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Abstract— Recently, many papers have been published on the
designs of predistortion systems for power amplifiers (PA).Most
of these studies are based on computer simulations. In this
work, we examine our predistorter (PD) designs on a practical
microwave PA in a laboratory setup. The objective is to validate
two PDs of different design approaches. The first PD is modeled
using a Simplicial Canonical Piecewise Linear (SCPWL) function
while the second one is modeled using a polynomial function.
The former exploits the properties of the SCPWL function to
develop a reduced complexity PD identification method. The
latter utilizes the Secant method to iteratively search for the
signal at the PD output, thus parameter identification is avoided.
The implementation complexity and effectiveness of the PDs
are compared. The limitations of the measurement system for
predistorter design is also discussed briefly.

I. I NTRODUCTION

The rapid development of future mobile communications
systems has expedited the development of linearization tech-
niques for broadband power amplifiers in the past decade. The
fourth generation mobile communications system is likely to
employ Orthogonal Frequency Division Multiplexing (OFDM)
modulation to achieve bandwidth efficiency and robustness
against multi-path effects. However, OFDM signals are known
to have high peak-to-average power ratio (PAPR). High PAPR
signals are sensitive to nonlinear distortion, which causes
adjacent channel interference (ACI). The 3GPP standard [1]
recommended for the adjacent channel power ratio (ACPR)
to be at least 45 dBc for the WCDMA system. One way to
reduce ACI is by backing off the PA but this reduces the power
efficiency of the PA significantly.

Power efficiency is an important property for mobile com-
munications systems. Power efficient PAs certainly lend a hand
to reduce the operating costs of the base station network
and to prolong the battery operation time of the mobile
terminals. Power amplifiers are most efficient when operated
near saturation but the drawback is their nonlinear responses.
Therefore, to meet both complementary requirements, lin-
earization techniques are required to mitigate the nonlinear
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effects when efficient PAs are used. Among the linearization
techniques found in the literatures, digital predistortion (DPD)
is most popular due to its good tradeoff between cost and effec-
tiveness. Examples of existing predistortion approaches are [2]
[3] [4] [5]. These PDs are implemented using various different
approaches in order to reduce implementation complexity.
However, most of the proposed PDs are designed and tested
via computer simulation with synthetic data. This does not
account for many issues and limitations of the measurement
system and practical implementation of a real system. The
two PD methods considered in this paper are DPDs that are
identified from the measurement data of a microwave PA.
Then the identified PDs are tested on the PA in a testbed.
The objectives of this paper are:

1) to validate the designs of our PDs, namely an SCPWL
model PD [6] and an iterative method [7], the Secant-
PD, in an experimental setup, and

2) to compare the implementation complexity and the ef-
fectiveness of the two PDs.

The organization of the paper is as follows: In Section II, the
PD designs to be validated are briefly reviewed. The laboratory
setup for PA measurement and PD testing is presented in Sec-
tion III. The measurement results are presented in Section IV.
Finally, conclusions are drawn in Section V.

II. PRE-DISTORTION METHODS

Fig. 1 shows the final stage of a transmitter with digital
pre-distortion. The amplified signal is transmitted through the
antenna and a portion is fed back to the DPD identification
algorithm. Given the input signalu[n] and the output signal
z[n] from the feedback path, the identification algorithm shall
search the DPD filter that linearizes the nonlinear effect ofthe
high-power amplifier (HPA).

In this paper, two low-complexity predistortion methods
that linearize only the AM-AM conversion are compared with
respect to implementation complexity and effectiveness. The
PDs are evaluated on a practical microwave power amplifier
from Mini Circuit, ZVE8G. Both methods find the solution
for the pre-inverse filterP, wherebyN denotes the static non-
linear AM-AM model of the HPA, see Fig. 2. The following
subsections discuss the two DPD methods.

Copyright 2005 IEEE. Published in the proceedings of Asilomar 2005, Pacific Grove, CA, October 30 - November 2, 2005 .



DPD DAC BPF ×- - - - - -

LO

6

?
× ATT� �BPF �ADC �

6

u[n]
y[n] y(t)

Driver PA HPA

z(t)

z[n]

Fig. 1. Radio front-end with digital predistortion (DPD)

P N- - -u[n]
y[n]

z[n]

Fig. 2. Predistortion problem

A. The SCPWL Method

The Simplicial [8] Canonical Piecewise Linear (SCPWL)
PD proposed in [6] is considered in our experiment. This
method models both the PA and PD using the SCPWL
function [9] given by
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whereΛi(·) is the basis function andσ is the number of user-
defined partition points, defined byy − βj = 0. The basis
function is given by

Λi

(

∣

∣y[n]
∣

∣

)

=

{

1

2

(

y[n] − βi + |y[n] − βi|
)

, y[n] ≤ βσ
1

2

(

βσ − βi + |βσ − βi|
)

, y[n] > βσ

(2)
where the partition points must satisfy the condition thatβ1 ≤
β2 ≤ · · · ≤ βσ.

The SCPWL function divides the input space of a nonlinear
function intoσ − 1 segments, each defined by a linear affine
function. The basis function imposes a saturation behavior
after the last partition pointβσ making the function suitable
for describing the PA and PD characteristics. Two properties
of the SCPWL function can be exploited to simplify the PD
model identification as discussed in [6]:

1) Each SCPWL segment is a linear affine function.
Thus, the Inverse-Coordinate Mapping1 (ICM) method
as shown in Fig. 3 can be used to identify the PD’s
nonlinear characteristic. The mapping matrix is given
by

Q =

[

0 1

g

1 0

]

, (3)

whereg is the desired linear gain. Since each segment
of a SCPWL function is a linear affine function, projec-
tions of the PA responses at the partition points,bj =
[

|βj | |N(βj)|
]T

where j = 1, 2, · · · , σ, are sufficient
as shown in Fig. 3.

1The mapping matrix given in (3) is simplified and improved. Itis different
from that proposed in [6]. The development of (3) will be reported elsewhere.

2) Let the basis function matrix of the SCPWL function be
defined as
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When Λ is evaluated at the partition points
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, the elements of the matrix
can be calculated from partition sizessj = βj+1 − βj

of the input space. Likewise for its inverse matrix
ΛI = Λ−1, which is given by [6]
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The SCPWL-PD identification procedure, which involves

the ICM method and the construction ofΛI , is carried out as
follows. First, the model of the PA is identified by fitting the
input-output measurement data to the SCPWL function in the
Least-squares (LS) sense. Then, the coordinatesb representing
the input-response of the partition points are determined.The
PD characteristic is obtained by using the ICM method as
b′ = Qb, as shown in Fig. 3. The PD responses obtained
from the mapping fall in the input range of the PA and results
in a linearized gaing.
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Fig. 3. Identification of PD characteristic using the Inverse-Coordinate
Mapping method

The identification of the SCPWL coefficients begins with
the construction ofΛI (s

′). Then the coefficients can be
obtained by LS estimation as

c
P D

= ΛIP(β′), (6)



wheres′ is the PD’s partition sizes andP(β′) is the SCPWL
function of the PD evaluated at its partition points.

B. Secant Method
Given the nonlinear AM-AM modelN of the power ampli-

fier, a pre-filterP that linearizes the signal path is searched,
see Fig. 2. Mathematically,

N
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. (7)

Here,L
(

u[n]
)

= g · u[n] with a targeted linear amplification
g.

For general dynamic nonlinear models, e.g., Volterra series,
or even for static nonlinear models, e.g., a power series,
analytic solutions for the pre-inverse are difficult to obtain.
Therefore, the solution is approximated with an iterative
method. Rewriting (7) gives

N
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= 0 , (8)

with P
(

u[n]
)

= y[n]. This nonlinear equation must be solved
for the signaly[n]. Here, an iterative method as follow is used:

yi+1[n] = yi[n] − µ[n]Su
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)

, i ≥ 0 , (9)

wherey−1[n] andy0[n] are given. The step-size is given by

µ[n] =
yi[n] − yi−1[n]

N
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(
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) , (10)

which corresponds to the Secant-method [7] for root-finding.
In contrast to the SCPWL method, this iterative approach does
not identify a set of coefficients for a pre-determined PD, but
directly identifies the signal after the PD. The algorithm in(9)
is generic, i.e., it does not depend on the choice of model
N for the PA. Be it a model that accounts also for AM-PM
conversion or dynamic effects such as a Volterra series, the
algorithm defined by (9) remains the same.

Here, a very simple static model for the PA which accounts
only for the AM-AM conversion is used,

z[n] = N
(

y[n]
)

= θ1y[n] + θ3

∣

∣y[n]
∣

∣

2
y[n], θ1,3 ∈ R . (11)

Only two real-valued coefficients are required for modelling
the PA. Three iterations in the algorithm (9) with the starting
valuesy−1[n] = 0 and y0[n] = u[n] are used. With a proper
selection of the targeted linear gaing, convergence of (9) could
be easily achieved.

C. Comparison of the Complexity

The PD implementation procedure can largely be divided
into two sessions:

1) The training session, in which the models of the PA and
PD are identified. Note that the Secant method requires
only the PA model.

2) The PD operation session, in which the input signalu[n]
is predistorted to obtainy[n].

The implementation complexity of the two PD methods
is compared in terms of required operations (additions, mul-
tiplications, divisions, absolute values, decisions and matrix
inversion).

Tables I and II show the operations required during the
training session, assuming a data block size ofN is used.
The complexity of PA identification is higher for the SCPWL
method due to the required decision making and absolute value
implementation in (2). The high complexity operation involved
in the Secant method is the2×2 matrix inversion for estimat-
ing the model coefficientsθ1 andθ3. This required complexity
is comparatively low. Note that the Secant method requires
no PD model identification as shown in Tab. II. The number
of operations required for the SCPWL method is growing
linearly with the number of PWL partitions. Therefore, we
conclude that the SCPWL method requires more operations
in the training session than the Secant method.

SCPWL Secant

# of ADD 3N + σ 4N + 2
# of MUL 4N + σ 2N

# of DIV 0 0
# of ABS N + σ − 1 0
# of decisions N + σ − 1 0
# of [·]−1 0 1

TABLE I

REQUIRED OPERATIONS DURING TRAINING SESSION: PA MODEL

IDENTIFICATION

# of ADD # of MUL # of DIV

SCPWL σ − 2 σ − 1 6σ − 8
Secant 0 0 0

TABLE II

REQUIRED OPERATIONS DURING TRAINING SESSION: PD MODEL

IDENTIFICATION

The number of operations required in the PD operation
session is shown in Tab. III. Hereby, the Secant method
employs three iterations and the SCPWL methods usesσ−1 =
10 partitions. The complexity of the SCPWL-PD operation
is dependent on the number of partition pointsσ, while that
of the Secant-PD is dependent on the order of PA model
used. Although the SCPWL-PD shows lower complexity in
the operation session, the overall implementation complexity
is higher than that of the Secant method.

# of ADD # of MUL # of DIV

SCPWL 11 11 0
Secant 15 18 3

TABLE III

REQUIRED OPERATIONS DURINGPD OPERATION SESSION

III. T HE MEASUREMENTSYSTEM SETUP

The measurement system setup is illustrated in Fig. 4.
The system consists of a digital baseband processing part
and an RF processing part. The device under test (DUT) is
a broadband power amplifier from Minicircuits, type ZVE-
8G. In the digital baseband processing part, a random phase
multitone excitation signalu[n], covering a bandwidth of



5 MHz is generated using Matlabr as

u[n] =

K−1
∑

k=0

Ak[n] cos
(

2π∆fkn + φk

)

, (12)

where k and K are the tone number and the total number
of tones used to generating the signal, respectively and∆f

is the tone spacing. The tone amplitude,Ak[n] = 1 for
all k, n.The signal is then transferred to the memory of the
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Fig. 4. Measurement setup for evaluation of the presented PDmethods

digital-to-analog converter (DAC) module SMT 370 from
Sundance [10], carried by a PCI board (SMT 310Q) in the
host PC. This excitation signal is digitally modulated (fIF =
70 MHz) and converted to analog signal before being fed to
the RF part.

The up-converter mixes the signal to a center frequency
fc = 2.45 GHz and filters the signal. A pre-amplifier (Mini-
circuits ZJL-4HG) and an adjustable attenuator are used to
boost the signal before the DUT and to control the input back-
off (IBO) of the DUT, respectively. Then the output signal of
the DUT is attenuated, down-converted tofIF = 70 MHz and
filtered. The filters of both the up- and down-converter are
bandlimited to 20 MHz. A common local oscillator is used
for the up- and down-conversion to avoid phase imbalance.
The analog-to-digital converter (ADC) samples the IF signal
at a rate offs = 100 MHz and a resolution of 14 bit. The
output signal is then stored in a memory module (SMT 351G)
and is accessible for model identification.

A. Limitation of the measurement system

The measurement system poses a number of limitations
to the PD designs. The up- and down-converters may be
nonlinear devices. If the input signal level to the converters
is too high, the resulting nonlinear distortion will affectthe
performance of the PD. As a result of limiting the input
signal level, a low output signal level is obtained. In order
to fully exploit the 14 bits dynamic range of the ADC, pre-
amplification before sampling is required. The ADC requires
a relatively high amplitude of the analog input signal, i.e.,
2.2 Vss. The pre-amplification introduces noise that increases
the noise floor of the measured data. This results in a reduced
dynamic range of approximately 50 dB, as compared to 60 dB
when measurement is done before the down-converter. This is

evident in the measurement results presented in the following
section. On the other hand, too low a signal level to the ADC
results in high quantization noise, which again reduces the
dynamic range. Thus, the solution to this problem is to acquire
a highly linear down-converter, capable of delivering enough
output power, or a low noise pre-amplifier.

The second limitation of the system is caused by the filters
of the up- and down-converters. These filters are bandlimited
to 20 MHz. The models obtained from the measurement data
are able to capture only the intermodulation distortion (IMD)
of up to half of the fifth-order band. Therefore, the effec-
tiveness of the PDs identified are also bandlimited to 20 MHz,
regardless of sampling rates higher than 20 MHz that the ADC
provides. This problem can be circumvented by employing
filters with higher bandwidth. In order to include theℓ-th order
IMD in the model, the filter bandwidth should be at leastℓ×
5 MHz, or up to the limit of the ADC’s sampling rate.

IV. M EASUREMENTRESULTS

Using the input-output (IO) data obtained from the measure-
ment, the PA models for the SCPWL method and the Secant
method described in Section II are identified. Subsequently, the
SCPWL PA model is used to identify the SCPWL coefficients
of the PD. The Secant method uses the PA model directly
to calculate the PD output signal as in (9). The predistorted
signal of the respective method is then applied to the power
amplifier and the output spectrum is measured with a spectrum
analyzer.

In our experiment, the two PDs are tested on a weakly
nonlinear PA and on a PA driven to saturation. An adjustable
attenuator was used to back-off the PA for the weakly nonlin-
ear case.

In Fig. 5 the compensation results for the weakly nonlinear
PA is shown. The SCPWL-PD employed 10 PWL partitions
while the Secant method used a third-order power series (11)
to model the PA and three iteration using (9). For comparison,
an IBO was applied to the PA so that the inband spectrum of
the PA is leveled to that of the PDs’. The spectrum plots show
an ACI suppression of approximately 12-15 dB were achieved
by the two PDs.

Fig. 6 shows the measured output spectrum in more detail.
In the weakly nonlinear case, the Secant-PD is observed to
perform slightly better than the SCPWL-PD. On average, the
Secant-PD achieved an ACPR performance of 2 dB better
compared to the SCPWL-PD.

The ACPR performance of the two PDs in the strong nonlin-
ear case is shown in Fig. 7. Note that in this case, the spectrum
measurement was done before the down-converter in order to
obtain a larger dynamic range (60 dB). The disadvantage of
this setup is that the observation of the fifth-order IMD region
is not reliable due to the effects of the missing 20 MHz filter,
which was considered in the models.

In the strong nonlinear case, the Secant-PD with power
series of order three was not able to model the nonlinearity
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Fig. 6. Measured power spectra – IBO and DPD, based on the Secant method
and the SCPWL-method, are compared.

sufficiently, thus unable to compensate the nonlinear effect.
Fig. 7 shows the performance of a fifth order power series
Secant-PD as compared to the SCPWL-PD and the PA’s
output with IBO. It is shown that the Secant-PD achieved an
ACPR improvement of approximately 10 dB. The SCPWL-PD
outperformed the Secant-PD by approximately 5 dB at the best
case, resulting in an ACPR improvement of 15 dB.

This result is expected as it is well known that a piecewise
linear function is able to model a strong nonlinearity better
than a power series.

V. CONCLUSIONS

Two low-complexity PDs for microwave PA are evaluated
in an experimental setup for a weakly nonlinear PA and a PA
driven to saturation. The computational complexity of the two
PDs is also compared.

The Secant-PD, which employs a power series to model
the PA, is found to be more effective in compensating a
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Fig. 7. Measured power spectra of PA driven to saturation – IBO and DPD
the Secant method and the SCPWL method, are compared.

weakly nonlinear PA, being 2 dB better than the SCPWL-PD
on average. However, in the case of a strong nonlinear PA,
the SCPWL-PD is superior by 5 dB on average compared to
the Secant-PD. This is due to the limitation of power series
in modeling strong nonlinearities. In terms of complexity,
the SCPWL-PD implementation requires more operations as
compared to the Secant-PD.

In order to obtain more accurate measurement data, im-
provements can be made on the measurement system as
discussed in Sec. III.
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