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where Im denotes the imaginary part. By equating the

imaginary terms in (14) and assuming small losses

(i.e., ~“<<e’) one obtains, to first order in A,
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By making use of the relations for the output power

Ponti and the power lost in the dielectric Plo,t given by
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approximately given by
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Hence, by combining (16) and (17)

e’ = cOK’, one obtains the formula for

phase shift
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A Balanced~Type Parametric Amplifier*

S. HAYASI~, ASSOCIATE MEMBER, IRE, AND T. KUROKAWA~

Summary—A balanced-type diode amplifier is reported, in which
the cutoff mode of the pumping waveguide resonating with the diode
capacitances, is used as a signal circuit and a series connected diode
loop is used as an idler. Theoretical noise-figure and gain-bandwidth

product are derived after calculating the equivalent susceptance
matrix of two diodes which are parallel-connected for the signal input

and series-connected for the idler. This reveals that 1) the noise fig-

ure of the balanced-type amplifier can be expressed in the same form

as that of the single diode amplifier, and 2) the gain-bandwidth prod-

uct is identical to that of the single diode amplifier. In the experiment
at 1900 Mc, a bandwidth of more than 200 Mc is obtained at the
power gain of more than 10 db. A single-channel noise-figure of 2.5
db is measured at the pump power of 100 Mw.

INTRODUCTION

I

N ORDER TO extend the bandwidth capabilities of

parametric diode amplifiers, considerable attention

is presently being given to traveling-wave devices.

* Recei\,ed by the PGMTT, November 2, 1961 ; revised manu-
script received January 30, 1962.

t Central Research Laboratory, Tokyo-Shibaura Electric Co.,
Ltd., Kawasaki, Japan.

Howe}er, in the traveling-wave-type amplifiers, 1 the

operation is almost limited to the degenerative case,

except a few examples, z and their construction is still

quite complicated in order to get good phase rela-

tions between signal and idler flows. A balanced-type

diode parametric amplifier was, to the best of our

knowledge, suggested by Takahashi3 but had not been

tested until Kliphuis4 made a surprising success in ob-

taining, a bandwidth of 500 MC in his 5300-LIc experi-

ment.

1 M. R. Curri~, and R. Ii’. Gould, “Coupled cavity traveling-wave
parametric amphfiers, Part 1, analysis, ” PROC. IRE, vol. 48, pp.
1960-1973; December, 1960.

K. P, Grabowski and R. D. It’eglein, “Coupled cavity traveling-
wa~.e parametric amplifiers, Part II, experimental,” PROC. IRE,
vol. 48, pp. 1973–1987.; December, 1960.

2 K. P. Grabowskl, “.A Non-Degenerate Traveling-wa\,e Para-
metric ,Jmplifier, ” presented at IRE WESCON Conf., Session 40;
August 22-25, 1961.

s H. Takahashi, “General Theory of Parametric Amplifiers, ” pre-
sented at Symp. S. 8, Joint Conv. of IEE and IECE of Japan,
Tokyo ; 1959.

4 J. l{liphuis, “C-band non-degenerate parametric amplifier with
500 MC bandwidth, ” PROC. IRE, vol. 49, p. 961; May, 1961.
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In this paper a balanced-type diode amplifier is re-

ported, in which the cutoff mode of the pumping wave-

guide resonating with the diode-capacitances is used as a

signal circuit and a series connected diode loop is used

as an idler. Theoretical noise-figure and gain-band-

width product are also derived after calculating the

equivalent susceptance matrix of two diodes, which are

connected in parallel for signal input and connected in

series for the idler.

This reveals that 1) the noise figure of the balanced-

type amplifier can be expressed in the same form as that

of the single diode amplifier, and 2) the gain-bandwidth

product is identical to that of the single diode amp-

lifier.

In this configuration the lead-inductances of the

diodes are directly contained in signal or idler circuit,

so there is no deterioration of bandwidth due to the

natural resonance of the diodes. In our 1900-Mc experi-

ment a bandwidth of more than 200 Mc is obtained at a

power gain of more than 10 db. In this experiment the

signal feeding circuit was a coaxial line. An experiment

using a waveguide feed is under way at a higher signal

frequency.

EQUIVALENT CIRCUIT CONSIDERATION OF ~

BALANCED-TYPE PARAMETRIC AMPLIFIER

The balanced-type parametric amplifier defined here

is, as shown in Fig. 1, a two-diode amplifier, in which,

for signal-frequency, two diodes in parallel are resonant

with an inductance and for idler frequency, a loop con-

necting two diodes in series is resonant. Therefore

equivalent circuits of signal and idler can be shown as

in Fig. 2. As the diode part of the two circuits may be

depicted in a four-port box, a schematic diagram of the

amplifier containing a circulator is shown in Fig. 3,

where the terminals (1, 1’) and (2, 2’) in Fig. 2 cor-

respond to the ones in Fig. 3.

Now let us define voltage and current at the terminals

(1, 1’) and (2, 2’) as V, V’ and 1, I’ where the currents

flowing into the four-port network have positive sign.

As pumping power couples into the idler loop mag-

netically, the phases of pump voltage appearing at the

diodes should be, opposite when looked at from the sig-

nal terminal.

The capacitance of a diode pumped with a frequency

~, is expressed as

C~ = Cc–lx + Co + Cei’, (1)

where x = 2 f:t and f3 is pump frequency.

When the variation of charge @, associated with the

voltage variation 6V is expressed as

Sq = CJV (2)

the relation between charge and voltage of No. 1 diode

can be written as follows:5

6 H. E. Rowe, ‘{Some general properties of nonlinear elements.
II, small signal theory, ” Pnoc. IRE, vol. 46, pp. 850-860; May, 1958.

Fig. l—An equivalent circuit of a balanced-type
parametric amplifier.

ma
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Fig. 2—Diode combinations for a signal circuit and an idler
circuit. a) Signal circuit. b) Idler circuit.

SIGNAL CIRCULATOR‘“t~pm
OUTPUT

Fig. 3—Schematic diagram of the balanced-type
parametric amplifier.

Q’ = Co’v’ + C’V;*

Q; = C’V’* + C,’V,’ 1
(3)

where the asterisk shows the conjugate.

At No. 2 diode, the pump phase differs by 180° from

No. 1 diode, and therefore C, has to be written as

follows :

Ct = – Cle–Jz + CO – Cle”. (4)

Substituting (3) into (2), we have the following rela-

tions:

Q;’ = C; ’V’;’ – Cl’’v;’*

}Qi’ = – C< ’VI”* + c~’v,” “
(5)

As no loss of generality is incurred by assuming that the

two diodes are identical, we make

C( = C(’ = co, cl’ = cl” = cl.

Since in the signal circuit two diodes are in parallel,

and in the idler, series connected, voltage and charge at

the signal and idler terminals have the following relation

to the ones at the diode terminals.

V1’ = Vl” = VI

Q; + Q(’ = Q,

v,’ = – v;’ = v2/2

Q4=Q2’’=Q2 .

From (3) and (5), we have

(6)
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QI = zCo~l + CIV2*

)
QZ = CIV1* + : V, “

The optimum condition of (14) is

(7)

When I =jcoQ, (7) is written as follows:

11 = j@12covl + j@lclvj*
1

or

.——

yopt =

d

1+~–1. (16)
r

(8)

This is almost the same expression as in the one-diode

case, except that the diagonal coefficients of the matrix

expression of the diodes differ by 2 at the signal circuit

and by ~ at the idler. This can be intuitively under-

stood from the fact that two diodes are in parallel at

the signal circuit and in series at the idler. It may be

convenient to use the same notation as Greene and

Sard,G

From 1(16) the optimum pumping frequency fa can be

obtained as

(17)

Eq. (17) can be written in much simpler form provided

the usual varactors are employed in the amplifier. The

following assumptions are not limited to the special

case:(9)

CJCO = ~ and f. = 70 klUc at a usual bias voltage.

NOISE TEMPERATURE
In the case when signal frequency is 1.9 k~c, r is

calculated asFor the noise temperature of the balanced-type

amplifier, the general form obtained by Greene and

Sard can still be useful. ~= flo co’()—.—= (0.0815)2.
f. c1

(18)

This tells that the right hand term of (17) can be surely

expressed by ~1/Y only, so we have
All notations in (10) are same as Greene and Sard’s

paper except conductance Gl, GZ, and temperature

1“1, Tz of signal and idler circuits which are defined as
f3[1 _fo c1

f< .pt–j; G”

(19)

At this optimum condition we have the optimum value

of noise temperature as follows:
GD2

GZ=7+G,

)

(11)

and

(12)

-... (20)
If the definition of x and Z appearing in (13) of the

referenced paper are chanted as follows:
J, c1

As a conclusion it can be stated that the optimum noise

temperature of the balanced-type parametric amplifier

is the same as the one-diode amplifier, but the optimum

condition is expressed in a slightly different form.

MAXIMUM GAIN-BANDWIDTH PRODLTCT

Gairl-bandwidth product of the balanced-type

alnplifier is also expressed in the same form as the one-

diode ~,mplifier. That is,

G,
x=l+—

2GD1
1

1’

(13)

z=l+2~

then we have exactly the same expression as in the pre-

vious paper,

%%+[l+;O+%l-l (14)
e J. C. Greene and E. IV. Sard, “Optimum noise and gain-band-

width perforrilance for a practical one-port parametric amplifier, ”
PROC. IRE vol. 48, pp. 1583–1590; September, 1960.
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where KO is power gain at the rnidband, and b, & and &

are, respectively, the bandwidth of the over-all amplifier,

the signal circuit, and the idler dircuit.

At first sight, & and ~Z appear to be slightly different

from the one-diode case. However, a careful calculation

shows they are identical with the one-diode case, where

the signal and idler circuits are made by simple ~res-

onances of the diode, respectively. Thus, we have

Xf 102
~,=—

fc

1

(22)
Zf 202

@2=—

f.

The optimum value of the gain-bandwidth product and

the corresponding optimum value of x become exactly

the same as those of Greene and Sard. They are

[%JAWT-ll ’23)
and

or
—.

Zopt =
Y2

In the usual case

y/T >>1 ;

so (23) takes much simpler form as

(24)

(25)

[%1.,=%2” ‘2’)
This means that in the case where the cutoff frequency

of the diode is fairly large, the gain-bandwidth product

depends linearly on the pump excitation ratio C,/Co and

not on the cutoff frequency.

STRUCTURE OF THE AMPLIFIER

As seen in Fig. 4 and Fig. 5, two diodes are aligned

longitudinally in the center of the pump waveguide.

One set of diode ends are connected with each other at

the signal terminal which is also connected to the wave-

guide by a fine wire; the other set of diode ends are

passed to the waveguide by by-pass condensers. Look-

ing from the signal terminal, two diodes are arranged

in same polarity to each other, therefore they are both

in the opposite polarity along the loop connecting the,

two diodes. At signal frequency, the dimensions of the

pump waveguide are such that it is beyond cutoff and no

signal power can flow longitudinally. Only transverse

current flows, which is just like a Lecher wire shorted at

both ends. As shown in Fig. 6, diodes connected at the

v‘ /’
), Y CIRCULATOR

PUMP
—

i31AS

Fig. 4—Details of the amplifier construction.

Fig. 5—L-band balanced-type parametric amplifier.

Fig. 6—Schematic diagram of a diode mounting
in the pump waveguide.
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center of the waveguide can be resonated with the wave-

guide transversely for the signal frequency. The diode

loop is placed in the maximum E plane, which achieves

good coupling with pump power, especially when the

end of the pump waveguide is shorted at a distance of

Ag/2 from the diode loop. Looking at the signal termi-

nal, the polarities of induced voltage at the two diodes

are opposite for pump frequency and the same for signal

frequency, so the corresponding idler current should be

opposite at the two diodes. This means the idler current

is circulating along the diode loop.

Denote inductance of the diode Lo, inductance of a

fine wire connecting the diodes to the waveguide L,,

capacitance of the diodes CO, and characteristic im-

pedance of the waveguide looking transversely ZO, and

its lenght, i.e., the wider dimension of the waveguide

211, then resonance frequency AIO is calculated by

1 2T11
jOJlo(Lo + L,) + — = – jZO tan— (27)

jqoco Alo

where A1Ois corresponding wavelength of the waveguide,

The resonance frequency UIO as a function of bias volt-

age, which is measured at the by-pass condensers, is

shown in Fig. 7. It is seen that the resonance frequency

is also dependent upon how the diodes are connected to

the waveguide. The resonance frequency associated

with one diode is shown in the same figure. By compar-

ing the two cases, i.e., with one diode and two diodes, the

natural resonance of the diode can be measured.

Let us explain the simplest case, i.e., the two diodes are

completely the same. lNoting the inductance when look-

ing into the waveguide transversely from the diode

terminal, which includes the inductance of the connect-

ing wire Lz and the resonant frequencies associated with

one diode and the two diodes CO1and CIa respectively, we

have
1

“ = <(L2 + L,)CO

4
1

‘“2 = <(2 L,+ Lo)CO “

From these two equations the natural resonant fre-

quency of the diode CO%is obtained as follows:

1 C!Jlwz

‘n = ~LoCo = ~2w22 – W,z “
(28)

Eq. (28) is a convenient expression for obtaining the

natural resonance of the diode because there is no need

for measuring the capacitance of the diode. From Fig. 8

we have CO1= 1480 Mc and cm= 1120 Mc at the bias of

– 1 v each where one wire is used. From this measure-

ment, the natural resonance of the diode U. is calculated

as 3135 Mc at the bias of — 1 v each. Resonant frequen-

cies of one diode connected to the waveguide with one

wire and four wires are also shown in the same figure

by circles and crosses, respectively.

The resonant frequency of the idler circuit as a func-

tion of bias voltage is shown in Fig. 8. Starting from

I
4/

.-
BIAS VOLTAGE

Fig. 7- –Resonance frequency of a signal circuit
as a function of bias voltage.

/ .-
3ocO- .~

./”

/

- /“

2’o~
012345

‘BIAS (VOLTS’)

Fig. 8—A resonance of the idler circuit as
changing a bias voltage.

Fig. 9—Diode mounts. This also shows the idler circuit.

2370 Mc at O-bias voltage, the resonant frequency

rises to 2900 Mc at the bias voltage of — 2 v. The meas-

urement beyond the bias of — 2 v was very difficult be-

cause Q of the idler circuit becomes fairly low.

Titanium condensers whose outer sides are soldered to

the waveguide are used for feeding a bias voltage to a

diode (see Fig. 9). These two condensers are included in

the idler loop and may have some effect on the lowering

of its Q.
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Fig. 10—Power gain of the amplifier as a parameter of the distance
between the amplifier cavity and the circulator. The measure-
ment has been done in three cases of L =68.71 and 74 mm.

EXPERIMENTAL RESULTS

Tests for amplification were performed with diodes

whose resonance behavior vs bias voltage is shown by

(X) in Fig. 7. This measurement was done with the sig-

nal terminal connected to the waveguide by four fine

wires. This arrangement, however, showed very narrow

amplification behavior. By taking off all of the con-

necting wires, a broad-band amplification is obtained.

This also depends on the coaxial line length between the

diodes and the circulator and a stub tuner placed at the

output terminal of the Y circulator.

Amplification behavior with changing coaxial line

length connecting the diodes and the circulator (68, 71,

and 74 mm) is shown in Fig. 10. From these experiments

it can be seen that the case of L of 71 mm is the best;

a bandwidth of 220 Mc at a gain of more than 10 db

is obtained. The pump frequency is 5175 Mc and the

power required for the optimum condition is 100 Nlw.

By comparing the optimum gain-bandwidth value

given by (26), the bandwidth ~ is calculated as 220 Mc,

assuming C1/CO be 0.35 and KO= 16 (12 db).

The case where a low-pass filter whose cutoff fre-

quency is 4100 Mc is inserted between the circulator and

the diodes is shown in Fig. 11. IHere L equals 250 mm

including the filter, and some instability is observed in

frequency range between 1840 MC and 1880 Mc.

Over-all noise figure and power gain as a function of

pump power are shown in Fig. 12. The measurements

were done for 1900 Mc and 1840 Mc where L equals 74

mm and bias voltages are —3.9 v. The optimum noise

figure obtained is 2.5 db at the optimum gain condition.

The noise figure increases with departure from the op-

timum pump power.7 This is due to the fact that the

T R. C. Knechtli and R. D. LVeglein, ‘lLow-noise parametric
amplifier, ” PROC. IRE, vol. 48, pp. 1218–1226; July, 1960.
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Fig. 1l—Power gain of the amplifier when a low-pass filter (~. = 4100
Mc) is inserted between the amplifier and the circulator. A region
1840–1880 lNfc becomes unstable.

11
o~

40 50 Ul 10 80 ?0 100110120130

‘PUMP POWER (~W)

Fig. 12—Over-all ,power-gaiu and noise figure as a
function of pump power.

noise figure of the following receiver, about 11 db, be-

comes effective in the over-all noise figure.

There are many ripples in the amplifier gain produced

by changing signal frequency. They seem, however, to

be avoided by getting a proper match at the signal in-

put, including the circulator.

The diodes which are used are gold-bonded Ger-

manium and are prepared by our transistor factory.

Cutoff frequency of these diodes is almost 70 kMc at

a bias voltage of — 2 v.
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