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Abstract—This paper describes a new type of power amplifier
(PA) module with a predistortion function and can be applied
to N-CDMA (narrow-band CDMA system defined in 1S-95B
Standard) handset terminals. Distortion compensation technology
to improve the efficiency of the PA is discussed quantitatively.
Various parameters to be considered in designing are investigated

TABLE |
DISTORTION COMPENSATION TECHNOLOGIES
. . Feed- RF Proposed
Predistortion forward  linearizer tehchnology

Compensation

in detail. The predistortion technology proposed is based on the ability good good poor good
lookup-table method using the input and output signal envelopes . need need error . need
and can operate independently from the baseband block. By Adapiability  pvrs degection loop ST comparator
omitting adaptative predistortion for amplitude/phase modulation Efficiency

and integrating the main controlling functions on a single CMOS improvement yes no yes yes
integrated-circuit chip, predistortion capability has been realized

in a PA module. The PA module has power-added efficiency Size large large small small
(PAE) of 48% at an output power of 27.5 dBm. This PAE is very

high in comparison with that of the conventional PA module for Cost high high Tow low
N-CDMA.

Index Terms—Amplitude—amplitude modulation (AM/AM), *QDM:Quadratic Demodulator

amplitude—phase modulation (AM/PM), code division multiple
access (CDMA), module, power-added efficiency (PAE), power
amplifier (PA), predistortion. of the PA. Distortion compensation is useful to reduce the dis-
tortion and improve the efficiency.
Predistortion, feed-forward, and an RF linearizer are
| INTRODUCTION o well-known technologies. In Table I, the conventional distor-
CELLULAR phones are now functioning not only aston-compensation technologies are compared together with the
conventional wireless phones but also as portable daihnology presented in this paper. Conventional predistortion
terminals. International Mobile Telecommunication-2008; feed-forward technologies, which are powerful in reducing
(IMT-2000), which is the next-generation mobile commugistortion, require considerable circuit area. On the other hand,
nication system, will be able to provide high-bit-rate datgn RF linearizer is often used in the monolithic microwave
communication services such as e-mail, audio, and high-r@gegrated circuit (MMIC) or PA module because of the
olution still images as well as voice. Thus, the marketingmpiicity of its configuration [1]. However, particularly when
strategy for new digital radio-communication apparatus showige output power is high, the RF linearizer cannot adequately
emphasize their long continuous-usage time. However, ti§mpensate for distortion. Furthermore, as the RF linearizer
current consumption of handset terminals is extremely highperates independently from the PA for which distortion
as a result, continuous usage time or talk time is extremelympensation is performed, adaptive predistortion is difficult
degraded. without another controlling function. Thus, the RF linearizer
When the handset terminal transmits data, the higher the pifanot significantly improve PAE. We need to develop a new
rate, the higher the output power, so it is important to improygstortion-compensation technology that can be realized in the
the efficiency of the power amplifier (PA). Various approachgsa module or MMIC.
to achieving high efficiency have been proposed. In the use ofthe keys to distortion-compensation technology applicable
QPSK modulation, the distortion inevitably produced by the P& handset terminals are powerful distortion reduction when the
should be as low as possible. As well known, this requiremegtput power is high, the capability to improve PAE, ease of
makes it difficult to improve the power-added efficiency (PAEiniaturization, low-cost fabrication, and operation indepen-

dent of the baseband block. Moreover, CDMA-handset termi-
Manuscript received April 3, 2002; revised August 14, 2002. nals have to easily follow changes in the transmission power
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adaptive predistortion, the circuit size is large and there is a con-
trolling time delay due to the LUT accessing time which will
degrade the effectiveness of predistortion.

This paper describes a new predistortion technology using
LUTs and reports the performance of a prototype PA module
with a built-in predistortion function for N-CDMA handset ter-
minals in Japan. Here N-CDMA is defined in 1S-95B standard
and the transmission frequency is from 887 to 925 MHz, data
modulation is OQPSK, and the chip rate is 1.2288 Mc/s. The PA
module prototype has achieved a PAE of 48% at an output power
of 27.5 dBm. This PAE is very high in comparison with that of T
a conventional PA for N-CDMA. As can be seen in Table |, this -~
proposed technology is good for the PA of a handset terminal.
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A. Investigation of PAE Improvement by Applying
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For PA operation with high PAE, the specified output power
of the PA should be near to saturated output poi&r;). On
the other hand, when part of the signal envelope excégds .
clipping distortion will appear. Consequently, even when pre'zzlg' 1. deal AW/AM and AM/PM characteristics of PDPA.
distortion is applied, there is still a tradeoff between PAE and

distortion level. 30
The output voltage of the PA without predistortion is repre- I
sented bprU vorad WOt pred onisrep 35 F “:chger::’egi —e— ACPR_near(Cal.)
- —6— ACPR_near(Meas.)|
. . . . T/ —&— ACPR _far(Cal.)
Vo(vi) = g(vi) - exp{j - B(vi)} O T o —8— ACPR farMess.)
=
whereV o(vi) is output voltageyi is the voltage input to the PA, EI 45 L
andg(vi) andd(vi) represent amplitude—amplitude modulation & | thecriteria of
(AM/AM) and amplitude—phase modulation (AM/PM) of the % ACPR_far
PA, respectively. The high-frequency component is ignored in & .. F
(1) and the PA is assumed to be memory-less. Considering the 3
clipping distortion, the predistorted output voltage of the PA :I 60 | saB
Vo_pd(vi) is represented by ;
65 I
Vo_pd(vi) =g{f(vi) - exp[j - {0(f (vi)) — o(f(vi))}] i
=(g1-vi+ g3-vi* 4+ g5 -vi® + ) 7

exp(j - bo) @ 75— —

wheregl is linear gain,d, is phase offset, and(vi), p(vi)
represent predistortion functions for AM/AM and AM/PM, re-
spectively. In (2), when clipping distortion does not appgay,
g5,. .., equals 0. Fig.2. Simulated and measured results of the relation between the backoff and

Fig. 1 shows the relation betweéfif (vi)} ande{ f(vi)} in the ACPR.

(2). Under AM/AM predistortion, AM/PM is represented not

by 6(vi) but by 8{f(vi)}. So the predistortion functions of higher than without predistortion. Consequently, under predis-
AM/PM, represented by{f(vi)}, should be designed to lin- tortion, higher order distortion will be large [4]. So the differ-
earizef{ f(vi)}. ence between the specified output power &ad (this differ-

In Fig. 1, the predistortion PA (PDPA) is linearized upQ;  ence is called backoff) should be decided considering the spec-
and the output power of the PDPA is maintained’g}; in the ified adjacent-channel power ratio (ACPR) and the peak-to-av-
high input-power region. When the maximum value of the inp@rage ratio of the modulated signal [5].
signal envelope is less thafs;,, as in Fig. 1(a), the output Fig. 2 shows the measured and simulated results of the rela-
of the PDPA is linearized perfectly and there is no distortioion between the backoff and the ACPR. The agreement is good.
However, if a part of the input-signal envelope exceéds,, Here, (2) was used in the simulation, whége= 0, the modu-
as Fig. 1(b), clipping distortion will appear. This clipping dis{ated signal is for N-CDMA, and the peak-to-average ratio is set
tortion is represented by thg, ¢5, ... terms in (2). With pre- to 5 dB. In Fig. 2, increasing the backoff decreases the ACPR.
distortion and clipping distortion, the values ¢, ¢5, ... are  Clipping distortion will almost disappear in the region of more

Back-off (dB)
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P,.¢, low current consumption, a wide variable range of gain,

Phase-controlling Shifter

Gain-controlling block and a constant AM/PM characteristic. It is difficult to realize
FEXTTTTTTTTTT circuitry which satisfies all of these key points. In the proposed
AW : Y _,"E PAblock | PDPA module, a dual-gate FET (MOS) is used. The dual-gate
T BeF [ = A i FET can easily vary the gain by_controlling its s_ecpnd gate
.__T____.. Ompm'l' " voltage. However, at the same time, the transmission phase
| ,-_---_-_./Zi_--_/.\ ......... ‘.ie.’i'ctor 0 (= phase 0fS21) also varies [6]. By producing appropriate
] \VA i VA 0 AM/PM predistortion data including the phase characteristics
| input | D/A DIA PLL E ' of the dual-gate FET and the following PA block, the total
I [detecton Negatve ] | 0 AM/PM can be linearized.
| i T T Voltage | 1} 0 Here, vca, andvcp are defined as data for AM/AM and
| i LUT LU peheator E | AM/PM predistortion, respectively. Representing AM/AM and
: i ; | AM/PM of the dual-gate FET a&(vi,vca) and §,(vi,vca),
" i T_I_T o ! | respectively, and the phase shift of the phase-controlling block
" ' g E ) asph(vep), when predistortion is performedga andwvcp can
0 —i—w £ : : be determined from following relations:
pravone L —— 1 — Fot) (o ;
| T—CMOs Chip [ vi) =h(vi, vea) (3)
R L T ph(vep) = — [0{f(vi)} + 04 (vi, vea)). (4)
Fig. 3. Block diagram of the presented PA module. The procedure of obtainingca andwvcp is as follows. First,

the functions ofi(vi, ve_swp) andd, (vi, ve_swp) are obtained

sing a single-frequency input power sweep measurement by
vector network analyzer (VNA) by adjusting the control

(gtage(: ve_swp) applied to the second gate terminal of the

ual-gate FET. Second, the AM/AM curve of the PA block for

which predistortion is performed, representedggy:) in (1),

E) also obtained by power sweep measurement. The AM/AM

5 dB lower than the specified values in 1S-95B, the requiréHedistortionfunctiorf(vi_) can be determi_ned frqm (2),_where
backoff of 2 dB is obtained. In the case of a conventional PA fg¢> 92> - - - &€ setto 0. Using these results in (@) is obtained.

N-CDMA, as the backoff is set to 3.5-4 dB, we found that PAE hird(,j ttt]e AM/PM curvelf{(vi)} + Htg(vé, Uct?])] j:l\/?/l;OMOb' i
is significantly improved by predistortion. ained by power sweep measurement under the predis-

tortion with vca. Here, ad¥)(vi) # 6{f(vi)} and the AM/AM

and AM/PM predistortion are performed simultaneously, the

measurement of the AM/PM curve must be performed under
Fig. 3 shows a simple block diagram of the proposed PDR®VI/AM predistortion. Inverting the sign of the measured result

module. It includes a PA block for which distortion compensdé{ f(vi)}+6,(vi, vca)] and using (4)ycp can be obtained.ca

tion is performed, a gain-controlling block, a phase-controllingnduvcp are stored in the LUTs as data for predistortion.

block, two signal-envelope detecting blocks, and a CMOS inte-From (3),vca is solved as a function of variablé, and, sub-

grated circuit (IC), which controls these blocks, all packaged #ituting this result into (4)ycp can also be solved as a function

one module. The CMOS IC includes an ADC, two SRAMs a6f variablevi. Thus, bothwea andvep can be decided as func-

LUTs, two digital-to-analog convertors (DACs), a comparator,tons of variablevs.

phase-locked loop (PLL) block, and other controlling logic. The

CMOS IC also includes a negative-voltage generation block to Il. ADAPTIVE PREDISTORTION

supply negative bias voltage when depletion-mode GaAs FETs i ) .

are used. Its output voltage is continuously variable from 0 ft Adaptive Predistortion for AM/PM

—-1V. The characteristics of semiconductor devices utilized in
Part of the RF input signal is detected, its variable envelopetiandset terminals are affected by environmental parameters,

sampled and digitized by the ADC, and the output of the AD@r example, temperature and supply voltage. The CPU in the

accesses the two LUTs. Data from the LUTs are convertedtiandset terminal has to modify several controlling signals for

analog and drive the gain and phase controlling blocks. The ttfee fluctuation of environmental parameters. For example,

LUTs are for AM/AM and AM/PM and predistortion data isoffset-gain data is stored in data tables. In the case of the

stored. For adaptive predistortion, a comparator is used for gweposed PDPA, for predictable fluctuations, LUTs are mod-

tecting the sign of the difference between the input and outgfied beforehand. But, for unpredictable fluctuation, adaptive

signal envelopes instead of the ADC and modifies the AM/AMredistortion technology is needed.

LUT. In well-known adaptive predistortion technologies, a de-
The key points in the design of the gain-controlling block ammodulator circuit is used to detect the distortion resulting from

the output power that can drive the following PA block up té&\M/PM nonlinearity [2], [3]. However, as the demodulator

than 3 dB backoff. The value of 3 dB is decided by the prob
bility of the appearance of the signal-envelope voltage and t
peak-to-average ratio of the signal. The required backoff can
acquired from Fig. 2 by using ACPR_neat 885 kHz offset)
and ACPR_far£ 1.98 MHz offset) as criteria.

In Fig. 2, when both ACPR_near and ACPR_far are set

B. Architecture
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Fig. 5. Measured and simulated results of the remaining ACPR_near due to
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circuit occupies a large space, it is not acceptable for the PDPA
module where size is critical.

W
¢}
T

In the proposed PDPA, the adaptive predistortion for AM/PM §-54 i
is omitted. The reason is explained below. Z-s6f D

Because the supply voltage fluctuates between 3.5-4.0 V, the  § ACPR_near
dependence on the supply voltage of the PA block is small. The 8
most important environmental parameter here is temperature. é-so

The AM/PM nonlinearity is represented by the relation be-
tween nonlinear parasitic capacitan€gs, C,q, Cqs and other

nonlinear parameters in the GaAs FET [7]. Several simulation -4 ACPR_far

models of these nonlinear parameters depending on temperatur 66 F

have been proposed [8]. However, few of these models repre- & o
sent the characteristic of the AM/PM depending on temperature o8 5 0 2 4 6 8 10 12 14 16 18

precisely, including the saturated region. We measured the tem- Time (ms)
perature dependence of the AM/PM.

There is such a case that, when the temperature changes’ih&: Simulated result of convergence time to modify the AM/AM LUT by

. the adaptive predistortion when the supply voltage stepped down from 3.5 to

AM/PM, represented by(vi) in (1), does not change excepts g v attime — #1.
for [9]. This is remarkable when the drain current is constant by
controlling the gate bias voltage. i i , , ,

Fig. 4 shows the measured results of two cases of AM/PREPR is not important when the adaptive predistortion for
temperature dependence, with AM/PM predistortion aﬁ%jM/PM is omitted.
without, under constant drain current. As can be seen in ) ] )
Fig. 4, the AM/PM for different temperatures is maintaine§- Adaptive Predistortion for AM/AM
to be almost constant with constant drain current. Moreover,In the case of adaptive predistortion for AM/AM, an ADC is
performing predistortion for AM/PM, phase deviation is maineften used to detect the output signal envelope. The ADC can
tained at less than°2 Fig. 5 shows measured and simulatete integrated in the CMOS IC, but it occupies a large space and
results of the remaining ACPR_near due to irregularities in tladso requires a large current. So, as noted above, in the proposed
AM/PM predistortion. In Fig. 5, the measured result is obtaind@DPA, a comparator is used.
by measuring the ACPR of some PA modules whose AM/PM Fig. 6 shows the simulated result of convergence time
is different from each other. In the measurement, only AM/ANb modify the AM/AM LUT by adaptive predistortion. The
predistortion is performed to avoid the effect of amplitudsimulation condition is that the predistortion is performed
distortion. From Figs. 4 and 5, if the remaining phase deviatigrerfectly untiltime = ¢1, and attime = ¢1 the supply voltage
is less than 2, it is expected that the degradation of ACPR_ne#o the PA steps down fro;; = 3.5V to V3, = 3.0 V. As the
is less than 1 dB. Consequently, this degree of degradationdata in AM/AM LUT does not apply fo¥;; = 3.0 V, adaptive
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predistortion must modify the data in AM/AM LUT. As can be
seen in Fig. 6, the ACPR decreases gradually with modification 9
of the data in LUT, and it takes about 3 ms to make the
modification. The dominant factor of the convergence time is
regarded as the probability of the appearance of signal-envelope Lk - —O— simulated
voltage. In Fig. 6, ACPR_far is going to decrease in the region \ -4--- measured
of more than 3 ms. This is considered to be so because the
memory cells in the LUT corresponding to the low-probability
signal-envelope voltage cannot be modified frequently, so
unapplicable data remain for a long period. In fact, as both
voltage and temperature fluctuate slowly, a convergence time
of the order of 3 ms is not important.

Improvement of ACPR_near (dB)

IV. DESIGN AND PERFORMANCE
A. Design of PDPA

From simulation, the required variable range of the gain-con-
trolling block was found to be more than 4.5 dB. Furthermore, !
fluctuations due to adaptive predistortion and constant deviation 0 50 Delay RN - 150 200
of the devices have to be considered. As noted above, a dual-gat.

FET was used for the gam-controllmg block, and fivarlable gal”ﬂg. 7. Measured and simulated results of ACPR_near degradation due to the
range of more than 10 dB was achieved by varying the voltag&ay time.
on the second gate terminal in a 1.5-V range.

In the phase-controlling block, a variable-capacitance diode

was used. Its phase-controlling range was more thén 10 m(w/o): Measured, without PD . Aiggc_)m
As noted above, the keys of designing a PA block appropriate | | m(w/): Measured. with PD 1.5
for predistortion are’,,, and PAE at the specified output power. s(wW/): Simulated, with PD | .1 PAE
From simulated results, the requirBg; wasP;,; > 29.3dBm, ask 45 %)
so the design target was set to 30 dBm. The matching circuit m(w/o),.f'
was designed to be memory-less. The PAE should be as higha: [ ) 10 60
possible at the specified output power. The PAE of the PA block _
was 51% atPy, = 27.5 dBm. g s
The data for LUTs are stored in a flush RAM for controlling £
data in a handset terminal and down-loaded to the LUTs when 50 40
the main power is on or when necessary. Q
The distortion compensation is shut down when the output 5530
power is low because distortion is not a dominant factor in re-
straint of the PAE. In this shut-down mode, the supply voltage
to CMOS IC is shut off, but the output of the DACs is main- 6020
tained at a constant voltage so there is no discontinuity of gain <10
betweeron and OFF. ©
. e 80 1 1 ‘: 1 1 1 1 0
B. Delay Time Sensitivity 22 23 24 25 26 27 28 29 30

In the proposed PDPA, distortion compensation is sensitive to Pout (dBm)
the time delay of the CMOS IC. Fig. 7 shows the measured and
S%ImUIat_ed results of A(.:PR—near degradation due t.O the deﬁg 8. ACPR and PAE performance of the proposed PDPA module.
time. Fig. 7 shows that improvement of ACPR_near is degrade

as the delay time increases. In Fig. 7, itis seen that the allowable
delay time is determined by signal envelope frequency system, for example, W-CDMA,

part of the RF signal is detected before the RF-SAW bandpass
(5) filter (BPF), as shown in Fig. 1. As the group delay of the SAW
BPF is about 30 ns, the delay of the CMOS IC can be mostly

Here, f.a is the maximum frequency of the signal envelop&ancelled.
and fra.x = 614.4 kHz (= 1.2288 MHZ2) for N-CDMA.
Then, from (5),74, < 40 ns.

To minimize the delay time, a flush-type ADC and the Fig. 8 shows the ACPR and PAE performance of the pro-
0.25um process are used in CMOS IC. It takes 25 ns froposed PDPA module. Fig. 9 shows the output spectrum of the
A/D start to D/A output. Considering application to a highmodule wherP,,; = 27.5 dBm. The RF signal is for N-CDMA

1
Tda <E ) .fmax-

C. Performance
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Fig. 9. Output spectrum of the proposed PA module with and without

predistortion. Fig. 11. Comparison of signal-power and distortion-level variation effect on
the bias current of the PA.
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1
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7 5 Fig. 12. Prototype of the PDPA module mounted on an evaluation board.
s | | | | o output power is more thaR,,; = 26 dBm or 26.5 dBm. This
"0 5 0o 5 10 15 rapid increa}se is due to Fhe signal envelope clippind’hy.
Pin (dBm) The receiver band noise level wad.38 dBm/Hz. Here, the

receiver band is from 832 to 870 MHz.

In Fig. 10, the AM/AM and AM/PM schemes with and
without predistortion are shown. In the AM/AM scheme, we
see that the nonlinearities, including that of the dual-gate FET,
in Japan. From Fig. 8 CPR_near = —49 dBc (7 dB improve- are also linearized. The AM/PM without phase predistortion
ment) andACPR _far = —59 dBc (4 dB improvement) were (w/o PMPD and w/ AMPD) represents large phase deviation
achieved at the output power of 27.5 dBm. The PAE was 48%gtweenP,, = 2 dBm and 3 dBm. This characteristic due to
including the current consumption of the CMOS IC and thine AM/AM, that isé{ f(vi)}, is shown in Fig. 10 as linearized.
gain-controlling block. The CMOS IC consumed about 15 mA. For the examination of adaptive predistortion, measurements
As the PAE of the conventional PA for N-CDMA is about 40%of the signal and distortion level using an amplitude-modulated
at most, the 48% of the PAE is high. If F-class technology is apignal whose peak-to-average power ratio is 1.5 dB, with bias
plied to the PA, there will be a further improvement of the PAEcurrent variation, was performed. The bias current often varies
In Fig. 8, the simulated results of ACPR_near and ACPR_faiith environmental parameters, particularly temperature. The
with predistortion are also shown. The agreement is good. imeasured results are showen in Fig. 11. As shown in Fig. 11,
Fig. 8, ACPR_near and ACPR_far increase rapidly when tiiee AM signal is composed of a carrier component, two signal

Fig. 10. Performance of gain and phase linearization.
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adaptive predistortion. This means that the distortion compen-
sation except for AM/PM adaptive predistortion operates effec-
tively, even when the bias current varies.

Fig. 12 is a photograph of the prototype of the proposed
PDPA module mounted on an evaluation board. The proposed
PDPA module is 11 mnx 10 mmx 2 mm, made possible
by mounting the CMOS IC chip and the GaAs FET chips @
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is 2.5x 2.5 mm.
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