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~bstract—This paper describes the design and performance of a new

type of resistive mixer, which uses the channel resistance of a GaAs

MESFET to achieve frequency mixing. Becausethis resistanceis higfdy
linear, very low intermodulation results. The mixer can be analyzed via

existing mixer theory, with good agreement with measured performance.

At 10 dBm LO power, the X-band mixer achieves 6.5 dB conversion loss,

6.6 dB noise figure, 21.5 dBm ontput third-order intermodulation intercept

point, and 9.1 dBm l-dB compression point.

I. INTRODUCTION

T HE INTERMODULATION (IM) performance of a

receiver front end is often limited by that of the

mixer. This is because the mixer performance is usually

worse than that of the other stages, and the mixer must

handle the largest signal levels. Consequently, in most

low-noise microwave receivers, improving the mixer’s

large-signal capability can do much to improve dynamic

range.

The most commonly used mixers in microwave systems

employ Schottky-barrier diodes as the mixing elements.

These are usually used in balanced structures to separate

the RF and local oscillator (LO) signals, to improve large-

signal capability, and to reject certain even-order spurious

responses and intermodulation products. Because the

Schottky diode is very strongly nonlinear, diode mixers

have at best mediocre intermodulation susceptibility.

Methods of improving the intermodulation performance

of diode mixers have been proposed periodically. Beane [1]

and Tou and Chang [2] relate the experimentally observed

nulling in a diode mixer’s intermodulation output to the

nulling of certain terms in a polynomial expansion of the

diode 1/V characteristic. Lepoff and Cowley [3] show that,

by slight unbalancing of a balanced mixer, it is possible to

achieve cancellation of odd-order intermodulation currents

in the IF. Markard et al. [4] and Ernst et al. [5] show that

similar techniques can be applied to reactive mixers. These

approaches have not been widely adopted, possibly be-

cause they compromise sensitivity, or are difficult to main-

tain over bandwidth, variations in LO power and frequency,

environmental temperature, and source/load mismatch. In

conventionally designed diode mixers, the second- and

third-order intermodulation intercept points generally in-
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crease with applied LO power. Accordingly, the main

technique for reducing diode mixer intermodulation is to

increase LO power. Hc]wever, increasing LO power beyond

the level which gives optimum conversion loss usually

increases noise figure.

This paper describes a new type of resistive mixer, which

uses the channel resistance of a GaAs MESFET to realize

a time-varying resistance. Because of the very weak nonlin-

earityy of this resistance, the mixer generates very low

intermodulation and is capable of high output power at

moderate LO levels. This mixer represents a fundamental

improvement over existing mixers, and is not unduly sensi-

tive to operating or system parameters. Unlike a diode

mixer, its noise is entirely thermal, so it is not subject to

shot-noise enhancement. As a result, its noise temperature

is generally lower than that of a diode mixer of the same

conversion loss.

II. OPERATING PRINCIPLE

Mixers are conventionally realized by applying a large

LO signal and a small RF signal to a nonlinear device,

usually a Schottky-ba,rrier diode. The LO modulates the

junction conductance at the LO frequency, allowing

frequency conversion. In principle, this conductance could

be realized via a time-varying linear conductance, rather

than a nonlinear one,, resulting in a mixer without inter-

modulation. A simple example of such a time-varying

linear element, whichl is capable of intermodulation-free

mixing, is an ideal switch, operated at the LO frequency, in

series with a small resistor.

The channel resistance of an unbiased GaAs MESFET

is only very weakly nonlinear. The unbiased channel oper-

ates as a simple resistor whose resistance can be varied by

changing the gate voltage; this portion of the FET’s I/V
curve is commonly called the linear, or voltage-controlled

resistor, region. Fig. 1 shows the I\ V characteristic in this

region of an Avantek AT1065O-5 MESFET, indicating a

total channel resistance (i.e., including the source and

drain resistances) between 14 Q and an open circuit for

gate/source voltages of – 0.9 V to +0.4 V. This range of

resistances is entirely adequate to realize a resistive mixer

with ‘good conversion efficiency.
Fig. 2 shows the equivalent circuit of the MESFET

without drain bias voltage. R ~ is the gate resistance, and

R ~ and R, are the ckain and source ohmic contact resis-

tances, respectively. The gate/channel capacitance is dis-
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Fig. 1

~ds

1/V characteristic of an Avantek AT1065O-5 GaAs MESFET in
its linear region.
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Fig. 2. Equivalent circuit of a GaAs MESFET operated at zero dc drain
voltage.

tributed along the channel, but for simplicity is modeled as

two lumped capacitances, Cg, and Cgd. Cgd << Cg, if the

FET is biased into its saturation region, but if V&= O,

Cg,s Cgd, and each is half the gate/channel capacitance.

The channel conductance is g(l’’g).

To realize a mixer, the MESFET is operated in a com-

mon-source configuration, the LO is applied to the gate,

with negative dc bias, and the RF is applied to the drain.

The IF is filtered from the drain. The relatively large value

of Cgd would couple the RF and LO circuits to an un-

acceptable degree, so for a single-device mixer, RF and LO

filters must be used. It is important that the LO voltage

not be coupled to the drain terminal; if it is, the drain

voltage will traverse the more strongly nonlinear portion of

the 1/V curve, increasing the IM level. The RF filter

should therefore be designed to short-circuit the drain at

the LO frequency. The design goal for the LO filter is not

so clear. If RF voltage is coupled to the gate, it is conceiv-

able that intermodulation could be increased because of

the nonlinearities in g(Vg). If the gate is shorted at the RF

frequency, no RF voltage appears on the gate, so there is

no possibility of IM generation in this way. However,

open-circuiting the gate effectively halves the capacitance
in parallel with the channel resistance, so conversion loss

should be lower. In the mixer described here, the LO filter

was designed to short-circuit the RF at the gate.

When these conditions are met, the mixer LO and

small-signal equivalent circuits can be approximated as

shown in (a) and (b), respectively, of Fig. 3. In Fig. 3(a), it

is assumed that R, s R ~, so there is no LO voltage across

g( Vg). Rg and Cg, can be eliminated in Fig. 3(b) because

the reactance of Cgd and Cg, are much greater than the

resistances of R ~ and R,. The resulting small-signal circuit

is identical to that of a diode, and can be analyzed in

precisely the same way. First, the large-signal conductance

and capacitance waveforms are determined, then a small-

signal analysis is performed using conversion matrices.

If the gate is not driven into conduction, the drain is

shorted at the LO frequency, and the capacitance nonlin-

earity is weak, one can assume that Y’g(t ), the LO voltage

across Cgf, is sinusoidal. In this case the channel conduc-

tance can be determined from Shockley theory [6]. For

very low drain voltages, the drain current is

l(vg, vd)=11(3[u2(vg> ~.)-~2(~,>o)l

-2[u3(vg, vd)-u3(vg>f))]) (1)

where U( Vg, Vd) is the normalized depletion width:

~(~g7~d)=~(~d+~g+9)/~p
(2)

Vp is the pinchoff voltage, q is the gate built-in potential,

and 11 is a constant with dimensions of current. The

channel conductance g(l?g) is found by differentiating (1)

and setting Vd = O:

g(vg) = 311(1– zf(vg, o))/~. (3)

The capacitance Cgd is modeled as an ideal Schottky-bar-

rier capacitance, with uniform epitaxial doping:

%&) = Cgdo(l – vg/rf-0’5. (4)

To analyze the mixer, the parameters of (1) and (2) were

determined from Fig. 1, and the gate/channel capacitance

was determined from measured S-parameters. The large-

signal analysis was performed by first assuming P’g(t ) = V6

+ VLOCOS( tiP t),where V~ is the gate bias voltage and V~o

is the LO voltage magnitude. A straightforward analysis of

Fig. 3(a) gives an expression for the minimum required LO

power:

( )( .so + eg~o)’ RR:;. + Rg . (5)PLO = o.5v:oL/ c
s

It is assumed in (5) that the gate/channel capacitance can

be approximated by its zero-voltage value, Cg,o + Cgdo.

The small-signal portion of the program DIODEMX [7],

[8] was used to calculate the input/output impedances and
conversion loss of the mixer. The LO frequency was 8.8

GHz, and the IF was 1.5 GHz. The small-signal embed-

ding impedances were assumed to be short circuits at all

mixing frequencies except the RF and IF. With – 2.2 V

gate bias and 10 dBm LO power, DIODEMX predicted

conjugate match input and output impedances of 63 – j53

Q and 170 – j19 Q, with a conversion loss of 3.9 dB. For

50-L? source and load impedances, the predicted conver-

sion loss was 6.2 dB, with input and output VSWRS below

2.1. These impedances and conversion losses are relatively

easy to match, and are similar to those of a well-designed

diode mixer at the same LO levels.
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(a) (b)

Fig. 3. (a) LO equivalent circuit and (b) approximate small-signal equivalent circuit of the MESFET.

III. DESIGN AND PERFORMANCE

A schematic diagram of the mixer is shown in Fig. 4. Its

LO frequency is 8.8 GHz, the IF is 1.5 GHz, and the

upper-sideband RF is 10.3 GHz. It was designed primarily

to verify its conversion loss and two-tone intermodulation

properties, and not to achieve any specific bandwidth; it

did, however, exhibit approximately 300 MHz l-dB band-

width at a fixed LO frequency, and its IM performance

was uniform over at least 400 MHz. The mixer consists of

little more than three filters and a packaged AT1065O-5

FET. The RF filter is a conventional two-section coupled-

line filter, with a 600-MHz bandwidth and a 0.9-to-l .l-dB

insertion loss in a 50-fl system. Its measured rejection at

8.8 GHz is 16 dB. The LO filter is a simple two-stub

design, and the IF filter is a three-section low-pass struc-

ture. The filter types were chosen primarily for the desired

combination of passband characteristics and out-of-band

terminations. The rest of the circuit consists of a dc gate

bias coupling structure and LO dc block.

The mixer was realized on a copper-clad 0.032-in

fiberglass-filled Teflon substrate (RT Duroid 5880) with a

dielectric constant of 2.4. The filters were tested individu-

ally before the mixer was assembled. The LO port was

tuned for minimum VSWR, and the RF port was tuned for

minimum conversion loss at center frequency (10.3 GHz).

Because of the low frequency and the small size of the IF

filter, IF tuning was not practical; the IF load impedance

was 50 fl. The resulting IF VSWR of 3.4 certainly in-

creased the conversion loss over the conjugate match value,

but probably did not affect the ratio of IM level to that of

the desired signal. Gate bias was adjusted for minimum

conversion loss, usually 0.1 –0.2 V more negative than the

minimum value which allowed LO rectification by the

gate/channel junction. RF port tuning and bias values

which gave minimum conversion loss also produced opti-

mum IM performance, although a slight IM level improve-

ment (2–4 dB) could be achieved by fine adjustment of the

gate bias within the relatively broad [0.1–0.2 V) conversion

loss optimum. Adjustment of the mixer was straightfor-

ward; no heroic efforts were required to optimize either

the conversion loss or the IM performance.

Fig. 5 shows the mixer’s passband at 10 dBm LO power

and – 2.1-V gate bias. Minimum measured conversion loss

is 6.3 dB. Including the measured l-dB RF filter loss and

the mismatch loss in the untuned IF, the calculated con-
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Fig. 4. Schematic diagram of the mixer.
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Fig. 5. FET mixer passband. P=o = 10 dBm, Vb = – 2.1 V.

version loss is 6.5 dB. With an untuned input (i.e., with a

50-i2 source impedance), the conversion loss was ap-

proximately 7 dB, in good agreement with the predicted

7.2 dB (including l-dB filter loss). The bandwidth is limited

primarily by the RF filter and single,frequency input tun-

ing. Fig. 6 shows the measured and calculated bandcenter

conversion loss as a function of bias and LO level. Conver-

sion loss is more sensitive to LO power at higher reverse

biases, but IM performance is better. As long as the bias is

adjusted properly, good conversion loss and IM perfor-

mance can be achieved at very low LO levels.

Figs. 7 and 8 show the measured second- and third-order

IM output levels at bandcenter as a function of LO power

and dc bias voltage for a fixed RF input power level of – 7

dBm per tone. For third-order IM, the minimum for each

bias level is broader and occurs at lower LO levels at the

lower bias voltages, but the minimum IM level is lower at

higher bias voltages and LO levels. The rise in IM with LO
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Fig. 6. Measured and calculated bandcenter conversion loss as a func-

tion of LO level and gate bias voltage. The calculated results are

corrected for l-dB loss in the LO and RF circuits.
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Fig. 7. Measured second-order IM output level as a function of gate

bias and LO level for a fixed input power of – 7 dBm per tone. The IM

component is the difference frequency of the input tones.
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Fig. 8. Measured third-order IM output level as a function of gate bias
voltage and LO level for a fixed input level of – 7 dBm per tone.

level occurs as the FET begins to draw gate current on the

positive LO voltage peaks. In all cases, IM performance

became worse if the gate was driven hard enough to rectify

the LO, but conversion loss did not become noticeably

worse for gate currents below approximately 1 mA. The

second-order IM product shown in Fig. 7 occurs at the

difference frequency between the two input tones, ap-

proximately 20 MHz. In this mixer, it is outside the IF
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Fig. 9. Input/output characteristics at bandcenter showing a l-dB com-
pression point of 9.1 dBm at 10 dBm LO level.

TABLE I

MIXER COMPARISON

Mixer Conversion IP2 IP3 P(-I dB) NF
Type Loss/Gain (dB) ( dBm) (dBm) ( dBm) (dB)

Diode -7.2 9.5 10.5 0 7.7

Resistive -6.5 23.6 21.5 9.1 6.6
MESFET

Act ive +6.0 . . 16.0 5.0 5.0
MESFET

A

F’LO =10 dBm; ~R~ =10 GHz.

All intercept points are referenced to the output.

passband, so it would normally be of no concern. How-

ever, in many mixers, especially those with broad band-

widths and low IF frequencies, this product is of great

concern. The second-order IM product is not as strongly

dependent upon bias and LO level as the third-order, but

higher LO power is still beneficial in reducing it. The IM

performance was checked across the band and found to be

equal to or better than that at bandcenter.

Fig. 9 shows the saturation characteristics of the mixer

at 10 dBm LO power and – 2.0 V gate bias. It is most

remarkable to note that the l-dB compression point of this

mixer occurs at 9.1 dBm, only 1 dB lower than the LO

level. This situation is in sharp contrast to diode mixers,

where the compression point is usually around O dBm at

the same LO level.

The noise figure of the mixer was measured at an LO

level of 10 dBm. Under conditions which gave 6.5 dB

conversion loss, the measured SSB noise figure was 6.6 dB.

This is consistent with the expectation that the noise is

entirely thermal in origin. The noise figure is lower by

approximately 0.5 dB than that of a diode mixer of the

same conversion loss. It also implies that very low noise

temperatures may be obtainable with this type of mixer if
it is cooled to very low temperatures.

Table I summarizes the FET mixer IM performance and

compares it to that of a 1O-GHZ single-diode mixer. For

comparable conversion loss, the FET mixer second- and

third-order IM intercept points are 14 dB and 11 dB

greater, respectively. The FET mixer’s IM performance
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cannot be achieved at X-band with a single-diode mixer,

and its third-order output intercept point is greater than

that of most commercial doubly balanced mixers. Equal

performance probably could be achieved with a balanced

diode mixer if its design were optimized for large-signal

performance. However, such a mixer would likely have

greater conversion loss, and would require much greater

LO power, at least 20 dBm. Its IM improvement would

come primarily from the “brute force” approach of

power-combining devices, a technique which is also appli-

cable to the FET mixer. Achieving this performance level

with a single-device mixer has many advantages. The most

obvious is economy, but it also allows image enhancement,

which is much easier to obtain, especially over broad

bandwidths, with simple single-device circuits. Even better

performance should be obtainable, including even-order

IM rejection, with two-device balanced circuits.

A disadvantage of a FET resistive mixer compared to a

diode mixer is that the minimum channel resistance of the

FET is higher than the minimum resistance of a diode.

Therefore, the minimum achievable conversion loss of a

diode mixer is, in theory, lower than that of the FET. It

remains to be seen whether this theoretical disadvantage is

manifest in practice, because very few diode mixers achieve

their minimum theoretical conversion loss, and most pro-

saic diode mixers have conversion losses higher than that

of this mixer. Even if diode mixer loss is lower, the noise

and IM advantages of the FET should offset any conver-

sion loss advantage. It may also be possible to design

MESFET’S which are optimized for resistive mixers, and

have both theoretical and practical conversion losses equal

to that of a diode, and even better IM performance.

This mixer also compares favorably with active MESFET

mixers. The best reported third-order output IM intercept

points for active MESFET mixers are 16-17 dBm for a

single device, although without uniformly good noise fig-

ures [9]–[12]. When used in an active mixer, the Avantek

AT1065O-5 has achieved a 13-dBm intercept point at X-

band with a 4.5-dB noise figure. The intermodulation

intercept point by itself is not a valid figure of merit for

mixers with widely different conversion efficiencies, be-

cause the superiority of one mixer over another depends

strongly upon receiver requirements and architecture. The

resistive FET mixer would probably be preferred to the

active mixer in receivers where substantial low-noise pre-

amplification is necessary. In receivers where the active

mixer noise figure is lower than that of the resistive FET

mixer and is adequate without preamplifier stages, it would

probably be preferred.

IV. CONCLUSIONS

This paper has shown that mixers based on the resis-

tance of a GRAS MESFET channel have significant ad-

vantages in noise, intermodulation, and power output ca-

429

pability over those based on a pumped Schottky-barrier

diode junction. Such mixers are easy to design and adjust,

and have characteristics which make them entirely practi-

cal for use in low-noise receivers.
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