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“Heard joke once: Man goes to doctor. Says he’s depressed. Says life seems harsh
and cruel. Says he feels all alone in a threatening world where what lies ahead is
vague and uncertain. Doctor says, "Treatment is simple. Great clown Pagliacci is in
town tonight. Go and see him. That should pick you up." Man bursts into tears.

Says, "But doctor...I am Pagliacci.”
Alan Moore, Watchmen



Abstract

Large intelligent surfaces (LIS) is a promising technology for the sixth generation
(6G) of mobile communications due to its potential to improve the signal to noise ratio
(SNR), increase spectral efficiency, and even make it possible to reduce energy consumption
in the radio base station (BS) during transmission. The LIS is a panel formed by cells that
can reflect electromagnetic waves to make beamforming and cancel the channel phase, the
surface is formed by metamaterials that can change the phase of the incident waves with a
quantized angle that can be controlled digitally by software allowing that the signal resulting
from the sum of all components reflected by the LIS has a phase adapted to nullify the effect
of the channel phase. The channel information is estimated by machine learning algorithms
and more efficient phase estimations implies better phase adjustments at the LIS, but due to
the system’s non-idealities, we have a residual phase error that in this work is modeled by the
Von Mises distribution. We divided our study into two chapters, the first referring to systems
with a single antenna at the BS considering the existence of a straight and unobstructed
line for electromagnetic wave propagation a.k.a. line of sight (LoS) with Nakagami-m
fading and we ignore the possibility of a direct link between the user, in the second part
we consider an antenna array at the base station and including a direct link between the
user and the BS but neglecting the LoS by considering Rayleigh fading channels. For the
single antenna BS scenario, we derive the exact bit error probability considering quadrature
amplitude modulation (M -QAM) and binary phase-shift keying (BPSK) when the number
of LIS elements, n, is equal to 2 and 3 considering that the channel fading coefficients
are Nakagami-m. Also, based on the central limit theorem (CLT), and considering a large
number of reflecting elements, we present an accurate approximation and upper bounds
for the bit error rate. Through several Monte Carlo simulations, we demonstrate that all
derived expressions perfectly match the simulated results. In the antenna array scenario,
we consider Rayleigh flat fading for each subchannel between the BS, the LIS, and the
user and we apply a precoder at the base station to have the maximum ratio transmission
(MRT). Based on the CLT, we conclude that the overall channel has an equivalent Gamma

fading whose parameters are derived from the moments of the channel fading between the



antenna array and LIS, and also from the LIS to the single user. Assuming that the equivalent
channel can be modeled as a Gamma distribution, we propose very accurate closed-form
expressions for the bit error probability and a very tight upper bound. For the case where
the LIS is not able to perform perfect phase cancellation, that is, under phase errors, it is
possible to analyze the system performance considering the analytical approximations and
the simulated results obtained using the well known Monte Carlo method. The analytical
expressions for the parameters of the Gamma distribution are very difficult to be obtained
due to the complexity of the nonlinear transformations of random variables with non-zero
mean and correlated terms. Even with perfect phase cancellation, all the fading coefficients
are complex due to the link between the user and the base station that is not neglected in this

study.



Resumo

Large Intelligent Surfaces (LIS) € uma tecnologia promissora para a sexta geracdo (6G) de
comunicagdes moveis devido ao seu potencial para melhorar a relagéo sinal-ruido (SNR),
aumentar a eficiéncia espectral e ainda possibilitar a redu¢do do consumo de energia no
estacdo radio base (BS) durante a transmissao. O LIS € um painel formado por células que
podem refletir ondas eletromagnéticas para fazer beamforming e remover a fase do canal, a
superficie é formada por metamateriais que podem alterar a fase das ondas incidentes com
um angulo quantizado que pode ser controlado digitalmente por software permitindo que
o sinal resultante da soma de todas as componentes refletidas pelo LIS possua uma fase
adaptada para cancelar o efeito da fase do canal. Esta fase é estimada por algoritmos de
aprendizado de mdquina e quanto mais eficiente a estimativa melhor serd o processo de
ajuste de fase, mas devido as ndo idealidades do sistema, temos um erro de fase residual que
neste trabalho é modelado pela distribui¢do de Von Mises. Dividimos nosso estudo em dois
capitulos, o primeiro referindo-se a sistemas com apenas uma antena na BS, considerando a
presenca de uma linha direta de propagagao de ondas eletromagnéticas a.k.a. line of sight
(LoS) com desvanecimento Nakagami-m e nds ignoramos a possibilidade de um link direto
com o usudrio, ja na segunda parte consideramos um arranjo de antenas na estacdo base e
incluindo um link direto entre o usudrio e a BS, mas negligenciando a LoS ao considerar
canais com desvanecimento Rayleigh. Para o cendrio da BS de uma antena, derivamos
a probabilidade de erro de bit exata considerando modulacdo M-QAM e BPSK quando
o numero de elementos do LIS, n , € igual a 2 e 3 considerando que os coeficientes de
desvanecimento do canal sdo Nakagami-m e o LIS tem um erro de fase com distribuicao de
Von Mises. Além disso, com base no teorema do limite central, e considerando um grande
nimero de elementos refletores, apresentamos uma aproximacao precisa e limites superiores
para a taxa de erro de bit. Por meio de varias simulagdes de Monte Carlo, demonstramos

que todas as expressdes derivadas correspondem perfeitamente aos resultados simulados.

No cenério de matriz de antenas, consideramos o Rayleigh flat fading para cada
subcanal entre a BS, o LIS e o usudrio e aplicamos um precoder na estacio base para ter
a transmissdo de razdo maxima (MRT). Com base no teorema do limite central (CLT),

concluimos que o canal total tem um desvanecimento Gamma equivalente cujos pardmetros



sdo derivados dos momentos estatisticos do canal entre o arranjo de antenas e LIS, e
também do LIS para o usudrio. Assumindo que o canal equivalente pode ser modelado
como uma distribuicdo Gama, propomos expressoes de forma fechada muito precisas para
a probabilidade de erro de bit e um limite superior muito restrito. Para o caso em que o
LIS ndo € capaz de realizar o cancelamento de fase perfeito, ou seja, sob erros de fase, é
possivel analisar o desempenho do sistema considerando as aproximagdes analiticas e os
resultados simulados obtidos pelo método de Monte Carlo. As expressdes analiticas para os
pardmetros da distribui¢do Gama sao muito dificeis de serem obtidas devido a complexidade
das transformacgdes nao lineares de varidveis aleatérias com média diferente de zero e
termos correlatos. Mesmo com o cancelamento de fase perfeito, todos os coeficientes de
desvanecimento sdo complexos devido a ligacdo entre o usudrio e a estacdo base que néo é

negligenciada neste estudo.
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1 Introduction

The future of mobile digital communications in the age of the internet of things (IoT)
requires to optimize the energy consumption for transmission, improve the signal to noise ratio
(SNR) at the receiver, increase the spectral efficiency, and propose communication protocols,

channel estimation methods and beamforming strategies suitable for the adopted system model.

Many solutions have been proposed as alternatives to the sixth generation of mobile commu-
nications. Zhang et al. [3] make an excellent review of the literature on these emerging techniques,
citing among them large intelligent surfaces (LIS), holographic beamforming (HBF), angular
orbital momentum (OAM) multiplexing, laser and visible-light communications (VLC) [4] and
the advent of quantum computing which is increasingly present in large technology companies
like Google and allows unmatched performance and security for quantum communication sys-
tems. Nawaz et al. [5] investigate the use of quantum machine learning strategies to improve
the performance of the processes involved in the network structure since we mess with many
parallel operations involving large arrays and tensors with data loaded and that through quantum
computing can be mapped into large tensors product spaces where operations are handled by
quantum processors that take advantage of the phenomenon of quantum superposition to achieve

large communication rate and encryption security.

The demand for data rate has increased exponentially in the last years, mainly due to
the emergence of new services such as the internet of things (IoT) and the video on demand.
Sensors, objects, and everyday items can communicate, generate, exchange, and consume data
with minimal or no human intervention. One of the solutions to support this new increasing data
rate relies on solutions such as antenna arrays and electromagnetic mirrors. However, they can

be expensive and present high power consumption at the transmitter [6].

Since then, there are already some variants of this technology [7]. Intelligent reflecting
surfaces (IRS) are composed of reflecting elements capable of changing the incident signal in fre-

quency, amplitude, or polarization [8]. Large intelligent meta-surfaces (LIM) are reconfigurable
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surfaces composed of projected meta-materials that can change the incident signals based on
their physical properties[9]. On the other hand, software-defined surfaces (SDS) are capable of
being configured by software solutions [10]. Passive intelligent surfaces (PIS) reflect the incident

signals without applying any power gain to the reflected signal[11].

As an attempt to deal with this design compromise between increasing spectral efficiency
and minimizing transmission power consumption, several methods involving large intelligent
surfaces (LIS) have been proposed. A LIS, which is an array composed of a massive number
of low-cost reflecting elements, is capable of reflecting the incident signals with adjustable
phase-shifts [12]. As they leverage ultra-reliability, high spectral, and power efficiency of the
digital communication systems, LIS-equipped systems meet the requirements posed by various

emerging application scenarios such as the industrial IoT [13].

The proposal to make use of large intelligent surfaces to improve transmission quality in
massive MIMO systems is recent and has been gaining visibility in the literature as a concrete
solution for the sixth generation (6G) of mobile communications and has presented a competitive
performance in comparison with classic methods like relaying switches. A concept, similar to
LIS, was first mentioned in 2015 at the University of California Berkeley project [14]. The general
idea consists of wallpapers that are electromagnetically active and have built-in processing power.
There is a compact integration of large numbers of tiny antennas with reconfigurable processing

networks.

One of the great challenges for the implementation of the LIS is to estimate the channel
and obtain the distribution of the fading coefficients. Wang et al. [15] propose channel estimation
methods for multiuser massive MIMO systems assisted by LIS and present alternatives to
decrease the training time necessary to have complete knowledge of the channel coefficients.
Tataria et al. [16] discuss practical aspects of real-time implementation of LIS, especially in terms
of processing and applications in radio frequency (RF) communications. Elbir et al. [17] present
a deep learning framework for channel estimation, considering the massive MIMO scenario

using mm-Wave.

Yu et al. [18] propose the use of LIS to improve the coverage of a cellular IoT in the so-
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called beyond fifth-generation (BSG). The LIS project aims to minimize the energy consumption

and study the impact of channel parameters on spectral efficiency.

The work of Hum et al. [19], for example, proposes a solution very similar to LIS
technology. It discusses, from a theoretical point of view, the future challenges and the possibility
of using array lenses, micro-electro-mechanical systems (MEMS), and reconfigurable reflect-
arrays to make electronic beamforming by changing the polarization, amplifying signals and
increasing the signal to noise ratio. The use of reflecting surfaces to perform beamforming has
emerged in the last three years as an alternative to the sixth generation of mobile communications.
Hu et al. [20] use adjacent surfaces, covered with a magnetic and active material capable of

being electronically and intelligently manipulated, to solve wireless communication tasks [21].

LIS technology can be divided into two types, passive and active. Although both of
them can constructively combine the signals, minimizing the noise effect, there are fundamental
differences. The LIS with passive elements can only reflect the incident signals, modifying
their phases without any reflection amplitude control. On the other hand, active LIS achieves
better signal to noise ratio due to reflection amplitude control. It is necessary to perform power

allocation at the reflectors, which requires high computational complexity [22].

Despite recent proposals in the literature to tackle all these challenges [23], achieving the
optimal power allocation for active LIS beamforming is a complex optimization problem for
itself. The search for the precoder vector and the design of the matrix with phase-shifts involves

the optimization of non-convex functions, which is an intricate task [24].

Regarding the phase adjustments common to the two types of LIS, they are designed
for two reasons. To cancel the channel phase, improving the SNR or even destructively at the
non-intended receiver to avoid interference and enhance security/privacy. According to [25], the
LIS can control and optimize the refraction and reflection towards anomalous directions, thus
altering the spatial distribution of the intended and interfering signals. But, it is worth mentioning

that this process is susceptible to phase errors.

According to Zhang [26] the matrix of reflectors operates by controlling diodes on each

LIS element alternating between the states on and off to control the bias voltage. Since the
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diodes are digitally controlled, there is a limited amount of bits to represent the reflection angles.

Therefore the phase is quantized, and there are random phase errors.

Considering that such errors do not exist, the framework investigated in [22, 27] takes
into account a LIS composed of passive antenna elements with reconfigurable characteristics.
They do not require any dedicated energy source for either decoding, channel estimation, or
transmission. The authors came across some non-convex problems that are solved through the
use of optimization techniques. Based on majorization-maximization alternated by fractional

programming, it is possible to optimize energy efficiency.

Taha et al. [28] propose a training process based on deep learning. Using a massive
number of passive reflectors and a small number of active ones, the LIS can learn the channel

parameters and autonomously optimize the data transmission.

Following this idea, Basar et al. [8] present closed-form solutions for optimization
problems. Parameters related to LIS design, power allocation, precoder, and phase shift matrix

are derived and influence the performance of the system directly.

Besides, LIS can also be useful in smart radio environments employing millimeter-
wave band (frequencies around 30-100 GHz). In the absence of line of sight (LoS) paths,
systems operating at such bands cannot work correctly due to the high attenuation caused by the
absorption of atmospheric gases. Then, LIS-equipped systems can create LoS paths connecting
the base station to devices [29]. These and other advantages are evident in [30], in which the
authors present a comparative performance study between classic relaying and reflecting surfaces

at high-frequency bands when there is no LoS path.

Yang et al. [31] proposed a transmission protocol for a system that combines LIS and
orthogonal frequency division multiplexing (OFDM) with channel estimation, the reflectors
were divided into clusters, and the adopted methodology considers that adjacent reflectors share
the same reflection coefficient. Only the channel resulting from the combination of the clusters

needs to be estimated.

Ye et al. [32] propose techniques to minimize the symbol error rate (SER) by optimizing

the phase shifts and the precoder for a MIMO reconfigurable intelligent surface (RIS) considering
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a finite alphabet of symbols. Among the strategies proposed are to fix the phase shifts and obtain
the optimal precoder or to fix the precoder and find the phase shifts, that solution is useful to
reduce the dimensionality of the optimization task and also the performance of the proposed
RIS strategy is compared with a relay system and we see the advantage of using the techniques

proposed by the authors.

Wu et al. [33] develope a mmWave point-to-point communication system assisted by
multiple intelligent subsurfaces with passive reflecting elements, and antenna arrays on the
transmitter and receiver. The authors derived the system achievable rate and have found the
optimal precoding and power allocation for the LIS phase shift design. He et al. [34] investigate
the theoretical limits and Cramér-Rao bounds for the LIS performance in a MIMO 5G system

dealing with mmWave and considering the existence of a direct path (NLoS and LoS).

Dardari [35] derives analytical expressions for the channel gain and the spatial degrees-
of-freedom (DoF) for the optimal LIS design considering MIMO systems. The analysis is based
on electromagnetic theory and employs only geometric arguments. Jung et al. [36] consider that
a MIMO system assisted by LIS can be modeled as an LoS after phase cancellation. The authors
also analyze the theoretical limitations of the practical system’s performance considering spatially
correlated Rician channels and demonstrate that the NLoS component can be neglected when

the number of antennas increases.

Yan et al. [37] present a multiuser MIMO (Mu-MIMO) system in which intelligent
electromagnetic reflectors perform passive beamforming. The authors also propose to design a
receiver with two estimation modules. One for the signal transmitted by the base station and the
other, to estimate the additional On/Off information associated with the reflectors that modulate

the digital signal arriving at them.

Badiu et al. [38] shows that the perfect estimation of the reflection angles at the LIS array
is unfeasible, so we have to model the phase errors due to the estimation and discretization errors.
The authors claim that the overall channel, including the LIS, can be modeled as Nakagami-m

distributed, for phase errors having a generic distribution.

Cavers [39] defines maximal ratio transmission (MRT), establishing that the base station
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applies a vector of complex weights to compensate the downlink channel by canceling the phase
and perform a signal reinforcement. He also shows a generalization for the effects of fading
when the system has multiple users, although there is no exact generic solution for the optimal

precoder in this scenario.

Makarfi et al. [40] propose to apply reconfigurable intelligent surfaces to expand coverage
and improve the signal-to-noise ratio of a vehicular network, which can be seen as a case study
of the IoT area using this new massive MIMO solution. The authors explore the idea of using
smart radio environments for IoT problems and discuss some relevant aspects beyond 5G to

establish communication between vehicles.

Qian et al. [41] present a MIMO system that uses LIS and has an array of antennas on
the transmitter and receiver. The signals suffer uncorrelated Rayleigh fading in each channel.
The authors obtain good approximations and performance studies based on analytical derivations
of the statistical moments associated with the largest eigenvalues of the Wishart matrices related
to the LoS and NLoS component. Without losing generality, they assume that the largest
eigenvalues have a Gamma distribution and their moments are a function of the number of LIS

elements and the number of antennas in the array.

Bjornson et al. [42] discuss how the correlation matrix of the LIS elements can be
computed under certain conditions, considering Rayleigh fading channels with a direct path
between the signal and the final user. In this study, the authors make a more geometric analysis
of the problem considering a rectangular panel formed by several reflectors and their constructive
parameters, thereby establishing a relationship between the degrees of freedom of the LIS
and the rank of the autocorrelation matrix of the reflector panel. Asymptotic analyzes of the
SNR variation and channel hardening are also performed when the number of antennas and

reflectors increase.

Note that the phase estimation errors is modeled as zero mean Von Mises distribution [38],
which has a concentration parameter, ~, that helps us model the accuracy of the estimation.
Large values of the Von Mises x implies small errors, when £ — oo the zero mean Von Mises

probability density function is impulsive at zero, and for x = 0 the probability distribution is the
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uniform distribution.

Analytically obtaining the equivalent fading distribution and the bit error probability
is quite intricate due to the considerable sums and transformations of random variables with

distinct distributions.

Some authors have employed a similar approach to the one used here, but most of them
adopt restrictive models. In [43], the authors have used the central limit theorem (CLT) to
obtain an approximate probability distribution and calculate the outage probability in scenarios
involving many reflectors and only one antenna at the base station. The authors only consider a
phase error with uniform distribution (worst case of phase estimation) and a channel subjected to

the Rayleigh fading. They do not provide any expression for a small number of reflectors.

In most previous research, it is assumed that the channel fading is Rayleigh distributed.
Of course, the Rayleigh-fading model is known to be a reasonable assumption for the fading
encountered in many wireless communications systems. However, many measurement campaigns
[44, 45] show that the Nakagami-m distribution provides a much better fitting for the fading
channel distribution. Since the Nakagami-m distribution has one more free parameter, it allows
for more flexibility. It moreover contains the Rayleigh distribution (m = 1), the one-sided
Gaussian distribution (m — 0.5), and the uniform distribution on the unit circlel (m — 1)
as special (extreme) cases. The Nakagami-m distribution is a general, but an approximate
solution to the random phase problem [46]. The exact solution involves the knowledge of the
distribution and the correlations of all of the partial waves composing the total signal. It becomes
infeasible due to its complexity. This has been circumvented by Nakagami [46], who, through
empirical methods based on field measurements followed by a curve-fitting process, obtained the

approximate distribution.

In the first part of this study, we consider passive elements and focus on the bit error rate.
Our main contribution is the derivation of exact expressions for the BPSK and M-QAM bit error
probability for an arbitrary number of reflectors n. The expressions derived here allow us to
predict how the channel parameters and the phase error distribution impact the performance of

the communication between the base station and the end-user. One of the main problems solved
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here is true of a very general statistical application that can be used in countless applications.
In particular, we find an exact solution to the problem of obtaining the distribution of the sum
of random vectors whose amplitudes follow the product of two Nagakami-m distributions and
whose phases follow the Von Mises distribution. Note that the literature solves this problem but
for a very limited scenario, namely vectors with fixed amplitudes and uniform phases. Certainly,
our solution is much more general than this. Of course, in both cases, as the number of vectors
increases the CLT can be used. But, for an arbitrary finite number of vectors, our solution is

much more general.

In the second part of the study, we investigate the performance of a system employing
LIS, also known as large reflective surfaces (LRS), taking into account Rayleigh channels and
phase errors due to imperfect channel phase cancellation. This work is very general since it
considers a direct link between the base station with multiple antennas and the single user. We
investigate the system performance and quality of the proposed approximations for channel
distribution in terms of the Kullback-Leibler divergence metric. We also present analytical
expressions for the bit error probability and very tight upper bounds for different scenarios in

terms of the Von Misses parameter.

This study is divided into two papers [2], [1] trying to cover some gaps in the literature,
with regard to obtaining analytical solutions in the form of simple algebraic expressions involving
the channel parameters and the Von Mises parameter for the single antenna transmitter in
Nakagami-m fading channels scenario and for the antenna array transmitter in Rayleigh fading
scenario, in this way we were able to simplify the analysis of a very generalist system model
that may include the direct link with the user, may have one or more antennas at the base
station and we maintain the validity of the analysis even when the phase correction algorithm
is not efficient. Badiu et al. [38] use the central limit theorem to solve a simpler scenario
with one Rayleigh NLoS channel and a Rician LoS channel, but considering a single antenna
transmitter. Bjornson et al. [42] propose asymptotic approaches in a scenario that takes into
account the correlation of the LIS elements but is also restricted to the context with a single

antenna transmitter which simplifies the analytical solutions.

The remainder of this study is organized as follows, in the second chapter we talk about
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the single transmitter case, where the Rayleigh fading environment includes channels between
the single user, single transmitter, and several reflector panels between them. The second chapter
considers multiple transmitters sending the same symbol and a Nakagami-m fading channel
between the LIS and the user and transmitters. The sections present the system model, the fading
distribution of each subchannel, we model the LIS phase correction errors and present the overall
fading distributions and the bit error probability. Several calculations are left for the appendix to

simplify the reading.



24

2 Error probability for BPSK systems with Large
Intelligent Surfaces communicating through

double-Nakagami Fading channels

2.1 Large reflecting surfaces, a brief introduction

According to Gong et al. [47], the LIS is an array composed of two-dimensional
scattering (near to zero thickness) cells, these cells can be metallic or dielectric metasurfaces
with some electromagnetic properties, that depend on the design parameters and allows us to
control the phase of the reflected signals. The reflected and diffracted electromagnetic waves
follow the Fresnel equations and Snell’s law and the special arrangement of the LIS cells causes
a shift of the resonance frequency and thus a change of boundary conditions, this mechanism

causes the phase changes.

There are digitally controlled chips inside the structure of the metasurface of each cell,
and each one of them interacts with a scattering element communicating with a controller
programmed by software. The tunning of the controller allows us to design the LIS according to

the needs, giving great versatility to this technology.

2.2 System Model

As shown in Fig. 3.1, we consider a single-input single-output (SISO) system formed by
a base station (BS) with a single antenna sending signals to LIS. The array is composed of n
reflector elements, in which the incident signals are reflected with a calculated phase-shift. Only

a single-antenna user is considered.

The system is composed of two channels. The single-input multiple-output (SIMO)
channel between BS and LIS is modeled by the fading coefficient Hy;, € C'*™. The multiple-

input single-output (MISO) channel between LIS and the user is modeled by the coefficient
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Hy;, € C™*!, Both of them are independent random variables modelled by the Nakagami-m

distribution.

Y -

base station (BS) LIS- n reflectors single user

Figure 2.1: System model.

Let X be the transmitted symbol with zero mean and unit variance. According to Badiu

et al. [48], the incident signal on the single-antenna user can be expressed as

Y =70 Y e HiyHy X + W, (2.1)
k=1

in which ¢y, is the phase adjustment performed by the LIS, W is the additive noise and follows
a Gaussian distribution, W ~ N(0,03,), 7o is the average signal to noise ratio for a single
reflector, |Hyy| and |Hyy| for Yk are Nakagami-m distributed with the following probability

density function

2m™ m_2

f‘H1k| (77) - —Qij_le_ﬁx

2.2
S , (2.2)
in which m is the shape parameter and (2 is the spread parameter, and |.| denotes the absolute

value.

We can assume that the phase introduced by the product of the two complex fading
coefficients, Hy; and Hs are almost entirely cancelled by LIS. But there are remaining errors
due to the quantization bit limitation, estimation of the channel phases, and synchronism error.
The total residual phase error can be modeled as a Von Mises random variable ¢,. The zero-mean
Von Mises distribution has real support in the range from — to 7, and the x parameter describes

how scattered the probability density function is from the mean.

The Von Mises distribution is a continuous probability distribution on a circle analogous
to the Gaussian distribution but with the entire non-zero part of the PDF distributed in a range
of size 27 centered on the mean. This distribution was previously used to simulate the azimuth

angles [10] and model the phase error [48] in LIS-based systems. It is versatile to represent
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random angles since the concentration parameter is related to the distribution variance and

models how closely the angle is from the mean.

Let 6; be the phase error modeled by a Von Mises random variable © and concentration
parameter k, In other words, © ~ Von Mises(x). The Von Mises distribution has the following

PDF [49]
1

— K cos(0) 23
rlo(m) 2.3)

fo(0)

in which /() is the modified Bessel function of first kind and order 0. The parameter « indicates
the spread of the distribution. Large x means that the phase error is concentrated in a small

interval. When s = 0, the phase errors are equally probable and follow the uniform distribution.

Consider that 0y, = arg(H;;) is the phase of the channel between BS and the LIS
elements and 6, = arg(Hsy) is the phase of the link between each LIS element and the user.
The LIS attempts to perform phase cancellation with respect to the composite channel H; Hoy,
by rotating the incident signal by a phase shift ¢y, in such a way that 0, + 0p,, + ¢, = 0. In

practice, the phase correction is not perfect and residual errors are left, that is
Or = ¢ + 0, + O0m,, . (2.4)

Isolating the variable ¢y, in (2.4) and substituting in (2.1), we have that

Y = \/%Z €j¢kH1kH2kX LW = \/%Z ejeke_j(0H1k+9H2k)HlkHQk-X +W

k=1 k=1

= o e I Cmet i) | Hy | | Hoy| x o/ t0mae) X 4 W

k=1

— \/'%Zeje’“ |Hqp| |Hok| X +W. (2.5)

k=1

We can define the composite fading coefficient H as

1
H=— > % Hyyl| Haxl, (2.6)

k=1

and therefore, the output at the receiver (2.5) can be written as

Y = nyoHX + W, 2.7)
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The distribution of H, given in (2.6), is of fundamental importance to our problem.

Since we have sum of terms |H;y||Ha|, we have to derive the distribution of the product

of two Nakagami-m distribution. Fortunately, from [46], we know that the distribution of
Z = |Hig||Hak|, is given by
2
qymtme—Lpe (22 11 %)
i=1 ‘

fz(z) = 5 T : (2.8)
[Irem) (%)

=1

in which I'(.) represents the Gamma function, Z is a random variable with Double-Nakagami

distribution, while m,; and 2; are the parameters of each Nakagami-m coefficient.

It is important to highlight that the phase distribution of the complex fading coefficients

is not relevant in our analysis, but only the magnitude.

2.3 Fading Distribution

In this section, we derive the distributions of | H| using the channel parameters and the
characteristic function associated with the random phase error for n = 2 and n = 3. Moreover,

it is also proposed an approximate distribution for large values of n.

It is possible to rewrite (2.6) as H = = >0 |Hyoy,|e?%, in which |Hyoy| = |Hyg||Hox|
is the magnitude of the combined fading coefficients. The squared fading coefficient magnitude

can be written as: 5 9
|H|* = (Z Ry, cos Hk) + (Z Ry, sin 9k> ; 2.9)
k=1 k=1

in which R, = %|H 12k|» 01 - . . 0,, are independent Von Mises random variables. Ry is the k-th

sample direction, and the resultant direction is | H|. Note that (2.9) can be written as
[H? = C* + 52, (2.10)

in which C' and S are the in-phase and quadrature components given by

C' =) Rycosby, (2.11)
k=1
and
S = Z Ry, sin 6y.. (2.12)

k=1
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2.3.1 Exact Distribution of |H| for n = 2 and n = 3

The general solution to the computation problem of R = ‘Z?:l R;e’?

tude of a linear combination of complex variables with constant magnitudes and random phases
uniformly distributed, was obtained by Maghsoodi [50]. However, our problem requires that
Ry, Ry -, R, be random variables, so we need to remove the conditioning (considering that
the magnitudes are given) and apply the law of total probability to obtain the complete solution.
Therefore, in order to apply this result to our problem, we multiply the solution given in [50]
by the distribution of the product of two Nakagami-m distributions, i.e., the double-Nakagami
distribution given in (2.8). Then, we perform the integration with respect to the variables

R17R2"' 7Rn-

The exact PDF of |H| for n = 2 and n = 3 is given by (2.13) and (2.14), respectively.

The symbol U|(-) denotes the Heaviside unit step function, and 75(¢) = /77 + 13 + 21173 cos .

it =2 [ [ Ly
|H| \/47”17”2 7‘% - 7‘%)2 o

X

dry, n=2. (2.13)

(4r3ra(9)® — (r* — ra(9)? — 13)

fien(r) = 7T2/ / / / \/47"37"2 N G (O

M1+MQ Ly (2, mymy
(

. H ( . ) dg, n=3. (2.14)

Fig. 2.1 shows a comparison between the exact and simulated PDF for m = 1,2, 3. As

can be seen, as the value of m increases, the mean of the distribution also increases, that is, the

larger the m parameter, the better the condition of the channel.

2.3.2 Approximated Distribution of | /| For Large n

Unfortunately, the exact distribution for large n is very intricate and its evaluation

becomes computationally prohibitive. However, as n increases, the distributions of C' and S,
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Figure 2.1: Exact PDF of |H| for n = 2 double-Nakagami.

given in (2.11) and (2.12) respectively, become approximately Gaussian due to central limit
theorem [51], that is C' ~ N (uc,0?), and S ~ N (ug, 0%). Since C' and S are uncorrelated
(see Appendix C), for the Gaussian case, this condition implies that they are also independent

random variables [52], and therefore their joint distribution can be given as

1 _(m=ne)®  (v-ng)®

e ¥ e 5 . (2.15)

fo,s(fﬂ,y) = m

The analytical expression for the mean ¢ and variance o2 of C, are expressed by (5.1)
and (5.10), respectively in Appendix 5.2. In the same way, the mean /5 and variance 0% of S

are given by (5.11) and (5.16), respectively in Appendix 5.1.2.

Since we are interested in the distribution of the fading envelope, that is p = | H|, we can
perform a change of variables as x = pcos ¢ and y = psin ¢, and then fro(p, @) = pfes(z,y)

can be written as

(peos(@)—nc)®  (psin(@)—ug)®

fp,cp(p,(b):%ff ¥t e 7% (2.16)
TOcO0gs

Uniformly Distributed Phase Error

Considering that the phase error is uniformly distributed, the mean and variance of C'
and S can be further simplified. Assume x = 0 and 6y, is a zero mean random variable, therefore

according to (5.1) and (5.11), the mean of C' is given by

pe = papeElcos O] = pypsas = 0, (2.17)
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in which E/.] is the expected value of a random variable and «, is the real part for the character-

istic function ¢,, that can be defined as

¢p = E[e"] = a, + jB,. (2.18)

Note that 3, = 0, because the imaginary part of the characteristic function is associated

with a sine function, which is an odd function and the PDF is symmetrical. Then, ¢, is a real

number and can be given as ¢, = o, = %
The mean of S is given by
ps = pipeElsin O] = pypefr = 0. (2.19)

Using (5.10) and (5.16), the variance of C' and S can be calculated as

2
02 = o2 = %ﬂum (2.20)

For these values of mean and variance, (2.16) simplifies to

U P 202
= ) 2.21
fP,@(ﬂ, }) 27“3% e ~c ( )

2.4 Bit Error Probability

The bit error probability for the //-QAM and BPSK modulations can be found according

to [53, 54] respectively as
2
_ 1 3yloga M
PIAMmy =1 - [1-2(1—- — — 2.22
e () ( ( _M)Q[ (M_l)D , (2.22)

PPPE () =Q (VA) (2.23)

and

in which Q(-) is the Gaussian error function, ¥ = E}, 1s the energy per bit, and M is the

22’

number of symbols.

Under multipath propagation, the mean probability of error can be written as

paAM (5 PO (2512 £ (r)dr (2.24)
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PBPSK () = / " PEPSE (12502 fi (r)dr (2.25)

in which fjy(r) is given by (2.13) and (2.14) for n = 2 and n = 3, respectively.

When n is large and from some assumptions, we can derive elegant expressions for the

bit error probability as follows.

2.4.1 Bit Error Probability for Large n

Considering that C' and S are Gaussian distributed, then the error probability can be

calculated as

PAM (5 / / PO (5250 g (p, 6) dpd. (2.26)

The same way, the bit error probability for BPSK can be written as

PPPSK(5) = / ' /O " PP (n250) fp (p, 6) dpdo. (2.27)

12

Considering the Chernoff bound Q(z) < %e‘zz , then the upper bound of the error
probability can be calculated by (2.28) on the next page. Here, k; = M + 3y log,(M)n?c% — 1,

ko = M + 6ylogy(M)n?c% — 1, and 0,,;, = min (o¢, 0g).

M-1) (g +1%) M-1)(u C+u?,~)

sy < (b (VAT - 1)e ot oy Ao

NC +HS

(VAL —1) (VAT +1) ¢
kiko M

X

(2.28)

Following the same reasoning in (2.27), and defining 0,,;, = min (0¢, 0g), we obtain

an upper bound for the BPSK modulation as

yn? (Mc +us2)

6_ 2'yn20'2 +1

PPPR () < (2.29)
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2.4.2 Uniform Phase Distribution

The worst case for the phase error is the uniform distribution, in which all angles are

equally likely. Considering BPSK modulation, the bit error probability can be written as

PEPSK() = om [ PETSK 0 (. 0)dp (230

where fg o(p, @) is defined in (2.21). Its closed-form resembles the channel under Rayleigh

fading presented in [53]. For the sake of clarity, it is repeated here as

_ 1 =
pErsk(my L[ (2.31)
e 2 — 1
A /TLQ’Y + %

For the general M-QAM modulation, the error probability considering uniform phase

error is given as

PRAM (5 QW/PQAM n*yr? fp(b(p, o)dp. (2.32)
0

Unfortunately, there is no closed-form solution to (2.32). However, we can neglect the

terms Q(.)? and then obtain an approximation for the M-QAM bit error probability as

2 <\/M _ 1) o2 < —%gi)lif;%w)) 49— 3)

P (3) ~ ——
\/ng'ya2 log(M +9

(2.33)

2.5 Numerical Results

In this section, we present some numerical results to validate the Monte Carlo simulations

obtained from 10° realizations. For simplicity, the variables 0% and o3 assume unitary value.

Fig. 2.1 shows the probability density function of |H| for x € {0, 1,2} and n = 128. We

can observe that the simulated curves match very well the approximated results.

Table 2.1 presents the mean squared error (MSE) between the approximate the simulated
distributions for different values of n. It is evident that the accuracy of the proposed approach
becomes higher as n increases. For example, the error is less than 5% for n > 32 and practically

zero for n > 128.
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Figure 2.1: PDF of |H| for n = 128 and different values of .

Table 2.1: Mean Squared Error of the Approximated PDF.

| n | Mean Square Error (MSE) | MSE (%) |

8 0.1077 10.77
16 0.0784 7.84
32 0.0451 4.51
64 0.0143 1.43
128 0.0001 0.01

)
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8
«
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e 1o
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=
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o Simulated 4-QAM
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Figure 2.2: Exact bit error probability for n = 2.

Considering n = 2, Fig. 2.2 shows the exact bit error probability given by (3.15) and
(2.25), for 4-QAM and BPSK, respectively. As expected, the theoretical and simulated curves

are indistinguishable.

In Fig. 2.3, we present the bit error probability for 4-QAM modulation for n = 32 and

n = 128. As can be seen, the proposed approximated distribution curve is very close to the
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Figure 2.3: Error probability for 4-QAM and different values of reflecting elements, n.
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Figure 2.4: Error probability for different values of n.

simulated curve. Its accuracy increases for larger values of n, as predicted by the law of large
numbers.

Fig. 2.4 shows the behavior of BER of 4-QAM modulation as a function of the number

of reflectors, n, for two values of SNR. As expected, the error decreases as n increases.

Fig. 2.5 shows the theoretical and simulated BER for 4-QAM, n = 32 and different

values of k. It is possible to see that BER decreases as x increases.

Fig 2.6 shows the bit error probability for 4-QAM modulation as a function of the
concentration parameter ~ for a fixed signal to noise ratio of —25 dB and n = 256. Note that as

 increases, the BER decreases fast, since the phase errors are more concentrated around the

mean.

In Fig. 2.7, we can verify that the upper bound, proposed in (2.29), for the bit error rate
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Figure 2.5: Approximate bit error probability for 4-QAM and n = 32.
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Figure 2.6: Error probability for 4-QAM and different values of .

for BPSK modulation and n = 16, works correctly and can be useful to approximate the integral

formula of (2.27).

Fig. 2.8 shows (2.26) and its approximation proposed in (2.33), considering the 16-QAM
modulation with n = 16. As can be seen, the approximation is very accurate, especially for large
SNR values. Also, we present the result for the upper bound proposed in (2.28). It is possible to

see that the upper bound is very tight to the numerical solution.

Finally, Fig. 2.9 shows the bit error probability for different combinations of m; and
me as a function of the signal to noise ratio. As well known in the literature, for a conventional
single input single output channel, the greater the m parameter, the better the performance in
terms of BER [55]. It is interesting here to observe that the equivalent parameter m is the product

mimao, that is, the greater the product, the better the performance.
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Figure 2.9: Bit error probability for channels with different parameters m; and ms, assuming 4-QAM
modulation, n = 64, and x = 4.
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3 Large Intelligent Surfaces Communicating
Through Massive MIMO Rayleigh Fading

Channels

3.1 System Model

In this section, we describe the mathematical model adopted in this paper and present the
rationale to justify the models used for the channel, the distribution of the fading coefficients in
the direct (LoS) and indirect (NLoS) links, in addition to the probability distribution associated

with the error of phase accomplished by the LIS when performing the beamforming.

This paper considers a multiple-input single-output (MISO) system between a base
station (BS) equipped with an antenna array composed of M antennas and a single-antenna
user as shown in Figure 3.1. The signal path passes through the LIS environment dividing
the system fading in an LoS component between the BS and the user. There are two indirect
paths, between each antenna and the LIS reflector, and between each reflector and the user, these
indirect links form a composite channel between the base station and the user.We suppose that
the LIS is far from the BS, and the user is also far from the LIS. So, the fading coefficients are

modeled as uncorrelated Rayleigh.

LIS equipped
with N elements

Ho0oo [m]
oooo [m]

gn € T~ CN(Oy, 0F 1)

oooo 8| hys € CV*I~CN(0y, 02 Iy)

5
ﬁ hgs € C1*1 ~ CN(0y, 02 I,y) h

BS equipped with
M antennas Single-antenna UE

Figure 3.1: System Model.
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In this formulation the signal received by the user can be written as

y= (hi,4@"G" + hil) x + ¢, (3.1)

where hy ;g € CV*! is the Rayleigh channel between the LIS and the user, G =
[g1...gn] € CM*N is the Rayleigh channel between the BS and the LIS, hgg € CM*! is the
complex normal fading of the direct path between the antenna array and the user (LoS compo-

CM><1

nent), X € is the transmitted symbol after precoding and ® = diag( [e‘”’l .. eI }) €

CN*¥ is a diagonal matrix representing the response of the LIS where ¢,, € [0, 27|, Vn is the
adjustable phase-shift produced by the nth LIS’s element. The variable ¢ ~ CN(0, 1) is the
additive white Gaussian noise (AWGN) term. The Tx signal x is defined as x = us where

u € CM*1 is the precoding vector and s ~ CA/(0, 1) is the data symbol. The precoding vector u

is applied by the antenna array at the BS before the transmission.

Considering the MRT criterion, the optimal precoder is given as [56]
H
w
u=.pi—r (3.2)
[[wll
where /p is the precoder gain and w is the overall channel defined as

w=h ®"GH  hl. (3.3)

Let 7;,; and 0; be the phases of gi; and h!!°, respectively. Therefore, we can rewrite each

channel fading coefficient as

N
Wy, = Z | gkl ‘hiﬂs‘ ed(@i=0i—mii) 4 h]ljS (3.4)

i=1

From (3.4), we see that the best situation occurs when the composite fading coefficient is
perfectly corrected by the LIS and we can state that ¢; = 6; + ;. But this scenario is unfeasible
because perfect channel state information is not a very realistic assumption. Therefore, both
cases are approached: (i) the case where the LIS is able to perform perfect phase cancellation,

and; (i1) the case where imperfect cancellation is assumed.

Considering the first case, the composite channel can be written as

N
we =Y |gwal || + 1S, (3.5)

=1
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Let Cpsy = Re{hP°} and = Spg;. = Im{h2°}. Then, the square of the fading vector

H

norm can be written as ||w||> = w¥w and

M N 2
Iwi* =) (Z |gril |hF7] + CBS,k) + Sho| - (3.6)

k=1 i=1

To evaluate the system performance and understand the relationship between the bit
error rate and the energy per bit applied by the transmitter, we need to know how the fading
coefficients of the overall channel are distributed. Therefore, we need to obtain the statistical

moments and the distribution of ||w||>.

3.2 Von Mises Distributed Continuous Phase Estimation Errors

Since the phase adjustments performed by the intelligent reflectors are imperfect and
cannot completely cancel the channel phase, a term associated with the phase error appears in

the equation of the composite channel phase.

Consider that ¢; = 6 + nx; + Og; 1s the phase correction performed by the LIS, so the
fading coefficients for each antenna is
N
wi =Y |guil [R5 €% 4+ S 3.7)
i=1
where the term 0y; is the phase error, here supposed as Von Mises distributed with probability

density function
1

K cos d
= — . 3.8
27TIO(/<;)6 (3-8)

fa(9)

Therefore, we have that

w = (|G|o A) |hpss| + hi, (3.9)

This error model considers a matrix A € C**¥ in which we have the Von Mises phase errors
and the Haddamard product is an elementwise product between the phase errors and each channel

fading magnitude.

In this case, the moment generating function (MGF) of the Von Mises distribution is

useful to obtain the trigonometric moments that are needed to obtain the mean and variance of the
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fading coefficients. For a random variable ¢ Von Mises distributed, the MGF can be calculated
by

E [e™] = oy, + 1By, (3.10)

Ip(k)
Io(k)

where o), = and 3, = 0 are defined in terms of the modified Bessel function of

first kind.

3.3 Approximated Gamma Fading Distribuition

Since each fading coefficient wy, is the summation of independent and equally probable
random variables, we can apply the central limit theorem (CLT). So, for large values of /V each

wy, is approximately complex Gaussian.

The term ||w|” is the sum of squared Gaussian random variables whose generalized
distribution is the Gamma distribution. Let V' ~ I'(«v, ) be a Gamma-distributed variable with
shape parameter « and rate parameter (3, therefore its probability density function is given as

Bava—le—ﬁv

fv(via, B) = o)

(3.11)

Note that the mean of the Gamma random variable V is given by E[V] = - and the

2, denoted here

variance as var[V'] = £ [52]. We can compute the mean and variance of ||w
as {2 and aﬁWHQ, respectively, and match with E[V] and var[V']. Using this rationale, the

. . . _ o« 2 T
following can be written: j 2 = 5 and O\l = B

Solving this linear equation system, we get that

, = Hliwl® (3.12)

therefore, with the mean and variance of ||w/||*, we can generate its Gamma approximated
probability density function. Although the idea might seem very simple, the mean and variance
of the channel norm are very difficult to be obtained. For the sake of clarity, we detail these
calculations in Appendix 5.2, for the case where there are no phase errors. For this case, the mean

w2 and variance aﬁwng, are given in (5.39) and (5.67), respectively. In the same way, for the
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case where phase error occurs, Appendix 5.3 presents the mean (i, 2 and variance o2 ,asin

wll
(5.98) and (5.113), respectively.

The trigonometric moments needed to perform the calculations are in the Appendix 5.4.

3.3.1 Kullback-Leibler Divergence

To evaluate the accuracy of approximating ||w||* as a Gamma random variable, we can
use Kullback-Leibler divergence [57]. The Gamma distribution will be compared with the

simulation obtained by the Monte Carlo method.

Although the distribution of the fading coefficient is continuous, for purposes of numeri-
cal calculation, we estimate the PDF with a finite number of points and thus we also sample the

Gamma distribution and calculate the Kullback-Leibler divergence in its discrete form [57]

D (Di||D2) = Y dy(x) ( 8) (3.13)

rex
where D; and D, are the simulated and the theoretical distributions, respectively, whose proba-
bility distribution functions are d; (x) and dy(z) respectively and  is the set of points available

to represent the distributions.

3.4 Error Probability Calculations

The error probability for the M-QAM modulation can be approximately obtained by

P(?AM(,V):l—(l—Q(l—\/Lﬂ)Q[ %D . (3.14)

where M is the size of the M-QAM constellation. Under Gamma fading, the mean error

[53]

probability can be calculated as

[e.9]

peQAM(’Y) /PQ (’YU)fHWH 2(v)dv (3.15)

0

where v = p7 and v is the SNR at the receiver while P%4M is the mean error probability

considering the fading coefficient v and the Gamma pdf f, > (v).
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Therefore the error probability can be expressed as

/Bavaflefb’v

o) dv, (3.16)

P () = [ P ()
0

where o = a2 and § = [, 2 are calculated by (3.12).

In [58], we have a useful approximation for the bit error probability on an M-QAM

schema. Considering coherent detection, we can state that

4 3vlog, M
QAM —~ 2
PEAM (y) & 1og2MQ ( M1 ) (3.17)

By using the approximation in (3.17), we propose an upper bound for the bit error
probability for the transmission of //-QAM symbols under Gamma fading by applying the
Chernoff bound Q(z) < —56_5“2 and solving the integral formula in (3.16). The proposed

bound for error probability can be calculated as

2.164047 log(M) T w2
138620 21t 4 1)

log(M)

PRAM () < (3.18)

The gamma approximation for the resulting fading coefficient is adequate and works
even for small values of NV and M when we consider the scenario without phase errors, as in
Figure 3.1, and in the case where we have the Von Mises distributed phase errors as shown in

Figure 3.2.
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—--#--N=12 Simulated
—*--N=16 Simulated
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0.6 [

0.4 -

Probability density function f, (x)

0.2

2.2
X x10*

Figure 3.1: Approximated Gamma Distribution of ||w]||> without phase errors.



43

—N=8 Approximated
—-©--N=8 Simulated

|l
8]
T

w
T

N
8]

- & n
T T T

Probability density function fX(x)

0 L L 1 1 L B D
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
X

Figure 3.2: Approximated Gamma Distribution of ||w/||* with Von Mises x = 2 errors.

As we can see in Figure 3.3 the Kullback-Leibler divergence decays with the number of
reflectors at the LIS and the distribution is well represented by the proposed gamma approxima-

tion.

—— Without phase errors
o Uniform phase errors
—-——-Von Mises errors(k=2)

0.025

o
o
]

0.015

Kullback-Leibler divergence

o
o
S
a

Number of reflectors (N)

Figure 3.3: Kullback-Leibler divergence for the fading squared magnitude.

3.5 Simulated Results

We have simulated the bit error probability and generated the fading coefficients of all
channels using the Monte Carlo method with 10° iterations. We have assumed that the phase
errors follow the uniform or the Von Mises distribution. To calculate the error probability, we

have solved numerically the integral in (3.16) and compared it with the Monte Carlo simulation.

Figure 3.1 shows the simulated bit error rate when there are no phase errors. As it can be

observed, the simulation is very close to the analytical bit error probability. Moreover, as the
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number of LIS reflectors increases, the bit error probability decreases faster concerning the SNR.

This result is valid even for small values of N, for example, for N = 8.

On the other hand, when the phase error is uniformly distributed, as shown in Figure 3.2,
the bit error probability increases significantly compared to the scenario where there are no phase
errors. Again, we can observe that the analytical curve matches perfectly the simulated results,

even for a small number of antennas or a small number of elements at the LIS.

It is worth mentioning that a uniform phase error, as pointed out by [2], may mean that
the LIS’s channel estimation or phase correction was not so effective since large and small phase

errors are equiprobable.

o N=8 simulated
— N=8 theoretical

10°| @ N=16 simulated
——N=16 theoretical

Error Probability

10¢| - N=32 simulated
— N=32 theoretical | ‘
-50 -45 -40 -35 -30 -25
SNR (dB)

Figure 3.1: Error probability without phase errors.

o N=8 simulated
—N=8 theoretical
o N=16 simulated
——N=16 theoretical
N=32 simulated
10| ——N=32 theoretical .
-45 -40 35 -30 -25 -20
SNR (dB)

Error Probability

Figure 3.2: Error probability for uniformly distributed phase errors.

Comparing Figures 3.2 and 3.3, we can see that the error probability is smaller when

x > 0. The occurrence of small errors is more probable than large errors (£7).
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Figure 3.3: Error probability for Von Mises distributed phase errors.

Figure 3.4 shows how the bit error probability behaves as the concentration parameter
varies for SNR of —25 dB. It is clear that the rate decreases as « increases. Therefore, the
parameter of the LIS can be considered a qualitative parameter of the phase correction performed

by the reflectors for a specific channel estimation method.

0.2

Bit Error Rate
— Error Probability

0.15

0.1

Error Probability

0.05 -

Figure 3.4: Error probability varying the Von Mises concentration parameter.

In Figure 3.5, we vary the size of the antenna array at BS and note that the bit error rate
decreases significantly when M increases. Furthermore, our approximation is valid for both

large and small values of M.
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Figure 3.5: Error probability varying the size of the antenna array.

Although the numerical calculation of the analytical expression of the bit error probability
is computationally fast, it may still be interesting to use a direct expression that does not involve
solving numerical integrals. The proposed upper bound is very close to the simulated results,

as we can see in Figure 3.6.

2
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©
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© N=8, M=12 simulated
N=8, M=12 theoretical
] N=8, M=12 upper bound| | | |
45 .40 35 30 25 20 15  -10 -5
SNR (dB)

Figure 3.6: Proposed upper bound for the error probability.

Figure 3.7 shows the influence of the direct link in the bit error probability. In this figure,
we have assumed that the direct link is 10dB and 30dB larger than the two indirect links. As it
can be seen, when the direct link is strong, the error probability decays quickly with the increase
of the SNR, on the other hand, when the direct link is weak, the bit error probability requires a

larger SNR to decrease.
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Figure 3.7: Effect of the direct link in the bit error probability.
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4 Conclusion

In this work, we have proposed an approximated and upper bound expressions for
calculating the bit error probability of LIS-assisted systems. We have considered BPSK and
M-QAM modulations under the effect of Nakagami-m and Rayleigh fading channels. We have
analyzed different scenarios regarding the Nakagami m parameter, the concentration parameter
k, the number of antennas at the base station M and the number of reflecting elements n. In
short, the BER decreases when at least one of these parameters increases. All the results were
validated by numerical simulations and have shown an excellent agreement. We have obtained
the exact distribution of the channel coefficient for n < 4. However, as the exact formula gets
too intricate for large values of n, we have employed a Gaussian approximation for the in-phase
and quadrature components. The approximation for the PDF of |H| converges very fast, and

even for low values of n, the mean square error is small.

The fading coefficients of the overall channel involved in the massive MIMO scenario,
considering the antenna array and the LIS can be modelled as a Gamma random variable even
for a small number of antennas. We have proved the accuracy of our approximation through
the Kullback-Leibler divergence even when the phase error follows either the uniform or the
Von Mises distribution with arbitrary concentration parameter. In the absence of phase error,
the divergence between the simulated distribution and the proposed analytical approach decreases

even faster with the increase of the number of reflectors at the LIS.

Future works may include the analysis of the LIS operating in Nakagami-m fading
channels in a multiuser case or antenna array scenario, and also is possible to explore the
performance of the LIS aided system by means of the spectral efficiency. The existence of
eavesdropper links can be considered to evaluate the secrecy rate and secrecy outage probability,

these measures can improve the contribution for the LIS design.
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5 Appendix

5.1 Error probability for BPSK systems with Large Intelligent
Surfaces communicating through double-Nakagami Fading chan-

nels

5.1.1 Mean and Variance of ('

The mean value of C' is given by

pe =E[C]=FE

"1
ZE’HHHCOS%] ) (5.1)

k=1
Assuming that all coefficients are independent and have the same statistics, the following

can be written

1
Ho = N X E X E[‘ngk‘COSQk]

1 fho (%) : (5.2)

in which p; = E[Hy;] and g = E[Hyy]. The variance of C' is given by
0% = var (Zn: l\Hl%| coS 9k> ) (5.3)
n
k=1
Note that the variance computation in (5.3) involves the product of two independent
variables. Let the variables u and v be independent. Therefore, the variance of the product is
given by var(uv) = var(u)var(v) + var(u) E[v]? + var(v) E[u]* [52]. Additionally, since all the
variables are independent, the following can be written

1
ol = var (| H1ok| cos 6y,)

1
= — (00208, + TLakE, TG HD) (5:4)

whose parameters can be calculated as follows

Oty = 0503 + pios + psor, (5.5)



in which o7 = var(Hy;,) and 03 = var(Hyy,),

o¢, = E [cos*6)] — E* [cos ],

Li(k
po, = Ecosby] = ay = I(I)E/f;’
1 1 1 1
E [c0s0;] = 3 + §E [cos 20;] = 5 T 50

and

76 = 3 T o (m)

, 1 112(/{)+(11(H)>2_

Therefore, the variance of C' is defined as

2n Ih(k) Iy(k)

ol = o2 (1 LB {[1(@]2) .

i (1 Y,

2n

5.1.2 Mean and Variance of S

The mean value of S can be written as

ps = E[S]=FE

Z _’H12k’ Slnek]
n

k=1

1
= — Xn X upuF[sinby],
n

50

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

Using the same assumptions as in the previous case, the mean value of S can be calculated

as
ps, = E[sinf] = f; = 0.
Therefore,
ps =0

On the other hand, the variance of S can be computed as

1
o = var (Z—|H12k|sin6’k>
n

k=1
1

_ 2 2 2 2 2 2
- n (‘712‘75k + ool + Usklhz) )
whose parameters can be calculated as follows

o3, = E[sin®0;] — E*[sin6]

(5.12)

(5.13)

(5.14)
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1 1 IQ(I{)
— —_Z 5.15
2 2 Io(li) ( )
E [sinQHk] =—— —FEfcos20;| = = — -
Therefore, the variance of .S is defined as
2 1 o _ I (k) 1 2(1 Ir(k)
05 = 501 (1 )T 5, (p2)® (1 ) (5.16)

5.1.3 Mean of the product of C' and S

This appendix shows that C' and S are uncorrelated. Considering a possible correlation

between C' and 9, the bivariate Gaussian joint distribution can be written as

1 1 (z-pc)® | (v—18)®  2p(e—nc)(y—ng)
fes(z,y) = e ? HQ( R voTs ) (5.17)
2rocosy/1 — p?
where p is defined as [52]
E|CS]|—-FEI[C|E]S
,_ ECS|- B[] B[S) .

0cos
As it has been calculated from (5.13), the term E[S| = 0, that is, the second term of the numerator
of (5.18) is zero. Therefore in order to prove that p = 0, we need to compute the mean of the

product between C' and .S and show that is also zero.

Departing from (2.11) and (2.12), the mean of the product between C' and S can be

written as

E[CS)=E Y ) RiR;cos(6;)sin (6;) (5.19)

i=1 j=1

Since Ry is independent of @, for all &, then

E[CS] =2 Z Z E[R;R;] E [cos (0;) sin (6,)] +

i=1 j>i

: (5.20)
Z E [R}] E [sin (6;) cos (6;)]
k=1

In the sequel, the following equalities will be proven E [cos (6;)sin (f;)] = 0 and

E [sin (6;) cos (6;)] = 0, and therefore (5.20) will be null.

Using the very definition of the mean, the term E [cos (6;) sin (;)] can be computed as



52

Ecos(6;)sin(6;)] =

2r 27 8 sin(d €HCOS(91') GHCOS(QJ) 1.0 0 o1
/0 /0 cos(0;) sin( j)27T[o(/€)27T[0(/i) idf; =0, (5.21)

in the same way, the mean with respect to ¢; in the second term of (5.20), can be calculated as

Elcos(6;) sin(6;)] = /0 ™ cos

reos(¥:) gy, — 5.22
2inr) i =0, (5.22)

therefore E[C'S] = 0 and consequently p, given in (5.18)), will be p = 0. From this, (5.17) can

be written as in (2.15).

5.2 Large Intelligent Surfaces Communicating Through Massive

MIMO Rayleigh Fading Channels
5.2.1 Mean of w;. Given in (3.5)

Departing from (3.5), the mean of the each total fading coefficient can be calculated as

N
Z | gkl |hiLIS} +h®

i=1

Ejw] = E (5.23)

since |gx;| and |hE1°] are independent and equally probable on the summation variable.
So,
Elwy) = N x E[|gi|) E [|hf"°]] + E [h°] (5.24)

Since E [hfs} =0,
Elwe] = N x E[|gui|] E [| 2] (5.25)

The terms |gy;| and |h-¥| are Rayleigh distributed, since the variables g;; and h/'S are

zero mean with variances 0% and o3, respectively. Therefore
™ T
Blall=on 3, Bl =on/3. 520

Let wy = ¢, + jsi, where ¢i and sy, are the in-phase and quadrature components of the
fading coefficient with respect to the antenna k. Also, let p., = E[c;] and ps, = Els;] = 0.
Then,

™
E [wk] = e, = NEO'lO'Q. (527)
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5.2.2 Variance of w; Given in (3.5)

The variance of wy, is given by

var(wg) = El(ck+jsk)(ck —jse)] — (E[(ck —l—jsk)])2 = var(cg) + var(sg), (5.28)

where
N
var(c;) = var (Z g | |RETS| + CBs,k) , (5.29)
i=1
and can be expanded as

N

var(cy) = var (Z | g ‘hfls|> + var (Cps ) + 2 (E

i=1

N 2
Cpsii Z |9k |hiLIS|] > . (5.30)

=1

The first term of (5.30) can be written as
N
var (Z |9 }hiﬂso = Nvar (|gi| |nF7]) (5.31)
i=1

Note in (5.31) that it is necessary to compute the variance of the product of two random
variables. Let X and Y, two independent random variables, then var(XY") = var(X)var(Y) +

var(X)E[Y]? 4 var(Y)E[X]? and then.

var (|ng| }hfls}) =

var (| gri|) x var(‘hius‘) + var (| gxi|) (E Hhiﬂsuf + var (|hiL]S}) (E [|gkl|])2 (5.32)

Since |gy;| and |29 | are Rayleigh distributed,

4 — 4 —
var (|gr|) = 5 Wa%, Var(|hiLIS|) =— ng (5.33)
and so, after some simplifications, we have that
16 — 72
var (gl [ "°]) = ——— (0102)° (5.34)

N
Since E [Cpgs] = 0 and the terms Cpg; and > |g| ‘hfl o ‘ are independent, then
=1

16 — 72
var(cy) = N T (0109)° + 02 (5.35)
therefore the variance of wy, is given as
16 — 72
var(wy,) = N——" (g105)* + 202, (5.36)
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5.2.3 Expected Value of |w/|’

The expected value of |[w||*> can be calculated by

M

> |wk]2] = ME [|w|?] (5.37)

k=1

E[|w|’] = E

With E[wy,] and var(wy,), we can calculate E [|wy|?] as E [|wy|?] = var(wy,) + (E [wy])’.

Therefore, we have

16 — 72

2
E[Ju?] = N (0102)° + 202 + <Ngalc72> , (5.38)

so the mean of the overall channel fading coefficient is

16 —

w2 U 2
Hywiz = E [||W||2] =M (N (0109)° + 202 + <N§0102> > (5.39)

5.2.4 Correlation between the Fading Coefficients

Since the real and imaginary parts of the fading coefficients, without phase errors, are

uncorrelated, we analyze only the correlation between the real parts as follows.

Elcick] — Elc;| Elck] |

cicr — 5.40
Peve var(c;)var(cy,) 40
Since var(c;) = var(c;) and El¢;] = E[cgl,
Elcicy] — 2
Peiscrn = Blesc] = e, (5.41)
’ var(cg)
where
N N
Eleig) = E (Z gl Ih{ 5] + CBS,i) X (Z |Grom || + CBS,k)] , (5.42)
=1 m=1

and simplifies to

N N
Z Z |gwl”gkm|‘hlL1S||hfnjs‘

=1 m=1

Elcick] = E

N
+ E[CBs,iCss,k] + E[Cps,i (Z |grm| |5 + CBS,k) +

=

m=

E[Cps] <Z |9l

=1

he'S |+ CBS,Z-> . (5.43)
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Since E[Cps,] = E[Casi] = 0. E [lgall = E lginl. B [WF5]] = B [[3E5] so

Elcicy] Z Z E [|9ullgm 1121 |] + E[CrsiCs il

=1 m=1

Since |g;;| and |gg, | are independent, therefore

E {lgallgim 1011 ®1] = E (lgall E [lgrm] £ [|hf5]] E (| *[] VI m

and
L=m = E [|gallgrm| |hi"| [n5°]] = Ellgall E{|grml] E [|h°]?]
since

E [ |WESP| = var (551 + (B [IBE]])°,

so, we have that

E DhTLnIS‘Q] = - WUS + 02 = 205

2 2
Therefore
N N
N -1«
503 llullun 145155 = Nmotad (14 S27)
=1 m=1
Since
0 k£ 1
E[CpsiCpsi| =
E[C%S,k] = a§ k=1
Therefore
Nroiol (1—}-%) k# 1
Elcicx] =
N7T010’2<1+( )>—|—03 k=1

(5.44)

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

Since I [c;] = E [wy] = N50102, we only need to consider the case i # k, because for

i = k we have that p., ., = pe,,c, = 1 therefore

Nroio? <1 + %) — (%0102)2

pci,c = 2 VZ # k'
g N (0109)° + 02
by performing algebraic simplifications we have that
N 2
Perser = ™{0109) Vi # k

N(m +4) (0109)° + 1203

(5.50)

(5.51)
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5.2.5 Variance of HWH2

Let Z;, = |wy|?, so the variance of the sum of the correlated random variables Z;, will be

given by

M M
var (||w|\2) = var (Z ZZ) = Zvar(Zi) + 2 Z cov (Z;, Z,) . (5.52)
i=1 i=1

1<i<k<M

Since the variables have the same distribution and parameters therefore

M
ar (Z Zi> =M x var(Z;) + M(M — 1) x cov (Z;, Zy) , (5.53)

so, the pairwise covariance can be obtained by

cov (Z;, Zy) = E|Z:2Zy] — E|Z)E|Z) (5.54)
where
EIZ,24) = Elluwlwe?] = El(¢ + $2)(c + 52)] (555
and simplifies to
E[Z;Z}) = E[c}c}] + E[cisi] + E[sici] + E[s}s3] (5.56)
Since
E[c?s7] = E[sc}), (5.57)
S0,
E[Z;Zy| = Elcici] + 2E[c?s7] + E|s?si] (5.58)

Considering that ¢, and c; are correlated Gaussian random variables with the same mean

and variance, therefore we have that

C Ck / /ny fc Ck ‘T y)dl’dy (559)

where f., ., (x,y) is the joint probability density function of the correlated Gaussian random

variables ¢; and ¢y,.

Elcici] = uﬁk + 2u§k (14 2pc; ) afk + (1 + 2pzm€) af (5.60)

k
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;

4 4 2 9 (ki 2 2 3, 4 172 4 2
2 .
(g—lalaw%? + 03) 1 # k
E[ 2 2] _ ™
CiCkl =
4 4 2 9 (ki 2 2 kL 2 22 C
\klaw + 6kiol, (Brajasoly + 03) + 3 (Erajaso?, + 03) 1=k

Therefore E|c}c;] can be calculated by (5.90), where ky = N3, a1 =4 —m,ap =4+

and 012 = 0109.

Since ¢; and s;, are independent and E/[|s%|] = var(s;) so we have that

E[c;si] = B[} E[s}] (5.61)
Since
k
E[c?] = var(c;) + (E[cz])2 = ﬁalagafz + a§ + kio?,,

so, we have that

Since F[si] = var(sg) = o3, therefore

2
Elc}s})] = 03 (2—1a1a2 + k:%) + ol (5.62)
T
2 2 2

2
where 01y3 = oi05073.

The fourth order moment E|[s;] of a Gaussian random variable is well known in the

literature and can be calculated by
E[s;] = (B[s))* + 2(E[si])?var(s) + 3(var(s;))? (5.63)

Since E[sy] = 0, therefore

E[s;] = 303 (5.64)

E[Z.7)) =
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(’;ﬂalagaw + 03) + 20%,, ( aras + ki) + 303 1#k

kiot, + 6k?cl, ( a1a20%, + 03) +3 ( a1a90%, + 03)2 + ...

\

With the expected value F|[Z; 7], the expected value of Z;, = |wy|? and the consideration

that F[Z;| = E[Z,] ViVk, the covariance between Z; and Z;, can be obtained by

cov (Z;, Z,) = E[Z; 2] — (E[Z])? (5.66)

Note that var(Z,) = cov(Zy, Z), so the variance of ||w|* can be obtained by
ot oz = var ([wl*) = Mcov(Zy, Z) + M(M — 1)cov(Zi, Z) (5.67)

By substituting the terms F[Z;Z;] and E[Zy], given in (5.65) and (5.27), in the equation (5.67),

we have that the analytical expression of the variance in (5.68).

1
UﬁWHQ =M <k§ + 2]€§(l€3 + 0'%) + 2]{:1/{;2@15]@2@% + (ks + U§>2+

203 (ks + k3) + 305 — (ks + 205 + k3)?) +
M (M +1) (k3 + 6k (ks + 03) + 3(ks + 03)* + 2(ks + k3) + 5o — (ks + 203 + k3)?)
(5.68)

where

k1
2 2
ko = kio12, k3 = %%@0127 ks = kioi,y

5.3 Mean and Variance of the Overall Channel Fading Coefficient
with Von Mises Distributed Phase Errors

5.3.1 Mean of w;

Let wy = ¢, + 7Sk be the fading coefficient with respect to the antenna k£ when phase

errors occurs at the LIS. To obtain the mean of w; we need to calculate the mean of ¢, and sy.
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The mean value of the in-phase fading component ¢, is

- ™
E[Ck] = N§O'120{1 (569)

and the quadrature component mean E'[3;] is

N
E5) =E | |gul b5 | sin o + SP° (5.70)
=1
using the linearity of the expected value we can rewrite the equation as
N ~
El5] =Y E [|gul ]+ B [55] (5.71)
=1
since 31 = 0, so
. T
E[34] = N501251 =0 (5.72)

Therefore we can calculate the mean of the overall fading coefficient, for the antenna k
by using

Elin] = Elé] + E[3] = Ngalgal. (5.73)

5.3.2 Variance of the In-Phase and Quadrature Components

To obtain the variance of w;, we need to calculate the variance of ¢, and S,. The variance

of the quadrature component is
var(3;) = Nvar(|gy;| |[hl"®| sin 6;) + 03, (5.74)

where

var(|gi| | A% sin 6x;) = var(|gp] ‘hLIS| var(sin 0x; ) +

Var(sinéki)( (| gkil ‘h“s‘ ) + var(| gk ’hLIS’ sméki])Q (5.75)

and simplifies to

var(|gg| | A %] cos ki) = var(|gps| |h%|)var(cos 0y;) +

Var(coséki)( [ gril ’hLIS’) + var(| gx| |hL]S| coséki])Q. (5.76)
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To compute the variance of the in-phase and quadrature components we need to calculate closed

expressions for the trigonometric moments of the Von Mises random variable.

The expected value of the sine of a Von Mises distributed phase error is given as

var(sindy;) = Elsin® 6y,] — (Efsin dy])”
— % (1 — E[cos 20x;]) — (E[sin 5;m-])2
1
T 677
Since 31 = 0, so
var(sin dg;) = % (1—ay) (5.78)

The expected value of the cosine of a Von Mises variable can be calculated by
var(cos 0y;) = Elcos? 6] — (Elcos 0])? (5.79)
or, using a trigonometric substitution,

var(cos 0y;) = = (1 + Efcos 20xi]) — of, (5.80)

DO | —

In terms of the the characteristic function, we have

var(cos ;) = % (14 as) — (oy)? (5.81)
So the variance of 5;, is
var(5;) = N 16 g G o2, (1 — aw) %2052 (1— )| +03 (5.82)
and simplifies to
var(§;) = N (207, (1 — a)) + 03. (5.83)

The variance of the in-phase fading coefficient will be

. 16 — 2 1
VEll’(Ck) =N |:T7TO%2 (5 (1 + 062) — Oé%) + ...

16 — 72
Q%Tﬂafz 4 (— (14 as) — a%) 1054 ol (5.84)

and simplifies to

2
var(éy) = o3 + N {20%2(1 + ag) — W—a%ag} (5.85)



61

5.3.3 Mean of |@y,|”

To compute the variance of the total fading coefficient we need the mean value of the

squared fading coefficients.

The mean of the squared in-phase component is given as

2

2
Bl&] = 02 + N |20%(1 +ay) — %a?oé} + (NGona) (5.86)

The expected value of the squared quadrature component can be written as
E[5;] = var(5;) = N (207, (1 — az)) + 03 (5.87)

Therefore, the mean squared magnitude of the overall fading with respect to the antenna k£ is

given as

2 2
Bll@l?] = N [20%(1 + as) - %oﬁag] + (NFoan) +N (208 (1 - az) +20% (5:88)

and simplifies to

El|lwg ] = 4N(1 + ag)o?, + 202 (5.89)

5.3.4 Correlation between the Fading Coefficients

The real and imaginary parts of the fading coefficients are uncorrelated, however we

need to compute the correlation coefficient between the real parts.

The expected value of the product of two different in-phase coefficients can be written as

N N
E[Eiék] =F (Z |gil||hlLls| COS 52‘1 -+ CBS,i) X (Z |gkm||h7LnIS| COS 5km + CBS,k
=1 m=1

(5.90)
since all the variables have the same distribution and parameters, therefore if [ # m, so all the
summation variables are independent, and in addition £ [GBS,k} Vk and the variables C Bs,; and
C s, are independent Vi # k, therefore

N N
Eléier) = E [@Bs,z@Bs,k] + 35" B [|gallgeml [BF5]|REIS] cos i cos 6] (5.91)

=1 m=1

and
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L% m = B [|gul|gem| ||| RES| cos 6 cos Gjm] = B [|grml]” E [|h£,55|}2 E [c08 6m]? =

2 2 9
™ ™ T
(01 \/;> (02\/;> ol = Zaéoz% (5.92)

and also

I=m,i#k= E||gillgem|lhE"S||RES | cos 61 cos 5km] = E[lgum|* E [|h£,55\2] E [c08 8im] E [c08 xm] =

gaf (202)° af = woiai, (5.93)

l=m,i=k=F \gilHkathLISHhﬁfS| cos d;; Cos 5km] =F [|gkm|2] E [\h,LnIS|2] E [Cos2 6km] =

20%2(;5%(1 —a2) (5.94)

therefore )

N(N —1) (%20%2()4%) + N (moa?) i#k

N (2020311 — aw)) + 02 + ...

and the correlation for i # k is given as

N(N -1) (%U%pﬁ) + N (mo?,al) — (Ngalgoq)z

Gier = (5.95)
Pee o3 + N [203,(1 + o) — 7;1—20@052]

5.3.5 Mean of |w|*

The mean value of the total fading coefficient can be written as

M
> |wk|2] . (5.96)
k=1

Since the fading coefficients are identically distributed, then

s )? = B [||V~V||2] =FE

fyay = ME[|we]?], (5.97)

and

Lz = ANM (1 + az)0?y + 2M o3 (5.98)
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5.3.6 Variance of HVT/'H2

The variance of the total fading coefficient is given as

M
var (||V~V||2) = var (Z |1Dk|2> . (5.99)

k=1
Let Z;, = |1,|2, therefore
M ~ ~ ~ ~
var (||Ww|*) = var <Z Zi> = M x var(Z;) + M(M — 1) x cov (Z Zk> . (5.100)
=1
Since
cov <Z Zk) _E [ZiZk] _E [Z} E [Zk] , (5.101)
the expected value of the product of the squared magnitude of two diffent fading coefficients is

E|Z:Zy) = E[E¢;) + 2E[E 5] + E[557) (5.102)

The term E[¢?¢2] can be calculated by (5.103)

(

2]€5 (O’% + k@ - k5(l3) + (0'% + /{36 - /{Z5CL3)2 +
SkBag (N +1) — 3kt + (Zksag (N + 1) — k2)° i #k

ElE2E] = (5.103)

)

k& + 6k2 (02 + kg — ksas) + 3 (02 + ke — ksag)® i=k

\

where ks = NZop0, kg = 2No2y(1 + o) and ag = Zopay. Since E[5;] = 0, thus the forth

order moment of the quadrature component is
E[5] = 3(var(5;))* = 3 (N (20%2 (1-— Oég)) + 032))2 =3 (k7 + 032,)2 (5.104)

where k7 = 2No?,(1 — o).

We need to obtain the term F [¢?57] without considering the CLT, because the correlation
coefficient between ¢ and § is zero. But the terms ¢7 and 57 are not independent and the approach

that use the integral of the product to obtain the expected value is hard to solve analytically.

Considering the definition, we have that
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N 2 N 2
E[#3] =F (Z |\ gar| |[PEES | cos 63 + OBS,i> X (Z | G || 21| S0 G + SBS,k>

=1 m=1

(5.105)

Expanding the power and the product of the two terms we can find the expression (5.106).
Considering that E |Cps,| = 0, E [Spsi| = 0, B [S3g,| = B[S3s,] = o3 50 5.106)
simplifies to (5.107). The three summation terms of (5.107) are obtained by (5.108), (5.109) and
(5.110) that can be obtained by analyzing the different possible values of the summation indexes

that can made the indexed terms dependents or independents.

N 2 N 2
E[&s]=E [(Z |gil|hlLIS|COS(5il> <Z |gkm||hfnjssin5km> ] +E
=1

m=1

N 2
(Z |grl[hi""® | cos 5il> 51233,1@] +
=1

+

N
(Z gl [Py "® | cos 5il> Cps,iShsk

=1

N 2/ N
2E [(Z |gil||hlLIS|cos5iz> (Z |gkm||hﬁfs|sm5km) §Bs,k] +2E
=1 m=1

+2F +

N 2
s (z gkmm;fﬂsmam)

m=1

N N 2
(Z |gﬂ|hfw|cosau> Cos. (z gkmwa’ﬂsinakm) ] B

=1 m=1

4F

+FE [éés,ig?gs,k] +

=1 m=1

N N
<Z lgar| |78 | cos 6il> Chs,i (Z |gm | [P LS| sin 6km> Sps.k

2F (5.106)

N
Chs.i (Z |gkm B | sin 5km) Sps,k

m=1

N 2 /N 2
E[@&]=E <Z|gi1]|hluslcos<5ﬂ> (Z |gkm\|h7LnIS\sin§km>

=1 m=1
2

N 2 N
+E (Z’githlLIS’COS(Sﬂ) o:+ E <Z ]gkah,L,fS]sin(Skm) o4 os (5.107)
=1 m=1

N 2
B (Zigﬂ||hf“|cosaﬂ> —E
=1

N
S5 1galllgal IS [RE'S) cos 6y cos 6] =

=1 t=1

2
2NoZy (1 + as) + (N2 = N) (g) 02a% (5.108)

N N
S 1kl g A5 [R5 sin 6 sin akm] =

d=1 m=1

N 2
E (Z\gkmuh%smékm) —F

m=1
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2No2,(1 — ay) (5.109)

2 N 2
|gal[hi " cos 5u> (Z |G| 25| sin 5km) =

m=1

dl

NOERIE

N N N
ST Ugulllgnlllgual gl 1 1ES] RS [1ES] cos b cos b sin G sin b
=1 t=1 d=1 m=1
(5.110)
)
(N — 1)kio + 3(N? — N)kg + 2k19 + (N> —3N? + 2N)kg . ..
+<k6+ (N];”k5+k;7> o2 + o ik
B (@3] =
(N = D)ks + 2(N? — N)kiy + 4kio + (N* = 3N2 + 2N)ky . ..
\+(k6+(NA71)k'5+]€7) U§+U§ 1=k
where

2
/{38 = 2NO'112<]. — 064)7 kg =2 (g) 0'112(1%(1 — Oég), kl() = 4NO'112(]_ — Oé;), ]{511 =

2
(g) ohai(ar —az) (5.111)

2ks (a§ + ke — k5a3) + (0’§ + ke — k5a3)2 + %kgag (N =+ 1) — Ské + (%k‘5(13 (N =+ 1) — k?,)Q =+
2 [(N — k1o + 3(N2 — N)ko + 2k10 + (N® — 3N2 + 2N)ko + (kﬁ 4 D k7) o2 + o§] +

2 (03 + ko — ksas + k2) (k7 + 03) + (kr + 03)° ik

k‘é + 6]6% (Ug + ke — k:5a3) +3 (0’% + ke — k5a3)2 +2 (o§ + ke — ksas + k‘g) (k‘7 -|-O‘§) +

2 [(N — Dks + (N2 = N)k1y + k1o + (N? — 3N2 + 2N)ko + (kﬁ SRGES k7) o2 + 0§] +

3 (k7 +03)? i=k
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(5.112)

Thus the covariance COV(Z, Zk) can be obtained by (5.101), where E [ZZ;C} is given
by (5.112), remember that £ [Z} =F [Zk} and F [Zk} = E [|wy|?] that can be calculated
by (5.89), also consider that var <Zk> = cov (Zk, Zk> and the variance of the overall fading

coefficient is given by (5.113).

iz = var (|w|*) =
8 2 ?
M(M — 1) |:2k5 (a§ + kg — k5a3) + (a§ + kg — k5a3)2 + ;k?ag (N + 1) — 3]{?; + (;ks)ag (N + 1) — k§> +

N-1)
N

2 ((N — 1)k1o + 3(N? — N)kg + 2k10 + (N> — 3N? + 2N)ko + (k6 + ( ks + k7) o3 + aé) +
2 (02 + ko — ksas + k2) (k7 +03) + (kr + 02)” — (2ke + 2a§)2] +
M [k + 6k2 (o5 + ks — ksas) +3 (03 + ko — ksas)” +2 (o3 + ks — ksas + k2) (kr +03) +

9 N-1
2 ((N —1)ks + 5(N2 — N)k11 4 4k1o 4+ (N® — 3N? + 2N)ko + <k6 + (]Vi)]% + k7> o3+ aé) +

3 (kr +03)" = (2hs +203)°]  (5.113)

5.4 Trigonometric Moments of a Von Mises Random Variable

Since the Von Mises distribution is symmetric about zero, therefore the expected values

of odd functions applied to a Von Mises distributed random variable will be zero, therefore
Vn,m € Z E[sin® § cos™ §] = 0, (5.114)

on the other hand, the expected value of a power of even trigonometric functions must be
expanded in trigonometric Fourier series, or simply transformed in a superposition of cosine
and sine functions using trigonometric transformations to allow us to use the characteristic

function definition.

Since E[cos pd] = a,, we have that

(1+as), (5.115)

Bleos?s] = B[ 1+ con25)| = 3

E[cos’b] = E E (3 cosd + cos 35)} = i (3ag + a3) , (5.116)
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and

1 1
Elcos*d) = E 3 (34 4cos2) + cosdd)| = 3 (34 4oy + ay) . (5.117)

We can write the power of a sine function in terms of the cosine function by applying the
algebraic transformation sin® § = 1 — cos? 6, and this substitution is useful only when the power

is even. The expected value is zero for every odd power of sin 9.
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