capacitance series and that, therefore,

the assumption Sn = 0 where n = 2, 3... is much better theLn the assump-

tion that Cn = 0 where n = 2, 3,... Thus, an approximation using the

elastance analysis for a given finite number of terms is more nearly exact

than an approximation using the capacitance analysis.

Further illustration of this point is achieved by feeding the C(t)

and S(t) series back into the computer and asking for the C(t) and S(t) curves

to be plotted. Figures 2 and 3 give the C(t) curve and the inverted S(t) curve,

as computed from eight Fourier coefficients, and compare them with the

theoretical C(t) curve. It is clear from these comparisons that the S(t)

analysis yields a curve that is much closer to the theoretical.

Equations, 5 and 6 are found in the literature (reference 6) for

the voltage gain-bandwidth product and noise temperature of a single-diode

6
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reflection-type parametric amplifier. The gain-bandwidth product and

the noise temperature are the most important performance relations for a

single-diode reflection-type parametric amplifier.

The voltage gain-bandwidth product is:

where Q1= signal circuit loaded Q
= idler circuit loaded Q

= 3-db bandwidth of the amplifier

The normalized effective noise temperature is:

f l

To =flf2(6)

22

where Te = effective noise temperature of the amplifier in degrees K

To = ambientofthe amplifierindegreesK

Spurious responses due to intermodulation between the pump
and the signal are the major RFI problem in paramps. Therefore, a

rigorous analysis is performed which shows the worst-case effect of spurious

: responses on the major performance parameters in a single-diode reflection-

~type paramp (Appendices II, III, and IV).

The worst-case effect is that of sum-frequency (pump frequency

plus signal frequency) propagation in the varactor. Equations 7 and 8 de-
scribe the voltage gain-bandwidth product and the noise temperature of a

single-diode reflection-type parametric amplifier with sum -frequency

9
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It

propagation and arbitrary loading at the sum and difference frequencies.

[- B 1  :1 (7

K 0 B 2  " B3

where

U1 f2 (1 + K2)

f 3 (1 + K3 )

V 1

f2 (1 + K2 )

BI, B2, B3 = loaded bandwidths at f 1 f2, f3 , respectively

K3 = the ratio of the circuit resistance at the external sum frequency to

the varactor-junction series resistance

f3= sum frequency (pump + signal).

Te -To 1 + 2 + (8)
e= [ 1 + 2 (l K2) 0 ff(l+ K3 ) (8)

When sum-frequency propagation is suppressed (K3 = o ) and

no external idler loading (K2 = 0) is used, equations 7 and 8 reduce to

equations 5 and 6, respectively.

A comparison of equation 7 with equation 5 (Appendix III) shows

that, under certain conditions, the gain-bandwidth product is degraded (made

smaller) by sum-frequency propagation. The conditions are that K0, B1

and B2 are assumed to be the same with or without sum-frequency propaga-

tion, and B3 is greater than B2 .

10



A comparison of equation 8 with equation 6 (Appendix IV) shows

that sum-frequency propagation increases the effective noise temperature

of the amplifier

Theory (Appendix V and reference 7) demonstrates that, if a

balanced varactor configuration is used, spurious responses that are propa-

gated out of the signal port and are generated by odd harmonics of the pump.

are suppressed. Furthermore, spurious responses that are propagated in

the idler circuit and generated by even-order harmonics of the pump, are

suppressed.

Since a balanced configuration presents these advantages, an

analysis was performed of the worst-case effect of spurious responses upon

the major performance parameters in a balanced reflection-type paramp

(Appendices VI, VII, and VIII). The resulting relations were exactly the

same as those derived for a single-diode paramp.

11/12
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3. PREFERRED-CIRCUIT TECHNIQUES

A. !NWRODUCTION

The preferred-circuit modifications are aimed at reducing two

particular types of RFI:

1. Intermodulation between the pump and the signal that yields

spurious-response signals which are propagated out the signal

port of the amplifier.

2. Saturation of the paramp by an input signal.

Three physical modifications are incorporated in the pre-

ferred circuit.

B. BALANCED-DIODE CONFIGURATION

A balanced-diode configuration (reference 8) with Sylvania

D5270 varactors is used in both the preferred circuit (Figure 4) and the

control circuit (Figure 5). Figure 6 illustrates the phasing of the pump and

the signal in a balanced-diode configuration.

Certain spurious responses, which are propagated out of the

signal port, are suppressed because of the balanced configuration. The re-

sponses that are suppressed are those generated by odd harmonics of the

pump, since the diodes are excited in-phase by the signal and 180 degrees

out-of-phase by the pump (Appendix V and reference 7).

Comparison of items 1 and 7, 3 and 8, and 5 and 9 in Column A

of Table I demonstrates that the spurious responses generated by the funda-

mental of the pump are suppressed. These responses would normally be at

a higher power le el than those generated by the second harmonic of the pump.

Figure 7 illustrates the test setup for spurious-response measurements.

13
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FIGURE 4. PREFERRED CIRCUIT PARAMETRIC AMPLIFIER

It can also be shown, in the same manner, that spurious re-
sponses, which arepropagated in the idler circuit and generated by even-
order harmonics of the pump, are suppressed.

A 3-db increase in the input saturation level of the paramp is also
achieved, since the two diodes each handle only half the input power.

C. LOCATION OF VARACTORS IN PUMP WAVEGUIDE

The pump waveguide is perpendicular to the signal circuit, and
the varactors are placed in a lower impedance area in the reduced-height
waveguide. There are three advantages to this configuration: varactor
loading, pump-source matching, and varactor and waveguide impedance
matching.

14
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FIGURE 7. TEST SET-UP FOR SPURIOUS-RESPONSE MEASUREMENTS

1. VARACTOR LOADING

A movable short circuit (Figure 4) is provided behind the varac-

tors, on the side opposite the pump, which enables optimization of both satu-

ration and intermodulation between the pump and the signal by varying the

loading across the varactors at the intermodulation frequencies.

Since the low-impedance waveguide between the movable short

circuit and the varactors is a transmission line, the position of the short

circuit determines the impedance that is reflected at the plane of the varac-

tors and, therefore, the loading on the varactors.

When the loading is adjusted so that spurious responses at a

certain frequency have a very high impedance in the propagation path, spuri-

ous responses at that frequency are suppressed, and an improvement is

achieved in both gain-bandwidth product and noise figure. Columns B and C

in Table I show the suppression of spurious responses, which propagate

down the signal line at various frequencies, when the short-circuit position

is optimized.

At the optimum short position, about a 9-db improvement in the

saturation level of the amplifier is achieved. With the short position

17



optimized and the amplifier tuned to 900 MHz with 20-db insertion gain, the

input saturation level for a 1-db decrease in gain is -36 dbm. When the

short is moved from the optmum position, the input saturation level is

typically about -45 dbm for 1-db a decrease in gain.

2. PUMP SOURCE MATCHING

The movable short circuit is also used for better impedance

matching of the paramp to the pump source. However, the short position

for best pump matching is not necessarily the optimum short position for

the suppression of spurious responses.

3. VARACTOR AND WAVEGUIDE IMPEDANCE MATCHING

The varactors are placed in a position where the real part of

the characteristic impedance of the waveguide is closer to the real part of

the varactor impedance. This results in a better impedance match and,

consequently, greater instantaneous bandwidth and tunability over a wider

frequency range. At some frequencies as much as an 80 to 90 percent in-

crease in gain-bandwidth product is achieved.

The gain-bandwidth product of a parametric amplifier is not

constant as a function of either gain or frequency. Voltage gain-bandwidth

products for the control amplifier range between 89 and 270 MHz. The pre-

ferred-circuit range is 157 to 447 MHz. In addition, the tunability of the

amplifier improved (from 80 MHz for the control amplifier to 115 MHz for

the preferred circuit amplifier).

Figure 8 shows the test setup for accurate measurement of the

bandpass characteristic of a paramp from which the gain-bandwidth product

is determined. Figures 9 and 10 show the bandpass characteristics of the

preferred circuit and the control amplifier, respectively.

D. BAND-REJECT FILTER

A broadband band-reject filter is incorporated in the signal cir-

cuit (Figure 4) to keep intermodulation frequencies produced by the pump

18
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FIGURE 8. TEST SET-UP FOR GAIN-BANDWIDTH MEASUREMENT

and signal from propagating out of the signal port of the paramp and into the

associated circuits. Columns A and B in Table I show the suppression of

spurious responses when the filter is incorporated in the preferred circuit.

The amount of rejection depends on the number of elements of

the filter. The preferred circuit has a two-element filter that is designed

to reject spurious responses which are generated by the fundamental fre-

quency of the pump. Spurious responses that are generated by the second
harmonic of the pump frequency can also be suppressed by using a band-
reject filter. This was not attempted, because the experimental paramp

mount was not large enough.

E. ADDITIONAL PREFERRED-CIRCUIT TECHNIQUES

Seven additional preferred-circuit techniques are available for

the purpose of increasing the input saturation level of the paramp. Figure 11

illustrates the test setup for measurement of the saturation characteristic of

a paramp. Figures 12 and 13 show the saturation characteristics of the con-

trol amplifier and the final preferred-circuit amplifier, respectively.

19
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FIGURE 11. TEST SETUP FOR SATURATION MEASUREMENT

1. OPTIMUM PUMP FREQUENCY

An optimum pump frequency can be found which yields the best

saturation characteristic. The basis for this technique is the fact that,

since initial saturation involves a detuning effect, a certain amount of com-

pensatory detuning can initially be built into an amplifier so that a large

input signal will result in better tuning of the paramp circuits. This tech-

nique was tried, and an increase of from 4 to 6 db in the input saturation

level of the preferred circuit was achieved. To use this technique, however,

the range over which the amplifier can be tuned will be reduced.

2. LOWER-GAIN OPERATION

Lower-gain operation results in a higher input saturation

level. An X-db decrease in gain, however, does not necessarily yield an

X-db increase in input saturation level.
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3. IDLER CIRCUIT RESISTANCE

Increasing the resistance in the idler circuit has three effects:

a. Higher input-saturation level,
b. Higher noise temperature,
c. More pump power required for same amount of gain.

The trade-off of noise temperature limits the usefulness of this

technique, because, low noise temperature is generally the reason for using

a paramp as an RF amplifier.

4. USE OF VARACTORS WITH ABRUPT JUNCTIONS

The use of abrupt-junction varactors, rather diffused-junction

varactors, theoretically will yield an improvement in the input saturation

level (reference 9).

5. USE OF VARACTORS WITH HIGH REVERSE-BREAKDOWN
VOLTAGE

The use of varactors with a high reverse-breakdown voltage

allows the varactors to be biased at a greater negative voltage level. Thus,

a greater input signal can be impressed upon the varactors without driving

them into forward conduction or reverse breakdown.

6. USE OF VARACTORS WITH LARGE JUNCTION CAPACITANCE

The use of varactors with as large a junction capacitance as pos -

sible results in higher power-handling capability and greater input-satura-

tion level (reference 10).

7. USE OF VARACTORS WITH LOW FIGURE OF MERIT

The use of varactors with as low an M (figure of merit) as pos-

sible is another consideration. Since, for a given series resistance, M is

inversely proportional to junction capacitance, and since large junction

capacitance is desirable, a higher saturation level is obtained. Similarly,

for a given junction capacitance, M is inversely proportional to the varactor

series resistance and a higher series resistance is desirable. However,
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lower U results in a noise temperature trade-off, because the higher the M
the lower the noise temperature (Appendix IV).
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4. ADDITIONAL DATA

Further useful measurements were made on the paramps: noise

temperature, cross modulation between two input signals, desensitization,

intermodulation between two input signals, and gain-recovery time.

A. NOISE TEMPERATURE

The noise temperatures of both circuits were measured with the

amplifiers tuned to 900 MHz at four different gain levels. Table II compares

the noise temperatbire and corresponding noise figure of the preferred cir-

cuit and the control amplifier at each gain level.

The better noise-temperature results of the preferred circuit

support the theory developed in Appendices IV and VIII in that they are attrib-

utable to the more nearly optimum terminations presented across the var-

actors at intermodulation frequencies which are generated by the pump and

the signal. The discrepancy at 23 -db gain is due to the fact that the gain of

the paramp is approaching the isolation of the circulator. Figure 14 illus-

trates the test setup for noise-figure measurement.

B. CROSS MODULATION

Under the following preferred-circuit conditions,

1. amplifier tuned to 900 MHz (Figure 9),

2. 20-db mid-band insertion gain,

3. interfering signal at 920 MHz (100-percent modulated),

4. desired signal at 900 MHz (CW),

the interfering-signal level for 1-percent cross modulation is -59 dbm for a

-50 dbm desired signa. level.
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FIGURE 14. TEST SETUP FOR NOISE-TEMPERATURE MEASUREMENT

The maximum cross modulation achieved was 83 percent for an
interfering signal of -23 dbm. These figures were also typical of the control
amplifier. Figure 15 illustrates the test setup for cross modulation measure-

ment.

SIGNAL /

GENERATOR

SIGNAL R OPLR PARAMP...

GENERATORCO 
PE -- --- 0 a

MOOUATORINDIATO

FIGURE 15. --TSEU ON FIRSD-TEUL TOR INDICATORN
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Figure 16 is a plot of cross modulation versus interfering-signal level

for the preferred-circuit paramp. The initial change in the slope of the

curve is not a common characteristic. The reason for this effect is not

evident at the present time.

Suggestions for further techniques for the reduction of inter-

modulation and for the reduction of cross modulation are in Section V of this

report.

C . DESENSITIZATION

Under the following preferred-circuit conditions,

1. amplifier tuned to 900 MHz (Figure 9),

2. 20-db mid-band insertion gain,

3. interfering signal at 920 MHz (CW),

4. desired signal at 900 MHz (100-percent modulated),

the level of the interfering signal for 1-db desensitization is -36 dbm for a

-50 dbm desired-signal level.

The level of the interfering signal for 3-db desensitization is

-30 dbm for a -50 dbm desired-signal level. For 13-db insertion gain and

-50 dbm desired-signal level the interfering-signal levels for 1 db and 3 db

of desensitization are -32 dbm and -26 dbm, respectively. These figures

are also typical of the control amplifier.

Figure 17 illustrates the test setup for desensitization measure-

ment. Figures 18 and 19 give desensitization versus interfering-signal

level, with a desired signal frequency of 900 MHz and an interfering-signal

frequency of 920 MHz, for the control and preferred-circuits, respectively.

Figures 20 and 21 give desensitization versus interfering-signal level, with

a desired-signal frequency of 945 MHz for the control and preferred circuits,

respectively.
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FIGURE 17. TEST SETUP FOR DESENSITIZATION MEASUREMENT

D. INTERMODULATION

Under the following conditions for the preferred circuit:

1. amplifier tuned to 900 MHz, (Figure 9),

2. 20-db mid-band insertion gain,

3. interfering signal at'920 MHz (CW),

4. desired signal at 900 MHz (CW),

the intermodulation constants (K's) given by equation 9, are listed in Table

II.

Pmn =P1 +nP 2 +Kmn (9)

where

P1  = output power of input signal f1 in dbm

P2 = output pover of input signal f in dbm

Pmn = intermodulation output power (in dbm) at frequency

mf i -nf 2

Kmn = constant associated with the particular intermodulation product.
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TABLE II

INTERMODULATION CONSTANTS ASSOCIATED WITH TWO INPUT SIGNALS
Constant Value (dbm)

K21 0

K23  +3.5

K43  +17

20-db insertion gain at 900 MHz

fdes = frequendy of desired signal = 900 MHz

fint = frequency of interfering signed = 920 MHz

The constants listed are typical of both the preferred circuit and

the control amplifier. Figure 22 illustrates the test setup for intermodulation

measurement. Figures 23 through 27 give the third-, fifth-, and seventh-

order intermodulation data for the preferred-circuit amplifier.

rSGN[A FILTER

I~ PoARAMP. LOCA:Lo

FIGURE 22. TEST SETUP FOR INTERMODULATION MEASUREMENTS
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E. GAIN-RECOVERY TIME

A pulse of energy is introduced into the preferred circuit which

drives the paramp well into saturation, and the time necessary for the

paramp to return to its initial gain, (at the tuned frequency) after the pulse

is removed, is measured.

The gain-recovery time for the preferred circuit is less than

1 usec, which is the limit of the measurement equipment used. It is

reasonable to expect that this is also typical of the control amplifier.

Figure 28 illustrates the test setup for gain-recovery time measurement.
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5. RECOMMENDATIONS

Other preferred-circuit techniques are suggested in this section

which might yield reduction in intermodulation and cross-modulation between

two input signals. Experiments were not performed on this project using

these techniques due to the cost limitations of the overall program.

From reference 7, it can be shown that ntermodulation between

two input signals would be reduced f a balanced configuration of varactors

was used where the varactors are excited 180 degrees out-of-phase by the

signal. Physical realization of this requires that the varactors be biased

independently.

Independent biasing can also be used to better match the char-

acteristics of the varactors being used, which should result in better can-

cellation of intermodulation products. From reference 11, cross modulation

can be related to third-order intermodulation and, therefore, better third-

order intermodulation performance also implies better cross-modulation

performance.

Large quantities of varactors can be arranged in a matrix con-

figuration yielding a substantial increase in the saturation power of the

paramp. This technique might present substantial technical difficulties in

physical realization.
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II

6. CONCLUSIONS AND SUMMARY

This report has demonstrated a number of techniques useful in

the reduction of the following RFI phenomena in reflection-type parametric

amplifiers:

a. Spurious responses (intermodulation between the pump and the

signal),

b. Saturation of the amplifier by a large input signal,

c. Intermodulation between two input signals,

d. Cross-modulation between two input signals.

Spurious responses has been considered to be the most important

RFI phenomenon in parametric amplifiers. A rigorous analysis has been

presented which illustrates the deleterious effect of spurious responses

upon the gain, the gain-bandwidth product, and the noise temperature of

both single -diode and balanced reflection -type paramps. The balanced -

paramp performance analysis was required because of the theoretical
justification of the use of a balanced configuration for spurious-response

reduction.

Sane of the RFI reduction techniques were incorporated into

an experimental paramp which was called a preferred circuit. Another

experimental paramp was built without many of the preferred circuit features

to serve as an experimental control. Measurements were made which

justified the theoretical analysis and also provided further information about

the performance and RFI characteristics of each amplifier. All data led to

the conclusion that each preferred -circuit modification incorporated in the
experimental model not only improved the RFI characteristics of the paramp

but also either improved or did not seriously harm the conventional paramp

performance.
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Further recommendations were offered for a logical extension

of this work. These recommendations each require major designi work but

promise significant advances in the state the art.
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APPENDIX I

INTRODUCTION TO MAJOR INTERFERENCE EFFECTS

A. INTERMODULATION AND HARMONIC DISTORTION

Intermodulation is the process that produces signals of a given

frequency at the output of a device when two signals of different frequencies

are fed at the input. The frequencies of the intermodulation products are re-

lated to the input signal frequencies ty the equation

frmn a mf I* nf 2  (I-1)

where

f = undesired intermodulation frequencies,

f I = frequency of first input signal,

f2 = frequency of second input signal,

m,n = 0, 1, 2, 3o.......

The levels of the intermodulation products are given by the

relation:

Prmn = aP1 + nP2 + Kmn (1-2)

where
P = intermodulation product level in dbm,

n

P1 = level of first input signal referred to output of device in dbm,

P2 = level of second input signal referred to output of output of device

in dbm,

Kmn = constant depending on device in dbm.
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When either n =0 or m 30 only one input signal is present, and

the output frequencies are harmonically related to the input frequency. This

can be seen by substituting either m a 0, or n = 0 into equations I-1 and 1-2.

These harmonically related outputs are generally referred to as

harmonic distortions. Although intermodulation generally implies that the

output signals are not harmonically related to the input, it should be apparent

that harmonics are a special case of the intermodulation equation.

The inter modulation constants are related to the device non-

linearity. In general, the constant associated with an intermodulation of

order m + n is related to the nonlinearity of order m + n. For example, a

third-order intermodulation with m = 2 and n = 1 would be defined by:

P21 = 2Pl + P 2 
+ K21 (1-3)

where the order is m + n = 3 and K21 is related to (the third-order coefficient

of the power-series transfer function of the device).

The coefficients of nonlinearity and, therefore, the intermodula-

tion constants depend on the device operating point. For example, in a pa-

rametric amplifier, the coefficients will depend upon the bias voltage. There-

fore, the intermodulation and harmonic output levels will vary with bias volt-

age in a parametric amplifier.

The presence of intermodulation or harmonic distortion violates

the rule of additivity for linear devices. A graphic representation of inter-

modulation is shown in Figure 1-1.

B. SATURATION

A device is said to be in saturation when the device gain changes

as a result of the magnitude of the input signal. Thus, a device in the satura-

tion region of operation does not obey the rule of homogeneity and is, there-
fore, nonlinear. When a device is driven into the saturation region, distor-

tion of the signal waveform usually occurs, and an increase of input signal re-

sults in a decrease in the gain provided by the device.
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The saturation level is usually determined by plotting an input-

output characteristic for the device as shown in Figure 1-2. Saturation is

defined at various input signal levels, depending on the situation. In solid-

state amplifiers, saturation is defined as the level at which gain is reduced

by 1 db. For traveling-wave tube amplifiers, saturation is usually defined

as that input signal level where maximum output power is obtained.

OUTPUT SATURATION

SATURATION

NONLINEAR

LINEAR 

OPERATION

MAXIMUM INPUT
LEVEL IEFORE
SATURATION

I- INPUT

FIGURE 1-2. INPUT-OUTPUT CHARACTERISTIC

ILLUSTRATING SATURATION

C. CROSS MODULATION

Cross modulation is the transfer of modulation from oi e signal

to another. That is, with two input signals (fl, an unmodulated signal and

f2, a modulated signal), the modulation will be transferred from signal f2 to
signal fl, It is not necessary to specify f, as an unmodulated signal, but the

cross modulation is more apparent if fl is unmodulated.
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In the following discussion, f1 is assumed to be unmodulated and

is referred to as the desired signal; the modulated signal can be considered

to be the interfering signal even though both signals may be desired and only

the transfer of modulation is undesired. If cross modulation occurs, the de-

vice does not obey the rule of additivity and is therefore nonlinear. A pictori-

al representation of cross modulation is shown in Figure 1-3.

It has been shown (reference 12) that cross modulation can be re-

lated to the third-order curvature of the device transfer characteristic by the

following equation:

3 a,3 V I m I
(1-4)

1 + [_ + 2V1 (I 1 m

where

mk = cross-modulation index,

mI = modulation index of interfering signal,

VI = peak voltage of interfering signal,

VD = peak voltage of desired signal,
a1 = first-order coefficient of power series transfer function,

a3 = third-order coefficient of power series transfer function,

Vhen the interfering signal is much larger than the desired signal,

equation 1-4 can be simplified. It is also useful to consider the case where

mI = 1, which is for an interfering signal that is 100-percent modulated (the

worst case). Then equation (1-4) becomes:

61



a I
-- V

Equation 1-5 defines cross modulation as a function only of the

interfering signal and the first two odd-order coefficients. For VI much less
2than unity, equation (1-5) states that mk is proportional to V, or to Pi. As

VI becomes very large, mk increases to a limiting value of 1.33. This math-

ematical limit is never achieved in practice.

Thus, mk is proportional to PI over some region and then, as P1

is increased, mk approaches a constant maximum value.

The equation for cross modulation below the saturation region can

be expressed in terms of the interfering signal power in dbm as follows (ref-

erence 11):

M = PI + K (1-6)

where
mk

M = 10 log m- = cross-modulation ratio in db,

Pl = interfering signal output power in dbm,

K = cross-modulation constant in dbm.

Mhen plotted against the interfering signal power in dbm. equa-

tion (1-6) is a straight line with a slope of one.

62



I 1

63/6



APPENDIX I

SMALL SIGNAL ANALYSIS OF MID-BAND GAIN

OF PARAMETRIC AMPLIFIER WITH SUM-FREQUENCY PROPAGATION

To determine the effect of the various possible intermodulation

frequencies on the performance parameters (noise figure, gain bandwidth

product) of a reflection-type parametric amplifier, a method similar to that

of Rowe (reference 1) will be used. This analysis will depart from Rowe,

however, in that it will treat the varactor as a time-varying elastance rather

than a time-varying capacitance.

The voltage v across the varactor is some function of charge q:

v = f(q))II-)

Vp and qp are the pump-frequency components of voltage and

charge, respectively, including harmonics.

When no signal is present:

= f(p) (II-2)

A signal is introduced that is small, compared to the magnitude

of the pump voltage, ... av andAq are the signal components of voltage and

charge, respectively.

,IV << V p

and

5q<< qp
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Since

v = f(q)

then

dv f,(q) df(q) (11-3)

Since

v = Vp + AV (11-4)

and

q = qp + q

and equation 11-2 has been made a condition, then

f'(q) = f'(qp) (1I-5)

When a small signal is introduced,

,IV = f'(qp) aq (11-6)

The term f'(q) can be treated as a time-varying elastance,

because:

v(t) = S(t)q(t) (1I-7)

and

AV = S(t) = f'(q) = f'(qp) (II-8)
Aq

S(t) is periodic at the pump frequency and can be written in the

form of a Fourier Series.
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r

S(t) S 0.S eJnWp t  (11-9)

where

=1 r (t) e'Jnwpt d(Wpt)

and

sn-s (11-11)n a-n

From the standpoint of the signal, the nonlinear elastance can be

thought of as a linearly variable elastance whose time variation is determined
by the nonlinearity of the varactor and the pump waveform. Since the time

origin is arbitrary, it can be chosen such that S1 is positive and real.

Therefore,

S1 = s.1  (-12)

For a worst-case analysis, assume that the largest possible in-

termodulation frequency signal can flow through the varactor. Therefore,

assume that current can flow through the varactor at only four frequencies:
the signal, the pump, the (pump + signal), and the (pump - signal) frequen-

cies.

At all other frequencies an open circuit will be impressed aeross
the varactor by an ideal filter. Since equation 11-4 gives an expression for

the total charge, aq is made up of components of only the signal, sum (pump

+ signal), and difference (pump - signal) frequencies, and can be written:

alqvQ ejIO It + Q~eJI t + Q eicIID2t+ Q e( 2t + Q~e'J2t + Q3 eJW 3t+Q*G'J 3t

(11-13)
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where

1 = signal frequency

2 = difference frequency

W 3 = sum frequency

w =2uf
n n

Although currents cannot flow at any other than the specified

frequencies, voltages are produced, due to the nonlinearity of the varactor,

at all harmonic mixing (intermodulation) frequencies of the pump and the sig-

nal.

Therefore,
Av= N I V eJ(m w +n 1 )t (11-14)

m=- n=-® m,n

Equation 11-14 can be rewritten:

v V VleJwit + V 1 e'JWl t + V eJ 2 1 + V*e Jw2 t + V eJW3 t + V*e'Jw 3 t (11-15)1 1 V2 2 3 3 +9

Equation 11-9 can be rewritten:

S(t)=So+SleJpt+S eJ pt+S e e j2w t + ...l@ + SneJn t

o 1 e S 1 e S2 e -2 p + .. +Se Pt

+ S e jn pt (11-16)

Since av = S(t) Aq, equations 11-13 and 11-16 can be multiplied to-

gether and equated to the right hand side of equation 11-15. This will give a

relation which is reducible to a matrix form:

I + SIeiwp + S I&- 4 ' pt +S 2 eJ2 wpt+S 2eJ -e pt +.00]

[ ejw lt+ Q*e- J It QeJ'w2t+ Q*e'Jw2t QeJ 3t +Qe'jw3t]
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=V e+Jlt+Ve'It + V e*Jw2t + V e J"2t + Ve $t  e'J t +1 1 2* V

In the following analysis all elastance terms of the form Sn

where n = 3, 4, 5,..., will be neglected.

Equating the coefficients of the exponentials in equation 11-17.

Exponential Equations of Coefficients

eJ lt VI = So Q1 + S Q* + "-1 Q3  (fl-i8)

e'jW1t V = So Q + + S, Q + S.Q (11-19)

eJw 2t V2 =So 02 + SI Qt + S2 Q3 (11-20)

e2Jw2 t  V = S 2 Q + S 1 Q1 + S 2 Q3 (-21)

eJV3t  V O3 0 3 + S 1Q + S2Q (11-22)

e'JW"3t  V*= S Q* + S-1Q* + S- Q (11-23)3 o 3 S 1Q S 2 Q2

From equations 11-18 through 11-23 two matrix relations result

that are merely complex conjugates of each other:

Matrix I (from equations H-18, H-21, and 11-22:

V1  Si $1 S-I Q1 (11-24)

V* S- S S-52 -1 o -2

V3  S1 S2  S 0
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Matrix H (from equations 11-19, 11-20, and 1-23:

v s S_ S1 Q (0-25)

V = S S2 1 o 2  2

V* S S2  SOvL s.L 1  s2  Jo  L 3

Either equation 11-24 or 11-25 can be used in the following analy-

sis. Matrix I will be used in this analysis.

Since I = jw, and * = -jwQ*, equation 11-24 can be rewritten:

vl --ji jS_- -js.- I
I "1 "'2 w3

2* S 0 LO _f-2 1*(11-26)
22 32

I1 w2 "3 3

Equation 1-26 has the form of an impedance matrix:

v I zli z 12  z13 1I

v2 z z z 1* (11-27)
2Z 21  Z22  23 2

V3  Z 31  z32  z33 13

The paramp can be considered to be a three - port device with an

arbitary loading at w 2 and w 3' Also, port 1 can be considered to support

only w1 , port 2 to support only "2' and port 3 to support only ,, due to the

built in isolation of one port from each of the others. The three-port paramp

can be represented schematically as:
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Z31 Z32 Z33
,I z 3

33

The loading (Z2 and Z3 ) can be taken into the matrix in the fol-

lowing way:

1 Z I1
112 1 : zZ22+Z2 z2 1* (11-28)--z2 1  z22 z2  z23 2 {1-s

O j 31 Z32 Z33 +Z3 13

The input impedance of this device is

V1
z = 1 (11-29)

in 1

Solving for 11:

1 2+ Z2 )(Z3 3 +Z 3 )] - Z2 3 Z32

I I (Z11)(Z22 + 2)(Z 33 + Z3) + Z12Z23Z31 + Z1 3 Z2 1 Z3 2  (11-30)

13- Z 3Z 1(z 22 + z 2) - - z 12Z 2 1(z33 + z 3) !
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Therefore, Zin can be written:

z V - Z 13 Z3 1 (Z2 2 + Z2 ) - ZIIZ23Z32 - Z 12 Z2 1 (Z 3 3 + Z3) (I1-31 )in __

(Z2 2 + Z2 ) (Z3 3 + Z3) - 23Z32

z 12[z21 23 __31__1___1_- __21__3

(Z + Z3 (Z + Z 1
Zin (Z +l Z- 3z3 - _ 23I-33)

(Z33 + Z3  33 (Z 2 2 + Z2j

It is now necessary to specify the loading at the difference (W 2)

and sum (03) frequency ports. The loading in each case is a reactance that

resonates with the self-impedance at the port in series with a resistance. The

resistance is a series combination of:

1. the series resistance RD of the varactor,

2. the finite resistance of the reactive element,

3. any additional resistive loading.

The second and third resistances are combined and denoted by RL.

Thus, at the w 2 port,

Z22 + Z2 = (RD + RL 2) +2"2 jX2 (1-33)

Let X2 be of the form wL2 . At resonance,

22 + Z2 = D + RL2
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but, to get the input impedance in a form which takes a small detuning into

account, the following derivation is necessary:

Z + -+R + j.) L) (11-34)
22 + Z2  D L2 2

At resonance,

S 2' L (11-35)o 2

Therefore
w2L~ +~ (d2L2

Z22 + Z2 = (RD + RL 2) + j( - 2 wL2 ) (11-36)

Defining,

2 (I-37)

L + L2

Z22 + Z2 =RL2 + RD [ + j( - )] (11-38)
W W2

Let

2 (11-39)
"'2

Therefore

Z2 2 +Z 2 =RL2 + RD 1 - Q - (11-40)

For the narrow-band approximation of 1 >> 6 , equation 11-40 re-

duces to:
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Z + Z2 =IL RD [- JQ2 2] (11-41)

Substituting equation H-37 back into equation 11-41

+ Z =JR+R L2 j~L 62Z22 2 ff D +L2 2 J2 2

Z +Z R+ L2 j2L2 (W-"2 )  (11-42)

Let

"W2 = w - w 2 (11-43)

and substitute equation 11-43 into equation 11-42:

I z + 2 -= RD + RL 2 - j2L 2  (11-44)

The above derivation can also be performed for port 3, and the

result is:

Z3 3 +Z 3 =RD +RL3 + j2L 3  3  (11-45)

Letting

R +R =B and R +R KRD L3 33 D L2 22 (11-46)

and substituting equations 11-44 and 11-45 and the appropriate elastance

notation back into the input impedance expression (equation 11-32), and

expression for the input impedance of a paramp under a narrow-band

approximation results:
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21 2Wl "12 W I W2 W 3 (R 33 +J2a w3 L3)

Zin = Z l - .. ..
R2 2 -j2A w2 L2 -- S 2

02"w3 OR 3 3 .j2A 3L 3 ))

2( j 2 i 
(11-47)

L R 3S2 w L S2  
2

1W3 Wl3 (R 2 -j2A w 2L2)

R 33 + j2A W 3 L3 - , 2 _

Lw2w 3 (R 2 . L2)

According to experimental data obtained on a number of varac-

tors, S2 is very small compared with S1. Therefore, the further approxi-

mation is made that:

$20

Equation 11-47 then simplifies to:

2 WSl 1 2 1"

in 1 1 2 2 - J2 I W2L2 + 3 3 AW3  (11-48)

The paramp which equation 11-48 describes is of the form:

1

Z z 12  z 13

IV ZiL, 212 + Z2  0

z3  031 733 + Z3

75



In a real paramp mount, the signal passes through a circuit

tuned to the signal frequency at port 1. The tuned circuit is made up of a

very-low-loss inductance in series with the self-impedance of the varactor

at port 1. The resistance introduced will be considered small compared

with the series resistance of the varactor junction. The above situation is

characterized by:

Z Z 11 Z 2Z1
ZU ZI2  z1

[Z +
Zin -- O in-- 21 Z22 2

Z 31 0 z22 + Z3

Impedance Z1 can be taken into the matrix in the same manner

as Z2 and Z3, resulting in the following:

Zll1 + Z1I Z 12 Z 13

Iin . 21 Z22 + 2  0

Z31 0 Z33 + Z3

Also impedance Z11 + Z1 can be rewritten to take into account a

small detuning:

Zil + Z1 = RD + j2A w (II-49)

Z in can now be written:

Z D + j 2 .lw I L 1 - - + 1 wlw3 (11-50)in I RR22j2A2A 2R2 2  L2 2 L2  R33 4 j2. w3 L3
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From equation II-50 the mid-band gain of the parametric am-

plifier can easily be derived.

Assuming that the paramp is driven from a purely resistive gen-

erator of resistance Rg, the voltage gain is given by:

rIo i z in, m Rg M-51)
rol Vi Z'Fin' m 9

where jro mid-band voltage gain

Vr =reflected voltage

Vi  = incident voltage
/

Z m = mid-band input impedance (when all ports are atin, m
resonance)

= RD  S12 S12  11-52)

in, m D 22 1W2 33' 1 3

S12 S12
RD-Rg- + R

R22 1 2  R33 ' 1 3

0 1 RD+Rg - 1 + 1

R22 01 0 2  R33w 1 3

Dividing through by RD,

Rg S_2 S2

RD RDR 2 2 W1W 2  RD R 33 W I3
Irol = R1____+ Rg S12  + S12

RD RDR 2 2 l 2  RDR 3 3w 1W3
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Let

Ko RD (11-53)
o D

RLZ

K2 L (11-54)

ar d
RL3

K RU (11-55)
3 RD

812 S1 2

1-K 0- +=1 ' 2 RD2 (I +K2) 1 W 3 RD (1+K3)

I 01 1 S12 S12 (11-56)
I+K

0 (I 2 RD 2 (l+K 2 ) W I 113 D (1+K 3)

In the literature, and in common use in industry, is the figure

of merit M of a varactor (reference 13). An expression for M is given in

equation 11-57.

M 2RD (11-57)

Substituting equation 11-57 into equation 11-55 yields a usable ex-

pression for the mid-band voltage gain of a four-frequency paramp.

2 2

1-K- + I
0 fl2 (1+K2 ) flf3 (I+K 3)1101 I+K - N2  + _ _ _ _

o f1f2 (I+K 2) f1f 3 (I+K 3)

From the expression for the mid-band voltage gain of the paramp

(equation 11-58), it is clear that the amplifier can have gain (I I'ro > i ) only if

the following condition is satisfied:
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iI

f 2  f +f(1K ) (11-59)
f1f2 (1+K 2 ) > 1 + Y3 (1+3)

Thus, equation 11-59 is the condition for gain in the paramp if

the sum frequency is allowed to propagate.

The condition for gain (equation II-59) can be used to show the

effect of sum-frequency propagation on the ability to vary the idler loading

under a constant M condition.

The preferred-circuit amplifier has the following parameters:

M2 = 125 x 1018 Hz 2

f 1= .900GHz

f2 = 8.275 GHz,

f = 10. 075 GHz.
3

The range of K2 for perfect sum-frequency propagation (K3 = 0)

can be found from:

ff> M (11-60)fIf 2 (1+K2 ) > 1 1 3

M
2

K ~fl f2
K2 < M2 -1(I-)

1 f 3l--

Substituting the amplifier parameters into equation "1-61:

125
(.9)(8. 275)

K2 < 125 1
1 + (.9)(10.075)

K2 <. 141
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The range of K2 for no sum-frequency propagation (K, =.) can

be found from:
M2
2 > (11-62)

M2 _ f f2 n
K2  < ff2-63)

Substituting the amplifier parameters into equation 11-63:

K 125 - (.9) (8.275)
2 < (.9)(8.275)

K2  < 15.85

Thus, the range of K2 for no sum-frequency propagation is much

greater than the range of K2 with sum-frequency propagation.
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APPENDIX III

DERIVATION OF GAIN-BANDWIDTH PRODUCT FOR A PARAMETRIC

AMPLIFIER WITH SUM-FREQUENCY PROPAGATION

Since the narrow-band approximation was used in deriving the

input impedance of this paramp (Appendix II), a high gain condition will be

used to derive a usable gain-bandwidth expression.

To maximize the gain, the denominator of the mid-band gain ex-

pression (equation 11-58 in Appendix II) should approach zero:

M2
I + K°  fIf2 (1+K 2 ) + f1 f3 (1+K 3 ) f0

M2[ f2 (l+K2 ) )

1 + K = - f3 (1+K3
0 flf 2 (l+K 2 )

M2  f2 (1+K2 )1
- f3 (+K 3) (111-2)

flf 2 (I+K 2 ) (l+K0 )

Equation 111-2 is the high gain condition under which this analysis will con-

tinue.

The input or signal circuit of the paramp will be considered to be

a single-tuned resonant circuit, and '.he shape of the gain-versus-frequency

curve will be considered to be that of a single-tuned resonant circuit. The

3-db bandwidth points occur when the phase angle of the expression for the

input impedance of the loaded signal circuit is ± 45 degrees from the center-

frequency phase angle.
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The signal circuit is excited from a source impedance of Rg
and, therefore, the input impedance of the loaded signal circuit 2;8 is:

Z = z + Zin a + jD (1-3)

The 3-db bandwidth occurs when a = p.

The expression for Z will now be put in a more convenient

form:

/' S12/012 S12/(103

in D+ 11 R22 -j2 2 2 R33 +j2A w3 L3- +2 -22 -j2,,1L

S1
2 R2 2  S12R33 .SIA 3L3 Sl 22A' 2 L_2

Z' R + j24w L1 + I 3 1(wd' "'d1'02 W3
in D (R22 -J2A 2L2 ) (R3 3 + j2 A"3L3 )

( -4)

Evaluating the denominator of the bracketed expression:

(R22 -j 2Aw 2L2) (R33 + j 2 33 L3 ) = R22 + R33 + 4Aw.2 A 3L2L3

+ j [2AW, 3L 3R2 2 - 2Aw 2L2R3 3]

= 22R33  + 22:: (R3L3 ) +j -3 R2 2 )
(III-5)

Since Q =-- has been defined as the loaded Q, the following

notation will now be used:

Q 2 2 and Q 3 (111-6)
2 R22  3 R33

equation 111-5 can now be rewritten:
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2 3(]R22 -J2 , 2L2 ) (R3 3 +J24w.3 L3 ) = R2 2 R3 3 11+ 4Q2 2 Q3 Aw3

+J [2Q 3 3 -2' 2 -IA'*3 2 (MI-7)
w3 w3

Over a narrow band,
4A" 2 4".3

402Q3 112 13<. 1
w2 "3

Therefore equation 111-7 becomes:

( 22 Aj2A 2L) (R33 +j2A 3L3 ) = R22R33 1+3 (2Q 3  w- 2

(M-8)

Substituting equation 111-8 into equation IH-4:

wwIlw3 w1w2 I- w. 2 13 -

Z in R D + j24 IL + 
1 02)22 33 [+ j (2Q 3  - w3"2

or -2 2 211-2
1 I -l S 2 a 3 3  Sl 2 2L 2 1

=/ RD+ J24wlL + I103R33  w0 1 02 R 22SIW2 1293 wIw 2 2 R 3

in D 1 1 + j(2Q3  " -2 Q2  "d 2

Substituting equation 111-6 into equation 111-9:
S12 2 S1

2  :[S12 2Q 3 A,3 + S1 2
2 Q2w 2

Z. = RD + J24wL + wIw3R 33  w I w2 R2 2  R2201 "V 3  R3 e lw 2 w3

in ."3  A"2)I+ j(2Q-- 2Q2
3 3 w2

(11-10)
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Multiplying the numerator and denominator of the fraction in

equation M1-10 by the complex conjugate of the denominator, and assuming

that terms of the form (a w) (At) are negligible, yields:

12 2 S 2 2 2S2Q A

in ~D jZ ll 1  2WR 2  J[] 2 2 1 w 2 /R 3  1w 3 w
(32-13)

It is now useful to convert the Z.
s

82 S
Z R +Z.= R+R S 1 - 1 ___22 *

in 0 9 ww 32W2
+ R- 1"2 3 '3 A2w 1 L (111-12)

R
Since K o RD and the unloaded Q of the signal circuit is:

Q ILI (MH-13)IURD RD

equation 111-12 can be divided through by RD and rewritten in the form:

Since the pump frequency is fixed at w p and

2 2 2 ~p W

and
133= 3 +L

an increase in w yields a decrease in f2 and an increase in a3n Thus,
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A Z Aw U -A"2 Aw 3  (M-15)

Substituting equation M-15 into equation M1-14:

RDA I 0 + i w, +)D=  l03E 33RD - .lw2R 22RD  (2

- A w) (1M-16)

Since aw represents a deviation to only one side of the resonant

frequency, 2&w is necessary to specify a symmetrical bandwidth. Therefore,

let
X = 2Af (M-17)

S1
Since M has been previously defined as M = 2R , then equation

1I-17 and the definition of M can be substituted into equatio 111-16:

_ + M2 __+___L MQ

RD =1+ K0 Dff+-- flf2  l 1  +

16 L2 LD 2( + JFQP( RD 2 )
M2Q 3  (x

"flf ": (MI-18)

Since RL2
2 RD

and RL 3

3 RD

equation 1M1-18 can be rewritten:
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K +Ko + M2 *
RD +K°+ ff (1 +K3 ) f (1 +K2 )+JX fff 2( K

ff 3 (1 +K3 )f 3  (m-19)

As described before, X is the 3-db bandwidth of the paramp if the

real part of Z equals the imaginary part of Z:

M2 I

1+ KO + f f(l K fhe 3d + Iff 3 31+K3) " fAf2 (1+K 2 ) f2f2 (1+K

f1 -f3 (1+ K3 ) \3(-20)

At this point, a more convenient notation would be the loaded or

unloaded bandwidths of the resonant structures at ports 1, 2, and 3 of the

paramp. The bandwidth of a single-tuned resonant circuit is related to the

Q in the following way:
f

B = o (II-21)

where B is either the loaded or unloaded bandwidth, depending upon whether

Q is the loaded or the unloaded Q, and fo is the resonant frequency.

Therefore,
fl

B = (111-22)

Be =2 (111-23)
Q2and B 3

a= B 3  (111-24)

where B is an unloaded bandwidth and B2 and B3 are loaded bandwidths.
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Substituting equations 11-22, 111-23, M1-24 into equation 11I-20
yields:

f (1+ K3)

The expression for the 3-db bandwidth is,

M2  M2

1K (1 + K3 ) f If2 (I + K2 )
X~db - + M2  (L- 2 (m-2s)

Biu fIf-2 (1 +K B2) kf K3) 3

Based on the high-gain narrow-bandwidth approximation, the gain-
bandwidth product for a paramp of a reflection type is given by multiplying
equation 111-25 by equation 11-58 of Appendix II.

1KM 2 M2

I-K - +
o f1f2 (1 + K2 ) fIf 3 (1 + K

I0 X 3db= 1 M2  M2

11+ K0  ff (1 + K2 ) f f3 (1 +K3 )

(11-26)

I K- M 2  M2

(1o ff 2 1+K 2 ) f f3 (1 3)

2 +K 2 ) (1

B + - o ff 2 (I +K 2) f l f3 ( l +K3 )
L u1 2 3 3Y

BIu flf 2 (1 + K2 ) '(T) ff 3 (1+ K(3) (11-273)
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Applying the high-gain condition of

*K = ff 2 (1 + K2 ) " flf 3 (1 + K3 )

to the numerator of equation 111-27 yields:

Biu f1f2 (1+K 2 ) ( ff 3 (1 +K3)

Applying the high gain condition of equation 111-2 to the denominator

of equation 111-28 yields:
2K

IroI X3db" 1 + K 0 1 1 01+K

B+f K2 ) j B 3 f3 (1+K 3 )- (111-29)

[f 3 (1 +K3 ) f2 (I+ K 2 )

To have all loaded, measurable bandwidths in the final expression,

Biu will be converted to a loaded bandwidth by the relation,

B1 =1.,. (1 + K) (111-30)

Now equation 111-29 can be rewritten:
2 Ko X3db __1_1

(I+K B- B2 f2 +K ) j [f2 (1 + K2 )3 (1+1K43 )

" ( +K 3 )  f2(1 + -K12 )

The final expression for the gain-bandwidth product of a single

diode reflection-type parametric amplifier is:

r 2 7 B[ I (111-32)

o1 X~db I [B]
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where [ 1Uf Lt(I + 2
f3  0+RK3 )

and V 1
f (1+ K.)
f2 (1 + K2)

A check can be made on the validity of equation III-32 for the con-

ventional case of a difference-frequency parametric amplifier with no sum-

frequency propagation by showing its equivalence to a known gain-bandwidth

relationship.

For this case (K =oo), equation 111-32 reducer, to:

1 X 3db 1 11 1

[ ]Ko  2fI

1 [ 2 f 2

Using the high-gain condition,

- -(1P+ K 2) 1_1[ 2 fXdb =iI (I1l- 33)

Q1 +Q 2

Equation 111-33 is an expression for the gain-bandwidth product

of a difference-frequency paramp, if external idler loading is allowed.

Equation 111-33 simplifies to the following familiar expression (equation 111-34)

if external idler loading is non-existent (K2 = 0), thus verifying equation 111-32.
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--1 3db fl (MI-34)- f2

From equation II-32, the effect of the presence of sum-frequency

propagation on the gain-bandwidth product is illustrated in the following

example: The parametric amplifier has the following parameters:

K° = 2.6,

f2 = idler resonant frequency = 8.275 GHz,

f3 = sum-resonant frequency= 10. 075 GHz,

B1 = signal-circuit loaded bandwidth = 0. 200 GHz,
B2 = idler-circuit loaded bandwidth 0. 680 GHz

B3 = sum-circuit loaded bandwidth = 0. 150 GHz,

K2=0.

Substituting these parameters into equation 111-32, the gain-

bandwidth product can be calculated for the case of perfect sum-frequency

propagation (K3 = 0).

2 .2
I r 11X3db 1 2 1

IrO~x ~ + 1 __+ _ _________

S.68 8.275 1 0.075
10.075J 8.275

I rOX3db = 0. 171 GHz

When sum-frequency propagation is not allowed (K3 =00), the gain-

bandwidth product can be recalculated:

I 2 [ .2ILi + "J
I IX3db = .2

+ .68

I r X3 db=0. 223 GHz
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Thus, the gain-bandwidth product is degraded with slim-frequency

propagation.

It can be shown that, if Ko , Bit and B2 are assumed to be the same,

with or without sum-frequency propagation, the gain-bandwidth product is

degraded by sum-frequency propagation only if B3 is greater than B2 .
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APPENDIX IV

DERIVATION OF MID-BAND NOISE TEMPERATURE FOR A PARAMETRIC

AMPLIFIER WITH SU M-k REQUENCY PROPAGATION

A. INTRODUCTION

The following equivalent circuit is used to calculate the midband

noise temperature of the paramp:

11 
12V a - - w 0 JS l i s 1J.0

Vo V i 00V

aD 3bL3  V
The resistors are ideal and noise free, and the voltage sources are

noise-power generators which, in series with the ideal resistors, closely

represent real resistors.

The mean-squared amplitudes of the voltage sources in the 3-db

bandwidth of the paramp are given by:

Ia 12 = 4 k T o R D X 3d b  0_V-l

where k - Boltzmann's constant

X3db= 3-db bandwidth of the paramp,

T = ambient temperature of the paramp in degrees Kelvin,
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V- 12 4 k TO (RD + RL 2 ) X3db = 4 k To R22 X3db, (IV-2)

and

iv 12 4 k To R33 X3db. (IV-3)

The noise output power delivered to a matched load through a

circulator, exclusive of the noise contributed by the generator, can be

calculated by considering separately the contributions to 11 of each of the

three noise generators and then adding them by linear superposition, since

there is no coherence to noise generated by independent generators.

Since the noise generators are random voltage sources, the

polarity assigned to them for the purposes of the following calculations is

arbitrary.

The equivalent circuit will now be redrawn bringing all of the ideal

resistors into the matrix:

I
R 122

0 R3

Vc
B. NOISE OUTPUT POWER DUE TO V

a

V - =Va -g (IV-4)
o R +Z 2 2

g in, m S S I I
IDt19 2  + R

where Zn, m mid-band input impedance,
Va Rg

V V 2 2 (IV-5)

D o flf 2 (1 +K 2 ) +flf 3 (1+K 3 )
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1~a % v1 2  IVa 12 RINoa JI (Rg + in, m) (V6

where Noa = noise output power due to Va .

INI = IVa1 2 Rg (1V-7)M2  F+K M M

_______L o f f (+ K2) 71ii
C. NOISE OUTPUT POWER DUE TO Vb

The network relation expressed in matrix terms is:

-Vo RD Z 12 Z 13  llb

-Vb* = 21  R22  0 12* (IV-8)

0 Z3 1  0 R33  13

Equation IV-8 will be solved for Ilb' using Cramer's Rule:

V 0Z 12 ZI3

-Vb* R22  0

'lb 0 0 R3 3

RDzRD  Z12 Z13

z21 R22  0

z31 0 R33
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II

-Vo R2 2 R3 3  vb* Z2 R3 3

llb = % 2 R 33 " R2 Z13 ZS1- R3 3 Z 1 Z2

Since

V0 = Ilb Rg

Vb* Z12 R33
Ilb R -, 2 ~-n2zszl Rs z%

9 22R3 +RD R2 2R 33 - R2 2 Z1 3 Z3 1 - 3 3 Z 12 Z 2 1

(IV-9)

jb* R33w
'lb = 2 2

R22 S1 R33 S1

Rg R22 R 3 3 +RDR 2 2 R33 + 1  w2

j Vb* SI
RD R22 2

lb R 2 2

g + 1 + 1 S_ _IR

RD l '0 3 RDR 3  3  2 RD R22

JVb* M

lb f2 R22
I +K f + f f (IV-I -)

1 + K2) ff 3 (1 K3

(IV- 11)
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Similarly,

IN 0CI=Ii 1 12 RI;=I 2M2%2M T-

3o R3  1+ KOf - ff M

By linear superposition,
I N = I NI + I NbI +I1 IN. (TV-iS)

NR 1z'' 1 ~ 2 M2

012 M2- f2 R 2

0~~~~~~~ 22 -) ~
(IV-14)

ivcI 2 M2 1
f 3 R3 3  j

Substituting for the.noise voltages,

N 4 kX3dbT0 K 11 1 M2 rM 2 2

S +K flf2 (l+K 2 )+ Y 3

(TV -15)
Ml2+l+

f2312 K3)

The mid-band effective noise temperature of the paramp (Te ) is

defined as,

e kX Ir 2 (IV- 16)

3db i 0
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Therefore,

4 T K M2  M2
0' ' I 1 / +  -M 3c7[2 2  '2 [ 2+f21

o+K 0 ff2 f3) +3

2 M2 l 2
[1 -K. . . .

+K"iff 2  + R2) + f 1 ) 3(1+

+oKo -ffl + ff + K3
S 1+ 2 ( f(- +C)]

Under the high-gain condition of:

2  M 2

flf 2 (1+ K2 ) 2 (1 +3 +K

Equation IV-17 reduces to:

T [ fM 2  f + M 2 T
Te= 2  +f2-- 2  2 (IV-18)K + + K3

12 K2)3

Equation IV-18 is the expression for-the mid-band effective noise
temperature of a single-diode reflection-type parametric amplifier when sum

frequency propagation is allowed.
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The result of equation IV-18 will be checked by deriving from it

the familiar difference-frequency noise-temperature relation when no sum

frequency is allowed to propagate K3 = CO

Equation IV-18 simplifies to:

"'e + 2(IV-19)
TO  K 0 2 (I +K

Substituting the high-gain condition back into equation IV- 19 yields:

Te fIf2 (1 + K2 ) FI M2  1
TM flf 2 (1+ K2)L +Mff 2 (1+ K2 )3+ 2
Tof 1f2  0 ( + K 2) 2 I+K2

f If 23 1 +K2 2 2(1f2 + K 2 )

f2 2(1+ K2 )M 2  f lf2 3(1+ K2 )

Simplifying,

fIf2(1 + K 2 ) f

Te  M2  f2

T 0 (1 + K2

M
2

When the external idler loading is diminished to zero K2 = 0

equation IV-20 reduces to the familiar expression (equation IV-21), thus

verifying equation IV-18.
f I f2 f 1l

T 0 2  f
To flf (IV-21)

M
2
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From equation IV-20 it can be seen that, as K2 is increased, Te

also increases.

The effect of sum -frequency propagation on noise temperature is

illustrated in the following example. Let the parametric amplifier have the

following parameters:

M2 = 125 x 1018 GHz 2

f2 = 8. 27 5 GHz

f3 = 10. 075 GHz

K0 = 2.6
K
2 = 0

Substituting these parameters into equation IV-17 with K3 = 0,

and since equation IV-18 assumes infinite gain:

Te (4) (2.6) [1+ 125+ 12551
e___ 68.3 101.5TO  - 2.6 -125 +125 2L [" -2. 7.42 9.08] 2

Te-- 1.925
0

When there is no sum-frequency propagation K3 =

Te (4) (2.6) 1 + 125e 1 1 68.
T - 2.6- 12 2

T
TT e 0. 0864T

0
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The effective noise temperature is related to the noise figure

F by the following relation:

Te
F = I + T (IV-22)

0

where

F = noise figure (ratio)

Te = effective noise temperature in degrees Kelvin

To 0 =ambient temperature in degrees Kelvin
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APPENDIX V

DERIVATION OF INTERMODULATION OUTPUTS OF

PAIR OF GENERAL NONLINEAR ELEMENTS

IN BALANCED MIXER ARRAY

Given a general nonlinear element (Zn)with a current-versus-

voltage characteristic as follows:

A vn (V-i)n = o nn-o

A balanced-mixer array can be set up as in Figure V-1. The

currents developed in each nonlinear element can be calculated, and then the

current that flows through the load resistor can be found:

il =I - An 2 cos W2t + g1 cos wit n

n
B n c 2t + C m cos m wit (V-2)

n o m 0

cospW2); Eq cos qWIt+ p tl (q t+ =1~ D p p
2 t)( 1 EqO q l

0= Fr coSr W2 t)( Gs cos s  it) (V-3)

Since every term of the form cosn wt has harmonic equivalence,

equation V-3 can be rewritten:

i = = Hr cos r w2 = s COS SWlt). (V-4)
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Since both nonlinear elements are identical in every respect,

but the second element is excited 180 degrees out of phase by w 2' i 2 can be

written as follows:

o 2 Hr cos r (w2 t + 180.[i 0 1s s -W (V-5)

The total current that flows through the load is:

iT =il- i2 H(= Hr cos r w2)(s= Is cos swl t)

=- H r co r (W2 t + 1801[i = 01sCos s

Therefore,

T cos sW G Hr cos r t) H cos r t+ 18T O O )tOw r (

(V-6)

From equation V-6 it can be seen that, for all r where r is an

even integer, iT does not exist. Therefore, all intermodulation outputs at

frequencies of the form,

WIM s 1 r w 2  (V-7)

exist for all s but only for odd r.

Although this analysis is done for an ideal case, in the realistic

situation of some unbalance, there is still suppression, but not elimination,

of intermodulation frequencies which are formed with even-order harmonics of W2"

In the case of a paramp, the two diodes are excited in - phase

by the signal and 180 degrees out-of-phase by the pump (Figure V-l). The

104



current iT is the current that flows through the load resistance in the idler

circuit of the paramp. Therefore, power is not dissipated in the load

resistance in the idler circuit at intermodulation frequencies that are formed

with even-order harmonics of the pump.

If the load is placed in the signal arm of the paramp, as with

the circulator coupled output load, the two currents add rather than subtract,

and the result is that iT = 0 for all intermodulation frequencies that are

formed with odd-order harmonics of the pump. This means that, for per-

fectly balanced varactors, energy at neither the sum nor the idler frequencies

can be propagated out of the signal arm of the paramp.

V2 Cos (02f

RL-Vv, sc ,,

iT'I -12

FIGURE V-1. BALANCED-MIXER ARRAY
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APPENDIX VI

DERIVATION OF GAIN OF BALANCED REFLECTION-TYPE

PARAMETRIC AMPLIFIER

To derive the expressions that describe a balanced paramp, the

two varactors must be considered to be in parallel in the signal circuit and

in series in each idler circuit (difference-frequency and sum-frequency cir-

cuits). The varactors are pumped 180 degrees out of phase with one another,

and the effective capacitance in the idler circuits is halved while the induc-

tance and junction resistances are doubled. Therefore, the Q's (Q2 and Q3),

as defined in Appendix II, are the same as for a single varactor.

In the signal circuit, the capacitance is doubled, the inductance

and junction resistances are halved, and the Q (Q1) of the signal circuit re-

mains constant. Figure VI-1 shows the equivalent circuit of a balanced

reflection-type paramp. Figure VI-2 shows the phasing and polaritiepj

the varactors in Figure VI-1.

As in the case of the single-varactor paramp, only the signal

difference- and sum-frequencies will be allowed to propagate.

Figure VI-3 represents the balanced configuration in impedance

notation.

The currents and voltages associated with the external loads

(Z1, Z2, and Z3 ) are found in the following manner:

II = Ii' + II" (VI-1)

VI = V1' = Vi" (VI-2)
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KSIGNAL
INPUT meFILTER

SIGNAL

CIRCULATOR Le

Le PUMP
-no INPUT

POWER

Le

AMPLIFPIED a
OUTPUT

____ 
____ ____ 

_T 
TCS

IDLER~~~-*-CIRCUIT
SIGNAL No PUMP

*CIRCUIT fCIRCUIT
Los SIGNAL CIRCUIT TUNING INDUCTANCE

Lox VARACTOR LEAD INDUCTANCE

Cgs VARACTOR JUNCTION CAPACITANCE
+ STRAY CASE CAPACITANCE

Ron VARACTORI JUNCTION RESISTANCE

FIGURE VT-i. EQUIVALENT CIRCUIT OF A BALANCED
REFLECTION-TYPE PARAMETRIC AMPLIFIER
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SIGNAL 0

TERMINAL+ PM

FIGURE VI-2. PHASING AND POLARITIES
IN BALANCED PARAMP

1 2* = 2 211* (VI-3)

V2V + V2 19* (VI-4)

13 = 13 3" (Vn.-5)

V3 v # + 311(VI-6)

1 - z 11 11~ + Z 12 V~'+ Z13 13 (VI-7)

Equation VI-7 can be rewritten:

V1 = 11 l~ 12 12 + Z13 13 (I

V1  Z 11 1, + Z 12 12* + Z 13 13"1 (VI-9)

Equation VI-9 can be rewritten:

v1 = Z 11 1Ii" + Z 12 1 2* + Z 13 13 (VI-lO)
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z13

viZ21 Z Z 3 V3 ,

0 jZ 3 1  Z3 2  Z33

2Z2  iI Z2V2t

I 

3ll

# 2E
V2

I I

Zll Z12  z 13

Z2 1  z 22 Z23

Z 3 1  Z 3 2  Z 3 3 ,. . .

13

FIGURE VI-3. BALANCED CONFIGURATION IN IMPEDANCE NOTATION
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Adding equation VI-8 to equation VI-10 yields:

2V1 = Z11 ( 1'' + I1") + 2Z 12 12* + 2Z 13 I3 (VI-11)

Therefore,

VZ =I z I+ Z1 2  + Z13 13 (VI-12)

In a like manner, V2 and V3 can be derived:

V2= Z2 1 11 + 2 Z22 i2* + 2 Z2 3 I3 (VI-13)

V3  = Z3 1 I1 + 2 Z3 2 12* + 2 Z3 3 13 (VI-14)

From equations VI-12, VI-13, and VI-14, a general impedance

matrix can be written for the balanced varactor configuration:

V1  2 Z12 13 1

V2 = 21 2Z 22  2Z 23  12* (VI-15)

V3  Z31 2Z 32  2Z 33  13

From this impedance matrix, the input impedance and the gain
of the balanced paramp can be derived.

If the loadings at the three ports of the amplifier are taken into

the matrix, the input impedance can be written directly from equation 11-32

in Appendix I. Z Z23 Z31 i
z ) ~12 1Z21 Z + 3z nB : (zll + zI)  [2(Z + _ 2Z2 Z3

Z2LZ2 - (Z3 3+Z33 )

(VI-16)

z 13  3 1 - ZI 1

[2 (Z 2Z 23 z3 2 1
(Z33 + Z3 ) - (Z22 + Z2)[



From equation VI-16 it can be seen that ZinB is exactly one-

half of Zin for a single varactor.

Neglecting the 82 contribution, as in the earlier analysis,

equation VI-16 reduces to:

z (Z + Z1) -- 3+ )-21Z3+i )l (VI-17)

mEB 2 ( 11  2(Z 2 2+ Z2 ) -2(Z 33 +Z3V

For ease of manipulation, Z1 in this balanced analysis is equal

to 2 Z1 in the single-diode analysis, and Z2 and Z3 in this analysis are

equal to I Z2 and I Z3, respectively, in the single-diode analysis.

From equation i-50 in Appendix II, equation VI-17 can be

written In elastance terminology:

ZD [R [ +J2 wL 1~ 5/W 1"2 12__w_____

-B 2-D R22 - J2. A . R33 + J2.2 L32

(VI-18)

Since at mid-band

Awl 1 Aw2 = Aw3 = 0

the mid-band input impedance is:

znm [R -1  + ud: 3 1 (VI-19)

The magnitude of the mid-band voltage gain is given by:

1 r ~Bm - (VI-20)inpB m
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Substituting equation VI-19 into equation VI-20,

Therefore, M2 M2=r I- = - f 2(1,+ f2 R2 + K3 ] (VI-2)

0 1 + 2 K M 2  + O 1 V -2

f1 f 2K - + f lf 3 (1+K)(V-2

Since, as was stated before, -- R is substituted for R and

2 R2 2 and 2 R33 are substituted for R22 and R3 3, respectively, equation

VI-22 can be rewritten in a form which allows it to be compared with

equation 11-58 in Appendix II:

1K M 2  M2

0 f ff 2 (1+K 2 ) fJl'+ 1 K3) (VI-23)
I = M 2  + M2

1+ - 2(+ f1f3(1+ X3)

The mid-band gain of the balanced parametric amplifier is,

therefore, exactly the same as that of the single-diode amplifier. The con-

dition for gain is also, the same as for the single-diode paramp:

,M2  M 2

flf2(l+ K 2 > I+ fIf3 (1+K3) (VI-24)
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APPENDIX VII

DERIVATION OF GAIN-BANDWDTK PRODUCT FOR

BALANCED REFLECTION-TYPE PARAMETRIC AM9PLIFIER WITH
SUM-FREQUENCY PROPAGATION

The constraints on this analysis are high gain and narrow band-

width. The technique of analysis is the same as that used In Appendix 1I.

Equation M-12 in Appendix M it of the form,

Zs =g + RD+ 2Rg + 1 1

- (Vfl-1)1"2 2 13 "3%

+ I + W2 "S12\Q

R22wh1 2 ) R33uw w3 (w3)]
Equation VII-1 can be rewritten:

2sQ 2  1 (- I-u1+ + + x

f2 (+E 1 2

f 2 (1+K2) f If 3 (+K3

Equating the real and imaginary parts of equation VUI-2 to solve

for the 3 -db bandwidth of the balanced paramp yields:
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1+ 2K + M4 ____

0 ff 3 (1+K) - f f2(1+K2)

X3db~ I () ( 2(V-)
f lfu ', +-) -s(.,.

Multiplying equation VII-3 by equation VI-22 of Appendix VI

yields:

4K

I'1 X3db .
(1+2K{.I I iI+ '(l+K )J f 1 L f2(1+K2)

(VU-4)
Since, as in Appendix VI, is substituted for and

2 RD issbtttdfrRD nd2R22

and 21 3 3 are substituted for R and 3 3, respectively, equation VII-4

results in the same expression as for the single-varactor amplifier:

r' r B1 5
or0  X3db I + B [U] B, V]L[ 1III+ ,+ -q

where U i L2,(+ K2
f3 ( 1+ K3)

and
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Equation VI-5 is the pin-bandwidth product of balanced reflection-

type parametric amplifier when sum-frequency propagation is allowed.

This result is reasonable, because the Q's of all of the resonant

circuits are taken to be the same as in the single-diode paramp and, there-

fore, all bandwidth relations will be the same.

Although, ideally, the pin-bandwidth products are the same in

the single-diode and balanced configurations, the physical realization of the

balanced configuration yields a greater gain-bandwidth product. Figure

VII-1 is a photograph of a single-diode paramp showing the varactor in a

chuck that is a capacitive stub in the idler circuit. This additional capaci-

tance increases the Q of the idler circuit (Q2 ) and, therefore, decreases

the gain-bandwidth of the single-diode paramp.

Figure V !-2 illustrates that the idler stub is unnecessary in a

balanced paramp, because the two varactors can be biased and excited by

the signal through a thin piece of metal foil that is crushed between the two

varactors. In reference 6, relations are given for the gain-bandwidth

products of a single-diode parametric amplifier, accounting for the idler

stub with no sum propagation, and of a balanced paramp with no sum

propagation.

For a single varactor paramp,

rC I -FfI 2 _ _ _ _

o X3db C 1/2

S~ 2 2/Mt + _2

(Vfl-6)

where I o l = mid-band voltage gain-bandwidth product

C0 and C1  fourier coefficients of C(t)

C(t) = time varying capacitance of pumped varactor
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C6  stray case capacitance

f= signal frequency

f2 ier (difference) frequency

M varactor figure-of-merit.

For a balanced paramp,

CJ4jI 2
IoIXsdb C I)[L202) 1/2- (f)1/2-

Th t (1 + fL(VII-71

Th erm T in equation VII-6 is the degradation in gain-
bandwidth product due to the idler stub. Typically, the gain-bandwidth
product of the balanced paramp is about 30 per cent greater than that of the
single-diode paramp.
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FIGURE VII-2. BALANCED PARAMETRIC AMPLIFIER
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APPENDIX VIII

DERIVATION OF NOISE TEMPERATURE FOR

BALANCED REFLECTION-TYPE PARAMETRIC AMPLIFIER

WITH SUM-FREQUENCY PROPAGATION

A. INTRODUCTION

The technique of derivation will be the same as that used in

Appendix IV. The model that will be used in the balanced paramp analysis

is:

I1  12

1 jS1  jS 1  2

V V2D
a 2 3

+ 1+
Zin B V1  VbR

0 R Z* 1S V 22 V2

g inB 10 2 R3
Wi 3

11 V3

VC
As in Appendix IV, the noise output power delivered to a matched

load through a circulator, exclusive of the noise contributed by the generator,

can be calculated by considering separately the contributions to I1 of each of

the three noise generators and then adding them by linear superposition.

B. NOISE OUTPUT POWER DUE TO Va

Va Rg Va R 2V+ = aIM M2

R+ ZinB,m L + 2K ° + f 2  )ff 2 (l+ (I-

Df 1f3( 1+ K3) - _________ (VII-1
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The term Z m was derived in Appendix VI.

__ I Y '2 ' -2
l9al~ R .2 [1+2K 0 f 2 (mK)

fif3 (l+K 3) l21K:Tj

where Noa = noise output due to Va .  (VIH-2)

C. NOISE OUTPUT POWER DUE TO Vb

V D Z12  z1 3  1B

-Vb* = Z21 2R2 0 2 (VIII-3)

0 _ 31 0 2R 33  13

Solving equation VIII-3 for Ilb:

Vb* Z12 R33

lb =gR22R33 + R 2 2R 3 3 - R2 2 Z1 3 Z3 1 - R3 3 Z 1 2 Z2 1 (VIII-4)

Substituting back in elastance notation,
S 1

J Vb* R33 W 2 (VMI-5)

lb = 2 2
S1 

__I

( 22 R2 + R R +K2 )DR2 2  Rg3+ R22R33 R2 2 3 3

22

lbR (VIII-6)

j VbI RMI
s~I N bi 2  2 2M..

2 2
2  f 2I( ff 3 (1+K3) flf 2 (+ K2 )j

(VUI-7)
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II

Similarly,

NM lc2 'Ivj R.M-I 'c ~cRg f32 22 2K %_ffMt~~ 1 3('+K) flf(, K)_

(Vn-8)

By linear superposition,

I NOj =I~oal + INobi + I Nod vi-9

R
N- g 2

I~1 I ~ ! gmoo m,-
+ 2 ° " flf3 l+K3 2 + ff 2 (+K 2 ) (VIII-10)

L ra2  + vM2 +

Since,

IV=2 2 k To X3 db RD

I Vb 12 = 8k To X3db R22

1c2 = 8k ToX 3d bR 33

No can be rewritten:
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N~ol 8kToXb Ko

01 + 2Ko  + f 2 MK2  12
IF 3 1+ 3 0 f 12 (1+i;)J

(vml-11)

f2" (14-K2) f 3(1+K3 )]

The effective noise temperature of the paramp (T ) is given by:
T - I Nol

T 2 (Vm-12)0 Xdb

Substituting equation VIII -11 into equation VII -12:

8TK
T~ T 000 0

TMe2 M2 2
e 2K + M1 2 Ii

0 o fIf3 (1+K3 ) flf 2 ( +K2 )
(VUI-13)

1 M2 M 2

+ f2
2 (I + K2 ) + f3

2 (1+:3)]

Using the high-gain condition of,

flf 2(1+f 2) f fs(1+K3 ) = 1+2Ko
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equation VIM-13 reduces to:

C T r M2  M2

W I+ (12 )L f (+K2) 32 11(+ 3) (VM-14)

Normalizing the resistors to those used in the single-diode analysis
(- RD substituted for RD, 2 for R2, and 2R33 for R33) yields:e -K- 2

0 f+2 +(VI-5
e Lo2 (1+K2) f3 (l+K3)(

Equation VMU-15 gives the mid-band noise temperature of a balanced reflec-

tion-type parametric amplifier when sum frequency propagation is allowed.
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