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A New GaAs Variable-Gain Amplifier MMIC with a
Wide-Dynamic-Range and Low-Voltage-Operation

Linear Attenuation Circuit
Masahiko Inamori, Kaname Motoyoshi, Takahiro Kitazawa, Katsushi Tara, and Masahiro Hagio

Abstract—A 40-dB dynamic-range variable-gain amplifier
(VGA) designed for the code division multiple access (CDMA)
cellular phone has been developed. A wide-dynamic-range VGA
under a low control voltage of 2.0 V, compatible with high linearity
and low distortion characteristics, essential for CDMA, is realized
by the new gain control technique. It greatly contributes to the
high performance and small size of RF circuits for CDMA cellular
handsets.

I. INTRODUCTION

T HE code division multiple access (CDMA) cellular phone
system is expected to be the world standard because of

the potential for high-capacity and high-quality communica-
tion. Output power control is essential for the CDMA cellular
phone system because CDMA system has to solve the near-far
problem. The demand for the higher performance variable-gain
amplifier (VGA) has been growing as the CDMA cellular phone
system is introduced worldwide.

VGA’s for the CDMA system have been required wide
dynamic range and high linear gain control as well as low-dis-
tortion characteristics over the variable output power level.
In addition, low voltage operation is requisite to reduce the
handset size. Several approaches of variable gain function such
as VGA’s and variable attenuators were reported with excellent
characteristics by using GaAs MESFET’s [1]–[6], but they
could not simultaneously satisfy wide dynamic range, high
linear gain control, low distortion, and low voltage operation.

This paper describes a VGA that controls the output power
with wide dynamic range of 40 dB required for the RF part and
low adjacent channel leakage power ratio (ACPR) of less than

53 dBc sufficient for the CDMA system under low control
voltage from 1.0 to 2.0 V. Such high performance suitable
for CDMA is achieved by the new gain control technique in-
geniously combining a couple of series FET’s and a couple of
shunt FET’s to obtain linear gain control function.

II. DESIGN OFVGA

A. Configuration

The circuit diagram of the newly developed VGA is shown
in Fig. 1. The VGA consists of the linear attenuator and the
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Fig. 1. Circuit diagram of the VGA.

two-stage amplifier. The linear attenuator positioned just be-
fore the two-stage amplifier controls the input signal from the
upconverter by the externally applied control voltage. The
controlled power is amplified by the following constant gain
two-stage amplifier and outputted from the drain of the final
stage FET (VDD2). The linear attenuator is essential in the
VGA for CDMA because it substantially determines the dy-
namic range, linearity of the gain control curve, and distortion
characteristics.

B. Linear Attenuator

Conventional attenuator consists of one series FET and two
shunt FET’s, as shown in Fig. 2(a). Fig. 2(b) shows the example
of a gain control curve of a series FET and that of two shunt
FET’s. Each dynamic range and gain slope (GS) are 15 dB and
50 dB/V for a series FET and 14 dB and 46 dB/V for two shunt
FET’s, respectively. The combination of these FET’s results in
less than 30-dB dynamic range, which is not enough for CDMA.
Also, there is a kind of shoulder point in the gain control curve,
which is a serious problem as a CDMA driver amplifier. Such
nonlinearity is due to the discrepancy of the turn on/off point of
the shunt FET and the turn off/on point of the series FET.

The new linear attenuator solves the problems of conventional
attenuator and attains highly linear gain control and wide dy-

namic range. The new linear attenuator consists of cascaded
dual-series FET’s and shunt FET’s, which has a kind ofat-
tenuator configuration, as shown in Fig. 3(a). Fig. 3(b) shows
each gain control curve such as two shunt FET’s of FET3,4, a
series FET of FET1, and a series FET of FET2. To achieve the
wide dynamic range of more than 40 dB, the new linear atten-
uator uses cascaded dual series FET’s in theattenuator. Each
series FET sequentially turns off/on to smoothly connect each
gain control curve, resulting in high linearity gain control, as
shown in Fig. 3(b). The dynamic range and GS of two shunt
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Fig. 2. (a) Circuit diagram and (b) attenuation characteristics of the
conventional� attenuator.

FET’s, which is similar to that of a series FET, are 14 dB and
46 dB/V.

To connect each gain control curve smoothly, thesequen-
tially turn on/off the series FET’s and shunt FET’s referring to
the bias voltages , , and , and each threshold
voltage of FET’s, noted as shown in Fig. 4. Each reference
voltage is designed to overlap the gain control curve of each
FET, obtaining a highly linear gain control curve, wide dynamic
range, and low distortion at every point on the gain control
curve. and the determine the complete turn-off point
of FET1 in Fig. 3(a). In the region of FET1,2
are off state and FET3,4 are on state, resulting in the lowest
output power. In the region of ,
FET1 changes its on resistance depending on, while FET2 is
off state and FET3,4 are on state. is assigned to smoothly
connect the on-resistance variation curve of FET2 to the turn-on
point of FET1. It is approximately 0.2 V higher than be-
cause linearly varying region of FET’s on resistance is less than
0.3 V. In the region of V

V), FET2 changes its on resistance while
FET1,3,4 are on state. In the region of V

V) , FET3,4 change
its on-resistance toward complete off state, while FET1,2 are on
state.

The shunt FET3, which is positioned between the input
terminal and FET2, diverts the input signal in the region of

(a)

(b)

Fig. 3. (a) Circuit diagram and (b) attenuation characteristics of the new linear
attenuator.

Fig. 4. Sequential operation of the new linear attenuator. TheV sequentially
turn on/off the series FET’s and the shunt FET’s referring to theV , V ,
V , and eachV of FET’s.

V V) in order
to prevent the degradation of distortion characteristics in the
low-gain condition.

In the present linear attenuator, of 1.5 V, of 1.7 V,
of 1.3 V, and each of 0.5 V are designed to achieve

wide dynamic range of 40 dB with high linearity under low con-
trol voltage of less than 2.0 V. Each reference voltage is provided
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Fig. 5. Output power characteristics of the VGA as a function of control
voltage. The new VGA shows wide dynamic range of 40 dB with�1 dB
linearity.

by the resistor bias circuit in the VGA monolithic microwave
integrated circuit (MMIC). As a result of these optimizing bias
of series and shunt FET’s, the newly developed linear attenu-
ator has the wide linear dynamic range under the low control
voltage.

C. Two-Stage Amplifier

The VGA is positioned between an upconverter and power-
amplifier module. The power gain of the two-stage amplifier is
designed to be more than 26 dB in the gain diagram of the cel-
lular phone system. The amplifier uses a self-biased FET for
the stable operation. The gate length of the FET is de-
signed as 0.4 m and is 0.5 V to achieve high power
gain of more than 26 dB and low-circuit current of less than
30 mA. The gatewidths of the first-stage amplifier FET
and the second-stage amplifier FET are determined to be 0.6
and 1.2 mm, respectively, in order to achieve output power of

6 dBm with sufficiently low ACPR of less than50 dBc.

III. FABRICATION

The MMIC is fabricated by the ion-implanted GaAs
MESFET process with a lightly doped drain offset gate
(LOG) self-aligned structure. The drain conductance and
gate–drain breakdown voltage of the fabricated FET
are 300 mS/mm and 18 V, respectively. The resistors are made
of the highly ion-implanted region.

The Ba Sr TiO (BST) ferro-electric film, which has 50
times higher relative dielectric constant than SiN film, is
used for metal–insulator–metal (MIM) capacitors [2]. As a re-
sult, the chip size is so reduced that the VGA MMIC can be
molded in the small-size six-pin plastic package of 1.25 mm
2.0 mm 0.9 mm.

IV. RESULTS AND DISCUSSION

Fig. 5 shows the output power characteristics of the VGA as a
function of . The input power is 20 dBm. The output power
of the new VGA varies from 32 to 8 dBm with 1 dB lin-
earity under of 1.0 to 2.0 V. The gain control region is divided
into three areas, and which FET dominates in each area is also
shown in Fig. 5. It is shown that the wide dynamic range with

Fig. 6. ACPR characteristics of the VGA as a function of control voltage,
measured at 900-kHz offset from the carrier. It should be noted that the new
VGA indicates almost no distortion under theV region of 0 to 1.5 V.

(a)

(b)

Fig. 7. Equivalent-circuit models of (a) the conventional� attenuator and (b)
the new linear attenuator atV = 1:0 V.

high linearity is obtained by smoothly connecting three areas.
The characteristics of the VGA using conventionalattenuator
are also plotted in Fig. 5, which shows the linear dynamic range
of less than 20 dB. Such narrow dynamic range is due to inap-
propriate overlapping of the gain control curve of a series FET
and shunt FET’s, and low drain–source isolation of a series FET.

The control voltage for the new VGA, which is as low
as 1.0–2.0 V, corresponds to the output voltage of Si CMOS
digital-to-analog (D/A) converters. Therefore, the new VGA can
be controlled directly by the Si CMOS D/A converter, resulting
in size reduction of the RF circuits in CDMA cellular handsets.

Fig. 6 shows the ACPR characteristics of 900-kHz offset from
the carrier as a function of . The new VGA shows the ACPR of
less than 53 dBc at an output power of6 dBm under the con-
dition of of 1.7 V, and low circuit current of 28 mA. Output
power of 6 dBm means that this VGA can directly drive the
power-amplifier module for CDMA. On the other hand, the
VGA using a conventional attenuator shows the degraded
distortion characteristics in the low-power condition, as shown
in Fig. 6, because the series FET turn-off/on and shunt FET’s
turn-on/off is not appropriately connected. Fig. 7(a) shows the
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Fig. 8. Equivalent-circuit models of cascaded dual series FET’s in the new
linear attenuator. Each series FET is turned off/on at the differentV bias point.

equivalent-circuit model of the conventionalattenuator at
of 1.0 V. In the conventional attenuator, the shunt FET is not
completely in the on state when the series FET is turned off
at of 1.0 V, as shown in Fig. 7(a). Therefore, the diverted
input power that passes through the shunt FET’s is limited by the
high on resistance of the shunt FET’s. Consequently it is unable
to achieve sufficiently low ACPR characteristics for CDMA.
Fig. 7(b) shows the equivalent-circuit model of the new linear at-
tenuator at of 1.0 V. In the new linear attenuator, the diverted
input power, which passes through the shunt FET’s, is higher
than that of the conventional attenuator due to sequential op-
eration of the series FET’s and shunt FET’s. Since these shunt
FET’s are completely on state when the series FET1 is turned
off at of 1.0 V, as shown in Fig. 7(b), it is consequently able
to achieve sufficiently low ACPR characteristics for CDMA.

In addition, this gain control technique enables low-distortion
characteristics at the higher input power conditions due to se-
quential operation of the series FET1 and series FET2. The dis-
tortion characteristics degrade at the control point of series FET
turn off/on and shunt FET’s turn on/off because of the nonlin-
earity of the GaAs MESFET. Fig. 8 shows the equivalent-circuit
models of cascaded dual series FET’s in the new linear attenu-
ator. Each series FET is turned off/on at the differentbias
point. In these bias conditions, it is able to prevent the overlap
of distortion power between the series FET1 and series FET2. It
should be noted that the new VGA indicates almost no distortion
under the region of 0 to 1.5 V and input power of20 dBm,
as shown in Fig. 6. This new VGA has high input power capa-
bility in CDMA systems.

Fig. 9 shows the output power, the ACPR of 900-kHz offset
from the carrier, and that of 1.98-MHz offset from the carrier
characteristics of the VGA as a function of the input power at
VDD and of 3.0 and 2.0 V, respectively. The VGA indicates
output power of 6 dBm, power gain of 31 dB, 900-kHz offset
ACPR of 56 dBc and 1.98-MHz offset ACPR of 74 dBc.
These performance exhibits the high potential of the VGA for
CDMA cellular phone systems.

The performance of the VGA summarized in Table I is suffi-
cient for the CDMA power-amplifier driver.

Fig. 9. Output power, ACPR of 900-kHz offset from the carrier, and that of
1.98-MHz offset from the carrier characteristics of the VGA as a function of the
input power, measured at VDD andV of 3.0 and 2.0 V, respectively.

TABLE I
MEASURED PERFORMANCE OF THE

VGA

V. CONCLUSION

A new VGA MMIC with a wide dynamic range and
low-voltage operation linear attenuation circuit designed for a
CDMA cellular phone has been successfully developed. Wide
dynamic range of 40 dB under a low control voltage of 2.0
V, compatible with high linearity of 1 dB and low ACPR
of 53 dBc, which is essential for CDMA, is realized by
the new gain control technique. It greatly contributes to the
high performance and small size of RF transmission circuits
for cellular handsets. We believe that the new gain control
technique will apply to the VGA for next-generation cellular
phones such as International Mobile Telecommunication 2000
(IMT2000) cellular phone systems.
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