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A Highly Efficient Linearized Wide-Band CDMA
Handset Power Amplifier Based on Predistortion
Under Various Bias Conditions
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Abstract—This paper investigates the use of amplifier lin- 1 A ¥ '
earization for performance improvement on a power amplifier L |
developed for a wide-band CDMA (W-CDMA) system. Predis- —*F + wf, = [
tortion technique was chosen due to its compact size, which is o | e, Fhass Mool —
suitable to implement in handsets. A predistorter (PD) mono- :
lithic-microwave integrated-circuit based on a heterojunction FET gt [
(HJFET) was designed and fabricated. Depending on the control FreSsune Noslinear ™
voltage, the PD achieves both gain expansion and compression ; PO [ | wglifes =
characteristics, which is shown to be important for compensating s ___.--""
various amplifier nonlinearities. The power performances of an "~
HJFET amplifier with and without a PD are compared. Due to
the variation of the amplifier's responses under high and low
quiescent current levels, the PD response required for optimum

amplifier demonstrates a state-of-the-art power-added efficiency e :
(PAE) of 57.4% under W-CDMA criteria, resulting from a 5-dB the PAE drops when an amplifier operates at less than saturation

reduction in adjacent channel leakage power ratio. In addition, POWer [2]. With the view of the efficiency—linearity require-
the use of power control in a W-CDMA system requires amplifiers ment, common design practice also focuses on improving input
with good efficiency over a wide range of output power. By and output matching networks of power amplifiers to obtain
combining a bias control scheme with predistortion, it is shown optimum performance [3], [4]. Although improvements have

that a high PAE of over 40% can also be achieved for a 20-dB o0 renorted, the inherent tradeoffs between efficiency and
output power range. The improvements achieved are attributed to

the alleviation of amplifier's nonlinearities after linearization. linearity remain unresolved. . . .
One solution to achieve the seemingly conflicted goals is

to employ linearization techniques. By reducing the distortion
level at the output of amplifiers by means of external circuitry,
less power backoff is required and, thus, improves the efficiency
. INTRODUCTION of operation. Such techniques have received considerable at-
IRELESS communication systems have experiencé@ntion recently and extensive research has been done in this
phenomenal growth in recent years. In order to aé/e@ with applications varied from wireless handsets and base-
commodate high data-rate transmission as well as Inter§éRtions to satellite systems [5], [6]. The most commonly used
access, extensive research has been done on a third-gener&fginiques include feed-forward, feedback, and predistortion.
network such as a wide-band CDMA (W-CDMA) system [1]!:eed—forward linearization .offers the most supeﬂor distortion
A W-CDMA system employs a spectrally efficient modulatiodMProvement, but has the disadvantages of requiring extra error
scheme, hybrid phase-shift keying (HPSK), which posesaplifier and bulky size, limiting it to basestation application
stringent requirement on the linearity of handset power arfl; [8] The conventional feedback technique suffers the draw-
plifiers in order to minimize spectral regrowth and maintaiRack of gain loss of a similar degree to distortion improvement
modulation accuracy. In addition, since power amplifiers cof?] s well as stability concern [10]. Predistortion linearization
sume a significant amount of battery power, high power-addegually provides moderate distortion improvement [11], [12] at
efficiency (PAE) is preferred for maximizing standby and tallittle extra cost and impact on output power. It also has the ad-
time of handsets, which are important design concerns. vantages over other techniques in terms of miniaturized size,
Conventional class-A- or class-AB-biased amplifiers typi®W complexity, and stable operation, making it attractive for

cally operate at a certain degree of power backoff to satisfy tH@ndset application. _ S
Fig. 1 shows a block diagram of predistortion linearization.

. . The predistorter (PD) has transfer characteristics inverse to that
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Fig.3. Cross section of the developed double-doped AlGaAs/InGaAs/AlGaAs

ment on the PD has focused on lower current operation alf ™

simple circuit configuration aimed for wireless and satellite ap-

plications [13]-{16]. These PDs employed either an FET [13$n the low-output power performance of the amplifier is exam-
[14] or a diode [15], [16] as the nonlinearity generator, anghed.
successfully compensated nonlinearities of amplifiers at var-
ious frequency bands with distortion reduction ranged from 5 to
10 dB. However, high insertion loss (IL) of 5 dB to over 20 dB
were reported on these PDs that require extra buffer amplifiersThe device used in this work for the PD and amplifier was
to bring up the predistorted signal level and are, therefore, um-double-doped AlGaAs/InGaAs/AlGaAs HIFET [3], and its
suitable for handset application. cross section is shown in Fig. 3. It has a recess structure with a

PD design usually emphasizes linearizing amplifiers with $PUrce-to-gate recess spacing ofn3, a gate length of 0.om
gain compression characteristic [13]-[16]. However, amplifie"d & gate-to-drain recess spacing of rb. The active part
biased at low quiescent currefi,) show different gain re- Of the FET consists of an undoped kG& sAs channel layer
sponses [3]. Fig. 2 compares the typical gain deviation ch&andwiched between Si-dopedoAbGa, 7sAs layers. An un-
acteristics of an amplifier operated at different levellgf It ~doped Ab »Ga 7sAs Schottky layer was incorporated on the
can be seen that the gain for the Idycase (less than 1% of UPPer Si-doped Al22Ga 7sAs layer to achieve a high gate-to-
maximum drain current/,..) expands slightly before com- drain breakdown voltageB(vq) [17]. A double-recess struc-
pression occurs, whereas the gain compresses gradually ad4fewas fabricated by electron cyclotron resonance plasma dry-
input power level increases for the highoperation (over 2.5% €tching with Sk and BCL gases using the Ak, Ga, 7sAs layer
Inax) [3]. The effect of the gain expansion on the choice of th@S an etch stop [18]. The resulting standard deviation of the
response of the PD has not been investigated. In addition, pfidfeshold voltage was less than 20 mV on a 4-in wafer. WSi
designs have concentrated on applying PDs to linearize ammetal was sputter deposited onto the narrow recess to form the
fiers under fixed-bias condition [13]-[16]. In wireless system&.5m-long gate. A multilayer cap structure was employed to
such as W-CDMA, which realize power control, dynamic biaiduce on resistancé(y) [19].
control would be applied to handset amplifiers for efficiency im- The Imax of the fabricated HJFET, measured at a
provement at low-power operation, and the viability of the P@ate-to-source voltageVg) of 1.5 V is 570 mA/mm. A
for compensating nonlinearities at different bias levels will bébaximum transconductance of 300 mS/mm is achieved at
come critical. around Vg equal to O V. TheBV,q is 18 V measured at a
To address these issues, this paper presents a detailed s8@i§ current density of 1 mA/mm. The HIFET shows/an
on the design and performance of a linearized power amplifigh 1.7 £ - mm. This low R, is essential for high PAE under
based on the predistortion technique. The circuit was desigrle@-voltage operation. Detailed power performance of the
to investigate its suitability for W-CDMA handset applicationdevice can be found elsewhere [20].
First, the heterojunction FET (HJFET) employed in this work is
illustrated. The design of a PD is then detailed with emphasis on . PD
considerations such as low loss and small size. Measured char-_ i
acteristics of the PD monolithic microwave integrated circuft- Basic Operation
(MMIC) are shown with discussion on its versatile gain devia- The schematic diagram of a miniaturized PD is shown in
tion characteristics. Next, several measured results, comparifig. 4. The PD employs an HIJFET as the nonlinear element,
the performance of an amplifier with and without a PD, are preand was designed to linearize an amplifier with gain compres-
sented. The effect on the choice of the PD characteristic dsien and positive phase deviation [3]. The HIFET is arranged
to the variation on the amplifier's gain response under differelite a switch, which acts as a variable resistor, where the drain
1, operation is studied, and a few tradeoffs on operation are d{#») and sourceg{) are connected to ground through inductors
cussed. Finally, the impact of combining the PD and bias contrb] and the gate(¥) is connected to ground via capacitér Two

Il. HIFET
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Fig. 4. Schematic of the PD. The HIFET is arranged like a switch and used as

a nonlinearity generator. q

capacitors are employed at the input and output of the PD for dc (@)
blocking and matching purposes. A bias control voltakjg (s

Fiks

B 20
applied to the gate of the PD through a bias resistor. The charac- gL —L=l0eH.C=l0gF |
teristic of the PD is determined by the drain-to-source resistance = L= b ;-’:v_j:.: + ¥
(ras) of the HIFET, which is a function df,. To obtain gain i e g ft Loy 110 %-
expansion operatiomn,s should decrease with increasing input E ? Is L=
power [15]. It has been previously reported that such a condition ‘j oy : E
can be achieved when the HIFET is biased near pinchoff [21]. B ol e I L.
InductorsL are included for attaining negative phase deviation § -4 i ST 15 é
on the PD. . S e, Lok

Fig. 5(a) shows a simplified equivalent-circuit model of the B 5 T
PD biased near pinchoff [22] for estimating the performance. o0 E0 ®m0  ap o °
The drain-to-source, gate-to-drain, and gate-to-source capaci- T4s (0T
tances Cqs, Cgd, and Uy, respectively) were assumed to be )
constant because the variations were negligible compared with
the variation ofry, as a function of input power. The capaci- B |
tance values were obtained from a large-signal HJFET model P LGS0 F o =
[23]. Fig. 5(b) shows the simulated responses of the PD for dif- g:;' 4 ;_r,r” =R
ferent values ofL andC as a function of-4,. Gain expansion o=l | — =i
and negative phase deviation are achieved with decreaging .E . - e
It can be seen that, by reducing the values ahdC, the degree E al ____.,-"" 7 ls E
of negative phase deviation increases without affecting the gain E f.ﬂ' |
expansion level. Thud, andC can be optimized to fit the phase 'E | I - lp ®
characteristic of an amplifier to be linearized. Fig. 5(c) shows [ o
the simulated responses of the PD without inducfgrahereas £} K "I N
the capacitof” was set equal to 10 pF. Although gain expansion e B B O T R
) ) ) LS . Mg lhim)
is also achieved, a positive phase deviation is observed, which
demonstrates the function of inductdron the phase response (©)
of the PD. This type of PD can be applied for linearizing ampliig. 5. (a) Equivalent circuit of the PD. Simulated responses of the PD: (b)
fiers with a negative phase characteristic [14]. with inductorsL and (c) without inductord, as a function of-ys.
B. Measured Performance = = '

M -

capacitors were employed in order to reduce chip size compared
with the use of Sily capacitors [24]. Fig. 7 shows the gain and

Al =

phase deviations of the PD measured with a single-tone signal ! _m —]:E{_l
e 0

s — 4

The PD was fabricated based on an HIFET with a gatewidth _|ﬂ_-—
(W) of 3.2 mm. Fig. 6 shows the microphotograph of the fab- =)
ricated PD MMIC, which has a size of 1,560.8 mn?. SrTiO; D

at 1.95 GHz as a function df.. Gain expansion and negative

phase deviation are observed with increasing input powér for

below—1.0 V. The degrees of gain expansion, phase deviation,

and IL increase by reducing.. In handset application whereFig- 6. Microphotograph of the PD MMIC based on an HJFET with a
i h . gatewidth of 3.2 mm (chip size 1.6 0.8 mn¥).

power amplifiers operate slightly below the 1-dB compressqu

point (F; ar) [3], a 1-dB gain expansion from the PD would be

sufficient for nonlinear gain compensation. Under such a condie extra buffer amplifier is required, and the low loss can be

tion, the PD achieves a low IL of less than 3.5 dB, which is sigasily compensated by a driver amplifier before the power stage

nificantly lower than other reported designs [13], [14]. Hencén handsets. Another interesting characteristic of the PD is that it

- - a
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1.95 GHz. (a) Single-tone gain and phase deviations. (b) ACPR and PAE using
an HPSK signall, was set equal to 150 mA. The PD was biased for gain
Fig. 8. Measured single-tone gain and phase deviations of the PD MMIC&tPansion operation.

1.95 GHz without inductors..

4.096 Mc/s. The performances of the linearized amplifier were
evaluated under two different bias conditions; the first case was
a high 1, operation at 150 mA (2.5% df,.x) and the second
case was a low,, operation at 45 mA (1% of,,.x). Thel, was
adjusted by varying the gate voltagé,} of the amplifier with

the drain-to-source voltag®’ys) set equal to 3.5 V.

1"23_
2
3 L

I"IZ &

T ¥,
Predistorter| _
L L
A. High I, Operation

T Fig. 10(a) shows the gain and phase deviations of the
Fig. 9. Schematic of the linearized amplifier. linearized amplifier measured with a single-tone signal at
1.95 GHz for ar/, equal to 150 mAY;, of the PD was adjusted

. . . . to achieve a gain expansion characteristic. It can be seen that
shows a slight gain compression fgrabove—1.0 V. This phe the P, 4p of the amplifier is improved from 26.6 to 27.5 dBm

no_rrr; evnec;:;;sthaétéﬁgéfgfti%g:i;gféeoiseﬁxtgécizggﬁogf&herafter the use of the PD. Similarly, the linearized amplifier
P ’ hows a lower phase deviation than the case without the PD.

PD was characterized with a similar structure to that in Fig. &, . . : -
. . . - . T his demonstrates the effectiveness of the PD on linearizing
but without L. Referring to Fig. 8, similar gain deviation is ob-

. the amplifier's nonlinear characteristics.
tained as _compared to the ca;e_Woweye_r, the PD 5“°V.VS. Fig. 10(b) shows the W-CDMA power performance of the lin-
an opposite phase characteristic, i.e., positive phase deviation,. e . :
which agrees with the simulated results shown in Fig. 5. eafized ampl_mer. measured W.'th the HPSK signal. The ACPR

of the amplifier is reduced with the use of PD at an output
power (P,.:) above 23 dBm. The ACPR, however, is degraded
below that power level due to the effect of gain expansion [see

The schematic diagram of the linearized amplifier, incorpd-ig. 10(a)], but it is below—40 dBc and, therefore, still satis-
rating the PD MMIC, is shown in Fig. 9. The amplifier is basefies the distortion requirement. Measured-a40 dBc ACPR,
on the double-doped HIFET discussed in Section Il withaf the F,,,; and PAE of the amplifier improve from 25.2 dBm and
9.6 mm. The input and output matching networks of the amp#3.0% to 26.2 dBm and 49.9%, respectively, after the use of the
fier were designed and optimized to obtain the best PAE with &b, attributed to a 5.4-dB reduction in ACPR after linearization.
adjacent channel leakage power ratio (ACPR) equa® dBc, This represents an improvement By,; and PAE by 1 dB and
measured at 1.95 GHz with an HPSK signal having a chip rate@B%, respectively.

o

IV. POWER PERFORMANCE OFLINEARIZED AMPLIFIER
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Fig. 11. Measured characteristics of the amplifier with and without the PBig. 12. Measured characteristics of the amplifier with and without the PD
at 1.95 GHz. (a) Single-tone gain and phase deviations. (b) ACPR and PAE1.95 GHz. (a) Single-tone gain and phase deviations. (b) ACPR and PAE
using an HPSK signal,, was set equal to 45 mA. The PD was biased for gainsing an HPSK signal, was set equal to 45 mA. The PD was biased for gain
expansion operation. compression operation.

B. Lowl/, Operation due to the compression nature of the PD. The linearized am-

We have previously shown that the HIFET amplifier undé}lifier, shown in Fig. 12(b), aqhieves si_gnifica}nt ACPR reduc-
low I,, bias is favorable for high PAE operation under W-CDMAION for Fo, below 23 dBm, with a maximum improvement of
criteria [20]. This type of amplifier, however, experiences gaift-1 dB at 18 dBnt,,; due to the flattened gain deviation. How-
expansion with increasing, .. instead of the usual gain com-€ver at the W-CDMA criteria, the I_meanzed amplifier shows a
pression shown in the highé case. Due to this, the use of theSimilar performance to the case without the PD.

PD with two different responses was investigated; one with gain
expansion and the other with slight gain compression. These tvo
different characteristics were achieved by adjustingf the PD Although the linearized amplifier operated under laywith
shown in Fig. 9. the gain-expansion-type PD demonstrates the best PAE perfor-

Fig. 11 shows the measured responses of the linearized anance under W-CDMA criteria, the higly bias case achieves
plifier with the use of a gain-expansion-type PD. The measuradmore significant improvement oR,,; and PAE (1 dB and
single-tone gain and phase deviations of the amplifier are d&9%, respectively, compared to 0.7 dB and 3% for the Igw
picted in Fig. 11(a). After linearization, th g of the ampli- case) despite having a similar degree of ACPR reduction. Since
fier improves from 27.7 to 28.3 dBm. The level of gain exparthe basic principle of predistortion linearization is to give an am-
sion at lowF,,; is further increased as a result of the respongdifier a harder saturation characteristic, it is, therefore, more ef-
of PD. The linearized amplifier also shows a reduction in phagective to compensate the softer compression shown in the high
deviation. Fig. 11(b) shows the power performance of the lid; case. Despite a lesser improvement under igwperation,
earized amplifier measured with the HPSK signal. The ACPtRe 5-dB decrease in ACPR and the 3% increase in PAE are still
is degraded at low?,,,; due to the increased gain expansion bgubstantial for handset application. Due to the low-loss charac-
referring to Fig. 11(a). At-40-dBc ACPR, the PD with gain ex- teristic of the PD, the linearized amplifier, even as a one-stage
pansion improves the amplifier’s,,,; from 25.5 to 26.2 dBm design, does not require an extra buffer amplifier to bring up the
and PAE from 54.4% to 57.4%, achieving a state-of-the-art pesignal level, as required in other reported designs [16]. This il-
formance for W-CDMA power amplifiers. The improvementsustrates the linearized amplifier configuration can successfully
result from a 5.0-dB decrease in ACPR after linearization. achieve performance advancement without the penalties of ad-

The responses of the amplifier incorporating gain compreditional components and power consumption.
sion type PD are shown in Fig. 12. Referring to Fig. 12(a), Under highl, operation, the choice of the response of the PD
the gain deviation of the linearized amplifier is reduced®g};, is straightforward. Since the amplifier experiences a gain com-
below 23 dBm, but the”; 45 of the amplifier is not improved pression characteristic, the PD is required to have an opposite

Discussion
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TABLE | an i |
REQUIREMENTS ON THEPD FOR A GAIN-EXPANSION-TYPE AMPLIFIER (LOW By S
I, OPERATION) 5| s e
Backoff level of amplifier | Requirements on predistorter =]
Near compression operation | Gain expansion type PD w 18
- to compensate gain compression (for =
moderate distortion improvement 10}
in application such as handsets) :.
High level power backoff Gain compression type PD |
operation - to compensate gain expansion (for e L e
very low distortion amplification W 'll' P W

application such as basestation)

Fig. 13. Measured PAE and ACPR of the amplifier with and without the PD

. . . . . at 13 dBmP,,;. Bias control was applied oh,.
response, i.e., gain expansion. The increase in the ACPR at a ‘ pplied on,

low P,y level, shown in Fig. 10(b), is due to a slightly different 80

onset of the gain compression of the amplifier and the gain ex- - Pl st d im0 il

pansion of the PD. Further improvement can be made by care- — a0l —— W Pl 0
.. . . - ! 0= "#fiihcar FTI

fully optimizing the circuit parameters of the PD to match the il ol ) .ﬂ

response of the amplifier. On the contrary, the gain expansion = o] ""';-_

characteristic of the amplifier under loy, bias places a dif- " L ank

ferent requirement on the PD. The improvement on the ACPR f joep=to—o—a o

can be divided into two operating regions: near compression and ol 9"'_.---" - 40

high power backoff operation. When the amplifier is operated [ ol -

near compression point, such as in handset application [3], the a v 5 i - 50

gain-expansion-type PD is required to bringip,g of the am-

plifier, as shown in Fig. 11, for ACPR and PAE improvements.
; i ; ; i Fig. 14. Measured PAE and ACPR of the amplifier with and without the PD

Thls comes_at t_he expenses of increasing Iy, gain devi at 13 dBmP..... Bias control was applied off,..

ation, resulting in a degraded ACPR. On the other hand, when

very low-distortion amplification is required, such as in basexsnbtained by varying,, (by means o) and Vi, of the ampli-

tation application, high-power backoff from saturation power If?er. Fig. 13 illustrates the dependence of PAE and the ACPR of

usually required even vy!th the use ofllmearlzguon techmql%ﬁe amplifier (with and without the PD) afy at @ CONStant, .
[8]. Under such a condition, the PD with a gain compressiory ) :

. . . . . 0f 13 dBm. It can be seen that the PAE increases by reduging
response is applicable for reducing the distortion level of am- t this dearades the ACPR. With the use of the PD. however
plifiers (see Fig. 12). Table | summarizes the PD requiremea graces . ' . o ' '
on a gain-expansion-type amplifier (Iaky bias). In application PR reduction is achieved, allowing the amplifier to operate at

. : . . . alowerl, levelto further improve the PAE. At 13-dB#},,,; and

where low distortion over a wide range &%,; is needed, in- . . o

. . . . —40-dBc ACPR, the linearized amplifier shows a PAE of 13.6%
telligent bias control can be applied to the PD, such tas S . . ;

. : : at/, of 10 mA, which is 5.6% higher than the case without bias
adjusted automatically according to thg,; level. control

Fig. 14 shows similar measured results, but as a function of
Vas at a constant, of 10 mA. The PAE improves more signif-
icantly when compared to that éf control (Fig. 13), showing

With the implementation of a power control scheme ia PAE of 47.7% at the same output criteria. This represents an
the W-CDMA system, a lowF,,; characteristic of handsetimprovement of almost sixfold after implementing bias control.
amplifiers is also an important design concern [2]. Althougithe APCR is also reduced with the use of the PD in this case.
the linearized amplifier, operated at laly and employing a However, a;; below 0.9 V, the ACPR increases sharply as the
gain-expansion-type PD, as shown in Fig. 11, demonstrates #mplifier operates at a deep saturation power level at which the
best PAE characteristic, the performance degrades significarRIp cannot provide further distortion improvement.
when F,; is reduced, attaining only 8.0% PAE at 13 dBm Fig. 15 compares the PAE of the amplifier with and without
Fout. This would have an adverse effect on battery life ithe PD and bias control over a rangeR{,; from 0 to 26 dBm.
handsets, resulting in shorter talk time. Bias control has be€he best PAE is achieved by simultaneously controliiag I,
reported as an attractive alternative for improving PAE at loandV,. The linearized amplifier shows a PAE of over 40% for
Pt operation [20], [25]. By lowering the supply current anch 20-dB P,,,; range, which would be sufficient for W-CDMA
voltage of an amplifier, the saturation power reduces anapplication. This performance is attributed to two factors: first
therefore, improves PAE at a laf%..,; region since less backoff is the use of the PD, which reduces the ACPR at the amplifier
is required. output, allowing it to operate at less power backoff, and second

The incorporation of bias control together with predistortiois the realization of bias control, which improves I&%,; char-
linearization for further improving PAE of the amplifier at lowacteristic. These results demonstrate that PD can be employed
P, was investigated. Referring to Fig. 9, the bias control wdsr improving PAE at both the low and high,.; level.

V. LINEARIZED AMPLIFIER WITH BIAS CONTROL
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output power. Combining with a bias control scheme, PAE of
over 40% has been achieved on the linearized amplifier over a
20-dB output power range. Such a characteristic is desirable for
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application in wireless systems, such as W-CDMA, which im-
plement power control.
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Fig. 16. Dependence df,,: and PAE of the linearized amplifier on control
voltage {§.) of the PD with bias control at 40-dBc ACPR.

The control onV.. of the PD plays a critical part in obtaining 5
the performance improvement discussed above. Fig. 16 depicts
the ..., and PAE of the linearized amplifier as a functionif (6]
Vs, 14, andV, were adjusted accordingly to obtain the best PAE 7
at each measurdd,,; point over the range from 0 to 26 dBm for
—40-dBc ACPR. It is observed that the requirédvaries lin-
early with P,,; and PAE. This linear characteristic is an added (8]
advantage and can reduce the complexity when implementingg]
intelligent control on the PD.

[10]
VI. CONCLUSIONS

Modern digital wireless systems demand high-linearity high{11]
efficiency amplifiers for handset application. Predistortion lin-
earization has been shown to be an effective technique, in terms
of simple configuration and compact size, for compensating am42]
plifier nonlinearities and enhancing performances. A low-loss
PD MMIC has been presented, achieving gain expansion aqg3]
compression characteristics depending on the control voltage.
The requirement on the characteristic of the PD due to the vari-
ation of amplifier's response under high and Iéyvoperations [14]
has been detailed. In both cases, the PD effectively linearizes
the amplifier’s nonlinearities and reduces output distortion, al—[15
lowing the amplifier to operate at less powerful backoff and,
thus, improving the PAE. Under a lod operation, PAE of
57.4% has been obtained on the amplifier with the PD under
W-CDMA criteria. The PD has been demonstrated to perforn{m]
well in terms of linearizing the amplifier over a wide range of

]
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