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"Life is and will ever remain an equation incapable of
solution, but it contains certain known factors”

Nicolas Tesla
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ABSTRACT

It is widely known that multiple-input, multiple-output (MIMO) transmission
techniques lead to signals with substantial envelope fluctuations which increases
the sensitivity of nonlinear distortion effects. The existence of nonlinear distortion
in the transmitted signals can substantially prejudice the system performance,
leading to high irreducible error floors. However, it has been recently demon-
strated that the nonlinear distortion has useful information on the transmitted
signals which means that, surprisingly, it can be used to improve the performance.
However the distortion effects can only be exploited by the optimum receiver,
which presents a very high complexity. In this work, sub-optimum receivers
which less complexity are proposed. These sub-optimum receivers are based on
the belief propagation (BP) and on the generalized approximate message passing
(GAMP). It is shown that their performance can be substantially better than the
performance of conventional receivers that considered the nonlinear distortion
as noise. Moreover, for both MIMO orthogonal frequency division multiplexing
(OFDM) and MIMO single-carrier with frequency-domain equalization (SC-FDE)
systems, it is demonstrated that the performance in the presence of nonlinear
distortion effects generated by low-resolution quantization processes can be even

better than the performance assuming a linear, high-resolution quantization.

Keywords: MIMO, OFDM, SC-FDE, nonlinear distortion, message passing, GAMP,
decoding
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REsumMo

E do conhecimento geral que as técnicas de transmissio com multiplas entra-
das e saidas (MIMO) conduzem a sinais com grandes flutuagoes de envolvente,
0 que aumenta a sensibilidade aos efeitos da distor¢ao nao linear. A existéncia
de distor¢oes nao lineares nos sinais transmitidos podem prejudicar substancial-
mente o desempenho do sistema, levando a niveis elevados de erros. No entanto,
tem sido demonstrado recentemente que a distor¢ao nao linear tem informacdes
uteis sobre os sinais transmitidos, o que significa que, surpreendentemente, ela
pode ser usada para melhorar o desempenho. No entanto, os receptores dptimos
podem apresentar uma elevada complexidade. Assim, neste trabalho o receptor
implementado tem o intuito de reduzir a complexidade do sistema. Estes recep-
tores sub-6timos sao baseados na propagacao de mensagens (BP) e no algoritmo
GAMP. Mostra-se que seu desempenho pode ser substancialmente melhor do
que o desempenho de receptores convencionais que consideravam a distor¢ao
nao linear como ruido. Além disso, tanto para os sistemas MIMO-OFDM quanto
para MIMO SC-FDE, é demonstrado que o desempenho na presenca de efeitos
de distor¢ao nao linear gerados por processos de quantizagao de baixa resolucao
pode ser ainda melhor do que o desempenho assumindo quantizagao linear de

alta resolucao.

Palavras-chave: MIMO, OFDM, SC-FDE, Distor¢ao nao linear, message passing,
GAMP, descodificacao
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CHAPTER

INTRODUCTION

1.1 Context and Motivation

Over the years, it has been observed a dilatation of offered services for the majority
of communication systems. Therefore, it has been possible to provide new services
and applications, such as, 4K video transmission, internet of things, among others.
The OFDM is a frequency division multiplexing (FDM) technique. However, the
spectrum of each subcarrier can overlap which leads to an increased spectral
efficiency. This work considers an OFDM technique together with a cyclic prefix
(CP) for simple, low-complex frequency-domain equalization (FDE). The OFDM
is one of the most spectral efficient technique and it can, in the same way, transmit
data with high bit rate in severely time-dispersive channels. The evolution of the
equipment used in this transmission technique was substantially felt when it was
applied the Discrete Cosine Transform (DCT) on baseband circuits. Thereafter, it
has emerged the Fast Fourier Transform (FFT), and, as a consequence, the number
of arithmetic operations decreased from N2 to Nlog(N) [LaS+08]. However, there
are some factors that can affect the performance of OFDM systems, leading to an
increase of bit error rate (BER). In fact, the OFDM technique is characterized by
high envelope fluctuation, which guide to an high peak-to-average power ratio
(PAPR). Large PAPR leads to amplification difficulties, which normally results in

a decreased battery lifetime of the transmitter.

Other important aspect of OFDM transmission systems is the receiver synchro-
nization. According to the literature, synchronization issues can compromise the

subcarriers orthogonality, which, consequently, decreases the signal-noise ratio

1



CHAPTER 1. INTRODUCTION

(SNR) and cause inter-symbol interference (ISI) and inter-carrier interference (ICI)
[San+98].

Despite these disadvantages, OFDM offers a great flexibility and resilience
to multi-path fading. Therefore, it has been selected for several standards, for
instance, IEEE 802.11 and 5G [Afa+16; Rap+13]. Thus, the study of OFDM
schemes was one of the main point of this dissertation, more concretely, the
performance analysis of OFDM systems with nonlinear distortion effects.

On the other hand, it is used single carrier transmission techniques with
frequency-domain equalization, so-called SC-FDE, which is an alternative to
OFDM. These two transmission techniques can be integrated on the mobile wire-
less system, while the OFDM handles with downlink and the SC-FDE handles
with uplink transmission. This allows a given wireless mobile communication
system to maintain the complexity on base station and reduce the complexity on
mobile terminals, not to mention the increase in the power efficiency.

MIMO techniques have been present in mostly wireless communication to
achieve better system capacity [AFS10]. However, when submitted to a nonlinear
device, MIMO signals can face strong distortion levels, although MIMO schemes
can have robustness to nonlinear distortion at the transmitter side when the num-
ber of transmit antennas is much higher than the number of independent data
streams [Gue+16a; Gue+16b]. In fact, the performance degradation due to non-
linear distortion effects for conventional receivers can be substantial, with large
irreducible error rates, especially for the modes associated to the weakest singular
values [Gue+16a].

Nevertheless, for single-input, single-output (SISO) systems it has been shown
that when Maximum Likelihood (ML) receivers are employed, the nonlinear dis-
tortion effects can be used to improve the performance, instead of being consid-
ered prejudicial [Gue+15]. The goal of this thesis is to study nonlinear MIMO
systems, both OFDM and SC-FDE, and to verify if the optimum detection can be
an alternative to the conventional detection. Due to the large complexity of opti-

mum receivers, sub-optimal receivers based on the GAMP concept are proposed.

1.2 Organization

This dissertation has two principal aims: (1) to implement a receiver to deal with
distortion term introduced by the high power amplifiers (HPA) and Analog-to-
Digital Converters (ADC) or Digital-to-analog Converters (DAC), based on GAMP
algorithm and (2) to apply the implemented receiver to a MIMO system, which is

2



1.3. CONTRIBUTIONS

able to deal with the problems of the nonlinear distortion. It is also organized in
four principal chapters. In Chap. 2, firstly it is analyzed a MIMO channel scheme
as well as its singular value decomposition (SVD). After that, it is characterized
the MIMO OFDM and SC-FDE transmission technique. It is also described the
nonlinear distortion effects introduced on the transmission process. Concerning
Chap. 3, it is made an overview about low density parity-check (LDPC) codes and
the decoding algorithms based on BP, in order to extend the receiver design. In
Chap. 4 it is presented the implemented GAMP receiver design for the previous
described systems, as well as performance results. Last, Chap. 5 concludes the
dissertation briefly describing all considered important points of the developed

work and a future implementations.

1.3 Contributions

The main contribution of this thesis was the development of practical, sub-optimum
receivers for MIMO systems that can take advantage of nonlinear distortion ef-
fects to improve the performance. This contribution has lead to two conference

papers, namely:

* J. Felix, J. Guerreiro, and R.Dinis. “On the detection of MIMO signals with
strong nonlinear distortion effects.” in: IEEE Vehicular Technology Society
(VTC)-Fall, Hawaii, USA, September 2019,

e J. Felix, J. Guerreiro, R. Dinis and P.Montezuma . “Reduced-Complexity
Quasi-Optimum Detection for MIMO-OFDM Signals with Strong Nonlinear
Distortion.” To be presented at IEEE Global Communications Conference
(GLOBECOM) Workshops, Hawaii, USA, December 2019.






CHAPTER

STATE-OF-ART

On a communication system, it is called MIMO scheme when it is used more
than one antenna at the transmitter and receiver side. Over the years MIMO has
been gained popularity on Long Term Evolution (LTE) and has been assumed as a
system with Ny transmission antennas and Ny reception antennas, which allows
spatial diversity. This scheme is adopted for wireless communication in order
to achieve better spectral efficiency and better system performance on a narrow

bandwidth, as well as to accomplish the next generation of wireless networks.

Thus, it is possible to state that signals between receivers and transmitters
antennas are present in the spectrum of frequencies due to the propagation phe-
nomenon. As a consequence of what was been written, radio stations can commu-
nicate with mobile terminals through the multi-path propagations. Considering
a Single-input Single-output (SISO) system, it is important to note that the same
block of data can be received through wireless communication, in different time
instants, by means of reflection, refraction and diffraction in objects. Certainly,
these effects will cause interference on received signal, namely ISI. On the other
hand, it is possible that the received signal frequency differs from the frequency of
the transmitted signal (i.e., Doppler shift), which is another undesired effect of the
propagation channel. These impairments can lead to performance degradation
of wireless communication systems. Consequently, the design of communication
system involves a trade-off between used power, bandwidth, bit rate, decoding

quality and complexity of the receiver.

In particular, this chapter will refer to MIMO techniques such as MIMO OFDM
and MIMO SC-FDE. In section 2.1, it is presented an overview of MIMO systems
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CHAPTER 2. STATE-OF-ART

characterization and it is briefly described the fading channel. In section 2.2, it
is presented the OFDM technology followed by MIMO OFDM system overview.
Section 2.3 is dedicated to MIMO SC-FDE technique.

2.1 MIMO Communication Schemes

Let us start by considering a MIMO system represented by N antennas at trans-
mitter and Ny antennas at receiver. It can be expressed by Nt x Ny configuration,
which denotes the size of channel matrix, defined by H. According to the MIMO
configuration, we can have different architectures, i.e., Ny > N, Ny < Ny or
Nt = Ng. If the number of transmit antennas is greater or smaller than the num-
ber of receivers antennas, it is an unbalanced MIMO. Otherwise, it is a balanced.
MIMO configuration, as is illustrated in Fig. 2.1.1.

In addiction, as illustrated in Fig. 2.1.1, each receive antenna receives signals
from all transmission antennas. If each antenna is too close to the next one, it
may cause correlation between them, which might reduce the diversity gains of
the MIMO system. The channel matrix H with dimension N7 x Ny is given by

[ hayy Ry M |
h h o h

H — (%,1) (?r2) . (2:717") , (2.1)
g1y Ping,2) RN, N7) |

where each coefficient of matrix H determines the relationship between each
nr:(1,2,---,Nr) transmission antenna and np : (1,2,---,Ng) reception antenna

(i.e., it is the channel response between a given pair of antennas).

Transmitter Receiver

Figure 2.1.1: MIMO transmission scheme for a Ny x Ny antenna configuration.



2.1. MIMO COMMUNICATION SCHEMES

If the delay spread is small, the coherence bandwidth will be greater than
signal bandwidth. Consequently, the channel matrix remains constant across all
the frequency and it can be defined as a flat fading channel over the available
bandwidth. Otherwise, if the delay spread is large and the coherence bandwidth
is smaller than signal bandwidth the channel is considered frequency-selective.

Let us consider that the signal transmitted by the N antennas is represented
asx = [x(l), x(2 ... ,x(NT)] and is transmitted over a MIMO channel. Nevertheless,
signals are perturbed by noise n € CN#*!, such as additive white Gaussian noise
(AWGN), which results on y € CN**! received signal, represented as a relationship
between transmitted signal and channel plus noise perturbation.

In this work, the channel fading coefficients are modeled by a Rayleigh distri-
bution, since their real and imaginary parts follow a Gaussian disruption with

zero mean and unitary variance. Thus, the received signal can be expressed as

y =Hx+n. (2.2)

2.1.1 Singular Value Decomposition

In this subsection, the SVD decomposition is presented [Liu+09]. This trans-
formation increases the complexity of the system, although some methods were
proposed in order to reduce it [Wan+10]. In order to decouple the transmitted
data streams, the SVD technique allows to decompose the channel matrix H, pre-
sented in (2.1), in two orthogonal matrices, A and B, and one diagonal matrix, A.
This decomposition allows the parallel transmission of C = min(N7, Ng) streams.

For this purpose, the MIMO channel matrix can be decomposed as
H = AABY, (2.3)

where A € CN**C and B € CE*NT are unitary matrices(i.e., AAH = AHA — I). The
Hermitian operation, i.e., the complex conjugate of the transpose of a matrix, is
represented by (.). The diagonal of matrix A has dimension C x C and it is also
composed by non-zero singular values, A; > A, >--- > A¢. In fact, the singular
values of H are the eigenvalues of HH” and HH. The matrix description of a
channel decomposition with N = Ny, is illustrated in Fig. 2.1.2.

By replacing (2.3) in (2.2), the received signal can be expressed as
y= AAB x +n. (2.4)

In doing so, if it was applied a precoding operation, the precoded signal is
presented as
x =BHx.(2.5)

7



CHAPTER 2. STATE-OF-ART

Ny N Ny Ny

Np | H| = A | X| A|X]| B
N N

Figure 2.1.2: Matrix representation of SVD.

Consequently, in order to complete the reception with SVD, the decoded signal

can be written as
y =Aly,(2.6)

n =AMn.(2.7)

Under this conditions, the received signal shown in (2.4), it could be written
as
y' = Ax +n.(2.8)

2.2 MIMO-OFDM

As is widely known OFDM technique is a multi-carrier modulation, which is
based on a block transmission and normally combined with a CP. In the frequency-
domain, the OFDM spectrum is a um of shifted sinc functions, where each sinc
is associated to a given sub-channel. The orthogonality is maintained while sub-
carriers are spaced by 1/T;. As a consequence, when a subcarrier has a maximum
amplitude, in frequency-domain, the others are zero, which enables the over-
lapping between sub-channels without interference. The signal is the sum of N
independent signals, modulated in sub-channels with the same bandwidth. The
use of a CP allows to increase the multi-path robustness and permits a simple
FDE.

The OFDM is one of the most spectral efficient technique. It is showed by prac-
tical results in [Sam+02] that MIMO technique can lead to better performance
and capacity than SISO systems. MIMO-OFDM techniques can be also contem-
plated as frequency-domain technique with frequency diversity, since the OFDM
converts the selective frequency channel into a set of parallel flat-fading channels.

From the Central Limit Theorem (CLT) [PP02; Rud14], the time-domain OFDM
signals have an approximate Gaussian distribution when the number of subcar-

riers N or the number of parallel data streams C is large. For this reason, the

8



2.2. MIMO-OFDM

absolute value of the complex envelope can be approximate a Rayleigh distribu-
tion with zero-mean and variance 202 (i.e., the real and imaginary parts of the
signals are approximately Gaussian distributed with variance ¢?). In Fig. 2.2.1,
it is showed the simulated and theoretical Probability Density Function (PDF) of
the real part of a generated discrete-time OFDM signal, (i.e., Re(x,,)), in presence
of N = 64 subcarriers. As can be observed, the Gaussian approximation is very
tight.

041 [T simulated

—— theory

035

0.3~

0.25

PDF

0.2~

0.15

01—

0.05 -

0
RelX

Figure 2.2.1: Simulated and theoretical PDF of the real part of a given OFDM
signal.

Therefore, the complex envelope of the input signal can be regarded as a
Rayleigh distribution [Hel+11]. Fig. 2.2.2 confirmed the previous sentence with
the histogram of complex envelope of the OFDM symbol. Thus, the PDF of OFDM

signal complex envelope is, approximately,

2
p(x) = \/;T?exp(—;;%). (2.9)

In modern wireless communications schemes, OFDM is combined with MIMO

techniques to increase the system’s capacity, although MIMO systems can be
joined with other types of modulation or multiple-access techniques. As a side
note, when it is applied the OFDM technique, each subcarrier can be seen as
flat-fading channel as it was previously mentioned.

The OFDM signals are generated digitally through an Inverse Discrete Fourier

Transform (IDFT) of a set of complex data symbols (for instance quadrature phase

9
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[0 simulated
—theory

Figure 2.2.2: Simulated and theoretical PDF of complex envelope of OFDM signal.

shift keying (QPSK) symbols) Sy = [S,(cl),S,((z),---,S,(CC)]T, which yields the time-

domain samples s, , whereby the time domain block for the cth data stream

is sgf) = [sf)l),sgz),...,s&c)l].

Usually, the OFDM symbols have an oversampling
factor J (i.e., (J — 1)N null subcarriers are added to the N data subcarriers of each
data block) to prevent aliasing effects. Thus, to the original block, on frequency-
domain, [S;k =0,1,---,N — 1] zeros were added, half in the beginning and the

other half in the end, which produces [Sy;k = _(]_21 )N, _(]_21)1\] +1,---, W]

Concerning to multi-carrier transmission, it is necessary to take into consid-
eration the sensitivity to the nonlinear distortion effects, which can lead to both
in-band distortion and out-of-band radiation.

Thanks to the Bussgang’s theorem [Bus52], a nonlinearly distorted Gaussian
signal can be decomposed as the sum of two uncorrelated components, one repre-
senting a scaled replica of the original signal and another representing the nonlin-
ear distortion [Gus+05; Hel+11; Min85; Rap91; Row82]. Therefore, a nonlinearly
distorted MIMO-OFDM signal can be represented as

Z, =aS,+Dy, (2.10)

. 1 2 N .
where « is a scale factor and Dy = [D,(( ),D,(( ),...,D,(( T)]T represents the nonlinear
distortion terms associated to the kth subcarrier. Under these conditions, the

received signal is given by
Yk ZHka+Nk, (2.11)

10
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where N; = [N(l), N,Ez),...,NliR)]T represents the set of AWGN samples associated

to the kth subcarrier. These samples are modeled by a complex Gaussian distribu-
tion with Ny ~ 6N (0,20%), where o = Ny/2 is the noise Power Spectral Density
(PSD).

The channel matrix associated to a given subcarrier is defined as

- (1,1) (1,2) (l,T)‘
Moy e e
_ Hk ’ Hk ' Hk ’
He=| * ) (2.12)
(R,1) (R,2) (R,T)
_Hk Hk Hk ’ ]

where H]ir’t) represents the channel frequency response associated to the tth

transmit antenna and rth receive antenna, for each kth subcarrier. The singu-

(c)
k

[ /\S), ,\;(2),... , ,\5:)], for cth stream and kth subcarrier. High order streams have

lar values of channel matrix can be related with channel equivalent gain A

worst system performance, producing high irreducible error floors [Gue+16a],
[Gue+17].
By replacing (2.10) in (2.11), the received signal can be expressed by

Yk = Hka + Nk = Hk(an + Dk) + Nk
= CKHkSk + Hka + Nk-

The signal for detection purpose is obtained by the process of the signal equal-
ization, leading to
S, = F,Y;, (2.13)

where, Fy is the set of coefficients that compensates the channel effects, known
as equalization matrix. The equalization can be enhanced under Zero-forcing
(ZF) or Minimum Mean Square Error (MMSE) criterion. It is also performed on
frequency-domain, where it is less complex than on time-domain.

The last task of the receiver is to convert the estimated data symbol, repre-
sented in (2.13), into a sequence of binary values. This process is performed

regarding the modulation scheme used to generate the transmitted data symbol.

2.2.1 Sensitivity to Nonlinearity

In a real system, a radio frequency (RF) transmitter introduces non-linear distor-
tions. In order to transmit data it is necessary to include High Power Amplifiers
(HPA) at transmitter side, and the HPAs usually present a nonlinear characteristic.

As far as it has been observed, there are possibilities to wield this problem, such

11
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as making the amplifier working in linear region with PAPR reduction schemes
or applying Bussgang receivers and, as a consequence, estimating and cancelling
the non-linear distortion term. However, when the PAPR of the signal is large,

the nonlinear distortion effects are almost unavoidable [RM13].

2.2.1.1 High Power Amplifiers

There are many models to define non-linear amplification, for instance the Solid
State Power Amplifier (SSPA) and the Traveling Wave Tube Amplifier (TWTA)
model, which were studied and analyzed in [Hel+11; Rap91; Sal81]. These models
involve an AM/AM distortion component and an AM/PM distortion component.
For an amplifier to be power efficient, it has to introduce a non-linear response
to the system. There are some models to define the non-linearity of HPA, which
are based on input/output observations with two specific characteristics, for in-
stance, the AM/AM, amplitude distortion, and AM/PM, phase distortion.
Therefore, the input/output characteristic function of HPA block is repre-

sented by the complex envelope

F(2y) = fallx,])expliarstantife(x), (2.14)

where f, is the AM/AM conversion, and fp is the AM/PM conversion.
The bandpass memoryless non-linearity can be represented by the non-linear
block of Fig. 2.2.3.

Ln : : Zn
. Nonlinearity .

Figure 2.2.3: Block diagram of bandpass memoryless non-linearity.

From the point of view developed in [Sal81], A.M Saleh defined a model in
which was used the AM/AM and the AM/PM conversion functions, known as
TWTA . They can be represented by

ag |xn|

xX,|) = —————, 2.15
fallxpl) v a (2.15)
and
b |x,|
xX,|) = —————, 2.16
fr(lxnl) T b (2.16)

12
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where ag, a;, by and by are the method coefficients. In the other hand, the AM/AM

conversion can be defined on characteristic function, modeled by Rapp, in the
so-called SSPA

fAHXM)=-———JEﬂ——j;, (2.17)
[1+ (e
where A, represents the output saturation amplitude of the amplifier and the p is
the smoothness factor of transition between linear and saturation region.

As a result of the low values of AM/PM conversion of SSPA, the Rapp model
considers a null AM/PM characteristic [Rap91].

In this thesis, the severity of the nonlinearity is controlled by the normalized
clipping level sy/0.

Fig. 2.2.4 shows the simulated BER of an OFDM system with N = 512 subcar-
riers, considering a nonlinear power amplifier parametrized with different values
of sy;/0. Clearly, the lower the sy,/0, the stronger the distortion , which means
that many signals samples will be in the non-linear region, leading to a worse

performance. Fig. 2.2.5 shows the AM/AM characteristic of different nonlineari-

10%¢ !
——sm/sigma=0.5
— sm/sigma=1
sm/sigma=1.5
™~ ™~ ™ sm/sigma=2
1071 \\\ \ ]
S \\\\
N\ \ S
™ .
Ll-l 1072 L \\ N\ ~ - iz B
\ NG
\ =
A\
\
.
108 ¢ N - E
1074 ! ! b ! | |
-5 0 5 10 15 20 25 30

E,/N,(dB)

Figure 2.2.4: Simulated BER of an OFDM system impaired by a nonlinear PA
considering different values of normalized clipping level.

ties. The transition from linear region to non-linear region can be well marked as

the coordinate point (sy;,sys). From the figure, it can be noted that when higher
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Figure 2.2.5: AM/AM characteristic of different nonlinearities, considering s,; =
0.5.

values of p are considered, the AM/AM characteristic of SSPA’s approaches an

ideal envelope clipping.

2.2.1.2 ADC and DAC

It is a requirement to employ analog-to-digital converters at both transmitter
and receiver transmission chain, ADC and DAC, respectively, in order to send
information through OFDM technique. The power consumption of these devices
are proportional to the number of bits of resolution. The ADC’s output at the nth

time instant for the input x,, is

zp = f (Re(xy)) +jf (Im (x,)), (2.18)

where f(-) function represents a uniform quantization characteristic with b bits
of resolution and normalized clipping level s);/0. The nonlinearity represented
in (2.18) is known as an I-Q since it detaches the real part of the signal from the
imaginary part, and each one produces the quantized value trough the function
f(:) = fI(-) = fQ(-). For this purpose, in [Rib+15] is demonstrated that for a
given number of bits of resolution, there is an optimum value of the normalized
clipping level that minimizes the signal-to-quantization noise ratio (SQNR). In

Fig. 2.2.6 it is illustrated the block diagram of I-Q nonlinearity.
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6;)—»

J
Figure 2.2.6: Block diagram of an I-Q nonlinearity.

2.2.2 Precoding and Preprocessing

The precoding and preprocessing operations are based on matrices BkH and Af,
respectively. However, the precoding process requires the perfect knowledge of
channel information at the transmitter and receiver side. Fig. 2.2.7 shows the
considered transmitter structure and also represents the precoding operation at
the transmitter based on the matrices Bf. The separation of the different data
streams is completed by the detection operation performed at the receiver side
that is based on the matrices A,Ij . It equally shows the positions of IDFT and DFT
on transmitter and receiver side, respectively.

The precoding is done for each kth subcarrier by multiplying S, with the

precoding matrix BE , represented as
X; = BI'S;. (2.19)
Then, by substituting (2.19) in (2.20), the received signal can be expressed as

Yk = (XAkAkBkBHSk + AkAkBkHDk + Nk
= aAkAkSk+AkAkBka+Nk. (2.20)

The signal for detection purposes is obtained through the multiplication of

the received signal with the decoding matrix A, leading to
S =AY, (2.21)
By combining (2.20) and (2.21), it is defined

Sk = OlAi_IAkAkSk + A]EIAkAkBka + A]EINk

= aASy + Ay By Dy +AN}, (2.22)
~——

Dj
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Figure 2.2.7: Basic MIMO-OFDM Nr x Ni scheme employing a SVD technique.

where D, is the nonlinear distortion term weighted by the precoding matrix.
To summarize, the precoding done at the transmitter is made through the
matrix B]Ij and the separation of different data streams is done at the receiver by

the preprocessing matrix A}

2.3 MIMO-SC-FDE

Since OFDM signals present large envelope fluctuations and a high sensitivity to
nonlinear distortion effects, single-carrier signals can be an alternative. In that
context, the SC-FDE has been considered as an option for broadband wireless
communications.

The difference between a MIMO-OFDM system and a MIMO-SC-FDE is the
placement of the IFFT and FFT blocks. Therefore, the complexity of both tech-
niques is comparable. Likewise, both transmission techniques can be combined
with a CP to facilitate the equalization and reduce the ISI.

After the transmission process, the received block is passed to frequency-
domain using DFT, where (Y;: k=0,1,---,N —-1) = DFT(y,;n =0,1,--- ,N — 1).

Thus, the received signal can be described as
Yk = Hka + Nk, (2.23)

where N = [N(l), N,Ez), fe ,NliR)]T is the set of frequency-domain AWGN samples,
associated to each subcarrier.
The decoding operation of the receiver is employed by A’ for each subcarrier.

Therefore, the decoded signal is given as
S = Ay, (2.24)
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Figure 2.3.1: Basic MIMO SC-FDE Nt x Ny scheme employing a SVD technique.

By considering equation (2.23) and (2.24), it is obtained

S~k = A?szk + AENk
= AkHHkBkSk + AEN](
= Af A ABIBS, + AN,

= aAkSk+Ak BHDk +AkHNk, (2.25)
——

D;

where D} represents the nonlinear distortion term for detection purpose.

As it was shown in [Mad+19], the ordered singular values will impact differ-
ently on system performance, which is a consequence of frequency-selective chan-
nels. It can be assumed an Iterative Block Decision Feedback Equalizer (IB-DFE),
which uses feed-forward and feedback equalization. As an iterative equalization,
it has i number of iterations. For the first iteration, all coefficients are zero, which
implies a linear FDE. The feed-forward and feedback equalization matrices can
be expressed for each subcarrier k and iteration i, respectively, as

Pl = A2 k , (2.26)
(11007 ) + e

where p(i_l) is the correlation factor and it is used the channel’s SNR, and

o) = FVA -1y, (2.27)

where Iy, represents an identity matrix of size Np.
The data set of equalized symbols for each subcarrier and iteration is repre-
sented by,
w , .
§V = Fy, - a8l (2.28)
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For conventional receivers, a hard-decision can be considered to estimate the
set of transmitted data, which implies §, = (Re(X,,)) + j(Im(x,)), after the final
IDFT receiver operation. The block Sg_l) of previous equation is the DFT of block

ég), which denotes the hard-decision of previous FDE iteration.
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In any transmission technique, the receiver has the role of reconstructing the mes-
sage that was sent to the transmitter. This can be difficult, because the received
signal can be trough many impairments, for instance, channel disturbances and
distortion effects introduced by the HPA. As a result, the received signal is sus-

ceptible to an arbitrary probability of error.

In Shannon’s work [Sha48], the concept of information entropy was estab-
lished, which represents the amount of lost information in the transmission, also
seen as an uncertainty measure. It was also introduced the important concept of
channel capacity, which is related to the mutual information in a communication

system.

The scientific community has discussed the estimation of received signal in
areas such as signal processing, image processing and machine-learning. The
solution is based on probabilistic system methods, required to know how many
random variables are present as well as to understand how they connect with

each others.

Thomas Bayes was one of the probabilistic inference pioneer. He created a
theorem about probabilistic inference, whereby he defined the conditional proba-
bility between random variables, which is used to know how probabilistic events
behave. In [AT16] and [Wan+00], the authors reported methods and algorithms
of Bayesian analyses, such as Markov Chain Monte Carlo (MCMC) and Sequential

Monte Carlo (SMC). However, some of Bayesian methods can be computationally
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complex.

It follows that it is fundamental to express the need of implementing non-
complex receivers to try to face the non-linearity problems. One of the decoding
methods of LDPC codes is the Sum-Product Message Passing, also known as BP,
which uses Tanner Graphs and Bayesian inference [Sho04]. Some investigations
were realized to estimate the received values. Those signals were object of lin-
ear transformation and suffered an interference of AWGN in a reception data
block, based on BP. In subsection 3.1.1, it is presented an overview of ?? codes.
Subsection 3.1.2 is dedicated to the Sum-product.

One of the first algorithms was the Approximate Message Passing (AMP), sug-
gest by [Don+09]. Later, the GAMP algorithm was proposed [Ran10]. Contrary to
AMP, the GAMP can cope with nonlinear transformations. Recently, the GAMP
concept was used as the basis of sub-optimum receivers for nonlinear OFDM,
showing a great potential [Zhil7a; Zhil7b]. In [Zhil7b], it is shown that the
information contained in the nonlinear distortion can be used to improve the
performance.

The sub-optimum receiver uses the GAMP algorithm for QPSK constellations
and considers AWGN channels. It is shown that the performance of the GAMP
sub-optimum receiver can be even better than the performance of linear OFDM.
In [Zhil7a], it is claimed the impact that the choice of non-linearity function can
have in the system efficiency. The GAMP methods can also be used on compres-

sive sensing [SR15].

3.1 Message Passing - Belief Propagation

3.1.1 LDPC codes

In 1962, when LDPC codes were proposed in [Gal63], it was far from its potential,
since it required rigorous computational methods and do not compete against
linear block codes and convolutional codes.

From the standpoint of linear block codes, it is turned possible to construct a
message b with a certain number of bits, on a codeword a based on a generator
matrix G, i.e.,

b=aG. (3.1)

Thereby, the dimension of a code is represented by the number of bits of a times
the number of bits b. From the matrix G, it is realizable to express the parity-

check matrix 6. Additionally, it can be defined the weight of ones in the rows and
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the weigh of ones in the columns of 8, as w, and w,, respectively. This is a sparse
matrix with low density of ones. For that matter, all matrices of this subsection
have binary values.

Other important characteristic is the minimum distance between two code-
words, d,,;,. Consequently, d,,;, results from the minimum number of columns
of 6 which sums are zero.

In order to interpret sparse matrices, a tanner graph or factor graph was cre-
ated to represent graphically the parity-check matrix. Tanner graphs are made
by two type of nodes: (1) a check nodes, which are represented by the parity-
check equations from each row of 6 and (2) b bit nodes, that are represented by
the number of columns of 8. The connection between nodes matches with the
number of ones in parity-check matrix. This information is based on the weight
of ones on the rows and columns of 6. Fig. 3.1.1 represents a tanner graph of
the matrix 6. As it can be seen, A; denotes the set of positions of ones in the ith
row of 8 and B, the set of positions of ones in the jth column of 6, for instance A; =
(2,4,5,8),(1,2,3,6),(3,6,7,8),(1,4,5,7) and B; = (2,4),(1,2),(2,3),(1,4),(2,3),(3,4),(1,3),
respectively.

In order to decode LDPC codes, the exchange of messages between the tanner

graph nodes can be used iteratively with beliefs about the nodes.

1
1
0
0

S = = O
_ O O =
_ O O =
S = o= O
_ = O O
S = o =

Figure 3.1.1: Tanner Graph representation of parity check matrix 6.
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3.1.2 Sum product - Belief Propagation

In this subsection, the so-called Sum-product algorithm is introduced. This algo-
rithm emerged from Bayesian inference methods, for instance, belief propagation.
For the decoding operation, the marginal posterior distribution of each bit node
and check node on a tanner graph is computed. Although, this distributions only
compute the exact values if the tanner graph had no loops and no cycles, thus all
the present elements can be uncorrelated. If the tanner graph had cycles, it can
involve an iterative process of decoding. From the transmitted information be-
tween bit nodes and check nodes (circles and squares in 3.2.1, respectively), many
iterative algorithms can be considered for the decoding process. These algorithms
are based on soft decision message passing, taking on evidence the sum-product
method. It is similar to hard decision bit-flipping algorithm, although the message

passing between nodes are probabilities.

Let us start by considering the Sum-product algorithm which is based on be-
lief propagation. For sake of simplicity it is denoted the variable B;/;, which it
symbolizes the set of B}, except the bit of ith position and, consequently, A;/; illus-
trates the set of A;, except the bit of jth position. In order to produce acceptable
estimates, A; must be large in spite of B; being small, due to a large number of
bits in B;.

However, it must be taken under consideration that a large number of bits in
B; can easily provide low estimation for each bit nodes b, since it is more probable

to have errors in others Bj.,;.

In this iterative process studied and optimized in [Joh10], it was taken in exam-
ination the passed information between bit nodes and check nodes by applying
the log-likelihood ratio (LLR), characterized by a posteriori probability. For a bi-
nary random variable X, it is possible to represent the logarithm of probability

ratio by

LLR(X) = log(%) = log(%), (3.2)

to be noted that having zero as a result, if P(X = 0) will be equal to 1/2. The
likelihood probability of X is expressed by the probability of bit note b; being

one. Therefore, it can be represented by the conditional probability expression as
p=pX|b; =1).

The first step of the decoding process is yielded by computing the extrinsic
message from check node a; to bit node b;, which indicates the LLR probability
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for each j, and for each i, defined by
i’EB]‘/i

Ej; = 2tanh™" |_[ tanh(M;;/2). (3.3)

Furthermore, the message M;; represents the intrinsic information arrived at
check node g; from all connected bit nodes. On the other hand, M; ;- is represented
similar to the previous definition, although, it excludes the message coming from
target bit node b;.

The second step is defined by a bit node update, represented in (3.4). Each bit
node 7 has as an input the a priori probability LLR, thus, it is computed the sum
of the input LLR with the others LLR from connect check nodes. Therefore, each
bit node has a priori information L and all the L’s from the check nodes connected

to it.

N
L;=LLR; + ZE]-,i. (3.4)
JEA;
The update is done by completing the message from bit nodes to check nodes,
accordingly
N
Mi,j = LLRZ + Z E]'f’i, (35)
j'€Aij#]’

Finally, the decoding process is followed by the hard decision, based on eq. (3.4),
where is defined the decoded vector %, by

0, if Li>0;
LS (3.6)
1, if L;<0.

If the syndrome syn of the followed expression was zero, it is possible to prove
that X is a valid codeword.
syn=xoT. (3.7)
If not, the algorithm returns to the first step. In general, an algorithm implements
a maximum number of iteration as a stopping criteria. The marginal posterior
p(x;j) can be obtained as the product of all messages that arrives to node x;.
The iterative process of the described algorithm it is presented in Fig. 3.2.1,

where it is showed the bit node and chekc node update.

3.2 Generalized Approximate Message Passing

In this section, it is considered the receiver design so as to cope with the strong
nonlinear distortion effects that were introduced by HPA’s and DAC'’s at the trans-

mitter side. For this purpose, the receiver structure can be based on quadratic
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Figure 3.1.2: Message passing between nodes. In a) is illustrated the bit node g;
update and in b) is illustrated the check node b; update on sum product algorithm.

Gaussian approximations and BP. The receiver presented in this section employs
the so-called GAMP loopy BP [Ranl10; SR15]. This algorithm arises from the
state of decouple the estimation problem in an iterative algorithm based on scalar
values, in order to turn it computationally efficient and less complex than other
techniques that are available to estimate the input functions. Analogous with
wireless communication models, it is needed to estimate the input data signal x,
based on observations of y.

It is also possible to compute two sides of the algorithm: the first one is Max-
Sum loopy BP which computes an approximation of Maximum a posteriori (MAP)
estimation of x and z. The second one is Sum-product loopy BP, which realizes
an approximation of MMSE estimation of x and z. Receivers based on the GAMP
algorithm were already shown to be very effective to cope with nonlinear distor-
tion effects in the context of OFDM [ZDy ; Zhil7b], in an effort to estimate the
values of the input signal x to decode y.

From the Fig. 3.2.1, the unknown input data vector x with a priori probability
p(x;), passes through a transform matrix B. This transformation can be expressed

as

z, = Bx,,. (3.8)

As it can be seen in Fig. 3.2.1, the output side is viewed as observations, the
received vector is passed trough a probability conditional function p(y;|z;), and to

sum up it turns on the known output vector y.
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In order to extend the GAMP algorithm to the main purpose, instead of the
described equations in (2.2) and (2.11), for a given B matrix transformation on

the system, the received signal can be defined as
y.=Bx,+v,. (3.9)

Recall here that B represents the unitary matrix with dimensions N x N7, which
results from the precoding of SVD operation. This signal is submitted to the
non-linear block characterized by f(:) in (2.18), leading to the equivalent general
statement problem for the generalized approximate message passing algorithm,
described by

Zy :f(Re(an})+jf(1m{an})+vnl (3.10)

where v, is AWGN, characterized by zero mean and variance o,, which is an
independent and identically distributed (i.i.d.) Gaussian random variable, with a
QPSK modulation for an input vector x. The PDF of the corresponding channel

transition is represented by

1 _yz

py|z(¥lz) = We 20m, (3.11)
n

) — blaol)
_/
p(z1) fxl\ Transformation p(y1]21) 4@
_/
e o o e o o

Figure 3.2.1: Factor Graph for the estimation problem. The input nodes x; are
connected to output nodes z; by a given matrix transformation, for each input
node j and output node i. The z; variable represents the linear precoding z = Bx.

The estimation of x(n;;) and z(n;;) for the iteration n;; of GAMP algorithm is

based on two main steps:

(a) Estimate the output nodes: it is estimated a posteriori p(zjly), through the

parameters p,Z and $, and respective variances. It is also needed to select a

function gu¢(p, ptp, ¥)-
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(b) Estimate the input nodes: it is estimated a posteriori p(x;ly), through the

parameter 7, and respective variances. Is is also needed to select a function
8in(Fs pirs )-

Firstly, it is initialized the parameters %x(1) = 0, $x(n;;) = 0 and u,(1) = 1,
although the GAMP algorithm is relatively robust to initial values.

In each iteration, the GAMP algorithm is performed for real and complex part
of Bx,, in parallel, accordingly with (3.10).

For the first step of a given iteration n;;, it is estimated the parameter val-
ues of p, Z and w, as well as their respective variances p?, y* and p¥, for n;; =

1,2,...,Mjtmax, according to the following recursions:
(1) Initialization: Set n;; = 0 and set £(1) =0, p*(1) = 0, w(0) = 0.

(2) Output linear step: for each i,

N7-1
luz nlt Z l’l] lt (312)
Np-1
Pilmi) = ) Bij(i(min) = f (mie)ii(miy = 1), (3.13)
j=0
1 _wrf(t;x))z <pl<gn> 2)?
Zi(ny) = @J ze OV 25 gz, (3.14)
1 o) _(Vl f(2 ) _(pz(zu) )
i (ir) = @f e T dz—(Z(ny)’ (3.15)

where the the auxiliary normalization © is defined by

o Wi—fBx)?  (p;(nj)-2)
@:J e 2 Wi gy (3.16)

—00

(3) Output nonlinear step: for each 7,
Wi(131) = Gour (Pi(nie), 1 (31), 1), (3.17)

d R
l/l}u(”it) = —a_ﬁgout(Pi(”it)yP‘f(”it):yi)- (3.18)
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(4) Input linear step: for each j,

A

r .

J

| Nz -1
V]r'(”it) = [N_T Z ,”?}(”it)] ,

(nie) = Xj(ni) + pi(nir) ) By (i(nig)).

(5) Input nonlinear step: for each j,

I

X

]

Xj(nie +1) = gin(#(nir), i (niy)),

s r
(i + 1) = —p(nie) =2 &in (7 (1ie), p (1)),
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CHAPTER

RECEIVER DESIGN

In this chapter, it is considered the sub-optimum receiver design for MIMO sys-
tems in the presence of nonlinear distortion effects. This design makes use of
the GAMP concept, introduced in the sec. 3.2. The underlying idea behind the
proposed receiver is that the transmitter can be regarded as two sets of nodes.
The input nodes are associated to the mapping procedure and the output nodes
are associated to the nonlinear operation before each transmit antenna. The in-
put and output nodes are connected by the inverse DFT and precoding matrices,
leading to what could be regarded as a fully, but loosely, connected Tanner graph,
as shown in Fig. 4.0.1. Since the graph is loopy, conventional belief propagation
techniques are not suitable to perform the decoding procedure.

The proposed receiver structure is based on quadratic Gaussian approxima-
tions and BP. It employs the extension of GAMP with sum-product loopy-BP
(LBP) [Ran10; SR15] and, it is based on the GAMP algorithm presented [ZDy ;
Zhil7b], where it was already shown the performance results, in SISO OFDM
systems.

The receiver can be described as the sum-product GAMP, which approximates
the MMSE. For a given B matrix transformation on the systeml, it can be defined
the problem of estimating the input signal x to decode the known signal y. In
order to extend the GAMP algorithm, firstly it is denoted the received signal as

Y =BHEX+N. (4.1)

Concerning the second and third steps of a given iteration n;;, it is estimated

For the sake of simplicity, it is removed the dependence with k in the following.

29



CHAPTER 4. RECEIVER DESIGN

P(xj) Xj P(yilz;) Vi
O Precoding O
B.H + IDFT
e @ o e @ o
_/

Figure 4.0.1: Factor Graph for the estimation problem. The input nodes x; are
connected to output nodes z; by inverse DFT and precoding matrix, for each
input node j and output node i. The z; variable represents the linear proceeding
z = Bllx.

k

the parameter values of p;, Z; and W;, as well as their respective variances yf, Wi
and p:. This process realizes the message passing between conditional probability
nodes p(z;|x;) to input nodes x;, as it was described in (3.12) and (3.18).

In order to simulate the sum-product GAMP, the output function g,,; is de-

fined as

A A

\ Zy -
8out(B, #",9) = Oy,,p, (4.2)

where,
2o = E[2(p, p*, v)]. (4.3)

The expectation of (4.3) can be expressed over distribution p(z|(p, #”,v)). In its

turn, the negative partial derivative of g,,;(.) is defined by,

J \ 1 (. var[zlp, p’,y]
- P -] - —F 77
aﬁgout(p’,u 'y) = " 1 7 :

On the fourth and fifth steps, it is estimated the parameter 7 and x, with their

(4.4)

respective variance " and p*, accordingly to (3.19 - 3.22). This second main
process realizes the message passing between x; nodes to probability nodes which
follows a posterior marginal P(z;ly) distribution.

In order to simulate the estimated value of X, presented in (3.21), it is necessary

to select a g;,(.) and g/, (.), equivalently to

8in(f, p') = E[xIf, ], (4.5)
and 5
l’lrﬁgin(f’ ]/lp) = var[x|f, ]/lr] (46)
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This selection of the scalar nonlinear functions, g;, and g,,;, allows to imple-
ment the algorithm as a Gaussian approximation of Sum-product Loopy BP which
approximates MMSE. Otherwise, this selection can be made as an approxima-
tion of Max-sum which approximates the MAP of estimates X given y. Thus, the
GAMP algorithm can be seriously flexible.

Therefore, the input non-linear steps represented in (3.21) and (3.22) were
defined as

VM
Xi(njp+1) = Zﬁmpm,j, (4.7)
m=1
and
VM
P+ 1) = ) (B = %i(nig +1)*)Py, (4.8)
m=1
where,
lgm*f]‘(”it)z
- zﬂjr-(”it)
Pm']' = _ﬁl—fj(nft)z . (4.9)
de 2p(ni)

The vector f,, represents the adopted constellation scheme for the real and imag-
inary parts and M is the total number of constellation points. For a QPSK con-
stellations, ,, = [-1 + 1] and M = 4. At each n;, iteration, the squared Euclidean
distance between received vector x and the previously vector x(n;;—1) is calculated.

This quantity is defined by

E(n;;) = |Ix(n;1) = x(n;; = 1)) < e (4.10)

It is important to define a stop criteria until the convergence of algorithm is
done. The stop criterium considered in the proposed receiver is triggered when

the squared Euclidean distance between iterations reaches a given value e.

4.1 Performance Results

4.1.1 Single Carrier MIMO-SVD

On the first scenario, it is presented a MIMO-SVD system characterized by Nt =
Ngr. The channel coefficients are assumed to be uncorrelated and to have a
Rayleigh fading distribution. The objective of the system is to transmit in parallel,
C = min(Nt, Ng) data streams. Each signal component was chosen accordingly to
a QPSK modulation scheme (i.e., in the form sff) = +1 +j) and each data stream

has 512 symbols. After the precoding operation, there is a set of ADC’s with b = 8
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bits of resolution and normalized clipping level sy;/0,. The choice of b = 8 bits of
resolution assures that the nonlinear distortion effects are mainly conditioned by
the normalized clipping value. A perfect channel estimation as well as a perfect
time and frequency synchronization are considered.

The maximum number of iterations choice can be quiet flexible. However,
when it is tested with a large number, the algorithm has slow running, with large
error floors. The structure of GAMP algorithm is illustrated in Fig. 4.1.1, where it
is represented the blocks of output and input nonlinear steps which produce the
above described parameters, as well as the precoding and decoding operations,

associated to the matrices B and A', respectively.

:%(ni,g + 1)
delay FL
N (1n;
x(nit) p( t)
BY 4’@—' Output Input
y —» Nonlinear Nonlinear
 AH Step Step
delay LF
X
" (nig + 1)

Figure 4.1.1: Block diagram of the MIMO-SVD receiver.

In Fig. 4.1.2, it is showed the BER performance of the system for different
number of iterations n;;. A maximum value of n;; = 7 is adopted, since only
marginal gains were observed for larger values.

Fig. 4.1.3 shows the BER performance for a MIMO-SVD with Ny = Ny = 4
configuration, and considering different values of normalized clipping level sy,/0,.
Clearly, the BER performance of conventional receivers is very poor when low
values of clipping level are considered. However, the GAMP receiver is able to
improve it substantially, allowing gains well above 16 dB when BER is 107°.

In the following results, a constant value of s;/0, = 1.0 is adopted. Fig. 4.1.4
considers a 4 x 4 MIMO scheme and Fig. 4.1.5 considers a 64 x 64 MIMO scheme.

Clearly, the receiver is powerful enough to cope with nonlinear distortion ef-
fects, allowing even better performance than for the linear transmission scenario.
In Figs. 4.1.6 and 4.1.7, it is considered an even more severe nonlinear characteris-
tic with normalized clipping level sy;/0, = 0.5. Even under these strong nonlinear

distortion levels, the receiver has good performance, outperforming the linear
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i} Niter =
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o
L
m
10
12 13 14 15 16 17 18
E,/N,(dB)

Figure 4.1.2: BER performance of the GAMP receiver with different number of
iterations, for a 4 x 4 SVD MIMO scheme.

10°

Legend:
sy / 0=0.5 (MIMO-SVD + NL + GAMP)

sy / 0=1.5 (MIMO-SVD + NL + GAMP)

sy / 0=1.5 (MIMO-SVD + NL + GAMP)

E o8,/ 0= 2.0 (MIMO-SVD + NL + GAMP)
108+ \ ‘ | o 5 /0=05 (MIMO-SVD + NL)
N
$y /0= 1.0 (MIMO-SVD + NL)
4L Y |
10 \ $yy /0= 1.5 (MIMO-SVD + NL)

0~ 8y /0=2.0 (MIMO-SVD +NL)

-10 -5 0 5 10 15 20 25 30 35 40
E,/N,(dB)

Figure 4.1.3: Average BER performance of 4 x 4 MIMO-SVD system for different
normalized saturation levels s)/0,.

scenario. In fact, not only the system has substantial gains on the required E;/N,
for a given BER, but also the BER values decrease sharply with E;/N,, which
means that it is feasible to take advantage of diversity effects that are created by
the nonlinear operation.

The estimation of transmitted signals is well concluded for a MIMO-SVD

system, even in presence of nonlinear distortion effects.
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100 - T i

T T
—+#—MIMO-SVD

MIMO-SVD + NL
—&—MIMO-SVD + NL + GAMP

0 5 10 15 20 25 30 35 40
E,/N,(dB)

Figure 4.1.4: Average BER performance of 4 x 4 MIMO-SVD system considering
a normalized clipping level sy;/0, = 1.0.

100 T T T T T T T
—&—MIMO-SVD
MIMO-SVD + NL
| —©—MIMO-SVD + NL + GAMP
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102 ¢
o
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10
1 ! | 1 L 1 1
0 5 10 15 20 25 30 35 40
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Figure 4.1.5: Average BER performance of 64 x64 MIMO-SVD system considering
a normalized clipping level s);/0, = 1.0.

4.1.2 MIMO-OFDM

In this second section, it is presented a set of performance results for MIMO-
OFDM schemes with low resolution DACs employing the proposed detection
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100 T T T T T T
i —&— MIMO-SVD
MIMO-SVD + NL
& B—s —6—MIMO-SVD + NL + GAMP
1L ’
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102 ¢
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L
[a0]
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E,/N,(dB)

Figure 4.1.6: Average BER performance of 4 x 4 MIMO-SVD system considering
a normalized clipping level sy,/0, = 0.5.

BER

MIMO-SVD + NL

10%F | —+—MIMO-SVD E

—©—MIMO-SVD + NL + GAMP

0 5 10 15 20 25 30 35 40
E,/N,(dB)

Figure 4.1.7: Average BER performance of 64 x64 MIMO-SVD system considering
a normalized clipping level s);/0, = 1.0.

technique based on the GAMP algorithm. It is also obtained Nt x Ny MIMO SVD
schemes with N = 4 transmit antennas and contrastive values of the number of
receive antennas Np. It is considered an OFDM signals with N = 512 subcarriers

and an oversampling factor | = 4.
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In this system, it is transmitted in parallel C = min(Np, Ng) independent
OFDM signals, each one with N subcarriers. The data symbols are the same
that were presented previously, under a QPSK constellation scheme, with sym-

bols in the form S,((C)

= +1 +j selected from the data bits under a Gray mapping
rule. The performance was obtained with a Monte-Carlo simulation with 1000
runs.

The structure of the receiver is depicted in Fig. 4.1.8. The received signal
is passed to the frequency-domain by a set of DFT operations, followed by the
detection procedure associated to the matrices A]Ij to complete the SVD decom-
position. Next, it is showed the output and input nonlinear steps, which provide
several auxiliary variables exchanged between them. Suitable DFT/IDFT and By

operations are placed between these steps, which are repeated several times.

delay FL

#(na) P (i)

B{' Ll DFT |—>{(+)—> Output DFT Iput

e . :
y N Nonlinear i (nit) Nonlinear
—| DFT k Step Step
delay FL
X |
i (nig +1)

Figure 4.1.8: Block diagram of the MIMO-OFDM receiver.

Fig. 4.1.9 shows BER performance of a 4 x 4 MIMO-OFDM scheme for con-
ventional receivers (considering both linear and nonlinear transmissions) and for
the proposed GAMP receiver. To isolate the nonlinear degradation from the per-
formance degradation associated to low power singular values, a scenario with
unitary singular values, i.e., Ay =1 (but still random matrices Ay and By). It is
applied b = 2 bits of resolution. From the figure, it can be observed that receiver
based on the GAMP has a huge performance gain when compared to conventional
receivers under the same nonlinear effects at the transmitter side. More extraor-
dinary is the fact that the receiver even outperforms the linear case (i.e., DACs
with infinite resolution and without clipping effects), with a performance gain of
approximately 1 dB.

On the second approach, it is taken into account a more realistic scenario
through a conventional multi-path channel (i.e., the singular values were not

forced to be unitary), corresponding to a frequency-selective environment.
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Figure 4.1.9: Average BER performance of a 4 x 4 MIMO-OFDM system with
singular values Ay = 1.

Fig. 4.1.10 shows the BER performance for a 4 x 4 MIMO-OFDM and GAMP-
based receiver when the DAC’s have b = 4 bits of resolution. For the sake of
comparisons, it is also included the performance results for conventional receivers
and different DAC’s with different resolutions. As expected, an increase on the
resolution of the DAC’s leads to a better performance. However, the conventional
receiver still have very large error floors, even when DAC’s with b = 6 bits of
resolution are employed. One the other hand, the proposed receiver shows a
huge performance improvement when compared to the conventional receivers,
without visible error floors, even outperforming linear MIMO-OFDM schemes at

moderate-to-high values of E;/Nj.

Fig. 4.1.11 shows BER performance for MIMO-OFDM systems with Nt = 4,
DAC’s with b = 2 bits of resolution and different numbers of receive antennas
Ng. For the sake of comparisons, it is also included the performance of the cor-
responding linear case. As it can be noted in the figure, regardless of the value

of Ny, the GAMP-based receiver outperforms the conventional receivers, even in
the linear MIMO-OFDM case.
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Figure 4.1.10: Average BER performance of a 4 x 4 MIMO-OFDM system using
conventional SVD and DAC’s with a different number of bits of resolution.
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Figure 4.1.11: Average BER performance comparison of different MIMO-OFDM
schemes.
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4.1.3 MIMO SC-FDE

In this section, BER performance results of the proposed GAMP receiver fo MIMO
SC-FDE systems are presented. It is defined Ny transmit antennas and Ny recep-
tion antennas, combining a Ny x Ng MIMO schemes with SVD technique. The
considered signal has N = 512 as the block size and it is applied the same QPSK
modulation of the previous section. It should be noted that the whole process of
transmitter is on time-domain. To characterize the nonlinear distortion, we used
low resolution quantizers with different resolutions. At the receiver side, it was
assumed the perfect knowledge of the channel information. The performance
was obtained with a Monte-Carlo simulation with 1000 runs.

On the first case, it was considered 4x4 scheme and the simulations were tested
assuming unitary singular values, in order to isolate the performance degradation
introduced by low power singular values. Under this conditions, Fig. 4.1.12 shows
BER performance for linear, nonlinear and GAMP receivers with FDE. For both
linear and nonlinear cases, the results for each transmission stream are presented.
From the figure, it is possible to observe that the proposed receiver can achieve
better performance than the 1st, 2nd and 3rd stream. Moreover, it is also implied
that GAMP receiver outperforms the conventional average performance of MIMO-
SVD schemes.

10° T T T T T 3
i —=—c=1- Linear
T
L
—~—— - e o
1 R T —*—c=2- Linear
10 L S — T |
~_ * sl | ==
TR -t e SR 1 —©—c=3 - Linear
N S TS D S e
102F S ™ T B +—c=4 - Linear
AN N AN ]
o AN N S
o N\ 2\ e 5 b=2 (c=1)
N \ e
N ~
-3 L L N |
10 \ X e i e b=2 - (c=2)
N 1
\, \\\ 4
\ ] —&—b=2 (c=3)
T
- *
104 F \ i
v\ +—b=2 (c=4)
=¥ - \\\
e s e * i GAMP b=2
10.5 1 1 | 1 1 |
(0] 2 4 6 8 10 12 14 16 18 20
Eb/NO

Figure 4.1.12: BER performance results of 4 x 4 MIMO-SVD SC-FDE, for Linear,
Nonlinear (b = 2) and Average Nonlinear+GAMP(b = 2) schemes, forcing unitary
singular values Ay

On the second case, it was considered the same scheme as the previous case,
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however it was presented with normal singular values A and with a simple multi-
path channel modeled as a frequency-selective fading, which follows a Rayleigh
distribution, with 8 taps. The BER performance results are showed in Fig. 4.1.13.

10%F

c=4 - Linear

— — c=2-Linear

c=1 - Linear
3 c=4 - b=2
AN 0=2-b=2

~. c=1-b=2

N —5— GAMP - b=2

0 2 4 6 8 10 12 14 16 18 20
E/N,(dB)

Figure 4.1.13: BER performance results of 4 x4 MIMO-SVD SC-FDE Linear, Non-
linear and Nonlinear+ GAMP cases, with b = 2, for normal singular values Ay.

In order to evaluate the impact of the number of bits of resolution, it is pre-
sented in Fig. 4.1.14, the average BER performance of the GAMP receiver when
it was employed DAC’s with b =1,b = 2 and b = 3 bits of resolution, and the BER
performance for all different streams of the nonlinear and linear structure. From
the Fig. 4.1.14, it is clear that the proposed receiver shows a better performance
with 3 bits resolution, although it is suitable to operate with the lower quantiza-
tion resolution. For lower BER values, the GAMP receiver performance with one

quantization bit will be lightly affected at higher E;/Nj.
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Figure 4.1.14: BER performance results of 4 x 4 MIMO-SVD SC-FDE Nonlinear
and Nonlinear+GAMP cases, for different DAC resolution and respective clipping
level.
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5.1 Conclusions

In Chapter 2, it was made an introduction to MIMO transmission scheme, where
it was showed the SVD decomposition of channel matrix and how a MIMO system
is developed. The SVD allows the transmission of parallel data streams and it can
be seen as an optimal solution. However, the SVD performance is conditioned by
the performance of the worst stream. Furthermore, it was introduced the OFDM
technique in order to extend to the MIMO-OFDM system. Further, models for
quantization and nonlinear distortion introduced by DAC’s and HPA’s, respec-
tively, were introduced. Lastly, it was introduced the MIMO SC-FDE system.

In Chapter 3, the LDPC codes were briefly described. It was also represented
the parity check matrix based on a Tanner graphs. One of the methods of LDPC
decoding is based on belief propagation between check nodes and bit nodes, de-
scribed as sum product algorithm. As a consequence, it was presented an esti-
mation decoding method that allowed nonlinear transformation and Gaussian

inputs.

At last, in Chapter 4, it was exposed the performance of combination of MIMO
techniques with a BP algorithm. On the first scheme MIMO-SVD, the receiver
showed to be efficient on a nonlinear distortion scenario and flat-fading envi-
ronment. On the second scheme, the implemented receiver constitutes a good
alternative in strongly nonlinear MIMO-OFDM scenarios. Thanks to the fact that

the nonlinear distortion term has some information on the transmitted signals
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that can be used to improve the performance. The problem with very strong non-
linearities is that the GAMP may start to have difficulty to achieve the optimal
performance. Moreover, it should be pointed out that this is achieved with only a
moderate increase on the receiver complexity. It increased with, essentially, a pair
DFT/IDFT and the By and B operations for each iteration. The results showed
the validity of GAMP in the presence of non-linear distortion induced by DAC.
Although it is not considered the ADC of the receiver which can decrease the
performance of the presented system.

According to previous results, it is clear that BER performance is worst for the
lower singular values. It can be taken in consideration an interleaver and a de-
interleaver operation, at both transmitter and receiver scheme, respectively. For
each subcarrier, the interleaver could be placed before the precoding operation.
Thereby the interleaving process can combine all different streams in equal parts.
Then, at the receiver side, it could be adopted a de-interleaving after decoding
operation. Therefore, the channel can be seen as frequency-selective through this
operation. The performance on SC-FDE can be conditioned by one bit quantizer
for moderate values of E;/N,, as it was showed.

To summarize, the greatest breakthrough of this dissertation was achieved
by demonstrating the performance of the receiver to deal with nonlinear effects

which allows it to achieve even better performance than linear systems.

5.2 Future Work

This dissertation was fulfilled with the purpose of analyze MIMO signal trans-
mission with strong nonlinear distortion effects. With an approximation of the
next generation of wireless communication, it is suitable to extend the results to
a massive MIMO configuration. Moreover, other improvements on the GAMP
algorithm can also be developed.

For a future research, it would be interesting to join some type of error correc-
tion codes to the previous implemented transmission and reception structures, in
order to extend the performance results, for instance, LDPC codes (regular or ir-
regular) or turbo codes. Other type of modulation can be contemplated too, such
as 16-QAM. In addiction, other models of nonlinearity can be studied, since the

choice of this nonlinearity can be adapted to improve the system performance.
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