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Abstract—We demonstrate energy-efficient low-complexity
adaptive linearization for wideband handset power amplifiers
(PAs). Due to power overhead and complexity, traditional
wideband linearization techniques such as adaptive digital pre-
distortion (DPD) thus far have not been used for wideband
handset transmitters. Our energy-efficient lookup table training
strategy resulted in a training energy of 1.83 nJ/entry for a 5-MHz
bandwidth WiMAX orthogonal frequency division multiple ac-
cess (OFDMA) transmission, which represents more than 40
improvement over state-of-the-art DPD implementations. Our ex-
perimental prototype transmitter achieves a maximum of 9.9-dB
improvement of adjacent channel leakage power at 5.15-MHz
offset with 22.0-dBm channel power in the 5-MHz bandwidth
WiMAX-OFDMA transmission. This linearity improvement of-
fers 26.5% savings in PA power consumption by reducing power
backoff.

Index Terms—Adaptive linearization, adaptive predistortion,
Cartesian feedback, digital predistortion (DPD), lookup table
(LUT), power amplifier (PA) linearization, wideband handset PA,
wideband predistortion, WiMAX.

I. INTRODUCTION

F OR A long time, wideband handset power amplifiers
(PAs) have suffered from poor power efficiency in mobile

wireless applications such as wideband code division multiple
access (WCDMA), WiMAX, and wireless local area networks
(WLANs). While process scaling has been improving the
power efficiency and speed of digital circuitry, it has not been
of benefit to PAs. As radios are evolving to digitally intensive
architectures, the PA is expected to be the last power-hungry
analog block in portable wireless transmitters. Thus, PA
power-efficiency enhancement is of great importance in wire-
less mobile handset design. PA linearization is a traditional
way of improving the poor PA power efficiency. In this paper,
we present an energy-efficient low-complexity adaptive PA
linearization technique specially suited to wideband handset
PAs (typically transmitting on the order of 1-W output power.)
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Fig. 1 illustrates adaptive digital predistortion (DPD), which
is a classical technique for wideband PA linearization. Saleh and
Salz [1] introduced a DPD technique to linearize a PA for par-
ticular signals. Nagata [2] generalized for arbitrary signals by
using a Cartesian lookup table (LUT) predistorter. For current
wideband mobile standards, Nagata’s system would need giga-
bytes of memory.

This memory size requires a great deal of expensive silicon
area. In addition, the corresponding long training time makes
Nagata’s technique a difficult fit for handset applications. Eun
and Powers [3] proposed a DPD technique using a Volterra poly-
nomial predistorter. The memory requirement for this polyno-
mial predistorter was far less than for LUT predistorters, but the
amount of digital signal processing is much larger, rendering
this technique unsuitable for wideband handsets. Cavers [4] pro-
posed a complex gain LUT, which greatly reduced the size of the
LUT and training time. However, as the bandwidth of transmit
signal gets wider, the feedback loop delay mismatch becomes
increasingly detrimental to the convergence of LUT adaptation
algorithm. Recently, Woo et al. [5] and Kim et al. [6] sug-
gested wideband DPD techniques using feedback [digital feed-
back predistortion (DFBPD)], which lessens the impact of feed-
back loop delay mismatch.

What all of these DPD techniques have in common is that they
are far better suited to baseband high power amplifiers (HPAs)
than to wideband handset PAs. First, the power consumption and
complexity of the feedback path hinder the application of DPD
techniques to fully integrated wideband handset transmitters.
Particularly, high-resolution ADCs in the feedback path may
nullify power savings achieved by the adaptive linearization of
wideband handset PAs. With 1-D LUT predistorters such as in
[4], multiple coordinate rotation digital computers (CORDICs),
high-speed digital multipliers for the correction of modulator
imperfections, and precise demodulator calibration are required.
This power overhead and complexity, inconsequential for base
stations, indeed matter with handsets. Thus, traditional DPD
techniques are difficult to apply to wideband handsets.

This paper presents an energy-efficient low-complexity
digital predistortion technique for wideband handset PAs. In
order to efficiently train the Cartesian LUT, the proposed digital
predistortion technique uses traditional analog Cartesian feed-
back to train each LUT entry. After this offline LUT training
is completed, open-loop predistortion is performed using a
compact Cartesian LUT. The overall benefit of the proposed
technique is adaptive linearization of wideband handset PAs
with: 1) energy-efficient LUT training using analog Carte-
sian feedback and 2) energy-efficient predistortion without
CORDICs and modulator correction. The proposed technique
builds on the adaptive linearization technique developed in
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Fig. 1. Classical DPD, which needs CORDICs, modulator correction, and time alignment for wideband linearization.

Fig. 2. Classical analog Cartesian feedback, which suffers from bandwidth limitation due to feedback loop delay.

[7] and [8] while avoiding the transmission of LUT training
symbols and reducing LUT training time by a factor of more
than 100. The reduction of LUT training time is enabled by
the combined results of LUT size reduction, specially ordered
training symbols, and surface acoustic wave (SAW) filter
bypassing during the training phase. Since handset PAs do not
show severe memory effects [9], the proposed digital predistor-
tion technique does not compensate for PA memory effects in
order to obtain power savings and simplicity at the expense of
a slight linearity degradation.

This paper is organized as follows. The two contributions
of the proposed low-power digital predistortion technique are
separately described. Section II describes energy-efficient LUT
training using analog Cartesian feedback. Section III describes
energy-efficient predistortion using a compact Cartesian LUT.
Measured results from an experimental prototype are presented
in Section IV.

II. ENERGY-EFFICIENT LUT TRAINING

We present a new simple method using analog Cartesian feed-
back in order to reduce the number of iterations to train each
LUT entry.

A. Reducing Iterations Using Analog Cartesian Feedback

Fig. 2 shows analog Cartesian feedback [10], which can
simply linearize the PA using feedback loop gain. However, a
finite delay existing in the feedback loop sets a fundamental
bandwidth limitation so that analog Cartesian feedback cannot
be applied to wideband systems.

We use analog Cartesian feedback only for LUT training, as
seen in Fig. 3(a). Thus, the fundamental bandwidth limitation
of analog Cartesian feedback is no longer a barrier to wideband
linearization. After the completion of LUT training, the analog
Cartesian feedback is turned off so that we perform open-loop
predistortion in order to linearize wideband signals, as seen in
Fig. 3(b).

Fig. 4 compares the proposed LUT training method with DPD
and DFBPD. The DPD technique uses an adaptation algorithm
such as recursive least square (RLS), which converges the LUT
slowly. The result is that many iterations of LUT training are re-
quired. The adaptation algorithm needs the difference between
data symbols and corresponding symbols at the PA output. Pre-
cise time alignment to cancel out a delay existing in the feedback
loop is seen in Fig. 4(a). Without the time alignment, the adap-
tation process fails to converge. The DFBPD technique reduces
the long convergence time and loop delay sensitivity of DPD by



2250 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 56, NO. 10, OCTOBER 2008

Fig. 3. Proposed digital predistortion technique in two steps. (a) LUT training using analog feedback. (b) Predistortion with the feedback turned off.

simplifying the adaptation algorithm of DPD into digital feed-
back, as seen in Fig. 4(b).

The architectural difference from the proposed LUT training
method from DPD and DFBPD is that the LUT is separated from
feedback loop, as seen in Fig. 4(c). This separation brings two
advantages to the proposed method. First, multiple iterations to
train each LUT entry become unnecessary. Therefore, the en-
ergy efficiency of the LUT training phase is improved. Second,
time alignment between feedforward and feedback path is not
necessary.

The detailed operation of LUT training using analog Carte-
sian feedback is as follows. To fill the LUT, training symbols to

characterize the PA are transmitted. The analog loop filter pro-
vides both loop gain and feedback compensation. The feedback
causes corresponding predistorted symbols to appear at the loop
filter output. Two ADCs sample the I and Q component of the
predistorted symbols. During this LUT training phase, to pre-
vent the transmission of training symbols through an antenna, an
RF switch connects the PA output to a 50- dummy load. SAW
filters before the PA are bypassed in order to reduce loop delay,
permitting a unity-gain bandwidth over 10 MHz. For a dom-
inant-pole compensated feedback loop, a 10-MHz unity-gain
frequency implies that distortion products up to 100 kHz will
be suppressed by at least 40 dB.
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Fig. 4. Comparison of feedback structures with: (a) complex-gain predistor-
tion (DPD) [4], which needs many iterations to converge LUT, (b) DFBPD [5],
which is faster than DPD in convergence, and (c) proposed digital predistortion
technique, which places the LUT outside of the feedback loop, and thus, no it-
eration is necessary to train each LUT entry.

Training symbols are designed to minimize the Cartesian
distance between consecutive training symbols in order to re-
duce the overall LUT training time. This causes the individual
training waveforms on the I and Q channels to resemble a
monotonically increasing or decreasing staircase (see, e.g.,

in Fig. 5). During training, we also avoid simultaneous
transitions on I and Q, which would otherwise increase the
distance between consecutive symbols by a factor of .
Following these two guidelines results in training signals with
a low bandwidth at a given training symbol rate. The impact is
a 2 reduction in training time compared to randomly ordered
training symbols.

In order to renew the LUT, it is required to stop transmission
and enter into the training phase. The renewal of the LUT can
happen without interrupting ongoing communication because
the LUT training needs a millisecond and most communica-
tion protocols implement enough buffering for an error control
method such as automatic repeat request (ARQ). For example,
WCDMA and WLAN implement 200-ms ARQ timeout, and
WiMAX implements 50-ms ARQ timeout. How often the LUT
would need a renewal depends on the PA characteristics and the
environmental conditions (PA topology, aging effects, process
technology, temperature fluctuation, and so on).

B. LUT Training Time, Power, and Energy

Table I summarizes the simulation results of LUT training
time, power, and energy requirements. We compare the pro-
posed LUT training method with DPD and DFBPD. The sim-
ulation is carried out for WiMAX-OFDMA transmission with
5- and 20-MHz bandwidth using 64 quadrature amplitude mod-
ulation (QAM) subchannel modulation. In order to achieve the
adjacent channel interference (ACI) of 60 dBc, the decision
on the LUT bitwidth and size is made based on the quantization
analysis given in [5] and [11]. A loop delay misalignment of 0.1
symbol time is assumed for DPD and DFBPD.

1) Time: Minimum training time using the proposed method
is determined by the bandwidth of analog Cartesian feedback.
With our experimental prototype, the 3-dB bandwidth of analog
Cartesian feedback is 1 MHz. For each of the 256 entries in the
Cartesian LUT, seven time constants for the analog Cartesian
feedback were allowed for settling to get higher than 10-bit res-
olution. Corresponding overall LUT training time is 285.2 s.
However, at the maximum PA output that could be linearized,
the closed-loop bandwidth decreases. Therefore, with the addi-
tional margin determined by experimental measurement from
our prototype transmitter, 570.4 s was allowed for the LUT
training.

Minimum training time of DPD and DFBPD depends on the
number of iterations to train each LUT entry. In simulation, to
train each LUT entry, DPD and DFBPD require at least 22 and
12 iterations, respectively. DPD and DFBPD perform online
training where transmitted symbols for ongoing communica-
tions are used to train the LUT. On the other hand, the proposed
LUT training method is an offline scheme using predetermined
training symbols. Thus, the amplitudes of transmitted symbols
in DPD and DFBPD are not uniformly distributed so that there
are more than 3 difference between the minimum and average
iterations, as seen in Table I.

Each iteration in DPD and DFBPD needs one ADC sam-
pling, which requires at least one DAC conversion cycle for the
comparison of the feedfoward and feedback signal. To create
WiMAX-OFDMA signals with 5-MHz channel bandwidth, a
5.6-MHz DAC clock rate is required by the IEEE 802.16e stan-
dard. To compensate fifth-order nonlinearity, 28.0 MS/s is a the-
oretical minimum DAC clock rate, but higher than 56.0 MS/s
is needed for a realizable DAC reconstruction filter. Minimum
LUT training time for 5-MHz channel bandwidth takes 178.5
and 97.4 s for DPD and DFBPD, respectively, showing 3 and
6 faster training time compared to the proposed LUT training
method. For 20-MHz channel bandwidth, DPD and DFBPD
provide further improvement in the minimum training time be-
cause the ADC sampling can go faster.

2) Power: LUT training power is estimated from required
ADC power consumption, which is determined by sampling rate
and resolution. ADC power consumption was projected from
[12] in 90-nm CMOS process technology. The ADC sampling
rate for LUT training is determined not by the communica-
tion channel bandwidth, but by the designers’ choice to tradeoff
training time and ADC power consumption. When minimizing
training time, the ADC sampling rate for DPD and DFBPD is
the same as the 56.0-MS/s transmitter DAC clock rate that we
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Fig. 5. Feedback delay � and associated signals at the LUT training phase. If necessary, it is possible to improve the signal-to-noise ratio (SNR) of the LUT by
employing multiple sampling as shown, and then averaging those samples.

TABLE I
COMPARISON OF LUT TRAINING TIME, POWER, AND ENERGY FOR

WiMAX-OFDMA TRANSMISSION ACHIEVING �60-dBc ACI

have discussed. However, a 0.4-MS/s ADC sampling rate is used
for the proposed LUT training method. 0.4 MS/s represents the
training symbol rate, which is determined by the bandwidth of
the analog Cartesian feedback in our experimental prototype.

LUT training power reduction by the proposed LUT training
method is 124 and 499 for 5- and 20-MHz bandwidth
transmission, respectively, with the minimum training time. We
have omitted the consideration of the digital power. This omis-
sion actually favors DPD and DFBPD because our method does
not require complex digital circuits such as CORDICs, modu-
lator correction units, time alignment, and a DSP in order to
manage LUT adaptation. In addition, because our system does
the training offline, we are able to use a much lower ADC sam-
pling rate. We provide more detailed discussion of digital power
consumption in Section III-B

3) Energy: We compare the energy efficiency of the LUT
training methods by calculating the necessary training energy
per LUT entry. A simple expression for the training energy per
LUT entry is obtained as follows.

First, we rewrite ADC power consumption in terms of uni-
versal ADC figure-of-merit as

(1)

where is the ADC sampling rate and is the effec-
tive number of bits available from ADC, which represents ADC
resolution. The strength of using is that it allows de-
signers to estimate ADC power consumption from the published
literature once they know the required ADC conversion steps
and sampling rate.

Second, we write the overall LUT training time as

(2)

where is training time per entry, is the number
LUT entries, and is the number of iterations to train each
LUT entry.

LUT training energy per entry can be obtained by using (1)
and (2) as

(3)

Equation (3) clearly explains the primary advantage of our
method over DPD and DFBPD. For an equivalent ADC and
ENOB, we see that the great advantage of this method of
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training is that it reduces the number of iterations to obtain each
LUT entry.

LUT training energy per entry is 1.83 nJ/entry, providing 78
and 43 reduction compared to DPD and DFBPD, respectively.
This improvement comes from the significant reduction in the
number of iterations to train each LUT entry.

C. Impact of Cartesian Feedback Delay

Fig. 5 illustrates the training process. The ADCs do not begin
sampling until a time interval after a new training symbol has
appeared at the input. If this delay is not considered in the LUT
training, the necessary resolution of the LUT entry cannot be
achieved. The implementation of the Cartesian LUT predistorter
with the delay consideration is simple and does not need any cal-
ibration because the amount of the delay is determined primarily
by the loop filter. As illustrated in Fig. 5, multiple sampling by a
factor of can increase feedback noise immunity and provides
a tradeoff between the training time and the LUT SNR (see dis-
cussion on averaging in Section II-D).

It is worth taking a closer look at the delay between the feed-
back input and loop filter output. For a Cartesian feedback loop
with a dominant-pole compensated loop filter, it is straightfor-
ward to see the transfer function relating the input to the loop
filter output, given by a first-order response

(4)

where is the feedback input, is the forward gain from
modulator, preamplifier, and PA, is the feedback attenuation,
and is the effective loop filter transfer function. Since
the narrow bandwidth of training symbols assures that feedback
loop gain is very large, we identify

(5)

where the loop filter transfer function is given by

(6)

and is the phase shift introduced by the AM–PM character-
istics of the PA, which cannot be regulated by phase alignment
techniques for synchronous downconversion. Therefore, from
the following relation:

(7)

when the forward gain decreases due to PA gain compres-
sion for a large amplitude signal, we see the delay between feed-
back input and loop filter output will increase because of closed-
loop bandwidth reduction. The time constant of the first-order
response from the Cartesian feedback input to the loop filter
output is given by

(8)

Fig. 6. Increase of feedback delay due to the PA gain compression [dashed line
is the analytical result from (8)].

and is compared with the measured results, as seen in Fig. 6. The
impact of the feedback delay variation on overall LUT training
time can be made negligible by allowing additional time to wait
for feedback settling.

D. Averaging To Increase Noise Immunity

Averaging can be exploited to increase the noise immunity
of the system. For WiMAX and WCDMA handsets, the analog
loop filter output needs to be digitized with 10- and 12-bit reso-
lution, respectively. These resolutions may not be available at
the loop filter output because of noise. To enhance the noise
immunity of LUT training process, we have the option of ex-
ploiting digital averaging.

Two noise sources, i.e., band-limited thermal noise and quan-
tization noise, may limit the resolution of LUT entries. First, the
thermal noise is generated from the analog demodulator in the
feedback path. The bandwidth of the demodulator noise is lim-
ited by closed-loop feedback. Second, the quantization noise is
introduced by the ADC, which samples the loop filter output.

Averaging decreases the statistical variance of samples taken
at loop filter output for a training symbol. Thus, averaging in-
creases the LUT entry SNR by reducing both the band-limited
thermal noise power and quantization noise power.1

III. ENERGY-EFFICIENT PREDISTORTION

In addition to the advantage of lower LUT training energy per
entry, the use of a Cartesian LUT [2] also reduces the power re-
quired to predistort data symbols during transmission. A Carte-
sian LUT eliminates the need for CORDICs and modulator cal-
ibration. 2-D spline interpolation reduces the size of the Carte-
sian LUT, leaving the LUT size to that of a 1-D complex gain
table. Although there are many predistortion techniques com-
pensating for memory effects such as [13]–[16], our method
does not compensate for memory effects. We made this choice
because the relatively low-power PAs in handsets do not exhibit
strong memory effects, allowing us to tradeoff memory effects
compensation for simplicity and low power dissipation.

1Note that, without dithering, averaging cannot reduce the quantization noise
power.
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Fig. 7. Trained Cartesian LUT, which compensates modulator imperfections,
as well as predistorts baseband symbols.

Fig. 3(b) illustrates our simple and energy-efficient predis-
tortion method, which is performed open loop. After the com-
pact Cartesian LUT training is completed, the entire feedback
path is turned off. The 50- dummy load, which was used for
LUT training to prevent the transmission of training symbols, is
disconnected from the PA output. The RF switch steers the PA
output to the antenna. Finally, transmission symbols are predis-
torted by a Cartesian LUT predistorter and radiated through an
antenna.

A. Removing CORDIC and Modulator Correction

The compact Cartesian LUT brings two benefits over a com-
plex gain LUT [4] and an AM/AM–AM/PM LUT [17], which
are: 1) CORDICs are not necessary and 2) modulator correction
is unnecessary. Thus, the complexity and power consumption of
digital signal processing for predistortion are greatly reduced.

The proposed predistortion method does not need CORDICs
because a Cartesian LUT gets an IQ pair as an input index to
address a LUT entry rather than getting a magnitude of the IQ
pair. In addition, a complex-number multiplier, which is used
to adjust baseband symbols based on LUT output in the DPD
technique, is not necessary.

Modulator correction is also not necessary with the proposed
predistortion method. Fig. 7 shows the contents of the Carte-
sian LUT trained by analog Cartesian feedback. The asymmetric
contents of the Cartesian LUT represent the necessary compen-
sation for the upconversion mixer imperfections of dc offset,
gain mismatch, and phase mismatch.

B. Estimated Power Consumption for Digital Predistortion

Table II shows the estimated power consumption of the
proposed predistortion method for sending information with
5-MHz bandwidth WiMAX-OFDMA transmission.

For the estimation of power consumption, all digital circuit
blocks are analyzed in terms of the: 1) number of digital adders;
2) number of digital multipliers; 3) operating clock rate; and
4) bit width of input and output. Using measured results from
published literature as a reference, we then estimated the power
consumption of each block. Power consumption for LUT static
RAM (SRAM) , LUT interpolator , LUT upsampler

, CORDIC , mixer mismatch correction unit

TABLE II
ESTIMATION OF POWER CONSUMPTION FOR THE PROPOSED PREDISTORTION

METHOD FOR 5-MHz WiMAX-OFDMA TRANSMISSION

and reconstruction filter mismatch correction unit , com-
plex multiplier , and DAC are estimated as follows:

GHz bit

GHz GHz

GHz
GHz

GHz

GHz

GHz

MS s (9)

where is the number of LUT accesses per each interpolation
point, is the word length of the LUT SRAM, is the
number of LUT entries, is the number of multipliers,
is the number of adders, is the number of pipeline stages,

is the operating clock rate, is the multiplier operating
clock rate, is the adder operating clock rate, is the
DAC operating clock rate, and the factor 2 implies that two
units are required. Reference power consumptions are from
[18]–[21] and projected to 90-nm CMOS technology using the
general rule, which represents power consumption

as proportional to the frequency , capacitance , and the
square of supply voltage . The reference power consump-
tions are given as follows: mW for SRAMs,

mW for multipliers, mW for
adders, and mW for differential DACs. The
assumed CORDIC architecture is from [22], which is very
efficient. The architecture of the reconstruction filter correction
unit is from [23].

The proposed predistortion method is estimated to consume
22.0 mW, providing 50.6% and 47.7% power savings compared
to the conventional DPD and DFBPD, respectively. We applied
additional upsampling after the LUT to eliminate the need of
mismatch correction for high- reconstruction filters. Most of
the power savings is achieved by removing CORDICs and mod-
ulator correction units.

IV. MEASURED RESULTS

Fig. 8 shows a discrete-component WiMAX-OFDMA pro-
totype transmitter, which implements the proposed digital
predistortion technique. Analog Cartesian feedback was im-
plemented as fully differential. With the 1-W Mini-Circuits
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Fig. 8. Prototype WiMAX-OFDMA transmitter implementing the proposed digital predistortion technique.

ZHL-0812-HLN PA, the analog Cartesian feedback provided
more than 20-dB linearity improvement when the PA is driven
close to saturation. The analog Cartesian feedback has 35-dB
closed-loop gain and 90-dB open-loop gain, thereby repre-
senting 55-dB gain reduction for linearity improvement. An
Agilent DSO80000 8-bit oscilloscope and Tektronix AFG3102
14-bit arbitrary waveform generator were used for ADC and
DAC, respectively. Upconversion mixing and downconversion
mixing were performed by an AD8340 and a LT5517 evalua-
tion board. The digital averaging and spline interpolation were
realized by MATLAB software.

In order to get the 10-bit resolution of the LUT entry using
an 8-bit oscilloscope, 16 averaging is applied to get the 10-bit
resolution of the LUT entry. We acquire all 16 samples consec-
utively from one training symbol. The settling error in LUT
entries is reduced approximately to after 16 averaging.
The training time is minimized with this low training symbol
rate because getting multiple samples for a training symbol

does not require a settling time between each sample, as
seen in Fig. 5.

A. Wideband Linearization

Fig. 9 shows the measured spectrum of PA output delivering
5-MHz bandwidth WiMAX-OFDMA signals with 22.0-dBm
channel power. The maximum linearity improvement is 9.9 dB
at 5.15-MHz offset. Adjacent channel power ratio (ACPR) at
all corner frequencies is improved, but the noise floor is de-
graded by 2.3 dB. Measured error vector magnitude (EVM)
improvement for the 5-MHz bandwidth WiMAX-OFDMA sig-
nals is from 7.81% to 5.88%. The EVM improvement comes
from the compensation for the dispersion of frequency-domain
WiMAX-OFDMA constellations.

Fig. 10 shows the measured spectrum for 5-MHz bandwidth
QAM-16 signals with 26.5-dBm channel power. The maximum
linearity improvement is 16.7 dB at 3.30-MHz offset. Due
to imperfect demodulator calibration and weak PA memory

Fig. 9. Measured spectrum for 802.16e WiMAX-OFDMA transmission with
22.0-dBm channel power, 5-MHz channel bandwidth, and 8.5-dB PAPR.

Fig. 10. Measured spectrum for QAM-16 transmission with 26.5-dBm channel
power, 5-MHz channel bandwidth, and 4.7-dB PAPR.

effects, the linearity improvement at 3.30-MHz offset is
11.3 dB. 11.3417-dB Measured EVM improvement for the
5-MHz bandwidth QAM-16 signals from 4.49% to 1.32%.
This EVM improvement comes from the compensation for
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Fig. 11. Impact of antenna impedance variation on linearization performance:
VSWR = 1:4 (dashed line is before predistortion and solid line is after pre-
distortion.)

Fig. 12. Impact of antenna impedance variation on linearization performance:
VSWR = 3:0 (dashed line is before predistortion and solid line is after pre-
distortion.)

the compression and modulator imperfections of time-domain
QAM-16 constellations.

B. Impact of Varying Antenna Impedance

The impact of varying antenna impedance on the PA output
spectrum is important to the proposed digital predistortion tech-
nique because the LUT is trained with a 50- dummy load, but
predistortion is performed with an antenna load. Furthermore,
antenna impedance variation due to human interaction and en-
vironmental change affects the linearization performance.

Figs. 11 and 12 show the variation of ACPR caused by the
variation of PA load impedance angle with the voltage standing-
wave ratio (VSWR) of 1.4 and 3.0. In order to get arbitrary
antenna impedance variation, we used a variable stub tuner,
but a variable stub tuner is more narrowband than an antenna
would be, which forces us to use a more narrowband signal
than is traditionally used for WiMAX. Our compromise is that
we impose WiMAX modulation on a 200-kHz channel band-
width signal, and report the results as shown. ACPR measured
at 200-kHz offset was always improved by predistortion. The
improvement decreases as VSWR worsens. However, ACPR
measured at 300-kHz offset was improved by predistortion
within the load impedance angle range of 210 for the VSWR

Fig. 13. Transmitter power consumption for WiMAX-OFDMA transmission
with 22.0-dBm channel power, 5-MHz channel bandwidth, and 8.5-dB PAPR.

Fig. 14. Transmitter power consumption for QAM-16 transmission with
26.0-dBm channel power, 5-MHz channel bandwidth, and 4.7-dB PAPR.

of 3.0. In order to guarantee the ACPR improvement, the re-
striction of antenna impedance angle is necessary. As shown in
[24], the handset antenna impedance can be designed to have
impedance angle variation less than 180 .

C. Power Efficiency of PA and Transmitter

The power consumption of the PA, preamplifier, modulator,
and demodulator was measured from the prototype. The power
overhead for digital predistortion is estimated to be 22.0 mW in
90-nm CMOS technology, as we have described in Section III-B
In order to satisfy the WiMAX noise floor requirement, the
preamplifier is bypassed during WiMAX-OFDMA. During the
training phase, however, the preamplifier is required to provide
enough loop gain for feedback linearization.

Figs. 13 and 14 display the transmitter power consump-
tion for 5-MHz bandwidth 22.0-dBm WiMAX-OFDMA and
5-MHz bandwidth 26.0-dBm QAM-16 transmission. The
PA power savings of 26.5% and 41.5% are measured during
WiMAX-OFDMA and QAM-16 transmission, allowing 2.52-
and 3.90-W reduction in transmitter power consumption, re-
spectively. The measured peak-to-average power ratio (PAPR)
of the WiMAX-OFDMA and QAM-16 signals is 8.5 and
4.7 dB, respectively.

These power savings are achieved by reducing the PA power
backoff. We reduced PA power supply voltage, and then trained
the Cartesian LUT on the PA with the reduced power supply
voltage. The net overall effect is to achieve the same output
power, only on a PA that is being run with much less backoff.
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The result is modest performance improvement in EVM and
ACPR, but a significant improvement in power dissipation.

V. CONCLUSION

We have demonstrated a digital predistortion technique,
which provides energy-efficient and low-complexity adaptive
linearization for wideband handset PAs. The proposed LUT
training method greatly reduces the power consumption of
feedback path by allowing the use of low-speed low-SNR
ADCs. In addition, the convergence problem and the need
for precise time alignment for feedback loop delay are elim-
inated. The proposed predistortion method greatly simplifies
digital signal processing. The use of a compact Cartesian
LUT eliminates the need for Cartesian-to-polar conversion
and modulator correction. For wideband handsets such as
for WiMAX/WCDMA/WLAN, the power savings from this
simplified architecture is significant.
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