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A GaAs Power Amplifier for 3.3 V
CDMA/AMPS Dual-Mode Cellular Phones

Sung-Jae Maeng, Soung-Soon Chun, Jong-Lam Lee, Chang-Seok Lee,
Kwang-Jun Youn, and Hyung-Moo Park, Member, IEEE

Abstract—For CDMA/AMPS dual-mode cellular phones, a
power amplifier operating at 3.3 V has been developed for the
first time. It consists of linear GaAs power MESFET’s and an
output matching circuit which reduces the second and the third
harmonics. The amplifier shows an output power of 31.5 dBm
and a power-added efficiency of 61% for AMPS mode. The
third-order intermodulation distortion and the fifth-order one are
measured to be —32 dBc and —45 dBc¢ at an output power of
26 dBm for CDMA mode.

1. INTRODUCTION

MOBILE COMMUNICATION system changes from the

analog system to the digital one as subscribers increase.
CDMA -cellular phone system using offset QPSK modulation
signal will be serviced in Korea from 1996. The power
amplifier of a CDMA cellular phone requires both high power-
added efficiency (PAE) and good linearity. Nonlinearity creates
intermodulation distortion (IMD) and raises the bit error rate
(BER), which is the key issue to be solved in digital communi-
cation systems. The nonlinearity is mainly determined by the
third order intermodulation distortion (IM3). The conventional
approach for achieving linear power amplification with low
distortion is to use class A power amplifiers, or to back off
3 dB from the 1 dB compression point, which reduces the PAE.
Therefore, output power should be high enough to achieve
sufficient output power in the linear region.

In CDMA transmifter applications of power amplifier, the
IMD must be balanced with PAE in the linear region of output
power. The effective radiated output power and the IMD at the
maximum output power of the amplifier should be 23 dBm and
less than —30 dBc, respectively, for the CDMA mobile station,
considering a typical loss of 3 dB between the power amplifier
and the antenna. Therefore, a power amplifier should have an
output power of 26 dBm with both IMD less than —30 dBc
and PAE more than 30%. Meanwhile, the output power and
PAE are required to be 31 dBm and 55%, respectively, for the
AMPS transmitter applications, considering the same power
loss as for the CDMA case. There are several reports on the

Manuscript received February 28, 1995; revised July 10, 1995.

S.-J. Maeng is with the Semiconductor Division, Electronics and Telecom-
munication Research Institute (ETRI), Tagjon, Korea.

S.-S. Chun is with the Department of Electronic Materials Science and
Engineering, KAIST, Taejon, Korea.

J.-L. Lee, C.-S. Lee, K.-J. Youn, and H.-M. Park are with the Semiconductor
Division, ETRI, Taejon, Korea.

IEEE Log Number 9415473.

techniques to compensate for nonlinearity of MESFET’s such
as Cartesian feedback [1], [2], nonlinear single tone simulation
[3], load-pull measurements by the two-tone test [4]. However,
the linearizing circuits are not suitable for low-cost and small-
size power amplifiers, and the design by nonlinear simulation
needs an accurate nonlinear model of high power MESFET.
These difficulties can be overcome by developing a linear
power MESFET for both CDMA and AMPS applications.

The supply voltage of the cellular phone has been decreased
to 3.3 V in order to reduce the volume and weight of the
phone. Several power amplifiers with a low supply voltage
have been reported [5]-[7]. The performance of the reported
power amplifiers has an output power of 31.1 dBm with PAE
of 60% at 3.5 V for analog phones [5], and PAE of 49% at an
output power of 31.1 dBm with a supply voltage of 3.6 V for
digital phones [7]. However, there was no report on a power
amplifier for dual-mode cellular phones, until now.

In this work, we have developed a power amplifier operated
at a supply voltage as low as 3.3 V for the CDMA/AMPS
dual-mode cellular phone, which simultaneously satisfied the
linearity for CDMA mode and the output power and PAE
for AMPS mode. For the circuit design, the optimum load
and source impedances of the MESFET were determined by
the tradeoff between the power performance and the linearity
using the load-pull method. The output matching circuit was
designed to have low impedances for the 2nd and the 3rd
harmonic frequencies in order to reduce the harmonics.

II. MESFET DESIGN AND FABRICATION

In order to obtain the linearity for CDMA together with
the output power and PAE for AMPS mode in the 3.3 V
operation power amplifier, it is important to develop highly
efficient and linear power MESFET’s with a supply voltage of
3.3 V. There are several sources causing intermodulation such
as transfer characteristics and output impedance matching of
the MESFET. Most of the distortion arises from the nonlinear
dependence of the drain current on gate bias. A constant
transconductance with gate bias at a drain voltage can be
obtained by a vertically stepped doping profile in the channel
of the MESFET rather than a uniform doping profile [8].

Fig. 1 shows a low-high doped channel structure which
was used in the fabricating power MESFET'S to obtain the
constant transconductance [9]-[11]. The structure consists of
a 1 pm thick undoped buffer layer, a thin active layer doped
with mid 107 /cm® (high-doped layer), a thick active layer
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Fig. 1. Structure of a low-high doped GaAs power MESFET. The structure

consists of a 1 um thick undoped buffer layer, a thin active layer doped
with mid 1017 /cm?® (high-doped layer), a thick active layer doped with
mid 10%6 /cm?® (low-doped layer), and an undoped GaAs layer for surface
passivation.

doped with mid 108 /cm*® (low-doped layer), and an undoped
GaAs layer for surface passivation. The thickness of the
low-doped layer was designed to be twice as thick as the
depletion layer width after gate formation. The role of this
layer is to decrease the gate capacitance and to improve the
Schottky characteristics of the gate. The high-doped layer
acts as a main channel for carriers and provides an uniform
transconductance. Thickness and doping concentration were
optimized by DC characteristics such as pinch-off voltage,
gate-to-drain breakdown voltage, and transconductance. In
order to improve linearity by reducing the output conductance,
GaAs/AlGaAs superlattices were introduced into the buffer
layer. The layer structure was prepared by molecular-beam-
epitaxy on 3 inch semi-insulating GaAs wafer.

MESFET’s with a total gate width of 16 mm having
200 pm-wide fingers were fabricated using 3—inch wafer
process. In order to obtain a low knee voltage by reducing
source resistance, gate-to-source spacing was minimized.
Wet etching was used for device isolation, followed by the
formation of AuGe/Ni ohmic contacts. The typical value of
specific contact resistance was about 2x 1078 Q-.cm?. Ti/Pt/Au
gates with a length of 0.8 pm were fabricated using lift-off
process. The fabricated MESFET’s were protected with a
thin layer of SizNy and the source pads were connected by
airbridges. After thinning the wafer to 100 um, a gold metal
was evaporated on the backside to reduce thermal resistance.
All devices were finally passivated using 0.8 pum-thick SigNy
film to enhance reliability.

Fig. 2 shows the DC transfer characteristic of 16 mm-width
power MESFET, which shows uniform transconductance for
the gate voltage in the range from —2.0 V to +0.5 V. We
obtained the drain saturation current (I4s5) of 4.05 A and the
gate-to-drain breakdown voltage (BVgq) of 28 V at a gate
current density of 1 mA/mm. The current cutoff frequency
(ft) of 400 pm-wide device (2 x 200 pm) measured at the
bias condition for power operation (Vs = —2.1 V and Vg, =
3.3 V), was around 18 GHz.

III. POWER AMPLIFIER DESIGN AND FABRICATION

For the design of matching circuits, load and source imped-
ances for both the output power and PAE were measured for
the first stage and the second stage MESFET by the load-pull
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Fig. 2. Gate transfer characteristic of 16 mm-width power MESFET, which
shows uniform transconductance over all operating gate bias.
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Fig. 3.
MESFET ( 1 output power, :PAE, ——: IM3 at an output power
of 26 dBm, I: maximum output power, (O: maximum PAE, A: minimum
IM3). (a) Source-pull contours. The optimum source(Z, ) was determined by
the trade off between the maximum output power and the maximum PAE. (b)
Load-pull contours. The optimum load (Z7 )was determined by considering
the maximum output power, the maximum, and the minimum IM3.

method using an input and an output tuner. Fig. 3 shows the
contours of output power, PAE, and the IM3 at an output power
of 26 dBm for the second stage MESFET. We determined op-
timum source impedance of 6.5+ 78.2  occurred between the
maximum output power and the maximum PAE impedances,
and the optimum load impedance of 8.1 — j3.0 €2 considering
the maximum output power (32.1 dBm), the maximum PAE
(68%), and the minimum IM3 (—37 dBc). An output power
of 31.7 dBm, a PAE of 66%, and IM3 of —33 dBc were
achieved at the optimum impedances. Fig. 4 shows the third
order product and the fundamental output power as a function
of input power at the optimum impedances using the two-
tone test. The 2nd and 3rd harmonics of the 2nd MESFET
at an input power of 20 dBm were measured to be —45 dBc
and —35 dBc, respectively. These characteristics of the newly
developed power MESFET satisfied the requirements for low
distortion.
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Fig. 4. The third-order prdduct and the fundamental output power of the 2nd
stage MESFET as a function of input power.
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Fig. 5. Circuit diagram of the power amplifier for dual-mode cellular phones.
This structure shows low impedances at the drain terminal port for the 2nd
and the 3rd harmonic frequencies.

The circuit diagram of the power amplifier for the dual-
mode cellular phone is shown in Fig. 5. It consists of two
stages to obtain a small-signal gain of more than 31 dB. The
total gate width of the first stage MESFET and the second
stage MESFET are 3.2 mm and 16 mm, respectively. One of
the important issues in designing an amplifier for dual-mode
applications is the selection of a bias point. From the results of
the two-tone tests for the 2nd stage MESFET, the bias circuits
were designed for class AB (Igs = 400 mA ~ 10% I4e)
operation. The gate bias of —3 V is supplied through divider
resistors with a predetermined voltage. Resistive matching
circuits were employed in both input matching circuit and gate
bias circuits for more stable operation. The matching networks
were conjugately matched to an optimum load and an optimum
source impedance using a linear simulator.

Fig. 6 shows a top view photograph of the dual-mode power
amplifier witha size of 11.9 x 21.0mm?. The matching and
bias circuits are composed of microstrip transmission lines,
chip capacitors and resistors (1005-type). Glass-based epoxy
(FR-4) is used as the substrate, and total cost of the power
amplifier can be reduced. Although this low cost substrate has
a high loss tangent of 0.018, high power performance was
achieved for both AMPS and CDMA modes, simultaneously.

In the design of the 2nd stage amplifier, an output match-

ing circuit was designed to have low impedances for the-

frequencies corresponding to the 2nd and the 3rd harmonics
in order to reduce the harmonics. Conventionally, the output
matching circuits at the drain port are typically terminated
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Fig. 6. Top view photograph of the dual-mode power amplifier with a size
of 11.9 x 21.0 mm?.

fo= 836.5 MHz
2fo = 1670 MHz
3fo = 2510 MHz

Frequency : 500 ~ 3000 MHz

Fig. 7. The simulated and measured impedance contours of an output circuit ,
at the drain terminal of 2nd MESFET as a function of frequency. Solid line
shows the simulation result; dashed line shows the measured result.

by a short circuit for the 2nd harmonic frequency and by an
open circuit for the 3rd harmonic frequency. In this work, we
focused on designing the output circuit for the 2nd and the 3rd
harmonic frequencies to provide a short circuit to reduce both
the harmonics and the circuit losses. The length of the drain
bias line with a width of 300 pm was designed to be shorter
than quaterwavelength.

On-printed circuit board (PCB), in-circuit probing mea- -
surements of the matching circuits of the amplifier were
performed in order to tune the matching circuits designed by
a linear simulator. PCB patterns of matching circuits were
prepared by varying the length of microstrip lines and. the
capacitance of chip capacitors with £10% variations from
the simulated value. The patterns with ground-signal-ground
(GSG) pads were measured using 1250 pm wide-pitch probes
to obtain a match with the simulated results. Advantages of
this method compared with that using a test fixture were to
lower the fabrication cost and to directly tune the circuits on-
PCR with a simple calibration by understanding the behavior
of impedance matching. Fig. 7 shows the simulated and the
measured impedance contours of the output matching circuit
at the drain terminal of the 2nd MESFET as a function of
frequency. At the fundamental frequency of 836.5 MHz, the
measured impedance was well matched to the simulated one.
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Fig. 8. Output power and PAE characteristics measured at-a 3.3 V, Pin
= 7 dBm as a function of frequency. At the frequency range between 824
MHz and 849 MHz, the output of 31.5 dBm +0.2 dB and the minimum PAE
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Fig. 9. Gain and PAE characteristics of the power amplifier as a function of
output power at 836.5 MHz. At the output power level lower than 26 dBm,
the power gain of 31.5 dB is maintained within 0.4 dB deviation.

IV. PERFORMANCE OF AMPLIFIER

Fig. 8 shows the output power and PAE of the power
amplifier. It was measured at a supply voltage of 3.3 V and
an input power of 7 dBm as a function of frequency. At the
frequency range between 824 MHz and 849 MHz, the output
power of 31.5 dBm is maintained within £0.2 dBm, and the
minimum PAE of 60% is obtained. These are higher than the
requirements for AMPS mode. Fig. 9 shows the gain and PAE
of the power amplifier as a function of output power at 836.5
MHz. For output powers lower than 26 dBm, the power gain of
31.5 dB is maintained within £0.4 dB deviation. The PAE for
AMPS at the output power of 31.5 dBm and that for CDMA
at 26 dBm were measured to be 61% and 30%, respectively.
The fundamental output power and the harmonics as a function
of input power with a fundamental frequency of 836.5 MHz
are shown in Fig. 10. The 2nd and the 3rd harmonics of the
amplifier at an output power of 31.5 dBm were measured to be
—50 dBc and —51 dBc, respectively, which are much lower
than those previously reported [5], and are lower than those
measured at the 2nd stage MESFET. From these results, the
method used for the design of the output matching circuits
was effective in reducing the harmonics. The intermodulation
distortion of the amplifier versus input power was measured
using two-tone frequencies, 836.5000 and 836.9425 MHz. The
IM3 and the IMS at an output power of 26 dBm, as shown
in Fig. 11, were measured to be —32 dBc and —45 dBc,
respectively, which are suitable for CDMA mode applications.
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Fig. 11. The intermodulation distottion of the amplifier with the input power
was measured using two-tone frequencies, 836.5000 and 836.9425 MHz. The

IM3 and the IMS at an output power of 26 dBm are —32 dBc and —45 dBc,
respectively.

The measured characteristics of the dual-mode power amplifier
are summarized in Table L /

High power, high efficiency, and low distortions for the
dual-mode applications were achieved by determining the
optimum impedances in the circuit design in consideration
of the maximum output power,/ the maximum PAE, and the
minimum IM3 using the load-pull method. The performance
of power amplifier developed in this work is better than the
previous results with an output -power of over 31.1 dBm and
a PAE of 60% at 3.5 V [5] for analog phones. Although the
measured phases of the 2nd and the 3rd harmonic frequencies
in Fig. 7 were deviated from the simulated ones to some
degree, the power amplifier shows low harmonics and good
linearity. This performance is attributed to high reflection of
the output matching circuit for the harmonic frequencies and
to the linear power MESFET.

V. CONCLUSION

A power amplifier operating at 3.3 V has been developed for
CDMA/AMPS dual-mode cellular phones. It consists of linear
GaAs power MESFET’s and an output matching circuit which
reduces the 2nd and the 3rd harmonics. For the circuit design,
the optimum load and source impedances.of the MESFET were
determined by the tradeoff between the power performance and
the linearity using the load-pull method. For AMPS mode, the
fabricated amplifier shows an output power of 31.5 dBm and a
power-added efficiency of 61%. For CDMA mode, the third-
order intermodulation distortion of —32 dBc, the fifth-order
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TABLE 1
SUMMARY OF THE MEASURED CHARACTERISTICS OF DUAL-MODE POWER
AwmPLIFIER. FoR AMPS MobEg, OutPUT POWER OF 31.5 dBm AND PAE oF 61%
WERE ACHIEVED. FOR CDMA MODE, THE IM3 OF —32 dBc AND THE
IMS5 oF —45 dBc WERE ACHIEVED AT AN OUTPUT POWER OF 26 dBm

Common Specifications

Frequency Range 824~849MHz
Amplifier Size (PCB ) 11.9 x 21.0 mm?2
Small Signal Gain 31.5dB

Supply Voltage 3.3V

AMPS Mode @ 836.5 MHz, Pin=7dBm

QOutput Power 31.5 dBm
Power-Added Efficiency 61%
Harmonics (2fo) -50 dBc
Harmonics (3fo) -51 dBc
CDMA Mode @ 836.5 MHz, Pout=26 dBm
Gain Linearity ( £26dBm) | <+0.4 dB
Power-Added Efficiency 30%
Intermodulation ( 3rd ) -32 dBc
(5th) -45 dBc

intermodulation distortion of —45 dBc and a power-added
efficiency of 30% were obtained at an output power of 26 dBm.
The most significant result is the simultaneous achievement of
high power, high efficiency, and low distortions. These results
are attributed to linear power MESFET’s and the 2nd and

the 3rd harmonic termination in .the output matching circuit. - -

Finally, the power amplifier developed in this work is expected
to be used for CDMA/AMPS dual-mode cellular phones in
near future.
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