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Abstract

In the present paper, the nonlinear Internal Model Control (IMC) method is introduced and applied to linearize high
frequency Power Amplifiers (PAs). The IMC is based on the description of a process model and of a controller. It is
shown that baseband frequency descriptions are suitable for the model and the controller. Their description parameters
are derived from input and output modulation signals processed in Cartesian form. Simulation results are given to
illustrate the design procedure and to demonstrate the performances of the IMC linearizer.

Key words: Power amplifiers, linearization technique, Internal Model Control, parameters identification, baseband

signals, predistortion.

1. Introduction

Nonlinear system linearization of microwave compo-
nents and radio-frequency circuits becomes a challenge
and potential useful problem in the radiocommunica-
tion system research areas. Interest for Power Ampli-
fier (PA) control is motivated by the increasing growth
of the wireless communication systems which has lead
to use digital modulation techniques such as (BPSK,
QPSK, QAM, ...) with nonconstant envelopeto improve
spectral efficiency. As aresult of the variable envelope
modulation schemes, the improvement of the linearity
of the PA becomes an objective of first importance for
mobile communication systems. Thisis due to the non-
linear distortions and dynamical effects which generate
unwanted spectrum components for the transmitted sig-
nal and lead to Adjacent Channel Power Ratio (ACPR)
requirements.

Traditionally, techniques used for PAs linearization
arebased on feedback [1][2][ 3], feedforward [4][5], and
predistortion[1][6][7]. Other structures guided to an ef-
ficient amplification exist like L1near amplification with
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Nonlinear Components (LINC)[8], Combined Analog-
Locked Loop Universal Modulator (CALLUM)[9], and
Envelope Elimination and Restoration (EER)[10]. The
predistortion technique involves the creation of an in-
verse characteristic complementary to the PA nonlin-
earity [11][12][13]. Performances can be improved by
adding a feedback control to deal with external per-
turbations, parameter variations or operating frequency
modifications. Design of conventional feedback re-
quires considering carefully performances in term of
gain-bandwidth product and stability [14][15][16]. The
nonlinear IMC is an aternative solution using a model
of the nonlinear system to be controlled [17]. If the
model is a perfect representation of the nonlinear sys-
tem, the controller can be design without concern for
system stability. Furthermore, the control method of the
IMC is very simple and comprehensive, leading to an
easy tuning of the controller parameters.

For radio communications applications, the model
and the controller are difficult to design because of the
high operating frequency used and time delay intro-
duced [18][19]. A solution consists in using baseband
signals to describe the behavior of system parts. For
feedback implementation, an error signal can be given
by the comparison of the input and output envelopesig-
nals [20][21]. More advanced techniques used polar or

January 29, 2013



cartesian signal formats to take into account the phase
distortion [1][22][23]. In this paper, we proposed to
design an IMC structure using Cartesian signal. The
model and the controller are then described by mathe-
matical expressions derived from measurements of the
downconverted output signals and of the input modulat-
ing signal. Then, the technique resultsin the lineariza-
tion of the overall microwave-transmitter.

Different stages |eading to the description of the IMC
structure are introduced and illustrated by nonlinear
simulation results. At first, amodel is established to de-
scribe the behavior of the transmitter and secondly ade-
sign of the nonlinear controller is presented. IMC is an-
alyzed and compared to standard predistortion method
trough simulation using ADS and MATLAB softwares.

The remainder of this paper is organized as follows.
In Section 2, the IMC method, based on continuous-
time signals, is revised and applied to the PA lineariza-
tion problem. Section 3 is devoted to the nonlinear-
ity and frequency model description. In section 4, we
present simulation results with the linearizer structure,
evaluating its performances from the two-tone test and
from the transmission of a QPSK, 16-QAM and 64-
QAM digitally modulated signal. And, finally, Section
5 summarizes and concludes this paper.

2. Internal Modd Control

IMC was originally devel oped for chemical engineer-
ing applications[24], and is considered as a robust con-
trol method. The IMC structureis shown in Fig. 1.

d(t)

Controller System +
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[Ho P

- w(t)
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Figure 1: Schematic of the IMC structure

The structure uses an internal model H(s) in paral-
lel with the system to be linearized H(s). The control
loop is augmented by a block filter R(s), so-called the
IMC controller. In this structure, s denotes a Laplace
operator for continuous time-domain consideration.

2.1. IMC analysis

The closed loop transfer function describing the input
e(t) and the disturbance d(t) to output y(t) relationship

isgiven by:
Y(s) = RE)H(S) E(s)
1+R(s) (H(s) - H(9))
1-R(s)H(s) D(s) )

1+R(s) (H(s) - H(s)

The IMC loop computesthe difference w(t) between the
system output H(s) and the model output H(s). This
residual signal w(t) represents the effects of the distur-
bance d(t) and of the modeling error between the model

and the system. The IMC structure has advantages over
conventional feedback control loop. If a perfect model

is used, i.e. H(s) = H(s) there exists no feedback, and
the closed loop system is affected only by the distur-
bance d(t). In this case, the closed loop system has the
transfer function:

Y(s) = R(s) H(s) E(s) + (1= R(s) H(s)) D(s) (2)

Noted that without disturbance the system is effec-
tively open-loop hence no stability problems can arise.
Also, if the system H(s) is stable, which is the case for
application to power amplifiers, the closed-loop will be
stable for any stable controller R(s). Furthermore, the
controller can be designed as a feedforward controller
in the IMC scheme.

An ideal control system, would suppress al distur-
bances and insure theinstantly tracking of theinput e(t).
From equation (2), the ideal control system is achieved
for:

R(s).H(s) = 1 ©)

So, the ideal choice for the controller R(s) is the model
inverse H(s)™X. For the investigated application, the
IMC must alow to compensate the static non linearity
of the amplifier. The model of the system includes a
model of the nonlinear static characteristic and the IMC
controller includes the inverse static characteristic. If
theinversion of the static characteristic model is perfect,
the IMC scheme allows a rejection of the disturbance
and of the non linearity effects.

2.2. Design procedure for PA linearization

The block diagram of IMC is shown in Fig. 2. All
signal designations refer either to complex baseband
signals and don’t depend on the modul ation format.

The proposed IMC structure alows linearizing the
transmitter composed of the I/Q modulator, amplifier
and demodulator blocks. The output of the demodulator
is compared with the output of the baseband model of
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Figure 2: Baseband equivalent scheme of the IMC structure

the amplifier and the resulting error signal w(t), normal-
ized according to PA gain noted G, is used to modify the
input modulation signal.

Thecritical pointinthe IMC structureis the description
of the inverse amplifier static nonlinearity. A solution
consists in using a complex polynomial function, com-
posed by even terms, to describe the inverse AM/AM
and AM/PM characteristics. The main advantage of
such modelsis that they are linear-in-parameters allow-
ing Least Mean Square (LMS) estimation techniques.

3. Baseband PA characterization

In IMC structure (Fig. 2), it is necessary to have a
description of the process in continuous time domain.
In this paper, a special case of Volterra series, the Ham-
merstein memory polynomial, is used.

3.1. PA model description

The nonlinear block presented here operates on base-
band quadrature 1/Q time-domain waveforms[17]. The
complex low-pass equival ent representation of the com-
munication signal is used to avoid the high sampling
rate required at the carrier frequency.

AM/AM

1 | lout
in NL >
Q Complex \lin JL \lNL Cartesian |:H(S) 0 :| .
in conversion conversion QNL 0 H(S) QO t

AM/PM

Figure 3: Radio frequency power amplifier model

Asshownin Fig. 3, the two-box model includesamem-
oryless nonlinearity and a filter matrix. The complex
gain givesanonlinear vers1onVNL InL + J.Qno Of the
transmitted input signal V. = lin + j.Qin according to
the polynomial function composed by eventermswhich

produces harmonic distortionsinside the PA bandwidth:

o

—NL Z k+1'|yin|2k'yin (4

k=0

wherec,, ., are the complex power series coefficients.

The dynamica model including memory effects
caused by the PA may be expressed with a differential
equanon Asshown in Fig. 3, theinput vV, to output

Vit = lout + j Qout relation of thisnt™ order filter can be
written as:

o b - ¥

|out ~ Qout
"+ Yhoay sk

H(9) = Ine Que

©)

where the coefficients {ax} and {by} are real scalars that
define the model.

3.2. Identification algorithm

The parameters ay, by and ¢, of previous PA model
have been identified by Output-Error technique (seealso
[25]). Thus, we define the transposed parameter vector:

T
“an-1 Do -+ bm €y - 92P+1] (6)
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Figure 4: PA identification scheme

With K values of baseband input vector (lin,, Qin,)
and output vector (I, , Qg ), Off-line parameter esti-



mation is based on minimization of a quadratic multi-
variable criterion defined as:

[
Il

K

T 2 o 2
Z(I;utk - Ioutk) + (Q;utk - Qoutk)
k=1

K
D@+ sop) 7)
k=1

As shown in Fig.4, we obtain the optimal values of ¢ by
Non Linear Programming techniques. Practicaly, Mar-
quardt’s algorithm [26] is used for the the minimization
of quadratic criterion based on the error between mea-
sured data and estimation such as:

Qi+l

=0, — {135+ - 11783 Ney, (8)
J; and J, are respectively gradient and hessian such as:
J=-2 35, (§|Tk ‘T, *EQ, ’ng_ﬁ)

"o K T .
J99 ~ 2 Zk:l (glk.ﬁ glk.ﬁ + ng.ﬁ ng.ﬁ)

A isthe monitoring parameter,

ol

The sensitivity 1Q functions o, = and
a9, . B -
o, = "o A€ obtained, for each parameter, by

partial differentiation of global PA model (Egs. 4-5).

I dentification results are shown for aMESFET power
amplifier, used at a center frequency of 900 MHz.
The input signa is a pseudo random binary sequences
(PRBS) at rate of 60 Mbys, filtered by a low pass root-
raised cosine with @« = 0.35. Optimization agorithm
and all data processing are performed using MarLaB
Maraworks. For the amplitude and phase identifica-
tion, fifth order polynomial expressionsand 1% order fil-
ter H(s) are used and allow achieving a good agreement
between the amplifier behavior and its estimation such
as.

MNL = (91 + G5 |Min|2 + G5 |Min|4) 'Min

Vou(8) = H(9) - Vi (8) = =

ao : MNL(S)

After 8 iterations, we obtain the following parameters:

¢y = 6,6537 - j1,61356
C3=-2,3588 + j 9,0722.10¢

Cs = 4,51456.10-1 — j1,7331.10°*
ao = 4, 7493 - 108
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Figure 5: Comparison of time-domain measurement and estimation

Figure (5) allows a comparison between measured
output waveform and estimation on | channel. As can
be seen, even if the amplifier is driven near saturation,
the non linear behavioral of the amplifier is successfully
described by the obtained model.

Value of quadratic criterion (V)

Iterations

Figure 6: Convergence of estimation error during identification

The estimation error evaluated by a quadratic crite-
rion value J (Eq. 7) is an indication of the correspon-
dance degres of the obtained model and the actual PA.
Figure (6) shows the convergence of this coefficient to
optimal value corresponding to the output noise and
modeling errors [25].

The dynamic characteristic of the PA system can be
described by aMIMO coupledfilter. Thered filter H(s)
and the obtained filter H(s) characteristics are repre-
sented in Fig. (7) by the gain and phase curves. Note
that the cut off frequency of the corresponding filter is
around 76 MHz.
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Figure 7: Comparison between afrequency responses of the PA circuit
and the obtained filter

4. Simulation and investigation

The IMC structure is evaluated by nonlinear simu-
lations using circuit envelope agorithm with Agilent
ADS simulator. The described class AB PA presented
in figure (8), is a single stage structure composed of a
MESFET device by Infineon (CLY 5). The behavior of
the transistor is described by a table based model of the
nonlinear drain current source associated to a junction
model for the gate to source capacitance.

The matching topology is designed to ensure optimum
power and efficiency performances at the 900MHz op-
erating frequency. The output matching has alow pass
T structure composed of a capacitor to ground and two
transmission lines.

H 1nF

e I e
33pF 3mm 00

Figure 8: PA circuit implemented on ADS software

Figures (9) and (10) showsthe AM-AM and AM-PM
conversion characteristics for the studied amplifier. The
1dB compression point is achieved for an input power
of 2.4dBm. The amplifier behaviour has been simulated
using the Harmonic Balance a gorithm and a sinusoidal
signal at 900MHz.

AM/AM Characteristic
T

Output power (dBm)
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Figure 9: AM/AM conversion characteristic
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Figure 10: AM/PM conversion characteristics

4.1. Inverse PA characteristic model

In linearizer architecture illustrated in figure (2), an
inverse characteristic Fyl isincluded to compensate the
PA static nonlinearities. This memoryless function take
into account simultaneous gain and phase characteris-
tics and can be modeled with a complex polynomial se-
ries[6][11]. Contrary to Fy., the inverse function F,g{
describe the relationship between complex envelopeV ;|

andV, . suchas:

Vi = Fai (Vo () ©
Q

= D Ol 0PV, 0 (10
g=0

The ultimate step consists in searching approxima-
tion of the complex parametersd,,, ., using the envelope
magnitude and phase distortions. Thus, the AM/AM
and AM/PM characteristics are used to optimize a poly-
nomial function by Least Mean Square (LMS) algo-
rithm [27]. A solution for the coefficientsis obtained by
minimizing the mean-squared error between the mea-
sured and the modeled output under low frequency sig-
nal such as:

6, = (4" o) oMV, (11)



where:

()M denotes transpose-conjugate transformation

6,=1d, dg dyo.1 1T isthe vector of polynomial

parameters,

V;,andV_ . arethe measured input and output complex

envel opes,

¢ = [fl fz e

fk = [Voutk Voutk|Voutk|2

regression vector,

andV , isak™ sampledinput.
k

Py ] isthe regression matrix,

Voutk|Voutk|2Q ]T is the

I¥

Noted that for these estimations, the regression vector
¢, isnot correlated with the measured input V;, .
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Figure 11: Comparison of the dynamic envelope variations at the out-
put of amplifier, model, controller ans the dynamic AM/AM charac-
teristic of the IMC system.

In practice, the PA characteristicsis performed by a si-
nusoidal excitation applied on baseband inputs 1, and
Qi at fixed low frequency and high input level. In these
conditions, the PA filtering effects are assumed negligi-
ble according to non linear dynamics. The input-output
curves are obtained by measuring the output gain and
phase as a function of input level.

For illustration, on figure (11) are presented the dy-
namic envelope variations of amplifier and model out-
put for a 16-QAM at a bit rate of 2.5Mby/s, modulated
at 900 MHz and shaped with a raised-cosine pulse with
35%. This signal is applied to the IMC system. Also
plotted are the dynamic enveloppe at the output of con-
troller and of overal IMC system versus the instanta-
neous input enveloppe. Thislast curve alows to verify
that the nonlinear behavior and the hysteresis effects are

dBm

reduced, showing the interest of the IMC system.

4.2. Linearization performances

To evauate the effectiveness of the proposed lin-
earization technique in suppressing spectral regrowth,
we compare the power spectral density of the PA output
without linearizer, with memoryless predistortion and
with IMC memory controller.

, */ |
With prédistortion }rﬂ'l H‘ ~ ‘ “‘nw
i o '\ J “‘ it 1 | 1
O G A ‘; | e J ,‘““ ‘m
- I 4“‘ \"‘\"“V “ \‘ ‘ H H M‘ “: Il f \" ‘W Lk
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Normalized frequency (MHz)

Figure 12: Output spectrum for the amplifier without linearization,
with predistorsion and with IMC.
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Figure 13: Carrier to intermodulation ratio versus carrier frequency
difference

Here, the baseband input is 4-QPSK digitally mod-
ulated signal at a bit rate of 5 Mby/s. Figure 12 shows
the output spectrum for an output power backoff of 3



dB. Using IMC structure, an improvement of approxi-
matively 10dB is obtained according to standard predis-
tortion and of 30dB according to PA without lineariza-
tion.

Due to memory effects, linearization performances
can depend on baseband signal frequency. To verify
the performances of IMC, simulations have been per-
formed for a two tones excitation with a difference of
2KHz to 20MHz between the carrier frequencies. Re-
sultsare plotted on figure (13) intermsof carrier to third
order intermodualtion ratio C/I in dBc. For the memo-
ryless predistortion designed with the previous 2.5Mby/s
16-QAM modulation, performancesare reduced and de-
graded at low baseband frequencies. Whereas, the IMC
system alows to improve the nonlinear performances
for the whole bandwidth considered.

If there is a signal with non-constant envelope at the
PA’s input, each of its samples will be amplified with
different gain and the introduced phase shift will dif-
fer according to the input signal amplitude. As a con-
sequence, the PA output signal will suffer from non-
negligible nonlinear distortion. Thus, for example in
the case of 16-QAM and 64-QAM modulations shown
in figures (14) and (15), the constellation point near the
saturation will be more deformed in the case of PA with-
out linearizer. These figures shows too the amelioration
of impairments of this nonlinearity in constellation dia-
gramsin the case of IMC feedback controller.

5. Conclusion

In this paper, nonlinear internal model control was
introduced and applied to power amplifier linearization
with different baseband signals. Design of the IMC
system, using baseband signal, is described. Simula-
tions are presented to demonstrate the interest of the
technique. For a 16-QAM at a bite rate of 2.5Mby/s,
IMC dlows to reduce nonlinear and hysteresis effects
on the dynamic envelope characteristic. Simulated per-
formances show improvement of the ACPR of 30 dB for
the amplifier at high output power, and 10 dB in com-
parison to predistortion. Furthermore, IMC alows to
improve performances in term of linearity for different
output levels and signal bandwidths. Compared with
classical Cartesian feedback and feedforward structures,
the robustness and stability of the proposed linearizer is
improved.

Our next objective is to implement the proposed lin-
earizer architecture for an industrial amplifier in cellu-
lar phones or RF base-station. In this case, we can study
the robustnessimprovement with regard to carrier phase

shiftsin the linearizer branches or stability according to
on-line devices variation.
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