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Deembedding Static Nonlinearities and Accurately
Identifying and Modeling Memory Effects
in Wide-Band RF Transmitters

Taijun Liu, Student Member, IEEE, Slim Boumaiza, Member, IEEE, and Fadhel M. Ghannouchi, Senior Member, IEEE

Abstract—1In this paper, a robust modeling technique for mem-
oryless wide-band radio frequency transmitters using a dynamic
exponential weighted moving average algorithm is developed
and tested. To improve the relatively limited accuracy of the
conventional Wiener model in predicting the response of dy-
namic nonlinear transmitters, a new augmented Wiener model
is proposed along with its parameter-identification procedure.
The accuracy of the augmented Wiener model is compared
with that of the conventional Wiener model by using an L-band
60-W peak-envelope-power GaAs field-effect-transistor push—pull
amplifier-based transmitter, which is driven by a two-carrier
wide-band code-division multiple-access signal.

Index Terms—Augmented Wiener model, dynamic exponential
weighted moving average, memory effects, wide-band transmit-
ters, Wiener model.

1. INTRODUCTION

HE DESIGN of the RF front-end of third-generation (3G)

and beyond wireless communications transceivers is cur-
rently an extremely complicated task since it involves numerous
criteria that are usually inconsistent. Although the main objec-
tive remains ensuring a good quality of signal at the receiver
side, the optimization of the channel capacity (in bits per hertz)
is also a challenging assignment. This is particularly relevant in
the context of wide-band and highly varying envelope signals,
as in the cases of multicarrier code-division multiple-access and
orthogonal frequency-division multiplexing, where the coexis-
tence of linear and nonlinear distortion sources in the RF trans-
mitter chains compromises their performances in terms of error
vector magnitude and adjacent channel power ratio (ACPR).
The minimization of the effects of such distortion sources re-
lies primarily on accurate modeling of the RF transmitters.

In the literature, one can distinguish several topologies that
were applied to the modeling of dynamic nonlinear systems.
For example, Schetzen [1] utilized Volterra series to model non-
linear power amplifiers with memory effects. However, the use
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of such series-based models is restricted to weak nonlinear sys-
tems. Since the models require a high-order kernel, which, in
turn, yields high computational complexity, difficulties are often
encountered during the model identification procedure when
systems are driven by wide-band signals. Although the trun-
cated Volterra series model is considered a good means of re-
solving the computational complexity [2], this model suffers
from the difficulty of real-time implementation. Liu et al. [3]
proposed a real-valued time-delay neural network to establish
a dynamic behavioral model of 3G power amplifiers. Although
this new architecture largely simplifies the model topology, it
undergoes a relatively slow convergence of the back-propaga-
tion algorithm, which was employed to extract the model pa-
rameters.

Silva et al. presented a nonlinearity filter structure to model
a wide-band power amplifier, and applied a polyspectral tech-
nique for its identification [4], [5]. The principal part of such
a model consists of either a filter nonlinearity or a nonlin-
earity filter in parallel with another linear filter. The authors
mentioned the superiority of this model over a conventional
two-box Weiner model (linear + nonlinear) in predicting
the response of traveling-wave-tube amplifiers. Despite the
closed-form expressions used in the identification of the model
parameters, the required measurement data are difficult to col-
lect in an adaptive context. Indeed, it requires a vector network
analyzer (VNA) for determining the memoryless part of the
model and the frequency transfer function of one of the linear
filters. In addition, the memoryless characteristics of the power
amplifier under a modulated signal with a high peak-to-average
ratio (PAR) differ from the measured characteristics under a
continuous-wave signal [6].

In [7], Clark et al. reported a two-box model approach—a
Wiener system [1] that consists of a two-block structure. The
first block represents a linear autoregressive moving average
filter that accounts for the memory effects, and the second
block denotes a conventional Bessel series model that is used
to represent the memoryless nonlinearity. Such a topology can
easily deal with strong nonlinearity, but the identification pro-
cedure suggested by the authors is difficult to implement under
real field conditions since it requires an initial estimation of
the autoregressive moving average filter coefficients through a
frequency-domain measurement under a small-signal condition
using a VNA. Alternatively, in [8], Crama and Rolain proposed
a method that estimates the Wiener and Hammerstein structures
based on a frequency-domain identification procedure using
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special multisine signals. However, the accuracy of the identifi-
cation method is greatly compromised by the phase difference
between the two channels used to sample the input and output
of the device-under-test. Although a relative calibration can
be applied with the assumption that one of the two channels
is perfect, the identified model suffers from a lack of accuracy
due to the residual phase error.

Ku et al. [9] presented a parallel Wiener system that estab-
lished a behavioral model for RF power amplifiers with memory.
The model parameters are extracted using two-tone intermod-
ulation-distortion measurements with different tone frequency
spacings and power levels. The authors claimed that this model
is able to predict accurately ACPR levels close to the carrier fre-
quency for high-power amplifiers. Recently, Jantunen et al. [10]
developed a nonlinear model with memory based on the Ham-
merstein structure (static nonlinearity + linear filter) to predict
the behavior of a power amplifier for a fourth-generation mobile
communications system. They employed a polynomial model
for the nonlinearity and a finite impulse response (FIR) filter
with a bulk delay for the linear component. However, the model
is extracted based on single-tone measurement data instead of
realistic modulated signal data. Even though a satisfactory re-
sult was reported for the single-tone test signal, its performance
under modulated signals is unknown.

The common difficulty for the previous models is in the iden-
tification procedure of the parameters of their different modules.
The above-mentioned models and procedures encounter high
complexity and/or low accuracy. In most cases, they are not ap-
propriate for implementation in adaptive communications sys-
tems.

In this paper, a new augmented Weiner model that is capable
of accurately modeling wide-band RF transmitters in a 3G con-
text, as well as its related identification procedure, is presented.
The remainder of this paper is organized as follows. Section II
briefly depicts the wide-band RF transmitter prototype used
in this study. Section III explicates the newly proposed proce-
dure and method to deembed the strong nonlinearity from the
transmitter response and to identify and quantify accurately the
memory effects originally exhibited by the transmitter [11].
The identification procedure and the algorithm then needed to
identify the parameters of the Wiener nonlinear system chosen
to model wide-band RF transmitters are explained in detail. In
Section IV, an accurate time-delay estimation procedure, which
is needed for modeling purposes in the context of broad-band
transmitters, is presented to precisely align the in-phase (/) and
quadrature ((Q) streams at the input and output of the transmit-
ters. Section V introduces and verifies an elaborate validation
method, in terms of annulling the spectrum regrowth caused
by the static nonlinearity, so as to validate the performance
of the Wiener models in the prediction of memory effects.
In Section VI, a new comprehensive memory-effect model is
proposed. This model is able to account for linear distortion
(frequency response near the carrier) and weak nonlinear dis-
tortion due to baseband frequency response, harmonic loading
conditions, and trap effects that might occur in semiconductor
devices. Based on this new memory-effect model, an aug-
mented Wiener model is established and found to be much
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Fig. 1. Wide-band RF transmitter prototype.

Fig. 2. FLL600IQ-2 PA lineup.

more accurate than the conventional Wiener model in predicting
ACPR levels of a wide-band 60-W peak-envelope-power (PEP)
GaAs field-effect-transistor (FET) push—pull amplifier-based
transmitter driven by multicarrier wide-band code-division
multiple-access (WCDMA) signals. Section VII gives the de-
scription of the test bed used in the experimental validation of
the different models involved in this paper. Finally, Section VIII
is dedicated to the validation of the proposed augmented Wiener
model and to the discussion of the measurement results.

II. WIDE-BAND RF TRANSMITTER PROTOTYPE

As shown in Fig. 1, the wide-band RF transmitter prototype
consists of two digital-to-analog converters (DACs), an RF
vector modulator, and a power amplifier. The last amplification
stage of the power amplifier built for this study, in the band
of 1930-1990 MHz, is based on a 60-W PEP push—pull FET
transistor (FLL600IQ-2) from Eudyna Devices USA Inc., San
Jose, CA [12]. As shown in Fig. 2, a driver amplifier, based
on an MRF19045 LDMOS transistor and an MHL19936 gain
block, both from Freescale Semiconductor, Austin, TX, is
used as the driver stage. The whole lineup has 53-dB gain and
45-dBm saturated power. Furthermore, an electronic signal
generator (ESG) (Agilent E4438C) is utilized in this study to
emulate the rest of the transmitter. Hence, both the ESG and
power amplifier (PA) constitute the transmitter prototype.

It should be pointed out that the PA (last stage) used in
this work is based on an FLL600IQ-2 FET transistor, which
is of a dual transistor push-pull configuration. This transistor
is designed for use in personal-communications-services/net-
works base station amplifiers instead of the 3G partnership
projects (3GPP) base station amplifier. Therefore, the frequency
response is relatively poor for 3GPP applications, especially
around the center frequency of 1.96 GHz, as can be seen in its
datasheet [12]. Moreover, it should be noted that all of the mea-
sured transmitter data in the following sections were captured
using this transmitter prototype. These data will generally be
referred to as transmitter measurements or raw measurement
data in the figures of the subsequent sections. Since the output
of the memoryless transmitter model only depends on the
magnitude of the current input signal, this model is represented
by the transmitter amplitude-modulation/amplitude-modula-
tion (AM/AM) and amplitude-modulation/phase-modulation
(AM/PM) lookup table model in this work.
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Fig. 3. Wiener transmitter model diagram from [8].

III. WIENER BEHAVIORAL MODEL CONSTRUCTION

A Wiener nonlinear model, shown in Fig. 3, consisting of
a dynamic linear filter followed by a static nonlinear block, is
adopted to construct a behavioral model of a wide-band RF
transmitter. The static nonlinearity can be characterized by the
lookup tables based on the AM/AM and AM/PM curves of the
transmitter. These curves can be extracted directly from the
baseband measurement data by means of a moving average
procedure, as explained below. Accordingly, the complex
original dynamic nonlinear problem is simplified to a set of
linear dynamic problems. In this way, identifying the Wiener
nonlinear model becomes easier than the traditional solutions
[13], [14], where all of the linear and nonlinear parameters
of the Wiener model are resolved concurrently by means of
complicated algorithms.

Assuming that the linear filter in Fig. 3 is a FIR filter, then
the input and output signals of the two blocks in Fig. 3 can be
related as follows:

xz(n) = z_: a;u(n — i) (1
y(n) = (C_?L + jGy)x(n) = Gz(n) (2)

where G = G; + jG, denotes the memoryless complex gain of
the transmitter that depends only on the instantaneous magni-
tude of z:(n), M stands for the taps of the FIR filter, and a; are
the FIR filter coefficients.

According to (1) and (2), the knowledge of the static non-
linear part of the transmitter model turns the identification of
the coefficients a; of the FIR filter into a simple task. Contrary
to previous papers in the literature, the memoryless behavior of
the transmitter is represented by a tabulated model (AM/AM and
AM/PM) in this work. It allows us to alleviate the burden of the
identification procedure of the analytical model’s parameters,
such as the high-order (even and odd) polynomial function’s
coefficients [15] and the Bessel series model’s coefficients [7],
particularly when the power amplifier (PA) operates in class AB.
Therefore, this modeling approach is robust, and it is indepen-
dent of the PA technology and its operation class.

A. Static Nonlinearity Deembedding With Dynamic
Exponentially Weighted Moving Average

Given the instantaneous measurements of the I and () input
and output waveforms of the transmitter, the dynamic AM/AM
and AM/PM characteristics are first plotted. These plots are
assessed under a two-carrier WCDMA signal, which is syn-
thesized according to 3GPP test model 3 with a separation
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Fig. 4. Smoothed AM/AM curve versus the raw measurement AM/AM data
of the transmitter prototype.
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Fig.5. AM/PM curve smoothed versus the raw measurement AM/PM data of
the transmitter prototype.

of 5 MHz [16]. Figs. 4 and 5 give evidence of the significant
dispersion of the AM/AM and AM/PM curves of the current
transmitter and consequently confirm the presence of important
memory effects. As a result, the construction of the corre-
sponding model, which is capable of predicting transmitter
behavior, necessitates the identification of the parameters of
the two blocks shown in Fig. 3. To extract the transmitter static
nonlinearity, an exponentially weighted moving average is
applied to the dynamic AM/AM and AM/PM data to remove
the dispersion. The exponentially weighted moving average
algorithm is based on the following equation:

y(n) = ay(n — 1) + (1 - a)z(n) 3)

where « is the weight factor with a value from 0 to 1.

Consider the significant dispersion in the AM/AM and
AM/PM characteristics of the transmitter, a fixed a over the
input signal dynamic range will lead to a poor moving average
quality. In fact, a large value of a will produce smooth (no
dispersion), but incorrect traces because of the average error
propagation. Similarly, a small value of o ends with a jagged
curve. Consequently, to adapt a a’s value to the AM/AM and
AM/PM variation, a dynamic setting of « is essential. For that
reason, the a’s value must be expressed as a function of the
input power, i.e., « = F(|z(n)]?).
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Fig.6. Dynamic AM/AM characteristics of the linear filter extracted from the
measurement data of the transmitter prototype.
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Fig.7. Dynamic AM/PM characteristics of the linear filter extracted from the
measurement data of the transmitter prototype.

The lookup table entries are determined from the AM/AM
and AM/PM curves of the transmitter obtained by smoothing
the dynamic characteristics using this exponentially weighted
moving average. These entries encompass the in-phase and the
quadrature components (G; and G) of the complex compres-
sion gain corresponding to different magnitude values of z(n).

B. Identification and Modeling of Memory Effects

1) Memory-Effect Identification: The identification of the
static nonlinear model on the basis of the dynamic characteris-
tics of the transmitter allows us to fulfill the measured variables
listed in Fig. 3. Indeed, the identification of the memory-effect
model necessitates the time records of w(n) and z(n), but
transmitter characterization does not provide access directly to
z(n). In this way, the memoryless block initially identified will
be utilized to deduce the time record of z:(n) on the basis of the
output time record y(n). Therefore, an inverse function of the
static nonlinear model is numerically constructed and applied
to the measured output signal y(n) in order to get the dynamic
linear filter output signal z(n).

2) Modeling of the Linear Distortion: The plot of the
AM/AM and AM/PM characteristics while considering u(n)
as input and z(n) as output, as given in Figs. 6 and 7, indicates
the removal of the nonlinearity. Therefore, the complicated
original nonlinear modeling problem is simplified to a linear

3581

identification problem. In order to avoid the potential instability
of an infinite impulse response filter, a FIR filter is adopted to
construct the dynamic linear model in this paper.

If both lengths of the training sequences u(n) and z(n) are
N, then (1) can be rewritten in matrix format as follows:

X =AW “)
where
X = [o(M),a(M +1),...,z(N)]" (5)
W = [U/O;alw--»a]\/ffl]T (6)
A=[UM) UM +1) U]t 7
U=[u(n) u(n-1) u(n— M +1)]
n=MM+1,---,N. (8)

Therefore, the identification of FIR filter weights can be
made using the recursive least squares algorithm [17]. Here,
the measured u(n) and the deduced z(n) are taken as the input
signal and desired signal, respectively. The detailed recursive
least squares algorithm statement is given as follows.

At first, F(n), K(n), and P(n) are calculated in terms of the
following equations:

F(n)=P(n—1)U(n) )
F(n

KO = S gmee) "

P(n) = %(P(n ) - K@U m)P(n-1)) (1)

where P(n) is an M x M matrix. Both F(n) and K (n) are
M x 1 matrices. A is a scalar and denotes the forgetting factor.
The output z1(n) of the filter at the current instant is then

z1(n) = WH(n - 1)U(n). (12)

Thus, the output error of the dynamic filter at the current in-
stant is

e(n) = z(n) —z1(n). (13)

Finally, the weights of the dynamic filter are updated by
W(n) =W(n—1)+ K(n)e*(n). (14)

The recursive least squares algorithm is initialized by setting

W(0) =
P(0)

(15)

0
671 (16)

where ¢ is a small positive constant and [ is the M x M identity
matrix.

IV. INFLUENCE OF TIME DELAY ON
MEMORY-EFFECT IDENTIFICATION

The time delay that exists between the input and output base-
band data waveforms of the transmitter has to be accurately es-
timated so as to align input and output /—() streams prior to
identifying the transmitter behavioral model. In fact, the time-
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Fig. 8. Simulated AM/AM characteristic comparison between the

memoryless models with and without 0.63-ns delay.

50
30 ;
= /
[+] .
2 S
5 10
s
c :
g -10
a
-30 with 0.63ns delay ||
without delay
50 : :
30 20 10 0
Pin (dBm)

Fig.9. Simulated AM/PM characteristic comparison between the memoryless
models with and without 0.63-ns delay.

delay estimation becomes more critical when wide-band trans-
mitters are concerned since any time-delay misalignment in-
duces an extra dispersion of AM/AM and AM/PM character-
istics of the transmitter. To illustrate the contribution of time
delay to the dispersion of AM/AM and AM/PM characteristics
of the transmitter, a 0.63-ns delay under a 61.44-mega-sample
per second (MSPS) sample rate condition was added while cap-
turing the output of a memoryless transmitter model, which was
constructed by the transmitter AM/AM and AM/PM lookup
table. The AM/AM and AM/PM characteristics of the memo-
ryless models with and without a 0.63-ns delay are shown in
Figs. 8 and 9, respectively. One can clearly observe the dis-
persion attributed to the time-delay offset. A similar experi-
ment was also carried out to further demonstrate the influence
of the time-delay mismatch on memory-effect identification. As
shown in Figs. 10 and 11, a 3.0-ns time delay causes strong ad-
ditional dispersion and scattering in the AM/AM and AM/PM
curves. Therefore, inaccurate time-delay estimation and mis-
alignment will conceal the genuine memory effects.

To accurately estimate the time delay between the input se-
quence u(n) and the output sequence y(n), a cross-covariance
of u(n) and y(n) is calculated as follows [18]:

Cﬂcy(m)
:{Zﬁy*wm+mwmmmm—w» m>0
Sy T wr (= m) — @) (y(n) —§), m <0
a7

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 53, NO. 11, NOVEMBER 2005

60
.55 1
[
ke
£
[y
o

50

with 3ns delay
i L * without delay
45 - . ' .
-30 -20 -10 o]
Pin (dBm)
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Fig. 11. Measured transmitter AM/PM characteristic comparison with
different time delays.

where N is the length of the sequence. « and y represent the
average values of u(n) and y(n), respectively, which are given
by

i= 1 Y uli) (1)
NG
7= 2 y(i) (19)
Therefore, the time delay can be determined by
T = Mmax X e (20)
fs

where fs denotes the sampling rate and m,,x is the index of
the maximum covariance.

According to (20), the time-delay estimation accuracy is
mainly determined by the sample rate f;. For example, when
the sample rate f; equals 61.44 MSPS, the time resolution is
16.3 ns. However, in practical situations, the time delay of a
PA is generally lower than 15 ns. Thus, the resolution is even
larger than the time delay caused by the PA. Consequently,
this sample rate cannot meet the requirement of time-delay
estimation and should be increased. Indeed, the sample rate
fully depends on the speed of the analog-to-digital converters
(ADC:s) of the feedback path. One possible solution to circum-
vent this limitation is to update the hardware. Nevertheless, this
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Fig. 12.  Cross-covariance calculation results with 15.8-ns delay.

solution is not always possible due to the currently available
ADC speed, as well as related expenses. An alternative solu-
tion is to use digital signal processing (DSP) techniques. The
Lagrange interpolation [19] has, therefore, been adopted in this
study to increase the sample rate by 20-30 times. Finally, a
higher resolution can be obtained and a satisfactory time-delay
estimation achieved. The cross-covariance calculation results
with a 26 x interpolation for a two-carrier WCDMA signal are
shown in Fig. 12. It is clear that the maximum cross-covariance
can be found easily and accurately.

It should be pointed out that this time-delay estimation
method will use more resources and take longer processing
times while having a higher rate interpolation under long
time-delay conditions. To overcome this shortcoming, a
two-step strategy is adopted for practical implementation.
In the first stage, coarse time-delay estimation is performed
without interpolation. In the second stage, fine time-delay
estimation is carried out by having a higher interpolation rate
on a very short data sequence.

V. WIENER MODEL VALIDATION AND
LIMITATION ASSESSMENT

A. Wiener Transmitter Model Validation Method

The validation of the Wiener model, which is identified using
the procedure explained above, was initially carried out through
a comparison of the output spectra obtained from the actual
transmitter-under-test, the memoryless transmitter model, and
the Wiener transmitter model, where a two-carrier WCDMA
signal was applied directly to the two transmitter models and to
the transmitter prototype. According to Fig. 13(A), the Wiener
transmitter model with a 64-tap FIR filter produced an output
spectrum that seemed to be close to the measured one. How-
ever, to further investigate this matter, the spectrum differences
between the two transmitter models and the actual transmitter
are illustrated in Fig. 13(B). From this figure, one cannot as-
sert that the Wiener transmitter model performs better than the
memoryless transmitter model.

At first glance, such a result seems ambiguous. In fact, the
strong static nonlinearity of the transmitter dominates most parts
of the emergence of the out-of-band spectrum emission at the
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Fig. 13.  Spectrum comparison among the spectra of memoryless model,

64-tap Wiener model, and transmitter measurement. (a) Transmitter
measurement. (b) Memoryless model. (c) Wiener model with a 64-tap
FIR filter. (d) Spectrum differences between the memoryless transmitter model
and the actual transmitter. (e) Spectrum differences between the 64-tap Wiener
transmitter model and the actual transmitter.

transmitter and the model outputs. Consequently, the spectrum
regrowth caused by the memory effects is obscured by the spec-
trum emission produced by the static strong nonlinearity. The
contribution of the memory effects in the spectrum regrowth
acts as a kind of perturbation; therefore, with such a validation
approach, it is very difficult to distinguish the influence of the
memory effects on the spectrum regrowth. For that reason, a
more appropriate approach has to be applied in order to prove
the superiority of the Wiener model over the memoryless be-
havioral model in mimicking the memory effects of wide-band
transmitters.

As mentioned earlier, the Wiener model consists of a dynamic
linear block and a static nonlinear block. Thus, a pre-compen-
sation of the static nonlinearity of the transmitter by applying
its inverse function permits the decoupling of the out-of-band
emission, which is caused by the memory effects, and the spec-
trum regrowth resulting from the memoryless nonlinearity. In
this way, the spectrum regrowth produced by the static non-
linearity is numerically removed from the output spectrum of
the transmitter. As a result, the output spectrum observed in the
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spectrum analyzer is strongly dominated by the memory effects
of the wide-band RF transmitter.

With this new model validation method, the output spectrum
of the transmitter memoryless model will be almost free of spec-
trum regrowth. However, the Wiener model and the transmitter
prototype output spectrum will include a spectrum regrowth,
which can be attributed to the memory effects.

B. Wiener Model Validation

For the purpose of the validation of the Wiener transmitter
model, a 1024-entry lookup table and FIR filters with different
numbers of taps were constructed by using the I and @) compo-
nents of the input and output signals of the transmitter. As men-
tioned earlier, the lookup table was constructed first by using
the proposed static nonlinearity deembedding procedure with
MATLAB software. The recursive least-squares algorithm was
then applied to determine the weights of the FIR filter. The con-
structed Wiener model was implemented in Agilent Advanced
Design System (ADS) for validation purposes. It is worth noting
that, in order to check the generality of the Wiener model, a
frame of a WCDMA signal different from that used in the model
identification step was applied during the validation phase.

Fig. 14 illustrates the capacity of the Wiener models to pre-
dict the output spectrum of the transmitter. Here, the transmitter
and Wiener models were cascaded with the inverse of the static
nonlinearity block. Compared with the measurement spectrum,
the Wiener model with a 64-tap FIR filter allows for better
prediction of the output spectrum of the transmitter than the
Wiener models using five- or ten-tap FIR filters. Furthermore,
ACPRs for the different Wiener models and the transmitter pro-
totype output were assessed at several frequency offsets (—15,
—10, =5, 5, 10, and 15 MHz) from the center frequency within
3.84-MHz bandwidth, as shown in Fig. 15. ACPR results also
demonstrated that the Wiener model with 64-tap FIR filter pro-
duced the best results among the three different Wiener models.
However, a relatively large difference between the spectrum of
the 64-tap Wiener model and the spectrum of the transmitter
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Fig. 15. ACPR comparison of different Wiener transmitter models and the

transmitter prototype.

prototype still existed, especially with the out-of-band spectrum
components nearby the two main channels. Therefore, one can
conclude that the Wiener model cannot accurately predict the
memory effects of the actual wide-band transmitter used in 3G
applications.

VI. AUGMENTED WIENER BEHAVIORAL MODEL
A. Inclusive Memory-Effect Model

The memory-effect sources of an RF transmitter are usually
attributed to thermal and/or electrical dispersion effects. In the
context of a wide-band transmitter, electrical memory effects
are the dominant sources of dispersion since the thermal time
constant is too large compared to the inverse of the signal
bandwidth [20]. Vuolevi et al. [21], Ku and Kenney [22] and
Remley et al. [23] attributed the electrical memory effects to
different sources including: 1) trapping effects; 2) impact ion-
ization; 3) the frequency response of the PA around the carrier
frequency; 4) matching conditions at harmonic frequencies;
and 5) the impedance-matching conditions at the envelope fre-
quency (bias circuit design). The effects of the last two sources
are responsible for extra odd-order intermodulation-distortion
vectors. Indeed, even-order nonlinearities after remixing with
the carrier frequencies lead to odd-order intermodulation prod-
ucts, which are in or very close to the main channel.

The linear FIR filter in the Wiener model, as previously
presented, takes into account the frequency response around
the carrier frequency (linear distortion) and not the nonlinear
even-order distortion sources. In fact, the extracted AM/AM
and AM/PM characteristics of the dynamic memory-effect
model, as shown in Figs. 6 and 7, are not completely symmetric
around the X -axis. This suggests that weak nonlinearities still
exist even after deembedding static and strong nonlinearity
from the measured data. For this reason, it is not sufficient to
model these weak nonlinearities with a linear filter, as is nor-
mally done in conventional Wiener models. This also explains
the relatively limited capability of the conventional Wiener
model to predict the response of the transmitter.

In this paper, a new comprehensive memory-effect model is
proposed. As shown in Fig. 16, one can see that a new par-
allel branch is added to the linear FIR filter. In this new par-
allel branch, the input signal u(n) is multiplied by its magnitude
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Fig. 16. Dynamic memory-effect model.
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Fig. 17. Augmented Wiener transmitter model diagram.

|u(n)| and applied to another FIR filter. In this way, the linear
FIR filter in the conventional Wiener model, as described in
Section V, is replaced by a weak nonlinear dynamic FIR-based
filter. The second-order terms are introduced to the dynamic
memory-effect model in such a way as to make it able to mimic
memory effects more accurately.

Using the new inclusive memory-effect model, an augmented
Wiener model, as given by Fig. 17, is proposed to model wide-
band RF transmitters accurately. This augmented Wiener model
is a cascade of a dynamic weak nonlinear model and a strong
nonlinear static model. The strong nonlinear model, based on
the smoothed AM/AM and AM/PM characteristics of the trans-
mitters, is normally implemented by using lookup tables. The
dynamic weak nonlinear model is composed of the new inclu-
sive memory-effect model, which takes into account the dy-
namic properties of the transmitters in the presence of the mod-
ulated communications signal.

B. Augmented Wiener Model Identification

Assuming that the two FIR filters have M; and M, taps, re-
spectively, the input signal u(n) and output signal z:(n) of the
dynamic filter block in Fig. 17 can be written as follows:

M -1 M;—1
z(n) = z a;u(n — i)+ Z bilu(n —)|u(n — 1) (21)
i=0 =0

where M; and M, denote the memory depth of the model.
Equation (2) can also be used for the identification of the aug-
mented Wiener model. After removing the strong static nonlin-
earity using (2), the identification of the coefficients a; and b;
of the nonlinear filter can be simplified. Let
v(n —1i) = |u(n —i)|u(n — 7). (22)

Equation (21) can then be rewritten as

M;—1 My—1
x(n)= > au(n—i)+ Y bov(n—i). (23)
=0 i=0
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Fig. 18.  Wide-band RF transmitter characterization platform.

Consequently, (23) can be solved with a recursive least
squares algorithm if (6) and (8) are modified as follows:

W = I:U/O,al,....,(l]\[lfl,bo,bl,...,b]\[zfl]T (24)

U= [u(n),u(n—1),...,u(n — My + 1),
v(n),v(n —1),...,v(n — M3+ 1)]
n=MM+1,....N

M = max(My, M>) (25)

where M is the larger one of M; and Ms. Since only the first-
and second-order terms of the input signals are included in this
new model, the algorithm has good numerical stability.

VII. EXPERIMENTAL SETUP AND NEWLY
PROPOSED MODEL VALIDATION

The wide-band RF transmitter characterization platform used
in this study is shown in Fig. 18. A PC was utilized as the host
DSP to synthesize the test signal and to capture the feedback
signal. The I/Q signal source was initially synthesized using
Agilent ADS and the arbitrary waveform generator in the ESG.
The test signal had two neighboring WCDMA carriers (carrier
spacing: 5 MHz), which were configured according to a 3GPP
test model 3 with 32 code channels [16]. The test signal synthe-
sized using the ADS 3GPP library had a crest factor of 7.96 dB.
The dynamic link between ADS and the ESG was utilized for
dynamically uploading the test signal from the host DSP to the
1/Q arbitrary waveform generator of the ESG. The signal was
then modulated and up-converted to an RF carrier in the ESG,
and the RF output of the ESG was fed to the PA.

Having the baseband input waveform directly recorded in the
host DSP during the signal synthesis step, the baseband wave-
form at the output of the transmitter was captured by an RF re-
ceiver. This receiver consisted of an RF/IF down-converter, a
high-speed ADC, a digital down-converter, and the host DSP, as
shown in Fig. 18. In this study, the receiver prototype was physi-
cally formed by a spectrum analyzer (Agilent E4446A), a vector
signal analyzer (VSA) (Agilent 89611A), and a PC. The Agilent
E4446A spectrum analyzer, which was fed with the output RF
signal of the PA, translated the RF signal to a 70-MHz IF. The IF
signal was then digitized by means of the high-speed digitizer
module (Agilent 1439C) and was down-converted to baseband
I and (@ signals. Finally, the baseband I and () data were sent
to the PC through a high-speed IEEE1394 interface for further
processing. The delay calibration function of the VSA was em-
ployed to compensate for the time delay caused by the group
delay of the transmitter and the output waveform acquisition
subsystem.
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VIII. VALIDATION RESULTS AND DISCUSSION

As suggested earlier, the validation of the newly proposed
model was carried out by preceding the transmitter with its
memoryless nonlinear inverse function. Thus, one can concen-
trate on the capability of the new model in predicting memory
effects. For that reason, the identification of the augmented
Wiener model parameters was firstly performed according to
the method explained in Section VI. A 1024-entry lookup table
was constructed, and two three-tap FIR filters were subse-
quently identified. To illustrate the improved accuracy of this
new model, the results obtained previously with the 64-tap
Wiener model and the memoryless transmitter model were
used as references in the validation process. Both the spectrum
comparison results shown in Fig. 19 and the ACPR comparison
results shown in Fig. 20 indicate that the augmented Wiener
model can predict the memory effects of the transmitter more
accurately than the conventional Wiener model. As expected,
the memoryless transmitter model cannot predict the memory
effects of the wide-band transmitter at all.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 53, NO. 11, NOVEMBER 2005

IX. CONCLUSION

In this paper, a nonanalytical modeling technique for the
memoryless static nonlinear behaviors of RF transmitters
based on a dynamic exponential weighted moving average
algorithm has been developed and validated. This technique
is inherently so robust that it can be used for any type of RF
transmitters exhibiting any complex gain shape variations. In
order to deduce an intermediate set of data that could be used in
the identification of the dynamic (memory effects) sub-model
of the Wiener model, the resulting memoryless AM/AM and
AM/PM characteristics have been utilized to deembed the
raw measurement data. Subsequently, to identify the memory
effects accurately, a time-delay estimation algorithm based on
Langrage interpolation and cross-covariance calculation has
been developed to align the input and output raw baseband data
captured beforehand.

Moreover, to evaluate the accuracy and robustness of the
different Weiner models, a novel validation method has been
proposed. This method is based on annulling the spectrum
regrowth that is caused by static nonlinearity with the help of
cascading the inverse of the complex memoryless model. To
improve the relatively limited accuracy of the conventional
Wiener model, an augmented Wiener model has been proposed,
where the linear FIR filter is replaced with a weak nonlinear
filter structure. To the best of the authors’ knowledge, this is
the first time such a nonlinear model has been presented and
implemented in practical applications. Finally, the effectiveness
of the proposed augmented Wiener model and its identifica-
tion procedure was assessed using a 60-W PEP GaAs FET
push—pull amplifier-based transmitter driven by a two-carrier
WCDMA signal. The spectrum comparison results between
the different transmitter models and the transmitter prototype
reveal that the proposed augmented Wiener transmitter model
outperforms other models in predicting the spectrum regrowth
caused by the memory effects of the wide-band transmitter.
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SECTION 1.
Introduction

THE DESIGN of the RF front-end of third-generation (3G) and beyond wireless communications transceivers
is currently an extremely complicated task since it involves numerous criteria that are usually inconsistent.
Although the main objective remains ensuring a good quality of signal at the receiver side, the optimization of
the channel capacity (in bits per hertz) is also a challenging assignment. This is particularly relevant in the
context of wide-band and highly varying envelope signals, as in the cases of multicarrier code-division
multiple-access and orthogonal frequency-division multiplexing, where the coexistence of linear and
nonlinear distortion sources in the RF transmitter chains compromises their performances in terms of error
vector magnitude and adjacent channel power ratio (ACPR). The minimization of the effects of such distortion
sources relies primarily on accurate modeling of the RF transmitters.

In the literature, one can distinguish several topologies that were applied to the modeling of dynamic
nonlinear systems. For example, Schetzen [1] utilized Volterra series to model nonlinear power amplifiers
with memory effects. However, the use of such series-based models is restricted to weak nonlinear systems.
Since the models require a high-order kernel, which, in turn, yields high computational complexity,
difficulties are often encountered during the model identification procedure when systems are driven by wide-
band signals. Although the truncated Volterra series model is considered a good means of resolving the
computational complexity [2], this model suffers from the difficulty of real-time implementation. Liu et al.
[3] proposed a real-valued time-delay neural network to establish a dynamic behavioral model of 3G power
amplifiers. Although this new architecture largely simplifies the model topology, it undergoes a relatively slow
convergence of the back-propagation algorithm, which was employed to extract the model parameters.

Silva et al. presented a nonlinearity filter structure to model a wide-band power amplifier, and applied a
polyspectral technique for its identification [4], [5]. The principal part of such a model consists of either a
filter nonlinearity or a nonlinearity filter in parallel with another linear filter. The authors mentioned the
superiority of this model over a conventional two-box Weiner model (linear + nonlinear) in predicting the
response of traveling-wave-tube amplifiers. Despite the closed-form expressions used in the identification of
the model parameters, the required measurement data are difficult to collect in an adaptive context. Indeed,
it requires a vector network analyzer (VNA) for determining the memoryless part of the model and the
frequency transfer function of one of the linear filters. In addition, the memoryless characteristics of the
power amplifier under a modulated signal with a high peak-to-average ratio (PAR) differ from the measured
characteristics under a continuous-wave signal [6].

In [7], Clark et al. reported a two-box model approach—a Wiener system [1] that consists of a two-block
structure. The first block represents a linear autoregressive moving average filter that accounts for the
memory effects, and the second block denotes a conventional Bessel series model that is used to represent the
memoryless nonlinearity. Such a topology can easily deal with strong nonlinearity, but the identification
procedure suggested by the authors is difficult to implement under real field conditions since it requires an
initial estimation of the autoregressive moving average filter coefficients through a frequency-domain
measurement under a small-signal condition using a VNA. Alternatively, in [8], Crama and Rolain proposed
a method that estimates the Wiener and Hammerstein structures based on a frequency-domain identification
procedure using special multisine signals. However, the accuracy of the identification method is greatly
compromised by the phase difference between the two channels used to sample the input and output of the
device-under-test. Although a relative calibration can be applied with the assumption that one of the two
channels is perfect, the identified model suffers from a lack of accuracy due to the residual phase error.
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Ku et al. [9] presented a parallel Wiener system that established a behavioral model for RF power amplifiers
with memory. The model parameters are extracted using two-tone intermodulation-distortion
measurements with different tone frequency spacings and power levels. The authors claimed that this model
is able to predict accurately ACPR levels close to the carrier frequency for high-power amplifiers. Recently,
Jantunen et al. [10] developed a nonlinear model with memory based on the Hammerstein structure

(static nonlinearity + linear filter) to predict the behavior of a power amplifier for a fourth-generation
mobile communications system. They employed a polynomial model for the nonlinearity and a finite impulse
response (FIR) filter with a bulk delay for the linear component. However, the model is extracted based on
single-tone measurement data instead of realistic modulated signal data. Even though a satisfactory result
was reported for the single-tone test signal, its performance under modulated signals is unknown.

DAC RF Vector
Modulator 9

——DAC)

Fig. 1. Wide-band RF transmitter prototype.

w

Fig. 2. FLL600IQ-2 PA lineup.

The common difficulty for the previous models is in the identification procedure of the parameters of their
different modules. The above-mentioned models and procedures encounter high complexity and/or low
accuracy. In most cases, they are not appropriate for implementation in adaptive communications systems.

In this paper, a new augmented Weiner model that is capable of accurately modeling wide-band RF
transmitters in a 3G context, as well as its related identification procedure, is presented. The remainder of
this paper is organized as follows. Section II briefly depicts the wide-band RF transmitter prototype used in
this study. Section III explicates the newly proposed procedure and method to deembed the strong
nonlinearity from the transmitter response and to identify and quantify accurately the memory effects
originally exhibited by the transmitter [11]. The identification procedure and the algorithm then needed to
identify the parameters of the Wiener nonlinear system chosen to model wide-band RF transmitters are
explained in detail. In Section IV, an accurate time-delay estimation procedure, which is needed for
modeling purposes in the context of broad-band transmitters, is presented to precisely align the in-phase (I)
and quadrature () streams at the input and output of the transmitters. Section V introduces and verifies an
elaborate validation method, in terms of annulling the spectrum regrowth caused by the static nonlinearity,
so as to validate the performance of the Wiener models in the prediction of memory effects. In Section VI, a
new comprehensive memory-effect model is proposed. This model is able to account for linear distortion
(frequency response near the carrier) and weak nonlinear distortion due to baseband frequency response,
harmonic loading conditions, and trap effects that might occur in semiconductor devices. Based on this new
memory-effect model, an augmented Wiener model is established and found to be much more accurate than
the conventional Wiener model in predicting ACPR levels of a wide-band 60-W peak-envelope-power (PEP)
GaAs field-effect-transistor (FET) push—pull amplifier-based transmitter driven by multicarrier wide-band
code-division multiple-access (WCDMA) signals. Section VII gives the description of the test bed used in the
experimental validation of the different models involved in this paper. Finally, Section VIII is dedicated to
the validation of the proposed augmented Wiener model and to the discussion of the measurement results.

SECTION I1I.
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Wide-Band RF Transmitter Prototype

As shown in Fig. 1, the wide-band RF transmitter prototype consists of two digital-to-analog converters
(DACs), an RF vector modulator, and a power amplifier. The last amplification stage of the power amplifier
built for this study, in the band of 1930—1990 MHz, is based on a 60-W PEP push—pull FET transistor
(FLL600IQ-2) from Eudyna Devices USA Inc., San Jose, CA [12]. As shown in Fig. 2, a driver amplifier,
based on an MRF19045 LDMOS transistor and an MHL19936 gain block, both from Freescale
Semiconductor, Austin, TX, is used as the driver stage. The whole lineup has 53-dB gain and 45-dBm
saturated power. Furthermore, an electronic signal generator (ESG) (Agilent E4438C) is utilized in this study
to emulate the rest of the transmitter. Hence, both the ESG and power amplifier (PA) constitute the
transmitter prototype.

S N R ARSI AR AN AN AR AN A .

! 3
(n) i & '
utn) | Li > :
)| Linear |X(): AM/AM and i
Fiter | T{1X( ] amem LuT |9 P
! Complex [: V(W)
Memory effect l multiplier :' 3
: i
model | x(n) .
! :
i i

lmimtimvimim e m s s e e

Memoryless nonlinearity

Fig. 3. Wiener transmitter model diagram from [8].

It should be pointed out that the PA (last stage) used in this work is based on an FLL6001Q-2 FET transistor,
which is of a dual transistor push-pull configuration. This transistor is designed for use in personal-
communications-services/networks base station amplifiers instead of the 3G partnership projects (3GPP)
base station amplifier. Therefore, the frequency response is relatively poor for 3GPP applications, especially
around the center frequency of 1.96 GHz, as can be seen in its datasheet [12]. Moreover, it should be noted
that all of the measured transmitter data in the following sections were captured using this transmitter
prototype. These data will generally be referred to as transmitter measurements or raw measurement data in
the figures of the subsequent sections. Since the output of the memoryless transmitter model only depends on
the magnitude of the current input signal, this model is represented by the transmitter amplitude-
modulation/amplitude-modulation (AM/AM) and amplitude-modulation/phase-modulation (AM/PM)
lookup table model in this work.

SECTION III.
Wiener Behavioral Model Construction

A Wiener nonlinear model, shown in Fig. 3, consisting of a dynamic linear filter followed by a static nonlinear
block, is adopted to construct a behavioral model of a wide-band RF transmitter. The static nonlinearity can
be characterized by the lookup tables based on the AM/AM and AM/PM curves of the transmitter. These
curves can be extracted directly from the baseband measurement data by means of a moving average
procedure, as explained below. Accordingly, the complex original dynamic nonlinear problem is simplified to
a set of linear dynamic problems. In this way, identifying the Wiener nonlinear model becomes easier than the
traditional solutions [13], [14], where all of the linear and nonlinear parameters of the Wiener model are
resolved concurrently by means of complicated algorithms.
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Fig. 4. Smoothed AM/AM curve versus the raw measurement AM/AM data of the transmitter

prototype.
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Fig. 5. AM/PM curve smoothed versus the raw measurement AM/PM data of the transmitter

prototype.

Assuming that the linear filter in Fig. 3 is a FIR filter, then the input and output signals of the two blocks in

Fig. 3 can be related as follows:

View Source

https://ieeexplore.ieee.org/document/1528811

M-1
z(n) = Z aju(n — 1)
=0

y(n) = (Gi +jGo)z(n) = Gz(n)

Petitioners Exhibit 1006
Page 18 of 34


https://ieeexplore.ieee.org/mediastore/IEEE/content/media/22/32649/1528811/1528811-fig-4-source-large.gif
https://ieeexplore.ieee.org/mediastore/IEEE/content/media/22/32649/1528811/1528811-fig-4-source-large.gif
https://ieeexplore.ieee.org/mediastore/IEEE/content/media/22/32649/1528811/1528811-fig-5-source-large.gif
https://ieeexplore.ieee.org/mediastore/IEEE/content/media/22/32649/1528811/1528811-fig-5-source-large.gif

12/10/24, 1:14 PM Deembedding static nonlinearities and accurately identifying and modeling memory effects in wide-band RF transmitters | IEEE Jo...

where G = G; + jG, denotes the memoryless complex gain of the transmitter that depends only on the
instantaneous magnitude of z(n), M stands for the taps of the FIR filter, and a; are the FIR filter coefficients.

According to (1) and (2), the knowledge of the static nonlinear part of the transmitter model turns the
identification of the coefficients a; of the FIR filter into a simple task. Contrary to previous papers in the
literature, the memoryless behavior of the transmitter is represented by a tabulated model (AM/AM and
AM/PM) in this work. It allows us to alleviate the burden of the identification procedure of the analytical
model's parameters, such as the high-order (even and odd) polynomial function's coefficients [15] and the
Bessel series model's coefficients [7], particularly when the power amplifier (PA) operates in class AB.
Therefore, this modeling approach is robust, and it is independent of the PA technology and its operation
class.

A. Static Nonlinearity Deembedding With Dynamic Exponentially Weighted
Moving Average

Given the instantaneous measurements of the I and @) input and output waveforms of the transmitter, the
dynamic AM/AM and AM/PM characteristics are first plotted. These plots are assessed under a two-carrier
WCDMA signal, which is synthesized according to 3GPP test model 3 with a separation of 5 MHz [16]. Figs.
4 and 5 give evidence of the significant dispersion of the AM/AM and AM/PM curves of the current
transmitter and consequently confirm the presence of important memory effects. As a result, the
construction of the corresponding model, which is capable of predicting transmitter behavior, necessitates
the identification of the parameters of the two blocks shown in Fig. 3. To extract the transmitter static
nonlinearity, an exponentially weighted moving average is applied to the dynamic AM/AM and AM/PM data
to remove the dispersion. The exponentially weighted moving average algorithm is based on the following
equation:

y(n) = ay(n —1) + (1 — a)z(n) (3)
View Source

where a is the weight factor with a value from o to 1.

7.5 — - -

45} - | - -

Gain (dB)

Pin (dBm)

Fig. 6. Dynamic AM/AM characteristics of the linear filter extracted from the measurement data
of the transmitter prototype.
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Fig. 7. Dynamic AM/PM characteristics of the linear filter extracted from the measurement data
of the transmitter prototype.

Consider the significant dispersion in the AM/AM and AM/PM characteristics of the transmitter, a fixed «
over the input signal dynamic range will lead to a poor moving average quality. In fact, a large value of o will
produce smooth (no dispersion), but incorrect traces because of the average error propagation. Similarly, a
small value of « ends with a jagged curve. Consequently, to adapt a a's value to the AM/AM and AM/PM
variation, a dynamic setting of « is essential. For that reason, the a's value must be expressed as a function of
the input power, i.e., @ = F(|z(n)|?).

The lookup table entries are determined from the AM/AM and AM/PM curves of the transmitter obtained by
smoothing the dynamic characteristics using this exponentially weighted moving average. These entries
encompass the in-phase and the quadrature components (G; and G) of the complex compression gain
corresponding to different magnitude values of z(n).

B. Identification and Modeling of Memory Effects

1. Memory-Effect Identification

The identification of the static nonlinear model on the basis of the dynamic characteristics of the transmitter
allows us to fulfill the measured variables listed in Fig. 3. Indeed, the identification of the memory-effect
model necessitates the time records of u(n) and z(n), but transmitter characterization does not provide
access directly to z(n). In this way, the memoryless block initially identified will be utilized to deduce the
time record of z(n) on the basis of the output time record y(n). Therefore, an inverse function of the static
nonlinear model is numerically constructed and applied to the measured output signal y(n) in order to get
the dynamic linear filter output signal z(n).

2. Modeling of the Linear Distortion

The plot of the AM/AM and AM/PM characteristics while considering u(n) as input and z(n) as output, as
given in Figs. 6 and 7, indicates the removal of the nonlinearity. Therefore, the complicated original
nonlinear modeling problem is simplified to a linear identification problem. In order to avoid the potential
instability of an infinite impulse response filter, a FIR filter is adopted to construct the dynamic linear model
in this paper.

If both lengths of the training sequences u(n) and z(n) are IV, then (1) can be rewritten in matrix format as
follows:

X = AW (4)
View Source
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where
X = [¢(M),2(M +1),...,z(N)]" (5)
W = [ao,al,...,aM,l]T (6)
A=[umM) UM+1) - UWN)]" (7)
U=[u(n) uln-1) - uln—-M+1)]
n=MM+1,---,N. (8)

View Source

Therefore, the identification of FIR filter weights can be made using the recursive least squares algorithm
[17]. Here, the measured u(n) and the deduced z(n) are taken as the input signal and desired signal,
respectively. The detailed recursive least squares algorithm statement is given as follows.

At first, F(n), K(n), and P(n) are calculated in terms of the following equations:

F(n) = P(n—1)U(n) (9)
F(n

Kn) =37 UH((n))F(n) (10)

P(n) = %(P(n— 1) —K(n)UH(n)P(n— 1)) (11)

View Source

where P(n) is an M x M matrix. Both F(n) and K (n) are M x 1 matrices. X is a scalar and denotes the
forgetting factor. The output 1 (n) of the filter at the current instant is then

21(n) = WH(n - 1)U(n). (12)

View Source

Thus, the output error of the dynamic filter at the current instant is
e(n) = z(n) — z1(n). (13)

View Source
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Fig. 8. Simulated AM/AM characteristic comparison between the memoryless models with and
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Fig. 9. Simulated AM/PM characteristic comparison between the memoryless models with and

without 0.63-ns delay.

Finally, the weights of the dynamic filter are updated by

W(n) = W(n —1) + K(n)e*(n).

View Source

The recursive least squares algorithm is initialized by setting

W(0) =0
P(0) =51

https://ieeexplore.ieee.org/document/1528811
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View Source

where § is a small positive constant and [ is the M x M identity matrix.

SECTION 1V.
Influence of Time Delay on Memory-Effect
Identification

The time delay that exists between the input and output baseband data waveforms of the transmitter has to
be accurately estimated so as to align input and output /—() streams prior to identifying the transmitter
behavioral model. In fact, the time-delay estimation becomes more critical when wide-band transmitters are
concerned since any time-delay misalignment induces an extra dispersion of AM/AM and AM/PM
characteristics of the transmitter. To illustrate the contribution of time delay to the dispersion of AM/AM
and AM/PM characteristics of the transmitter, a 0.63-ns delay under a 61.44-mega-sample per second
(MSPS) sample rate condition was added while capturing the output of a memoryless transmitter model,
which was constructed by the transmitter AM/AM and AM/PM lookup table. The AM/AM and AM/PM
characteristics of the memoryless models with and without a 0.63-ns delay are shown in Figs. 8 and 9,
respectively. One can clearly observe the dispersion attributed to the time-delay offset. A similar experiment
was also carried out to further demonstrate the influence of the time-delay mismatch on memory-effect
identification. As shown in Figs. 10 and 11, a 3.0-ns time delay causes strong additional dispersion and
scattering in the AM/AM and AM/PM curves. Therefore, inaccurate time-delay estimation and misalignment
will conceal the genuine memory effects.

60 —— : , :

(%))
o

Gain (dB)

()]
o

IR - with 3ns delay
T A * without delay
45 —— ‘ ‘ :
-30 20 10 0

Pin (dBm)

Fig. 10. Measured transmitter AM/AM characteristic comparison with different time delays.
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Fig. 11. Measured transmitter AM/PM characteristic comparison with different time delays.

To accurately estimate the time delay between the input sequence u(n) and the output sequence y(n), a

cross-covariance of u(n) and y(n) is calculated as follows [18]:

Cay (m)

n=0
S @ —m) —@)(yn) —g),  m <0

n=0

{ Yo Huln+m) —a)(y*(n) ~g*), m=0
)

(17)

View Source

where N is the length of the sequence. % and § represent the average values of u(n) and y(n), respectively,

which are given by

1 N1
U= — u(7) (18)
N =0
1 N1
7= v (19)
N =
View Source
Therefore, the time delay can be determined by
1
(20)

T = Mmyax X —
T

View Source

where f; denotes the sampling rate and m,,,, is the index of the maximum covariance.
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Fig. 12. Cross-covariance calculation results with 15.8-ns delay.

According to (20), the time-delay estimation accuracy is mainly determined by the sample rate f,. For
example, when the sample rate f; equals 61.44 MSPS, the time resolution is 16.3 ns. However, in practical
situations, the time delay of a PA is generally lower than 15 ns. Thus, the resolution is even larger than the
time delay caused by the PA. Consequently, this sample rate cannot meet the requirement of time-delay
estimation and should be increased. Indeed, the sample rate fully depends on the speed of the analog-to-
digital converters (ADCs) of the feedback path. One possible solution to circumvent this limitation is to
update the hardware. Nevertheless, this solution is not always possible due to the currently available ADC
speed, as well as related expenses. An alternative solution is to use digital signal processing (DSP)
techniques. The Lagrange interpolation [19] has, therefore, been adopted in this study to increase the
sample rate by 20—30 times. Finally, a higher resolution can be obtained and a satisfactory time-delay
estimation achieved. The cross-covariance calculation results with a 26x interpolation for a two-carrier
WCDMA signal are shown in Fig. 12. It is clear that the maximum cross-covariance can be found easily and
accurately.

It should be pointed out that this time-delay estimation method will use more resources and take longer
processing times while having a higher rate interpolation under long time-delay conditions. To overcome this
shortcoming, a two-step strategy is adopted for practical implementation. In the first stage, coarse time-delay
estimation is performed without interpolation. In the second stage, fine time-delay estimation is carried out
by having a higher interpolation rate on a very short data sequence.

SECTION V.

Wiener Model Validation and Limitation
Assessment

A. Wiener Transmitter Model Validation Method
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Fig. 13. Spectrum comparison among the spectra of memoryless model, 64-tap Wiener model,
and transmitter measurement. (a) Transmitter measurement. (b) Memoryless model. (c)
Wiener model with a 64-tap FIR filter. (d) Spectrum differences between the memoryless
transmitter model and the actual transmitter. (e) Spectrum differences between the 64-tap
Wiener transmitter model and the actual transmitter.

The validation of the Wiener model, which is identified using the procedure explained above, was initially
carried out through a comparison of the output spectra obtained from the actual transmitter-under-test, the
memoryless transmitter model, and the Wiener transmitter model, where a two-carrier WCDMA signal was
applied directly to the two transmitter models and to the transmitter prototype. According to Fig. 13(A), the
Wiener transmitter model with a 64-tap FIR filter produced an output spectrum that seemed to be close to the
measured one. However, to further investigate this matter, the spectrum differences between the two
transmitter models and the actual transmitter are illustrated in Fig. 13(B). From this figure, one cannot assert
that the Wiener transmitter model performs better than the memoryless transmitter model.

At first glance, such a result seems ambiguous. In fact, the strong static nonlinearity of the transmitter
dominates most parts of the emergence of the out-of-band spectrum emission at the transmitter and the
model outputs. Consequently, the spectrum regrowth caused by the memory effects is obscured by the
spectrum emission produced by the static strong nonlinearity. The contribution of the memory effects in the
spectrum regrowth acts as a kind of perturbation; therefore, with such a validation approach, it is very
difficult to distinguish the influence of the memory effects on the spectrum regrowth. For that reason, a more
appropriate approach has to be applied in order to prove the superiority of the Wiener model over the
memoryless behavioral model in mimicking the memory effects of wide-band transmitters.
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Fig. 14. Spectrum comparison of different Wiener transmitter models and the transmitter
prototype. (@) Transmitter measurement. (b) Wiener model with a 64-tap FIR filter. (c) Wiener
model with a ten-tap FIR filter. (d) Wiener model with a five-tap FIR filter. (e) Memoryless
model.

As mentioned earlier, the Wiener model consists of a dynamic linear block and a static nonlinear block. Thus,
a pre-compensation of the static nonlinearity of the transmitter by applying its inverse function permits the
decoupling of the out-of-band emission, which is caused by the memory effects, and the spectrum regrowth
resulting from the memoryless nonlinearity. In this way, the spectrum regrowth produced by the static
nonlinearity is numerically removed from the output spectrum of the transmitter. As a result, the output
spectrum observed in the spectrum analyzer is strongly dominated by the memory effects of the wide-band RF
transmitter.

With this new model validation method, the output spectrum of the transmitter memoryless model will be
almost free of spectrum regrowth. However, the Wiener model and the transmitter prototype output spectrum
will include a spectrum regrowth, which can be attributed to the memory effects.

B. Wiener Model Validation

For the purpose of the validation of the Wiener transmitter model, a 1024-entry lookup table and FIR filters
with different numbers of taps were constructed by using the I and ) components of the input and output
signals of the transmitter. As mentioned earlier, the lookup table was constructed first by using the proposed
static nonlinearity deembedding procedure with MATLAB software. The recursive least-squares algorithm
was then applied to determine the weights of the FIR filter. The constructed Wiener model was implemented
in Agilent Advanced Design System (ADS) for validation purposes. It is worth noting that, in order to check
the generality of the Wiener model, a frame of a WCDMA signal different from that used in the model
identification step was applied during the validation phase.

Fig. 14 illustrates the capacity of the Wiener models to predict the output spectrum of the transmitter. Here,
the transmitter and Wiener models were cascaded with the inverse of the static nonlinearity block. Compared
with the measurement spectrum, the Wiener model with a 64-tap FIR filter allows for better prediction of the
output spectrum of the transmitter than the Wiener models using five- or ten-tap FIR filters. Furthermore,
ACPRs for the different Wiener models and the transmitter prototype output were assessed at several
frequency offsets (-15, -10, —5, 5, 10, and 15 MHz) from the center frequency within 3.84-MHz bandwidth, as
shown in Fig. 15. ACPR results also demonstrated that the Wiener model with 64-tap FIR filter produced the
best results among the three different Wiener models. However, a relatively large difference between the
spectrum of the 64-tap Wiener model and the spectrum of the transmitter prototype still existed, especially
with the out-of-band spectrum components nearby the two main channels. Therefore, one can conclude that
the Wiener model cannot accurately predict the memory effects of the actual wide-band transmitter used in
3G applications.
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SECTION VI.
Augmented Wiener Behavioral Model

A. Inclusive Memory-Effect Model

The memory-effect sources of an RF transmitter are usually attributed to thermal and/or electrical dispersion
effects. In the context of a wide-band transmitter, electrical memory effects are the dominant sources of
dispersion since the thermal time constant is too large compared to the inverse of the signal bandwidth [20].
Vuolevi et al. [21], Ku and Kenney [22] and Remley et al. [23] attributed the electrical memory effects to
different sources including: 1) trapping effects; 2) impact ionization; 3) the frequency response of the PA
around the carrier frequency; 4) matching conditions at harmonic frequencies; and 5) the impedance-
matching conditions at the envelope frequency (bias circuit design). The effects of the last two sources are
responsible for extra odd-order intermodulation-distortion vectors. Indeed, even-order nonlinearities after
remixing with the carrier frequencies lead to odd-order intermodulation products, which are in or very close

to the main channel.

FIR1

u(n) —» — x(n)

— |u(n)| u(n)» FIR2 —

Fig. 16. Dynamic memory-effect model.
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Fig. 17. Augmented Wiener transmitter model diagram.

The linear FIR filter in the Wiener model, as previously presented, takes into account the frequency response
around the carrier frequency (linear distortion) and not the nonlinear even-order distortion sources. In fact,
the extracted AM/AM and AM/PM characteristics of the dynamic memory-effect model, as shown in Figs. 6
and 7, are not completely symmetric around the X-axis. This suggests that weak nonlinearities still exist even
after deembedding static and strong nonlinearity from the measured data. For this reason, it is not sufficient
to model these weak nonlinearities with a linear filter, as is normally done in conventional Wiener models.
This also explains the relatively limited capability of the conventional Wiener model to predict the response of
the transmitter.

In this paper, a new comprehensive memory-effect model is proposed. As shown in Fig. 16, one can see that a
new parallel branch is added to the linear FIR filter. In this new parallel branch, the input signal u(n) is
multiplied by its magnitude |u(n)| and applied to another FIR filter. In this way, the linear FIR filter in the
conventional Wiener model, as described in Section V, is replaced by a weak nonlinear dynamic FIR-based
filter. The second-order terms are introduced to the dynamic memory-effect model in such a way as to make
it able to mimic memory effects more accurately.

- Feedback Path

Host DSP I:l_ Digital Down } (A5 RF/IF Down-

Fig. 18. Wide-band RF transmitter characterization platform.

Using the new inclusive memory-effect model, an augmented Wiener model, as given by Fig. 17, is proposed
to model wide-band RF transmitters accurately. This augmented Wiener model is a cascade of a dynamic
weak nonlinear model and a strong nonlinear static model. The strong nonlinear model, based on the
smoothed AM/AM and AM/PM characteristics of the transmitters, is normally implemented by using lookup
tables. The dynamic weak nonlinear model is composed of the new inclusive memory-effect model, which
takes into account the dynamic properties of the transmitters in the presence of the modulated
communications signal.

B. Augmented Wiener Model Identification

Assuming that the two FIR filters have M; and M, taps, respectively, the input signal u(n) and output signal
z(n) of the dynamic filter block in Fig. 17 can be written as follows:

Mi—1 M>—1
z(n) = Y au(n—i)+ Y bilu(n—i)|u(n — 1) (21)
i=0 i=0
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View Source

where M; and M> denote the memory depth of the model. Equation (2) can also be used for the
identification of the augmented Wiener model. After removing the strong static nonlinearity using (2), the
identification of the coefficients a; and b; of the nonlinear filter can be simplified. Let

v(n —1) = |u(n —1)|u(n — 7). (22)

View Source

Equation (21) can then be rewritten as

M1 My—1
z(n) = Z a;u(n —1) + Z biv(n —1). (23)
=0 =0

View Source

Consequently, (23) can be solved with a recursive least squares algorithm if (6) and (8) are modified as

follows:
W = [ao,al,...,aMl,l,bO,bl,...,sz,l]T (24)
U= [u(n),u(n—1),...,u(n— M; +1),
v(n),v(n —1),...,v(n — M +1)]
n=MM+1,..,N
M = max(M;, M,) (25)

View Source

where M is the larger one of M; and M. Since only the first- and second-order terms of the input signals
are included in this new model, the algorithm has good numerical stability.

SECTION VII.

Experimental Setup and Newly Proposed
Model Validation

The wide-band RF transmitter characterization platform used in this study is shown in Fig. 18. A PC was
utilized as the host DSP to synthesize the test signal and to capture the feedback signal. The I/Q signal
source was initially synthesized using Agilent ADS and the arbitrary waveform generator in the ESG. The test
signal had two neighboring WCDMA carriers (carrier spacing: 5 MHz), which were configured according to a
3GPP test model 3 with 32 code channels [16]. The test signal synthesized using the ADS 3GPP library had a
crest factor of 7.96 dB. The dynamic link between ADS and the ESG was utilized for dynamically uploading
the test signal from the host DSP to the I /Q arbitrary waveform generator of the ESG. The signal was then
modulated and up-converted to an RF carrier in the ESG, and the RF output of the ESG was fed to the PA.
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Fig. 19. Spectrum comparison of different transmitter models and the transmitter prototype.
(a) Transmitter measurement. (b) Augmented Wiener model with two three-tap FIR filters. (c)
Wiener model with a 64-tap FIR filter. (d) Memoryless model.
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Fig. 20. ACPR comparison of different transmitter models and the transmitter prototype.

Having the baseband input waveform directly recorded in the host DSP during the signal synthesis step, the
baseband waveform at the output of the transmitter was captured by an RF receiver. This receiver consisted
of an RF/IF down-converter, a high-speed ADC, a digital down-converter, and the host DSP, as shown in Fig.
18. In this study, the receiver prototype was physically formed by a spectrum analyzer (Agilent E4446A), a
vector signal analyzer (VSA) (Agilent 89611A), and a PC. The Agilent E4446A spectrum analyzer, which was
fed with the output RF signal of the PA, translated the RF signal to a 70-MHz IF. The IF signal was then
digitized by means of the high-speed digitizer module (Agilent 1439C) and was down-converted to baseband
I and @ signals. Finally, the baseband I and () data were sent to the PC through a high-speed IEEE1394
interface for further processing. The delay calibration function of the VSA was employed to compensate for
the time delay caused by the group delay of the transmitter and the output waveform acquisition subsystem.
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18/21
Petitioners Exhibit 1006
Page 31 of 34


https://ieeexplore.ieee.org/mediastore/IEEE/content/media/22/32649/1528811/1528811-fig-19-source-large.gif
https://ieeexplore.ieee.org/mediastore/IEEE/content/media/22/32649/1528811/1528811-fig-19-source-large.gif
https://ieeexplore.ieee.org/mediastore/IEEE/content/media/22/32649/1528811/1528811-fig-20-source-large.gif
https://ieeexplore.ieee.org/mediastore/IEEE/content/media/22/32649/1528811/1528811-fig-20-source-large.gif

12/10/24, 1:14 PM Deembedding static nonlinearities and accurately identifying and modeling memory effects in wide-band RF transmitters | IEEE Jo...

Validation Results and Discussion

As suggested earlier, the validation of the newly proposed model was carried out by preceding the transmitter
with its memoryless nonlinear inverse function. Thus, one can concentrate on the capability of the new model
in predicting memory effects. For that reason, the identification of the augmented Wiener model parameters
was firstly performed according to the method explained in Section VI. A 1024-entry lookup table was
constructed, and two three-tap FIR filters were subsequently identified. To illustrate the improved accuracy of
this new model, the results obtained previously with the 64-tap Wiener model and the memoryless
transmitter model were used as references in the validation process. Both the spectrum comparison results
shown in Fig. 19 and the ACPR comparison results shown in Fig. 20 indicate that the augmented Wiener
model can predict the memory effects of the transmitter more accurately than the conventional Wiener model.
As expected, the memoryless transmitter model cannot predict the memory effects of the wide-band
transmitter at all.

SECTION IX.
Conclusion

In this paper, a nonanalytical modeling technique for the memoryless static nonlinear behaviors of RF
transmitters based on a dynamic exponential weighted moving average algorithm has been developed and
validated. This technique is inherently so robust that it can be used for any type of RF transmitters exhibiting
any complex gain shape variations. In order to deduce an intermediate set of data that could be used in the
identification of the dynamic (memory effects) sub-model of the Wiener model, the resulting memoryless
AM/AM and AM/PM characteristics have been utilized to deembed the raw measurement data. Subsequently,
to identify the memory effects accurately, a time-delay estimation algorithm based on Langrage interpolation
and cross-covariance calculation has been developed to align the input and output raw baseband data
captured beforehand.

Moreover, to evaluate the accuracy and robustness of the different Weiner models, a novel validation method
has been proposed. This method is based on annulling the spectrum regrowth that is caused by static
nonlinearity with the help of cascading the inverse of the complex memoryless model. To improve the
relatively limited accuracy of the conventional Wiener model, an augmented Wiener model has been
proposed, where the linear FIR filter is replaced with a weak nonlinear filter structure. To the best of the
authors' knowledge, this is the first time such a nonlinear model has been presented and implemented in
practical applications. Finally, the effectiveness of the proposed augmented Wiener model and its
identification procedure was assessed using a 60-W PEP GaAs FET push—pull amplifier-based transmitter
driven by a two-carrier WCDMA signal. The spectrum comparison results between the different transmitter
models and the transmitter prototype reveal that the proposed augmented Wiener transmitter model
outperforms other models in predicting the spectrum regrowth caused by the memory effects of the wide-
band transmitter.
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