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Performance of GaAs MESFET’S at Low Temperatures
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Abstract—The noise- and s-parameters of a GaAs MESFET with l-jrm
gate Iength are characterized versus temperature. At room temperature,
the noise figure measured at 12 GHz is 3.5 dB. At 90 K, the noise figure
decreases to 0.8 dB ( T. = 60 K). The associated gain is 8 dB. The design
of a cooled amplifier for the 11.7T12.2-GHz communication band is
discussed. At 60 K, the three-stage amplifier exhibits 1.6-dB noise figure
(~. = 130 K) and 31-dB gain.
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At room temperature, thermal noise sources dominate the

noise performance of GaAs MESFET’S in microwave amplifiers

[1], [2]. By cooling the MESFET’S to 77 K, a significant noise

reduction has been observed in the 1–2-GHz range [3 ]– [5 ]. Also,

a 2-dB noise-figure reduction has been reported for a 6-GHz

MESFET amplifier when cooled to 190 K [6]. The purpose of this

short paper is to present MESFET characteristics versus temper-

ature that are relevant to amplifier applications. Based on these

device data, the design of a cooled communication amplifier is

outlined and the amplifier performance data versus temperature

are discussed.

MESFET PERFORMANCE

The GaAs MESFET discussed in this short paper has been

described in [7]. The gate is 1 ,um long, 500pm wide, and the

channel is 0.2 #m thick. The active layer was grown by liquid-

phase epitaxy directly on” the (100) surface of a Cr-doped

semi-insulating substrate. The criteria for the selection of the sub-

strate are discussed in [8]. Tin was chosen as the donor impurity

which has a negligible ionization energy (similar to sulfur [9])

at 1 x 1017 cm-3 doping density. Consequently, the free-carrier

concentration in the channel is practically temperature indepen-

dent.

To characterize the MESFET performance at low temperature,

the transistor chip is mounted in a test fixture in which miniature

coaxial linesl are directly contacting the gate and drain pads on

the chip. The source is grounded with 40-pH lead inductance.

At 12 GHz, this fixture exhibits less than O.l-dB insertion loss

at the input and output ports. The backside of the MESFET sub-

strate is mounted on a heat sink yielding a thermal resistance of

100 K/W. Under low-noise operating conditions, 100-mW dc

power is dissipated in the MESFET, raising the channel temper-

ature approximately 10 K above the ambient temperature. The

temperature of the heat sink (ambient temperature) was moni-

tored close to the chip with a copper--constantan thermocouple.

The test fixture was suspended above a liquid-nitrogen bath,

and the temperature was changed by varying the distance

between the fixture and the liquid-nitrogen level.

The noise figure and associated gain of the GaAs MESFETwere

measured at ‘12-GHz versus am–bient temperature. At each

temperature, the gate bias and the RF tuning at the gate and

drainz were adjusted for minimum noise figure. The solid curves

in Fig. 1 show the result. The noise figure decreases from 3.5 dB

at 300 K to” 0.8 f 0.5 dB at 90 K. This performance demon-

strates the ultralow-noise capability of cooled GaAs MEWET’S at

frequencies as high as 12 GHz. The rate of noise-figure decrease

is particularly large between 300 and 200 K, which makes thermo-

electric cooling an attractive technique for improving noise

performance. The gain associated with the minimum noise figure

changes from 7.4 dB at 300 K to 8.3 dB at 90 K. With decreasing

temperature, the reverse bias on the gate had to be increased to

achieve lowest noise performance. At the optimum gate bias, the

ratio of the actual drain current, IDS, to the cun-ent at zero gate

voltage, ZD~~, remained approximately independent of temper-

ature for most FET’s tested. Using this rule, the optimum gate

bias can” be determined from simple drain-current measurements

on a cooled MESFET providing that the optimum bias at room

temperature is known.

“The dashed curves in Fig.’1 show the MESFET’Snoise figure and

1 The inner conductor has a 100-#m diameter.
2 The transistor is operated in common-source configuration.
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Fig. 2. Optimum generator reflection coefficient, r ~e~,for minimum noise
figure at 90 and 300 K ambient temperature. In this figure, the complex
conjugate of r ~en is shown at 12 GHz. In addition, the measured
s-parameters, SI I and S22, are plotted versus frequency at the two
temperatures. At 90 K, s-parameters calculated from the eqtuvalent
circuit (Fig. 4) are also shown.

gain versus temperature for constant gate bias and constant The variation in the optimum generator impedance versus

generator and load impedances. The gate bias (VG~ = – 1.6 V), temperature must also be considered. The generator impedances

which yields minimum noise figure at 90 K, was chosen and the are shown in Fig. 2 for operation at 90 and 300 K. At the lower

MESFET was tuned for minimum noise figure at room temper- temperature, the optimum reactance is 20 percent smaller and the

ature. This could be a practical procedure in tuning the first resistance 24 percent smaller. The MESFET’S input impedance

stage of a cooled amplifier. However, this procedure does not shows approximately the same relative change (Table I). The

lead to the minimum noise figure at 90 K, as illustrated in Fig. 1. gate-to-source capacitance Cg,, shown in Fig. 4, increases by
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TABLE I
ELEMENTVALUES IN THE EQUIVALENT CIRCUIT OF FIG. 4 THAT PROVIDETHE BEST AGREEMENTBETWEEN

CALCULATED ANDMEASUREDS-PARAMETERSAT 300 AND 90 K

Parameter P(90) - P(300)

P (30:”K) (90EK) P(300)

Parameter P(90) - P(300)
P (30:”K) (90EK) P(300)

Cg, (PF) 0,31 0.38 +0.23 gm (nmho) 22 48 +1.2

Ri (Q) 8.0
9m

6.0 — (rmnho) 21
1 + gmR~

43 +1.1

R~(Q) 3.0 2.5 To (PS) 1 1

Rg ($2) 3.0 1.5 Cdg (PF) 0.038 0.029 -0.24

Ri + Fj + ,$ (Q) 14.0 10.0 -0.29
Cdc

(PF) 0.003 0.01 +2.3

Rd~ (o) 350 240 -0.31
Lg (nH) 0.05 0.05

Rd (Q) 4.0 3.5
Ld (nH) 0.05 0,05

cd~ (PF) 0.11 0.10 (-0.09) L~ (nH) 0.04 0.04

Note: The bias voltages are: VDS = 4.0 V and VGS= – 1.6 V.

::;;::d } 90”K
VD5 = 4.0 v

90” VGS =-16V
Measured, 300 “K

1800
4 2 0 01

t-
1

Scale for \ S2, I Scale for I S121
-1

Fig. 3. Measured s-parameters, SIZ and SZl, of the GaAs MESFETversus
frequency at 90 and 300 K. At 90 K, s-parameters calculated from the
equivalent circuit (Fig. 4) are also shown.

23 percent; and the sum of the intrinsic, source, and gate resis-

tances, Ri + R, + R~, decreases by 29 percent. This latter

change reflects the effect of an increasing electron drift mobility

(+20 percent) and a larger conductive cross section in the active

layer3 at lower temperature.

The measured s-parameters of the MESFETare shown in Figs. 2

and 3 versus frequency for the two ambient temperatures, 90 and

300 K, They are described very accurately by the equivalent
circuit illustrated in Fig. 4. Circuit-element values that yield

best agreement between calculated and measured s-parameters

are listed in Table I. The table also shows the change of each

circuit component with temperature, which leads to the following

discussion.

Between 300 and 90 K, the drain resistance, Rd. at VGS =

– 1.6 V, decreases by31 percent while the capacitance in parallel,

C~~ + C~c, remains constant. At VGS = O, Rd. decreases only by

20 percent. The temperature sensitivity of Rd. depends on the

3 The conductive cross section is larger because the measured cutoff
gate voltage has increased (Fig. 5).

‘“’-{’w”
SOURCE SOiJRCE

Ids = Ymve

Y*’ 9me-i~T0

Fig. 4. Equivalent circuit for the GaAs MESFET. Element values for
operation at 90 and 300 K are listed in Table 1.

gate voltage. As the gate is reverse biased and VGS approaches

the cutoff voltage, VG~(Off),4 the temperature variation of VGs(Off)

(Fig. 5) causes Rd. to be more strongly temperature dependent;

i.e., the widening of the conductive cross section in the active

layer becomes more effective.

The parameter that varies most significantly with temperature

is the intrinsic transconductance g~. Between 300 and 90 K, g~

increases by 120 percent; a change also reflected in the variation

of the forward transfer coefficient Sz~ (Fig. 3). g~ is related to the

(extrinsic) low-frequency transfer admittance, Iyf,l, by

b-fsl= ‘m
1 + gmR, “

ly$J, as determined from the s-parameters, is listed in Table I,

and values measured at 1 MHz are plotted in Fig. 5. The data

agree within 10 percent. The temperature variation of g~ between

4 V~~{c~~)is defined as the gate voltage that reduces the drain current to
1 mA. P’~s,<.~~)is temperature dependent because the depletion-layer width
at the active layer to substrate interface apparently decreases with lower
temperature for the pa~ticular. MESFET investigated. The ,diffuslon voltage
of the Schot:ky barrier ?s practically temperature msensltwe as reported in
[11] and verfied here with SI, measurements at VG, = V~S = O.
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Fig, 5. Drain current, Z~S, transadmittance, [Yr,l, and cutoff gate vokage,
V~~c.,,), of the GaAs MESFET versus ambient temperature.

300 and 90 K can be traced to the following changes in the

active-layer properties: a) the measured carrier drift mobility in-

creases by 20 percent, b) the calculated peak drift velocity rises

by 60 percent [10], and c) the cutoff gate voltage increases by

35 percent. On the basis of the parameter variations a) and b),

a 45-percent increase in g~ is theoretically estimated with the

simple model discussed in [12]. This calculated change agrees

fairly well with measurements made at VG~ = O. At this bias, the

temperature dependence of VG~~dff) can be neglected in a first-

order approximation.

At the lower temperature, the drain-to-gate feedback capac-

itance, c~~, is smaller (– 24 percent) and the capacitance of the

dipole layer in the channel [13], C~c, is considerably larger. These

changes are primarily due to the higher drain current (+ 165

percent, Fig. 5) at 90 K which results in a larger electron accumu-

lation in the channels The negative space-charge, in turn, causes

the depletion layer under the gate to widen toward the drain, thus

reducing the drain-gate feedback capacitance.

COOLEDAMPLIFERDESIGNAND PERFORMANCE

Based on the measured temperature characteristics of the GaAs

MESFET,an amplifier was designed for operation at 90 K ambient

in the 11 .7–12.2-GHz U.S. satellite communication band [14].

The amplifier consists of three low-noise stages with sapphire

microstrip matching networks. The transistor chips are mounted

directly on the ground plane of the amplifier package which is

an effective heat sink. The gate bias of the first stage is adjusted

to the optimum value for operation at 90 K, as discussed in the

previous section. The noise match at the input port is accom-

plished with a low-loss structure of three elements: a cascaded

transmission line next to the gate, a series interdigital capacitor,

and an open-circuited shunt line.6 The network is designed and

5 The strong dependence of C~g on IDS is also experienced when the gate
voltage is changed. At 90 K, C.~ is decreasing from 0.029 pF at 27 mA
( VG~ = – 1.6 V) to. O.007pF at 110 mA ( VG~ = O). Notice that the smaller
capacitance, M obtalqed for the smaller dralg-to-gate voltage, V~S —. VGS.

6 The series capacitor performs three functions: a) It M an element m the
RF matching network, b) it acts as a dc block, and c), in conjunction with
the hias network, i! ,provides a high-pass filter which is required to protect
the burn-out se:smve, gate from surge pulses. The open-circuited stub
can be easdy adjusted m Its location, length, and characteristic impedance
and is, therefore, a convement tuning element.
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Fig. 6. Noise figure, equivalent input noise temperature, and power g~in
of the amphfier versus ambient temperature.

tuned for lowest noise figure at room temperature. Then the

tuning is slightly changed to compensate for the shift in optimum

generator impedance at 90 K (Fig. 2). The second and third

stages are operated under bias and tuning conditions yielding

higher gain than the first stage with an acceptable noise figure.

No compensation is made for the variation in the MESFET’Soutput

impedance versus temperature (Fig. 2). The complete integrated

circuit is enclosed in a waveguide below cutoff; the amplifler

package is filled with helium and hermetically sealed.

The resulting amplifier performance versus temperature is

documented in Figs. 6 to 9. At 300 K, the noise figure of the

amplifier is 5.2 dB. The noise figure versus temperature curve

has a steep slope at room temperature (Fig. 6). The slope cle-

creases at lower temperatures, and at 60 K a lowest noise linmit

of 1.6 dB is reached7 (equivalent input noise temperature

Te = 130 K). At lower temperature, e.g., 40 K, no further noise

figure decrease is observed. Better noise performance can be

obtained with an improved design. Based on 0.8-dB device noise

figure (Fig. 2), 8.3-dB associated gain, and 0.2-dB loss in each

of the matching circuits at the two ports, an amplifier noise

figure of 1.2 dB is estimated at 90 K ambient temperature. This

compares with 1.8 dB for the reported amplifier whose input and

output matching circuits exhibited 0.5-dB loss. If the ultimate

noise figure is not required, thermoelectric cooling of the amplifier

is an economical and reliable approach for noise reduction. Co(Dl-

ing the first stage to 200 K and the following stages to 250 K

is feasible and makes the 3.2-dB noise figure at 12 GHz possible

(Fig. 6). In communication satellites, the use of radiation

coolers for low-temperature (90 K) MESFEToperation is of great

interest.

Between 300 and 90 K, the gain of the amplifier increases by

11.5 dlil from 17.8 to 29.3 dB. This gain variation is primarily

due to the FET’s increasing transconductance plotted in Fig. 7.

7 The noise performance of this amplifier was measured independently
at Hewlett-Packard and at the National Rad]o Astronomy Observatory in
Charlottesville, VA. The noise figures as measured by the two laboratories
agreed well w]th a maximum difference of 0.2 dB.
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From data in Fig. 7, a gain increase of 12.2 dB is calculated. The

reflection coefficients at the input and output of the amplifier are

plotted in Fig. 8. The input VSWR rises from 1.7 at 300 K to

4.0 at 90 K. The amplifier output is approximately matched at

300 K. The output VSWR reaches 1.8 at 90 K. Fig. 9 illustrates

the gain and noise figure versus frequency. The relatively small

changes of the MESFET reactance prevent a frequency shift of the

band center versus temperature.

CONCLUSION

It has been shown that GaAs MESFET’Swith I-#m gate length

are capable of very low-noise performance (NF = 0.8 dB at

12 GHz) when operated at liquid-nitrogen temperature. The

MESFET’Stransconductance increases appreciably with decreasing

temperature, raising the RF gain. The input and output im-

pedances of the transistor are fairly insensitive to temperature

Communicant ion
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Fig. 9. Amplifier gain and noise figure versus frequency with ambient
temperature as a parameter.

variations. A three-stage amplifier was built, yielding 1.6-dB

minimum noise figure at 12 GHz when operated at 60 K ambient.

A 1.2-dB noise figure is estimated for an improved MESFETampli-

fier version operating at 90 K ambient temperature. This noise

figure compares with 1.8 dB for uncooled and with 0.7 dB

(~ = 50 K) for cryogenic parametric amplifiers [15]. The

MESFET’S + 10-dBm output power at 1-dB gain compression

compares with – 15 dBm [16] for the parametric amplifier.

Bandwidths of 4 GHz have been demonstrated for low-noise

MESFETamplifiers in C [17] and X band [7], [18] as compared to

a 2-GHz bandwidth realized with parametric amplifiers at

10 GHz [16], [19]. In addition, a gain-versus-temperature slope

of <0.1 dB~C and gain stability of <0.1 dB/h are achieved

without special care using FET’s. Cooled GaAs MESFETamplifiers
with their simple circuitry and relatively low cost are, therefore,

expected to compete effectively with parametric amplifiers at

frequencies up to 12 GHz.
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A 6-G,Hz Four-Stage GaAs MESFET Power Amplifier

YOUICHI ARAI, TSUTOMU KOUNO, TETSUO HORIMATSU,
AND HIDEMITSU KOMIZO, MEMBER,IEEE

Abstract—A 6-GHz GRAS MESFET power amplifier with 1-W out-
put power, 26dB gain, and 8-dB noise figure is described. It is a fully
integrated four-stage amplifier with an efficiency of 22 percent. The third-

order intermodulation product is 31.5 dB below the carrier at an output
power of 1 W.

I. INTRODUCTION

Gunn and IMPATT diodes have been widely used as high-

power devices in microwave oscillators and amplifiers for radio-

communication systems in the frequency range beyond 6-GHz

[1 ]-[3 ]. Considering the recent progress in the fabrication and

performance of the high-power GaAs MESFET [4], this three-

terminal device is expected to replace conventional two-terminal

devices in system applications.

Many authors have reported low-noise and small-signal FET

amplifiers [5], [6] and also high-power GaAs MESFET devices

[7], [8]. This short paper describes the performance of a 6-GHz

four-stage GaAs MESFET high-power amplifier which was fab-

ricated on a Teflon-glass-fiber printed-boards with microstrip

Manuscript received September 30, 1975; revised December 15, 1975.
The authors are with the Fujitsu Laboratories Ltd., Nakahara-ku,

Kawasaki, Japan.
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Fig. 1. Static current-voltage characteristics of a power FET with the
gate-source voltage as a parameter. The vertical scale shows source-drain
current 1~~ (100 mA/div) and the horizontal scale shows source-drain
voltage V~~ (500 mV/div).
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Fig. 2. Frequency response of an FET power amplifier. (a) Output power
at l-dB gain compression point. (b) Small-signal gain.

circuits. The bandwidth, the power variation with temperature,

the third-order intermodulation, and the AM-to-PM conversion

of the completed amplifier are discussed.

The four-stage amplifier has the following characteristics:

the output power is + 30.2 dBm with a gain of 26.2 dB and a

noise figure of 8 dB. The 3-dB bandwidth is almost 200 MHz

and the third-order intermodulation product is 31.5 dB belc~w

the carrier at an output power level of 1 W. The amplifier power

efficiency exceeds 22 percent.

11, A MICROWAVE POWER GAAS MESFET

A microwave high-power GaAs MESFET is composed of mauy

small-signal FET’s which are connected in parallel yielding

a high drain current. Some characteristics of the GaAs Mmm?r’s

incorporated in this amplifier will be introduced. The static

current-voltage characteristic of the FET was measured using
a curve tracer to determine the dc bias point for class A comrnon-

source operation. Typical VDrZD~ characteristics are shown in

Fig. 1. The frequency response of a high-power GaAs MESFET

was measured, and is shown in Fig. 2. The output power at the

l-dB gain compression point remains almost constant over the


