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Abstract—An -band monolithic-microwave integrated-cir-
cuit (MMIC) power amplifier with a simplified on-chip tempera-
ture-compensation circuit composed of a few diodes and a resistor
are presented in this paper. At first, the operation principle and
design method of the temperature-compensation circuit have been
investigated. The fabricated four-stage -band MMIC power
amplifier with the on-chip temperature-compensation circuit
has demonstrated the improvement of gain variation from 5.5 to
1.3 dB in the temperature range from 10 C to+80 C.

Index Terms—Gain control, MMIC power amplifiers, Schottky
diodes, temperature control.

I. INTRODUCTION

I N RECENT years, there have been increasing demands for
power amplifiers with small gain variation with tempera-

ture. However, it is known that multistage FET amplifiers are
seriously affected by temperature variation, resulting in a gain
spread of several decibels for amplifiers. It is known that the
compensation of gain variation for FET amplifiers can be re-
alized by controlling drain currents and input power levels; a
design method which uses an off-chip regulator [1] or an at-
tenuator [2], [3] with a temperature sensor in the module. As a
result, the module becomes larger. The preferable design solu-
tion for realizing miniaturization of modules has been consid-
ered to employ amplifiers with an on-chip temperature-compen-
sation circuit [4], [5]. They control the gate voltage of the FET
in order to obtain the constant drain current with temperature,
which may compensate the gain of the FET with temperature.
However, they cannot achieve optimal gain compensation with
temperature. Moreover, they requires a series resistance in the
drain-bias circuit to monitor the drain current, which leads to a
significant voltage drop for power amplifiers.

To address these problems of conventional technologies, we
present a simplified on-chip temperature-compensation circuit,
which consists of only a few diodes and a resistor. The presented
compensation circuit controls the gate voltage in order to keep
the gain constant with temperature. The presented compensa-
tion circuit utilizes the mechanism that the threshold voltage of
a diode decreases with the increasing of temperature. In this
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Fig. 1. Measured gain characteristics of a single-stage amplifier, which
employs a GaAs MESFET with a gatewidth of 900�m atV ds = 5 V at the
center frequency.

paper, at first, the operation principle and design method of
the temperature-compensation circuit have been investigated.
We have developed a four-stage-band monolithic-microwave
integrated-circuit (MMIC) power amplifier with the presented
on-chip temperature-compensation circuit. The fabricated am-
plifier has demonstrated an improvement of gain variation from
5.5 to 1.3 dB in the temperature range from10 C to 80 C.

II. GAIN CHARACTERISTICSDEPENDING ONTEMPERATURE

FOR FET AMPLIFIER

The gain of a GaAs FET amplifier decreases with the increase
of temperature, while the gain of the FET amplifier operating
at class AB increases with the increase of a gate voltage. To
compensate the gain variation of an amplifier with temperature,
controlling the gate voltage of an FET can be used. Fig. 1 shows
measured gain characteristics of a single-stage amplifier at the
three temperature points20 C, 25 C, and 70 C as a func-
tion of gate voltage. From Fig. 1, it can be seen that the gain
can be kept constant in the temperature range from20 C to

70 C by adjusting the gate voltage of the amplifier when the
gain of the amplifier is less than 7 dB. The gate voltage has to
be varied from 3.4 to 3 V to achieve constant gain of 7 dB in
the temperature range between20 C and 70 C, as shown
in Fig. 1.

III. T EMPERATURE-COMPENSATIONCIRCUIT

A. Operation Principle

The gain variation against temperature of the amplifier can
be compensated by increasing the gate voltage with an increase
of temperature, as mentioned in Section II. In this section, the
operation principle and design method of the temperature-com-
pensation circuit, which is simply composed of a few diodes and
a resistor, are investigated.
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Fig. 2. Schematic diagram of the temperature-compensation circuit.

Fig. 2 shows the schematic diagram of the temperature-com-
pensation circuit. The value of gate voltage is determined by
reference voltage and gate control voltage , as shown in
Fig. 2. In Fig. 2, and are the current and voltage through
the diode and is a resistor. The compensation circuit shown
in Fig. 2 utilizes the decreasing threshold voltage of the diode
with the increase of temperature.

In order to simplify the explanation of an operation principle,
we assume . From Fig. 2, the following equations are
derived:

(1)

where and are the temperature and an ideality factor of the
diode, respectively. Here, is given by the following equation
as a function of temperature:

(2)

where is the Richardson–Dashmann constant independent
on temperature, is the Schottky barrier voltage depending
only on the material, and is a junction size of the diode. The

of the -type GaAs is 8.1 10 Am K . From (1) and
(2), is derived as a function of

(3)

where , as shown in Fig. 2, and we assume that
. The variation of with the

increase of temperature is investigated. From (3), the following
equation is derived:

(4)

It is assumed that and are about 150 m and 1 k ,
respectively. is then derived if is more than

270 C. We can find that increases with the increase of
temperature when is more than 270 C.

The variation of between the two temperatures
and can be calculated from following equation:

(5)

Fig. 3. MeasuredI–V characteristics of the diode withS = 150 �m at
25 �C.

Fig. 4. Calculated and measuredV g versus temperature characteristics for
V r.

B. Design Method

Gate voltage of the temperature-compensation circuit can
be calculated from (3). To obtain the ideality factorand
the Schottky barrier voltage in (3), – characteristics of
a GaAs diode with m are measured, as shown
in Fig. 3. Here, an -type MESFET with the gate length of
0.5 m and a total gatewidth of 300m is employed instead
of the diode. The MESFET is connected between the drain and
source. and are derived from (1) and (2), and are shown
as follows:

(6)

and are calculated as 1.29 and0.68 V, respectively,
because the junction size of the diode is m . Fig. 4
shows calculated and measured versus temperature char-
acteristics. can be calculated from (3). The calculated and
measured results are in good agreement. From Fig. 4, it is con-
firmed that the gate voltage becomes larger with the tempera-
ture increasing and the increasing rate of gate voltage is about
1 mV/ C between the temperature range of20 C and 80 C.



YAMAUCHI et al.: -BAND MMIC POWER AMPLIFIER WITH AN ON-CHIP TEMPERATURE-COMPENSATION CIRCUIT 2503

(a)

(b)

Fig. 5. CalculatedV g versus temperature characteristics forR and S.
(a) Variation ofR. (b) Variation ofS.

From the analogy with (5), the following equation is derived
for :

(7)

where is the number of diodes used in series. It is easily con-
sidered that a large value for can be obtained by using a
number of diodes in series.

Fig. 5(a) and (b) demonstrates the calculatedversus tem-
perature characteristics for a variation ofand variation of ,
respectively. From the figure, it is illustrated that the value of

increases with the increase of theand . It is shown
that fine adjustment of can be obtained by varying and

.

IV. A PPLICATION TO AN -BAND POWER AMPLIFIER

A. Design

The presented temperature-compensation circuit is applied to
an -band power amplifier. Fig. 6 shows the schematic dia-
gram of a four-stage MMIC amplifier with the on-chip temper-
ature-compensation circuit, which is employed to achieve con-
stant gain performance in the wide temperature range. The re-
quired is 0.4 V in the temperature range between20 C
and 70 C, as shown in Fig. 1. The four diodes should be con-
nected in series to achieve V because the rate of in-
creasing is about 1 mV/C per one diode, as shown in Fig. 4.

Fig. 6. Schematic diagram of the four-stage MMIC amplifier with the on-chip
temperature-compensation circuit.

Fig. 7. Measured small-signal gain as a function ofV g and temperature of
the single-stage amplifier that employs a GaAs MESFET with a gatewidth of
900�m atV ds = 5 V at the center frequency.

TABLE I
MEASUREDFET PERFORMANCES

The measured small-signal gain as a function ofand temper-
ature is shown in Fig. 7. In this figure, the parameter is the gain
required for a single amplifier stage. The gain variation of the
amplifier can be minimized when is set along the contour
line of equal gain with temperature. The value of is designed
as V at 25 C. Moreover, and are designed as

k and m to make fine adjustment, respec-
tively. The gain variation is then improved from 2.1 to 0.5 dB,
as shown in Fig. 7.

It is required for the MMIC amplifier to achieve both high
gain and low power consumption simultaneously. The high-per-
formance MESFET is employed, as shown in Table I. To pro-
vide high gain, the amplifier employs a four-stage configura-
tion. Also, to achieve low power consumption, the drain circuit
is operated at class AB. Furthermore, to achieve good gain flat-
ness in a broad frequency band, every inter-stage of the MMIC
amplifier is matched to achieve good gain flatness in a broad fre-
quency band. The gatewidth of each stage of the FET is chosen
to achieve low power consumption.

B. Measurement

Fig. 8 shows the photograph of the fabricated four-stage
-band MMIC amplifier. The temperature-compensation

circuit is integrated on the same GaAs chip of the amplifier.
Fig. 9 shows measured frequency characteristics of the

small-signal gain of the amplifier without and with the on-chip
temperature-compensation circuit at10 C, 25 C, and
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Fig. 8. Four-stageX-band MMIC amplifier with the temperature-compen-
sation circuit.

(a)

(b)

Fig. 9. Measured frequency characteristics of small-signal gain of the MMIC
amplifier atV ds = 5 V at the total drain current of 79 mA at 25�C. (a) Without
the compensation circuit. (b) With the compensation circuit.

Fig. 10. Measured temperature characteristics of the small-signal gain of the
MMIC amplifier at the center frequency atV ds = 5 V at the total drain current
of 79 mA at 25�C.

80 C. Fig. 10 shows measured temperature characteristics
of the small-signal gain of the amplifier without and with
the on-chip temperature-compensation circuit at the center
frequency. The amplifier achieves the small-signal gain of
32 dB at 25 C at the center frequency. It is clearly shown that
the gain variation of the MMIC amplifier is improved from 5.5
to 1.3 dB in the temperature range from10 C to 80 C by
using the on-chip temperature-compensation circuit.

Fig. 11. Measured temperature characteristics of small —signal gain for six
MMIC amplifiers on a wafer at the center frequency atV ds = 5 V at the total
drain current of 79 mA at 25�C.

(a)

(b)

Fig. 12. Measured gain, phase deviation, PAE, and output power of the
MMIC amplifier at the center frequency atV ds = 5 V at the total drain
current of 79 mA at 25�C. (a) Without the compensation circuit. (b) With the
compensation circuit.

Fig. 11 shows the measured temperature characteristics of the
small-signal gain for six MMIC amplifiers on a wafer.th of
the FET is known to have some variations on a wafer. In order
to compress the variation, the gate voltage should be decided to
keep the drain current of each FET constant. As shown in Fig. 2,
arbitrary can be achieved by tuning . The MMICs in
Fig. 11 are tuned to the total drain current of 79 mA at 25C.
Fig. 11 shows that each MMIC improved gain variations with
temperature with the temperature-compensation circuit.

Fig. 12(a) and (b) shows the measured gain, phase deviation,
power-added efficiency (PAE), and output power at the center
frequency without and with the on-chip temperature-compensa-
tion circuit. The variation of gain and output power with tem-
perature is reduced in the wide input power range by using the
presented on-chip temperature-compensation circuit.
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(a)

(b)

Fig. 13. Measured gain, phase deviation, PAE, and output power of the
amplifier at the center frequency atV ds = 7 V. (a) Without the compensation
circuit. (b) With then compensation circuit.

(a)

(b)

Fig. 14. Measured ACPR and NACPR of the MMIC amplifier at the center
frequency atV ds = 5V at the total drain current of 79 mA at 25�C. (a) Without
the compensation circuit. (b) With the compensation circuit.

The dependence of the improved gain variation with temper-
ature on the drain voltage is now investigated. Fig. 13(a) and
(b) shows the measured gain, phase deviation, PAE, and output

power at the center frequency without and with the on-chip tem-
perature-compensation circuit at V. The gain variation
with temperature is improved, as measured at V. From
this figure, the improvement of the gain variation with temper-
ature is not dependent on the drain voltage.

Fig. 14(a) and (b) shows an adjacent channel leakage power
ratio (ACPR) and a next adjacent channel leakage power ratio
(NACPR) of the amplifier for a 12 Mb/s QPSK modulated
signal. The ACPR is measured at 9-MHz offset and the NACPR
is measured at 18-MHz offset with a bandwidth of 6 MHz.
From this figure, it has been demonstrated that the variations
of the ACPR and NACPR are improved with the on-chip
temperature-compensation circuit in a wide temperature range.
The ACPR is mainly dominated by gain linearity in the devel-
oped amplifiers. Gain linearity is determined by output power.
Output power keeps constant with the temperature-compensa-
tion circuit. Thus, the variation of the ACPR with temperature
was improved in a wide temperature range.

V. CONCLUSIONS

A four-stage -band MMIC power amplifier with a sim-
plified on-chip temperature-compensation circuit composed of
a few diodes and a resistor has been presented in this paper.
The temperature-compensation circuit utilizes the decreasing
threshold voltage of the diode with the increase of temperature.

With the temperature-compensation circuit, the gain variation
has been improved from 5.5 to 1.3 dB in the temperature range
between 10 C and 80 C. It has been demonstrated that the
presented temperature-compensation circuit is effective for cor-
recting gain variation of a multistage microwave power ampli-
fier in a wide temperature range.
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