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Abstract—This is the first paper to report on a high-efficiency To improve efficiency of power amplifiers at low output
two-stage  heterojunction-bipolar-transistor  power-amplifier  power levels, the utility of a dc—dc converter as a bias supply
monolithic microwave integrated circuit (MMIC) for 1.95-GHz was reported in [1]-[3]. To control supply voltage in re-

wide-band code-division multiple-access (W-CDMA) cellular . h
phone systems. Power amplifiers for W-CDMA systems are SPONS€ to the input signal power by the dc—dc converter, the

required to operate at high efficiency and high linearity over a amplifiers can achieve high efficiency at low output power
wide range of output power levels. To obtain high efficiency at levels. However, this technique is not very suitable for handset
low output power (Foy:) as well as at the required maximum transmitters in cellular phone systems since the size of a mono-

Poue, and obtain a high linearity at the maximum Pout, We |ithic-microwave integrated-circuit (MMIC) chip increases by
chose near-class-B operation. To improve linearity at a medium . .
integrating the dc—dc converter.

P,,+ range, we suppressed the gain distortion resulting from : i ) ) ) L )
near-class-B operation by using an adaptive biasing technique. 10 realize both high linearity and high efficiency in power
The MMIC exhibited a power-added efficiency of 42%, the highest amplifiers, linearization techniques such as pre-distortion have

ever reported, a gain of 30.5 dB, and an adjacent channel leakage recently been utilized [4]-[6]. The distorted input signal gen-

power ratio at a 5-MHz offset frequency of —38 dBC at alout Of  grated by the pre-distortion circuit can cancel amplifier nonlin-

27 dBm under a supply voltage of 3.5 V with 3.84-Mcps hybrid .

phase-shift keying modulation. ea'rlt'y and, thu§, the backoff of outpuft power can pe reduced arld
efficiency can improve. However, this technique is very sensi-

tive to amplifier transfer characteristics, such as their tempera-

ture and frequency dependence, and is, therefore, not suited for

the mass production of amplifiers.

. INTRODUCTION Methodology is described to improve efficiency over a wide

IDE-BAND code-division multiple-access (W-CDMA) fange of output power levels while maintaining high linearity. In
systems have been receiving a lot of attention as one&tdition, the power performance of a high efficiency and high
the third-generation mobile communication standards intendé®garity heterojunction-bipolar-transistor (HBT) power-ampli-
for global roaming and high-speed data access. W-CDMEr MMIC is described. The MMIC does not use a dc—dc con-
systems use a wider frequency spectrum for a higher data traff1er or a pre-distortion circuit and, thus, is suited for the mass
mission rate than that of a system any other current stand@pduction of low-cost amplifiers for mobile communication
thereby resulting in a requirement for power amplifiers th&@ndsets.
have a lower adjacent channel leakage power ratio (ACLR),
i.e., higher linearity. The efficiency of power amplifiers is also Il. DEVICE FABRICATION

a key requirement. Power amplifiers in W-CDMA systems N
are required to operate at high efficiency over a wide range\We used InGaP/GaAs HBTSs for a power amplifier because

of output power levels because the output power of pow@f their high efficiency and high linearity [S]. Fig. 1 shows
amplifiers changes dynamically depending on their distangecr_oss-sectlonal schematic of the HBT. The structur_e of the
from a base station, and their normal power range durif@gPricated InGaP/GaAs HBT grown by MOCVD consists of
operation is about 10 dB lower than the maximum output pow8P M -InGaAs cap layer, n-GaAs cap layer, n-InGaP emitter
(Powt). However, the high linearity requirement of W-CDMAlayer doped with silicon to a carrier density 05310'" cm™3,
systems increases the backoff of output power from its peBk-GaAs base layer doped with carbon to a carrier density of
value along with a resulting drop in efficiency. Furthermore3 x 10 cm~?, n/i-GaAs collector layer, andmGaAs sub-col-
the efficiency of power amplifiers decreases rapidly as outpi@ctor layer [7].

power decreases, resulting in low overall efficiency in systems” WSi emitter electrode was sputtered on tte-inGaAs

such as W-CDMA having a wide dynamic range of outpufi@P layer. A Pd/Zn/Pt/Au base electrode was evaporated onto
power. the n-InGaP emitter layer. The base ohmic contact was formed

through the thin emitter layer by annealing. This device struc-
, , , ture, in which the emitter—base heterojunction is completely
Manuscript received March 2, 2000; revised August 24, 2000. dbv th . | f bi .
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Fig. 2. Two-stage HBT power-amplifier MMIC (diagram).

Fig. 1. Cross-sectional view of InGaP/GaAs HBT.

after an AuGe/Au collector electrode was deposited on the sul
collector layer, an NiCr resistor, a metal-insulator—-metal (MIM)
capacitor, and a spiral inductor were formed with two levels o
metal. To achieve HBT thermal stability, thick Au plating is used
as the second level of metal. Subsequently, after the front-sic -
process is complete, the wafer was thinned and the plated he
sink (PHS) structure was formed. An Au layer was plated on th
backside, which was connected to the emitter electrode throu¢
via holes. |

I1l. DC AND RF CHARACTERISTICS

DC and RF measurements were performed on the fabricate
HBT with an emitter size of Z 20 um. The collector—emitter
offset voltage is 80 mV, which is lower than that of Al-
GaAs/GaAs HBTs by 0.1-0.3 V. This low offset voltage is | ‘
caused by the smaller conduction band discontinuity of th
InGaP/GaAs emitter-base heterojunction, and it is suitabl
for operation at low voltages and high efficiency. The col- *
lector—emitter breakdown voltage at an open Hase,, is 14
V. The fr and f... are 40 and 110 GHz, respectively, at &ig. 3. Two-stage HBT power-amplifier MMIC (photograph).
collector current density of 4 10* A/cm? and a collector bias
voltage of 3.5 V. The mean time to failure (MTTF) of our HBTs \, AnaLysis oF ACLR BEHAVIOR UNDER NEAR-CLASS-B
is 1x 10° h at a collector current density of 8 10* A/cm? OPERATION
and a junction temperature of 1580 [8].

W-CDMA systems require highly efficient operation over
a wide range of output power levels for power amplifiers.
IV. MMIC CIRCUIT DESIGN We first analyzed the amplifier operation class dependence of
power-added efficiency (PAE) for two-stage HBT power-ampli-
The MMIC circuit was designed using the extracted EEBJTier MMIC. Fig. 4 shows measured results of PAE dependence
large-signal transistor parameter on Libra, a nonlinear nmon F,; with two quiescent bias conditions. The collector cur-
crowave circuit simulator. Fig. 2 shows the circuit configuratiorents of the driver stage and the power stage are 10 and 20 mA,
of a two-stage HBT power-amplifier MMIC. The MMIC con-respectively, for near-class-B operation, and 30 and 100 mA,
sists of a high-pass input matching circuit, driver-stage HBEspectively, for class-AB operation. PAE under near-class-B
with an emitter size of 2x 20 um x 10 fingers, high-pass operation is higher than PAE under class-AB operation in the
interstage matching circuit, and power-stage HBT with agntire range of>,,;. Under near-class-B operation, the MMIC
emitter size of 3x 20 ym x 40 fingers. The driver stage andexhibited a PAE of 42% at the required maximuiy,; of
the power-stage HBTs have external base bias resistancedfdBm and a PAE of 13% at a practicBl,; of 17 dBm,
Ryex1 and Ry,ex2, respectively. Fig. 3 shows a photograph ofvhich is 10 dB lower than the maximuiR,,;. Meanwhile,
the two-stage HBT power-amplifier MMIC. under class-AB operation, PAE is 38% at 27 dBm and 8% at
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operation are shown in Fig. 5(b). According to the circuit

simulations, the behavior of ACLR over a wide,,; range

is dominated by gain distortion under near-class-B opera-
tion, while the behavior of ACLR at a mediurR,,; range

is primarily dominated by phase distortion under class-AB

operation. Similar ACLR behavior in FET is also reported

[9]. Under near-class-B operation, base and collector bias
currents increase along with increases in input power, leading
to a change in amplifier operation class from B to AB.

SMHz-offset ACLR (dBc)
8
i

_2‘5] This enhancement of bias current results in gain expansion,
0 5 10 15 20 25 30 namely, gain distortion, which causes ACLR degradation under
Pout (dBm) near-class-B operation. To improve ACLR under near-class-B

(b) operation, we prevented gain distortion in a mediByy, range

Fig. 5. (a) Circuit simulation results for ACLR of MMIC at near-class-Bby utlllZIng an external base bias resistatg.., as Shown_ n

operation. (b) Circuit simulation results for ACLR of MMIC at class-ABFig. 2. The voltage drop off;,exx base current substantially

operation. suppresses the increase in collector bias current, as well as base

bias current. The driver and power stages are self-biased by

17 dBm. Near-class-B operation is better for higher efficiendhe voltage drop of?;,.x base current. In other word&),x

at alowP,,,, as well as at the maximui®, ;. suppresses the change of amplifier operation class from B to
High linearity, i.e., better ACLR, is another key requiremenAB. As a result, gain expansion decreases and ACLR improves.

of W-CDMA systems. ACLR is related to amplifier nonlin-Under near-class-B operation, this adaptive biasing technique

earity, i.e., gain distortion and phase distortion. The behavisreffective at improving the linearity of HBT amplifiers, but it

of ACLR under near-class-B operation is discussed belois.not effective for FETs because a small amount of gate current

Fig. 5(a) shows circuit simulation results for the ACLR of theauses no voltage drop &,.x % gate current.

two-stage HBT power-amplifier MMIC under near-class-B We examined two MMICs, paying close attention to the rela-

operation. As a comparison with the results under near-classiship between gain distortion and ACLR under near-class-B

operation, corresponding simulation results under class-Afperation. The difference between the MMICs was.. only.
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The driver stage haBy,.,; values of 1002 in MMIC (A) and behaviors of the two-stage amplifier MMIC at around the re-
100 €2 in MMIC (B). The power stage ha®),.x> values of quired maximumPF,,; of 27 dBm with three quiescent bias
2.5 in MMIC (A) and 252 in MMIC (B). Fig. 6 shows conditions. The output matching circuit has been adjusted to
measured results of the dependence of gain distortiGia on matched impedance near optimal efficiency. Bias condition |
F,y- The MMICs are biased near-class B. The quiescent c@-near-class B, Il is class AB, and Il is between | and Il. At
lector currents are 10 mA for the driver stage and 20 mA far low P,,; value, gain becomes greater as the bias condition
the power stage. Both MMICs exhibited gain expansion dwhanges from near-class B (1) to class AB (ll). However, a larger
to near-class-B operation. However, thé&a of MMIC (B) is  gain causes the decrease of the output power level at which gain
smaller than that of MMIC (A) because the largég., value starts compressing. Under class-AB operation, gain compres-
strongly suppresses gain expansion. Fig. 7 shows the dep&nn occurs at a loweF,,,; value than that under near-class-B
dence of the slope of gain versilis,;, 9Ga/dFP, and ACLR operation, resulting in the behavior@fa/dP. At the required
on P,.;. ThedGa/3P of MMIC (B) is closer to zero than that maximumF,,,; of 27 dBm,dGa/dP under near-class-B oper-
of MMIC (A) in a mediumF,,,; range. The results indicate thatation (1) is closer to zero thatiGa/3d P under class-AB opera-
9Ga/dP dominates ACLR behavior in near-class-B operatiotion (1), and ACLR under near-class-B operation (l) is smaller
which agree with the circuit simulation results. The suppressitiman ACLR under class-AB operation (Il). These results indi-
of Ga /0P attributed to the largeR),.. value results in the cate thatGa/dP dominates ACLR at the maximui,,,. and
lower ACLR values of MMIC (B). near-class-B operation is desirable for improving ACLR at the
maximumF,:, as well as for obtaining a high PAE over a wide
VI. ANALYSIS OF ACLR DEPENDENCE ON ANAMPLIFIER P,y range.
OPERATION CLASS

Next, we analyzed the ACLR dependence on amplifier opel!l: POWER PERFORMANCE OFTWO-STAGE HBT AMPLIFIER
ation class at around the maximury,,; required by the system. MMIC
Toincrease efficiency at the required maximéiy,, the output  Fig. 9(a) and (b) shows W-CDMA power performance for
matching circuit is regularly adjusted to match the impedandge two-stage HBT power amplifier MMIC (B) having a larger
near optimal efficiency while maintaining acceptable linearityz,,. value. Performance was measured with a 3.84-Mc/s HPSK
Fig. 8(a)-8(c) shows the measured gdifia/0P, and ACLR signal at 1.95 GHz and a supply voltage of 3.5 V. The quiescent
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over a wideP,,; range and linearity at the maximui,;
required by the system. The MMIC exhibited a high PAE of
42%, the highest ever reported, a gain of 30.5 dB, and a 5-MHz
offset ACLR of —38 dBc under &,,; of 27 dBm and supply
voltage of 3.5 V. The MMIC also exhibited a PAE of 13% with
an ACP of—-40 dBc at a practicaP,,; of 17 dBm, which is

10 dB lower than the maximum,..

ACKNOWLEDGMENT

The authors would like to thank M. Takikawa, Fujitsu Labo-
ratories Ltd., Atsugi, Japan, T. Kawai, Fujitsu Quantum Devices
Ltd., Nakakoma-gun, Yamanashi, Japan, and J. Fukaya, Fujitsu
Quantum Devices Ltd., Nakakoma-gun, Yamanashi, Japan, for
their encouragement. We also would like to thank N. Miyazawa,
Fujitsu Quantum Devices Ltd., Atsugi, Japan, and H. Itoh, Fu-
jitsu Quantum Devices Ltd., Atsugi, Japan, for their helpful
input to our discussions, and S. Kato, Fujitsu Laboratories Ltd.,
Atsugi, Japan, H. Ochimizu, Fujitsu Laboratories Ltd., Atsugi,
Japan, K. Ishii, Fujitsu Quantum Devices Ltd., Nakakoma-gun,
Yamanashi, Japan, and Y. Yamaguchi, Fujitsu Quantum Devices
Ltd., Atsugi, Japan, for their support of this paper.

REFERENCES

[1] P. Asbeck, G. Hanington, P. F. Chen, and L. Larson, “Efficiency and lin-
earity improvement in power amplifiers for wireless communications,”
in IEEE GaAs IC Symp. Tech. Djd.998, pp. 15-18.

[2] T.B. Nishimura, N. lwata, and G. Hau, “Wide-band CDMA highly-ef-
ficient heterojunction FET over wide range output power with DC-DC
converter,” in lEEE MTT-S. Int. Microwave Symp. Djgl999, pp.
1091-1094.

[3] N. Miyazawa, H. Itoh, Y. Nakasha, T. Iwai, T. Miyashita, S. Ohara, and
K. Joshin, “0.2 cc HBT power amplifier module with 40% power-added
efficiency for 1.95 GHz wide-band CDMA cellular phones,” [lBEE

collector currents are as low as 10 mA for the driver stage and = MTT-S Int. Microwave Symp. Digl999, pp. 1099-1102.

20 mA for the power stage, signifying near-class-B operation. [

By utilizing a large Ry,.; value, AGa and 8Ga/aP of the

4] H.Hayashi, M. Nakatsugawa, and M. Muraguchi, “Quasi-linear amplifi-
cation using self phase distortion compensation technidE&E Trans.
Microwave Theory Techvol. 43, pp. 2557—2563, Nov. 1995.

MMIC are suppressed. The MMIC achieves a high PAE of 42% [5] T. Iwai, S. Ohara, T. Miyashita, and K. Joshin, “63.2% high efficiency

and a gain of 30.5 dB with alow ACLR 6£38 dBc at aF,,; of

and high linearity two-stage InGaP/GaAs HBT power amplifier for per-
sonal digital cellular phone system,” IEEE MTT-S Int. Microwave

27 dBm. The MMIC also achieves a PAE of 13% with an ACP Symp. Dig, 1998, pp. 435-438.

of —40 dBc at a practicaP,; of 17 dBm, which is 10 dB lower

[6] G. Hau, T. B. Nishimura, and N. lwata, “57% efficiency, wide dy-

than the maximunt,,,;;. Use of the adaptive biasing technique namic range linearized heterojunction FET-based power amplifier for

and biasing of amplifier for near-class-B operation has realized
the high-efficiency and high-linearity power-amplifier MMIC.

wide-band CDMA handsets,” IlEEE GaAs IC Symp. Tech. Djd.999,
pp. 295-298.
[7] S.Ohara, H. Yamada, T. Iwai, Y. Yamaguchi, K. Imanishi, and K. Joshin,

The MMIC is expected to be inexpensive because it does not  “InGaP/GaAs power HBT's with a low bias voltage,” IEDM Tech.
require an additional circuit such as a dc—dc converter, which in-__ Dig., 1995, pp. 791-794.

[8] O. Ueda, A. Kawano, T. Takahashi, T. Tomioka, T. Fujii, and S. Sasa,

crgases Chlp S'Z.e- In addition, the MMIC IS theorgtlcal_ly no_t Sen' “Current status of reliability of InGaP/GaAs HBTsSolid State Elec-
sitive to fluctuations of frequency since no pre-distortion circuit tron., vol. 41, no. 10, pp. 1605-1610, 1997.
is used. Therefore, the MMIC is suitable for a mass-produced(®] T.B. Nishimura, G. Hau, M. Ichihara, Y. Bito, and N. Iwata, “Low dis-

low-cost amplifiers in mobile communication handsets.

VIII. CONCLUSION

A high-efficiency and high-linearity two-stage HBT
power-amplifier MMIC utilizing an adaptive biasing technique
for W-CDMA cellular phone systems has been achieved. Tl
external base bias resistance suppresses both the gain disto

AGa and the slope of gain versuB,,;, 9Ga/dP, which

are the results of near-class-B operation. The suppressior
0Ga /AP results in a low ACLR value over a widg,,,; range
at near-class-B operation. Moreover, near-class-B operation §§

tortion characteristics near pinch-off of power heterojunction FET for
3.5 V wide-band CDMA cellular phones,” iAsia—Pacific Microwave
Conf. Dig, 1998, pp. 1159-1162.

Taisuke lwai (M’00) was born in Hyogo, Japan, on
April27,1966. He received the B.S. and M.S. degrees
in solid-state physics from Osaka University, Osaka,
Japan, in 1989 and 1991, respectively.

In 1991, he joined Fujitsu Laboratories Ltd., At-
sugi, Japan, where he has been involved in design and
fabrication of HBTs, and is currently engaged in re-
search and development on power HBTs for mobile
communication.

Mr. lwai is a member of the Japan Society of Ap-

been clearly shown to be desirable to improve both efficien = plied Physics.



2572

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

Kazuhiko Kobayashi (M’'95) was born in Nagano,
Japan, in 1963.

In 1987, he joined Fujitsu Laboratories Ltd.,
Atsugi, Japan. From 1987 to 1991, he was engage
in the research and development of satellite commt
nication systems. Since 1991, he has been involve
with the development of radio equipment for digital
mobile communication systems. He is currently
engaged in research and development work o
MMICs for W-CDMA Systems.

Mr. Kobayashi is a member of the Institute of Elec-

tronics, Information and Communication Engineers (IEICE), Japan.

Yasuhiro Nakashawas born in Aichi Prefecture,
Japan, in 1964. He received the B.E. and M.E
degrees in electrical engineering from Nagoye
University, Nagoya, Japan, in 1987 and 1989
respectively.

In 1989, he joined Fujitsu Laboratories Ltd.,
Atsugi, Japan, where he is engaged in researc
and development on high-power and low-distortior
compound semiconductor transistors for mobile
communication systems.

Shiro Ohara (M'91) was born in Okayama Prefec-
ture, Japan, in 1959. He received the B.S. degree
in electrical engineering from Waseda University,
Tokyo, Japan, in 1982.

In 1982, he joined Fujitsu Laboratories Ltd., At-
sugi, Japan, where he is involved in research and de-
velopment on power HBTSs for personal communica-
tions.

Mr. Ohara is a member of the Japan Society of Ap-
plied Physics.

Kazukiyo Joshin (M'87) was born in Kobe, Japan,
on May 4, 1955. He received the B.S. degree in
physics from Kyoto University, Kyoto, Japan, in
1978, the M.S. degree in physics from the University
of Tokyo, Tokyo, Japan, in 1980, and the Ph.D. de-
gree in electrical engineering from Osaka University,
Osaka, Japan, in 1995.

In 1980, he joined Fujitsu Laboratories Ltd.,
Kawasaki, Japan, where he was involved with the
research and development of low-noise HEMTs. He
is currently engaged in research and development on

high-power compound semiconductor transistors at Fujitsu Laboratories Ltd.,
Atsugi, Japan.

Dr. Joshin was the recipient of the 1989 Ichimura Award for his work related
to the development of low-noise HEMTs.

Takumi Miyashita (M'77) received the B.S. degree
in physical chemistry from Hokkaido University,
Sapporo, Japan, in 1974.
In 1974, he was with Fujitsu Ltd., Kawasaki,
me“"\j % Japan, where he was involved with developments
b~ of dynamic random access memory (DRAM), static
L random access memory (SRAM), and a micropro-
e cessor, and supported and improved the design of
v i8086/8 80 186/286 second sources. He then began
5 technical research on modems, nonvolatile memory,
phase-locked loops (PLLs), and developed a fully
differential GaAs optical link integrated receiver in 1993. Since 1994, he has
been with Fujitsu Laboratories Ltd., Atsugi, Japan, where he is involved with
high electron-mobility transistor (HEMT), large-scale integration (LSI), and
microwave power HBT integrated circuits (ICs).



