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Design and Performance of a 45-GHz
HEMT Mixer

STEPHEN A. MAAS, ME~BER, lEEE

Nrstracf —A 45-GHz single-ended HEMT mixer has been developed

with unity gain and 7-8-dB SSB noise figure over a 2-GHz bandwidth,

includlng an IF amplifier, and 2-dBm output intermodulation intercept.

This paper deseribes its design, structure, and performance, High perfor-

mance has beerr achieved by careful attention to the “design of the inpnt

and output embedding networks. This is the first remted HEMT mixer

and the firat active mixer above 30 GHz.

I. INTRODUCTION

G

aAs MESFET mixers have conversion gain and have

achieved.noise figures and intermodulation levels su-

perior to those of diode mixers at microwave frequencies

[1], [2]. They are particularly valuable for use in small,

lightweight, integrated receivers and in GaAs integrated

circuits; The use of FET mixers above 30 GHz has not

been explored, however, and the usefulness of high-elec-

tron mobility transistors (HEMT’s) as mixers has also not

been addressed. This paper describes the design and per-

formance of the first reported HEMT mixer and the first

active mixer at 45 GHz. It shows that such mixers can

achieve conversion gain, and have noise and intermodula-

tion performance that compares favorably with that of

diode mixers.

HEMT’s have several demonstrable and potential ad-

vantages over GaAs MESFET’S for use in millimeter-wave

mixers. The major advantage is that the h@ nobilities

achieved in the two-dimensional electron gas result in

substantially higher transconductance (in this case over

300 mS/mm), hence higher conversion gain and lower
noise. The large increase in transconductance with only

moderate cooling may also result in very low-noise cooled

mixers. The one disadvantage is that the peaked transcon-

ductance versus gate voltage characteristic of currently

available devices results in intermodulation levels that are

higher than those of MESFET’S, but still comparable to

those of diode mixers.

II. HEMT DEVICE

The HEMT device used for this mixer was designed for

low-noise amplifier applications above 30 GHz. It is de-

scribed in detail by Berenz [3]. The active layer is grown at

TRW by molecular-beam epitaxy, and the source and
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drain contacts are ion-implanted for low” resistance. The

dimensions of the recessed gate are 0.25pm by 60 pm, and

it is rectangular in cross section. The gate is defined by

electron-beam lithography, and it is offset slightly toward

the source to minimize drain/gate capacitance. The device’s

transconductance, as a function of gate voltage, is shown

in Fig. 1; its peak value is 28 mS. Similar devices from the

same manufacturing lot have achieved noise figures below

3 dB with 6-dB associated gain for a single-stage amplifier

at frequencies near 40 GHz [4].

111. MIXER DESIGN

The mixer is designed according to the principles out-

lined in [2]. In designing the mixer’s input and output

matching circuits, it is important to present the optimum

terminations to the HEMT gate and drain not only at the

,RF, IF, and LO frequencies, but at all significant LO

harmonics and mixing frequencies. In particular, for a

conventional downconverter, it is important to short-cir-

cuit the LO frequency and its harmonics at the drain and

the IF frequency at the gate. The number of LO harmonics

which are significant is sometimes problematical; however,

for a 45-GHz mixer it is safe to assume that only two or at

most three harmonics m.e significant, The input is matched

at the RF frequency; no improvement in noise figure has

been obtained experimentally by mismatching the input as

is done in FET and HEMT amplifiers.

The IF output impedance of a gate-driven HEMT mixer

is usually very high, because it is dominated by the H13MT’s

drain/source resistance. This resistance varies over the LO

cycle from a low of several hundred ohms to an open

circuit when the device is turned off. Measurements and

numerical simulations using the techniques in [2] indicate

that the output impedance of a well-designed, strongly-

pumped FET or HEMT mixer is on the order of 1000-

3000 Q, and is in practice nearly impossible to match. In

the rare instances when the IF can be matched (e.g., at IF

frequencies below 100 MHz with bandwidths of a few

MHz), the high load impedance may cause instability. For

the broad-band microwave IF’s invariably required by

modem communications receivers, it is necessary to em-

ploy a different matching rationale. The IF should be

designed to present a load impedance to the HEMT of

50-150-0 resistive, depending upon the desired gain and

circuit realizability limitations. The drain is biased to the

same voltage that would be used in amplifier operation;

the gate bias point is near the gate turn-on voltage.
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Fig. 1. DC HEMT transconductance.

The purpose of the broad-band short at the drain is

twofold: first, it guarantees large-signal stability of the

device even under hard LO input drive by minimizing

feedback at the LO frequency and its harmonics. Second,

it ensures that the drain voltage remains constant at the

bias value, so the HEMT remaips in its saturation region

throughout the LO cycle. The drain/source resistance

therefore remains high and relatively constant, and the

variation of the drain/gate and gate/source capacitances,

although not zero, is minimized. The result is that the

dominant parameter in the frequency conversion process is

the fundamental frequency component of the transconduc-

tance, and its magnitude is maximized. The gate termina-

tion at the IF frequency does not appreciably affect

conversion gain if the mixer is otherwise well designed;

however, it does affect noise figure significantly. Shorting

the gate reduces the gain through the device at the IF

frequency, and therefore prevents the amplification of

noise from the input termination or the bias circuit at the

IF frequency.

It is possible to estimate the conversion gain and input

impedance of a MESFET or HEMT mixer very easily and

with good accuracy if its input and output matching

networks are well designed and its IF frequency is low

compared to the RF. The RF input impedance can be

estimated from device parameters as follows:

(1)

This input impedance is a good starting value for input

circuit design. The conversion gain GC is given by (8) in [1]

as follows:

d ‘d
Gc=— —.

4t02~2 R,n
(2)

In this expression ~ ~ is defined in [1] as the time-averaged

drain resistance, although, since R d is an open circuit over

part of the LO cycle, it is more precisely the inverse of the

time-averaged drain admittance. gl is the magnitude of

the fundamental component of the transconductance

waveform. Since (2) assumes a matched output, only half

the current from the drain current source circulates in R ~.

For this mixer, R ~ << ~~ so the full output current cir-

culates in R ~ and

2 R~
GC=~— (3)

ti2Cj2 R in ‘

Assuming that the gate is biased near the device’s turn-on

voltage, the transconductance waveform is a half sinusoid,

and gl E G. ~=/4 so

G:.m R~
GC=— —

16a2~2 Rifl
(4)

where G. ~= is the maximum transconductance, R ~ is the

IF load impedance at the drain of the device, R,. is the

total resistance in the input loop of the device, the sum of

gate, source, and intrinsic resistances, CJ is the gate/source

capacitance at the turn-on voltage, and o is the RF radian

frequency. Equation (4) is valid only for the optimum

short-circuit terminations discussed above. Equation (4)

also assumes that the voltage drop across the source resis-

tance R~ is negligible (satisfied if glR~ << 1) and the

gate/drain capacitance is negligible. The latter is satisfied

if the drain terminations are short circuits.

Equation (4) shows that FET mixers, unlike FET ampli-

fiers, achieve higher gain as the gate width is increased,

because G~ ~= increases in proportion to width and the

device can be designed so that OCIR in stays approximately

constant. The limit to gain improvement by increasing gate

width is that input impedance drops with increasing gate

width, and matching becomes progressively more difficult

in practice to achieve. Gain also increases with R ~. The

limit to increasing R~, other than circuit realizability

limitations, is that the mixer may become unstable. For the

HEMT mixer, R,. = 7.8 Q, Cl= 0.074 pF, RL =110 G,

and Gw.= = 0.028 S, (4) predicts approximately 2-dB con-

version gain. This is very close to the 1.5-dB measured

gain, which necessarily includes circuit losses. More accu-

rate conversion gain and input/output impedance calcula-

tions, or calculations for other types of mixers (e.g., upcon -

verters) can be obtained using the methods in [2].

One should recognize that (4) predicts conversion gain

achievable in practice, not the maximum available gain

(MAG), which is usually unachievable, and is defined only

if the circuit is unconditionally stable. Numerical simula-

tions which include all the device parasitic, especially the

gate/drain capacitance, indicate that FET mixers are often

only conditionally stable. A load resistance below 150 L?,

however, is almost invariably adequate to insure stability.

It is clear from (4) that a wider device would be prefer-

able to that used here. Also, it appears likely that conver-

sion gain can be achieved with similar devices at even
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Fig. 2. HEMT mixer circuit.

Fig. 3. 45-GHz HEMT mixer, The RF and LO are applied through a

common WR-22 waveguide input.

higher frequencies. Reducing gate resistance by developing

a ‘CT“ gate would also improve gain significantly, and

might also improve noise figure. Matching difficulties in a

wide device with a highly reactive input could be overcome

through the use of on-chip matching, as is sometimes done

with power FET’s.

The HEMT mixer circuit is shown in Fig. 2 and a

photograph of the mixer is shown in Fig. 3. The input

circuit is realized in microstrip on a O.010-in-thick fused
silica substrate, with an integral waveguide/microstrip

transition. The substrate metalization consists of a chrome

adhesion layer with a 75-pin gold layer. The input match-

ing circuit is a’ simple open-circuit stub, designed using (1)

and appropriate estimates for the bond-wire reactance.

DC gate bias is applied through a decoupling circuit which
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Fig. 4. Conversion gain and noise figure for the narrow-band mixer.
Gate bias is varied with LO level to maintain constant drain current.

also supplies the IF frequency short; since the input circuit

has no dc connection to ground, no input dc block is

needed. The output matching circuit is realized on a O.OIO-

in finely-polished alumina substrate to minimize the size of

the IF matching elements. It consists of a filter, which

supplies the required LO harmonic shorts to the drain, and

a simple stub matching arrangement for the IF frequency.

The filter was designed as a conventional stepped-imped-

ance low-pass structure, and computer-optimized to achieve

the desired terminations. Its IF-frequency S-parameters

were then used to design the stub matching circuit to

achieve the 110-fl resistive load. DC drain bias is applied

through the stub. Bond-wire reactance at the gate and

drain, and especially the source, are minimized by using

very short multiple connections.

The mixer is single-ended. For test purposes, the LO

and RF sigrmls must be combined by a filter diplex,er or

directional coupler. In a systems application, a palir of

these mixers would be used in a balanced configuration,

with the LO and RF combined via an input hybrid.

IV. PERPOMNCE

Fig. 4 shows the conversion gain and noise figure of the

mixer as a function of LO level, with the mixer tuned for

narrowband (approximately 200 MHz) operation near

44.5 GHz. The IF frequency is 3.0 GHz and the lLO is

41.5 GHz. Gate bias in Fig. 4 has been adjusted to

maintain a constant drain current at all LO levels, but no

retuning has been performed. Varying the gate bias this

way, which can be done easily in practice, minimizes the

variation of gain with LO level. The noise figure in Fig. 4

includes the effects of a 2.5-dB IF amplifier.

Fig. 5 shows the conversion gain and noise figure of the

mixer tuned for 2-GHz bandwidth. In this figure, the IF
frequency is fixed at 3.0 GHz and has a 200-MHz band-

width. The LO and RF frequencies are varied, but the

tuning, bias, and LO level are held constant. Fig. 6 shows

the input return loss under the same conditions.

Fig. 7 shows the two-tone intermodulation characteris-

tics. Under the same bias and tuning conditions as those



802 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-34, NO. 7, JULY 1986

2 –
GAIN

o –
g

+
2

~ –4 —
E

SSB NOISEFIGURE(PLO = O dBm) 8

-6 – – 82

-8 – – 7

.,o~
FREQUENCY,GHz
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Fig. 6. HEMT mixer input return loss. IF frequency is fixed.

for Fig. 5, but at O-dBm LO power, the output third-order

intermodulation intercept is 2 dBm. This level is compara-

ble to that of single-ended diode mixers, which are typi-

cally about O–5 dBm, but the HEMT requires less LO

power. It is difficult to compare this result to measured

intermodulation levels in microwave MESFET mixers, be-

cause of differences in device size and frequency, and the

paucity of published data. The transconductance/gate

voltage nonlinearity of the HEMT is clearly stronger than

that of most MESFET’S, however, so it is to be expected

that nonlinear distortion would be worse. The main cause

of the mildly disappointing intermodulation level is the

sharp peak in the transconductance curve, which increases

the harmonic content of the transconductance waveform.

It is possible to improve the intercept point to 8 dBm by

biasing the mixer so that the most nonlinear part of the

GM/ Vg~ curve is avoided, but the reduced transconduc-

tance variation reduces the conversion gain by 5–6 dB. A

device with a less strongly peaked transconductance char-
acteristic would show the same gain with better linearity.

It might also have better linearity in amplifier applications.

The noise figure and intermodulation performance of

this mixer compares favorably to that of diode mixers at

the same frequency. A very good waveguide diode mixer

with whisker-contacted diodes typically would have a 4-dB

conversion loss and a 4.5-dB SSB noise figure, but a 5-dB

loss and a 5.5-dB noise figure is more expectable. With a

2.5-dB IF noise figure, the receiver noise figure would be

7–8 dB. Conversion loss of integrated mixers is signifi-

cantly higher, in the range 6–10 dB, with resulting receiver

noise figures above 10 dB [5], [6]. The noise figure of this
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Fig. 7. Intermodulation curves for the HEMT mixer under optimum

garn bias conditions. LO power is 0.4 dBm.

mixer with the same IF is 7–8 dB, but it is achieved in a

small, reliable, low-cost microstrip component with con-

version gain, lower LO power, and better manufacturing

repeatability y. Furthermore, performance may improve as

more suitable devices for mixer application become avail-

able. Being a FET device, it is also amenable to monolithic

integration.

It is true that the noise figure of the HEMT mixer is

higher than that of an amplifier using the same device. For

this reason one might conclude that it would be better to

use the HEMT solely in a multistage amplifier ahead of a

prosaic diode mixer. This reasoning is valid if noise figure

is the sole performance criterion; however in many modern

space communications systems, intermodulation and spuri-

ous response susceptibility are as important as noise, and

these are exacerbated by the use of high-gain, low-noise

preamplifiers, The levels of third-order intermodulation

products at the mixer IF, for example, increase 3 dB for

each decibel of preamplifier gain. Therefore, even if a

preamp must be used, a low-noise HEMT mixer affords

the same noise figure with less preamplifier gain, hence

better receiver dynamic range.

V. CONCLUSIONS

This paper has described the design and performance of

the first active HEMT millimeter-wave mixer. Its perfor-

mance compares favorably with that of diode mixers with

less LO power in an inexpensive, reliable, microstrip cir-

cuit. Performance could be improved through the use of a

wider device with a “ T“ gate, and a less strongly peaked

transconductance characteristic. Since HEMT amplifiers

show dramatic gain and noise figure improvements on
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even moderate cooling, it is likely that cooled HEMT

mixers also might achieve excellent noise performance.
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