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Statistical modeling of non-linear amplifiers
ADRIAN LAHUERTA LAVIEJA
Department of Signals and Systems
Chalmers University of Technology

Abstract

Complexity relaxations in wireless communication systems operating at the bound-
aries of components performance are foreseen. Due to this matter, a need to properly
characterize hardware impairments degrading the performance of communications
links has been recognized in previous studies. Statistical models might be the defini-
tive tool for assessing the impact of these non-idealities.

Particularly, the non-linearity of power amplifiers in multi-antenna scenarios was
examined in this thesis. To this matter, a full revision of a novel method capable
of capturing this limitation for a single-antenna and thus, a single power amplifier,
was carried out. Thereafter, the strategy was to commence with the simplest multi-
antenna case and to increase the number of antennas and users until a general model
was achieved.

Results of the developed models in the thesis are provided concluding that these
kind of approaches are valid to model the non-linear nature of power amplifiers in
MIMO systems. Another studies of the evolution of this distortion when varying
the number of antennas and users are also presented and analyzed.

Finally, it must be emphasized the fact that this master thesis was carried out within
the scope of a collaboration project between Ericsson AB and Chalmers University
of Technology.

Keywords: hardware impairments, non-linearity, power amplifiers, statistical mod-
els, multi-antenna scenarios.
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1

Introduction

Hardware impairments of radio-frequency transceivers and, specifically, the non-
linear distortion of power amplifiers tends to degrade the performance of commu-
nications links [1]. These effects are increasing due to the development towards
systems operating closer and closer to the limits of hardware capabilities and the
pressure towards low-cost devices. The impact of some of these impairments can
be compensated for at the transmitter through calibration or pre-distortion, or at
the receiver using sophisticated post-compensation methods. As modern wireless
communication systems grows in complexity, it becomes increasingly important to
characterize the impact of hardware impairments in order to make better, informed
decisions on the degree of necessary compensation. Classical linear link-budget tools
may fail as they do not represent the temporal and spatial correlation of the signal
and distortion components, therefore, statistical models that describe the effect of
hardware impairments is crucial to obtain accurate system throughput estimates
using improved information-theoretic methods. Such methods would further allow
us to identify potential bottlenecks in a transceiver chain in order to partition the
signal processing efforts in a more efficient manner.

1.1 Background

The increasing demand for data traffic by our society is leading technology to find
new solutions for increasing the spectral efficiency of communications channels [2].
One way to address this challenge is the use of multiple antennas at each radio-
base station to transmit to different users, technique known as MIMO (Multiple
Input-Multiple Output). The importance of this idea is illustrated by their presence
in many recent standards, such as IEEE802.11n and Long Term Evolution (LTE).
Interestingly, like many other brilliant solutions developed in these years in the field
of digital communications, the MIMO concept is not a new idea but dated back
to the 1970s and was studied as a model for multipair telephone cables [3]. MIMO
techniques improve communications performance by exploiting multipath scattering
in the communications channel between transmitter and receiver. MIMO techniques
create spatial diversity which allows for using spatial multiplexing of users [4].

The spectral efficiency of a wireless MIMO system is limited by the theoretic
capacity achievable, which depends on several factors such as the signal-to-noise
ratio (SNR), the spatial correlation in the propagation environment, the channel
estimation accuracy, the signal processing resources and the transceiver hardware
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impairments. It is of profound importance to increase the spectral efficiency of
future networks, to keep up with the need for bigger data amounts. However, this
is a challenging task and usually comes at the price of having stricter hardware and
overhead requirements. MIMO techniques have the potential of both increasing the
spectral efficiency and relaxing the aforementioned implementation issues.

In order to cope with the extreme demands, another technique using very large
antenna arrays called massive MIMO is considered an enabling technology [5]. The
amount of published research on massive MIMO is quite rampant, much like the in-
terest in using low-precision hardware. However, most of these are lacking in terms
of accurate hardware modeling, which so far has been addressed in a few studies
[6]-[8]. These impairments degrade the quality of the signal beyond the impact
of fading or thermal-noise [9]. Some of the most important sources of impairment
are amplifier non-linearities, carrier-frequency offset, sampling-jitter, phase-noise
and IQ-imbalance. In this thesis work we will focus in the non-linear distortion of
the power amplifier. The non-linearity of commercial amplifiers is often specified
through their intermodulation distortion (IM3), which is defined as the output power
where the spectrum of the third order intermodulation product is equally strong as
the spectrum of the corresponding linear component [10]. This is translated into a
distortion of the constellation and, therefore, errors in the information received. An
example of a constellation with normalized power obtained using RF WebLab * and
affected by a real amplifier can be observed in Figure 1.1 (a). The main characteris-
tics of this distortion are its non-Gaussian nature and the stronger compression and
rotation of the constellation’s outer points. It is observable that Gaussian models
may fail trying to capture the non-linear behaviour of a real PA, Figure 1.1 (b).

The need to characterize the hardware in a statistical way has been recognized
[11]-[13]. In fact, for the successful design of future radio access understanding of
radio hardware characteristics is of tremendous significance. Furthermore, statistical
abstractions will enable link and system level assessments of end user experience
and network capacity to aid algorithm design and future standardization leading to

%’_g & g " 260 @ &9 6@
) o ¥ o 8> o s
- . o 2 699 6 anae
TV &« - - ® & & % & % 8 &
» e .« - - * % % & 2 ¥ 20
- s a - L R 3B NE BE B BN B
X b e IR
* 0o 4 40000y
(a) Real amplifier distorion (b) Gaussian model

Figure 1.1: Shortcomings of Gaussian models when modeling non-linear effects.

'RF WebLab. http://dpdcompetition.com/rfweblab/
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adequate radio product requirements.

Some authors showed that a Gaussian model is a reasonable model for the
sum of hardware impairments [14] while others developed this model towards Mas-
sive MIMO systems [9], [15]. However, these models do not seek any quantitative
conclusions but limit the study to a particular case. In these thesis work a model
that accounts for the non-linear distortion of the power amplifier and supported by
numerical simulations will be looked into. In contrast to previous works, Thomas
Eriksson and Nicolo Mazzali show in their soon published work that distortion can-
not be accurately described simply as a stationary additive noise, but that there
are also noise components that depends on the statistical properties of the transmit
signal.

1.2 Goals

The investigation aims to model one of the limiting factors of any wireless multi-
antenna communication system: non-linearity of power amplifiers, responding to
the need for applying statistical accurate models that characterize hardware impair-
ments. The research will specifically look into develop a single-antenna model to
a multi-antenna environment. This will be done by statistical analysis and calcu-
lations in the same way it is done by Eriksson and Mazzali. This work seeks to
identify how the distortion terms are affected by the signal power, the severity of
the non-linearity, the pulse shaping/matched filters or the normalized moments of
the constellation (e.g. PAPR). Simulations and validations will also be performed
in order to evaluate the model.

Although it is not related to the outcome of this thesis, it is important to
mention that a full revision and understanding of the yet not officially published
work which this thesis is based on is accomplished. Fruit of this revision, a little
contribution was made as long as an simulator from the ground to test model’s
performance.

1.3 Outline

The thesis report consists of seven chapters: Introduction, Prerequisites, Single-
Antenna model, Multi-Antenna model, Results, Conclusions and Future work. In-
troduction gives an overview of the thesis work and introduces the necessity of de-
veloping this sort of models. Prerequisites is used to describe previous key concepts
where the next chapters are based: first describes the non-linearity of the power
amplifier, continues presenting some mathematical and probabilistic tools useful to
understand subsequent reasoning in this thesis and finishes two new blocks included
in the system. Multi-Antenna model presents the models developed from the sim-
plest 2 by 2 model to a general scenario involving different number of antennas and
users. Results shows the outcomes of the simulations and evaluations conducted in
the thesis. Conclusions extract main ideas based on the results and, finally, Future
work concludes the thesis proposing new problems to study.
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Prerequisites

In this chapter, assumed theoretical used in the thesis are presented. First, non-
linear behavior of power amplifier is examined. Among the different existing models
of PAs a third polynomial model is used. Subsequently, some necessary mathemat-
ical tools to understand the development of the equations are introduced. Finally,
system elements included in our project structure are described.

2.1 Non-linearity of power amplifiers

The power amplifier, which operates at the RF level, is assumed to operate in the
linear region for simplicity of the performance analysis and system design. Neverthe-
less, this assumption is not valid in practical situations. Indeed, the power amplifier
may operate in its nonlinear region, especially when it works at the medium and
high-power signal levels. In such cases, the power amplifier nonlinearity will cause
in-band and out-of-band distortions [16]. The in-band distortion will increase the
error vector magintude (EVM) and reduce the system capacity. On the other hand,
the out-of-band distortion appears as a spectral regrowth, hence resulting in adjacent
channel interference (ACI).

The characterization of nonlinear power amplifiers can be demonstrated by
two kinds of models: memoryless models with frequency-flat responses and memory
models with frequency-selective responses. Memoryless power amplifier models are
characterized by their amplitude-to-amplitude (AM/AM) and amplitude-to-phase
(AM/PM) conversions. Some examples of this kind of models are [16]: travelling
wave tube amplifier (TWTA) model, solid state power amplifier (SSPA) model, and
soft-envelope limiter (SEL) model. Examples of memory models are the Volterra
series (such as Wiener, Hammerstein, Wiener-Hammerstein and memory polynomial
models). In this thesis, a simple third order memoryless polynomial model will be
used.

As it is shown in [17] a baseband power amplifier can be modeled as:

p(t) = Z_: o[ (t)[*b(t), (2.1)

where b(¢) is the baseband PA input signal, y(t) is the baseband PA output
signal, and a4, are complex-valued coefficients that can be extracted using standard
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linear regression methods [18]. The highest nonlinearity order is 2K+1 . The fact
that only odd-order nonlinear terms appear in Eq. 2.1 is attributed to the bandpass
nonlinear nature of the PA [17].

2.2 Probability

Next some of the probability basic terms required to understand this thesis will
be shortly defined. Nearly all definitions and properties can be consulted in [19].
Nevertheless, it will be pointed out when another source is used.

2.2.1 Definitions

Definition 1 FEzxpected value or expectation.

E(X)=> z-m(x), (2.2)

€N

Definition 2 Variance or power. Denoted by 0%,

0% = B[IX — B(X)[], (2.3)

2.2.2 Theorems

Theorem 1 Moment theorem [20]. Suppose x,, = x(t,) for (n = 1, 2, ... N) are
samples from zero-mean, complex Gaussian process (t).

a) If s # t, then

Elrixe - xsxiay---xi] =0 (2.4)

b) If s = t, then

Blwyzy - ag wjay - xj] = ) (Elz1af]) (Blwaay]) - (Elzeaf])  (2.5)

Proof of this can be consulted in [20].

2.3 Channel and precoding

In order to accomplish a model as realistic as possible, communication channel and
precoding concepts are included in the system diagram. The communication channel
is merely the medium used to transmit the signal from a transmitter to a receiver. It
may be a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light,
etc. [21]. Tt is important that it is an shared medium so it will cause interferences
and other problems. Furthermore, MIMO techniques require orthogonal channels

6
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in order to work. This means, in the symmetrical MxM case, that rich scattering is
needed, whereas in the asymmetrical case, it may be created using many antennas
at the base-station [22]. There are different models of channel such as AWGN,
Gaussian channels, Rayleigh channels, propagation models...

The principal complication in multi-antenna channels is the separation of the
data streams which are sent in parallel. Precoding or pre-equalization, a key ele-
ment of MIMO techniques, is one way to mitigate the interference between different
data streams. It is a generalization of beamforming that can support transmission
for multiple streams in multi-antenna communication systems. Beamforming is a
powerful technique to increase the link signal-to-noise ratio (SNR) through focusing
the energy into desired direction. It is achieved when the transmit antennas are
appropriately weighted in gain and phase for each transmission stream. In the case
of multiple data streams, precoding generally combines the streams in orthogonal
directions using weighting matrices according to the channel distribution. This type
of processing at the transmitter requires the Channel State Information (CSI) at
the transmitter. In order to be able to obtain CSI at the transmitter, the chan-
nel should be fixed (non-mobile) or approximately constant over a reasonably large
time period, known as channel coherence time. If CSI is available at the transmit-
ter, the transmitted symbols, either for a single-user or for multiple users, can be
partially separated by means of pre-equalization at the transmitter. In this thesis,
perfect-channel knowledge is assumed.
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Single-Antenna model

In this chapter the model that acts as starting point of our project is described.
This single-antenna model that accounts for the distortion of the PA by probabilis-
tic calculations is explained in detail since it is vital a complete understanding to
comprehend the work carried out in this master thesis.

3.1 System description

As mentioned in section 2.1, a complex baseband model represented by a third order
polynomial will be used, Eq. (3.1). Without loss of generality, the parameter for the
linear term may be normalized to 1, leaving it as a simple single-parameter model.

p(t) = b(t) + ab(t)|b(t)|* = (|b(t)] + alb(t)]*) 7O (3.1)

For strong non-linearities or memory effects, one should consider using higher
order terms and memory taps. However, for the purpose of this study, a simple third
order model is good enough. The approximation of the amplifier with its 3rd order
Taylor expansion is the only approximation the authors made; in the following, the
equations are exact. The block diagram of the system is shown in Figure 3.1 where
the channel response is considered as 1.

Being z,, the input symbol to the system, the output symbol z, will be derived
mathematically. First, the input signal is pulse shaped, crucial to limit the effective
bandwidth of the transmission as well as keeping the intersymbol interference (ISI)
in control [23]. The pulse shaping filter used in Eriksson and Mazzali’s work and in
this thesis is Root-Raised-Cosine filter (RRC), a double-parameter model: 7" which
is the symbol period and [, so called roll-off factor, which is the excess bandwidth
divided by half of the symbol rate. Filtering is shown in Eq. (3.2) where the pulse
shaping filter is denoted by e(t).

b(t) = Y et — kT) (3.2)

The output from the amplifier, Eq. (3.1), is contaminated with Additive White
Gaussian Noise (AWGN) before the matched filter. This front-end filter with impulse

9
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e(t) flt)

Xo A~ X~ 2(t) Zn
—»{ D/A > % % » A/D —>
DAC Pulse Matched ADC

shaping filter filter

Figure 3.1: Block diagram of the transceiver which contains a non-linear RF power
amplifier (PA).

response f(¢) and normalized power, Eq. (3.3), constitutes the last step before the
sampling proccess, Eq. (3.4).

zn = 2(t)

t=nT

_ / " (bls) + ab(s)[b(s)[* + w(s)) F(nT — s)ds =

= — kT T — s)ds+

k%zioo T, /_Oo e(s ) f(nT — s)ds 3.4)
+ /OO « i xpe(s — kT) i xie(s —IT)| f(nT — s)ds+

X k=—c0 l=—00

+ /_O:o w(s)f(nT — s)ds

Applying the property of the matched filter in Eq. (3.5), it is seen that in ad-
dition to the desired symbol z,, and the additive white noise w,, there is a distortion
term d,, due to the non-linearity. In the following section, the distortion term will
be separately studied and derive its statistical properties derived.

5 (1)

l=—0c0

zn:xn+wn~|—/ a Y xke<;—k>

k=—o00

dn

For the calculations, some symmetry properties of the constellation of the
input z,, will be assumed. First, it is assumed that the real and the imaginary
parts are both symmetric around zero. Second, real and imaginary will be assumed
symmetric, so that both parts have the same statistics. Both those symmetry aspects
are fulfilled by common single-carrier constellations such as M-QAM and M-PSK,
and by any OFDM modulation.

10



3. Single-Antenna model

3.2 Statistical amplifier analysis

The authors identify the distortion term, d,,, in Eq. (3.5). The objective now will be
to derive the statistical properties of this term and see how the non-linearity affects

to its behaviour. Applying a time translation and doing some rearrangement gives
Eq. (3.6).

2
/Oo o > xpe(s —kT) Z xie(s —IT)| f(nT — s)ds =
X k=—00 l=—00
IR s s s s
= ak;ml;mm;kaxlx / e (T k) e (T - l) e (T —m) f (T — n) ds =
KPP P> Loz 8z )elg—m)s(g) o=
= O_/k_ioOl_ioom_ioown kLp— ll"n m - e T (& T m T S =
Akim
=a Y > Y MimTnkTnoi
k=—00 [=—00 m=—00

(3.6)

Studying the equation, it is observed that the distortion term is a linear func-
tion of «, and depends on the third order statistics of the transmitted symbol se-
quence. Particularly, the distortion term depends on the value of the current trans-
mitted symbol x,, which will be utilized in the following. The parameter Ay, is
entirely a function of the pulse shaping/matched filters. It has its highest values
when all three parameters k, 1, m are close to zero and it is invariant with respect
to index permutations, i.e., so that A\g;, = Ak ete.. For a filter with long impulse
response (such as root-raised cosine with low roll-off 3), Ay, decays slowly with k,
I, m and many transmitted symbols x,,_; affects the current distortion term d,,. In
the following, the statistics of d,, for a given transmitted symbol z,, will be studied,
but where the rest of the transmitted symbols z,_x, k # 0, are regarded as (in-
dependent) random variables with variance o and mean zero. This therm can be
rewritten in polar notation as in Eq. (3.7).

oo 0 oo
d” =« Z Z Z >\klm|‘rn—kan—l|‘x:;—m‘6J(£wn7k+lwnililwnim) (37)

k=—o00 l=—00 m=—0o0

Focusing on the n-th sample of the distortion term, d,, the interest at this
stage will be in determining how the other symbols of the constellation contribute
to contaminate the current symbol, z,. In order to isolate the terms depending on
the magnitude of the current symbol x,,, d,, can be modeled with several coefficients,
¢;, which are independent of z,,. Note that these coefficients are time-varying random
processes ¢;(n), but the time index has been omitted to simplify the notation.

Coeflicients cg, ¢1, co and c3 represent the four possibilities of this third-order
expression: none of the symbols are equal to z, (coefficient c¢;), just one of the

11



3. Single-Antenna model

symbols are equal to x,, (coefficient ¢1), two of them are equal to x,, (coefficient ¢y)
and, finally, the tree of them are x,, (coefficient c3).

dy = o + c1]@n| + co|@n|” + cslzn)? (3.8)

where,

o= Z Z Z Akt Tn—kTn—1 Ty (3.9)

k=—o00 l=—00 m=—00

k£0  1£0 m#0

c1 = ae 4 Z Z Abl0ZTn—kTn_i + 200e74%n Z Z Mt0Tn—xTr_,  (3.10)

k=—00 l=— k=—00l=—
k#0  1#0 k#0  1#0
) [eS) (o9
Co = O(6J24wn Z Akooxsz + 2« Z /\kOO'Tnfk (311)
k=—o00 k=—00
k#£0 k#0

In the following, coefficient properties are studied separately and calculations
are explained to ease approaching this complex theoretical problem and, in this way;,
comprehend key concepts of the thesis. It is important to emphasize that from now
on, in all the statistical analysis, the random variable is x,_ (or Z,_;, Tp_m, --.)
which is independent from the current symbol, z,,, and from there, the importance
of knowing how closest symbols affect it.

Starting off with the first coefficient, ¢y, calculation of its expectation and
variance is tackled. This term is the sum of many independent components and
can be approximated as Gaussian, with mean given by Eq. (3.13). Firstly, it was
exploited the fact that symbols are zero mean and uncorrelated, which means that
only when the symbols experiment the same delay their contribution to a expected
value will be non-zero, and that £ [%’n_k|l‘n_k|2] = 0 due to the symmetry properties
according to Theorem 1.

Elc) =« Z Z Z Aeim B {-Tn—kxn—lx:;_m} =
k

00 l=—00 M=—00

?;0 10 m#0 uncorrelated
o ) (3.13)
=a > I E [%—k|%—k| } =0
k=—0oc0
k#0 symmetry=-0

The variance is calculated in Eq. (3.14). It can be observed that it scales lin-
early with |a|® (the severity of the nonlinearity) and with o8, depends on the pulse-
shaping filter (through A, depends on the moments of order 4 and 6 of the mag-
nitude of the normalized transmit constellation, £ “J:n_k / 0x|4] and F [|xn_k / axﬂ.
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3. Single-Antenna model

The latter implies that a high peak-to-average-power-ratio (PAPR), leading to a
high sixth order moment, cause a higher variance of this term.

E [|CO|2} = |a| Z Z Z Z Z Z )‘klm opq [xn kLn— lxn ml';; 017:, pTn—q| =

00 M=—00 0=—00 P=—00 §=—00
k7£0 l5£0 m#0  o#0  p#0  ¢#0 uncorrelated
00
2 2 2 2
P S S S N [l kPl Pl al?] =
k=—o0 l=—0c0 m=—00
kA0 1£0  m#0
o) o] 2 2 2
Tn—k |7 | Tn—1 Tp—
“lafat 3 3 3 g ||t rn
k=—00 l=—00 m=—00 T Oz Og

k£0 1£0 m#0

constellation-dependent parameter
(independent of transmit power o2)

(3.14)

Therefore, the analytical expression of the variance of ¢y enables optimization
of transmit power, pulse-shaping filter and constellation with respect to nonlinear
distortion. Furthermore, it gives us a better tool than peak-to-average-power-ratio
to judge the severity of the nonlinear effects for a given constellation, which is
generally useful.

Applying the same procedure to coefficient ¢y, Eq. (3.15), it is discovered that
it is not a zero-mean RV. 2" line in the equation is due to uncorrelated consecutive
symbols, and the 3" line is due to symmetry requirements on the constellation. The
power of ¢; can be computed as in Eq. (3.16).

Elei) = ae 7 3" 3" Ao B [wn—g@n] #2073 N AN E [Sﬁn KTy l} =
—_— N

k=—o00l=—00 k=—o00l=—00
k#0  1#0 uncorrelated k#0  1#0 uncorrelated
0o 0o )
—jLxn 2 | Lxn _
= ae™ Z Meko E [xn_k} +20e? Z Meko [|xk| } =
k=—o00 N——— k=—o0
k#£0 symmetry=-0 k#0
A 0o
:2010'3(6]435" Z ALLO
k=—o00
k40
(3.15)
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3. Single-Antenna model

) ‘ 00 0o ) 00 00
E [|01’ } = F ||ae™74%n Z Z Akl0Tn kT + 20014 Z Z )‘kl()xnkaz,l =
k=—o00l=—0 k=—o00l=—0

kA0 140 kA0 140

= |al? Z Z Z Z A0 Aop0 B [Tt (Tn—oTn—p) "] +

00 0=—00 p=—00

k:;éO l;éD 0#0  p#0

+ 4af? Z Z f: i Mei0Aopo E [ggn,k:p;_l (:Un,oa:;;_p)*}%-

k=—00 l=—00 0=—00 p=—00
RAO 120 020 | pAO
) 9 00 9 00 N
—j2Lxp *
+ 2|OK| e’ Z Z Z Z )\klO)\opO E {zn—k$n—l (xn—oxn_p> } +
k=—00 l=—00 0=—00 p=—00
k#0 1#£0 0#0  p£0 symmetry=-0
) (S) (9) ) 0o
j2/2n * * _
+ 2|Oé| e’ Z Z Z Z AklO)\opOE [(J;n—kxn—l> xn—omnfp} -
k=—00l=—00 0=—00 p=—00
k#0 1#0 0#0  p#0 symmetry=0
2
_ 2 4 xn l
—slaltot 37 3 ap |2
k* 0o l=—00 T z
k#0  1#0

(3.16)

Since c¢; does not have mean zero, it is convenient to decompose it into a
constant (i.e., the mean) and a zero-mean variable, according to Eq. (3.17). The
new variable will have zero mean and a variance given by Eq. (3.19).

g =c— Elci] =

o oo [o.¢] oo
—jLxy j/Tn *
=ae™’ Z Z AL0Tn—kTn_1 + 20c€’ Z Z Akl0Tn—kTy, _—
k=—o00l=— k=—o00 l=—0
k£0  1£0 k20 1£0 (3.17)

o0
— 2(10?(63“" Z ALEO

k=—00

Eld]=0 (3.18)

2
Tn—k L
Oy

-l

B[] =slafol 3o Y ( [

k=—o00l=—0c0

E£0 10

2
] - AkkoAuo) (3.19)

Oz

With the same procedure as before ¢y and c3 expectations and variances can
be extracted.
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3. Single-Antenna model

Eles) = a5 37 NgoE [x;szk} +200 Y Moo [wni] =0 (3.20)
= =

2

E[|02|2} = E ||ae®™ > Nooxi_p +2a > MooZak| | =

k=—0o0 k=—o00
kA0 k40 (3.21)
= 5lal? > XooE “xn—kﬂ = 5laf’o; > Ao
=y =y
E|lesl’] =0 (3.23)

To conclude, a depiction of the four coefficients is made in Figure 3.2 to study
their behaviour separately. On one hand, it is perceived that c;, more strongly, and
¢ mark the non-linear shape in the constellation mainly visible in the outer points
of the constellation. On the other, hand c3 seems to contribute directly to a slight
compression of the signal. Finally, ¢y present a totally linear appearence so it may
be conclude that it does not produce non-linear effects.

3.3 Statistical model

After analyzing the different coefficients, the authors finalize their work proposing
the model in Eq. (3.24).

2 2
o e (14 0® 4@ Lo yolEal | elzal
n n 2 n n Oy n 0_:%

+ wy, (3.24)

T

Where u¥ terms are constants which non-linearly rescale and rotate the con-
stellation, and v are random variables with mean zero. The variances of v terms
are functions of ¢% which indicates a very strong scaling with the signal power.
Further, they are a function of the severity of the nonlinearity |a|2, of the pulse
shaping/matched filters as given by Ag;n, and of the normalized moments of the
constellation (e.g. PAPR).

u(l) = 20&0’3( Z )\kkO

k=—00

k0

(3.25)
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3. Single-Antenna model

c0 c1*abs(x)
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Figure 3.2: Simulation of the model coefficients over a 64-QAM constellation.
u(g) = 050'326)\000 (326)
r 2- oo (0.9] oo T 2 T 2 T
(0) o 2 6 2 n—k n—l n—m
E ‘Un =lalffoz >0 > > NawE . . pu (3.27)
- - k=—00 l=—00 m=—00 z z z

E£0  1£0 m#A0

- " 2 2 6 [eS) %) ) Tk 2 Tl 2
E ‘Un ‘ :5’Oé| 0, Z Z AklOE ‘O‘ _)\k;k0>\ll0 (328)
Tkt
9 oo
E Uv,(f)‘ ] =5lal’08 > Ao (3.29)
Ty

The authors have shown that the pulse-shaping filters and transmit power can
be optimized using the new statistical framework and that new optimal constel-
lations can be designed. New analytical expressions have been found for how the
distortion scales both with the (cube of the) average signal power, and with the
instantaneous power. Furthermore, an analytical expression for nonlinear constel-
lation rescaling is found. These expressions will be useful to understand the effects
of amplifiers in various communication scenarios, and to optimize constellations,
amplifiers and matched filters to minimize such effects.
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4

Multi-Antenna model

In this chapter, the path from a single-antenna model to a multi-antenna model is
drawn. The aim is to design a scenario that connects a multitude of transmission
antennas to different users. The model structure designed is similar to the SISO
(Single Input Single Output) case except for the channel and precoder blocks placed
in order to get the most realistic model possible. Nevertheless, due a matter of size,
not all the calculations are included in this chapter. Instead, they will be placed in
different Appendixes, each one indicated when needed. In the following, a matrix
version of the equations will be shown.

4.1 2x2-Antenna model

The goal of this section is to develop a statistical model capable of describing the
received signal as a decomposition from different moments of x,, together with the
filter contribution (as done in the SISO model) but adding channel and precoder
participation. Hence, the model will start off approaching the simplest case: 2
transmit antennas and 2 users. At this point, the communication channel H defined
as in Eq. (4.1) due to the necessity of immediate reference. The block diagram
depicted in Figure 4.1 may be very helpful to comprehend the process described in
the following. In the following equations of this chapter, both channel and precoding
algorithms will be kept general, leaving to the choice of the simulator chose the ones
preferred.

L Jh hao
H_\/ﬁlhm hioy (4.1)

In the same manner as in the single-antenna model, the input signal x,, is first
lead to a pulse shaping filter e, resulting in a new signal a,, Eq. (4.2), where ® is
defined as element-wise convolution.

a=x®e, = [M] ® e, = lall (4.2)
i) a9

Afterwards, the precoding is performed by multiplication with matrix G. The
objective of the precoder is to help retrieving the original information which, due to
presence of the channel, will be blended in the channel later on. There are several
ways to approach this mission. Due to the simplicity of calculation of the inverse
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4. Multi-Antenna model

e(t) f(t)
) At as(t) by(t) |4 (UT —_— — — ya(t) At Zin
X1—>D/A X”:% > »| PA : : : - %Z():A/D—»
! S
e(t) ax(t) G by(t) p (t)\r : H : Valt) flt) " i
" t 2 2 2 2 Z,(t 2n
XZ—»D/A XZ”u% q »| pa | JI % 2=A/D—>
L — —
Precoder Communication ~ Wa(t)
channel

Figure 4.1: Block diagram of the system consisting of 2 antennas and 2 users.
Precoder and channel blocks were added.

matrix of a square 2x2 matrix, which will guarantee a perfect recovery, the inverse
matrix will be used as precoder, Eq. (4.3).

1 1 1 h —h
G-H'!'= guin Gz _ _* | ] 22 12 4.3
\/§ [921 922 \/§ h11h22 - h12h21 _h21 hll ( )

Signal precoding produces a new signal b,, Eq. (4.4), which goes directly to
the process of interest in this thesis, the non-linear amplification, Eq. (4.5), before
passing through the channel, Eq. (4.6).

L g g1 |aa by

? V2 [921 922| Q2 ba (4.4)
by + 0411?1|b1|2 yal

— = 4.5
p |f)2 + 042b2|b2’2 D2 ( )

L {hyr hio P Y1
= Hp=— = 4.6
Y p \/§ lhm haa| |p2 Y2 ( )

Finally, the received signal goes to the matched filter f producing the output
signal z, Eq. (4.7).

2= [y + W] ® fom (H " M) o f = H (47)

Y2 Wa )

In the output signal z, an equal number of signals to the number of users
will be obtained. From this moment on, the signal for User 1 z; will be the center
of attention since calculation for other users can be achieved similarly. Deriving
all the equations above, which can be consulted in Appendix B, the final output
signal for User 1 can be written as in Eq. (4.8) where the distortion term has been
shortened by dy,. In Eq. (4.9) all the terms of the distortion that appear from the
cross-products are shown.
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4. Multi-Antenna model

Zin = T + Win + dip (4.8)

1
dlnzi

* * *
5% Akt L1212127 + Mg L2225 + Mgy Lz w225 +

dmln d$2n d

Ilnz2nz§n

* * *
+ Mot L1 2125 + A Ls 212722 + A Le ] 2222

d d
zlnzlnz;n Ilnzg{nz}n zin12nz2n

where Ly, as representative of L; terms is shown in Eq. (4.10). The evolution
of term L, with the number of antennas and users will be shown in next sections in
order to compare.

Ly = oy hyy (1) = g75(8) 5 (g (£))” + g % haa(t) # (g21(t))” * g3(1) (4.10)

The next task will be to analyze each one of the terms in Eq. (4.9) as it was
done with the only term in the single-antenna model. Each one of the terms must be
treated separately knowing that two kind of terms are present: either terms where
there is presence of signal from only one user (2 terms, one coming from User 1
and another from User 2) or terms where information coming from both users are
combined. For the first kind of terms, the statistical analysis is already known and
they will be modeled as in the SISO model. For the second kind, the statistical
analysis is carried out. As an example of this, calculations on coefficient ¢35 are
shown, Eqgs. (4.11) to (4.13), where it can be noticed that due to independence
between signals from different users third order statistic moments will never appear.
Remainder calculations of this model can be found in Appendix B.

c13 = Ly Z Z Z )\kmxn kxn ,xﬁl)jn (4.11)

k=— 00 M=—00

P l;éo m#£0

013 =1, Z Z Z et B [n— n)lxq(f_):n} -

k;ﬁO l7¢80 m?’fo independent
and uncorrelated (4 12)
=Ly Z Z Akt B ( (1) ) }E [9522_)1} =0
P T
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4. Multi-Antenna model

E[Jess|’] = L4 D Z N E

k=—o00 l=—00 m=—

k;éO l;éo m;éO

= | L4 Z Z Z NeimE [’937(11)16‘2"%7(11)1‘2]E{x’?)mz}: (4.13)

00 l=—00 M=—00

k;éo 140 m#0

B L 2 4 ) [e’e] [e'e}
= | Ly 0,10 42 Z Z Z )\klm

k=—00 l=—00 Mm=—00

E#£0  1#£0 m#A0

Tyl n—

EENE

2 27]
e

n—

(1)

xn—m

O (1) Ox(1)

Finally, when the analysis of all terms is ready, it is possible to write an
equation model alike to the single-antenna model of Eriksson and Mazzali as in Eq.
(4.14). The strategy of arrangement of the coefficients obtained has been to put
together those terms which are multiplying the same signal magnitude.

2
Zin = T1p (1 +u® 4@ 4y |§:§| ) + (08 + o + oM 4 o1 4 oY) |”:1”|+
x1 xr1

2 2
+ (v,(f + o) 4 20 ) @ + Zon (u(5> e NG |$2;z| ) N
0-371 O_m2

2
U,(f) n v (10) | U(IG) i U(21) o (25 ) M 4 (U,(lﬁ) + Ugl) + U7(L26)) @4_
Oy 0272

_l’_
~/~

2
) |I1n| |J72n| ( (12) +u(17)) |10 |2n] i

2 2
O' U:I:Q O-xl 0-372

4o 4@ 4 o® 4 U<13> + o9 L@ 4,

+ (ut®

(4.14)

The most notable aspect of the system equation obtained is the existence of
Multi-User Interference (MUI) in the distortion term. This term cannot be elimi-
nated with any precoder since it comes from the non-linearity of the power amplifiers.

b(t) PJ(UT _—— =
»{ PA : I
e(t) I fit)
n (t) ai(t) | yi(t) (t) Z1n
)(1—>D/AX1=% > | : : %thA/Dl—b
by(t) pa(t) | | |
G —|»- CH o e .
e(t) I
Xan xolt) [~ % | R ~_ |2
—»{ D/A > % > | | % » A/D —>
bs(t) ps(t) | |
> PA | I wo(t)

Figure 4.2: Block diagram of the system consisting of 3 antennas and 2 users.
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4. Multi-Antenna model

4.2 3x2-Antenna analysis

Adding a new antenna to the scenario (Figure 4.2) will cause several variations
in the equation process. Firstly, the precoded data matrix b will hold 3 different
signals instead of 2. Therefore, from this moment until the very end of the equation
procedure three signals will be combined instead of two.

These facts are translated in a distortion signal for the User 1 which has the
same six terms as in the 2x2 model but the contribution of channel and precoder is
greater due to the presence of the third power amplier, Egs. (4.15) and (4.16). All
the calculations derived for this model can be consulted in Appendix C.

1 ‘ « *
dy, = 2 Mt L 212127 + Mg Lo@o 2225 + A La® 10205 +
dz n dz n T1nT na:*
' ’ e (4.15)
+ Mo Laz12125 + Mg Ls 212722 + Agim Lo 2222
dzlnzlnzsn dzlnzTnIQn dzinz2n12n
where, for this case, L4 is
2 2
Ly = anhyi(t)x (911(t))" * gia(t) + axhaa(t) * (ga1(t))” * gan(t)+ (4.16)
+ ashyz(t) * (gs(t))” * gin(t
ba(t) P1(t) |_ -7
|
. | |
|
|
e(t) | ftt)
X1 Xl(ti ~_ 01(12 b(t) pa(t) | | yalt) ~_ zl(tl Z1n
—H AT —» : | AP —>
|
| w;(t)
G| . 1 H,
|
eft) . ! ftt)
\ as(t) | vatt) t 2
o fom PR : | L ] P N
L ] | I
j|, | | walt)
bu(t) M(t) | |
|
’ l____

Figure 4.3: Block diagram of the system consisting of M antennas and 2 users.
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4. Multi-Antenna model

4.3 Mx2-Antenna analysis

At this moment, it is known how the model is affected by an increment of transmit
antennas. Extending this reasoning to a general case where the number of antennas
is M and keeping the number of users in 2, it is seen that the number of signals
involved in the process will be M (Figure 4.3). Following the same procedure as
before, a distortion signal for the User 1 is reached, Eq. (4.17). Once again, the
same number of products between signals emerges but contribution from channel
and precoder is now a sum over M term for each product, Eq. (4.18). All the
calculations derived for this model can be consulted in Appendix D.

1 *
dn = W Akllewlxlxl + )\k[mLQxQQ:Qx; + )\klng.TleI; +
oy, oy, R
1 ’ e (4.17)
+ )\klmL4Z‘1I1$; + )\klng)JIlITl’g + )\klmLﬁxil’gfﬁ'Q
dxlnxlnxsn d:cln:c’{,nacgn dacTnQCan}n
Where again Ly, as illustrative of L; terms, is shown in Eq. (4.18).
o 2
Ly= Z U Pim () * (gm1 ()™ * G (t) (4.18)
m=1
bilt) N pilt) [ ===
b | '
|
I
e(t) Iy flt)
; Xa(t) ai(t) | ya(t) z;(t) Z1n
Xl—» D/A > % > by(t) palt) | : + % - » A/D —>
—» |
| : wi(t)
e(t) . | fit)
. a,(t) b vatt) t Z2n
SN Py L~ | I C I A B N P~ pyy i
I
' : I walt)
i |
e(t) [ flt)

. as(t) R Rz (t) 23,
N PYNLECA = : | == A Py
bu(t) pwmlt) |

—1 : | wilt)

Figure 4.4: Block diagram of the system consisting of M antennas and 3 users.
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4. Multi-Antenna model

4.4 Mx3-Antenna analysis

It is time now to discover how an increase in the number of users influences the
system of equations built. This change is the most delicate in the equations since a
new signal of information x3 will take part in the process meaning an exponential
growth of factors. This can be seen in the distorsion signal obtained Eq. (4.19). All
the calculations derived for this model can be consulted in Appendix E.

di (1)

1 M
T [(z 3 anlinlt) s i Olans OF ) +
m=1
3
> @i (t)z Z AP () * (g (8))° % gl (1) | +
il
3 M 9
> 2wty (t)ar(t) * Y mham(t) * g1 (0] * gme(t) | +
=1 e
M 2
Z 2-m(t % Qmhim(t) * g1 ()] gmi ()] | +
izl m
3 M 9
Z i (t * Z W ham(t) * g1 (8) % (gmr(8))” | +
= "
3 3
K21 21
itk
3 3 M
> )2 ai( 3 Cmhim(t) % gy () % Gk (8) * gmi(t) | +
i1 i3 "
ik
3 2
ZZZ'xk Z P (8) * (Grk (1)) % () | +
fiag
i#£k
3 3 )
Wizl
ik
(4.19)
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Figure 4.5: Final block diagram of the system consisting of M antennas and K
users.

4.5 MxK-antenna model

Finally, in order to achieve a general model that describes a scenario formed by M
transmit antennas and K users (always being M > K) the last step in the model
is approached (Figure 4.5). With the information from the previous analysis, an
equation of the distortion signal for the user of interest shown in Eq. (4.21) is
reached. The user chosen for this from this moment on will be a generic User A.
This means that all the users can be selected in the model in order to describe the
distortion they are experiencing. All the calculations derived for this model can be
consulted in Appendix F.

From Eq. (4.21) it is key to distinguish the number of different terms present.
Due to the great difficulty in building an exact model containing the countless
distortion terms from this scenario, an important decision was made: to consider
only those who involve x4 as useful and the other as some kind of distortion, which
can be seen as a big approximation. The latter terms will be gathered in a different
signal as will be pointed out later on. To this matter, terms where there is any
signal coming from User A will be separated from those where there is not presence
of User A as it can be seen in Appendix F.

After a delicate process, analyzing and grouping the terms listed above sepa-
rately, a final project equation is reached, Eq. (4.20). The remainder terms where
User A is not involved are gathered in term m 4,,.

2 2
ot = o |1+ U0 4 @ Zanl U(3)—|x";"| Lyl |y m;”' + Man + Wan
Oz 4 = Ozy Oz

(4.20)
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(4.21)

Where U® are constants and V' are random variables with zero mean, Eqgs.
(4.22) to (4.26), result of grouping those coefficients which multiply the same mag-
nitude of x 4.
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UV 2)‘ } =95 Z%(k) Z /\roo (4.26)
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Results

The time to verify the accuracy of the assumptions and ideas carried out along this
master thesis has come. Aside from the theoretical model development, the remain-
ing outcomes of this thesis are obtained by simulations using MATLAB, including
tests over the mentioned models. First, different transmission scenarios are explored
and simulated in order to study how non-linear distortion evolves when varying the
number of antennas and users. Finally, results obtained for the different statistical
models developed throughout the thesis are presented together with its determinis-
tic simulation. All of this accompanied by analysis and explanation of the figures
presented.

5.1 MIMO scenario simulation

From the beginning of this thesis it was believed that in a MIMO environment, the
distortion from power amplifiers will become more linear if the number of transmit
antennas is considerably larger than the number of users, i.e., a Massive MIMO
scenario. In order to confirm this supposition, a multi-antenna simulation scenario
is built. As indicated in previous chapters, power amplifiers are modelled on a
third-order polynomial with a typical value of a.

Regarding the blocks inserted in the thesis, the communication channel H

L L B I .4
LR IR 2 % ,
S wmw e s 2 o 2o S =
§ Oiﬁﬁ: *® 5w 3 % W ry § :
os @ & & B % » b W
FE P AN
I T EEEL L
-1 -0.5 0 0.5 1 1 0.5 0 0.5 1
In-Phase In-Phase

Figure 5.1: Received constellations at each user in a 2x2 scenario. A greater degree
of non-linear distortion can be observed for User 2 due to channel conditions.
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5. Results

realization will be simulated with a Rayleigh distribution, whereas the precoder
G will be modelled as the Zero Forcer (ZF), i.e., G will be the Moore-Penrose
pseudoinverse of H, Eq. (5.1). This decision lies in avoiding the linear multi-user
interference produced by the channel since it might alter the study goal of the
thesis which is the non-linear distortion. For the same reason, the AWGN w(n)
is not included either in the simulations. Nevertheless, as mentioned before, the
non-linearity from the power amplifiers will produce

G=H" (5.1)

Following the reasoning of this work, the starting point will be the simplest
multi-antenna case, 2 transmitters and 2 users. Due to the random nature of the
channel, the users may experiment different channel conditions which can be seen as
users with different SNR (Figure 5.1). Increasing the number of transmit antennas
in one do not produce significant changes (Figure 5.2 (a)). However, the more the
number of antennas is increased, the more the distortion vanishes. This is more no-
table in the outer points of the constellation, particularly in the corners. In Figure
5.2, it can be observed how the distortion evolves with the number of transmit an-
tennas. The explanation found behind this is that due to the Law of Large Numbers
(LLN) non-linear distortion from power amplifiers vanishes. In another words, it
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§ wrere p e Gl T e e e wm
g L .
o-o.sll‘d‘&ltci% o5/ @ # ¥ ¥ % RN
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4# * SHANE  Fr i r Y AN
) 05 1 -1 -05 0 0.5 1
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1% &8 & 5 & ¢ g il» B S X & 2 @
&« & & & 2 ¢ & - s ¢ 2 2 @ =
05/ &« @& = . » = 05/ @ & &= 2 e e @
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% . % 5 & 2 & W W™ % s ¢ ® ¥ &8 = e =
EOQ.’CQUI.DUEO.Q‘l'n..
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* # & & 8 2 BN » & » s s 8 )
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Figure 5.2: Constellation received at User 1 for: (a) 3x2, (b) 10x2, (¢) 25x2 and
(d) 100x2 scenarios.
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can be proved that factors from the non-linear distortion term in Eq. (4.21) satisfy
Eq. (5.2) when M, the number of transmit antennas, tends to infinity.

]\;4 [ha(t) % hy(£)] = 0 when M — 00 and i # j (5.2)

In order to determine this improvement in terms of distortion, a study of
the SNR users experiment for different number of antennas is performed. This is
done by averaging the obtained SNR over multiple simulations with random channel
realizations. Besides, it was considered relevant to examine the variation for different
number of users. This investigation is shown in Figure 5.3.

First, it is clearly recognizable that SNR increases when including new anten-
nas in the scenario for all the cases studied. Second, an interesting phenomenon
for different number of users. On one hand, it is seen that for K = 4 and K = 8
the SNR improves the case where K = 2. This was concluded related to the Cen-
tral Limit Theorem (CLT): adding new users to the scenario can be seen as the
inclusion of new random variables which makes the convergence to their expected
values faster when new antennas are put in. Nevertheless, for K = 16 a relapse is
clearly identified. The explanation found is that for that scenario the Multi-User
Interference is what is limiting the performance by increasing the variance over the
constellation points.

10 ' ' ' ' ' '
0 10 20 30 40 50 60 70

M

Figure 5.3: Evolution of the Signal to Noise Ratio for different number of antennas
and users.
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5. Results

5.2 2x2-Antenna model

The next step to evaluate the performance of the work carried out in this thesis will
be to simulate the model achieved for the 2x2 scenario described in section 4.1. To

that end, all the equations are translated to MATLAB. It is thus very important to
be thorough in this process.

Therefore, to recreate the mathematical conditions of the model there is a
significant number of variables to handle: channel, precoder, non-linear severity,
phase information, etc. A small change in the conditions can drastically modify the
signal whose generation with the developed model is pursued. Following, several
examples of the results obtained are put forward. The first in Figure 5.4, shows
two different signals. In blue, the signal received for User 1 and generated with a
third order polynomial. This signal constitutes the objective signal to obtain by
model generation. In red, it is the outcome of the developed statistical model. Both
signals, goal and result, are superimposed to facilitate its comparison. It can be
observed that the shape of both signals match in a high degree.

In order to keep evaluating its performance, a new couple of examples are
presented. First, in Figure 5.5, an example where the channel contribution produces
a stronger rotation in the constellation compared to 5.4 is shown. Second, in Figure
5.6, a case where the the symbols are distorted changing clearly the expected shape
of a normal PA distorted constellation. These different examples can be seen as cases
where the SNR experienced by the studied user varies. However, to the sight of the
results it can be concluded that the developed model based in statistical properties
of the signals and with full knowledge of the channel state is capable of describing
the power amplifier non-linearity for the simplest multi-antenna scenario.

1§ R A A A A || R
X Lt A . D
0-5'* . R 8 & B2 W
Py T e m.
C%; o o W ¥ x o BB
o5 W @ @« ¥ % B 5 » |
PRppEE O I
N e o v W W
-1 -0.5 0 0.5 1
In-Phase

Figure 5.4: Example of the 2x2-Antenna model performance for a specific channel
realization.
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Figure 5.5: Example of the 2x2-Antenna model performance for a specific channel
realization.

5.3 MxN-Antenna model

Finally, the general MxK model is tested. Insisting in the approximation done
in section 4.5 fruit of the great complexity to handle all the terms present in the
scenario, the results in Figure (5.7) must be commented accordingly. To that matter,
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Figure 5.6: Example of the 2x2-Antenna model performance for a specific channel
realization.
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Figure 5.7: Example of the MxK-Antenna model performance for a specific channel

realization.

the figure is divided in two sides: to the left, the third order polynomial generated
signal and, to the right, the statistical model generated. It is observed that the
accuracy of this model is not as high as in the 2 by 2 case due to the mentioned
approximation. This fact insist on the idea that only through a precise model that
considers all the variables present in the scenario will fully capture the nature real
signal received at a final user.
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Conclusions

Along this thesis, not only an exhaustive revision of a complex mathematical model
capable of characterizing non-linear distortion produced by power amplifiers was
accomplished but also an extension to a general communication scenario was carried
through.

Firstly, it was thus vital to comprehend the intrinsic mechanism within the
original single-antenna model. To that matter, its different coefficients were studied
separately achieving a full characterization of their contribution to the distortion.
Magnitude rescalation or rotation of the constellation and noisy contribution were
observed.

Once a full understanding was reached, a methodical extension of the basis
model was executed. In an attempt to construct a more realistic model, two key
blocks were included: channel and precoder whose significance will be commented
subsequently. The strategy followed was to add one element at a time in order not to
miss any detail in this delicate procedure. In this way, a path from a 2 antennas and
2 users scenario to a general MxK deployment was drawn. Nevertheless, only the
first and last stages of this process were considered relevant to describe statistically
and thus statistical models were derived.

In order to validate the built models, simulations were performed. Neverthe-
less, first a study on the evolution of the non-linear distortion when the number
of antennas and users is modified was carried out. The results show a decrease of
non-linear behaviour when increasing the number of antennas and users due to the
Law of Large Numbers due to the presence of the channel. Therefore, the channel
plays a key role in multi-antenna scenarios and it will be of great importance to take
it into account in the statistical models. Regarding simulations involving different
number of users distortion SNR studies were performed discovering areas dominated
by non-linear distortion or by Multi-User Interference. Finally, after testing the sta-
tistical models developed in this thesis and in the light of the simulation results, the
assumptions and procedure fulfilled were proven to reasonable.

In conclusion, it has been shown just as in previous studies the ability to
describe hardware impairments with a statistical approach. Contributions in kind
will shape the characterization and study of the future of communications.
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Future work

This project, framed within the statistical studies whose objective is to characterize
hardware impairments, proposes new and future work lines. The following lines are
suggested:

m Analyze the behaviour of the distortion and the developed models when other
channels and/or precoders are disposed.

m Study other hardware impairments in MIMO scenarios following the reasoning
underlying in this thesis.
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Appendix. Single-Antenna model
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Figure A.1: Block diagram of the transceiver which contains a non-linear RF
power amplifier (PA).

A.1 System model
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A. Appendix. Single-Antenna model

A.2 Distortion analysis

dy = o + c1]n| + colxn|” + cslzn)’ (A.8)
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A.2.2.1 Coefficient ¢/:

dg=c —Elc] =

o o0 o o0
—jlx jLx *
= qe I Z Z AE0Tn—kTn_ + 20077 Z Z Ael0Tn—k Ty —

k=—o00l=—00 k=—o00l=—0c0
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k=—o00l=—00

k£0 120

2
] — Akko /\zzo)

T O-.Z’

A.2.3 Coefficient cy:

j2/x
cy = el Z M ooTom—i + 20 Z ALO0Lr—k

k=—o00 k=—00
k#0 k#0
Eco] = ae?® ™ 3" N o B {x;,k} + 20 > ApooE (2] =0
e ey

E [|Cg|2} = E ozejﬂx" Z )\kool’:;fk + 20& Z )\kOOxn—k =

k=—o0 k=—00
k#0 k#0
) (9] 00
=la]” > D Moodwo B [l‘n Ky z} +
=—o0 [=—0
k;éO l;é[) uncorrelated
+ 4]af? Z Z Akoo Ao £ [l’n KT z} +
k=—o00 l=—00 —
k#0 l;ﬁO uncorrelated
2/ 20, *
+ 2|al?e’ Z Z Akoo Ao £ {wn k (% l) ]+
k=—o00 l=—00
k#0 1#0 symmetry=0

+ 2l ST ST Moo E [(%—k)* ﬁ—l] =

k=—o00l=—00

k#0  1#0 symmetry:>0
oo
2 2
= 5lal* 30 Moo [lrn 4] = 5laPo? 3 Moo
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A.2.4 Coefficient cs:

C3 = Qg€ “"" (A.21)
E [c3] = adggee’ ™" (A.22)
E|lesl’] =0 (A.23)
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A.3 Statistical model

2 2
Zn = Tp (1 +u 4+ 4 |a:n2| ) + 09 + US)M + o LC?;' + wy, (A.24)
Oz Oz 0
k=—00 )
k0
U(S) = @0325)\000 <A26)

oo 00 0o 2 2
(0) 2 _ 2 6 2 Tpn—k|"|Tn—1 Tp—m

b |:‘Un ’ ] B |a| 7 k;oo Z:Zoo m;m AklmE[ Oz Oz Oz <A27)

k£0 1#0 m#0
2 S o Tyt |2 Ty |2

E Uvgn‘ } =5lal’t S Y (AilOE[ k ’ ] —AMA”O> (A.28)
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9 )
[
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Appendix. 2x2-Antenna model

X1n o/A xl(t)= % th(ti bi(t) 'pz(t} _———

| |
| |
G iHi

e(t,
Xan D/A X2(ti /\,{\)/ GZ(ti bZ(t) Pz(t) I |
- =" — L
Precoder Communication
channel

ya(t)

wi(t)

ya(t)

w(t)

ZI(t);

Zin
A/D —>»

2y(t)

Zon
A/D —>»

Figure B.1: Block diagram of the system consisting of 2 antennas and 2 users.

B.1 System model
b lhn h12]
V2 [ha1 Do

L g 12
G=—
V2 [921 922

L g gi2| |aa
b — G’ = — —=
? V2 [921 922| |Q2

by + 042[?2|b2|2 D2

p= [bl + @1b1‘b1’2] _ lpll

L |hiy hio| |;
pu— H = — pum—
Y P V2 [hm haa| |p2

o
_b2

v

(B.5)

(B.6)
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bi(t) = [ () * e(t) * g11(t) + x2(t) * e(t) * g12(t)]

Sl

by(t) = [ () * e(t) * go1(t) + x2(t) * e(t) * goa(t)]

Sl

pi(t) = ba(t) + anby (B) by () F = ([br()] + au[br (1)) 700 =

= (\}5]1;1(15) e(t) * gi1(t) + za(t) * e(t) * gi2(t)|+

+ \/12—3Q1’x1(t) * €<t> * gn(t) —+ ;L'Z(t) * e(t) * 912<t)’3> e]'lbl(t)

pa(t) = ba(t) + 04252@)]()2(15)]2 — (’bg(t)‘ 4 a2|b2(t>|3> piLba(t) _

- <\}§|$1(t) xe(t) * gar(t) + wa(t) * e(t) * g2 (0) |+

+ La2|x1(t) x e(t) * gor(t) + x2(t) x e(t) * 922(75”3) i ba(®)

V23

Yi(t) = —= [pa(t) * haa(t) + pa(t) * haa(t)]

-

[p1(t) * ha1 () + pa(t) * haa(2)]

Sl

Y2(l) =

e(t) * f(t) =1

(B.7)

(B.8)

(B.9)

(B.10)
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a(t) = [ (6) + wa ()] = (1) = [55 [p1()  hua (t) + palt) * hua(®)] + w1<t>] “ Jt) =

N ; [21(t) * (g11(¢) * ha1(t) + ga1(t) = haa(t)) +

+ xo(t) * (g12(t) * h11(t) + goo(t) * h1a(t))] +
+wy(t) * f(t)+

: [(az (£)ar (1) (2) e<t>|e<t>|2 # (1) * B (8) % g ()] gn (D) +

+Oé1 22

)
(
: (x1<t>x*<t>x2< ) # e(®)e()*  £(2) * haa(t) * gra(t) * |gua (1)) +
(6)]* 5 F(2) % haa () = gua(8) g2 (1) ) +
() F() * han(B) * 974 () = (912(£)*) ] +
Tan - o (2O (210 + e@lel®) + F(8) % hialt) * g2 (Dlgn (B)F) +
(

* g1 (t) * |gaa(t )’2) +

) t)
( # (g (1) gho(1)) +
(t)|6(t)|2*f(t)*h12()*922(t) lg21(1)]?) +
(1) 5 £ (£) % haa(t) = goa ()] g22(1) ) +

(

2 () % haa(t) * (922(8)" g3, (1)) |
(B.17)

e(t)le(t)* * f(t) = Am (B.18)
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1
dn = — - >\klm ZE1I1[L‘T (a1 * hn(t) * 911(75)|911(75)‘2 + Qg * hm(t) * ggl(t)|ggl(t)|2) +

22
Ly
+ wamawy (o # har (1) * gra () gra(D + a2 % hua(t) * g2 (1) |gaa ()] +
Lo
+ zwoxy 2 - (041 x hy1(t) * g11(t) * |g12(t)\2 + g * hio(t) * go1 () * |g22(t)|2) +
L3
+ aanwy (o0 % ha(8) * gy (1) = (g11(£)° + 0 % hua(t) * (g21(1))% % g5 (1)) +
Ly
+ T 2 - (041 x hy1(t) * g12(t) * \gn(t)\Q + g * hio(t) * goo(t) * |g21(t)\2) +
Ls

+ wiwams (a1 % hua () g1 () * (912(1))° + @ % haa(t) * (922(t))* * 3, (1))

Lg
(B.19)
d, = ! Mt L T+ A L 5+ At L 5
n = 5g |Qkm 1712127 + Apim LoToToTy + Apim L3T1T2To +
dzln dz?’n dxlnl?nx*
o (B.20)
* * *
+ MtmLat 12125 + Mg Ls 212702 + Api Lo 20202
wlnwlnwsn d*ln‘LTn"LQn d"‘”’{ananH
dn = ? [dmn + dwzn + dwlnmnm;n + dmnmnw;n + d:mnx’{nrzn + dr*{nmnwzn} (B'21)
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B.2 Distortion analysis

B.2.1 d,,

d

e, = Co + C1|T1n| + c2|$1n|2 + 03’$1n|3

dy, = L Z Z Z Netm| 22|22, 42 ( o) 40l oD

k=—o0l=—ocom

B.2.1.1 Coefficient cy:
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1
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x
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o oo
¢ = ’]4” Z Z )\klol’n kx() —1—26]“ Z Z )\kzol“n kx
k=—oc0 l=—00 k=—o0l=—c0
E£0  1£0 k#0120

E[c)] = 2L10% 0 e'” = > Akko
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kA0 1£0
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B.26)
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Coefficient ¢}:

¢g=c— Elei] =

=1, €_JZ$ Z Z /\kloﬁn kx() —|—26JZ$ Z Z )\kloxn kxn_

k=—o00 l=—00 00 l=—0c0

kA0 1#0 k;éO 10

o
2 Axn
205 @€’ > Mo
k=—o00

k40
(B.30)

Eld]=0 (B.31)

o e 02l 12
S N P g
E[l]] =5lLiPole Y > [MwE J"(l’; 0 (1)1 — XeroNiio (B.32)
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Ele) =0 (B.34)
L [|C2|2] = 5| Ly |"020) k_Z oo (B.35)
[
B.2.1.4 Coefficient cs:
Elcs] = Ll)‘oooejmsl1> (B.37)
Eles]’] =0 (B.38)
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B.2.2 d

T2n

Ay = €4+ C5|Ton| + Co|2a|” + cr|Tan|’ (B.39)

@ 1@ _p®
a:zn L2 Z Z Z /\klm’ Ty k;H (2) H ( R ) <B40)
B.2.2.1 Coefficient c¢y:
a=L Y > > amalaDal, (B.41)
ez 1260 T
Ele) =0 (B.42)

2 2
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E[’Cﬂ] ‘L2’ Toe) Z Z Z Netm E

k=—00 l=—00 Mm=—00

E£0  1£0 m#0

022 O (2)

B.43)
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constellation-dependent parameter
(independent of transmit power 0'2(2>)
x

B.2.2.2 Coefficient cs:

— @
= Lo emiZak’ > Z /\kloxn kxn_ 4 2¢d4¥n Z Z )\kloxn kxn_
ey Ty
(B.44)
E [05] = 2L20'§((2) €JZm Z )\kk() <B45)
b0
22 [z, |
E|lcs|*| =5|L A2 | | ==
esl’] = 51 k_;ml _;OO N | (B.46)

XV



B. Appendix. 2x2-Antenna model

Coeflicient c:

s =c5— Eles] =
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o e 9 12 (2) |2
Tl |2
E[|d]] =5Lalole > > [ AE || Ll = Aeroao (B.49)
k=—o00 l=—00 Oz(2) 022
k£0 10
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’“z;é’" g
Ele) =0 (B.51)
B leol’] = 8lLalosin 32 Aoy (B.52)
[
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Eler] = LQ)‘oooejmg) (B.54)
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B.2.3 d

*
T1nT2nToy,

Ay pwanes, = C8 + ColT1n| + c10|Tan| + cn|Ton|” + c1a|z 1 T20 (B.56)

daypaaney, = L3 Z Z Z Aktm | T H$ ‘ e le
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k=—00 l=—00 m=—00
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k;;go l:l;OOO mT;;E))O independent
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> Y B[] B[] o
grorakar A S
Ellel?] = 1@ P2 Pl 2
[|08|]—|L3 Z Z Z NimE U HIn—z‘ ’xn—m’]_
17&0 s
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1#0 m;éO
o2
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Coeflicient c:
O - v @ (2"
/ i/
Cog = g — E[cg] = Lz |&%n Z Z AKIOT, Ty —
k=—o00l=—0c0
E£0 10
1
/
— |0%@€ ™ D Miko
k=—oc0
k40
/
Elcyl =0
@ @ |?
/ K 1
B [|Cg| } L") Z Z Mo B || = — Neko Ao
k=—o00 l=—00 022 0 4(2)
kA0 1#£0

B.2.3.3 Coefficient c;q:

[ee) oo
cio= L3 e—isar? Z Z )\klgxn kxn_ e]& Z Z )\kloxn k:z:n_

k=—o00l=—0

E£0  1£0

XVIII

k=—o00l=—00

k0

1£0

(B.62)

(B.63)

(B.64)

(B.65)

(B.66)

(B.67)



B. Appendix. 2x2-Antenna model

Elcw] = L3 eI i Z Akio B [ }E[xf—)l}—i_
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k=—o00 l=—00
k£0  1£0 —

2 o0 [ee]
=2|Ls|"0202 D D Ao

k=—o0 l=—00

k£0 [0
(B.69)

XIX



B. Appendix. 2x2-Antenna model

B.2.3.4 Coefficient c;;:

c11 = L Z )\kooiﬂgzk (B.70)
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Bl = Ls 35 k2] =0 .
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B.24 d

*
TinTinLoy
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.
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B.2.5 d
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B.3 Statistical model
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Appendix. 3x2-Antenna model
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Figure C.1: Block diagram of the system consisting of 3 antennas and 2 users.

C.1 System model

L {hir hia Rag
H=— C.1
NG [hm hos o (G1)
1 g11 G12
G=— |92 92 (C-Q)
\/§ g31 932
a=x®e, = | (C.3)
a2
g11 912 by
b—Ga=—|g g [“1]— b (C.4)
= = —= 1021 G22 = |02 .
\/§ g31 g32 2 b3

by +051b1|b1|2 P1
C = bg + &2b2’b2|2 = P2 (05)
b3 +CY3bs|b3|2 D3

XXXI



C. Appendix. 3x2-Antenna model

¢ He— L[ b ]\
\/§ hor hay  hos pz
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y1(t) = —= [pr(t) * hai(t) + p2(t) * hia(t) + ps(t) * has(t)] (C.16)
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Appendix. Mx2-Antenna model
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Figure D.1: Block diagram of the system consisting of M antennas and 2 users.
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Figure E.1: Block diagram of the system consisting of M antennas and 3 users.
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Figure F.1: Block diagram of the system consisting of M antennas and K users.
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70 =80 + b OB OF = (O] b)) 20 -
= (|21 () * e(t) % g11(t) + 2a(t) x e(t) * gra(t) + . .. + zx(t) % e(t) * gric(t)] +
+ ap|zy (F) x e(t) * 911(15) Ta(t) x e(t) * gra(t) + ... + wx(t) * e(t) * glK(t)‘g) el ®
Pa(t) = ba(t) + caba(t)|ba(t) (|b2 )| + aalbs( t)|3) piZbalt) _
= (|zo(t) * e(t) * gar(t )—i—:l:g(t) e(t) % goo(t) + ... + () * e(t) * gaxc ()] +
+ gl () % e(t) * gor (t) + a(t) * e(t) * gao(t) + ... + () * e(t) * 92K(t)|3) bt

par(®) = bar(t) + casbas (O bar () = ([oas (0] + aarloas () 740 =
= (|x1(t) * e(t) * gar () + wa(t) x e(t) * gaa(t) + ... + 2x () x e(t) * gurc ()| +

+ oz (t) % e(t) % garn (t) + o (t) % e(t) * grra(t) + ... + zxc(t) % e(t) * gMK(t)|3> oo (t)
(F.10)

< (p1(t) * hir () + p2(t) * haa(t) + ...+ par(t) * hane(t))

“(p1(t) * hai(t) + pa(t) * hao(t) 4+ ... 4+ par(t) * hane(t))
(F.11)

yic(t) = jM (pr(t) % b () + pa(t) % hea() + -+ par(t) * haea (1))
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[Z nalt (Z b0 a0 + w0100 £ (04

M
1 M 2
ﬁ “Apst ZZEk Z_ amhAm * gmk( )|gmk(t)| +
K 2
:ix
K
+ Z 2- ZEA Z amhAm ’gmA( )| * gmk(t) +
RZA
K M 9
+ Z 2. CCA Z OémhAm * gmA( )|gmk(t)| +
KZA m
K 2
+ [ X () Z Al am(t) * gma () * (gmi ()™ | +
KZA
K K
KZA z;};
itk
K K
RZA i’i}x
itk
K K 9
KZAZh
itk
K K 9
+ Y0 we ()t Z Wl am(t) * (Gmr ()™ * gmi(t)
KZAiZA
itk

(F.12)
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- ]\;2 " Arst l(Z i (t t)ay(t) = Z Umham(t) * gmk(t”gmk(t)‘Q) +
> Ta Z mham (1) % (gma(t))” * gf%k(t)) +
k# A

)% 3 amhan(t) * ama(0)] *gmkm) +

(Dze@)ai(t) * X ambham(t) * Jma(®)]gmr (O | +

(F.13)
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F. Appendix. MxK-Antenna model

F.2 Term analysis

In a M-by-K (with K > 2 and M > K) environment we will get these different
terms for each user:

LII

1. z;(t)z;(t)z; (). Term where the three signals are from the same source (one of

them conjugate). We will get this term K times.

. xi(t)x;(t)xk(t). Term where two signals are from the same source (none of

J
them conjugate) and the other one from a different signal (and conjugate).

We will get this term 2K times.

. 2 z;(t)x}(t)z;(t). Term where two signals are from the same source (one of

them conjugate) and the other one from a different signal (and no-conjugate).
We will get this term 2K times as well.

. 2-2(t)z;(t)xk(t). Term where all three signals are from different sources (and

one of them conjugate). We will get this term K times.



F. Appendix. MxK-Antenna model

F.2.1  z;(t)x;(t)z}(t)

i

1. User A.1 case

za(t)xa(t)zy(t) (F.14)
2. Other distortion. (K-1) cases
> wi(t)zi(t)a] (t) (F.15)
ey
F.2.2  a;(t)r(t)x}(t)
1. (K-1) cases
ra(t)zat) D i(t) (F.16)
iZh
2. (K-1) cases
250 Y w(b)a(t) (F.17)
2

Z Z i(t)zi(t)z;(t) (F.18)
A |
JFA
F.2.3  2-a(t)z;(t)x;(t)

1. (K-1) cases

2-wa(t)ai(t) Y wilt) (F.19)
iZh

2. (K-1) cases

2-xat) 3 wi(t)a(t) (F.20)
iZh

3. Other distortion. (K — 1)(K — 2) cases

2. ; Z:l xi(t)a] (£)a;(t) (F.21)

A G
J#A

LIII
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F.2.4 2.2;(t)z;(t)xi(t)

1. (K —1)(K —2) cases
(F.22)
2. (K —1)(K —2) cases

(F.23)

L (F.24)

LIV



F. Appendix. MxK-Antenna model

F.3 Distortion analysis

F.3.1 z;(t)x;(t)z}(t)

]

F.3.1.1 za(t)xa(t)xs(t)

o s (Baa(t)y () = Co + C1lTan| + ol an]” + c57 40| (F.25)

]( T R ) )

n—m

Ao s (o a(t)2, () = D) :f: )\klm‘xii)kai{)le(f

=—o00 l=—

(F.26)

F.3.1.1.1 Coefficient cg:

Z Z Z )\klmxn k% lx(A) (F.27)

k=—00 l=—00 m=—00

E£0  1£0 m#A0

Elc] =0 (F.28)
A P @ L@ |
b [|Co| } = oh Z Z Z Nem E Un(;lj Un(;l) Un(_::
STl ! ! ¢ (F.29)
constellation-dependent parameter
(independent of transmit power Ui(A))
F.3.1.1.2 Coefficient c;:
00 0
c = eia Z Z Akloxn kxn 1—1—26]4”” > Z )\kzoxn ka:n z (F.30)
k=—o00 l=—00 k=—o00l=—00
k#0 150 k#0  1#0
4) =
Ele)] = 20%we ™ 37 Mo (F.31)
k=—o00 )
k#0
X A) ? X A) ?
{|Cl| } =50, Z Z o e (F.32)
kE;go l—l;Ooo z(A) z(A)

LV
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Coefficient ¢}:

dg=c—Ela] =

k=—o00 l=—00

| k£0  1£0

k=—o00

k0

E“CH] 50y Z

k;«éO

F.3.1.1.3 Coefficient c;:

00 [o.¢]
— |emicai’ Z Z Ao +2€j4$ > Z Moz i =

k=—o00l=—c0

9]
LG
— QO'X(A)QJ Z )\kkO

k#£0  1£0
E[d]=0
A P2 @ 2
x,, x,
Z Ao E b L1 = Xerouno
O 1 (A) O (4A)

l;é()

RV A)* - A

F.3.1.1.4 Coefficient c;5:

k=—00 k=—o00

k#0 k40

E[CQ] =0

B [102‘2] =503 > Aoo

k=—o00

k40

(4)
GJZJ:

3 = Agoo

(4)
Eles] = )‘oooe]&"

E[les"] =0

F.3.1.2 Other distortion. (K-1) cases = DISTORTION

LVI

(F.33)

(F.34)

(F.35)

(F.36)

(F.37)

(F.38)

(F.39)

(F.40)

(F.41)



F. Appendix. MxK-Antenna model

F.3.2  x;(t)z(t)x}(t)

F.3.2.1 za(t)za(t)x;(t)

oyt a (s (1) = Ca + C5|@an] + ColTan]” + c2|Tin] + sl an|’|inl (F.42)

A o (t)z 4 (t)az (1) = Z Z Z /\klm’ Hx ’ 20 m\gj(@ﬁ“ﬁ@iﬂ—@ij%)

k=—o0l=—0c0om
(F.43)
F.3.2.1.1 Coefficient c¢y:
a= 3 > Y dmelallall, (F.44)
o 120 Mo
- 5 5 T Bl -
k;éO l_l;(())o mW_l?z(())O independent
and uncorrelated (F 45)
o 120 *—f—o T
0o 00 oo 9 2
Elef]= 5 5 5 s [ B0 -
[ 7;6” m£0
_ 5 (4) [2[,.(4) 2 M 7]
B k:zml;wm;m )\klm |:’ n_k’ ‘xn_l' :|E |::L‘n_m :| a (F46)
kE#0  1#0  m#0
RPN
. 22 n—m
O A x()k_ZOOI;wm;OO klm T 44) )
k#0 10  m#0
F.3.2.1.2 Coefficient cs:
5 =2 eizei’” Z Z )\kloxn k:vn . (F.47)
T T
E[C5] =2 ejéx%) Z Z /\klOE [ZL‘; )kxs) l} =
—=—00 l=—00 [N
kkzzo llio independent (F48)
. (A) D*
o 3 S a B[] B[] ~ 0
e iz
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(A) o] o] P
EUC5|} E {2 ejlw" Z Z )\kloxgi)kxgl)—l =
f;&“v;? ]
4SS NE QE[ 2 = (F.49)
klO n l - .
Mo
—4-033(,4 z(1) Z Z )\ilo
S z0°
F.3.2.1.3 Coefficient cg:
ce = ei2éan” S Moozt (F.50)
e
E [cg) = €724 Z Moo [+ ] =0
Cé ¢ kooLy | Tp g (F.51)
o

2

B [leol] = B | |27 37 Mooaly| | =

k=—0c0

k#0
= > > /\kOO/\ZOOE{ ) l} =
k=—o00l=—00 ~— —
k:;éO 1#0 uncorrelated (F52)
2
Z )‘kOO “ ’ ] -
k;«éO
—Ufcm Z )‘zoo
gy
F.3.2.1.4 Coefficient c;:
O R e
c; = e I4m >y )\klosng?kxﬁ)l (F.53)
T

. oo e}
Bler = e 3 % Mo B[] =
k=—o00l=—00 ——/

k;éO 1#0 uncorrelate
e (F.54)
_G_Jéx” Z AkkOE {( (A )) } =0
—_————
k#O symmetry
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2
Bl = B {le 23 oDl
k

=—00 l=—00
k#0  1#0 (F.55)

Lo e #D P2
=0 e F Ot I O Ul

z(4) k;()o lgoo klo O | |0

k£0 10
F.3.2.1.5 Coefficient cs:
(2220 — 22
(242 — 228D
Ees]’] =0 (F.58)

LIX
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F.3.2.2  x;(t)x;(t)x%(¢)

s () (), (1) = Co + C10|Tin| + C11|$m|2 + Cr2|Tan| + 013|$m|2|$,4n|

Az (t)as i i Z )\klm‘x 2

k=—o00 l=—0c0 m=

F.3.2.2.1 Coefficient cg:

Z Z Z ML el

k=—00 l=—00 m=—00

k£0 1#£0 m#0

Eleo)= > > > )\klmE[Iif)_km,(f)_ﬂ;{):n} =

k=—o00 l=—00 m=—0o0
k#0 10 m#0 independent
and uncorrelated

=5 S B[] B[] -0

k=—o00l=—00 N ,
k#0  1#0 0 0

E[|C9|2}: Z Z Z N B [ SlkIQ‘xff)_lQ‘xfi)m 2} a
k=—00 l=—00 m=—00

k;éo l;éo m#0

(4) i) |2 2
:kz lz mz /\klm U ‘ xfz)—l ]E ’l,;A_)m‘ =
k20 1£0 m#0
® | 2
x xnfm
P Y Y Y M E —mm ]
k=—00 l=—00 m=—00 O () Oz()
k#£0  1#£0 m#0
F.3.2.2.2 Coefficient c¢g:
€10 =2+ 1o > > )\kloxs)kaﬁ)l*
E;Zo l?;éo

Elcio] =2- eI4an o> MoE [wif) kng)l } =

k=—o00l=— N———
k#0  1#0 independent
O R i ; AV
=24 3 S Ao [, ] B[] =0
k=—oc0 l=—00
k#0  1#0

LX

’ (4 leA(éxS)_k—i-éxS)_l—éx

(F.59)

©,.)
(F.60)

(F.61)

(F.62)

(F.63)

(F.64)

(F.65)
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E[\Cwlg} —Fllg. et D /\kzoxif)_kx()

k=—o00l=—00
k#£0  1#£0
2 A) (2
=4 Z Z Mo E ”E ‘5’727)1 ]: (F.66)
STl
:4'0920@)02@) Z Z )\izo
ez e
F.3.2.2.3 Coeflicient c¢;;:
C11 = €j24$§:) Z )\kool‘; )k (F67)
Hez0°
o /) — ]
Elen] =2 3 Moo [21] =0 (F.68)
g
2
B |:|611|2] - jQZ:L’n Z AkOOxn )k; —
o
= > > MoohowE [xgi)kxgi)l] =
k=—o0 I=—00 _—
k;éo 1#0 uncorrelated (F69)
2
- Z Noo B ’ =
k;zO
) Z koo
"z
F.3.2.2.4 Coefficient c¢,:
C12 e—i4a’ Z Z )\kl(ﬂn kxn_ (F.70)
oo e
S S N @ )
Elep]=e?" > > AwoE [xnkanfl} =
k=—00l=—00 N—————
k#0  1#£0 uncorrelated
i E o 12 (F.71)
=e€ " Z AkkOE (.’Bn_k> =0
k=—o00 R ,
k#0 symmetry
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MxK-Antenna model

2

2 _ g |lemie® S8 @ 0 ||
|012| - € Z Z klOLy 1Ty g -
k=—o00 l=—00
k£0 10

o oo xok?x(i)l?
_ 2 n— n—
—Umz ZAklOE ool oo

k=—o00 l=—00 z(®) (1)

F.3.2.2.5 Coefficient c3:

j (243;2') —zzﬁf‘))

: (4) (4)
](241’71 — Lz, )

E {|013|2} = 0

F.3.2.3 Other distortion. (K —1)? cases = DISTORTION

LXII

(F.72)

(F.73)

(F.74)

(F.75)
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F.3.3 2-2;(t)z;(t)x;(t)

F.3.3.1  2-z4(t)z%(t)z;(t)

a4 (t)a, (B)zi (1) = C14 + 15| an| + 016‘1'An’2 + ci7|Tin| + 018|$An|2|$m| (F.76)

00 0o ( (A) (A) ©)
xn—k_lxn—l+éxnfm)
dxA(t)zA )2 E E E Aklm‘ H “$n m’

k=—o00 l=—0c0o m=
(F.77)

F.3.3.1.1 Coefficient c;4:

Clq =2- Z Z Z Aklmxn kxn z* g)m (F.78)

k=—00 l=—00 m=—00

k#£0 1£0 m#£0

Bl =2- Y S 5 an B [10aW 20, ] =

k=—00 l=—00 m=—00

k£0 1#0 m#0 independent
and uncorrelated (F?g)
Z ZAWE‘ E[”] 0
k=—o0l=—00 —
k£0 1£0 0

e

Ejewl’] = 4- Z Z Z NamE U ﬁkﬁ%@zf

k=—00 l=—00 m=—00

k;éo l7é0 mﬂ)

e 21 (A2 i) |2
2
2@ [la@ |
=4-0hn0oie Z Z Z Am B | |25 | ==
:—OO lf—OO m=—oQ O-;E(A) Uz(A)
k£0  1#£0 m#0
F.3.3.1.2 Coefficient c;5:
c15 = 2- eisall’ > Z )\klefEn ka:n_ + eddar’ > Z )\kloxn ka:n | (F.81)
e s meo” Te
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Elcis] =2 i Z Z Akio B [ ]E[wff)_z]Jr
k=—00l=—00 N——
kA0 10 0 0 (F.82)
+ ejll‘,(,lA) Z Z )\kl(] E |:~T£LA,);:| E |:x£:)711| — 0
——00l=—00 —_——— ———
kA0 1£0 0 0
E {|015|2] =F e Z Z ATy Ty + g4k’ > Z Moo
b T iy
=4-0Zmom Y Y. Ao
frealorie
(F.83)
F.3.3.1.3 Coefficient c4:
Cig — 4 Z /\koox,g)_k (F84)
e
PN 0 ] _
Elew] =2 ). MooE {‘/Enfk} = (F.85)
g
2
E“clﬁ” El2- Y Moozl y| | =
’“;;8"
=4- Z Z Akoo 0o 2 { LT~ W } (F.86)
=—o0l=—00 —_——
kk;ﬁO ll;ﬁO uncorrelated
=4- Z)‘koo ’ ”_4 T ZAkOO
ez o
F.3.3.1.4 Coefficient c;7:
7=2" ei4an’ Z Z )\kloxn k:vn_ (F.87)
T
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FE [617] =2- €j4xs) Z Z )\klo FE [iE,(lA,)kl’T(lA,);} -
—_——

k=—o00l=—00
k#0 1#0 uncorrelated
(4) 2
z (A)
— 9. eien Z )\kszEka ”_
kA0
()
=2 UX(A)GJ " Z Akeko
k=—o00
k£0
2-.
Elen?l = B ll2. 4 5™ S 3 p@ 4@
ler”| = Y D Aoy
k=—o00l=—00
k#£0 10 i
, & 2@ Pl a@)
o 2 n— n—
=d-opm Y D, Aok
k= —00 l——o0o 0 .(4) 0 .(4)
k£0  1£0

Coefflicient ¢|,:

o0

(1)

¢y =c1r — Elerr] =2 el Z Z )‘kloxiﬁ)’fivfi)l N

k=—o00 l=—00
k£0  1#0
() =
2 i/
Oxm e Z Akko
k=—o00
k0
/
Eld;] =0
, o @ Pl @ |
/ 4 2 n— n—
Elleaf] =40t 3 3 | Xk et
k=—o00 l=—00 Og(A) | | Og(4)
k£0  1£0

F.3.3.1.5 Coefficient c¢5:

@)
c18 = 2+ Aggpe’ ™"

Elcis) =2- )‘oooej&gf)

E {|018|2} = 0

— koo

(F.88)

(F.89)

(F.90)

(F.91)

(F.92)

(F.93)

(F.94)

(F.95)
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F.3.3.2 2-x;(t)zf(t)za(t)

o (1)t (t)za(t) = C19 + Co0|Tin| + C21|576’z'n|2 + Coo|T an| + CQS‘xin‘2’$An‘ (F.96)

Aoy ()t (Hwa(t) = i i Z )\klm‘ 20 k’ (i) ’ N ej(zxifik—zxﬁjlﬁrgng_)m)

k=—00l=—00 m=
(F.97)

F.3.3.2.1 Coefficient c9:

cl9=2" Z Z Z )\klmazn ka:n lxﬁg“)m (F.98)

k=—00 l=—00 m=—00

E£0  1£0 m#0

E [c19] Z Z Z Aeim B [nz n)lajsz)m}:

00 l=—00 M=—00

k7$0 120 m#0 independent

and uncorrelated (F99)
Ty v
ORI ENEY
E[Clgl} 4 Z Z Z Mo B [ ‘In_l ’wn_m =
k;;ngl_l;go oy
=4- Z Z Z )‘ilmE[l‘S)—k‘z xs)—l 2]E ‘ g’LA)m2 -
b0 1207 TG —_— (F.100)
z(A)
, 0o oo N x(nl 2
=4 0005 D, D Z Nt S—
k=—o00 |=—00 m=—00 O (9 Oz

A0 1£0 m

F.3.3.2.2 Coefficient cy:

e}

(4) (4)
20 = 2+ 6_]@0" Z Z )\kloxn kZE( )—|—€]4z" Z Z )\kloxn kl‘( ) (F.l()l)

k=—oc0 l=—00 k=—oc0 l=—00
kA0 10 kA0 10
_ —jlng) - )\ (A)
E [020] = . Z Z k10 { } E [‘rn—l} +
k=—00 l=—00 —— ——
k#£0  1#0 0 0

(F.102)

pea S aE 2] E[0)]] =0
s il

k=—o00 l=—00

E£0 10 0 0

LXVI
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[e.9]

Ellenf] = B |2 [ 3 3 dnalleald+ 48 Y Aol

_ 2 2
=4 0,00,

k=—00l=— k=—00 l=—

kA0 140 kA0 140

> 2 Mo

k=—00l=—

F.3.3.2.3 Coefficient cy:

E [Jen]’] =

=4

=4.

F.3.3.2.4 Coefficient cy,:

C992

E [022]

k#£0  1£0
(F.103)
en=2- % Mooty (F.104)
k=—00
k0
Elen]l =2 Y MooE {xﬁ)k} =0 (F.105)
gy
2
2- 3 Moozl | =
kz;&’"
Z Z )‘kOO/\ZOO [ n— kl‘i{)} (F106)
;750 l;é(] uncorrelated
A
Z NiooE ’ () =40l Z oo
k%;éo ;720
_ 9. gisai DS Aoz 2 (F.107)
oo e
=92. eJZ"”" Z Z )\klo [ T, 1T, )l} =
k=—o00l=—00 ——
k#0  1#0 uncorrelated
4 )12
=2-e N AgpoE ’xl(c) = (F.108)
g
4
=2-0%0 Y Ao
v

LXVII



F. Appendix. MxK-Antenna model

E“cm” El|2. e > Z )\kloxn kxn_

k=—o00 l=—

k£0 10

=4- Uxu) Z Z /\klo
k=—oc0 l=—00
k#£0 10

Coefficient c),:

C/22 = Co9 — E [022]

k+£0

(4)
2 s
— |0%0 €™ > Ao

xn
E||chl’| =4- 0% Z Z N
Seo” e

F.3.3.2.5 Coefficient cy3:

Pllesf] -

Tk

(9

GJZJ:

2

2

Lp_y

x(l)

X

Oz ()

2

i

n

2

2
l

oo
]an Z Z /\kl()xn k'rn—

k=—o00l=—00

- >\kk0)\llo

F.3.3.3 Other distortion. (K — 1) cases = DISTORTION
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(F.109)

(F.110)

(F.111)

(F.112)

(F.113)

(F.114)

(F.115)
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F.3.4 2-2;(t)z;(t)x}(t)

F.3.4.1 4-wa(t)z:(t)x}(t)

dxA(t)xi(t):c;(t) = Coa + Co5|Tan| + Co6|Tin| + Cor|@jn| + Cos|Tan||Tin| + 20| an||T 0]+

+ 30| Tin||Tjn| + a1l an||Tin| |20l

(F.116)

( x;’?k—&-éxfil _nglm>

oy (0)s()es (1) = 4 - i imz Akt |74 52

(F.117)
F.3.4.1.1 Coeflicient cy4:
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F.3.4.3 Other distortion: (K — 1) cases = DISTORTION
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F.4 Statistical model
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