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18-GHz Paramps with Triple-Tuned Gain Characteristics

for Both Room- and Liquid-Helium-

Temperature Operation

TORU OKAJIMA, MASAHIKO KUDO, KIYOSHI SHIRAHATA, AND DAIJI TAKETOMI

Afrstract-The design and experimental performance of a wide-

band K-band parametric amplifier (paramp) for the experimental
domestic satellite communication earth station are described. An

optimum idler frequency for a minimum noise temperature is derived

taking into account the varactor diode skin effect. Wide-band

paramps with a double-tuned signaf circuit are discussed and it is
shown that triple-tuned gain characteristics are realizable with this

configuration. Finally, an 18-GHz paramp is described, which can
be operated from room- to liquid-helium (LHe) temperature, only
requiring adjustment of pumping power and bias voltage and using

lithium ferrite circulators. Triple-tuned gain characteristics with a
bandwidth of 1300 MHz at a gain of 10 dB are obtained using a
miniature pill prong packaged varactor.

1. INTRODUCTION

T

HE PAPER describes the design and experi-

mental performance of a wide-band K-band

paramp with both cryogenically cooled and room-

temperature operation and intended for use in experi-

ments on domestic satellite communication.

As the signal frequency is at K band and the idler

frequency is in the millimeter wave region, skin effect

Manuscript received May 15, 1972; revised July 24, 1972. This
paper was presented at the 1972 International Microwave Sympo-
sium, Chicago, 111..,May 22-24, 1972.

T. Okajima IS with Musashino Electrical Communication
Laboratory, Nippon Telegraph and Telephone Public Corporation,
Musashino City, Japan.

M. Kudo is with the Microwave Division, Nippon Telegraph and
Telephone Public Corporation, Tokyo, Japan.

K. Shirahata and D. Taketomi are with Kamakura Works, Mit-
subishi Electric Corporation, Kamakura City, Japan.

in the varactor diode cannot be ignored, and the results

obtained by Greene and Sard [1] must be modified.

A design technique to maximize the voltage gain-

bandwidth product of a single-tuned paramp has been

presented [2]. Design techniques on paramps with a

double-tuned signal circuit have been also represented

by DeJager [3] and Connors [4], and conditions to ob-

tain maximally flat gain characteristics have been in-

cluded therein. However, these conditions are restrictive

in that the paramp gain cannot be chosen at will after

other parameters of the paramp have been established.

Getsinger [5] has presented the requirements on second

signal resonator Q for obtaining wide-band gain charac-

teristics as a function of the gain ripple and the single-

tuned bandwidth. Because an equivalent circuit of

single-tuned paramps cannot always be entirely repre-

sented by a negative resistance and positive reactance

elements, these results are sometimes difficult to apply.

Broad-band matching of a parametric amplifier by

the network synthesis method has been presented by

Porra and Somervuo [6]. But this paper intends to

derive the broad-banding factor, the shape of the result-

ing gain characteristics, and the required Q of the second

signal resonator for paramps with a double-tuned signal

circuit in terms of given single-tuned paramps.

The required noise temperature for a K-band paramp

system is about 100 K based upon the antenna noise

temperature considerations. This noise temperature
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level can be obtained with a 2- or 3-stage liquid-nitrogen—
cooled paramp. However, it is considered to be more

useful to realize the overall system as a combination of

paramps operating at room and cryogenically cooled

temperatures, as will be discussed herein.

Accordingly, the characteristics of an 18-GHz low-

noise amplifier system for the experimental domestic

satellite communication earth station consisting of a

l-stage liquid-helium-cooled paramp and a 2-stage

room-temperature paramp will be presented.

II. OPTIMUM IDLER FREQUENCY

An optimum idler frequency which minimizes noise

temperature can be derived in terms of the dynamic Q,

(@, of the varactor diode [7]. But at frequencies above

about 20 GHz, skin effect in the varactor diode cannot

be ignored so that its series resistances R~l and R~z at

the signal and idler frequencies, ~1 and fz, are not equal.

Therefore, it is reasonable to derive an optimum idler

frequency, defining the ratio of the dynamic Q at the

signal frequency to that at the idler frequency as

given in

Here, fl and fz represent the signal and idler frequency,

respectively. Theoretical and experimental bases for

(1) are given in the Appendix.

Furthermore, the noise temperature rises as the signal

frequency deviates from the signal center frequency, so

that the aforementioned condition for the minimum

noise temperature at the signal center frequency may

be modified to yield that at the signal band edges.

A noise equivalent circuit for paramps is shown in

Fig. 1. Current in the idler circuit& is given by

e.a + j~lRslil*
i:=—— (2)

R,qz + jXz

Voltage induced in the signal circuit by this current is

j@Ri~ziz* and

Hence the noise equivalent circuit at the signal fre-

quency can be shown in Fig. 2. Consequently, an ex-

changeable noise power P. can be represented as the

mean-squared open-circuited noise voltage at the signal

circuit divided by 4 times the real part of the impedance

at that terminal,

Pe=- (4)

A noise figure of the paramps at the large-gain condition
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F is gi~ren by [8]

– 1’,
,r; = 1 + . .—–.

kT,,Z?

Here, ?’, is 290 K. XJRW in (.5) can be relrr

follows by introducing (1):

where

Q,,z

Q1,2

(5)

tten as

(6)

Q of the idler circuit (not considering skin effects

of varactor diodes),

Q of a varactor diode at the signal frequency

and the idler frequency, respectively,
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III. GAIN-BANDWIDTH CHARACTERISTICS OF PARAMPS

WITH DOUBLE-TUNED SIGNAL CIRCUITS

A. Formulation of ParamP Gain Characteristics

An equivalent circuit of a parametric amplifier with

a double-tuned signal circuit is shown in Fig. 4. In this

equivalent circuit, the series resistance of the varactor

diode at the signal frequency is neglected for simplicity.

The gain response of this paramp is given as follows [4].

G 1 + (B/A)a2 + (c/A)a4 + (D/A)a6
—

E–
. (8)

1 + (B/E)a’ + (c/E)rY4 + (D/E)a’

Here,

~
GO = (A/E), the gain at the signal center frequency (9)

o 4 8 12 16 20

2dz Af (GHz)

Fig. 3. Optimum idle; frequency for mi~imum noise performance
versus signal bandwidth, mcludmg consideration of skin effect.

2Af bandwidth,

7/2 diode pumping factor s 0.25,

d, = Q,,JQ! (slope factor).

Using (1) and (6), (5) becomes

F=l+~
To

fl

(-)

I+(l/m)

f2
- &+[8p)1+(1’”).y]’ ,7,

.— — .
fl 1+ (1/??,)

()

_—

f~ - ;-[8(:)’+(1’”)”?1’
Assunling ~1=4, jl= 20 GHz, and 7’= 7’0 in (7), the

optimunl idler frequency for minimum noise figure is

presented in Fig. 3, as a function of d2Af for no skin

effect and for skin effect exponents m = 2 and m =3,

respectively. These results show that the optimum idler

frequent> in the presence of skin effect is lower than

that in its absence. F-or a particular example, if 2Af

= 1.0 GHz and d,= 3 are assumed, the optimum idler

frequency in the presence of skin effect will be 45 GHz

for m=2 and 50 GHz for m=3.

Ambient temperature increases caused by pump heat-

ingmustalsobeconsidered in determining the optimum

idler frequency. It has been shown that this contribu-

tion further decreases the optimum idler frequency

since the required pLImp power is proportional t~ the

square of a pump frequency j> [9].

As shown in Section V, it is desirable to choose the

idler frequency at the parallel resonance of the varactor

diode in order to maximize the bandwidth.

A = [2v’i7i/(v’Go + 1)]’ (10)

B = [7.42 + 2(7A2 – x,)q~ + (1 – x.)2q4]/g’ (11)

c = x,’ + 7A’ – 2X$(1 – Xs)g’ (12)

D = X,’q’ (13)

E = [2/(v’~ + 1)]’ (14)

~~ = RJR, = (VG – 1)/(v’~ + 1), the normalized
negative resistance of the pumped varactor (15)

q = ti(fl/f2) (Qu2/QLl) (16)

x. = (fJfJ (QJQJ (Q’%) (17)

a = Qnq(2Af Jf J (18)

and

Qm loaded Q of the signal resonator

Qs loaded Q of the second signal resonator.

Under a large-gain condition, (8) becomes

Go
— = 1 + (B/E)a’ + (c/E)cY’ + (D/E) a’.
G

(19)

From (19), it is understood that paramps with a double-

tuned signal circuit may have triple-tuned gain charac-

teristics. The solution to (d/da) (GO/G) = O determines

the nature of the paramp gain characteristics, that is,

single-tuned or double-tuned or maximally flat or triple-

tuned. Under the condition DIE >0, the dependence of

the paramp gain characteristic shape on the coefficients

in (19) are shown in Table I. In the preceding discussion,

single-tuned, or double-tuned, or triple-tuned gain

characteristics means that passband gain peaks are one,

or two, or three, respectively, and their levels are not

necessarily y equal.

It is difficult to analytically determine the relations

between conditions in Table I and practical paramp

parameters. Equations (8)–(1 8) establish the paramp

gain characteristic shape in terms of:

1) the center frequency gain GO,

2) parameter q which is a function of the ratio of the

signal frequency fl to the idler frequency f’, and
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Fig. 4. Signal frequency equivalent circuit of pm-amp with
double-tuned signal circuit.
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Fig. 5. Gain response shape and ripple level
versus paramp parameter ‘q.

TABLE I

RELATIONSHIP BETWEEN GAIN CHARACTERISTICS AND

COEFFICIENTS OF GAIN EQUATION

C<o C=o C>o

6<0 0. T. DT D, T.

B=o O. T MF D.T

~z
~~>B>O T T. S. T S, T

@
B=3ii D,T S T. s. T

B> $- S7 3,7 ST

ST : SfN6L E TuNED
MF : MAXIMALLY FLAT
D,T : DOUBLE TuNED
T.T : TRIPLE TuNED

that of the unloaded Q of the idler resonator Q~z

to the loaded Q of the signal resonator Q~l,

3) parameter X, which is a function of the ratio of the

loaded Q of the second signal resonator Q. to the

unloaded Q of the idler resonator Q~z.

Accordingly, the gain response shapes represented by

(8) are numerically calculated in terms of Go, q, and

X,, and the dependence upon these parameters of the

paramp gain characteristics has been established.

B. Dependence of Gain Characteristics Upon Paramp

Parameters

Numerical calculations indicate that a triple-tuned

equiripple gain characteristic can be realized. Fig. 5

.—— —

\
\\ Go=15d6

Xs ‘\

i
\

Gc)=15dB

\
, GO=lOdB

\
\ BROADBANDING
\ FACTOR

—
0 1.0 3.0

+
q = (fllfzl (Qu21Q11)

Fig. 6. Broad-handing factor and normalized double-
tuuing selectivity versus paramp parameter q.

presents the requirement on parameter q in order to

obtain monotonic, maximally flat, or triple-tuned equi-

ripple jgain characteristics and the corresponding level

of gain ripple for the latter case. The required value of

parameter q to obtain maximally flat gain charac-

teristics at any gain level has been given [4] by

~,=diw
2“

(20)

For mid band gains of 10 and 15 dB, the corresponding

values of g for maximal flatness become 1.05 and 1.5,

respectively, as shown in Fig. 5. For values q smaller

than the above, monotonic flat gain characteristics can

be obtained and, for those of q larger than the above,

triple-tuned equiripple gain characteristics are obtain-

able. I n the latter case, the level of gain ripple becomes

larger as g increases and Go decreases, respectively.

C. Requirements on Second Signal Resonator Q

The required Q of the second signal resonator cor-

responding to the gain responses depicted in Fig. 5 is

presented in Fig. 6. From these results, the following can

be concluded.

1) The required Q of the second signal resonator for

triple-tuned equiripple gain characteristics is inde-

pendent of parameter g and is nearly equal to that re-

quired [4] for maximally flat gain characteristics as ob-

tainable from

~=4Go–1

s ~Go+l.
(21)

2) The absolute value Q, representing the required Q

of the second signal resonator is independent of m’idband

gain for maximally flat and triple-tuned gain charac-

teristics. For example, the required value of X, for gains

of 10 and 15 dB and the corresponding normalized nega-
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Fig. 7. Paramp signal frequency equivalent circuit including a
distributed line between the first and second signal resonators.

tive resistances 7A (15) are 0.52 and ().7(), respectively.

Therefore, the following relationship for Qs/Qut is valid,

for maximally flat and triplle-tuned equiripple gain char-

acteristics:

(22)

D. Broad-Banding Factor

A broad-banding factor, defined by the ratio of the

1 -dB bandwidth obtained with a double-tuned signal

circuit to the 3-dB single-tuned bandwidth, is also pre-

sented in Fig. 6. It is seen therein that this broad-band-

ing factor increases both with increasing q and GO.

E. Effects of Line Length Between First and Second

Signal Resonator

Concerning the effect of the position of the second

signal resonator on bandwidth, previous discussion [10]

has indicated that line length between the first and

second signal resonators raises the Q of the former. How-

ever a more exact investigation is required to determine

its effect.

Fig. 7 shows an equivalent circuit for a paramp with a

double-tuned signal circuit, including the effect of line

length between signal resonators, and neglecting signal

frequency series resistance. The latter assumption will

not have serious effects for ,F?8<<Ra.

For a line length of (n

paramp gain is given by

IHere,

1/2) (%=0, 1, ~, o ‘ o ), the

1 – Q,A-wr(A/2) – jwr(A/2)

0 10 20 3.0

‘“w===
Fig. 8. Broad-b? ndi?g factor versus paramp parameter g,

considering the line length effect.
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Fig. 9. Gain response shape, ripple level, and normalized double-
tuning selectivity versus paramp parameter Qand signal line length.

Fig. 8 shows the relation between q and the broad-

banding factor ior these values.

Fig. 9 presents the gain ripple level of triple-tuned

equiripple gain response and normalized parameter X.

as functions of q for the above values of n and QLI, lead-

ing to the following conclusions,

_ ~ QUIA 1

1 – j(Q,A + mrA/2)
‘+r. —

rg 1 + jQU,A(fl/jJ

1 – Q,A . mr(A/2) +jmr(A/2) + jQ.IA 1

1 + j(Q~A + sz7rA/2) Yu – ‘A 1 + jQu,A(fJf,)

2

(23)

1) The value of n significantly affects the gain re-

X,
sponse shape, with the value of q required for maximally

guide wavelength a~tf,

A
flat gain characteristics becoming larger with increas-

= 2AfJfl

rg = RJR,,
ing n.

QUI unloaded Q of the signal resonator.
2) For a triple-tuned equiripple gain characteristics,

the gain ripple level becomes larger with decreasing n.

Expressing (23) in the same form as (8), computer calcu- 3) In the case of both the maximally flat and triple-

lations are performed for the specific case n = O, 1, 2, tuned equiripple gain characteristics, the Q of the second

and QI.I = 3 and 9. signal resonator is now a function of q for n >1.
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Fig. 11. VSWR characteristics of 18-GHz coaxial circulator
under both LHe and room-temperature operation.

Fig. 10. Measured gain characteristics of 18-GHz paramps.
12 I , 4.2” K, (-0.1 V, 44 mW)

TABLE II

CALCULATED AND MEASURED VALUES OF WIDE-BAND

PARAMP GAIN CHARACTERISTICS

Ill CALCULATED uALuE k%%]
I 107 I I

,
PAI*l .2 2.7 / 020 0 z 22 1830-880

* Bs(3dB)= 380Mfz ** Bs(3dB) =400M,L/z

F. Experimental Results

Several experiments on 18-GHz paramps were carried

out and are compared with the preceding theory. A

paramp (PA1) utilizing a radial line idler cavity of uni-

form height equal to that of the miniature pill prong

varactor diode used therein, exhibited a single-tuned

3-dB bandwidth of 380 MHz at 10-dB gain. From this

bandwidth and the measured QL~( = 4.2), Q.z can be

calculated using (24), leading to’ q = 2.5:

2

‘GB = (QL1/fl) + (Q.21j2) “
(24)

Gain characteristics obtained with the double-tuned

signal circuit are calculated from Figs. 8 and 9 and the

results shown in Table I I for n = O and 2. For either

value of n, triple-tuned gain characteristics are obtained.

In another type of paramp (PA2) utilizing a reentrant

idler cavity, the measured single-tuned bandwidth was

400 MHz at 10-dB gain. In the same way as previously

described, q becomes 2.5 based upon determination

QLI( = 3.6), the single-tuned bandwidth and Q.z. The-

oretical gain characteristics obtained using the double-

tuned signal circuit and for n = 1 are also shown in

Table II.

The measured gain characteristics exhibited by PA1

and PA2 using a double-tuned signal circuit in each are

shown in Fig. 10. For two adjustments of PA1, the

second signal resonator is a stub type connected at

position n = 2 and, for PA2, the second signal resonator

is an in-line type connected at position n = 1. It is veri-

fied that triple-tuned gain characteristics have been

realized using the double-tuned signal circuit, and mea-

180 18.5 19.0

FREQUENCY (GHz)

Fig, 12. Measured gain characteristics of 18-GHz paramp
under both LHe and room-temperature operation.

sured bandwidth has become wider as the position of

the second signal resonator is brought closer to the

varactor diode. I n Table II, experimental results are

compared with theory, A maximum bandwidth of 1300

MHz is obtained in PA2 at a gain of 10 dB,

IV. PARAMPS PROVIDING BOTH LIQUID-HELIUM-

AND ROOM-TEMPERATURE OPERATION

Lithium ferrite is considered to be suitable for the K-

band circulator because it has an appropriate value of

magnetization and satisfactory temperature charac-

teristics [11 ]. The temperature dependence of the mag-

netiza tion has been measured over the temperature

range from 373 to 4.2 K [12], resulting in a 10-percent

measured variation in magnetization from 300 to 4.2 K.

Using this lithium ferrite, an 18-GHz stripline circu-

lator was constructed and its temperature charac-

teristics measured from 300 to 4.2 K. This circulator

includes a quarter-wave transformer on each arm and

utilizes 3-mm input and output connectors.

Fig. 11 shows its experimental VSWR characteristics

at liquid-helium (LHe) and room temperature measured

through a low thermal conductivity waveguide and a

waveguide-to-coaxial transition. Its measured insertion

losses were 0.3–0.4 dB per path at both temperatures.

From these results, it has been possible to ascertain that

a circulator capable of both cryogenically cooled and

room-temperature operation without any adjustment is

realizable.

The gain characteristics of an 18-GHz paramp, using

the above mentioned circulator and measured at both

room and LHe temperature are shown in Fig. 12. Bias

voltage and pump power requirements at room tempera-

ture were – 0.5 V and 71 mW, respectively. Under LHe

coolinj;, gain characteristics similar to those at room tem-
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Fig. 13. Cross-sectional view of 18-GHzwide-band paramp.

30 35 40 45

IDLER FREQUENCY fz (GHz)

Fig. 14. Calculated value of Qw!versus idler resonance frequency.

perature were obtained, but at bias voltage and pump

power settings of – 0.1 V and 44 mW, respective y. By

virtue of these experiments, it is concluded that paramps

operable at both cryogenically cooled and room tem-

perature are feasible.

V. CONSTRUCTION OF PARAMPS

A cross-sectional view of the experimental paramp is

shown in Fig. 13. The unloaded Q of the idler resonator,

Q.z, is derived assuming that the aperture between the

radial line resonator and the signal coaxial line can be

ignored.

Qu2 = d,Q,

(25)

Here,

co junction capacitance of the varactor diode

at O V,

FREQuENCY ( GHz )

Fig. 15. Relative group delay through 18-GHz low-noise amplifier.

L, package inductance of the varactor diode,

c, package capacitance of the varactor diode,

jB susceptance of the radial line resonator, at

the outer surface of the varactor diode,

t)B/du susceptance slope of the radial line resonator.

The calculated dependence of QUZ on f, shown in Fig. 14

indicates that Q,,z becomes a minimum at ~z % 37 GHz.

This frequency is the parallel resonant frequency of the

varactor diode.

The second signal resonator may be realized as a stub

type and an in-line type element. The in-line type reso-

nator is preferable to the stub type, due to its closer

possible proximity to the varactor diode.

VI. 18-GHz LOW-NOISE AMPLIFIER SYSTEM

An 18-GHz low-noise amplifier system for the experi-

mental domestic satellite communication earth station

has been constructed. It consists of a single stage LHe

cooled paramp preceding two stages of room-tempera-

ture parametric amplification. The experimental earth

station has two receiving frequency bands, 4 GHz and

18 GHz. In all, one 18-GHz paramp stage and three

4-GHz paramp stages are cryogenically cooled with one

LHe refrigerator to make the overall low-noise amplifier

system simple, small size, and economical.

The measured overall characteristics of the system,

including the effect of an input waveguide switch, ob-

tained over the 18.1–18.8-GHz range, included 30-dB

gain, + 0.5-dB gain flatness, 88–100 K noise tempera-

ture, and relative group delay variation of 1.5 ns, the

latter shown in Fig. 15.

Operation of the first stage paramp at room tempera-

ture yields overall noise temperatures of 500-660 K. The

calculated noise temperatures of the LHe cooled paramp

at cryogenically cooled and room temperature are 23

and 394 K, respectively, and measured noise tempera-

tures near these values are obtained from the measured

overall noise temperature.

VI 1. CONCLUSION

The design and development of K-band paramps with

a double-tuned signal circuit has been discussed in ac-

cordance with the following factors. The optimum idler

frequency for minimum noise performance decreases

upon inclusion of the varactor diode skin effect.
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of the varactor, the series resistance of the varactor

diode at 20 and 50 GHz can be calculated and

Fig, 16, Measured impedance loci of a mounted varactor
versus bias voltage at 18.5 and 52.7 GHz.

It has been shown that triple-tuned equiripple gain

characteristics can be realized in paramps utilizing a

double-tuned signal circuit. The broad-banding factor,

that is, the ratio of the l-dB bandwidth obtained with

the double-tuned signal circuit to the 3-dB bandwidth

obtained with a single-tuned signal circuit, has been

derived. In this regard, it has been shown that the

farther the position of the second signal resonator from

the varactor diode, the smaller the broad-banding factor,

and that this position also affects the shape of the gain

characteristics. The above derivations have been ascer-

tained experimentally.

Using lithium ferrite, a stripline circulator with ex-

tremely good temperature characteristics has been de-

veloped. With this circulator, an 18-GHz paramp cap-

able of both LHe and room-temperature operation has

been realized.

A triple-tuned paramp gain response with a band-

width of 1300 MHz at a gain of 10 dB has been obtained

using a miniature pill prong packaged varactor. Based

upon the above theory, it will be possible to obtain a

bandwidth larger than 2000 MHz with a varactor hav-

ing higher parallel resonant frequency than that de-

scribed above.

APPENDIX

INFLUENCE OF SKIN EFFECT ON VARACTOR DIODE Q

The series resistance of a GaAs mesa varactor diode

at 20 and 50 GHz has been calculated and measured.

The resistivity of the p+ and n+ layer is estimated as

1 X 10-~ !2. cm, whereas that of the n layer is estimated as

4 X 10-3 Q. cm. Therefore, skin depths at 20 GHz are

11 ~m and 22.7 ~m, and those at 50 GHz are 6.8pm and

13,6 pm, respectively. From these values and dimensions

l?~z(at 50 GHz) =138= &“’”

&,(at 20 GHz) “ ()fl

is obtained.

Fig. 16 shows measured impedance loci of a mounted

varactc,r versus bias voltage at 18.5 and 52.7 GHz [13].

From measured cutoff frequencies at these frequencies,

l?~z(at 52.7 GHz) f2 0.32

()

=1.4= —
Rs,(at 18.5 GHz) fl

is obtained.

Generally, an increase of resistance due to skin effect

is proportional to (~z~fl) 1/2, but the series resistance of

the varactor diode, as shown in the above theoretical

and measured estimations, is increased by about

(~JjJ1”. Therefore, in this paper, the optimum idler

frequency is derived for two cases, M = 2 and 3.
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