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IMT-2000 services are growing in Japan, and the demands for power-efficient and phys-
ically small base transceiver stations (BTSs) for IMT-2000 have become strong. One
way to meet these demands is to reduce the power consumption and size of the large,
high-power-consumption power amplifiers (PAs) that are currently being used in BTSs.
We have therefore developed a new adaptive digital predistorter (DPD) and a multicar-
rier signal processing technique for reducing PA nonlinear distortion and have used it
to build a new, highly efficient PA for IMT-2000 BTS equipment. The power efficiency of
our new PAis double that of conventional PAs. We have already supplied customers in
Japan and Europe with enhanced BTSs that contain our new PA. This paper describes
these techniques for reducing PA nonlinear distortion and the performance of our new

PA.

1. Introduction

In October 2001, NTT DoCoMo,Inc. launched
a W-CDMA-based IMT-2000 commercial service
in Japan called FOMA. Also, another IMT-2000
service, CDMA2000 1x, was launched by KDDI
Corporation in April 2002. FOMA is growing more
slowly than expected in terms of the number of
subscribers; however, third-generation IMT-2000
cellular phone services will clearly form an infra-
structure for mobile speech, video, and high-speed
data communications. The number of broadband
Internet services is rapidly increasing in fixed
networks, and people accustomed to having a
broadband environment in their home are now
expecting a similar broadband mobile environ-
ment. As a result, the IMT-2000 system is evolving
to accommodate more subscribers and provide
broadband mobile data communications.

The first networks and base transceiver sta-
tions (BTSs) for IMT-2000 have been deployed in
major cities around Japan; however, these BTSs
do not have the capabilities needed to provide full
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3G mobile services. The next phase of equipment
should support greater capacities and faster data
services such as HSDPA (High-Speed Downlink
Packet Access) for W-CDMA and CDMAZ2000
1XEV-DO. The total power consumption of the
high-capacity BTSs that are required tends to be
higher than that of lower capacity BTSs because
they use more radio frequency (RF) carriers and
have more baseband signal processing units. As
a result, restraints on heat removal make it diffi-
cult to fit a high-capacity BTS into the same
volume as a current BTS. Because the power
amplifier (PA) consumes a large portion of the
power, reducing the PA power consumption is a
key goal for achieving a high-capacity BTS.

2. Current technologies for
nonlinear compensation
In this chapter, we introduce some current
techniques for nonlinear compensation of PAs.
Most radio communication equipment has a PA,
the efficiency of which nearly always needs to be
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as high as possible. Efficiency is defined as the
ratio of RF output power to the total power con-
sumed. There is a general property that amplifier
efficiency is inversely proportional to amplifier
linearity. If you need high linearity, an amplifier
should be operated in class A or AB, which makes
the power efficiency quite low. Conversely, if you
need high efficiency, an amplifier should be oper-
ated near class C, which makes the amplifier very
nonlinear. Many nonlinear compensation tech-
niques have been proposed and developed to find
an optimal balance between efficiency and linear-
ity.d

2.1 Cartesian loop and polar loop

techniques

The Cartesian loop? and polar loop® are well-
known feedback linearization techniques. The
Cartesian feedback loop suppresses nonlinearity
in a complex-baseband that is expressed using
rectangular Cartesian coordinates. One of the
advantages of the Cartesian loop is that it can
reduce the shortcomings of quadrature modula-
tors, for example, carrier leakage caused by DC
offsets and gain imbalances of the 1/Q signals. The
Digital Cartesian loop® can also be used; howev-
er, this method requires a large memory to store
the table of 2-dimensional coefficients for the 1-Q
plane. Another problem with this method is how
to implement local phase control for the quadra-
ture modulator and demodulator.®

In a polar loop transmitter, the RF signal is
directly generated by a VCO (Voltage Controlled
Oscillator) whose phase is controlled by feedback
signals and whose amplitude is modulated by the
difference between a reference signal and a feed-
back signal. One advantage of the polar loop is
that the RF chain is quite simple.

2.2 Feedforward amplifier

The feedforward amplifier® is a popular type
of multicarrier PA; its configuration is shown in
Figure 1. Basically, the nonlinear distortion
caused by the main amplifier is canceled out at
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the final stage of the PA by subtracting the differ-
ence between the original signal and the distorted
output of the main amplifier.

The feedforward amplifier is a mature, well-
proven design that is used in many commercial
products, including current W-CDMA BTSs. It
has good stability and linearity, but it also has an
obvious disadvantage: its power efficiency is rela-
tively low due to power loss in the delay line at
the main amplifier’s output and the power wast-
ed in the sub-amplifier. Unfortunately, with this
type of amplifier there seems to be no room for
improving the power efficiency enough for use in
a practical, high-capacity W-CDMA BTS.

3. Predistortion
3.1 Principle of predistortion

Predistortion” is another popular technique
for compensating for the nonlinear distortion in
PAs. Figure 2 shows the principle of predistor-
tion. The transfer characteristic of the
predistorter, G(vi), complements that of the PA,
F(a), where a is the power or envelope of input vi.
Before the signal is fed to the PA, it is pre-
distorted with G(vi) so that the resulting system
distortion is low. Unlike the case with a conven-
tional feedforward amplifier, when predistortion
is used there is no need for a delay component or
sub-amplifier, so the power overhead of these ad-
ditional components is avoided. Therefore,
predistortion can lead to high efficiency.

When predistortion is used in practical ap-
plications, the nonlinear characteristics of the PA

Main
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Figure 1
Configuration of feedforward amplifier.
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become unstable due to the tolerance spread of
devices and the effects of temperature and aging.
Therefore, the estimation of PA characteristics
must be adapted to compensate for these time-
variant nonlinearities. Adaptive predistortion by
digital processing seems to be the most promis-
ing method for nonlinear compensation, because
1) it is suitable for digital modulation, which is
common in modern communications, and 2) it is
easy to implement sophisticated algorithms for
estimating amplifier nonlinearity.

There are several methods of implementing
adaptive predistortion, and they can be classified
according to whether they are analog or digital
and according to the stage where they are imple-
mented (complex baseband, IF, or RF). Although
there are both advantages and disadvantages to
these various methods, whichever method is used
we can expect to see the same basic benefit. In
this paper, we will focus on baseband predistor-
tion.

3.2 Baseband predistorter

The configuration of the baseband predistort-
ert® jis shown in Figure 3. Signals are
predistorted by multiplying, in the complex-
number domain, the input signal by the predis-
tortion coefficients for the operating range of
baseband input signal powers or envelopes. These
coefficients are stored in a look-up table (LUT).
The resultant complex signals are converted to

Input | Output
Vi G(v;) | F@a) Vo

Predistorter Amplifier

G(vi) Fa@) Vo
Vi a

Vi

Predistorter Amplifier Overall
response response response
Figure 2

Principle of predistortion amplifier.
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an intermediate frequency (IF) or to RF by a
guadrature modulator and then fed to the main
amplifier. The distorted feedback signal from the
main amplifier output is used to estimate the non-
linear distortion characteristics using adaptive
algorithms, and the LUT coefficients are updated
according to the time-variant characteristics.

The algorithms used for calculating the LUT
coefficients can be categorized into two types. One
type is based on a kind of MMSE (Minimize Mean
Square Error) criteria that defines an error as a
difference between the original signal and the
feedback signal. The other type is based on min-
imizing undesired power emission by using a
hill-climb algorithm. Both types of algorithm have
advantages and disadvantages in terms of the
convergence speed, type of feedback signal (vec-
tor/scalar), and immunity from errors caused by
analog circuitry. Ingeneral, the MMSE algorithm
has a faster convergence, while the hill-climb al-
gorithm has better immunity to incompleteness
because it does not require a strict sample timing
for the feedback signals.

4. Wideband aspects of PA

The downlink bandwidth of a W-CDMA sys-
tem is 5 MHz per carrier, and up to four carriers
can be simultaneously transmitted. Therefore, to
eliminate 3rd-order intermodulation distortion
(IMD), a minimum bandwidth of 60 MHz (5 MHz
x 4 carriers x 3) will be needed, and to eliminate
5th-order IMD a minimum bandwidth of 100 MHz
will be needed. Power amplifiers having such wide

Complex Main
multiplier amplifier
Baseband O
input & QMOoD output
LUT
Predistortion
calculation -QDENI
Figure 3
Configuration of baseband predistorter.
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bandwidths exhibit considerable wideband distor-
tion.

The PA narrowband nonlinearity is simply
expressed as a function of the instantaneous in-
put amplitude. This kind of distortion is called
memory-less distortion. The coefficients of am-
plitude and phase distortion for the operating
range of input-signal powers or envelopes are
stored in an LUT as functions of the input signal.
Predistortion for the memory-less distortion is
done by multiplication of the input signal and the
appropriate LUT coefficients in the complex-
number domain.

The expression for wideband PA nonlineari-
ty is more complicated than the one for
narrowband PA nonlinearity. This is mainly due
to the fact that the PA wideband nonlinearity has
memory; that is, the PA nonlinear distortion is
determined not only by the current signal but also
by the previous signals. This property of PA dis-
tortion is known as the “memory effect.”
Nonlinearity with memory is observed as an asym-
metrical intermodulation distortion in the
frequency domain. The mechanisms of nonlinear
distortion with memory effect are not clear, but
several possibilities are being investigated. The
memory effect seems to be caused by three main
factors: high impedances in the bias and drain
circuitry at the signal envelope frequencies, a cu-
mulative carrier effect on transistor surfaces, and
thermal effects. Each of these factors has a dif-
ferent timeconstant.

PA distortion with memory is difficult to mit-
igate by using the conventional predistortion
method, which estimates the coefficients as a func-
tion of the instantaneous input. We therefore
developed a new predistorter to overcome these
difficulties.® The proposed technique can com-
pensate for the nonlinear distortion caused by the
memory effect and is based on a model in which
nonlinear characteristics are time-variant and
depend on signal dynamics.*® The LUT coeffi-
cients are generated by considering the signals
that are affected by the memory effect and are
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adaptively estimated to track the time-variant
nonlinearity.

5. Multicarrier signal processing

In this chapter, we describe the multicarrier
operation of a BTS. Cellular phone operators for
W-CDMA systems use three or four carriers in
their services simultaneously. Current BTSs have
dedicated modulators for each carrier and duplex
the carriers in the RF chain. This configuration
has the disadvantages that 1) the floor noise is
increased due to the power summation and 2) the
resultant RF multicarrier signals have a relatively
high peak-to-average ratio (PAR), which lowers
the PA's efficiency. Multicarrier synthesis with
baseband digital processing is a useful way of
avoiding the noise increase and controlling the
PAR of the multicarrier signal.

The amplification of signals with a high PAR
requires a large backoff margin to ensure suffi-
cient linearity, even when an ideal predistorter is
employed. Although predistortion can compen-
sate for PA nonlinearity, it cannot enhance a PA's
saturation power. An insufficient backoff margin
results in hard clipping of the output signal, which
causes intermodulation distortion and a conse-
guent reduction in power efficiency. However, the
backoff margin and therefore the power efficien-
cy can be significantly increased through the
combination of a predistorter and multicarrier
peak suppression. Our new PA therefore incorpo-
rates our new predistorter combined with
multicarrier peak suppression.

6. Performance

We have developed a highly efficient PA that
adopts a new digital predistorter (DPD) and mul-
ticarrier peak suppressor (MCPS). Figure 4
shows the configuration of the new PA, and
Table 1 shows its specifications. The combina-
tion of DPD and MCPS in this PA gives it double
the power efficiency of a conventional feedforward
amplifier. Our DPD improves the linearity of the
PA and dramatically reduces the backoff margin
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Figure 4
Configuration of new PA.
Table 1
Specifications of new PA.
Item Value
RF output power 47 dBm
Number of carriers 4
Carrier frequency 2 GHz band
Bandwidth 20 MHz

of the PA’s operating point. At the same time, it
also provides the required spectral emission prop-
erties, even when there is strong nonlinear
distortion due to the memory effect. The MCPS
reduces the peak power of the DPD input, which
also helps reduce the backoff margin of the PA
and ensures stable predistortion.

6.1 Experimental results

In this section, we present the results of some
experiments we conducted with our new PA.
Figures 5 and 6 show the output power spectra
of the new PA with and without DPD. Figure 5
shows the spectra with four carriers, a carrier sep-
aration of 5 MHz, and a total output power of
47 dBm. Figure 6 shows the spectra with two car-
riers, a carrier separation of 10 MHz, and a total
power of 47 dBm. The baseband input signal is
specified by the Test Model 1 for 64 dedicated phys-
ical channels (DPCHSs) that is specified in the
3GPP document in Reference 14). As can be seen,
higher order intermodulation distortions are sig-
nificantly suppressed by DPD. Figure 6 shows
that the in-band intermodulation caused by
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Power spectra of new PA with four carriers.
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Figure 6
Power spectra of new PA with two carriers.

10 MHz-separated carriers is also significantly re-
duced.

Figure 7 shows the adjacent channel leak-
age power ratio (ACLR) versus output power of
the new PA when there are four carriers. The sol-
id lines and dashed lines indicate, respectively,
the ACLR characteristics with and without pre-
distortion. The triangles and squares indicate,
respectively, the ACLR at +5 MHz and +10 MHz
from the center of the 4t carrier in the upper side-
band. This figure shows that, at an output power
of 47 dBm, DPD improves the ACLRs by 17 dB or
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more. Also, at a carrier separation of 5 MHz and
an ACLR of 52 dB, DPD reduces the backoff mar-
gin by 10.5dB. This improvement means that for
any given ACLR, the backoff margin of the PA can
be reduced and therefore its efficiency can be in-
creased.

6.2 MCPS signal processing

In this section, we describe the results of
some performance simulations of the multicarri-
er peak suppression technique. MCPS can
suppress the peak power with a sacrifice in sig-
nal quality, for example, an increase in the EVM
(Error Vector Magnitude), PCDE (Peak Code
Domain Error), and BER (Bit Error Rate) in the
downlink. The signal quality required in the
downlink is specified by the third generation part-
nership project (3GPP).

Figure 8 shows the EVM and PCDE versus
peak-to-average ratio (PAR) of the new PA. The
signal source is the Test Model 1 for 64 DPCHs.'¥
As can be seen, the EVM and PCDE become worse
as the PAR decreases. The EVM is defined as the
average vector magnitude of the error between the
ideal signal and the signal under evaluation;
therefore, this value corresponds to the average
BER, because the error vector is equivalent to
Gaussian noise. The code domain error is ex-
pressed as the power that falls into each
channelization code channel. The PCDE indicates

—a— With DPD (5 MHz)
-30 | —=— With DPD (10 MHz)

--a--Without DPD (5 MHz)
=35 [ --m--Without DPD (10 MHz) &

\.\’

ACLR (dB)

50
Pout (dBm)

Figure 7
ACLR vs. output power of the new PA.
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the worst-case desired-to-undesired ratio in a code
channel. Figure 8 shows that our MCPS reduces
the peak power by more than 3 dB with a consid-
erable degradation of the EVM and PCDE.

6.3 Commercial products

Figures 9 and 10 show photographs of com-
mercial PA units we have developed for NTT
DoCoMo,Inc. and Evolium SAS, respectively.
These units contain a 4-carrier modulator with
an MCPS and DPD. The units also perform all of
the monitoring and controlling functions for the
3GPP application layer. We have confirmed that
the combination of DPD and MCPS is a powerful
way of achieving a highly power-efficient amplifi-
er and that it significantly reduces the power
consumption of the amplifier unit. As a result, it
also makes it possible to reduce the physical size
of a BTS because it relaxes the thermal conditions.
The DPD also helps reduce the cost of PA mass-
production because it reduces the number of RF
components and the time needed for tuning.

7. Conclusion

In this paper, we introduced a new adaptive
digital predistorter that makes it possible to elim-
inate the frequency-selective intermodulation
distortion caused by the memory effect in high-
power, wideband amplifiers. We also proposed a
multicarrier peak suppression method that is ef-
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EVM and PCDE vs. PAR of the MCPS.
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Figure 9
Photograph of new PA developed for NTT DoCoMo.

fective for reducing the backoff margin. We have
developed a highly efficient power amplifier for
W-CDMA BTSs that employs a digital predistort-
er and multicarrier peak suppression. The power
efficiency of the amplifier is almost double that of
current feedforward amplifiers. This improve-
ment in power efficiency leads to a significant
reduction of the total power consumption of BTSs
equipment and makes it possible to realize the
high-capacity BTSs that will be essential for up-
coming IMT-2000 systems.
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