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Practical Design and Performance of Nearly Optimum

Wide~Band Degenerate Parametric Amplifiers*
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design of a two-resonator single-diode de-Summary—The

generate parametric amplftier is described, which incorporates fea-
tures that give it nearly optimum wide-band performance. These
features include the use of almost lumped circuit elements, a sepa-
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rate pump resonator which k very lightly coupled to the diode and
pump circuits, and a diode resonated in series rather than in shunt,

from which several advantages accrue. A bandwidth of 21 per cent

with 15-db midband gain (double channel) is obtained at 1 Gc using

two resonators, as compared with 8 per cent using one resonator.

Both measured responses are found to be in excellent agreement

with theoretical responses obtained with a digital computer. The

measured double-channel noise figure was 1 db. Theoretical and

experimental results are presented which show this type of ampli-

fier to be remarkably insensitive to tuning errors. Good results were

also obtained using two identical amplifiers in balanced operation

with a 3-db coupler so as to eliminate the need for a circulator.
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INTRODUCTION

~ INGLE-diode parametric amplifiers with increased

%k
bandwidth can be obtained by using properly de-

signed multiresonator coupling circuits instead of

single-resonator circuits. Such increases in bandwidth

were fu-st demonstrated by Seidel and Herrmannl for

the case of degenerate parametric amplifiers. In their

analysis the parameters of the resonators are fixed by

forcing the frequency derivatives of the gain function

to be :zero at midband. More recently Ma.tthaei2’3 has

shown that multiresonator coupling circuits can be de-

signed to give relatively large bandwidths for either de-

generate or nondegenerate parametric amplifiers as well

as for up-converters. I-Iis analysis is basec[ on a filter-

theory viewpoint.

A single-diode degenerate parametric amplifier was

designed and constructed to verify part of the design

theory of Matthaei and to ascertain what practical dif-

ficulties might arise. Included in the device were sev-

eral special features which helped to fulfill the objectives

of the theory for optimum design.z’3 A brief discussion of

an experimental verification has previously been given

by the authors.4 In this paper (and in two SRI reports5)

the single-diode degenerate amplifier is discussed in

more cletail, including the sensitivity of such amplifiers

to mistuning and their operation in balanced and cas-

caded configurations using 3-db directional couplers,

DESCRIPTION OF THE SINGLE-DIODE AMPLIFIER

The equivalent circuit of the two-resonator amplifier

(as operated with a circulator) is shown in Fig, 1. The

variable-capacitance diode is represented by a series

circuit, where CO’ is the series average value of the

diode capacitance, Cls is the series time-varying com-

ponent of capacitance, -& is the diode parasitic induct-

ance, ~and R. is the diode loss resistor. z’s Capacitance

C’08 and Ld along with some additional inductance make

up the series resonator indicated by XI in the figure.

The second resonator in shunt, indicated by Bz, is in-

cluded in order to obtain greater bandwidth. The pump

power is supplied to the diode through the pump reso-

nator, which is loosely coupled to the series resonator

and pump generator.

1 H. Seidel and G. F. Herrmann, “Circuit aspects of parametric
amplifiers, ” 1959 IRE WESCON CONVENTION RECORD, pt. 2, pp.
83<90.

z C. W. Barnes, G. L. Matth?ei, and R.. C. Honey, ‘lApplicatiOns
of iYew Techniques to Low-Noise Reception, ” Stanford Res. Inst.,
Menlo Park, Calif., Quart. Progress Rept. No. 7, Sec. 3-A, SRI Pro-
ject No, 2550, Contract No. 33 (616)-5803; March, 1960. See also
Quart. Progress Rept. No. 8.

z G. L. Matthaei, “A study of the optimum design of wideband
parametric amplifiers and up-converters, ” IRE TRANS. oN MIcRo-
WAVE THEORY AND TECHNIQUES, vol. MTT-9, pp. 23–28; Jannary,
1961.

4 M. Gil den and G. L. Matthaei, “A nearly optimum wideband
degenerate parametric amplifier, ” PROC. IRE (Correspondence),
vol. 49, pp. 833–834; April, 1961.

5 M. C. Pease, et al., “Application of New Techniqu~s to Low
Noise ileception, ” Stanford Res. Inst., Menlo Park., Callf., Quart.
Progress Rept. No. 10, Sec. 3-A, SRI Project No. 2550, Contract No.
AF 33(616)-5803; December, 1960. See also Final Rept. of February,
1961.

A drawing of the strip-line realization of the equiva-

lent circuit in Fig. 1 is shown in Fig. 2, and a photo-

graph of the completed amplifier with its cover plate

removed is shown in Fig. 3. A Hughes 1 N896 diode

is used which has a computer-type package. This diode

has 0.020-inch-diameter wire leads which, because of

their high characteristic impedance in the structure,

provide the additional series inductance required to

make the series circuit resonant at the signal frequency

jo = 1 kMc. The shunt resonator is formed using a small,

short-circuited stub to provide the inductance, and a

metal block insulated with dielectric material to form

the capacitance. The capacitor block was designed so

that it would become resonant at the pump frequency

Fig. l—Equivalent circuit of double-resonator
degenerate parametric amplifier.
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Fig. 2—Construction details of double-resonator
degenerate parametric amplifier.

Fi~. 3—Photograph of double-resonator degenerate parametric
amplifier (cover plate removed ).
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f,= 2fo and thus provide a short circuit across the input-

output line at that frequency. The pump resonator con-

sists of a nominally quarter-wavelength resonator which

is inductively coupled to the diode resonator and capac-

itively coupled to the pump generator line. The short-

circuit end of the pump resonator also provides its me-

chanical support. DC bias is applied to the diode using

an external battery.

The design of the circuit elements included a number

of design features which made possible nearly optimum

performance of a two-resonator amplifier. The diode

was resonated in series so that its internal inductance

L~ merely contributes to the total inductance required

for the series resonant circuit and does not degrade the

performance (when operating below the self-resonant

frequency of the diode). In an amplifier with the diode

resonated in shunt, diode self resonance can have a very

serious effect on bandwidth if the diode self-resonant

frequency is at all near the operating frequency. The

circuit elements were also made as nearly lumped as

possible so that the multiple resonances which occur in

any distributed elements would be far removed from the

signal frequency. Such multiple resonances tend to in-

crease the reactance or susceptance slope of the diode

resonance at the operating frequency and as a result

tend to narrow the bandwidth. The pump resonator

was lightly coupled at both input and output so that it

had little effect on the diode circuit at other frequen-

cies, but it would still give efficient power transfer to

the diode at the pump frequency. About 6 mw of inci-

dent power was required to drive the diode over its full

range of capacitance.

There is another advantage in resonating the diode

in series in this particular amplifier. For the desired in-

put frequency and 50-ohm input impedance level, the

required diode is conveniently of a size (2.2 ppf zero-

bias capacitance) which allows the use of higher Q

diodes. If the diode had been resonated in shunt and

the same input impedance level was used, a diode with

much larger capacitance would have been required, and

the Q’s for such diodes are considerably lower. The

series diode arrangement used also keeps stray capaci-

tance across the diode barrier junction to a minimum

and thus prevents degradation of the effective diode

C1/CO ratio.e (Keeping this ratio large is very important

for obtaining large bandwidth.) 2‘3 Also, to keep CI/ CO

large the diode was pumped as hard as possible consist-

ent with good noise figure.

By making the distance from the RF short-circuit

block (see Fig. 2) to the diode about a quarter wave-

length at the upper-sideband frequency f u+fP = 3 kMc,

BThe Co and Cl referred to here are the conventional parallel-
equivalent average and time-varying capacitance coefficients as de-
fined by the Fourier series C(t)= CQ+2 Cl cos (27rjrt) + . c . . The
computation of the series coefficients, CO” and Cls in Fig. 1, is dis-
cussed elsewhere, ‘,s but Co’/ C~a= CI/ CO where CO’ is roughly .equ al
to co.

the diode is made to see a large reactance at that fre-

quency and also at the second harmonic of pump, ‘2f.=4

kMc, In this manner, dissipation of power at these fre-

quencies is prevented.

EXPERIMENTAL RESULTS

Single-Diode Degenerate Parametric A m@i/ier

A negative-resistance amplifier requires a circulator

in order to obtain best performance with a single ampli-

fier unit. 7 Since currently no 1-Gc circulators with ade-

quate bandwidth appear to be available, the amplifier

was tested using a 3-db directional coupler to give sepa-

rate input and output ports as shown in the block dia-

gram (Fig. 4.) The precision directional coupler was fabri-

cated using an interleaving printed circuit construction

developed at SRI on another program. 8 It had a resid-

ual VSWR less than 1.05 and an isolation in excess of

30 db across the frequency band of interest. The fre-

quency response, corresponding to operation with an

ideal circulator, was obtained using the circuit of Fig.

4 in which a reference output level was established with

a short circuit in place of the amplifier. In this circuit a

short circuit would correspond to an amplifier with a

gain of unity. Since a broad-band detector was used

and the input signal was modulated, the output power

represents the sum of both signal and idler power.

The measured and computed response of the ampli-

fier with and without the shunt resonator is shown in

Fig. 5. The value of COS and R, used in computing the

response was established by measurements, the Ld value

was as suggested by the diode manufacturer, and the

CI’ value was the value required to give 15-db midband

gain (as determined by computation). The other cir-

cuit-element values were fixed by the prototype filter

used in the amplifier. The agreement between the com-

puted and measured results gives very encouraging veri-

fication of the previously developed theory.z,3 The com-

puted 3-db bandwidth of the single-resonator design is

seen to be 81 MC while the measured bandwidth is prac-

tically the same. “rhe 3-db bandwidth of the computed

double-resonator response is about 221 Mc, while the

corresponding measured bandwidth is about 210 MC

giving a fractional bandwidth of 21 per cent. These

values of bandwidth correspond to a CJCo value of

about 0.32.

The noise figure of the parametric amplifier was

measured using a circuit shown in the block diagram of

Fig. 6. The pads and the tuners were included to insure

that the amplifier would be well matched and would see

identical impedance when the noise source was on and

7 Of course, using two identical amplifier units in a balanced cir-
cuit with a 3-db directional coupler can give an equivalent perfornl-
ance, as is shown by results given later in this section.

8 W. J. Getsinger, S. B. Cohn, and J. K. Shimizu, ‘[Design Cri-
teria for Microwave Fil~ers and Coupling Structures, ” Stanford Res.
Inst., Menlo Park, Cahf., Tech. Rept. No. 10, Sec. 2, SRI Project
No. 2326, Contract No. DA 36-039 SC-74862; July, 1960.
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off. Care was also taken to reduce the leaki~ge of local-

oscillatx- power and excess noise from the receiver to

the parametric amplifier. The image response of the re-

ceiver was also suppressed. With the filters and tuners

required for a reliable measurement it was convenient

to make a noise measurement only at the rnidband fre-

quency. In the measurement the signal and idler fre-

quencies were adjusted to be close enough together so

that both passed through the receiver IF amplifier. The

procedure included obtaining a noise-figure measure-

ment FA with the circuit as shown in Fig. 6 and also

obtaining a measurement FB with the noise source

placed at Point B and a matched load at Point A. With

this noise measurement the actual noise figure of the

parametric amplifier is given by the expression

FA F~–1
F=—–———

LAB G’

0MATCHED
LOAD

I I

L--_-lPARAMETRIC
AMPLIFIER

Fig. 4—Block diagram of circuit used in measuring
the amphfier frequency response.

~bjllllllllllllll ,; I 1,1, ,1111$111 d

900 1000 I 100 1200

FREQUENCY - lllecJaCyCleS

Fig. 5—Frequency response of the single- and double-
resonator parametric amplifier.

MATCHED
LOAD

q-l-?k :;,,: _ ,Up,:,:,,-+iq

SIGNAL
GENERATOR

Q3db
Pa D

B

rlPARAMETRIC
AMPLIFIER

Fig. 6-–B1ock diagram of apparatus for measuring noise figure.

where .

F is the parametric-amplifier double-channel noise

figure.

G is the power-gain ratio of the parametric ampli-

her.

L.~B is the power-loss ratio from A to B (L~~ > 1) in-

cluding the 3-db loss of the directional coupler.

The noise figure F obtained by this procedure is a

double-channel noise figure and is the noise figure which

would be obtained if the device were operated with an

ideal circulator. The computed value of double-channel

noise figure for this amplifier was about 0.5 db as com-

pared with measured values which ranged closely about

1.0 db. Considering the manufacturer’s tolerances on

the excess noise of the noise tube, the tolerances on the

noise-figure meter accuracy, and the possible experi-

mental error, the total possible error would be in excess

of t 0.5 db. Under these conditions the l.O-db nleas-

ured noise figure appears to be in satisfactory agreement

with tlhe O.5-db theoretical figure.

Uncritical Nature of Degenerate-Amplifier Taning

In the course of these experiments, it was found that

the amplifier-tuning adjustment was not as critical as

expected. This was subsequently further verified by ex-

amining the analytical expressions and by computing

responses for improperly tuned amplifiers, The midband

frequency of the amplifier, regardless of the tuning of

the two resonators, is found to be always coincident

with one-half the pump frequency. This is shown by the

single-resonator computed responses in Fig. 7(a) for the

same amplifier parameters used for Fig. 5, but with sev-

eral different pump frequencies. The gain varied be-

cause the level of pumping was held fixed (i. e., Cl/Co

was fixed at 0.316) ; however, moving the pump fre-

quency from 2.000 Gc to 1.820 Gc, the change in gain

was small in the case of the single-resonator amplifier.

In the case of the two-resonator amplifier responses

shown in Fig. 7(b), the midband gain went up as a result

of the effect of the second resonator on the impedance

presented to the diode. If the pump power had been re-

duced (i.e., if Cl/CO had been made smaller) for this

case the response would probably have had a flatter top.

A related effect is the uncritical nature of the adjust-

ment of the series resonant circuit. As shc,wn by the

single-resonator amplifier computed responses in Fig.

8, the midband frequency is not altered by rather large

changes in the length of the inductive element and con-

sequen tly the resonant frequency ~0 of the series circuit.

However, to maintain the same value of miclband gain,

the Clj CO ratio for the diode was adjusted in each case

as indicated in the figure. It is interesting to note in the

figure that in order to maintain 15-db gain the diode

must be pumped somewhat harder (-i. e., Cl/Co must be

larger) when the diode resonator is detuned. The de-
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tuned cases requiring larger Cl/ CO values are seen to be

accompanied by a somewhat larger bandwidth.

Of practical interest, too, in these amplifiers is the de-

gree to which the diodes, with their spread of values,

can be interchanged in a particular unit. To verify this

under controlled conditions a set of frequency responses

of a two-resonator amplifier (the same as for Fig. 5)

were computed for a range of values of average capaci-

(a)

(b)

Lo ~o~ ------ ,-~- +00
900 1000

FREOUENCY — meaocycle%

Fig. 7—Frequency-response dependence on pump frequency (com-
puted results). (a) Single-resonator amplifier. (b) Double-reso-
nator amplifier.
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Fig. 8—Frequency-response dependence on the inductive element
in the series resonant circuit (computed results).
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Fig. 9—Frequency-response dependence on the a~-erage diode
capacitance in two-resonator amplifier (computed results).

tances. As shown in Fig. 9, only the bandwidth and the

ripple amplitude of the response vary; the midband fre-

quency remains fixed. The change in bandwidth is not

large, and should not be a serious problem. Note that

if CO is smaller than its design value, the amplifier re-

quires less pump power (i. e., a smaller C’1/CO value) for

the same rnidband gain than when CO has its proper

value. However, if CO is larger, C~/CO must be increased

to maintain the same gain.

The reason for the relatively uncritical nature of the

degenerate parametric amplifier tuning can be seen by

examining the power-gain expression. For this discus-

sion, diode loss resistance R, may be neglected, so the

expression for power gain is simply2,3

I r]’= ,l~j~+~,~~~~ , (1)
—

where Zb is the impedance seen looking back into the

input filter as shown in Fig. 1 and F is the voltage reflec-

tion coefficient between the circulator and the ampli-

fier. The asterisk indicates that the conjugate is to be

taken. In (1), Zb is evaluated at the signal frequency ~,

while Zb’ is the same impedance evaluated at the idler

frequency f’ =f, –f, where fp is the pump frequency. The

quantity X12XZ~ in (1) is 1/ [(2mC1’)’ ff’].

The power gain I r \ 2 is most sensitive to variations

in the difference expression in the denominator of (1).

Study of the denominator shows that to a first approxi-

mation the imaginary part of the quantity within the

magnitude signs will be unaffected by moderate mis-

tuning of the diode resonator, while the real part will be

only slightly affected.5 Further, the expression obtained

shows that the small change in the real part can be com-

pensated for by a small increase in Cl/CO. These results

are consistent with the computed results in Figs. 7 to 9

and with our experimental observations.

Balanced Amplifiers

The single-diode parametric amplifier becomes a use

ful device when separate input and output ports can be

provided. Amplifier bandwidths of the order of 20 per

cent exclude the use of currently available circulators

operating in the vicinity of 1 Gc, but an alternative is to

use a pair of single-diode amplifiers with a 3-db direc-

tional coupler as shown in Fig. 10. This circuit, unlike

one using a circulator, is bilateral, since it can amplify

equally well in both directions. To prevent distortion of

the frequency response it is required that the individual

amplifier units have nearly identical impedance charac-

teristics and that each work into a well matched load.

This requirement means that the directional coupler

and the terminations at both input and output ports

must not produce an appreciable VSWR at the ampli-

fier unit. The signal-frequency components will auto-

matically add at the output port and cancel at the input

port of the 3-db directional coupler if the input im-

pedances of the two amplifiers are identical; however,
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for the idler-frequency signals the relative phases of the

pump sig,nals must be adjusted to make the idler out-

puts add at the output port. Making this adjustment

at one frequency will provide proper idler phases at all

frequencies.

The feasibility of the balanced operation is demon-

strated by the experimental frequency response in Fig.

11 for the balanced amplifier shown in Fig. 10. A second

amplifier unit identical to the one discussed above was

used together with the precision 3-db directional cou-

pler men tioned earlier. Both the transmission-power

gain, which is the useful output, and the reflection-

power gain are shown. The reflection-power gain (the

db ratio of power reflected to power incident at the in-

put of the balanced amplifier) is indicative of the bal-

ance between the two single-diode units. The transmis-

sion-power gain with a bandwidth of 210 MC (i. e., 21-

per cent bandwidth) is a good replica of the single-

amplifier frequency response (see Fig. 5), and the re-

flection power gain, except within a narrow band of fre-

quencies, is always less than O db, indicating a satis-

factory balance between amplifiers. The power gain in-
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Fig. 10—Block diagram of two-port balanced amplifier.
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Fig. 1 l—Frequency response of balanced amplifier.

eludes both signal and idler outputs, since both carry

the signal modulation.

Cascaded Balanced .4 mplifier

The operating characteristics of the balanced ampli-

fier being satisfactory, it seemed worth while to try to

obtain even greater bandwidth by cascading several bal-

anced amplifiers which are adjusted so that the indi-

vidual pass bands are contiguous as shown in Fig. 12.

To understand this circuit, note that the minimum

value of gain of a degenerate amplifier is unity outside

the pass band because the reflection from the amplifier

corresponds to that of a pure reactance. Thus, when the

first balanced amplifier doesn’t amplify it merely passes

the power on to the second amplifier. To obtain stable

operation, the design gain must not be too large in or-

der to provide a safety margin against distorting the

response of the individual units and against reflections

which could lead to oscillations.

A two-stage cascaded balanced amplifier was as-

sembled and tested. The first stage was the balanced

amplifier described earlier with a midband frequency of

1 Gc and the second stage was of similar construction

but scaled for operation at 1320 lh’Ic. Unfortunate y, the

3-db directional couplers had not originally been in-

SING LE-OIODE

AMPLIFIERS

1

_ > ~ ,-db DIRECTIONAL
COUPLERS

25

‘NPUT>X /-- – > x OU-T

SING LE-DIOOE
AMPLIFIERS

(a)

(b)

Fig. 12-—Cascaded balanced amplifiers. (a) Balanced amplifier
and tandem connection. (b) Composite frequency response.
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Fig. 13—Frequency response of cascaded balanced amplifiers.
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tended for use up into the frequency range covered by

the second amplifier. Therefore, because of reflections

from the directional couplers, the frequency response of

the second amplifier did not attain the flat broad-band

shape of the first amplifier.

The measured frequency response of the cascaded

amplifier is shown in Fig. 13. The heavy solid line repre-

sents the initial response after adjusting each balanced

amplifier separately. Note that the shape of the response

in the range of the well-matched 1OOO-MC stage is a fair

replica of the single-balanced-amplifier response in Fig.

5. The response in the range of the second stage is er-

ratic because of the reflections from the directional

couplers. An attempt to compensate for these reflec-

tions in the 1320 -lVIc second stage by adjusting the di-

ode bias and the pump amplitude and phase finally re-

sulted in the response at the higher end shown by the

dashed line. The usable bandwidth, say for which the

gain is over 10 db, extends from 850 MC to 1420 h’Ic,

which is approximately a 50-per cent bandwidth.

Discussion

This work has shown that practical, nearly optimum,

single-diode degenerate amplifiers can be designed ac-

cording to previously developed theory. z’3 The con-

struction used for the particular example had a num-

ber of significant features which are particularly ad-

vantageous for frequencies up to the self-resonant fre-

quency of the diode. The excellent agreement between

theory and experiment gave strong evidence of the

validity and practical usefulness of the design methods

which were used.

It was found that the Cl/CO ratio for practical diodes

can be 0.32 or slightly larger. The measured and com-

puted responses corresponded to a C1/CO ratio of this

value. Pumping the diode harder (which makes Cl/ CO

larger), made it possible to raise the midband gain as

high as 20 db; however, above about 16-db mid-

band gain the noise figure began to increase. Thus,

C1/CO = 0.32 appears to be about the maximum practi-

cal value for low-noise operation, at least for the case of

Hughes 1 N896 diodes. As was previously mentioned,

making Cl/ CO as large as permissible is necessary in or-

der to obtain maximum bandwidth.

The investigations made of the performance of im-

properly tuned degenerate amplifiers showed that there

is a tendency for detuning effects to cancel out. Because

of this, if such amplifiers are designed so that the proto-

type design does not require quite all of the pump

power that the diode can take, some latitude in diode

parameters can be tolerated which would only require

a readjustment of the pump power in order to obtain

the desired midband gain. For a related reason, since

the amplifier response always tends to center at ex-

actly half the pump frequency, small adjustments in the

midband frequency can be made by shifting the pump

frequency.

Balanced operation of amplifiers giving separate input

and output terminals was shown to be practical, al-

though most commercial 3-db couplers would have too

large a VSWR to be satisfactory for such purposes. It

is, nevertheless, possible to build couplers with an ade-

quately low VSWR, as is proved by the one fabricated

for this particular application. Balanced operation

using two amplifiers and a well matched 3-db coupler

was seen to give wideband performance comparable to

what would be obtained by a single amplifier with a

very well matched, wideband circulator having very

low loss. Until such circulators are available for all fre-

quency bands of interest, the balanced amplifier ap-

pears to provide an attractive alternative. The chief

limitation of this form of amplifier is that only well

matched terminations can be used at both its input

and output terminal. This condition is required not only

to prevent oscillations due to multiple reflections but

also to insure that each amplifier unit itself sees a well

matched load so that its frequency response will not

become distorted.

The results from the cascaded balanced amplifiers

showed that this scheme does present a useful way for

obtaining extremely wide bandwidth. Although the

response at the higher end of the band was erratic due to

the coupler VSWR with couplers which are well

matched over the entire frequency band the response

should be as desired. This type of amplifier has some ad-

vantages over the traveling-wave types of amplifiers in

that it will give reasonably good gain with very wide

bandwidth while using relatively few diodes. With this

type of amplifier care must be taken, however, that the

reflections of the terminations and the couplers are not

too large, since this will distort the response and might

cause oscillation.


