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Equal-Gain Loci and Stability of a Microwave
GaAs MESFET Gate Mixer

Masahiko Shimizu and Yoshimasa Daido

Abstract —The performance of a microwave GaAs MESFET gate
mixer is theoretically investigated to clarify the existence of a condition-
ally stable RF frequency range as well as an unconditionally stable
frequency range in which maximum available conversion gain (MACG)
can be defined. For the unconditionally stable range, the MACG, and
load and source impedances are calculated as functions of RF frequency.
For the conditionally stable frequency range, the stability circle and

equal gain loci are shown for source RF and load IF impedances. The
conditionally stable region of the GaAs MESFET mixer appears around

fr of the MESFET. Higher conversion gain is easily obtained by choos-
ing a MESFET of which the fT is close to tbe RF frequency.

1, INTRODtJcTION

Since Puce] et al. reported the possibility of a GaAs MESFET
mixer, many papers have demonstrated the advantages such a
mixer confers with regard to conversion gain, better noise per-
formance, and lower intermodulation products [1]–[4]. These

papers have established that the mixer performance is dctcr-
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TABLE I .

PARAM~TKR VAL.U~S OF TII~ NONIJN~AR EL~ME.NTS

1d\ IIs

0.26 1,, (PA) 4.72

; 0.75 a 28.4

m 2.96 linear element

0.14
I&) 1.18
Vh, (v) 0.90
Vd,, (v) 0.50
[,,,,, (mA) 80.6

‘r (ps) 4.74

cc,

4 (v) 0.11

CK,~)(pF) 0.84
F, –5.51

R. (Q)
Rd (Q)
R, (0)

Lx (nH)

Ld (nH)
L, (nH)

R,,, (Q)

Cd, (pF)

T, = R,CX, (W)
Cflc,(pF)

1.4
1.6
0.7
0.06

0.05
0.6

1093

0.06

1.2

0.05

mined by circuit conditions at RF, IF, local oscillator (LO), and
image frequencies at both drain and gate ports. Better noise
performance is obtained by shorting LO output, IF input, image

input, and image output circuits [2]. Higher conversion gain is
obtained by providing a conjugate matching condition for input

RF and output IF circuits [1]-[3].

However, there are still unknown factors. For example, no

paper has yet described an RF frequency range in which insta-
bility may occur. This paper describes the calculated perfor-

mance of a GaAs MESFET gate mixer to determine the condi-
tionally stable RF frequency range. Separation of frequency
ranges means that two different approaches are required in the

design of the GaAs MESFET mixer. Thus, maximum available
conversion gain (MACG), and load and source impedance will
be calculated as functions of RF frequency in the uncondition-
ally stable frequency range. In the conditionally ‘stable range,
equal gain loci will be calculated for RF source and IF load

impedance.

H. CALCULATION METHOD OF GAAS MESFET GATE

MIXER PERFORMANCE

Since the LO level is much higher than the RF level, the RF

signal can be regarded as a perturbation superposed on the LO

signal. Thus, large-signal drain and gate currents are calculated
for the LO signal. We have calculated derivatives of periodically
varying drain and gate currents with respect to gate and drain
voltage. The conversion matrix [1] is determined using products

of these derivatives and RF signal. In these calculations, the
equivalent circuit for the GaAs MESFET is the same as that

given in [5], Three nonlinear elements are assumed: the drain

current 1,,,, the gate–source capacitance CK,, and the forward
gate current If.. These elements arc given by [5, eqs. (8)-(10)].

Parameter values of the nonlinear elements are listed in Table I

and arc determined by the following method. First, 1,,,, Cx,, and
1,: are fitted from dc 1-V, CK, – V’,, and diode characteristics,
respectively. Next, g,,,, 31,,, /d L(,,, and C,q,, are calculated at a

bias using the nonlinear parameters. Calculated g,,, and C,r,, are
compared with those determined from S parameters measured
at the same bias. CR, as determined by the former method is
multiplied by a constant to set its value equal to that determined
by the latter method. A correction to g,,, is also made by

multiplying another constant by the drain current dctcrmincd by
dc I-V. A Iincar parallel resistance R,,, is added to set the

derivative of the drain current with respect to ~,, equal to that

dctcrmincd by the Iattcr method. Parameters m Table I show

corrcctcd valtrcs. Remaining circuit clcmcnts arc also Iistcd in
the table.
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Fig. 1. Maximum available conversion gain (MACG) versus RF fre-

quency. Pinch-off voltage is VP= – 1.8 V, and knee voltage is Vkn

= 0.6 V.

To maximize conversion gain, bias conditions and the load

and source impedances at the RF, image, and IF frequencies
should be optimized. The optimized gate and drain bias is equal

to 0.8 times the pinch-off (VP = – 1.8V) and 3.33 times the knee
voltage of 0.6 V. The optimized LO level is 10 dBm. The load
and source impedances should be optimized at the RF, image,

and IF frequencies. Fortunately, Maas [2] has shown that the
source impedance at the IF and image frequencies and the load
impedance at the image frequency should be shorted to ilcprove

the noise figure. Camacho-Penalosa et al. [4] have pointed out
the existence of an optimum RF load impedance, which maxi-

mizes conversion gain. This paper also adopts the three
impedances specified by Maas and the RF optimum load

impedance. Thus, conversion gain can be calculated as a func-

tion of the RF source impedance, Z,n, and IF load impedance,
LL.

III. PERFORMANCE OF GAAS MESFET MIXER

Fig. 1 shows the MACG as a function of RF frequency. This

figure clearly shows that there is a frequency range in which the

conversion gain is infinite. This infinite conversion gain corre-
sponds to the existence of instability, which has been suggested

by Maas [2] and confirmed by Camacho-Penalosa et u1. [4], At

frequencies higher than 15 GHz, the tendency of the MACG is

similar to that of G. ~dx of an amplifier. However, this figure

shows that there is another region of unconditional stability at
lower frequencies. The existence of two unconditionally stable
regions is peculiar to the mixer. From a practical point of view,
the conditionally stable region can be recommended for use if a
high conversion gain is desired. Biased at 0.5 times the pinch-off

voltage, ~~ of ’the MESFET is about 15 GHz. It can be said that
the conditionally stable region appears around ~r at this gate

bias.

Fig. 2 shows the impedance loci to realize the MACG. As
pointed out in [4], there is an optimum RF load impedance. This

is shown in Fig. 2 as the locus marked with open circles. The
imaginary part of the optimum RF load impedance is consid-

ered to cancel the drain–source capacitance and to shift the
point of the short circuit from the drain terminal to just at the

current source, I,n.

In the conditionally stable RF frequency region, circuit stabil-

ity should be clarified. Here the RF frequency is fixed at 15
GHz by way of example. To discuss stability, wc should point
out that stability is determined by the combination of RF source

impcdancc and IF load impcdancc. Thus, the stability circle for

load
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Fig. 2. Matching impedances versus RF frequency in unconditionally
stable region.
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Fig. 3. Stability circle and equal gain loci (IF load impedance) at RF
frequency of 15 GHz in conditionally stable region. RF source impedance

is matched to the input impedance of the FET.

an RF or IF impedance differs, depending on whether the other

is fixed or arbitrary. Here, the stability of the IF load impedance
is estimated without defining the RF source impedance. The

results are shown in Fig. 3 together with the equal-gain loci. In
this figure, the unstable region is hatched. The unstable region
does not mean that the mixer is always unstable regardless of
the value of RF impedance but rather that there is at least one
RF impedance which makes the mixer unstable. This figure
shows that the major part of the unstable region corresponds to
an inductive IF load impedance, as expected (cancellation of

C,,,, by inductive IF impedance increases conversion gain).

Next, the IF load impedance is fixed at a value in the unstable
region (100 + j.100 Q), and a stability circle of RF source

impcdancc is calculated (Fig. 4). In this case, the stability circle

almost c(fincides with the edge of the Smith chart, and the area
outside of the Smith chart is unstable. As can be seen from the

figure, instability can easily be avoided by increasing the real
part of the RF source impedance slightly. However, the equal
gain loci shown in this figure suggest that a highly accurate input
RF matching circuit must bc designed to obtain a conversion
gain higher than 10 dB.

The impcdancc that corresponds to an infinite conversion
gain is 0.36+ j 18.91 Q. Fig. 5 shows the stability circle and equal
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Fig. 4. Equal gain loci (RF source impedance) at RF frequency of 15
GHz. IF load impedance is fixed at 100 + j100 Q.
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Fig. 5. Equal gain loci (IF load impedance) at RF frequency of 15

GHz. RF source impedance is fixed at 0.36+ j18.91 0.

gain loci of the IF load impedance under a fixed RF impedance
of 0.36+ j18.91 0. At an IF output impedance of 100+ j100 Q,
the conversion gain is infinite, as expected. Fig. 5 shows that the

tolerance of the IF load impedance is much wider than that of
the RF source impedance. This means that the design accuracy

of the RF input matching circuit mainly determines the maxi-

mum conversion gain.

IV. CONCLUS1ON

The MACG of a GaAs MESFET mixer has been estimated as

a function of RF frequency under a fixed IF frequency of
1 GHz. The estimated conversion gain suggests that there arc
two unconditionally stable RF frequency regions. For the uncon-
ditionally stable RF frequency region, the optimum IF load
impedance and the RF source impedance have been shown.

For the conditionally stable RF frequency region, stability

circles and equal gain loci have been shown. The results suggest

that instability can be avoided by increasing the RF source
impedance slightly. The tolerance of the IF load impcdancc to

obtain high gain is much wider than that of the RF source
impedance, Thus, the maximum conversion gain of the actual
mixer is mainly determined by the design accuracy of the RF
source impedance.

[1]

[2]

[3]

[4]

[5]

RH-ERENCTX+

R. A. Pucel. D. Masse, and R. Bera, “Performance of GaAs
MESFET mixers at X-band,” IEEE Trans. Microwzu}e Theory Tech.,
vol. MTT-24, pp. 351 –360. June 1976.
S. Maas, “ Design and performance of a 45-GHz HEMT mixer,”

IEEE Trans. Microwa[e Theory Tech., vol. MTT-34, pp. 799-803,
Jtdy 1986.
S. Maas, “Theory and analysis of GaAs MESFET mixers,” IEEE
Trans. MicrowaLe Theory Tech., vol. MTT-32, pp. 1402– 1406, Oct.
1984.
C. Camacho-Penalosa and C. S. Aitchison, “Analysis and design of
MESFET gate mixers,” IEEE Trans. Microwace Theory Tech., vol.
MTT-35, pp. 643-652, JLLiy 1987.

Y. Tajima, B. Wrona, and K. Mishima, “GaAs FET large-signal

model and its application to circuit designs,” IEEE Trans. .E/ectron

Derices, vol. ED-28, pp. 171-175, Feb. 1981.

Projected Frequency Limits of GaAs MESFET’S

J. Michael Golio and Janet R. J. Golio

Abstract —Limits to the ultimate frequency performance which can he
realized with GaAs MESFET’S have been projected. These predictions

are based on the reported performance of 137 devices fabricated between
1966 and 1988 and on first-order modeling. The predictions indicate

that rrltimate maximum frequency of oscillation vahres may approach
700 GHz while gain-bandwidth product values as high as 200 GHz may
be realized.

I. INTRODUCTION

The frequency limits of GaAs MESFET’S have been extended

each year since the device was first introduced in 1966 [I]. Most

of the improvements have been realized by reducing the device
dimensions (scaling). A study of scaling rules and limitations for

GaAs MESFET’S indicates that the physical properties of the
device will require gate length dimensions to be greater than

approximately 0.1 pm [2]. Although further reductions in gate
length are technologically realizable, such devices will not ex-
hibit improved frequency characteristics and will be useful only
for a very limited number of applications.

Like the previous work, the present investigation confronts
the scaling problem using an empirical–statistical approach in

combination with some simple theoretical relationships. Gallium
arsenide device manuscripts listed in the indexes of the IEEE
TRANSACTIONS ON MKROWAVE THEORY AND TKHNIQUES, the

IEEE TRANSAC’HONS ON ELECTRON DBvlcm, and the IEEE
ELECTRON DEWIC~ LIZTT~RS between 1966 and 1988 were con-

sidered for the investigation. During the early years of GaAs

FET development, when fcw reports in the Iitcraturc were
available, other technical literature sources were also utilized. If
the published report was not specifically stated to be for power
or specialized applications, and information on at Icast two of
the design details regarding gate length, cpi-thickness, or doping
density of the active channel was included, the device was used
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