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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=
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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 “

)
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(45)
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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
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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.
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iNarrowband receivers can be protected from many

of these responses by preselector filters, For example, a

common interference problem involves spurious inputs

separated from the local oscillator frequency by sub-

multiple of the intermediate frequency. That is, w = O

and m = p. The strongest response of this type is sep-

arated from the tuned frequency of the receiver by half

the intermediate frequency and can be rejected by a

properly designed filter. Other responses may be closer

to the tuned frequency, but the amplitude decreases

so that the filter design remains feasible.

The intermodulation response, however, cannot be

eliminated in this manner. This response is the result of

the second harmonic of one input signal mixing with the

fundamental of another input signal and the local oscil-

lator. That is, m = 2 and n=@= 1, or 2f.z –fl =fo where

f, is the tuned frequency of the receiver.

Since this relationship is satisfied for fl =fo+26 and

~, =f,+~ for any value of ~, the two spurious inputs may

be arbitrarily close to the tuned frequency of the re-

ceiver. A typical mixer will respond to spurious inputs

more than 50 dB above a desired signal. The techniques

described below extend intermodula tion rejection to

100 dB.

OPTO-ELECTRONIC hfIXING

The production of a difference frequency from two

other frequencies in a mixer requires the multiplication

of these frequencies. In a conventional mixer, this multi-

plication occurs in the cross products when the sum of

the two frequencies is raised to the second or higher

power. Intermodulation involves the sum of three fre-

quencies, and the intermediate frequency results when

this sum is raised to the fourth or higher power. In a

photoconductor, mixing can result from a direct multi-

plication by modulating the conductance with one fre-

quency and supplying the other frequency to the photo-

conductor circuit. 2 If the current is linearly related to

the voltage across the photoconductc,r, the mixing will

be free of spurious responses. An investigation of this de-

vice shows that there is a third-order term in the cur-

rent function, which introduces intermodulation. The

current is proportional to the number of carriers and the

carrier velocity. The number of carriers is related to the

illumination of the photoconductor so that the local

oscillator frequency may be introduced by modulating

this illumination. The carrier velocity is the product of

carrier mobility and electric field strength. By modulat-

ing the electric field strength, the required multiplica-

tion may be obtained. Unfortunately, the mobility is a

function of the square of electric field strength.3 This

1 R. Nitzberg, “Spurious frequency rejection, ” IEEE Trans.
on Electromagnetic Compatibility y, vol. Eh’f C-6, pp. 33–36, January
1964.

2 Coleman et al., “Mixing and detection of coherent light in a
bulk photoconductor, ” IEEE Trans. on Electron Devices, vol. ED-11,
pp. 488–497, November 1964.

? M. A. C. S. Brown, “Deviations from Ohm’s law in germanium
and silicon, ” J. Phys. Chem. Solids, vol. 19, nos. 3/4, pp. 218-227,
1961.

relationship introduces a cubic term which combines

with the conductivity factor to introduce a serious

intermodulation component. The current expression is

I = GoV(l – bV2)

where GO is proportional to the product of light intensity

@ and photoconductor lifetime r, and b is related tcl the

nonlinearity coefficient of the mobility. Interrnodula.tion

specification puts a lower limit on the product @-, and

sensitivity puts an upper limit on ti~, where a is the

local oscillator frequency. The combination establishes

a minimum requirement for the light intensity on the

photoconductor. A sensitivity of – 100 dBm and inter-

modulation rejection of 100 dB require @ > 4.5X 1018

photons per second or one watt of light intensity for a

400 lblHz local oscillator frequency. Even more light is

required at higher frequencies. Other mixing devices ap-

pear to be more suitable for improved spurious suppres-

sion at this time.

SPACE-CHARGE-LIMITED RESISTOR

Since intermodulation requires the fourth or higher

powers of voltage in a conventional mixer, the ideal

mixing element would have no terms abov,e the t bird

power in the expansion of the current function. The

space-charge-limited resistor4 is basically a square-law

device, although the variation of mobility with electric

field introduces small third - and fourth-order terms.

This device is made from n-type silicon with very high

resistivity (10 000 ohm-cm) and good ohmic contalcts.

The conversion efficiency of this device is limited lby a

linear term which behaves like series resistance in a {con-

ventional mixer diode. The effect of this term is minim-

ized by using high resistivity and a thin layer of silicon.

A mixer using space-charge-limited resistors was built

and did provide excellent rejection of interrnodulation.

Spurious input levels of one milliwatt were necessary to

produce intermodulation above the noise level in a

single ended mixer. In a balanced mixer, 10 milliwatt

input signals were rejected below the noise level. The

phenomenon of intermodulation rejection in a balanced

mixer is discussed below.

Although the space-charge-limited resistor has excel-

lent intermodulation rejection capabilities, it is not a

satisfactory mixer at this time because its sensitivity is

30 dB worse than that of a hot carrier diode mixer. The-

oretical studies5 predict a noise temperature less than

unity, but preliminary measurements of sensitivity and

conversion efficiency indicate that most of the sensitiv-

ity loss is due to a high noise level.

J A. M. Cowley and H. O. Sorensen, “Quantitative comparison
of solid-state microwave detectors, ” presegted at the 1966 IEEE
Internat’1 Microwave Symp., Palo Alto, Cahf.

5 A. Van der Ziel, “LOW frequency noise suppression in space-
charge limited solid-state diodes, ” Solid-State Electronics, v ~ol. 9,
pp. 12.3-127, 1966.
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Fig. 1. Current response of a hot carrier diode,

HOT CARRIER DIODE

The current response of a typical hot carrier diode is

shown in Fig. 1. The top curve is calculated from the

expression

I
; = ~$ #(o-2’R8) — 1

1

with the saturation current i,, the series resistance R,,

and the constant ~, chosen to fit the experimental data

at low values of current. At higher current levels, the

response drops below the theoretical curve. This is due

to the fact that mobility is a decreasing function of

electric field strength, so that the series resistance in-

creases with current, instead of remaining constant as

assumed in the theoretical curve. At still higher voltages,

the current will tend to saturate at a value determined

by the scatter limited velocity of majority carriers in

the semiconductor.5

Since the current drops below the exponential value,

the higher order terms in the Taylor expansion should

be decreased with a resultant improvement in inter-

modulation rejection at high local oscillator drive levels.

This is a further enhancement of performance by higher

power in addition to that predicted for exponential di-

odes. 7Figure 2 shows the intermodulation characteristics

of a single ended hot carrier diode mixer. With 50 milli-

watts of local oscillator drive and optimum bias setting,

the intermodulation ratio is better than 80 dB. This is

the ratio of spurious input power to desired input power

for the same output level, 10 dB above the noise.

e A. C. Prior, “The field dependence of carrier mobility in silicon
and germanium, ” 1. Phjs. Chem. Solids, vol. 12, pp. 175-180, 1959.

7 L. Becker and R. L. Ernst, “Nonlinear-admittance mixers, ”
RCA Rev., vol. 25, pp. 662–691, December 1964.

Fig. 2. Intermodulation response of singled ended
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Fig. 3. Intermodulation rejection in a balanced mixer.

Better results are obtained when a balanced mixer is

used. Figure 3 shows the intermodulation characteristics

of a hot carrier balanced mixer with more than 100 dB

of intermodulation rejection. Above + 18 dBm of local

oscillator power, the maximum input power of 5 milli-

watts was used and the intermodulation was below the

noise level. In the single ended mixer characteristic the

slope of the intermodulation vs. local oscillator power

curve is 2, while in the balanced mixer case the slope is

about 20.

ANALYSIS OF SPURIOUS REJECTION IN

BALANCED h’lI~ERS

The cancellation of intermodulation in a balanced

mixer is an apparent contradiction of balanced mixer

theory, which predicts summation of this responses

Cancellation indicates the presence of an additional

phase reversal between the intermediate frequency out-

puts of the two diodes. If most of the intermodulation

is produced by a particular higher order term in the

8 J. H. Lepoff, “Spurious responses in superheterodyne receivers, ”
Microwave J., vol. 5, pp. 95–98, June 1962.
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Taylor expansion of the current function, the required

phase change is equivalent to a change in sign of the

coefficient in question, Assuming that the fourth- and

sixth-order terms are responsible for intermodulation,

Fig. 4 shows how the coefficients might vary with bias

to produce a better intermodulation ratio in a balanced

mixer than in a single ended mixer. 13ias points T71, T’z,

and T~~ could produce I NI reduction in single ended

mixer operation, since they all minimize one of the even-

order coefficients. In balanced mixer operation, selection

of bias points 171 and l~z provides both minimization of

kl, and cancellation of the I fil response due to k6.

It now remains to be shown that some current func-

tion ~(zI) can actually produce the type of behavior de-

picted in Fig. 4. The following simple anal~-sis shows

that in fact such a current function cloes exist. Given a

function ~(ti), the fourth- and sixth-order coefficients in

the series expansion about a bias V aLre as follows:

1 /j4f

k4=— —

4! dvd ,V
= +f(4)(v)

1 d’j
k,=—— =~ ~, .f(’)w).

6! dv6 J7.

(1)

(2)

The coefficients k4 and k6 are evidently related by the

equation

1 d’kd
k6=— —

30 dVz “
(3)

Let us postulate that k6 is a linear function of bias V.

This is the simplest function for kG that can satisfy our

requirements; we will find, as a result of the analysis to

follow, that this choice does not explain the experimental

results, and that a slightly more complicated form must

be used. The approach leading to this result is interest-

ing, however, and will be reproduced here. By (3), kl

must be a cubic in ?~ if k6 is linear; and k4 can be ex-

pressed as follows:

kl = (V – rJ(V – YJ(V – r,) (4J

where Y1, 72, and r~ will be determined by the require-

ment that ke have equal but opposite values at two of

the roots of kl, say Y1 and Y2. Differentiating (4) twice

yields, after rearrangement:

( ?’1 + I’2 + ;7’3

)

k’=; v– ~ –. (5)

MTe now require

Combining (5) and (6), we can solve for ra:

rl + Y2
f-.3= — .

2
(7)

Fig, 4. Desired variation of coefficient values with dc bias. This
qwditative behavior is necessary to explain I N[ reduction in
single-ended mixer operation, and I M cancellation and reduction
in balanced mixer operation.

the two roots at which we required k6 to have equal and

opposite values. Substitution of (7) into (5) gives

= :(V– ?’3), (8)

i.e., the single root of kc automatically y turns out to be

the same as one of the roots of k4. If this were the calse in

an actual mixer element, one could bias the device at

~~= ra and simultaneously eliminate ki and kG, the dom-

inant terms in the production of the ILI response under

consideration, and so no improvement over single-

ended operation would be expected.

The identical root for k4 and k6 is an unavoidable

consequence of the choice of a linear function for k~’; a

slightly more complicated function of V for k6 leads to

an explanation of the observed results. If we choose for

ke a quadratic function of T’, then k~ lmust have the form

kd = (V – rI)(V – v,)(V – Y,, )(V – r,). (9)

Differentiating twice, we obtain for k6

+ (v – ?’,)(V – 7’,) + (v – ?’,)(I” – Y,)

+ (v– m)(v - ?’4) + (v –73)(V –74)1. (10)

Requiring kd(rJ = – kO(YJ yields the equation

2(?’1 – ?’,)~ + (?’1 – 7,)(71 – ?’4)

+ (f’, – ?’,)(?2 – r.,) = o. (11)

Thus, ~,, ~,, and Y3 may- be chosen arbitrarily, and (11)

determines r~. For illustrative purposes we may choose

?’] = 1, Y2 = 2> ?’? = 3.

Solving (11) yields rl = ~, so the complete expression for

k4, including an arbitrary multiplying factclr, is

Equation (7) states that imposing condition (6) on kb

forces the third root of kl to be the arithmetic mean of
k4=; (v–l)(v –2)(v–3)(V –:). (12)
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Fig. 5. The current function j(o) whi~h gives the coefficients :hown
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Fig. 6. Variation of k k(, and ke, with bias voltage V for VI= 1,
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Four successive integrations of k, with respect to V yield

the original current function ~( V):

J-(v) = 4! S.(SSk, dV. (13)

Substitution of (12) for k,, and arbitrarily choosing all

constants of integration to be unity, yields

(V)=v++++v’+:v’-: V’++v’
1

— ;4 VT+
(35) (4s,) (4) ‘8

and

k’ = +6 (V – 2.19)(V – 1.14).

(14)

(15)

The function j( 1’) is plotted in Fig. 5, and k~ and k’ are

plotted in Fig. 6. Examination of Fig. 5 discloses a form

which is qualitatively similar to the hot carrier diode cur-

rent function. An important feature is that the charac-

teristic departs from exponential in the region of high

bias; this condition is necessary for coefficient cancella-

tion, and it is of interest to note that measured dc char-

acteristics of hot carrier and point-contact diodes show

—

—

+

TEMPERATURE ‘C

60

Fig. 7. Temperature dependence of spurious rejection by a hot
carrier mixer.

this effect, as exemplified by Fig. 1. It is not difficult

to see that pure exponential behavior will produce

neither the desired cancellation nor nulling effect.

Referring to Fig. 6, we see that kl and ko indeed ex-

hibit the desired behavior at V= 1 and V= 2; k’ be-

comes zero at both points, and k6 has exactly equal and

opposite values. Since the behavior of the desired IF

response must also be known as a function of bias, kz has

been calculated and plotted. For a given LO drive and

desired signal input power, IF response is mainly de-

pendent on kz; examination of Fig. 6 shows that kz does

not change by more than a factor of 3 in the region O < T7

<2.5. Thus, the sensitivity of our fictitious mixer ele-

ment would not be changed by more than a few dB by

adjustment of the bias for maximum I NI rejection.

Variation of ambient temperature has little effect on

noise figure of a hot carrier diode mixer. A temperature

range of 100”C produces less than 0.5 dB change of noise

figure. Figure 7 shows the temperature sensitivity of the

intermodulation characteristic, Rejection remains high

for a 25°C range. Operation over wider temperature

ranges may be possible by using thermistors in the bias

circuit.

CO~CLUSION

A technique has been described for improving the

intermodulation rejection characteristics of mixers by

more than 50 dB. Table I summarizes the results. The

technique involves the operation of a balanced mixer

with the two mixing elements at different bias points.

The analysis involves control over the coefficients in the

Taylor expansion of the current function. Experimental

evidence is described for mixers using space-charge-

limited resistors and hot carrier diodes. The analysis is

applicable to other mixing devices and has been success-

fully applied to the insulated gate field effect transistor,

for example.
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TABLE I
The measurements described were made in the 200

Intermodulation Rejection (dB)
NIHz region, but the technique is applicable at an:( fre-

——.— quency range where similar mixing devices are available.
Conventional Operation 50

New Technique ACKNOWLEDGMENT
Single Diode 80

The authors are grateful to S. Krakauer for valuable

New Technique suggestions during the course of this work, and for criti-
Balanced iJIixer 100

—— .— cal reading of the manuscript.

Accurate Phawe-Length Measurements of Large

IVIicrowave Networks

J. WEAVER, MEMBER, IEEE, AND R. ALVAREZ, MEMBER, IEEE

Absfract-The Stanford two-mile linear accelerator uses 240,

single-input-port, four output-port, S-band, rectangular-waveguide

networks to feed RF energy sixty to seventy feet from the klystrons

above ground to ten-foot-long, disk-lea ~ed, circular-waveguide, ac-

celerator sections below ground. During installation it is necessary
to permanently adjust the phase lengths of the four network branches
to be within +4.5 electrical degrees of the design lengths for RF

wave and electron beam synchronization.

A modulated reflection phase-length comparison method is used,

whereby a small signal is sent into each branch and reflected, in

turn, by a diode switch, which is turned on and off at a 1 kHz rate.

A null occurs in the amplitude modulation of the sum of a large

reference signal and the small reflected signal, when the two signals

are nearly in-phase quadrature. The reflectors are placed so that the

network branches are properly adjusted when the nulls from all

branches occur for the same setting of a variabl[e phase shifter in the

measurement line.

Small mismatches and multiple power divisions do not affect the

accuracy of thk method. Frequency, temperature, and air pressure

are the main environmental conditions affecting the measurement

and are discussed along with the design of the reflecting diode

switch, which is mounted in a vacuum-sealed waveguide flange.

I. INTRODUCTION

o

~TEhT THJZ accurate measurement of electrical

phase lengths is necessary in the design of rnicro-

\vave circuits. For numerous components and

devices, a short length of transmission line is needed to

act as a transformer to match two impedances. In other

cases, where the load and the generator are matched

already to the characteristic impedance of the trans-

mission line, but the generator feeds several output

Manuscript received lblay 31, 1966; revised August 29:1966. This
work was supported by the U. S. Atomic Energy Commission.

The authors are with the Linear Accelerator Center, Stanford
University, Stanford, Calif.

ports, it may be important that the signals arrive at the

respective ports with specific time delays or phase rela-

tionships. The system described below is clesigned to

measure this latter type of network.

The method used to make an electrical phase-length

measurement depends upon the type of network. F!ela-

tive or comparison phase-length measurements gener-

ally are easier to make than absolute phase-length

measurements, m-hich may require detailed knowledge

of the device’s phase vs. frequency response, Thus, the

phase length usually is determined by comparison with

a similar, known or reference phase length in conj unc-

tion with an accurately calibrated, variable p base

shifter.

The device to be measured may be inserted into the

measurement circuit, so that the test signal either is

transmitted through the device, or sent through the de-

vice and reflected back through it by a reflector on the

output. A reflection method measures twice the length,

and thus half-cycle phase length differences appear as

full-cycle phase shifts. This phase ambiguity in klrge

networks, with uncertain phase-frequency character-

istics, is not resolvable simply by measuring the phase

length at several frequencies. A transmission phase

measurement method for a large network usually re-

quires that a long phase-stable return path be provided

from the output port of the network back tcl the phase

measurement system. Often with both methods, effects

due to small undesired CW reflections and unequal cir-

cuit attenuation can be minimized by modulating the

signal. A more complete discussion of various phase-

length measuring techniques is given by Lacy, and

others [1]–[7].


