
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-33, NO. 11, NOVEMBER1985 1249

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

NF 30-1700 MHz Feedback Amplifier,” 1983 Int. Solid-State Circuzts

Conj Dtg., New York, Feb. 1983, pp. 194-195.

K. B. Niclas, W, T. Wilser, R. B. Gold, and W. R. Hitchens, “The

Matched Feedback Amplifier: Ultra-Band Microwave Amplification with

GaAs MESFET’S,” IEEE Trans. Mlcrowaue Theoq Tech., vol. MTT-28,

no. 4, pp 285–294, April 1980.

K. B. Niclas and W. T. Wilser, “A 2- 12-GHz feedback amplifler in

GaAs~ 1981 IEEE MIT Int. Mw-owaue Syrrp,, Los Angeles, CA, June

1981, pp. 356-358,

P. A. Terzian, D, B. Clark, and R. W. Waugh, “Broad-Band GaAs

monohthic amplifier using negative feedback,” IEEE Tram, MLcrowrue

Theory Tech., vol. 30, no. 11, pp. 2017-2020, NOV. 1982,

P. N. Rigby, J, R. Suffolk, and R. S. Pengelly, “ Broadbaud monobthic

low-noise feedback amplifiers,” IEEE Microwave and Mdhmeter- Wave

Monohthxs Cuzuzts Symp. Dzg,, Boston, MA, May 1983, pp. 71-75.

A. M. Pawo, S, D. McCarter, and P. Saunrer, “A monolithic multl-stage

6–1 8-GHz feedback amplifier; IEEE 1984 Mzcrowat,e and Mdhmeter

Wave Monohthzcs Cvcuus Symp., San Francisco, CA, May 1984, pp.

45-48.

R. Vaitkus and D. Scheitlin, “A two-tier deembeddlng technrque for

packaged transistors,” 1982 IEEE MTT Int. Mmrowaue Symp., Dallas.

TX, June 1982, pp. 328-330.

J. S. Barrera and R. J Archer, “ InP Schottky-Gate field-effect traw

sisters,” IEEE Trans. Electron Deutces, vol. ED-22, no. 11, pp.

1023–1030, Nov. 1975,

R. A. Pucel, H. A. Haus, and H Stotz, “Signal and noise properties of

gallium arsenide microwave field-effect transistors,” A dvrmces Electromcs

Electron Phys,, vol 38, pp. 195-265, 1975.

H. Fukui, “Design of microwave GaAs MESFETS for broadband low-

noise amplifiers.” IEEE Trans. Mzcrowat,e Theory Tech., vol. MT”I-27,

pp. 643–650, July, 1979.

H. Fukui. Addendurn to “Design of microwave GaAs MESFETS for

broadband low-noise arnpliflers,” IEEE Trans. Mwrowave Theory Tech,,

vol. MTT-29, no. 10, p. 1119, Oct. 1981.
C. E. Weitzel. W, Paulson, D. Scheithn. and R. Vaitkus, “Dual-Gate
GaAs MESFETS: A low-noise alternative to MOSFETS at 1000 MHz:

Mlcrowuves RF, vol. 23, no, 4, pp. 120-132, Aprd 1984.

Homodyne and Heterodyne Studies of GaAs and InP

Millimeter-Wave GUNN Mixers

F.R. PANTOJA

Abstract —Detailed investigations of both homodyne and heterodyne

self-oscillating mixers have been conducted. The active devices were GaAs

and InP Gunn diodes, operating in the frequency region of 94 GHz. In

addition to the fourfold comparisons of GaAs and InP homogyne and

heterodyne mixers, finer comparisons were made with recently developed

diode structures. The InP diodes were of two type= either n+ -n-n+

sandwich, or n-n+ with a current-limiting cathode contact. The GRAS

diodes were of n+ -n-n+ sandwich structure.

Sensitivity of – 80 dBm (homodyne) at a few hundred hertz beat

frequency was obtained with InP n+ -n-n+ diodes. These results were of the

order of 6 dB better than those with GaAs n+ -n-n+ and InP n-n+ diodes.

With heterodyne, the InP n+ -n-n+ gave sensitivity approacfdng -90 dBm

with intermediate frequency at 70 MHz and an IF bandwidth of 33 MHz,

which constituted a superiority of 10 dB over the other two diode types.

I. INTRODUCTION

Interest in millimeter-wave self-oscillating mixers has been on

the increase in recent years [1]–[5] mainly because of the high

bum-out power limit, ruggedness, low cost, and comparatively

simple circuitry for signal processing. Moreover, the advent of

high-frequency GRAS and InP Gunn diodes has brought consid-

erable innovation to the materials technologies and device struc-

tures in order to meet the requirements of efficiency and high
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powers for millimeter-wave generation using solid-state devices

[6], [7].

It is, therefore, the main purpose of this paper to report a

comparative study of some of the new device features in homo-

dyne and heterodyne self-oscillating mixers around 94 GHz, since

it is -to be ascertained whether reasonable performances could be

achieved with these recent devices.

II. GUNN DEVICE CHARACTERISTICS

The GRAS Gunn diodes were made by the vapor-phase epitaxy

(VPE) technique using arsenic trichloride, and consisted of three-

layer structures: n+-n-n+ with integral heat sink. The active

region presented a carrier density of 7X1015 to 1.2X 1016 atoms

cm–3 with an active distance between 2.0 and 3.0 pm. The total

GRAS thickness was 10 to 12pm, and a Ni/Ge/Au metal scheme

was used to provide the ohmic contacts, with specific resistance

within 1 to 3 X 10-6 . cm2 [6], [9].

Measurements carried out of power and conversion efficiency

showed that the devices used in the experiments delivered typi-

cally 12 mW at about 1 percent efficiency at 94 GHz.

The InP Gunn diodes were of two types: 1) a two-layer

structure of n-n+ with a current limiting cathode contact, and 2)

a three-layer structure of n ‘-n-n +. Both types of InP diodes were

also fabricated by the VPE process, using phosphorous trichlo-

ride, iridium, and hydrogen. They were of the integral heat-sinlc-

type. The active regions had carrier concentration of 6 to 8 X 10]5

atoms cm – 3 with active layer thicknesses from 1.5 to 2.5 pm. The

total InP thickness was of the order of 20 pm for the InP n-n+

devices. Contacts for the InP were of a similar metal scheme to

those described for the GRAS diodes [10]. The main difference

between the two types of l[nP devices was the presence of a

current-limiting cathode contact which controls the injection of

carriers into the active layer. The 1– V characteristics of the InP

n-n+ devices do not present the familiar drop-back in bias

current above threshold. Actually, the bias current increases with

voltage due to self heating of the diodes [11].

Evidence is presently being accumulated to establish the func-

tion of nonohmic contacts in improving the efficiency of oper-

ation of InP devices at higher frequencies. However, for lower

frequencies, it is well established that the use of such types of

contacts will limit the device average current density to an

optimum value. When optimized, the reverse-bias saturation cur-

rent density at the cathode is slightly greater than that of the

saturated drift velocity region of the device. Although this is a

necessary condition to improve efficiency, a sufficient condition

is that current density at the cathode varies only slightly with the

electric field at the cathode [11] -[17].

Measurements carried out showed that the InP n-n+ diodes

used in the experiments delivered typically 25 mW at about

4-percent efficiency at 94 GHz. The InP n+-n-n+ devices yielded

output powers of the order of 15 mW with conversion efficiency

typically around 1.5 percent. Both GaAs and InP diodes were

packaged in pico-pill capsules resisting on round flanges on top

of threaded studs.

111. W-BAND OSCILLATOR-MLXER HARDWA~

CONFIGURATIONS

One of the basic advantages of the self-oscillating mixer is the

fact that it does not need a separate local oscillator (LO) and

mixer diode. It acts simultaneously as an LO and a mixing

element because nonlinearities are always present in such a
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negative differential resistance oscillator. Therefore, with the

Gunn diode serving these two functions, design criteria for effi-

cient cavities operating both as an oscillator and mixer must be

devised. The more stringent requirement is the performance of

the Gunn device in the oscillator mode, since the parallel behav-

ior of the Gunn diode as a mixer in the same circuit is not greatly

influenced by the cavity design. For example, in both homodyne

and heterodyne detection, the externaf Q,x~ or the loaded QL
affects the mixing process only slightly [18]–[21].1 In fact, for

each particular type of diode tested to date, an optimum oscil-

lator configuration has corresponded with optimum performance

as a self-oscillating mixer.

Two distinct types of oscillator/mixer structures were used in

the present work, the choice being dictated completely by the

devices used. For the InP devices, working in the fundamental

mode of oscillation, coaxial-to-waveguide oscillator structures

were used. Detailed investigations of some of the fundamental

aspects of this kind of structure are presented in [22]. Typical

values for QcXt ranged from 150–250, measured by the

frequency-pulling technique. The lower values of QeXt corre-

sponded, normally, to bias voltages close to the threshold values,

and were associated with very noisy performance, as expected,

thus degrading the operation of the self-oscillating mixers (SOMS)

as oscillators. For the GaAs diodes, operating in the harmonic

mode, the oscillator/mixer circuit consisted of a reduced-height

cavity with cutoff frequency = 26.3 Ghz, coupled to a tapered

W-band waveguide and having a step transition in the broad

width, The plunger was a “contact-sliding” plunger made of

phosphor bronze. Typical values for Q.X, ranged from 500-650,

and these high values can be explained simply because the

oscillator is working in a harmonic-extraction mode and, there-

fore, it is the power at the second harmonic which is pulling the

fundamental frequency of oscillation [22].

IV. MEASUREMENTS AND ANALYSIS

In this section, the measurements procedures, hardware,

experimental data, and anrdysis of the results obtained are pre-

sented for homodyne and heterodyne self-oscillating mixer

receivers. For convenience, a concise presentation of the experi-

mental results is given, pointing out the main characteristics of

performance, and, especially, comparing the behavior of the

different devices used. In this paper, the results for typicaf

experimental measurements are presented which were among the

best performance results for the large sample of devices and

circuits evaluated.2 Whenever necessary, best performance figures

will be given.

Since the ultimate goaf is a comparative study, the set of curves

presented have been arranged so that the performance of the

three types of devices can be easily compared and evaluated on

each graph.

V. HOMODYNE SELF-OSCILMTING MIXER SYSTEM AND RESULTS

The experimental setup for the homodyne experiments is shown

in Fig 1. The signal from the SOM was fed, after a waveguide

run, into a 20-dB gain standard horn, facing the metallized cone

1In heterodyne detectors, the above-mentioned effect of the QeXt on the

performance of self-oscillating mixers, especmlly for relatwely high inter-

mediate frequency, is somewhat more pronounced

2 This excludes the InP devices type n-n+. Ouly three devices were tested,

but, m contrast, the variations in performance of these diodes were, indeed,

negligible.
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Fig. 1 Experimental setup for the homodyne tests.

of a loudspeaker (moving target simulator). Without any drive

current applied to the loudspealcer coil, the overall insertion loss

the the system (two-way) was measured. The loss was also

measured for several different levels of dc current applied to the

coil, yielding a deflection of the cone up to 3 mm from its rest

position. The loss measured was identicaf (within equipment

accuracy) to the loss measured with the cone in its rest position.

Care was taken to ensure that the vibration of the cone, when the

audio signal was applied, was not microphonically transmitted to

the circuit under test (self-oscillating mixer) and measuring sys-

tems. The dc power supply was connected, as illustrated (with an

optimum load of 4.7 0), to the Gunn diode inside the cavity.3

The output from the bias port of the SOM was constantly

monitored with a low-frequency spectrum analyzer. A high-

frequency spectrum analyzer was used to monitor the millimeter-

wave signal spectrum. The output power from the SOM was

measured via the 3-dB coupler shown, and facility for measuring

power going into the SOM was provided by the “four-port”

coupler (10-dB coupler).

The frequency of the audio signal used to drive the loudspeaker

was 220 Hz. This low frequency was chosen because it lies well

within the “flicker-type” noise of a Gunn oscillator. Therefore, it

should provide very reliable data to ascertain the performance

and prospects of the homodyne circuit at very low “beat” fre-

quencies such as produced by slow-moving targets.

The measurements were taken through the 1-ML? input port of

the spectrum analyzer, and the beat signal voltage (and noise

voltage) can be assumed to be developed across an effective load

resistor of 4.7 L?. Fig. 2 shows the beat output power (4.7-L? load)

against the millimeter-wave return power (reflected from the

vibrating loudspeaker). The millimeter-wave signal strength was

varied by means of the variable precision attenuator, down to the

signaf level where the beat signal power was 3 dB above the

background noise at 220 Hz (minimum detectable signal). This

background noise had been previously recorded and stored at the

spectrum analyzer with a very slow time base setting, and with

the attenuator setting at 70 dB (140-dB two-way attenuation).

As far as a detection system is concerned, the lowest levels of

detection are of primary importance. It is clear from Fig. 2 that

the InP (n+-n-n + ) has (consistently) shown a performance, as

homodyne detectors (at beat frequencies of up to 20 KHz4), at

least 5 dB better than the performance of the other devices.

Actually, the best figure for the minimum detectable signals was

3 ThM particuku value of load was chosen because it seems to be the value

that yields the best performance. However, no work was dedicated exchrsively

to ascertain the actually optimum load value. The reader M, then, referred to

[3], [4], [6]. [18] -[20] for more information

4 This higher frequency limit was set because of the “simulator” used.

5 Minimum detectable signal as defined in the previous paragraph
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Oscachieved with an InP (n+-n-n+ ) device, yielding a detectability

down to – 83 dBm of millimeter-wave return power and down-

conversion loss of 5 dB.

Fig. 3 shows typical measurements of minimum detectable

signal as a function of the bias voltage to threshold voltage ratio.

The GaAs Gunn diodes presented a much more pronounced

dependence on the bias voltage than the InP devices. There was

no relationship between “ dc to RF conversion” and sensitivity

indicated from these measurements.

Down-conversion can be defined for the self-oscillating Gunn

mixer as the ratio of the video output power to the received

millimeter-wave signal:

POWER ~

4

S.JPPLY J ,.,, ,,, ,.,,

b: 70MMt

,~F.iN&i!il ‘.&_ER

MIXER

Fig. 6. Experimental setup for the heterodyne tests.

()‘beat
conversion ( dB) =10 log ~

mm- wave

Measured minimum detectable signal as function of the SOM

output power is shown in Fig. 5.
with

P~e,, = beat output power

P
mm- wave

= mm-wave return power. VI, HETERODYNE SELF-OSCILLATING MIXER SYSTEM AND

REsuLTs
In Fig 4, typical measured conversion is plotted against the

received millimeter-wave return power for the three types of

diodes tested. Theoretical treatment of the behavior of the down-

conversion characteristics can be found elsewhere [23].

The experimental test system for the heterodyne experiments is

shown in Fig. 6. The millimeter-wave test signaf is supplied using

a waveguide testline to the self-oscillating mixer receiver. The
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transmitter was the same throughout most of the experiments in

order to have (nearly) the same signal-to-noise ratio for the test

signaf at the transmitter port of the test set. The transmitter

consisted of a cap-resonator InP Gunn oscillator, where an InP

device was specifically chosen because of its low noise and good

output power performance. The insertion loss of the waveguide

run was measured within a bandwidth of = 800 MHz centered at

the self-oscillating mixer free-running frequency, with every at-

tenuator set to the O-dB reading. The insertion loss measurement

showed variation of less than 1 dB with the measuring equipment

connected. The transmitter dc bias port was shunted with a l-pF

capacitor to reduce the influence of the mixing products (from

the SOM) fed back onto the transmitter.6 The transmitter

frequency was kept, roughly, at 70 MHz above or below the SOM

frequency. Both the SOM and the transmitter were thermally

stabilized (room temperature) and could be monitored constantly

during the experiments.

The intermediate frequency (IF) signaf from the self-oscillating

mixers was fed to a wide-band pre-amplifier, and then to a

band-limiting amplifier with 33-MHz 3-dB bandwidth. After

amplification by 70 dB, the IF signaf was monitored simulta-

neously with both the oscilloscope and RF voltmeter thus provid-

ing both signal-noise observation together with overall bandpass

of = 1500 MHz.7

It is worth noticing that no frequency-phase stabilization was

applied to the transmitter.

Fig. 7 shows the IF output power (into a 50-L? load) as a

function of the millimeter-wave input power for the three types of

devices tested. Clearly seen is the phenomenon of IF compres-

sion, i.e., increase in conversion (as defined for the homodyne

case) for a decrease in millimeter-wave input power.

The noise limit was established as follows: the IF power was

monitored while the input power was decreased, until

PIF + PN
2

PN =

where P1~ is the IF output power after the amplifier system and

P~ is the output noise power of the amplifier without any

millimeter-wave input signaf applied. Actually, in Fig. 7 the term

6 This step was necessary because of the lack of isolators.

‘Actually this precision M less than 1500 MHz, since a 500-MH2 oscdloscope

was connected m parallel with the 1500-MHz RF voltmeter. Nevertheless, the

results reported are related to a 33-MHz bandwidth, which M the 70-dB

arnphfler bandwidth.

“ 3 dB above noise concept” can be misleading, because in the

above definition of minimum detectable signal, the IF signal

power is equal to the noise power. However, since the IF power

meter reading is, in this situation, 3 dB above the reading of the

output power of the amplifier without any millimeter-wave input

signal applied, it is justified to use the expression “ 3 dB above

noise. ”

The sensitivity for the InP (n+-n-n+ ) is of the order of – 90

dBm, which constituted a superiority of 10 dB over the other two

diode types (minimum detectable signaf of the order of – 80

dBm). It is interesting to observe that, although the totaf “base-

band” noise power is somewhat less for the GRAS than for the

InP (about 5 dB), better sensitivities were achieved with InP

devices (a similar situation has appeared in the homodyne tests).

The overall noise figure of the systems tested (including the IF

amplifier noise figure of 4.5 dB) can be established by the

well-known approximate expression

NF(dB) = PM~~(dBm) + 174(dBm) – BW( dll)

where P~~~ is the minimum detectable signal in dBm, and BW is

the bandwidth expressed in dB.

Typical and best figures for the overall noise figure are pre-

sented in Fig. 8. The table suggests that the performances of the

self-oscillating mixers here reported, although operating at much

higher frequencies (94-GHz region) than those in previously

reported works (in particular, see [4]) have shown overall noise

figures comparable to the lowest noise figures quoted in the

literature. In particular, the InP (n+-n-n+ ) devices have shown

remarkably low overall noise figures, just a few decibels greater

than the NF of balanced mixers.

Typicaf curves for conversion against the millimeter-wave in-

put power are given in Fig. 9 for the heterodyne mixers. Conver-

sion gains as high as 25 dB were achieved for InP (n+-n-n+ )

devices, in contrast with figures of the order of 10–15 dB for the

GaAs and InP (n-n+) devices.

In Fig. 10, the minimum detectable millimeter-wave powers are

plotted as functions of the applied bias voltages. Both the GaAs

and InP devices have shown a less pronounced variation of the

minimum detectable power with respect to bias voltage as com-

pared with the homodyne test results.

One point regarding the generaf behavior of the InP devices

tested, and, to a lesser degree, the GaAs diodes, is the extreme

wide bandwidth capability of operation (i.e., frequency of oscilla-

tion) of the devices. The GaAs diodes could work from 60 to 100

GHz without the output power dropping 3 dB down on the

manufacture’s maximum output power at 94 GHz. After 100

GHz, the output power of the GaAs diodes drops drastically,

probably because of the high-frequency” cutoff” limit.8 However,

most of the InP devices could work form 60 GHz to, at least, 130

GHz without reaching power output levels at the fundamental

frequency 6 dB down on the manufacture’s maximum output

power at 94 GHz.

VII. CONCLUSIONS

Brief descriptions of the Gunn devices used in the four-fold

comparison between InP and GaAs diodes as homodyne and

heterodyne detectors have been given. The InP diodes used in the

experiments were of two types, namely, the InP sandwich type

n+-n-n+, and the current limiting cathode InP (n-n+ ). The GaAs

devices were of the more conventional type n+-n-n+.

8We are referring here to the second-harmonic extraction mode of operation.
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The measurements were carried out in the 94-GHz frequency

region, in order to ascertain that reasonable performance could

be achieved with these devices in both homodyne and heterodyne

self-oscillating mixer receivers.

For the homodyne self-oscillating mixer receiver, we have

particularly chosen a beat frequency well within the flicker-type

noise of the oscillator (beat frequency = 220 Hz). IJnder these

circumstances, the results provided can be used to assess the

performance of the devices at higher beat frequencies, and there-

fore, at more realistic doppler shifts.9

For the heterodyne self-oscillating mixer receiver, we have
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[20]

achieved noise figures just a few decibels above the noise figure

of a well-designed, fixed-tuned GaAs Schottky diode mixer. 1211

Improved performance can be expected with the use of pq

frequency-phase stabilization of the receiver.
[23]

9The reader is referred to [24] for a discussion of the influence of the
absolute beat frequency and absolute bandwidth on “close to Carrier” DoP@r [24]
shifts.
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