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A Positive Resistance UpXkmverter for Ultra-

LowJNoise Amplification

E. SARD, MEMBER, IEEE, B. PEYTON, MEMBER,BEE, AND S. OKWIT, FELLOW, IEEE

Absfracf—An ultra-low-noise two-channel tunable amplifier sys-

tem, operating in the 1.5 to 2.5 GHz frequency range, consisting of a

cooled positive resistance parametric up-converter followed by a

traveling-wave maser (TWM) and down-converter, has been de-

veloped. A theoretical analysis of the important operating and de-

sign parameters of the up-converter is presented and experimentally

verified. Experimental data is given on the operation of the up-

converter with the input and output ports reversed (down-converter),

and is shown to correlate with the theoretical model.

A brief discussion is presented on the TWM, and the spurious

signal considerations which govern the choice of maser center fre-

quency (up-converter output frequency). Finally, some preliminary

svstem data is given showing the low noise performance of the over-

~1 cascaded amplifier integ~ated with a 4.2°K closed-cycle refrig-

erator.

1. INTRODUCTION

A. General

D
URING the past few years the technology of

ultra-low-noise amplifiers has been in a dynamic

growth stage. The impetus to this growth has

been the constantly increasing activity in applications

such as satellite communications, deep space communi-

cations, telemetry, and radio astronomy.

Two amplifier configurations that have been actively

competing for use in these systems are the traveling-
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wave maser (TWM) and the cooled one-port parametric

amplifier. The selection of one of these amplifiers for a

given application has created many thought-provoking

questions and controversies concerning trade offs in

operating characteristics, complexity, cost, and the like.

There are so many parameters that enter into the selec-

tion that it is almost impossible to present a simple set

of criteria that will yield a satisfactory rule for the

optimum choice.

The advantages associated with the traveling-wave

maser and the parametric amplifier are relatively well-

known. For example, the maser provides:

1)

2)

3)

4)

5)

The

the ultimate in low-noise performance,

excellent stability characteristics (by virtue of the

relative insensitivity of maser gain to pump power

and frequency variations),

unconditional gain stability (resulting from iso-

lator elements integrally located in the maser

structure),

excellent intermodulation distortion character-

istics,

no burnout problems.

parametric amplifier, on

well-known advantages of:

the other hand, has the

1) providing broad instantaneous bandwidths with

relative ease (5 to 10 percent),

2) rapid and simple electronic tunability,
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3)

4)

not requiring an operating environment of liquid

helium temperatures (thus avoiding the added

complexity of a Joule–Thomson stage in the re-

frigerator),

reIative insensitivity of gain in the presence of

fluctuations in its physical temperature.

This paper describes a two-channel receiving system

that uses a unique cascaded amplifier (configuration con-

sisting of a TWfif as a second stage preceded by a low-

noise tin-o-port positive resistance parametric up-con-

verter. This combination provides the broadband

qualities and ease of tunability associated with the

parametric amplifier and the ultra-low-noise and sta-

bility characteristics associated with the TWLT.

B. Cascaded A rnplijier ConjiguYation

The amplifier configuration evolved was for a specific

application in the 1500 to 2500 MHz region, requiring

maser-like noise performance, instantaneous bandwidths

of about 70 hIHz, and wide tunability. The use of a

TWILI was precluded for such an application because

of the difficulties encountered in realizing broad in-

stantaneous bandwidths simultaneously with wide tuna-

bility (which is compounded by the low-frequency range

of interest). The use of a conventional cryogenically

cooled one-port parametric amplifier was precluded

because of the difficulties in achieving a broadband cir-

culator that operates at cryogenic ternperatu res in this

low-frequency range and the resulting degradation the

circulator would have on the overall noise performance,

gain flatness, and stability.

A block diagram of one of the channels of the cas-

caded amplifier configuration is showrl in Fig. 1. I t con-

sists of a widely tunable up-converter that provides low

noise with moderate gain over wide frequency bands.

The up-converter converts the input frequency ~1) into

a fixed output frequency (~z) by means of a variable

pump frequency (~~). The output frequency is fed into a

magnetically stagger-tuned (broadband) TWLI having

an approximate bandwidth of about 70 hIIHz. The

output of the maser is then down-converted to the

original input frequency by driving a down-converter

with the same pump source used for the up-converter.

This down-conversion technique eliminates the prob-

lems of phase and frequency instabili ties.

The advantages of this configuration are numerous,

and are described in a latter part of the text. However,

one advantage worthwhile pointing out at this time is

the versatility of the configuration. Since the converters

are relatively small, simple, inexpensive, and easily tun-

able with a solid-state pump source, ‘(plug-in” converter

heads covering different frequency ranges can readily be

adapted to the fixed-tuned maser. Thus, there exists the

possibility of an amplifier having maser-like noise per-

formance over an extremely broad frequency range at

relatively low cost.

The key to the successful realizaticm of the cascaded
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Fig. 1. Block diagram of system (one channel).

configuration is the low-noise up-converter. Conse-

quently, the major portion of this paper will concern

itself with the theoretical and experimental aspects of

the up-converter design. A brief description of the TWM

and the experimental results obtained in the cascaded

configuration operating in a 4. 2°K closed-cycle refrig-

erator are also given.

II. UP-CONVERTER AND DOWN-CONVERTER

Some of the features of a tunable parametric up-con-

verter including the effect of varactor losses have b,een

covered in a purely theoretical paper by Ma tthaei [1].

In this section, his work is extended theoretically, and

experimental results are also given. The theoretical ex-

tensions include: 1) derivation of the gain over the tun-

ing range and not just at midband, 2) derivation of the

effective input noise temperature over the tuning range,

3) discussion of the effect of, and optimization of, the

unpumped input SWR on gain, noise temperature, and

tunability, and 4) derivation of the gain and noise

temperature for operation as a down-converter.

A. Deswipfion

Figure 2 shows a lumped equivalent circuit of a bal-

anced varactor up-converter. The particular balanlced

configuration shown inherently isolates the signal input

port from both the sum output and pump ports. ‘The

latter two ports are isolated from each otlher by the

band-reject and high-pass filters shown. Additional fea-

tures include: 1) single-tuning and impedance trims-

formation at signal input and sum output frequencies,

2) broadband single-tuning at the pump frequency, and

3) provision for dc biasing of the varactors. To operate

the unit as a down-converter requires only interchang-

ing the roles of the “signal in” and ‘(sum out” ports.

Figure 3 shows the interior details of a balanced up-

converter as constructed. The GaAs varactors (modified

Sylvania type D5047B) are mounted in series across a

double-ridge waveguide dimensioned to accommodate

just the bodies of the varactors. Additional features not

specifically labeled corresponding to the equivalent cir-

cuit of Fig. 2 are: 1) the reduced-height rectangular

waveguide at the sum-port side of the unit, which serves

both as the high-pass filter and sum transformer (ad-



610 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES DECEMBER

-q-, ,, 0

-1- It-r-l

f-
+ I

BAND
PUMP REJECT PUMP IN

. TuNING FILTER
(fz1

(fp)

. 1°.

Fig, 2. Lumped equivalent circuit of balanced varactor up-converter.

Fig. 3. Breadboard up-converter.

j usted for a near match at midband), 2) the location of

the pump-port transition a half-wavelength at the sum

frequency from the end wall of the ridge waveguide,

which serves as the band-reject filter, and 3) the proper

location of the junction between the ridge and rectangu-

lar waveguides, which serves as the pump tuning. Con-

verters for the two frequency channels are identical ex-

cept in their integrated signal-bias circuits. All converter

development was done at room temperature; subse-

quent operation of the up-converter units in the 20 to

30”K range was accomplished solely by adjusting the

bias and pump power applied to the varactors,

B. Theory and Measurements

General theoretical expressions for the power gain

(both available and transducer) and the effective input

noise temperature of the up-converter vs. signal input

frequency are derived in Appendix I [see (16), (26), and

(17), respectively]. Although the derivations are im-

plicit for a single varactor design, they apply equally

well to the balanced design of Fig. 2, assuming identical

varactors. The actual unpumped SWR at signal input

and sum output ports must be used in the formulas,

however, considering that the varactors are in parallel

at the signal input frequency, and in series at the sum

output frequency. The previous general expressions

simplify greatly in the middle of the tuning range [see

(18), (28), and (19) respectively].

Generally different optimum values of the unpumped

input SWR (which depends on the signal input trans-

formation) exist to maximize the midband available

power gain or to minimize the midband effective input

noise temperature. These optimum values are, respec-

tively, (20) and (21):

d
~z

(Sl)qlt, 1 = —+1
flof20

d
~,

(sI)Opt, 2 = — + 1> (Sl)o,t, 1.

flo’

It is seen that the smaller the frequency ratio ~zo/~10, the

smaller the difference between the two optima. The

resultant maximum gain and minimum noise tempera-

ture are (22) and (23):

(’fzrj)

(ful)

(Go)rmx =
——

[d –

~ +Aofzo + %(flof,o ‘

~z ~ 1
./’20

() f;
= — ) M>> v!flofzo

Ztif lof20
1+

M

()z 2 ‘~ TD, M >>flo.

Thus, the finite figure of merit M both lowers the gain

below the ideal value equal to the frequency ratio and

raises the noise temperature above the ideal value of

zero. It is interesting to note that the minimum tem-

perature, which is independent of the pump frequency,

is identically equal to the minimum noise temperature

of a one-port difference-frequency parametric amplifier

with an optimum pump frequency [2].

An exact analysis for calculating the tunability with

a lumped, single-tuned signal input circuit is given in

Appendix II-A. A measure of the tunability, however,
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can be gotten from the approximate 3 -dB bandwidth of

the signal input circuit (45). Tunability can theoreti-

cally be increased, at the cost of greater complexity, by

using a multiple-tuned signal input circuit [1].

Table I summarizes typical predicted up-converter

performance at the middle of the twc) frequency chan-

nels. Three different values of SI, the unpumped mid-

band signal input SWR, are used for each channel to

calculate the midband effective input noise temperature

relative to the varactor temperature ( 19), the midband

available power gain (18), and the approximate frac-

tional signal circuit bandwidth (45). These values of .S1

are the value for maximum gain (20), the value for mini-

mum noise temperature (21), and the measured value

in an actual converter. Listed at the bottom of Table I

are the necessary room temperature parameter values

used in making the calculations. It can be seen that the

noise temperature and gain vary only slightly about

their optimum values, but that the signal input circuit

bandwidth (and hence, converter tunability) increases

steadily with input SWR. Generally, the two channels

are designed to achieve greater tunability at a very

slight cost in noise temperature and a slightly greater

cost in gain. For a 20 to 30”K range of up-converter

physical temperature, the predicted noise temperatures

are about 3 to 5“K, assuming no degradation in the

varactor figure of merit from its mom temperature

value. On the other hand, circuit losses, which are

neglected in Table 1, should be even less at cryogenic

temperatures.

Figure 4 shows measured transducer power gain for

both frequency channels at room temperature vs. signal

input frequency. This data was obtained from insertion-

type measurements made with a constant signal input

level from a well-matched signal generator, and a flat,

well-ma tched detector preceded by appropriate filtering

to avoid affecting the detector sensitivity with either

fundamental or second harmonic pump leakage. Both

up-converter and down-converter gain are shown. ~ Also

included is the net gain (actually a loss) of the combined

up-converter and down-converter for each channel. This

loss of about 4 to 6 dB must be made up by the maser

to achieve the desired minimum overall system gain.

Two comparisons with the theoretical performance of

Table I can be made from Fig. 4. First, the measured

midband up-converter gains are about 1 dB less than

predicted. Second, the measured tunability is somewhat

less than the approximate theoretical value indicated

by the dotted lines. Among the likely reasons for these

discrepancies are: 1) a sIight mistuning of the signal

input and sum output circuits, 2) the neglecting of cir-

cuit losses, especially bias circuit losses in Table 1, 3) not

correcting for the small output mismatch loss, 4) too

little correction for the small filter loss in the filter pre-

I At the normal cryogenic operating temperature of the up-con-
verter, the gain was about 0.3 dB less than tl~at shown in Fig. 4.

ceding the detector, and 5) the distributed n~lture of the

actual signal input circuit (with regard to the Iim ited

tunability). Other possible sources of error are iml~er-

fect flatness of the detector and a slightly hi~h estimate

of the varactor figure of merit (M= 30 GHz). Subseq-

uent measurements and calculations, however, do not

support these latter hypotheses.

For completeness, Appendix 1 also includes a deriva-

tion of gain and noise temperature for operation as a

down-converter [see (31), (32), and (33) ]. A very gen-

eral theoretical result is shown (34) for the ratio of up-

converter and down-converter transducer pc)wer gains.

This is plotted in Fig. 5 along with measured data from

Fig. 4. It is seen that the measured points generally fall

around the theoretical curve. An important fact to be

deduced from this agreement is that the detector was

indeed generally flat at the signal input and sum output

frequencies. Thus, if the detector were ti dB more sensi-

tive at ~1 than at f20, the indicated up-converter ;gain

would be low by 6 dB, and the indicated down-converter

gain would be high by ~ dB. The resultant points in

Fig. 5 would thus be generally shifted below the theoreti-

cal curve by 26 dB. Since no such shift was observed,, we

can conclude that the detector was flat as stated.

Also included in Appendix I area pair of dual relation-

ships (29) and (30) between pumped and unpumped

midband SWR at signal input and sum output ports.

Table II compares measured and theoretical values of

pumped SWR. The very good agreement evident serves

as a check on the estimated value of varactor figure of

merit (M= 30 GHz), since the theoretical values of

pumped SWR vary approximately inversely with the

square of M.

The final experimental converter data to be presented

is a plot of available pump power from a triode source

vs. pump frequency (Fig. 6). The very wicle range of

pump frequency for which the power required to p urnp

the varactors is less than 30 mW is evidence of the

broadbanding of the pump tuning. This is accomplished

by tuning as closely as possi?ie to the varactom in a very

overcoupled single-tuned circuit. 2 Of the 9-mW midr-

ange pump power required, it is estimated that only

about 2 mW is actually dissipated in the varactors.

These measurements were made at room temperature

with — 1 volt bias applied to the varactors and 1 @ of

total rectified current flowing. This operating point,

which was also used in the previously described gain and

SWR measurements, is nearly optimum at room tem-

perature in the sense that conversion gain (either up or

down) attains a broad maximum in its vicinity. The

equivalent operating point for the up-converter i>t a

physical temperature of about 25°K is near zero bias while

pumping at a level just below that which causes a barely

perceptible rectified current reading.

2 This contrasts with the multiple-tuned approach to pump tun-
ing described in Reference [1].
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Fig. 4. Converter tunability (gain vs. signal frequency at room
temperature).

TABLE I

THEORETICAL PERFORMANCE VS. SIGNAL
CIRCUIT TRANSFORMATION

flo s,
T./TD

G (theor)
I/Q,

(theor) (theor)

9.3 0.142 4.42 dB (max) 0.100
1.75 GHz j~.; (mess) 0.125 4.30dB 0.165

0.124 (rein) 4.27 dB 0.177

8.2 0.181 3.20 dB (max) 0.115
2.25 GHz 13.4 0.162 (rein) 3.10 dB 0.180

18.0 (mess) 0.167 2.94 dB 0.237

Assumed parameters: &=6 GHz, M= 30 GHz, ~.= 120 GHz,
cp/co8 = 0.5.

SIGNAL FREQUENCY IN OR OUT IN GHz

Fig. 5. Gain ratio of. up-converter and down-converter
vs. signal frequency.

TABLE II

PUMPED AND UNPUMPED S\VR Vtium

flo S, (mess) S, (mess) 5i (pumped) S, (pumped)

1
1.53 (mess) ————(mess)

1,11
1.75 GHz 16 4.7

1
1.00 (theor) — (theor)

1.28

1
1.36 (mess) — (mess)

1.33
2.25 GHz 18 5.3

1.55 (theor) 1.18 (theor)

Fig. 6. Pump power vs. pump frequency.

II 1. TRAVELING-WAVE MASER

A. General

The output signal from the varactor up-converter is

fed to the second-stage traveling-wave maser (TWM),

Fig. 1. Whereas the up-converter is a widely tunable,

low-noise low-gain amplifier, the TWM is a high-gain,

broadband low-noise amplifier. In this application, the

TWh’f is fixed tuned and the up-converter down-con-

verter combination is tuned to cover the desired fre-

quency band. The maser amplifier employs a comb-type

slow-wave structure, single crystal ruby (0= 90°) as the

active material, and YI G disk isolators for stability.

B. Selection of JJaser Frequency

Initial converter and maser design centered the sum

frequency in the C-band region. Final selection of a 6

GHz maser frequency was determined by spurious re-

sponse considerations.

Figure 7 is a generalized graphical representation of

the possible spurious responses which might be produced

as a function of signal frequency normalized to the sum

frequency. From Fig. 7, it can be seen that fl/~, = 0.25,

0.33, and 0.4 are operating points which have lower

order spurious responses. As a result, the signal bands

and sum frequency were chosen to avoid these poten-

tially troublesome modes. The signal bands were cen-

tered at 1750 and 2250 MHz and the maser (sum) fre-

quency was fixed at 6000 NIHz.

Figure 8 shows the closest lower order spurious re-

sponses for the system operating parameters as deter-

mined from Fig. 7. Only lower order signal harmonics

(I m ] <4) are considered since a low-level signal is em-

ployed. In addition, the balanced circuit configuration

of the up-converter suppresses spurious modes having

even values of n. The sum frequency operating mode

(m= 1, n =1) is shown as a solid line running from upper

left to lower right, and pump frequencies corresponding

to the two signal channels lie between the pairs of hori-

zontal slashed lines. The intersections of these slashed

lines with the 3 spurious modes shown determine the

closest potentially troublesome spurious signal re-

sponses.

C. Amplifier Characteristics

Identical low-noise TWM’s are used as the second

stage in each channel. The masers are centered near
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Fig. 9. Closed-cycle refrigerator.

6000 MHz and have a gain of 36 dB. The instantaneous

maser bandwidth is 70 MHz, and is obtained by using

transverse magnetic field staggering techniques [3], By

providing for some maser tuning, potentially trouble-

some spurious modes can be avoided and noise perfor-

mance optimized.

Ferrite (YIG) disks are incorporated into the slow-

wave structure. The disks, which have a reverse-to-

forward magnetic 10SS ratio of 35:1, have a reverse loss

of greater than 90 dB per channel—resulting in unccmdi-

tionally stable TWM’S. A pair of ITT type 2900 reflex

klystrons centered near 36 GHz are used tc) pump the

two masers. The required magnetic field of approxi-

mately 4000 gauss is provided by a conductively cc}oled

superconducting magnet. The magnet is made up of

two sections of Nb 25 Zn wire wound on an 8-inch alumi-

num form.

The TWM’s and superconducting magnet are con-

ductively cooled to approximately 4.2°K by an f4DL

Model 400 closed-cycle refrigerator (Fig. 9). The up-

converters are cooled to a temperature of approximately

27°K using the same refrigerator.

IV. COUPLED UP-CONVERTER-MASER

SYSTEM DATA

Preliminary measurements on the up-converter-maser

combinations have resulted in low-noise sys tern perfor-

mance over an 800 MHz tuning range. Figure 10 shows

the measured noise temperatures for channels I and II.

For channel 1, the measured overall noise temperature

was less than 25°K over a 200 MHz range and less than

30”K over a 325 MHz range. The dashed curve is the

measured data corrected for an estimated 8°1< contribu-

tion of the input line. For channel II, the measured clver-

all noise temperature was less than 30°K over a 250

MHz band. The original measurement for channej II

was made with a breadboard 15°K input line, but the

data has been adjusted to reflect the improved input

lines. It is expected that the noise contribution due to

the input line loss could be reduced further (3 to 5°K)

by going to larger gold plated input lines.

As expected, the minimum noise temperature for each
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Fig. 10. Measured noise temperature of up-converter maser system
vs. signal frequency (up-converter physical temperature = 30”K).

channel is at the design center of the channel. The noise

temperature degradation at the band edges is attributa-

ble to the effect of changing signal circuit impedance on

up-converter noise temperature (17), gain (16), and out-

put impedance (1 1). The latter two effects degrade the

overall noise temperature by increasing the noise con-

tributions of the maser and its input line.

The system gain is 30 dB per channel and the in-

stantaneous bandwidth is presently determined by the

maser bandwidth f =70 MHz). For applications where

larger instantaneous bandwidths are required, the TWM

could be replaced with a cooled circulator-coupled one-

port parametric amplifier with a resulting degradation

in system noise performance.

This data is still preliminary and complete system

data will be reported when it becomes available.

APPENDIX 1

POWER GAIN AND EFFECTIVE INPUT NOISE

TEMPERATURE OF LossY PARAMETRIC

CONVERTER

A. Up-Converter

The equivalent circuit of the sum frequency para-

metric up-converter including varactor loss is shown in

Fig. 11. The overall circuit is divided into five individual

networks connected in cascade. These are:

1) a Iossless network at signal input f requency ~1 that

includes the pumped average-series capacitance

Cos [1], and the parasitic reactances8 of the

varactor, as well as external reactive tuning and

impedance transforming elements. This network

is characterized by its output impedance 21 = RI

+jX1, and does not contribute directly to the gain

or noise temperature of the up-converter.

2) A network (number 1) that gives the effect of the

series varactor loss resistance (R8 at physical tem-

perature T~) at signal frequency ~1.

3) A network (number 2) that represents an ideal

Iossless up-converter with applied pump fre-

3 At the signal input frequency$ the main parasitic reactance is
the package capacitance CP.

@ ,0

x~RS; C;
OUTPUT
FREQUENCY

~ t--- -

X12X21 I
LOSSLESS

: PASSIVE 3
/; f2=fp+fl

.7 22
‘P %1,2

Fig. 11. Equivalent cascaded networks for analysis of 10SSY sum

4)

5)

frequency parametric amplifier. -

quency f,. (The XIZXZI, notation of Reference [1] is

used. ) The output impedance of network 2 is de-

noted by ZOuk,s.

A network (number 3) that gives the effect of the

series varactor loss resistance (R. at physical tem-

perature T~) at sum frequency j,.

A lossless network at sum frequency .f, that in-

cludes the pumped average series capacitance CoS

and the parasitic reactance of the varactor, as

well as external reactive tuning and impedance

transforming elements. This network is charac-

terized by its input impedance 22= Rt +jXz, and

does not contribute directly to the available power

gain or noise temperature of the up-converter.

However, any mismatch associated with im-

pedance 22 will affect the maser second stage con-

tribution to the overall system gain and noise tem-

perature.

Attention will be fixed on a constant midband output

sum frequency ~2 =f20, corresponding to the center fre-

quency of the relatively narrow-band second stage. For

this condition, 22= R20 +jO. Then, as the up-converter

pump frequency VP) is varied, the available power gain

(G) and the effective input noise temperature (T,) of the

up-converter will be determined as functions of the vari-

able signal frequency fl by using the cascaded network

relations [4]:

G = G1G2Ga (1)

T.S
T.=Tel+~+—.

G1G2
(2)

In (1) and (2), the effective input noise temperature T.

is related to the noise factor F and the reference tem-

perature TO by

T. = @ – 1) To, (3)

and subscripts 1 through 3 refer to the corresponding

networks in Fig. 11.

Next, consider the individual networks 1 through 3.

From the definitions in Reference [4], it is readily shown

for network 1 that

()
s, ~

Rlo
G1 =

()

(4)

Sl; +1
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(5)

From

(lo)

the impedance inverting property of the Iossless
where

up-converter [1], the output impedance of network 2 is

S, (parameter Tin Reference [:[]) = ~ (6)
a

and RIO is the midband (that is, center of the tuning

range) value of RI. Note that since the midband value of

Xl= Xlo = O, SI is the unpumped mid band input SWR

that would be measured with the varactor biased for

a small-signal capacitance equal to COS.4

From the LIanIey-Rowe basic power relations [5],

and neglecting possible noise sources such as shot noise,

we obtain for network 2
where

M (varactor figure of merit) = ~.
(

~)1 ) (12)

For network 3, in a manner analogous to that for net-

work 1, we obtain ~. (varactor cutoff frequency) = *O;, (13)

4 8
1

GS =

R,
(9)

l-t--
and C1/CO = varactor capacitance nonlinearity [1 ].

Re [Zou,, ~] Equations (9) and (10) thus become

%[s+%)+ll
‘3=%[s’(-2)+’1+[s’(-2)+17 +[%1

{[s’(-2)+112+[3}’”
T.a = —

%[s’(2)+’1“

(14)

(1s)

Finally, the desired results for gain and noise tem-

perature are obtained by substituting (4), (!$), (7), (8),

(14), and (15), into (1) and (2). The results are

j20()
c.

.I
(16)

1 [--1

][’+%${’G3+1}[1+ [S,(;);q
l+——

()
‘l ;;

II

,-. ,

(17)

4 It is assumed that the usual condition RM/R, >1 is satisfied.
Otherwise, the input SWR equals l/S~.
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Under midband conditions (jl =~lo, R1 =R1o, XI= 0),

(16) and (17) reduce to5

(ho)

‘0=[’+;I[’%-+J ’18)

It can be seen that optimum values of S1 exist to maxi-

mize the midband gain or to minimize the midband

noise temperature. These values are, respectively,

d
~,

(Sl)opt, 1 = —+1

.flnf20

(20)

and

(.s,)..,, , =
d

~ + 1> (Sl)o,t, 1. (21)
flo’

The corresponding values of maximum midband gain

and minimum midband noise temperature are

/’&)

\f,o)

(GJm,x =

[d––

(22)
~ + flofzo + <flofzo 2

&r2 ~— 1

flo –—7

( )(d

(~e,O)mi. = a ~

~lflo ~f~TD

)
J4-2 J/f “

(23)

It is also of interest to derive the transducer power

gain G~ with the actual load and express the result as a

function of unpumped midband output SWR. The

transducer gain is related to the available power gain by

G, = [1 – ] r..,, 312]G (24)

where 170.fi, s, the reflection coefficient at the output of

network 3, is given by [6].

Z2 – (R, + -z&t, 2)*
rout, s = (25)

22 + R. + ZOut, ,

Substitution of (11) and (25) into (24) then gives

where S2, the unpumped midband output SWR (analo-

gOUS to & the unpumped midband input SWR), is

S*=+. (27)
s

At midband, the transducer power gain reduces to

/flo/
Gt,o = —.

[

2
(28)

~+ (s, + 1)(s2+ 1)
flofzo 1

An interesting dual relationship exists between the

pumped and unpumped midband SWR at the input and

output ports. From (25) and (11), the pumped midband

output SWR isb

1 + I rout,3\o
(S,),umped=

1 — ] rout,3]o

. 1+(4(S%)’29)
Similarly, the pumped midband input SWR can be

derived, and is

(Sl)pu,n.ed= ‘+(:;(++“ ’30)
B. Down-Converter

For the dovm-converter, the equivalent circuit of Fig.

11 applies with the input signal frequency (jZo) applied

to the port marked “load” and the output signal fre-

quency (fl) taken from the port marked “source.”

Analyzing exactly as in Part A leads to the following

results for available power gain (actually a loss) and

effective input noise temperature:

()
G=

f;

[’+;1[1:

<1
f lf20

1

(31)

~ (s2 + 1)

T.=T: I+*(S2+ 1)2].
S2 [

(32)

4-2)(2
“={%+[s’(::)+ll’s’+ 1’}2+ {(s2+1)(32

(26)

6 It is assumed that (S~)~u~ped > 1; otherwise the pumped midband
5 Equation (18) is the same as (28) of Reference [1], (f10f20/lW2=V2). output SWR equals 1/(~2)pumped, and similarly f Or (sl)~”~~.d.
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Note that, at midband, these formulas are the same as Ro

for the up-converter (18) and (19) with ~lo and .f20 as
R, = —————— ———

(1 – (.o1’LICP)’ + U1’CP’R02
(35)

well as S1 and Sz interchanged.

It is also of interest to derive the transducer power WII. I — UICP(ROZ + C012L12)
.~”l = –:– (36)

gain for the down-converter. In a manner similar to that (1 – @LICP)2 + O)lZCP~Ro~ ‘- ~ ,COS
used for the up-converter in Part A, the transducer gain

for the down-converter is found to be where the angular signal frequency U1 = 2~fl.

4s4+3(:)2 —.
“={%+-[s’(::)+11’s2 +1’}2+ b+%)}’ “

(.z.z\,-=,

Comparing (33) and (26) leads to the interesting general

result that the ratio of the transducer power gains for

the same non inverting Iossy parametric converter op-

erated as an up-converter or as a down-converter is inde-

pendent of everything except the frecluencies involved:

(GJuc

0

f20 ‘
— .—

(G~)Dc f I “

(34)

APPENDIX 11

APPLICATION TO A LUMPED, SINGLE-TUNED

SIGNAL INPUT CIRCU.[T

Calculation of the up-converter gain and noise tem-

perature performance over a range of signal frequencies

using the results of Appendix I, requires a knowledge of

the specific signal circuit through the parameters RI and

XI [see (16), (17), and (26)]. The simplest signal circuit

to analyze (and also to build) is the Iulmped single-tuned

circuit (Fig. 12). Included in Fig. l;! are the pumped

A similar procedure gives relations for the generator

resistance and tuning inductance to satisfy the midband

conditions (RI = R1o = S& and Xl= O at al =alO):

where

()“flo
Do = L.J10C08R10= ‘1 — .

f,
(39)

Substitution of (37) and (38) into (35) and (36) then

gives desired result (after much algebraic manipulation),

R, (1+:Y+(%YDG2
—— . ———— (40)
RIO

[ ‘+:-:( f~-’)(’+:+%”’)l +(iY(2)D’

XJ M%’H[1+%13-(33D04 -%[tw+%l[1+3’+Do2dl .,41,
—

R. –

[ 1+%-:( 5-l)(l+%+%D0’)I+ KY(:)D’2

average series varactor capacitance CO’, a lumped tun-

ing inductance Ll, the effective generator resistance Ro,

and (because of its importance) the varactor package

capacitance CP. This circuit has been analyzed exactly

and approximately.

A. Exact Analysis

Straightforward network analysis gives (after some

algebraic manipulation) for the real and imaginary parts

of the effective signal source impedance ZI = RI +j.Yl,

-_A~f;:
II‘b.2.

Fig. 12. Lumped single-tuned signal circuit.



IEEE TRANSACTIONSON MICROWAVE THEORY AND TECHNIQUES,VOL. MTT-14, NO. 12, DECEMBER, 1966618

Exact

signal

calculations of gain and noise temperature vs.

input frequency can then be made using (40),

(41), (16~, (17), and (26).

B. Approximate Analysis

For the approximate analysis, the assumption is made

that the tuning range of signal input frequency is

roughly equal to the loaded signal circuit 3-d B band-

width. This bandwidth is in turn calculated approxi-

mately as follows. The complete signal circuit loop

impedance in Fig. 11 is

Z,OOP = ZI + R, = RI + R, + jXI. (42)

The fractional loaded signal circuit 3-dB bandwidth is

then

(Aj,)t clB 1 2(R1o + RJ
~,. =Z=

()

d.Yl “
~lo —

awl u~=6J*~

From (41) and (6), (43) becomes

flo(sl+l)

f.

(43)

(44)

A further approximation can be made if UIOCPRIO<<l

+ (@’C~s) and DO< 1, namely

(Af,)a .B ~ flo(sl + 1)

f 10 Cp “

)
fc(l +-&

(45)

ACKNOWLEDGMENT

The authors wish to thank P. Lombardo and J. De-

Gruyl for technical discussions on the design of the con-

verter and maser, respectively. They also wish to thank

J. Wolczok, R. Lange, A. Kunze, E. Barnell, and

H. Gable for their technical assistance.

[1]

[2]

[3]

[4]

[5]

[6]

REFERENCES

G. L. Matthaei, “Design theory of up-converters for use as
electronically-tunable filters, ” IRE Trans. on Microwave Theory
and Teclmz@es, vol. MTT-9, pp. 425–435, September 1961.
J. C. Greene and E. IV. Sard, “Optimum noise and gain-band-
width performance for a practical one-port parametric amplifier, ”
Proc. IRE, vol. 48, pp. 1583–1590, September 1960.
J. A. De Gruyl, S. Okwit, and J. G, Smith, “Techniques for pro-
viding TWM’s with wide instantaneous bandwidths, ” 1965
G-MTT Symp. Digest, pp. 193-197.
H. T. Friis, “Noise figures of radio receivers, ” Proc. IRE, vol. 32,
PP. 419–422, July 1944.
J. M. Manley and H. E. Rowe, ‘[Some general properties of non-
linear elements. Part I, General energy relations,” Proc. IRE, vol.
44, pp. 904-913, July 1956.
H. W. Bode, Network Analysis and Feedback Amplifier Design,
New York: Van Nostrand, 1945, p, 364.

Improved Intermodulation Rejection in Mixers

J. H. LEPOFF, SENIOR MEMBER, IEEE, AND A. M. COWLEY, MEMBER, IEEE

Abstract—Intermodulation is one of the most pernicious forms

of spurious response in superheterodyne receivers. Thk type of in-

terference cannot be completely eliminated by narrowband filters.

Improvements in receiver performance can be made only by im-

proving and making more effective use of the mixing element.

Intermodulation results from terms of higher order than two in

the v-i power series expansion about the dc operating point of the

mixing element. The magnitude of these higher order terms must be

reduced in order to improve intermodulation rejection. In the work

described in this paper, it has been observed that such a reduction

in higher order terms can be obtained by proper design of the mixing

element and by a proper choice of dc operating point.

More than 80 dB intermodulation rejection was obtained with a

single ended hot carrier diode mixer. Best performance is obtained

by operating two hot carrier diodes at different operating points in a

balanced mixer arrangement. Intermodulation ratios greater than

100 dB have been measured for this operating mode. Optimization of

performance for IM rejection has little effect on sensitivity or re-

jection of other spurious responses.

Manuscript received June 13, 1966; revised August 2, 1966. This
work was supported by the U. S. Air Force Systems Command under
Contract AF 33 (615)-2600.

The authors are with -hp- Associates, Palo Alto, Calif.

A new mixing element, the space-charge-limited resistor (SCLR),

was designed to miniiize the higher order terms in the current

function. A balanced mixer provided the best performance with

these mixing elements also. Intermodulation from +5 dBm inputs

can be rejected below the mixer noise level. Early models of this

device are not as sensitive as hot carrier mixers, but improvement

appears to be possible.

INTRODUCTION

T

HE INCREASING spectrum density of electro-

magnetic radiation has stimulated an interest in

receivers which do not respond to signals which

are not separated from the local oscillator frequency by

the intermediate frequency. Such spurious responses

result from combinations of harmonics of incoming sig-

nals with harmonics of the local oscillator. The general

expression for two spurious input frequencies, fl and fz,

is

mf Y — nfl = PfLO i flF.


