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O numero de dispositivos com ligacGes e aplicacdes sem fios esta a aumentar
exponencialmente, causando problemas de interferéncia e diminuindo a
capacidade do sistema. Isto desencadeou uma procura por uma eficiéncia
espectral superior e, consequentemente, tornou-se necessario desenvolver
novas arquitecturas celulares que suportem estas novas exigéncias.

Coordenacdo ou cooperacdo multicelular é uma arquitectura promissora para
sistemas celulares sem fios. Esta ajuda a mitigar a interferéncia entre células,
melhorando a equidade e a capacidade do sistema. E, portanto, uma
arquitectura j& em estudo ao abrigo da tecnologia LTE-Advanced sob o
conceito de coordenagdo multiponto (CoMP). Nesta dissertacdo,
consideramos um sistema coordenado MC-CDMA com pré-codificacdo e
equalizacdo iterativas.

Uma das técnicas mais eficientes de pré-codificagdo é o alinhamento de
interferéncias (lA). Este é um conceito relativamente novo que permite
aumentar a capacidade do sistema em canais de elevada interferéncia. Sabe-
se que, para os sistemas MC-CDMA, os equalizadores lineares convencionais
ndo sdo os mais eficientes, devido a interferéncia residual entre portadoras
(ICl). No entanto, a equalizagdo iterativa no dominio da frequéncia (FDE) foi
identificada como sendo uma das técnicas mais eficientes para lidar com ICl e
explorar a diversidade oferecida pelos sistemas MIMO MC-CDMA. Esta técnica
é baseada no conceito /terative Block Decision Feedback Equalization (1B-DFE).

Nesta dissertacdo, é proposto um sistema MC-CDMA que une a pré-
codificacdo iterativa do alinhamento de interferéncias no transmissor ao
equalizador baseado no IB-DFE, com cancelamento sucessivo de interferéncias
(SIC) no receptor. Este é construido por dois blocos: um filtro linear, que
mitiga a interferéncia inter-utilizador, seguido por um bloco iterativo no
dominio da frequéncia, que separa eficientemente os fluxos de dados
espaciais na presenca de interferéncia residual inter-utilizador alinhada. Este
esquema permite atingir o nimero maximo de graus de liberdade e permite
simultaneamente um ganho éptimo de diversidade espacial. O desempenho
deste esquema esta perto do filtro adaptado- Matched Filter Bound (MFB).
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The number of devices with wireless connections and applications is
increasing exponentially, causing interference problems and reducing the
system’s capacity gain. This initiated a search for a higher spectral efficiency
and therefore it became necessary to develop new cellular architectures that
support these new requirements.

Multicell cooperation or coordination is a promising architecture for cellular
wireless systems to mitigate intercell interference, improving system fairness
and increasing capacity, and thus is already under study in LTE-Advanced
under the coordinated multipoint (CoMP) concept. In this thesis, efficient
iterative precoding and equalization is considered for coordinated MC-CDMA
based systems.

One of the most efficient precoding techniques is interference alignment (1A),
which is a relatively new concept that allows high capacity gains in interfering
channels. It is well known that for MC-CDMA systems standard linear
equalizers are not the most efficient due to residual inter carrier interference
(ICl). However, iterative frequency-domain equalization (FDE) has been
identified as one of the most efficient technique to deal with ICI and exploit
the inherent space-frequency diversity of the MIMO MC-CDMA systems,
namely the one based on Iterative Block Decision Feedback Equalization (IB-
DFE) concept.

In this thesis, it is proposed a MC-CDMA system that joins iterative IA
precoding at the transmitter with IB-DFE successive interference cancellation
(SIC) based receiver structure. The receiver is implemented in two steps: a
linear filter, which mitigates the inter-user aligned interference, followed by
an iterative frequency-domain receiver, which efficiently separates the spatial
streams in the presence of residual inter-user aligned interference. This
scheme provides the maximum degrees of freedom (DoF) and allows almost
the optimum space-diversity gain. The scheme performance is close to the
matched filter bound (MFB).
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1. Introduction

1.1. Evolution of Cellular Communications Systems

The first public telephone call placed on a portable phone took place on April 3 of 1973 by
Martin Cooper. On its 30" anniversary, he said “People want to talk with other people — not a
house, or an office, or a car. Given a choice, people will demand the freedom to communicate
wherever they are, unfettered by the infamous cooper wire. It is that freedom we sought to
vividly demonstrate in 1973” [1]. Perhaps this is the main reason behind the widely spreading of

cell phones among the world population.

At first, they were considered luxury items and the voice quality was poor when the access
existed at all. Nowadays mobile phones are an integral part of our life, being used in everyday
situations like communication, navigation, multimedia, and entertainment [2]. This incredible
device allows us to be in connection with everyone in any place at any time. It changed us and the
way we are brought together. For example, if we are running late for a meeting it is expected
from us to inform others [3]. However, cell phones were voted the most hated invention that
Americans cannot live without beating alarm clocks, television, razors, microwave ovens,
computers, and answering machines [2]. In Figure 1.1, we can see the four generations and some

technologies that represent them.

1st generation (1G) systems were characterized by their analog voice transmission nature.
First commercial 1G cellular systems appeared between 1979 and 1983. In this period were
introduced Mobile Communication System L1 (MCS-L1) in Japan, Nordic Mobile Telephone (NMT)
in Northern Europe and Advanced Mobile Phone Services (AMPS) in U.S. [2]. These systems are
similarly advanced and worked fairly based on the same rules but they were incompatible with
each other. This means that every user was assigned to their operator and their cell phone would

not properly function outside the operator’s cover area (except for NMT) [4].

Equalization and precoding techniques for future MC-CDMA systems 1
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Figure 1.1: lllustration of generations and technologies

In 1990s, the first generation was gradually replaced by the 2nd generation (2G). These new
systems were digital, offering better voice quality and providing the first data services [2]. To
solve the roaming problem, European Union created a working group that had the task of
formulating the objectives and standards of a common cellular system. And so was born Global
System for Mobile Communications (GSM) [4]. GSM is the most widely used wireless technology
in the world, and it is available in more than 219 countries [5]. We can observe in Figure 1.2, 65%

of total cellular connections were GSM at the end of 2013 [6].

4Q 2013
6.8 billion 3GPP Mobile Broadband
total cellular 1.7 Billion / 25%
.~ connections ——
— LTE
1200 Million
2.95%
4.4 Billion ———— R
192 Million

65% - ) = 2.83%

CDMA
484 Million

7.15%
9 W
AR,

Source: Informa Telecoms & Media, WCIS+, December 2013

Figure 1.2: Mobile Market Shares by Technology [6]

GSM technology uses Frequency Division Duplex (FDD), meaning that downlink
(transmission from base station to mobile station) and uplink (transmission from mobile station to
base station) have different frequency bands. GSM can also use both Frequency Division Multiple

Equalization and precoding techniques for future MC-CDMA systems 2
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Access (FDMA) and Time Division Multiple Access (TDMA) in order of supporting multiple users
[4]. Another large 2G system widely used by 1996 was CDMAOne or standard I1S-95A. The main
difference between these two systems is IS-95A based systems which allow simultaneous
transmissions in the same frequency band. This feature was achieved by using direct sequence
spread spectrum (DS-SS) techniques and by assigning each user a unique pseudorandom noise
code. Between codes there was low correlation. The spectral inefficiency caused by both voice
and data transmissions triggered an evolution to what is called a 2.5G. General Packet Radio
Service (GPRS) is a GSM extension which allowed data ratings from 10 to 115 kbps and average
around 40 kbps [2]. Even though these were moderated data ratings, there was still the need to
increase them thus resulting in the arising of Enhanced Data Rate for Global Evolution (EDGE). It
has a data rate three times higher than GSM because it uses 8-PSK modulation, meaning that for
each data symbol three bits were transmitted [4]. EDGE also introduced High-Speed Circuit-
Switched Data (HSDCSD) service which allowed transferring more data in each time slot. In

packet-switched mode, the data transmission speed was up to 384 kbps [7].

In this endless pursuit of higher data transfer ratings it was introduced the 3rd generation
(3G). 3G uses different techniques for radio transmission a reception to achieve more efficiency in
spectrum’s use. We were able to achieve bit rates up to 2 Mbps and multiplexing various services
with different requirements on one channel [8]. At first, its appearance was quite unsuccessful
due to high performance expectations and only after 3.5G introduction its performance was
sufficed [9]. The International Telecommunication Union — Radiocommunication sector created
the IMT-2000 standard which had the purpose of unifying all wireless systems in the same
frequency bands, including cellular, Wireless Local Area Networks (WLAN), satellite networks and
fixed wireless links. WLAN and fixed wireless links were removed from the original IMT-2000
because of higher data rates in unlicensed bands and better operation on higher frequencies,
respectively. In order to establish a universal set of specifications two major competitive concepts
were created, both based on CDMA techniques: Wideband Code Division Multiple Access
(WCDMA) and CDMA 2000 [2].

3GPP was responsible for the release of 3G technology called Universal Mobile Terrestrial
System (UMTS), which incorporated WCDMA as its air-interfaced technology. UMTS system has
channel bandwidth of 5MHz for uplink and downlink. Also, in Europe, it presented seven unpaired
channels within 1900-1920 MHz and 2010-2025 MHz. In USA and Japan, at least one of these
bands was already occupied preventing European and Japanese systems from operating in the
USA, for example [8]. Due to this problem the 3GPP2 was created, which managed the CDMA2000
specifications [2]. It was an evolution from 1S-95, called CDMA2000 One Carrier Radio
Transmission Technology (1xRTT) deployed in 2000. It has a bandwidth of 1.25MHz. Unlike UMTS,
it is backwards compatible with the previous technology (IS-95) and separates onto different
carrier frequencies data and voice. Eventually both technologies were enhanced to a 3.5G, UMTS
became High Speed Packet Access (HSPA) and 1xRTT became Evolution Data Optimized (EV-DO)
[9]. HSPA actually represents different advances in both downlink (HSDPA, High Speed Downlink
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Packet Access) and uplink (HSUPA, High Speed Uplink Packet Access) directions. HSPA’s networks
elements are similar to those used by its predecessor WCDMA but it needs a different User
Equipment (UE). HSPA enhancement allowed peak data rates increasing to 14 Mbps downlink and
5.8 Mbps uplink. On the other hand, EV-DO provides high speed data services to both mobile and
broadband subscribers. On its later releases it offered multicast services allowing the same
information to be transmitted to an unlimited number of users. MP3files and files are among the

transmitting applications circulating over the network [8].

Although through the evolution of mobile phones its data traffic was slowly increasing, is
with the introduction of Apple iphone in 2007 and Google's Android operating system a year later
that data traffic became relevant and dominant (at the end of 2009). In order to increase the
system capacity, it was proposed to improve the communication technology so we can exploit a
higher SINR and a greater bandwidth. Moreover, 2G and 3G had two distinct core networks: one
circuit switched domain for voice and the packet switch domain for data. It was an objective to
transport voice calls over packed switched networks by using voice over IP (VolP), merging both
networks in one and reducing capital and operational costs. 3G had the additional problem of
latency because those networks introduced a delay of the order of 100 milliseconds for data
applications transference which is almost unacceptable for voice and real-time interactive games.

LTE, Long Term Evolution, presented itself as a solution for these problems [9].
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Figure 1.3: Global HSPA-LTE Forecast [10]

LTE is currently on the market and it was introduced in 3GPP Release 8 which was frozen in
December 2008. LTE is a milestone in wireless communications history because for the first time a
wide-area wireless network is universally deployed. From the beginning, LTE provided the highest
rates, smallest radio network delay and significant spectral efficiency increase. Moreover, the

operational cost is smaller than its predecessors because its architecture was designed to shorten
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the operations. LTE systems support Frequency Division Duplex (FDD) and Time Division Duplex
(TDD), allowing a different spectrum allocation [11]. LTE was required to have a peak data rate of
100 Mbps in the downlink and 50 Mbps in the uplink [12] but this performance was exceeded
because today’s system has peak data rates of 300 Mbps and 75 Mbps respectively [13]. In Figure
1.3 we can see that the number of LTE users will probably increase exponentially in the coming

years.

The International Telecommunications Union Radiocommunication Sector (ITU-R)
introduced the International Mobile Telecommunications Advanced (IMT-Advanced) list. This list
was intended to recognize new cellular system and begin a brand new generation. Since 2009,
3GPP tried to perform enhancements in LTE technology in order to meet the IMT-Advanced
requirements. Later that year, it was proposed a new ITU system, represented by LTE release 10
or LTE-Advanced. Besides using LTE’s spectrum bands, it also uses some bands predicted by IMT-
Advanced. LTE-Advanced aims to achieve a peak data rate of 1 Gbps in downlink and 500 Mbps in
the uplink in a cost efficient way [11] [13] [14]. Both LTE and LTE-Advance will be presented with

more detail in chapter 3.

1.2. Multicarrier Based Systems

The basic principle behind multicarrier systems is dividing a stream of data in sub-streams in
parallel, which are transmitted in different frequencies or subcarriers. Digital systems promoted
data transmission over several carriers, becoming the technique of choice for wireless
communication systems [15]. The main reasons for this success are the equalization simplicity and
robustness in multipath propagation scenarios. Most of multicarrier commercial systems are
based on OFDM modulation [15] [16] [17] [18]. The multicarrier option is an integral part of the
4G technology specifications.

The spread spectrum techniques (namely the Direct Sequence CDMA (DS-CDMA) adopted in
UMTS) and the OFDM success created the conditions needed for the merger of the two
technologies, resulting in three different schemes: MC-DS-CDMA, Multitone CDMA (or MT-CDMA)
and MC-CDMA. The first is a series-parallel conversion of the original data symbols in sub-streams
and, then spread in time with a specific code for each user. The MT-CDMA can be considered a
special case of MC-DS-CDMA, where carriers are overlapping. The spreading is done in the time
domain too and it also uses a small number of overlapping carriers with a large bandwidth. The
last scheme is made by a large number of orthogonal subcarriers with reduced bandwidth, and
typically has an OFDM based modulation. Unlike the previous schemes, the spreading is done in
the frequency domain, i.e., the spread data symbols are transmitted on different subcarriers. MC-
CDMA benefits from OFDM characteristics such as high spectral efficiency and robustness against

multi-path propagation, while CDMA allows a flexible multiple access with good interference
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properties [19] [20]. However, the user capacity of MC-CDMA system is essentially limited by

interference. The MC-CDMA scheme will be presented with more detail in subchapter 2.3.

1.3. Motivation and Objectives

Long Term Evolution (LTE) is considered to be the beginning of the 4th generation of mobile
technology. LTE transmission rates are higher than 3G systems [9]. However, as we could observe
in Figure 1.3, the number of 4G users is expected to increase exponentially, increasing the
demand for broadband services, rendering the actual cellular architecture obsolete. By reducing
the cell size, thus reducing propagation losses, it is possible to achieve higher transmission rates.
This solution is not perfect because it produces a considerable increase on the user interference
at cells borders due to the unitary frequency reuse, degrading system performance. In today’s
systems, eliminating inter-cell interference is done by assigning different frequencies to adjacent
cells and thus wasting system capacity. Universal frequency reuse (UFR) is crucial to achieve high
system’s capacity but this requires new architectures to efficiently eliminate the interference
between mobile terminals at cell’s borders. Multicell cooperation or coordination is a promising
architecture for cellular wireless systems to mitigate intercell interference, improving system
fairness and increasing capacity, and thus is already under study in LTE-Advanced under the

coordinated multipoint (CoMP) concept.

To achieve the high bit rates needed to meet the quality of service requirements of future
multimedia applications, multi-carrier code division multiple access (MC-CDMA) has been
considered as good air-interface candidate, especially for the downlink [21]. However, as
discussed in previous section MC-CDMA is essentially limited by the interference. This
interference can be mitigated by employing precoding techniques [22] and/or iterative block

decision feedback equalization (IB-DFE) based receivers [23].

Conventional frequency domain equalization (FDE) schemes employ a linear FDE optimized
under the minimum mean square error (MMSE) criterion. However, the residual interference
levels might still be too high, leading to performance that is still several dB from the matched
filter bound (MFB) [24]. Nonlinear frequency domain equalizers (FDEs) are known to outperform
linear equalizers and are known to have good performance-complexity tradeoffs [25]. For this
reason, there has been significant interest in the design of nonlinear FDEs, with the IB-DFE being

the most promising nonlinear FDE [24].

Recently, analysis of interference channels has shown that each user’s capacity on an
interference channel is one half the rate of its interference-free capacity in the high transmit
power regime, regardless of the number of users [26]. One interesting scheme to efficiently

eliminate the inter-user interference and achieve a linear capacity scaling is interference

Equalization and precoding techniques for future MC-CDMA systems 6



Introduction

alignment (IA) [26]. This recent technique allows the transmitters to align in the unwanted users'
receive signals in any dimension, through the use of precoders. With this strategy more
interferers can be completely cancelled than with other interference cancellation methods, thus
achieving the maximum degrees of freedom (DoF) [27]. Applications of IA include cellular
networks, two-way communication networks, cooperative communication networks, cognitive

radio networks, etc. [28].

In this thesis we consider MIMO MC-CDMA systems with iterative IA precoding at
transmitter and iterative frequency-domain receivers based on the IB-DFE concept. The main
motivation to consider this combination, is that IA based techniques achieve the maximum DoF in
MIMO interference channels. However, they cannot by themselves efficiently exploit the space-
frequency diversity inherent of the MIMO MC-CDMA systems. On the other hand, IB-DFE based
receivers are well known to be one of the most efficient techniques to exploit this space-
frequency diversity. Therefore, this combination allows us to design a system that is able to
achieve maximum DoF (number of spatial stream per subcarrier) and exploit the high diversity
order inherent to these systems. In this work the joint IB-DFE parallel interference cancellation
(PIC) and IA scheme, recently proposed to MC-CDMA systems [29], is extended to IB-DFE
successive interference cancellation (SIC). The results of the proposed IB-DFE SIC based approach
are compared with the IB-DFE PIC one. The results have shown that the proposed receiver
structure is robust to the residual inter-user aligned interference and quite efficient to separate
the spatial streams, while allowing a close-to-optimum space-diversity gain, with performance

close to the MFB with only a few iterations of the equalizer.

1.4. Contributions

The main results of this thesis were recently published in an international conference,

Alicia Jodo, José Assungao, Adao Silva, Rui Dinis and Atilio Gameiro, “IB-DFE SIC based
Receiver Structure for IA-Precoded MC-CDMA Systems”, in proceedings of the 22nd European
Signal Processing Conference (EUSIPCO 2014), Lisbon, Portugal.

1.5. Outline

After the introduction about the evolution of mobile systems until today, the motivation and
objectives, we present the following chapters:
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In chapter 2, it is presented the OFDM/OFDMA and MC-CDMA multicarrier systems. We will
overview their characteristics and some useful techniques against interference such as
orthogonality and introduction of a cyclic prefix. Later in this chapter, we will also see some
detection techniques both in single user case and multi-user case.

In chapter 3, we will start to discuss the three multiple antenna formats, the different types
of diversity, spatial multiplexing and beamforming. In this chapter is also presented LTE system as
a product of the combination of different technologies presented in the previous chapters. We
will start with general network architecture, followed by an overview of LTE physical layer and an
abbreviated description of LTE MIMO transmission modes in downlink. Later in this chapter is
presented LTE-Advanced, where we will briefly discuss some technologies (like carrier
aggregation, MIMO enhancements and CoMP) that were introduced in order to fulfill IMT-
Advanced goals.

Following, in chapter 4, it is studied the interference alignment (IA) and the iterative
equalization concepts. In this chapter is presented some interference alignment applications, such
as index coding, X channel and, more importantly the closed form interference alignment for
three users. After, we will present the iterative equalization for single carrier systems, focusing on
IB-DFE concept.

In chapter 5, it is presented the IB-DFE SIC based receiver structure with IA-precoded MC-
CDMA systems. Firstly, it is described the system model of an IA-precoded MC-CDMA based
system. We will study in some detail the signal processing at the receiver and at the transmitter.
We will present, analyze and compare the Bit Error Ratio (BER) obtained with precoding IA and
with IB-DFE PIC/SIC based procedure with different parameters.

The last chapter is chapter 6, where it is presented work conclusions and some possible
future research guidelines.

It is important to note that in this thesis, it will be used the following notation: Lowercase
letters, boldface lowercase letters and boldface uppercase letters are used for scalars, vectors and
matrices, respectively. (.)¥ and (.)T represents the complex conjugate transpose and transpose
operators, E[.] represents the expectation operator, I is the identity matrix of size N X N,
CN(.,.) denotes a circular symmetric complex Gaussian vector, and {a} represents a L-length
block.
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2. Multicarrier Systems

In a Single Carrier (SC) transmission, the information is modulated in only one carrier,
adjusting phase, amplitude or frequency. If a system has a high data rate, it has a high symbol rate
in a digital system meaning that its bandwidth is also high [30]. In a multicarrier transmission, the
transmitted high-data-rate is divided into many different sub streams which are sent through
many different sub-channels. In ideal case, the sub-channels would be orthogonal. Because of the
division in the high-data-rate, the data rate of each sub-channel will be lower than the total data
rate, and the corresponding sub-channel bandwidth is also lower than the total system
bandwidth. The number of sub-channels is chosen so each sub-channel has a bandwidth smaller
than the coherence bandwidth. Moreover, the sub-channels don’t need to be contiguous, being
efficiently implemented digitally [31]. In this chapter, it will be presented an overview of some
multicarrier systems like OFDM, OFDMA and MC-CDMA. Later it will be also presented the
detection techniques.

2.1. Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a modulation technique that is used for high-data-rate transmission in delay-
dispersive environments and it is a multicarrier system. Figure 2.1 shows a conversion of a high-
data-rate into a number of low-rate streams that are transmitted over parallel narrowband

channels. This decrease in data rate makes the equalization a lot less complex [32].
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Figure 2.1: Multi-carrier modulation with N, =4 sub-channels [33]

In an OFDM system with N subcarriers will be transmitted N, data symbols in parallel, each

modulated into a different subcarrier. The duration of an OFDM symbol is:

Ts = NcTy. (2.1)
The spacing between subcarriers is given by:
Af = 1 (2.2)
T
and the frequency of each subcarrier is:
fu = nAf (2.3)

wheren=0,...,N; — 1.
So, each carrier is modulated by a data symbol, meaning that an OFDM is composed by the

addiction of the different symbols in different subcarriers [30] [33].

Assuming that the OFDM symbol is periodic and all requirements about minimum sampling
rates and word lengths are met, we can use Fast Fourier Transform (FFT) and Inverse Fast Fourier
Transform (IFFT). This mathematical tool allows us to move back and forth between time and

frequency domains on the receiver and transmitter without loss of information [30].

2.1.1. Modulation

The modulation of a multicarrier system starts by dividing the bit stream into N,
substreams. Each substream is modulated with bandwidth of B/N., where B is the bandwidth of
the signal in a single carrier modulation. These are sent in separate subcarriers in separated

subchannels. As we saw previously, the space between carriers is given by ( 2.2 ) which, for flat

fading (and no ISl), lower than coherence band.
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Basically, what we accomplish with using a multicarrier instead of a single carrier is a higher
duration symbol for the same baud rate. For example, in a single carrier system with a baud rate,
in symbols/s, the duration of a symbol is T;|gc = 1/R. On the other hand, for the same R, the

duration of a multicarrier symbol is Ty |y = N¢/R.

As we can see, if we increase the number of subcarriers, the duration of the symbol will also
increase, resulting in a more robust transmission to channel distortion, fading, and noise and
reducing ISI [34].

2.1.2. Orthogonality

Other types of modulation (e.g. FDMA) require a guard band which causes loss of efficiency
because there is a part of the spectrum we are not using. OFDM allows the overlapping of the
subcarriers, transmitting additional subcarriers in a tight frequency space without interference
from each other. We can conclude that all subcarriers are orthogonal between themselves,
transmitting pulses at a rate 1/T within a bandwidth 1/(2T) without ISI [35]. Mathematically,

considering Figure 2.2

[ sine(E= ) gine (& dt = 0Vl 2.4
jsmc( T )smc(?> t = . (2.4)

Carrier spacing

e
o J\JM

Carrier spacing 8/Nc

Figure 2.2: Principle behind OFDM: N, carriers within a bandwidth of B [32]

Because each carrier is in the spectral null of all other carriers, the data streams of any two
subcarriers will not interfere as long as the receiver does the appropriate demodulation [32]. Is
this characteristic of allowing lining up the peak of one subcarrier with the nulls of the adjacent

subcarriers that makes OFDM such practical system.
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2.1.3. Cyclic Prefix

OFDM subcarriers can lose their orthogonality by passing a time-dispersive channel. OFDM
symbols are no longer confined to a time slot, expanding to the neighboring slots causing ISI. So,
the duration of the OFDM symbol is now Ts + T4, Where T4, is maximum path delay. One
solution to this problem is introducing a cyclic prefix (CP) [36]. Assuming that CP is longer than the
channel impulse response and it is added in the transmitter, the effect on the adjacent symbol is

minimized by CP removal at the receiver.

Cyclic prefix is a copy of the last part of the symbol and attaching it to the beginning. Also, it
is a guard time, which should be bigger than the delay spread (maximum time delay of different
radio channels path) caused by multipath effect [30].

\ — —

I |
Cyclic ! Cyclic I
Prefix Symbol S0 | Prefix Symbol s1 :
I I
f | {
Te Ts

Tzymbol
Figure 2.3: Cyclic prefix addition

In Figure 2.3 is represented the consequences of introducing the CP. By adding a time guard
(T4) to the OFDM symbol period without CP (Ts), in each OFDM symbol, the overall period of the

symbol is given by:
Tsymbol = Tg + Ts. (2.5)

So, if Ty > Tynax OFDM system is inter-symbolic interference free but CP utilization implies

loss of spectral efficiency because it reduces transmission rate.

When the amplitude and phase of the subcarriers are not constant, the nulls of the OFDM
spectrum are shifted into other frequencies, thus causing inter-carrier interference (ICl) and loss
of orthogonality. If Af > 2} 144, i-€., subcarrier spacing is bigger than two times the maximum

Doppler shift, there is no ICI.

A particular wireless communication system has assigned a particular frequency band to a
specific service. Spectrum is thus a scarce resource which forces us to place the maximum number
of users within a given bandwidth. Multiple access methods allow multiple users to communicate
to a single base station (BS) [32].
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2.2. OFDM System

In Figure 2.4, we can observe the basic transmitter and receiver of an OFDM system. The
transmitter receives a stream of bits and converts them into symbols using a modulation scheme
(for example QPSK). Each symbol is mixed with one of the subcarriers by the serial-to-parallel
converter [9]. The IFFT block creates the signal where each of its inputs is one subcarrier and is
modulated independently of the others. At the end of the transmitter, it is introduced the cyclic

prefix to avoid ISI like we saw previously [30].

The information can now be sent through the channel. At the receiver, CP is removed and
the FFT brings the signal back to frequency domain. Although CP prevents corruption of the data
due to IS, it doesn’t protect the information against channel’s impact in individual subcarriers
caused by changes in phase and amplitude. So, it became necessary to introduce pilot symbols to
help with channel’s estimation. These reference symbols are placed in time and frequency
domains, allowing receiver to interpolate the effect of the channel into the different subcarriers.

One of the main solutions is performing a frequency domain equalizer [30].

Transmitter
Bits Serial to :: EFT |—s|_ Ciclic
— [Modulator | Parallel | : Extension

5

frequency

. —_
—

Receiver / total radio BW (eg. 20 MHz)

Remove Serial to :
Cyclic ™ N FFT
Extension e

Bits

«—{ Demodulator — Equaliser

Figure 2.4: OFDM transmitter and receiver block diagram [30]

OFDM can also be used as multiple access scheme, referred as Orthogonal Frequency-
Division Multiple Access (OFDMA). In OFDMA, the base station shares its resources with multiple
users by communicating to the mobiles at different times and frequencies, distributing a different
set of subcarriers to different users at the same time. In Figure 2.5, we have one possible
distribution of four users in an OFDMA system. For example, UE 1 is receiving a voice over IP
stream, which has low data rate and uses a constant number of subcarriers. UE 2 is receiving a
stream of non real time packet data. In this case, the data come in bursts needing a vary number

of subcarriers. In case of frequency fading, UE 3 and 4, the base station allocates the subcarriers
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that receive a stronger signal from the mobile. Allocating the resources according to the needs of

the transmitted signals reduces the impact of time and frequency fading [9].
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Figure 2.5: OFDMA - Multiple access implementation in time and frequency [9]

Being able to assign unequal numbers of subcarriers to the users revels how flexible OFDMA
systems are. Moreover, it allows a user specific subcarrier distribution and chose power
allocation. As we can see in Figure 2.5, OFDMA allows allocating several consecutives subcarriers
to be assigned to different users. If the scheduling of a user’s subcarrier is done arbitrarily over
the available frequency spectrum, the subcarrier mapping is called distributed. If the all the
subcarriers of a single user are adjacent, the subcarrier mapping is called localized [37]. The Figure

2.6 offers a visual comparison between localized and distributed subcarrier mapping.

User 1
User 2

User K

Localized subcarriers  f Distributed subcarriers f
Figure 2.6: Types of subcarrier mapping [35]

The main drawback of OFDMA is high peak-to-average ratio (PAPR) due to non-constant
envelop of the modulated signal. A high PAPR require expensive power amplifiers with linearity
requirements that increase power consumption. This feature becomes a big problem if the sender
is fed by a battery, since it would run out quickly. If the sender is a BS there is no problem [38].
That’s why OFDMA is used in LTE’s downlink and SC-FDMA in LTE’s uplink.
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2.3. MC-CDMA

Multicarrier Code-Division Multiple Access (MC-CDMA), merges the best of OFDM with the
best of CDMA. Like OFDM, it has high spectral efficiency, robustness against multipath
propagation and simple frequency equalizers. As CDMA, it allows a flexible multiple accesses with
good interference properties [39]. From this reasoning, we can say that MC-CDMA is a

combination of a multicarrier transmission and spreading in the frequency domain [37].

Figure 2.7 shows a MC-CDMA transmitter. In downlink, this transmitter is located in the base
station. In this scheme, each k user will have their data symbols spread by a L length orthogonal
code and, for simplicity sake, it is assumed that the number of subcarriers is equal to the

spreading code length (N, = L).

5p

]

s/p

OFDM Modulation
+

Figure 2.7: MC-CDMA - downlink transmitter generic block diagram

It is more computationally efficient to add the spread signals of the users before the OFDM
operation, performing IFFT only one time. The multi-user signal of L subcarriers after the series-

to-parallel conversion is given by:

K
S = 2 dk Cp = [SO Sy SL_l]T (26)
k=1

Each user has a single unique spreading code that allows the transmission of all users
simultaneously using the same range of frequencies, i.e., the user signal’s separation is carried out
in the code domain at the receiver. ¢, is a Walsh-Hadamard code, which is a orthogonal code, and

it has a dimension of L X 1.
1/—[ ]T (2.7)
C, = c c o Crp—1]| . )
k T k0 Ck1 k,L—1

The term 1/\/Z ensures that the spread symbol power is equal to the original symbol power.

The chip rate of the code c;, before serial-to-parallel conversion is given by:
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— = (2.8)

From ( 2.8 ), we can observe that the chip rate is L higher than the symbol rate 1/T},.
Because N = L, the symbol duration, with guard interval, is [33]

Tsymbol = Tg + LTS ( 2.9 )

The equation ( 2.6 ) may be rewritten in matrix form

s = Cd, (2.10)
whered = [d; d, -+ dg]T represents the transmitted data symbol vector of the K active
users and C=[c; ¢, - cg] is the K code matrix. It has the dimension of L X K and its

columns represent the different codes for different users.

Before transmission, we still need to build the OFDM symbol by distributing s components
through the N, subcarriers and it is introduced the time guard interval. As it was previously
mentioned, choosing the appropriate time guard interval and the appropriate number of

subcarriers ensure robustness against frequency selective fading and ISI.

Note that considering that L < N, i.e., the number of subcarriers is greater than the code’s
length, it is possible to divide the frequency spectrum into (N/L) blocks of length L. Then, each
symbol L chips may be mapped in L adjacent positions or in separate positions within the OFDM

symbol. This last mapping method is called frequency interleaving.

0
c
B
]
T
5
A
\t S . - Y, Detector 4
=¥ | * o D T
Q - e-spreading
(] +
E Equalization
[}
L
o y CSl + CODE
Jo -1

Figure 2.8: MC-CDMA - downlink receiver generic block diagram

Figure 2.8 illustrates a MC-CDMA receiver block diagram. In downlink this receptor is in UE.
At first, is performed an OFDM demodulation (or one FFT) and it is removed the time guard that
was introduced in the transmitter. Then it is performed the detection, which is a simple equalizer

in the downlink and is made the de-spreading operation. After the equalization we obtain a soft

estimate of the transmitted data symbols d.
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In the downlink, all users transmitted from a BS to an UE j pass through the same channel.
The multipath channel can be represented by a single complex coefficient in each position of the
OFDM symbol in the frequency domain, if the fading is not selective on each subcarrier. The signal
received by UE j after performing OFDM procedure and removing the Ty is given by:

y] = H]Cd + n, (2.11)

where n is the AWGN noise in each subcarrier and H; = diag{hjﬂ hjqg - hj,L—l} is a diagonal
matrix with dimensions L X L and its nonzero elements are the channel’s complex coefficients

between the BS and the UE j. In some multi-user detection techniques is useful rewrite ( 2.11) as
y] =Ajd+n (2.12)

These previous equations assume that the received subcarriers are orthogonal between
themselves but by passing through a channel they will be affected by fading, which may cause the
loss on the orthogonality. So, the signal obtained after the de-spreading operation is given by the
sum of the desired signal with the other K — 1 users’ signal interference and the noise. The

symbol estimate in UE j is given by:
di =qly;. (2.13)

Replacing (2.11)in ( 2.13 ) we get

K
dA] = d]q;H]CJ + z dk q;H]ck + q?l’lj (2.14)
k=1k#j
where q; = [qj‘o qj1 qj,L_l]T is a vector with dimension L X 1, which represents the

equalization and de-spread proceedings and it may be written by:
q] = GjC;. (2.15)

and Gj=diag{gj,0 gjx gj'L_l} is a diagonal matrix of dimension L X L its nonzero

elements are the equalizer coefficients.

The average SNR per subcarrier at the receiver input is defined by:

=M (2.16)

Ye
oy

2
where o2 is the noise variance. If the channel is normalized (i.e., E [|hj,lsl| ] = 1) and that s; is

statistically independent from h;; for all [, the average SNR per subcarrier is
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E[|s;]?
Ve = [ ;l ] (2.17)
O-Tl

This expression may be further manipulated assuming that all users are transmitted with the
same average energy E[|d|?] in the downlink. We can establish a relation between the SNR per
data symbol () and the average SNR per subcarrier (y,):

L E[ld|?]
Ys = EVC = 0'7% . (2.18)

From ( 2.18 ) is possible to conclude that y, may be obtained by dividing y, by the code’s
length, due to the data symbol spreading, and multiplied by the total number of users because K
signals overlap. Assuming that average power of the transmitted data symbols is one (E[|dk|?] =
1), it is possible to write:

1 L 2.19
” = KU"' (2.19)
and the average SNR per bit (y,) is related to the average SNR per symbol by the following

expression

_ Vs
Rmb.

Vb (2.20)

where my, = log, M, is the number of bits per data symbol, M, is the constellation length and R is

channel coding rate and is defined by:

number of information bits

2.21
number of encoded bits ( )

In a system without channel encoding R = 1.

2.4. Detection Techniques

In general, detection techniques may be classified into Single-User Detection (SUD) and
Multi-User Detection (MUD). In SUD techniques, the signal is detected excluding the interference
effect that other users cause, i.e., excluding inter-user interference. In MC-CDMA systems and
assuming that the subcarrier fading is not selective, this technique use simple equalizers, where is
performed a complex multiplication in each subcarrier. On other hand, in MUD techniques, the
detection is preformed taking into account the effects of inter-user interference. As we can
imagine, this implies an increase in complexity. For example, with an optimum detector, the

complexity increases exponentially with the increase in the number of users [40]. One of the most
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successful MUD detection techniques is the interference cancellation (IC) because they present a
better relation between performance and complexity. IC techniques allow two types of schemes:

Parallel Interference Cancellation (PIC) and Successive Interference Cancellation (SIC).

2.4.1. Single-User Detection

In a MC-CDMA system is possible to use the following equalizers:

M Maximal Ratio Combining (MRC)

The scheme the equalizer coefficients are obtained from the complex conjugate of the

channel’s frequency response,
gjp=hj, 1=0, -, L-1 (2.22)

This is the optimum scheme for the case of only one active user in the system [41]. In a
uncorrelated fading channel in each subcarrier, the performance of MRC equalizer is equal to the
one obtained with a AWGN channel, when L — oo [25]. In a multi-user scheme, the MRC equalizer
performance degrades greatly if the number of users increases because the orthogonality
between subcarriers is destroyed by the inter-user interference, which is caused by the channel’s

coefficients variations.

» Equal Gain Combining (EGC)

This scheme only compensates for the phase rotation caused by the channel. Theirs

coefficients are
gj,l=|—'l|, =0, -, L—-1. (2.23)

By using this technique, the UE only needs to estimate the channel’s phase coefficients,

allowing the use of less complex system in the downlink.

 Zero Force Combining (ZFC)

The equalizer’s coefficients are obtained by inverting the channel in this scheme.

i1
gj,l=_2; l=0; Tty L_l (224)
|
The idea behind the use of this scheme is by restoring the orthogonality, we force the inter-
user interference to zero. However, this scheme amplifies the noise, especially in low amplitude

channels.
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M Minimum Mean Square Error Combining (MMSEC)

In this scheme, the coefficients are obtained by minimizing the mean square error between
the transmitted signal, before OFDM modulation, and the equalizer’s output signal in each

subcarrier. So, the error and the mean square error are given (respectively) by:
&L =St— 9510 (2.25)
2
Ji=E [|ej_l| ] (2.26)

The mean square error may be minimized using the orthogonality principle, which states
that the mean square error J; is minimum if the equalizer coefficient g;; is chosen so that the
error g, is orthogonal to the received signal, or in other words, E[¢;,;;] = 0. From ( 2.16 ), (

2.25) and ( 2.26 ), the coefficients are given by:

*
J)l

gu=—sr—7), 1=0, =, L—1. (2.27)
|hj,l| +1/v.

If y. = oo, the component 1/y, — 0 and the MMSEC equalizer is equal to the ZFC. Replacing
(2.19)in(2.27), we have:

*
J)l

9iv=T"7 K,
|| + 07

, =0, -, L1, (2.28)

and it shows that the MMSEC coefficients require the estimation of the noise variance. This step
increases UE complexity. This parameter can be estimated from pilot symbols, used to estimate
the channel and synchronization, or from the transmission of null symbols. Null symbols are
OFDM symbols that have no information in the beginning of each frame [42]. The MMSEC has a
better performance than ZFC because it allows a trade-off between noise enhancement and

interference, while ZFC only enhances noise [43].

2.4.2. Multi-User Detection

In this case, the optimum detector may be designed using one of two criterion: the
Maximum a Posteriori (MAP) criteria or the Maximum Likelihood (ML) criteria [25] [40]. In this
section is presented the algorithm based on its criteria called Maximum Likelihood Sequence
Estimation (MLSE). From the MLSE sequence estimator is possible to extend it for the MAP
sequence estimator, using the probability of the transmitted sequence. If all transmitted
sequences have the same probability a posteriori, the estimator based on MAP criteria is identical

to the one built upon ML criteria. Assuming that the constellation length M, is the same to all K
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users, the number of possible transmitted data vectors d,, u = 0,--,(M)X —1 is equal to
(M.

M Maximum Likelihood Sequence Estimation

The MLSE minimizes the error probability of the data symbols vector, or equivalently,
maximizes the conditional probability P{dﬂ|y}, which means that probability of d, being

transmitted when the received vector is y. The data estimation vector is given by:
d = arg max P{d, |y}, (2.29)
n

where arg represents the function argument. In the particular case of Gaussian noise, ( 2.29 ) is
equivalent to find the data symbol vector that minimizes the square of the Euclidean distance

between the received signal and all possible transmitted sequences.

Az(d#,y) = ||y - Adu| 2' (2.30)
So, the estimated transmitted data vector is obtained by
d = argmin A?%(d,,y). (2.31)

The disadvantage of this method is if we increase the number of users the complexity also
increases, due to evaluation of (M,)X square Euclidean distances for the estimation of the data
symbol vector. Therefore, these detectors won’t be used in real-time systems.

B inear Detection

The linear multi-user detection is suboptimal but less complex. It is based on the knowledge

of the matrix Aj in the receiver. The K users coefficients are obtained from the calculation of the

matrix Q; = [q1; q2; * qx.], which has the dimension L X K. In each column of matrix Q; is
each user L’s coefficients. The estimated vectord = [d; d, - dK]T is given by:
d=Q]y, = Q/A;d +Q/n. (232)

To compute the coefficient matrix there is two schemes: ZF-MUD and MMSEC-MUD. They
both are an extension from the ZF-SU and MMSEC-SU equalizers. The equations that will give the

coefficient matrix are:
-1
ZF-MUD: Q] = (A}'A;) "AY (2.33)

MMSEC-MUD: QT = (A]HAJ. + cZIK)_lAj? (2.34)
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In the first case, the interference is removed by selecting QlT equal to the pseudo-inverse of
the matrix A [44]. In the second case, the coefficients are obtained by minimizing the MSE
between the estimated data vector and the transmitted data vector. While the first case still
enhances the noise, the second is a compromise between the interference cancelation and the
noise enhancement, maximizing the signal-interference plus noise rate (SINR). These multi-user
schemes don’t have a practical interest in the downlink, because it is necessary to invert the a

matrix with dimensions K X K, increasing the complexity of the UE.

B Jnrerference Cancellation

IC techniques establish a good compromise between performance and complexity. The basic
idea behind these techniques is estimate the inter-user interference and then subtracts it to the
received signal. The two main ways to estimate the multiple access interference are: PIC and SIC.
There are several schemes that bring together PIC and SIC, they are called IC hybrid [45]. These
cancellation techniques allow the use of several cancellation stages, reducing successively the

inter-user interference. With each stage, symbols' estimation of all users is improved.

Figure 2.9 shows the PIC’s block diagram and the first stage of interference cancellation. The
PIC detector estimates and subtracts in parallel all inter-user interference and this scheme is used
when all transmitters are operating with a similar power. It is important to notice that, in stage

zero, the signal is only detected, therefore, there is no interference cancellation.
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Figure 2.9: PIC's block diagram

Referring to Figure 2.9, initially, all users are detected in parallel by using a single-user or
multi-user equalizer. Then is carried out the de-spreading and it is obtained the soft estimates of
all users d,({o). From the estimated symbols, the received signals of all users are regenerated J, by
using the channel’s estimations of different users. For each user, it is summed all K —1
regenerated signals, which is then subtracted, obtaining an estimate of the received signal for

each user. This last estimation of the received signal has smaller inter-user interference than the
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regenerated signals from the previous stages. The estimated signal for a given k user, considering

Nitor stages, is given iteratively by:

K
dA]((l) = C]I({Gl(cl) y— Z Hjde](i_l) +n|, i= 1! vNiter (235)
Jj=1,j*k

The previous expression is not valid to the zero stage. The detection techniques presented in
the previous subsection may be used in each stage [46] [47]. In the initial detection is used a MUD
detector in order to obtain an accurate first data estimate. In the posterior stages, the detector
MRC-SU presents the best results. The main problem of PIC techniques is if the first estimate is

poor, the errors will be propagated through all the following stages.

While in PIC scheme, all users are detected simultaneously determined and regenerated, the
SIC scheme detects, regenerates and subtracts one user at a time, thus the remaining users
experience less inter-user interference. So, this last scheme is used when the users have different
powers. Firstly, it is detected the user with higher power and the last user detected is the one
with lower power. The result of this algorithm is that a user with higher power does not benefit
from any reduction of interference but other users have a considerable reduction in the inter-user

interference. Thus, the SIC detector effectively reduces the near-far effect.

The performance of these detectors may be improved by combining them with an array of
antennas [48] [49]. These schemes may also use channel coding to estimate the data at each

stage, decreasing propagation errors and increasing their performance [50].
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3. Multiple Antenna Systems

Even though the previous techniques were developed in order to improve spectrum
efficiency, robustness against multipath fading and allow multiple accesses with reasonable
interference, it is still not enough. There is still a growing demand for higher data rates with better
quality of service (QoS). Multiple antennas at the transmitters and receivers became an
innovative technique that promised higher data rates at larger distances without consuming extra
bandwidth or transmit power [51].

There are three multi-antenna formats, which differ from each other in the number of
transmitter and/or receiver antennas and in level of complexity. Figure 3.1 illustrates the different

configurations. Besides these three, it also shows the SISO to compare.

SISO SIMO

=] =T
ey,

MISO MIMO (2x2)

Tx1 j -tiR_xl >1 j t RxO
WY | TR

Figure 3.1: Multi-antenna formats SIMO 1x2, MISO 2x1 and MIMO 2x2 [52]

Rx1

The first configuration is Single-Input Multiple-Output or SIMO. In this configuration, the
receiver has multiple antennas (Mg) while the transmitter remains with only one. It is also known
as receive diversity because receives signals from a number of independent sources. SIMO has a
relatively simple implementation but the levels of processing are limited by size, cost and battery
drain. The second configuration is Multiple-Input Single-Output (MISO) and it has multiple

antennas at the transmitter (Mr) and only one at the receiver. It is also called as transmit
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diversity because the data is transmitted redundantly by different antennas. The receiver can
receive the best signal to reconstruct the original data. The best feature of this format is all the
processing that occurs at the receiver in SIMO is transferred to the transmitter in MISO. This
becomes very important because it reduces the power consumption at the receiver, allowing user
equipments to be mobile. The last configuration is MIMO (Multiple-Input Multiple-Output) which
has My transmitter antennas and My receiver antennas. It is used to improve channel robustness

and data throughput capacity [53].

Finally, multiple antennas configurations allow different users to share the same resources.
Multiuser MIMO (MU-MIMO) needs extra hardware and increases the cost of the overall system

but doesn’t need bandwidth increase [54].

3.1. Diversity

The idea behind multiple antennas is sending same information through different
independent paths and combining them to mitigate fading effects. This principle is called
diversity, which can be present with different forms. In time diversity, it is used time interleaving
and channel coding. Channel coding ensures redundancy and interleaving ensures that the bits
associated with a specific codeword are time separated, so they can undergo different channel
fading. In frequency diversity, the signal is sent on different frequencies that induce different
structures in the multi-path environment. The receiver gets some of the replicas, allowing
redundancy in the frequency domain. Both these diversity techniques have drawbacks. While the
first one has a decrease in data rate (due to coding repetition), the second one requires higher
bandwidth (due to carriers separation). In spatial diversity, redundancy comes from replicas of the

transmitted signal sent and received by multiple antennas spatially separated [33].

3.1.1. Receive Diversity

In this scheme, there are multiple antennas at the receiver and the spacing between them is
wide enough so the mutual correlation between antennas is small. Because of this channels are
independent and it is increased diversity gain [55]. Figure 3.2 illustrates a signal received by two
antennas. We can observe that the fading occurs at different times because antennas process or
filter the multipath in different ways allowing deep fade reducing by combination of two signals
received by two antennas. The fades shown in Figure 3.2 are typical in narrowband systems such
as GSM.
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Figure 3.2: Reducing fading by using a combination of two uncorrelated signals [56]

So, how can we successfully combine multiple signals? There are four diversity combining
methods, which are organized from worst to the best in the following list [56]:

o Switched Combining: In this method only one antenna is used at a time because the
second is only used when the received signal falls below a certain value.

e Selection Combining: A selection algorithm compares the instantaneous amplitude
of each channel and chooses the antenna branch with the highest amplitude,
ignoring the other signal antennas’.

e Equal Gain Combining: Here the signals are co-phased on each branch and then
summed.

e Maximal Ratio Combining: Each received signal is individually co-phased and

weighted on their SNR before summing. This scheme is also known as Matched
Filter.

3.1.2. Transmit Diversity

Transmit diversity uses two or more antennas at the transmitter and, thus reducing fading. It
may seem, at first, quite similar to the receive diversity but to use this scheme it is necessary to
solve one important problem. Let’s assume that the transmitter has two antennas (for simplicity).
When sending the same information from both antennas, the signals will be added together at
the receive antenna and if no coding/precoding is done the diversity cannot be achieved. There

are two ways to solve this problem: closed loop transmit diversity and open loop transmit
diversity.

In the closed loop form, the transmitter applies a phase shift in one or both signals before

sending them through different antennas. At the receiver, both signals will be in phase without
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destructive interference. The phase shift is calculated by the receiver and fed back to the
transmitter as a precoding matrix indicator (PMI), so the transmitter has prior knowledge of the
channel state. This means that the transmitter has channel sate information (CSI) [57]. In a radio
channel, the phase shifts occur in the frequency domain and they depend on the wavelength of
the carrier, thus PMI comes as function of frequency too. The best choice PMI also depends on
the mobile’s position. The faster the mobile moves, more frequently will PMI change. The
drawback of the closed loop is the delay introduced by the feedback loop: fast moving mobiles
may use an inappropriate PMI, making this technique suitable to relatively slowly moving mobiles.

For fast moving mobiles, one should consider the open loop technique [9].

In the open loop form, diversity can be achieved by space-time codification. Space-time
codes have several advantages: they reduce transmitted power, don’t require CSI and they are
robust against non-ideal conditions (like antenna correlation, channel estimation errors, and
Doppler effects). There are mainly two types of space-time codes: trellis and block codes. Block
codes are characterized by space-time block code (STBC) and space-frequency block code (SFBC).
[57] [9].

Figure 3.3 shows Alamouti’s block diagram and the whole process before transmitting. The
first step is to modulate the information bits, using an M-ary modulation (e.g QAM) thus forming

symbols. The transmitted signal matrix for a code block composed only by s; and s, is:

Sy —S,

S = [ 1 *2] (3.1)
S, Sy

The matrix first row represents the symbols sent by Tx; and the second represents the

symbols sent by Tx,. So, firstly, Tx; transmits s; and Tx, sends s,, after they send —s; and s;

respectively.

vm535, .
...595 '

1°2

...101101 -..545 Alamouti
—_— Modulator 12 @ :
Encoder

Figure 3.3: Block diagram of the Alamouti space-frequency encoder [58]

511 + |52 |? 0
0 s11% + Is2]?

is orthogonal and independent of s; and s, [43]. Because of this we can rewrite equation ( 3.1):

If we perform the operation S x S¥ = ], we prove that S matrix
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S=[ STl _S‘;'kl+1:| (32)
Sn+1 Sn .

Figure 3.4 illustrates the Alamouti’s decoder.

Ant. 1

Y h, h,
\ Ant. 1 m 172
/ ¢ ' g 101401

2 »
Jﬂn ST decoder Demodulator

Figure 3.4: Alamouti's decoder [59]
Considering h = [h; h;] as the channel matrix and n = [1 N2] is the additive white

Gaussian noise, the received signal is given by:

1

Each symbol is multiplied by a factor of 1/4/2 in order to normalize the power per symbol to

the unity. Also, the equation ( 3.3 ) may be written in the following form:

1 1
Yn = Tihl,nsn - Ehz,ns:wl +n, ( \
3.4
1 1 . .
Yn+1 = ﬁhl,nsrﬁl + Tihz,nsn + Ny

Assuming now that the channels between two adjacent frequencies or instants are highly

correlated, hy , = hy 41, the estimated symbols after deciding are given by:

. 1, 1 .
Sp = \/_Ehlyn + \/_EhZYn+1 +n,

. 1 .1 i ) (3.5)
Sn+1 = —ﬁhQ’n + ﬁhz)’nﬂ t Npta
which means that the soft decision are given by
§=hf
eqy (3.6)
J 1(h*h + hyh3)s, + —=h] +1h ; (3.7)
S, == Sy, +—=hin, + =hy,n .
n 2 171 21t2)9n \/E 1"*n \/i 2t n+1

where hfh,, = (|hy | + |hy |9,

From (3.7 ), interference caused by n + 1 data symbol is eliminated, thus its SNR is
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1 (Jhe|? + |R,|?
SNR:_(I 1l 2| zl)_

> p (3.8)

These previous equations may be extended to a system with four antennas: two antennas in
the transmitter and other two in the receiver. For example, instead of only having one system of

equations in ( 3.4 ), it would present two systems of equation representing both antennas [43].

3.2. Spatial multiplexing

Another important possibility that arises from the use of multiple antennas is the spatial
multiplexing. This technique tried to achieve maximum multiplexing gain, thus achieving also

maximum capacity [43].

If the transmitter and receiver have multiple antennas, it is possible to send multiple parallel
data streams between them, increasing data rate. A system with My transmit and My receive

antennas, also described as M X My, has a data rate proportional to min (M4, My) [9].

Unlike Alamouti scheme, the information transmitted by different antennas will interfere
with each other. To correctly separate them, the number of receive antennas has to be greater or
equal to the number of transmit antennas, i.e. Mp = My [57]. In Figure 3.5, shows the block
diagram of spatial multiplexing system. In the transmitter the data symbols are precoded into the
different antennas. The precoders are computed based on the channel information that should be
feed backed from UEs to the BS, considering FDD mode, or estimated in the uplink if the TDD

mode is assumed (channel reciprocity).

Rx
Precoding [ )}
Data l +£} - Data
. e | Equalization | &
: - (( ) and e
Data " decoding | ® pata
Figure 3.5: Spatial Multiplexing System [60]
h11 wen thT
Assuming that H=| @ hij P |, i=1,..,Mg;j=1,.., My is the channel matrix,
hMRl es hMRMT

s is the data vector and n is the noise vector (exactly like in section 2.1), the signal received

T . . .
y=[n ...yMR] at receiver is given by:
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y=Hx+n (3.9)
T
where X = [x1 ...xMT] is the transmitted signal vector.

Another way to describe the channel matrix is using the singular value decomposition (SVD).

In this way all MIMO channels are considerate a set of parallel channels and H is written:
H=UDVT (3.10)

where U and V are unitary matrices of size My X r and My X r respectively, r = rank(H) <

min (M7, Mg), and D is the diagonal matrix composed by non-negative real numbers,

4 0 O
D=|0 - 0]. (3.11)
0 0 4,
Now, setting the precoding matrix as
W = Vpl/2 (3.12)
with size M X r, and P is a square diagonal power allocation matrix of size r X r.
p, 0 O
P=[O 0‘ (3.13)
0 0 pr
Setting the equalizer matrix as
G =U", (3.14)
The transmitted signal is
x =Ws. (3.15)
Replacing in ( 3.9 ) by the equations (3.10), (3.12 ), and ( 3.15 ):
y = UDVTVPY/2s 4 n. (3.16)
The estimated data symbols are obtained by
§ = Gy = UYUDV'VP/2s + n (3.17)
$§ = DPY%s + f. (3.18)
The soft estimate at " data symbol is
Si=Apisi+ Api=0,...,7 (3.19)
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Another important thing to notice is: we can combine diversity and multiplexing in a system
but it is impossible to construct a system with their full benefits. To have full diversity ona 2 X 2
system, each symbol must pass through two independent channels so diversity is two (d = 2).
Because the symbols are repeated the multiplexing gain is one (r = 1). Now, to have full
multiplexing on the same system, each channel is used by only one data stream (r = 2). Exactly
because of this there is no repetition of the symbols so the diversity is one (d = 1). In the
diversity, the data rate is constant and the BER decreases as the SNR increases and, in

multiplexing, BER is constant while the data rate increases with SNR [43].

We can apply spatial multiplexing in MU-MIMO scenario. This combination is very useful in
uplink. Various mobiles can transmit at the same time to the same base station and on the same
carrier. Uplink MU-MIMO does not increase peak data rate of each mobile but increases cell
throughput and can be implemented in non-expensive mobiles with only one antenna. MU-MIMO
is the technique considered in LTE Release 8. In the downlink, it is also possible to apply MU-

MIMO usually referred as beamforming.

3.3. Beamforming

Beamforming is a multiple antenna technique, which appeared in order to increase cell
coverage and/or capacity. Firstly, let’s imagine that only user 1 is active and is on a line of sight
with the base station (BS). The signals of each antenna will reach user 1 in phase, interfering with
each other constructively, thus the received signal power is high. On other hand, user 2 is at an
oblique angle and it receives signals from alternate antennas that are 180° out of phase,
interfering destructively, thus the power received is low. This scheme is a synthetic antenna
beam, which has a main beam pointing to user 1 and not user 2. The whole power is focused on

only one user because of the narrow beamwidth, which is narrower than a single antenna.

Interference 1

User1

Interference 2

Figure 3.6: Beaforming with 4 transmit antennas [61]
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Figure 3.6 shows an example of this technique with four transmitter and two users. When
applying phase shifters to the transmitted signal, it can change the direction at which constructive
interference arises. What is actually been done is focusing the synthetic antenna beam towards
the intended users at any direction. By applying the suitable set of antenna weights, it is possible
to adjust amplitudes and phases of the transmitted signals. In a system with M; antennas, it is
possible to adjust the direction of the main beam up to My — 2 nulls or sidelobes [9]. As we can

see, in Figure 3.6, with four antennas it is possible to have two nulls and 2 sidelobes.

In OFDMA, the different subcarriers are processed using different set of antennas weights,
allowing creating synthetic beams pointing in different directions. This allows communicating with

several different mobiles at the same time in completely different locations.

While spatial multiplexing and diversity work best if the antennas are far apart and the
signals are uncorrelated, beamforming works better if the antennas are close together. They
should be separated only by the radio’s wavelength, ensuring the signals sent or received are
highly correlated. So it is possible to have two sets of antennas on a single BS: one set provides

beamforming and the second provides diversity and/or spatial multiplexing [9].

34. LTE

LTE is currently on the market and it was introduced in 3GPP Release 8 which was frozen in
December 2008. The new standard is based on the ODFM and MIMO principles discussed in the
previous sections. The core network architecture designed is called system architecture evolution
(SAE) and LTE covers the radio access network, air interface and mobile. The whole system is
known by Evolved Packet System (EPS). EPS is IP based, meaning that real-time services and
datacom services are carried by the IP protocol. The IP address is allocated when the mobile
phone is turned on and released when is turned off. This advance allowed 3GPP and non-3GPP
radio access technologies to be compatible [9] [38]. Another LTE innovation is the Evolved UMTS
Terrestrial Radio Access (E-UTRA), which is a brand new radio interface built upon E-UTRAN

physical structure. E-UTRA main specifications are presented in Table 3.1 [62].

Bandwidth
(MHz)

Channel
Coding

Multiple

WL
< Access

Modulation | Duplexing

2x2 1.25
Downlink 4x2 OFDM QPSK 2.5
4x4 FDD Turbo 5
16-QAM .
10 64-QAM TDD Coding 10
Uplink SC-FDMA 15
1x4 20

Table 3.1: E-UTRA Specifications [62]
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Although LTE acronym refers only to the air interface evolution, it became colloquial name
for the whole system [9] [38]. It is possible to observe that LTE greatly upgraded the previous 3G
systems by developing a new flat architecture IP-based. It also allowed 3GPP and non-3GPP radio
access technologies to be compatible. In the Table 3.2, is possible to compare some of the
parameters from both generations [62] [63] [64] [13].

Downlink Peak Peak Spectral
Transmission Efficiency

Rate (Mbps) (bps/Hz)

Latency Mobility
(ms) (km/h)

3G
HSDPA
Release 6

4G LTE
FDD

20 MHz

64-QAM

Table 3.2: Performance comparison between 3G HSDPA and 4G LTE [62]

The LTE communication protocol is founded in the physical layer (PHY). PHY is means by
which the base station is connected to the mobile. A poor wireless connectivity means calls drop,
fail downloads and stall videos. Also, it interacts with both media access control layer (MAC) and
the radio resource control layer (RRC), transporting data services to higher layers. PHY is
responsible for the channel coding, PHY hybrid automatic repeat request (HARQ) processing,
modulation, multi-antenna processing, and mapping of the signal to the appropriate physical

time-frequency resources [65].

3.4.1. Physical Layer in LTE

In Figure 3.7, we can observe the major blocks in processing the transport blocks. Firstly,
when LTE downlink PHY processing accepts the transport blocks from the MAC layer, the
processing begins with calculation of the cyclic redundancy check (CRC) and attaching it to the

data or control stream.

In case that block size is greater than maximum allowed, it is preformed the code block
segmentation in order to adapt the size for the turbo coding and the CRC is recalculated and
attached in every code block before encoding. Then is the turbo encoding, which provides
forward error correction in a reliable transmission. The rate matching is responsible for
puncturing in order to adapt the code rate and the HARQ provides a retransmission when the user
fails to receive the data correctly. The scrambling uses a pseudo-random gold sequence to reduce
interference between cells. Modulation performs QPSK, 16-QAM or 64-QAM, which are used in
LTE layer mapping, and precoding. These modulation schemes allow multi-antenna transmission.
Finally, the resource elements of OFDM symbols are mapped to each antenna [65]. In LTE, the
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OFDM signal depends of the bandwidth because LTE specifies flexible channel bandwidths from
1.4 MHz up to 20 MHz.

Transport block (s)  Transport block (s)

CRC attach

Code block
segmentation

Turbo encoding

Rate matching
HARQ combining

Code block
concatenation

Scrambling

Resource block
mapping

Antennas Antennas

Figure 3.7: LTE downlink major functional blocks in transport processing [65]

In Table 3.4 is presented some of the parameters according to each bandwidth case. It is
possible to notice that the downlink bandwidth efficiency is around 90% (except for 1.25 MHZ),

thus only 10% of the available band is composed by guard subcarriers. These subcarriers will be
converted by IFFT into zeros in the correct locations [62] [66].

Bandwidth (MHz) 1.25 | 2.5 5 10 15 20
FFIVS'Ze 128 | 256 | 512 | 1024 | 1536 | 2048
c
Subcarrier Spacing 15
Af (kHz)
ling f
sampling frequency 1.92 | 3.84 | 7.68 | 15.36 | 23.04 | 30.72
fn, =N Af
Guard Subcarriers 52 105 211 423 635 847
Occupied Subcarriers 76 151 301 601 901 1201
Occupied Band (MHz) 1.140 | 2.265 | 4.515 | 9.015 | 13.515 | 18.015
Downlink Bandwidth Efficiency | 77.1% | 90% | 90% | 90% 90% 90%

Table 3.3: LTE's OFDM Parameters [66]
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3.4.2. Frame Structure

LTE also supports FDD and TDD, allowing a flexible spectrum deployment, so its air interface
needs to be studied in both time and frequencies domains. LTE’s frame structure has two types:
type 1 for FDD and type 2 for TDD. Even though down and uplink have different multiple access
schemes, they use the same frame structure.

It is the frame structure which defines frame, subframe, slot and symbol in the time domain,

where its time length is expressed in time units T. So,

1

Ty=——
15000x2048

= 32.55 ns, (3.20)

which correspond to the 30.72 MHz sample clock for the 2048 point FFT used in 20 MHz
bandwidth system [67].

Also, the time of a frame and the time of a sub-frame are given by:
Trrame = 3072007 = 10 ms (3.21)
Tsubframe = 30720Ts = 1ms (3.22)

because each frame has 10 ms and it consists of 10 subframes.

One radio frame, Tgame= 10 ms

One subframe, Tswrame=1 Ms
-

FDD uLg [ [ 1 1 [ 1 1 [ [ i
DL fo
L L
Subframe #0 #1 #2 #3 #4 #5 #6 #7 #8 #9
(special subfame) (spedalsibframe)
— A——

o | T — 1
oD 0. R F:l_ I e
/

DwPTS GP UpPTS

Figure 3.8: LTE frame structure both in FDD and TDD [68]
M FDD frame structure

In Figure 3.8, we can observe that there are two carrier frequencies: one for uplink
transmission (fy.) and the other for downlink transmission (fp;). Thus it is possible to occur
downlink and uplink simultaneously (assuming full duplex), with ten subframes for downlink and

others ten for uplink.
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Cne radio frame, Tf = EDTEDDXTS:1 0ms

=l L
Onedot T, =15360«T =0.5ms
‘ . ot 5
#0 #1 #2 #3 #18 #14

Cne subframe

Figure 3.9: FDD structure [69]

Figure 3.9 shows the type of frame applicable to FDD transmissions. It also shows that each
radio frame is composed by 20 slots numbered from 0 to 19. It is possible that those 20 slots are
designated to downlink or to uplink but it is also possible to divide each slot in half and designate

a half to downlink transmissions and the other half to uplink transmissions achieving full duplex.

» 7DD frame structure

Figure 3.8 also shows TDD operation. In this case, there is a single carrier frequency and

uplink and downlink transmissions are separated in time.

One Radio Frame = 10ms

«
One half-frame
4 >

<+
oM 23 [a[s 78|09
<>

One Subframe

Special subframe

0 1 DwPTS
<+
OneSlot

Figure 3.10: TDD structure [70]

As we can see in Figure 3.10, each frame is divided in two half frames of 5 ms each and each
half frame has five subframes. Also, one of the subframes is a special subframe (in Figure 3.10 are
subframes 1 and 6), which has three special fields: downlink pilot timeslot (DwWPTS), Guard Period
(GP), and uplink pilot timeslot (UpPTS). The total length of these three fields is 1 ms. The slot 0
and DwPTS are reserved for downlink transitions in a similar manner slot 1 and UpPTS are
reserved for uplink transmissions. This flexible assignment in a single frame allows downlink and

uplink to occur with asymmetric data rates [12].
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3.4.3. Slot Structure

OFDM based systems have one remarkable advantage: ability to protect against multipath
delay spread. As discussed in section 2.1, the introduction of a guard period, or CP, between each

symbol eliminates ISI due to multipath delay spread [12].

With a subcarrier spacing of 15 kHz, the useful symbol time is approximately of 66,7 us, so
the overall OFDM symbol time is the sum of the useful symbol time and the CP length. LTE has
two cyclic prefix lengths: the normal and the extended, which have seven and six OFDM symbols
per slot respectively. Normal cyclic prefix of 144 X T, or 4.69 us, protects multipath delay spread

to >1.4 km [12]. A longer CP is less efficient but it may be very useful in large coverage cells.

B Resource Element and Resource Block

The smallest unit in the physical layer is called resource element (RE), which corresponds to
one OFDM subcarrier during a single OFDM symbol interval. It can be seen has a time-frequency
grid where each hole is an RE and, moreover, in case of multi-antenna transmission, there a grid
per antenna. The smallest unit for scheduled transmission is the resource block (RB), which
physically occupies 0.5 ms or one slot and 180 kHz. The number of subcarriers per resource block
(NRB) and the number of symbols per resource block (Npgpy) depend of the CP length and

subcarrier spacing. In downlink [12]:

Subcarrier
Configuration ~ Spacing NRB Norpm
(kHz)

Normal CP
Extended CP

Table 3.4: Resource block parameters for the downlink [12]

From the Table 3.4, we see that NRB depends on the number of OFDM symbols in a

downlink slot, which means that it depends on CP length and the subcarrier spacing.

3.4.4. Muti-antenna modes for LTE

Spectral efficiency in MIMO systems is achieved by the creation of “spatial layers” in a
wireless channel. In fact, they are born due to multipath and scattering between transmitters and
receivers. Their numbers also depend on the number of transmitter and receiver antennas [71].
LTE physical layer is responsible for adapting the MIMO Transmission Mode (TM) according to the
operating environment of a specific user. In other words, the channel condition will determine

which TM will be used by the user. There are seven LTE transmission modes and they can fit three
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categories: spatial multiplexing mode, the diversity mode and the beamforming mode. Table 3.5

shows a brief overview of the seven downlink transmission modes [62] [71] [72].

Description

Advantages/Disadvantages

and
Applications

Single transmit antenna.
A single data stream is transmitted on one antenna and
received by one or more antennas.

Doesn’t  allow  spatial
multiplexing (SM), transmit
diversity, nor beamforming.

Reduced throughput rates
and cell coverage.

Small cells sites for services
where high speed is not
required by the user.

Transmit diversity is the default MIMO mode.

May use 2 or 4 antennas

Transmission of the same
multiple antennas.

Each antenna stream uses different coding and different
frequency resources.

For 2 antennas is used a SFBC Alamouti code.

For 4 antennas is used combination of SFBC and
frequency shift transmit diversity (FSTD).

information stream on

Systems where SM can'’t be
used.

Improves the SNR and
makes the transmission
robust.

Open loop SM with cyclic delay diversity (CDD)

Two information streams are transmitted over 2 (up to
4) antennas.

No precoding matrix indicator (PMI) is included.

Uses 3 precoding matrices, which are cyclic shifted
according to the used subcarrier index, creating
frequency diversity.

Achieves higher data rates.

Requires less UE feedback.

Provides  better peak
throughput than TM2.

Is used when the channel
rapidly changes, i.e., user is
moving with high velocity.

Closed loop SM

Two information streams are transmitted over two code
words from N antennas (up to 4).

PMI is fed back from the UE to the BS, allowing the
transmission optimization over the wireless channel.

BS transmits specific reference signals, distributed over
various RE and over various timeslots, allowing the
channel’s estimation at the receiver.

Achieves higher data rates.

The signals at the receiver
are easily separated into the
original streams.

Increases the data
throughput for UE with low
mobility and  channel’s
variations are slow.

The UE sends a response regarding the channel

situation, including the information about which

precoding is preferred from the codebook.

MU-MIMO Overall network data rate

Similar to TM4 but the SM is used to serve several UEs
at the same RE, sharing the same resources. The users are
separated in the space domain and, if they are not
orthogonal to each other, they will experience inter-user
interference.

is improved.

The correct precoding
allows to UEs to recover
their data interference with
low interference.

Close loop SM using a single transmission layer and is a
special case of TM4.

BS to acquire CSI sends the
downlink reference signals.
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Uses feedback signals and codebook set of TM4 but only
rank 1 matrices are selected by the BS for precoding. In
other words, a single codeword is sent over a single
spatial layer.

Beamforming mode is performed by a codebook set of
matrices.

Then it waits for the UE to

perform  the necessary
computations to select and
feedback the precoding
matrix index.

Used in LTE-FDD system.

Single layer beamforming

The BS directly performs a channel estimation using the
reference signals received from UE in the uplink,
performing the desired precoding. Then, a specific UE
reference signal is coded and transmitted, using the same
weights on data precoding.

Because the UE only needs one specific reference signal,
the UE assumes that the transmission was made by a

BS just needs to receive the
uplink reference signal to
obtain a precise channel
response.

Suited to perform beam
transmissions in the LTE-
TDD variant.

Increases the cell coverage

in order to reach users
located at the cell edge,
directing the main lobe.
Table 3.5: Overview of the seven downlink transmission modes in LTE

single antenna.

3.5. LTE-Advanced

LTE-Advanced is considered an enhancement of the LTE technology and it may be deployed
in a spectrum occupied by its predecessor without causing compatibility problems. In fact, LTE-
Advanced is applying spectrum bands from LTE along with the future bands of IMT-Advanced [11].
LTE-Advanced requirements were set to match or even enhance the ones proposed by IMT-

Advanced. In Table 3.6 is presented a comparison between requirements of LTE and LTE-

Advanced for downlink.

Targets ~ Antenna LTE (=
9 Configuration = Release 8 Advanced

8x8

300 Mbps 1 Gbps

Peak Data Rate

Peak Spectrum Efficiency
(bps,/Hz) 8x8 15 30
Capacity
(bps/Hz/cell) 2 187 26
Cell-edge User Throughput 4x2 0.06 0.09

(bps/Hz/cell/user)
Table 3.6: LTE and LTE-Advanced performance targets for downlink [13].

The list of specifications also includes compatibility between other cellular systems, UE
suitable for worldwide use and roaming capability. In order to fulfill these ambitious goals, it will
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consider new technologies. Some of these enabling technologies are presented in this subchapter
[13] [73].

3.5.1. Carrier Aggregation

The simplest way of increasing capacity is by increasing the bandwidth [14]. The carrier
aggregation makes it possible to have bandwidth up to 100 MHz, while preserving the
compatibility with the LTE. So, LTE-Advanced groups several LTE component carriers (CCs). Each
component can have a bandwidth from 1.4 up to 20 MHz and a maximum of five component
carriers can be aggregated [13] [14]. In other words, LTE-Advanced devices are able to use a
greater bandwidth while LTE devices still consider the spectrum to be composed by separate
component carriers. Also the number of aggregated carriers can be different in downlink and
uplink but the number of uplink components is smaller than the number of downlink components
[14]. Another advantage of using this technique is the increase in peak data rates: 1 Gbps in the
downlink and 500 Mbps in the uplink [73] [74].

There are three carrier allocation scenarios: contiguous intra-band, non-contiguous intra-
band and non-contiguous inter-band aggregation. In Figure 3.11, it is presented the three

alternatives.

Contiguous intra-band carrier aggregation of 5 x 20 MHz component carriers

Mg

cch cce cca cce cos
f

Non-contiguous intra-band carrier aggregation of 3 x 20 MHz componant carriers

»

SO MM
- -
l__“ >

Non-contiguous inter-band carrier aggregation of 3 x 20 MHz component carriers

Frequency band x Frequency dand y
{

Figure 3.11: Different carrier aggregation scenarios [75]
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In the first scenario, the component carriers are located in different bands. This fact allows a
different cell’s coverage for each band and forces different radio components to support each
band at the UE. In this scenario, the component carrier's separation is a multiple of 100 kHz. The
second scenario is the non-contiguous intra-band aggregation. As we can see in Figure 3.11, the
component carriers are located in the same band but different devices can coexist. Finally, the
third scenario is non-contiguous inter-band aggregation. In this scheme, the component carriers
of the same device are adjacent to each other and different devices have different bands. They
are separated by a multiple of 300 kHz and each band is orthogonal to the others, providing a free
interference system [73] [14] [74] [75].

3.5.2. MIMO Enhancements for LTE-Advanced

MIMO allows to increase the overall bit rate through several different data streams on two
or more antennas and using the same resources in both frequency and time [14]. As we saw in
chapter 3.1, it also allows beamforming and spatial multiplexing techniques. Enhancing these
techniques it will allow the increase the peak data rates, the system performance improvement
and the support of various transmissions schemes with a universal structure [73] [74]. One
problem that arises from using these is: they require the channel’s state information (CSl)
knowledge. However a significant performance improvement can be obtained by adapting the
system to the radio channel conditions at the base station. In TDD systems, CSl is gathered from
the uplink because the same carrier frequency is used for both transmission and reception. In FDD
systems, it is necessary to feedback information through the reverse link. As one can imagine,
having a full CSI knowledge might cause an excessive overhead and it may be more desirable to
use a statistical or quantization CSI. Another drawback is possibility for terminal mobility because

it corrupts the information arriving to the base station [13].

LTE-Advanced introduced the support for dual layer beamforming. In this technique, the BS
transmits to two receive antennas located in one or two mobiles, providing full support for
downlink users MIMO. It also increases the BSs antenna ports number to eight, supporting 8x8
configurations on downlink and 4x4 on uplink [73]. Moreover, LTE-Advanced has three main
operating modes and they are represented in Figure 3.12. In Single User MIMO (SU-MIMO), it is
possible to use transmit diversity and spatial multiplexing techniques in combination with
beamforming, increasing substantially the peak user data rates. In Multi-User MIMO (MU-MIMO),
a different number of streams reach each user, increasing the cell average data rate. This scheme
is very appealing because it offers the best complexity/performance trade off. Lastly is the
Cooperative MIMO. In this technology, the cell-edge user throughput is boosted by coordinating
the transmission and the reception of signals among base stations, reducing inter-cell
interference. These techniques are also known as Coordinated Multipoint (CoMP) transmission

and they will be presented in the next section [13].
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Cooperative

MIMO MU-MIMO

SU-MIMO

Figure 3.12: LTE-Advanced MIMO main modes [13]

3.5.3. Coordinated Multipoint transmission - CoMP

Coordination between base stations promises to reduce inter-cell in both downlink and
uplink, especially in urban areas due to larger rate demands that impose high number of BS. In
downlink, CoMP is applied by performing a coordinated transmission from the BS. In uplink, the
interference may be mitigated by a coordinate reception in BS. The most common CoMP
approaches need scheduling information regarding the users at different base stations. This
information is well known by them and forces the use of very-low-latency links, allowing
exchanging information between them in the order of milliseconds [13]. Figure 3.13 compares
tradition MIMO downlink spatial multiplexing with coordinated multipoint. The most obvious
difference is that in a coordinated multipoint system both BS do not need to be physically co-
located but they are connected through a high speed data connection. This connection enables
both base stations to exchange information [76]. In other words, they coordinate their coding or
decoding operations based on the global channel state and the user data information exchange

over the backhaul links among several cells [73] [77].

Traditional MIMO
Co-located transmission Coordinated Multipoint

Tx1 j -t Rx0 :':(11 j t Rx0

Tx2 jgt Rx1 T)I(ngt Rx1

BS UE BS2 UE

Figure 3.13: Comparison of traditional downlink MIMO and coordinated multipoint [76]
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The most important COMP schemes are: the coordinated scheduling/beamforming and joint

processing.

» Coordinated Scheduling/Beamforming (CS/CB)

In this scheme only one BS transmits data to the UE but different BS still share control
information. The BS responsible for transmitting the data to the user is called anchor cell. To
improve sum throughout and reduce interference, it is used coordinated beamforming with
precoding at each base station. Figure 3.14 is an architectural illustration of this transmission
scheme. One thing that we should notice is that each eNB scheduler makes its decisions
independently. However, to achieve optimum scheduling, each eNB takes into account CSI from

other users.

(9) Y (®)

control
eNB; ’ eNB;
\\,,\_\- ‘,_’,/
d;ila\&\;"x_’: X data
‘&
Hyq, Hyz UE, s UE, Ha1, Hzz

Figure 3.14: Coordinated Scheduling/Beamforming transmission scheme [13]

Using the example from the Figure 3.14, the operation of CS/CB system has four basic steps.
At first, the eNBs determine which UEs are attached to both eNBs. Then they request the users to
feed back channel information for CoMP mode operation in order to coordinate precoding and UE
pairing. In the second step, the UE estimate the downlink channel quality of the anchor cell and
the interfering cell. It should be used different reference signals for link adaptation measurements
and demodulation purposes. UE may use the reference signals to perform demodulation and link
adaptation. Having specific common reference signals (CRS) do not ensure orthogonality for each
coordinating eNB. Another concern is the overhead because UE near to the eNB may not benefit
from CoMP. LTE-Advanced solves both problems by using an UE specific demodulation reference
signals (DM-RS). Also, it doesn’t have a codebook, allowing a flexible precoding. Thirdly, UE feeds
back to its anchor eNB two types of information: its channel information and the interfering
channels information. The second UE repeats this step. Finally, Precoding matrices are calculated
based on throughput maximization and fairness limitations and the final UE selection or pairing.
Then, the transmission is performed. One significant advantage of this scheme is the
generalization of this procedure is straightforward, i.e., it is relatively simple extend this scenario

to a larger number of base stations [13].
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M Joint Processing (JP)

In this scheme, one UE data is jointly transmitted from multiple eNBs to improve the
received signal quality and cancel interference. In other words, the data and CSI are shared
between different cells to be jointly processed at these cells [13] [73]. The principle behind these
techniques is: the number of independent channels is the same as the product of transmitting and
receiving antennas. For this to work all antennas must be uncorrelated with each others. There
are two different JP methods: joint transmission and dynamic cell selection. In both cases, it is

necessary a very fast link interconnecting eNBs, allowing them to share user data [13].

Firstly, let’s focus on the joint transmission. In this method, the data is transmitted
simultaneously from several sites and the cluster of base stations must jointly decide on the
transmission scheme of a signal to the UE. Precoding is done by using DM-RS among the
coordinating cells. Serving eNBs (or eNB cluster) determination is performed by either the
network, the UE or adaptively between the UE and the network. Also, a cluster may be formed by
a fixed set of serving cells or by a flexible set. In a fixed set, users performing CoOMP (users at the
cell edge) have different frequency zones. Serving UE or not with CoMP mode is done by
evaluating the SINR before the scheme is applied. If the UE is served with CoMP mode, the UE is
schedule to a preconfigured frequency zone jointly scheduled with other CoMP users. After, all
the cluster cells will serve the UE simultaneously. One problem arises from this condition. Forcing
all cells in the cluster to serve a single UE causes waste of resources because some clusters eNBs
have very weak signal strength. In these cases, a flexible scheduling solution is much easier to
implement than changing the size or the number of elements of the CoMP cluster [13]. The
received signals at one particular UE may be coherently or non-coherently added together [73]. In
a coherent transmission, the network obtains CSI from all cooperating eNBs. The receiver then
combines every received signal at symbol level coherently because the phase of the transmitted
signal can be adjusted to the CSI. Two possible coherent implementations are: different phase
correction applied to each cell and global precoding matrix based on all CSI between cooperating
cells and the UE. In the last one, each cell precoders is actually a part of the global precoding
matix. In a non-coherent transmission, the network doesn’t possess the information regarding the
relationship of the channels in the cooperating cells. This means that it is impossible to coherently
combine the received signals that arrived at the UE. So the cell edge users calculate the channel
quality and send them to only their serving cells without providing channel phase information.
One widely used example of a non-coherent approach is the SU-MIMO, where the systems
overhead is simplified and the backhaul capacity is increased but a coherent approach produces

greater gains than a non-coherent one [13].

In the dynamic cell selection, a transmission for one particular UE is performed from one
point at a time. This point is chosen from the cooperating CoMP that serves the same UE. This
method allows switching the transmission point on a subframe-by-subframe basis. The serving

cell is responsible by the radio source management, packet scheduling and related common
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channels. One advantage of this JP method is that there is no need for phase synchronization

because there is no simultaneous eNB transmission [13].
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4. Interference Alignment and Iterative
Frequency Domain Equalization

This chapter presents the concepts of interference alignment and iterative frequency
domain equalization, which are crucial to understand the work done in chapter 5. In section 4.1
the interference alignment technique recently proposed is discussed. The iterative frequency

domain equalization originally proposed for single carrier (SC) system is presented.

4.1. Interference Alignment

Interference Alignment (IA) is a relatively new concept that arose from the analysis of the
interface network capacity. Although most of the work developed was made under idealized
assumptions, e.g., global channel knowledge and high signal strengths, the IA became an idea
with increasing interest in communication, signal processing, networking and information theory
communities. There are several types of IA schemes like spatial, lattice, asymptotic, asymmetric
complex signal, opportunistic, ergodic, blind, retrospective, and aligned interference
neutralization. These are based on coding and traditional Shannon theory, among other

mathematical tools. Some IA applications [28]:

e Wireless interference networks

e Cellular networks

e Two-way communication networks

e Multicast and compound networks

e Multihop multiflow networks

e Tactical communication networks with secrecy and jamming issues

e Cognitive radio networks

Equalization and precoding techniques for future MC-CDMA systems 47



Iterative Equalization and Interference Alignment

e Distributed data storage network
e Index coding networks
e Wired multiple unicast networks

e Cooperative communication networks

4.1.1. Index Coding

One of the earliest interference alignment applications was introduced in [78]. In Example 7
of [78], it was considered a wireless broadcast channel with cognitive receivers, as shown in
Figure 4.1.

a.b.e.d, x
v
! - —~ //;7//
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Figure 4.1: IA solution for a broadcast channel with cognitive receivers [28].

The broadcast channel has five independent information symbols or messages a, b, c, d, x,
which have to be received by five separated receivers. The symbol that each one desires is labeled
on them and each receiver knows some of the symbols that it does not want. This knowledge may
come from previous transmissions of those messages that failed the desired node but were strong
enough to be decoded in undesired one. For example, in Figure 4.1, the receiver that desires a (or
receiver a) as already received and decoded b, x and the one that desires c (or receiver c), knows
b and d. The solution proposed uses two signaling dimensions, i.e., two consecutive channels

send the symbol S, which is composed by:
S=[é]a+[ﬂb+[(1)]c+[(1)]d+[(1)]x (4.1)

Now, let’s see how the receiver recovers the information. Receiver a accesses to the two
dimensional symbol S and has the information about b and x. Because the receiver knows b and
x, it may remove them, leaving three remaining symbols a, ¢ and d in a two dimensional space.
The symbol that the receiver wants is a, so ¢ and d will constitute interference and thus they
must align. By analyzing ( 4.1 ) and in Figure 4.2: a), it is possible to conclude that ¢ and d are seen
along the interference beam [0 1]T aligned in one-dimensional space, while a is along the beam

[1 0]T. This fact allows to recover a without interference.
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=]

a) h)

Figure 4.2: Interference alignment representation. In a) is represented receiver a IA and b) is receiver c IA.

Similarly, at receiver c, after removing the known symbols, there are three unknown ones,
a, ¢ and x in a two-dimensional space. As we can see in Figure 4.2 b), both a and x are aligned in
a different dimension than c, allowing to recover the desired information. For the other receivers,
the reasoning is done in the same way. The idea behind interference alighment is that not all
information is necessary in all nodes [28].

4.1.2. X Channel

Several years later, Jafar and Shamai’s presented in [79], the interface alignment scheme for
a two user X channel. An X channel is a system with two transmitters and two receivers, each one
with multiple antennas, where independent messages are sent over fixed channels from each

transmitter to each receiver.
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Figure 4.3: MIMO X channel [79]

Figure 4.3 illustrates a MIMO X channel with 2 pairs transmitter-receiver. Each transmitter
and each receiver have three antennas (Mg = My = M = 3). The system is described by the

input-output equations:
vl = ghiilxl 4 glhzlglzl ¢ gl (4.2)
yl2] = gl2ilx] 4 glz2lxl2] 4 Nl2] (4.3)

where:
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»  Ylisthe Mp, X 1 output vector at receiver 1

Yl isthe Mp, X 1 output vector at receiver 2

= X[ s the My; x 1 input vector at transmitter 1

= X[2lis the My, x 1 input vector at transmitter 2

»  Njsthe Mp, X 1 AWGN vector at receiver 1

» N[l sthe Mp, X 1 AWGN vector at receiver 2

»  H[Ujs the Mgy X My, channel matrix between transmitter 1 and receiver 1
»  H[2 s the Mgy X My, channel matrix between transmitter 2 and receiver 1
»  HP2Ujs the Mp, X Mypichannel matrix between transmitter 1 and receiver 2

»  H[2js the Mp, X Mp,channel matrix between transmitter 2 and receiver 2

Each transmitter has a single message to each receiver. In total we have four independent
messages (d11,d12, d21,d53) to only three dimensions of interference alignment. Still this should
be enough to receive correctly one symbol per message free from interference. This is done by
aligning the two undesired symbols at each receiver along one given direction. Observing Figure

4.4, we can see how the alignment is done.

Receiver 1

Transmitter 1 i1l 221 (2] )

: U;’l]'\x'll :
' yitx21 :
y \/ yitixtal
. h 1
1 2 1
(P ———— 5 1
1

i i Hl22] 2]y [12] !

7221 % 122] ,

:Un-:‘wx JL-\ X gy E
: Hi22lyl2x22l
1 ]
1

1

]

Transmitter 2

Receiver 2
Figure 4.4: Interference Alignment on MIMO X channel [79]

As we can see, transmitter 1 sends independent code words X'l and X[21] for messages
d;; and d,; along the directions Ul'1l and U[?Y, respectively. As for transmitter 2, it sends the
independent code words X['2! and X[?2! for messages d;, and d,, along the directions U['? and

U2l respectively.

At receiver 1, we can see that both desired signal vectors HPUUMHUX[I gnd
H[12ly[121X[12] gre linearly independent and the interference vectors (signal vectors destined to
receiver 2) are linearly dependent, occupying the same spatial dimension. The alignment done at
receiver 2 is analogous. We can then conclude that, at each receiver, we have three linearly
independent equations in four unknowns. Because two of the unknowns are desired, IA allows us

to recover them by aligning the two undesired ones in the same direction.
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The fact that channel matrices are generic guarantees there aren’t any accidental alignments
and being able to represent those alighments through a linear algebraic vector space means that

interference alignment is a general principle [28].

The degrees of freedom can be obtained by [80]:

max(M,, M
_ max(My, Mp) (o)
min(M¢, Mg)
min(M;, Mg) K, K<R
DOF = min(My, M) —2 K>R (4:3)
min , _,
mTRIR 41

The formula ( 4.5 ) can only be used if R is an integer. The DoF of this problem with two

users is three.

4.1.3. Interference Channel with K>2 Users

Let’s now consider IA for K > 2 users. In propagation delayed based alignment (Figure 4.5
a), each transmitter is active half of the time over odd time slots. At receiver, even delays are
introduced in the desired signal while odd delays are introduced in the interfering signals. This
method sets the desired signal, in each receiver, in the odd time slots and the interference signals

in even time slots.

time —

Figure 4.5: |1A of three user interference channel: a) through propagation delays and b) through phase
alignment [28]

Now, let’s imagine that the delay introduced is random for random number of users. It is still
possible to have IA propagation delay such that every user can send their signal free from
interference for 1/2 — € of the time. € > 0 and it can be small has we want it to be, providing
that we can have a symbol duration small enough. The price of having such small symbol duration

is the bandwidth, which becomes arbitrarily large, but each user gets to use the channel free from
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interference 1/2 of the time. This phenomenon is called bandwidth scaling and, in K user

interference channel, the bandwidth scales as O(K 2K™).

In phase alignment (Figure 4.5 b), each transmitter sends only real signals. If the signal flows
through a direct channel, there is no phase shift, while if it flows through a interfering channel,
there is a 90° phase shift. Both these examples have a similar approach: they exploit differences
in paths lengths. While the first one uses the knowledge of propagation delays, the second uses

the phase of the channel coefficients.
P k=3

The problem of having three or more users is that each signal must satisfy more than one

condition. In Figure 4.6 is presented a three user interference channel.

H[”‘VI

H[l.(v[:s]

Figure 4.6: IA on the three user MIMO interference channel with two antennas [28]
For example:

= At receiver 1, transmitter 2’s signal must be aligned with transmitter 3’s signal, which can

be described as

H[12ly[2] = g13ly[]
(4.6)
- yl2 = (H[lz])_1H[13]V[3]

= At receiver 2, transmitter 1’s and transmitter 3’s signals must be aligned, which can be

described as

H[21ly(1] = gl23ly[] (4.7)
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= vl = (H[211)'1H[231v[31

= Finally, at receiver 3, transmitter 1's and transmitter 2’s signals must be aligned, which

can be described as
HBUy = g32ly] (4.8)

From (4.6 ) and (4.7 ), it’s possible to rewrite ( 4.8 ) as
HI3U(H211) T RIZ3Y B = gis2l(gh2) T pisly el (4.9)
VI = eigvec ((HIZ3) T HEU(HBY) T (1) T HOS), (4.10)

This example allows 3 DoF, which is the maximum allowed in this channel. For example, in
2 X 2 TDMA MIMO, each user would send two symbols but only one user would be active at a
time and not achieving more than 2 DoF. In IA scheme, each user sends only one symbol (offering

half of its time) but all users are active at the same time.

This example cannot be extended to more than three users. Firstly, the number of alignment
constraints increases with increasing number of interfering users. K user interference channel
needs an alignment of K — 1 interfering signal spaces at each K receiver, making a total of O(K?)
signal space alignment constraints. There are K signal space alignments to satisfy O(K?) signal
space alignment constraints. Secondly, the diversity of channels also imposes a limitation. Limited

diversity does not allow interference alignment [28].

4.2. Iterative Equalization for SC systems

Iterative equalization was firstly considered in SC systems, usually referred as SC-FDE, i.e.
single carrier systems with frequency domain equalization. The FDE block can be a linear
equalization as discussed in chapter 3 or iterative based equalization. Although linear equalizers
schemes have a reasonable complexity performance ratio, they still suffer from noise
enhancement and residual ISI. Thus, a nonlinear approach outperforms the linear one [81] [82]
[83]. One of the most popular nonlinear equalizers is built by implementing a feedback filter to
the output of the feedforward block samples and establishing an iterative scheme. This provides
an efficient way to of equalizing the received signals and provides a good tradeoff between

complexity and performance [81].

In this section we present an iterative equalizer based on IB-DFE principles. We considered
an uplink system with K users that transmit, using the same channel resources, to a BS equipped

with Mp antennas. This means that the information from all UEs is transmitted at the same
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frequency band [84] [85]. The main blocks of a SC-FDE based system is shown in Figure 4.7. The
data block associated to the kth user is {dk,n; k=1,.,K, n=0,..,N, — 1}, where its

constellation symbol (with E[|dk,n|2] = 03) is selected from the data according to a given
mapping rule, e.g., QPSK modulation with Gray mapping. In frequency domain, dj ,’s become
{dk,l; k=1,..,K 1=0,.. N — 1}. If k UEs are transmitting simultaneous to My antennas in
the receiver, the received signal in time domain will be {Yk,ni k=1,.,Kn=0,.. N, — 1} orin
the frequency domain {yk,l; k=1,.,K,1=0,..,N;— 1} [85].

|
SC-FDE Transmitter:

) Ievaicoren v} {v} {d} {d.), =ion 1d.}
yclic Prefix n f ! a Decision n
4 il H Channel H FFT Hl FDE H IFFT H R H

SC-FDE Receiver

Figure 4.7: SC-FDE transmission block diagram

The received signal in the frequency domain, y;, on a subcarrier [ and in the matrix form, is

given by the expression:

Y1 = Hydy, + 1y (4.11)
Hipn o Hgun
where y; = [Yi1 " Yimg]T, Hy, = : : is the UE’s channel realizations,
Hiimeg - Hrowmg
dp; =1[dy; - dig]" is the UE transmissions and m; =[x Nymg]T is the channel

Gaussian white noise described previously [85] [86].

So, the FDE block in Figure 4.7 will be replaced by an Iterative-Block Decision Feedback
Equalization (IB-DFE) [83], which is an iterative DFE for SC-FDE. This new scheme is presented in
Figure 4.8 for an ith iteration [85].

= i}
dn } Decision

1T Device

Figure 4.8: IB-DFE basic block diagram structure [85]
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Firstly, the estimated frequency domain signal of user k on subcarrier | and jth itariation,

d,(c%, for a particular iteration i and user k is given by:

» . i1
di) = £y vi—bgd; Y, (4.2)
where f(l) [f(l Do f(l M)] are the feedforward coefficients, b(l) [b(l Do b(l K)] are

the feedback coefficients. We should notice that both feedforward and feedback coefficients are

in the frequency domain. d(l D= [d(l Do d(l 1)] are the soft decisions estimates from

the previous iteration for all users.

The feedforward and feedback coefficients are computed in order to minimizing the mean

square error of the received samples of the kth user on the [th subcarrier MSE,(;:% =E “d}?g -
2
dk,l| ] The BER can be approximately given by [84]:

()

BER; ~ Q| [, (4.13)
1 NC 1MSEkl/

Ne =t

where Q(x) is the Gaussian function. Note that minimize the MSE is equivalent to minimize the

BER. Mathematically, the optimization problem can be formuted as

NC 1
min MSEI(CI s.t. Z fklhkl_l (414)
fie,ibi,1

After some mathematical manipulations

a) i—1)? o | 0]
f, [H”(I —@UEDIH, + 0_§IM] H'Q", (4.15)
bl((l')l = Hk,lflgfl) - Fk, (416)
where ¥ = diag (ll)l(i), . (l)) and ﬂ(l) (Ix — DI, - —Fk, with y() is the Lagrange

multiplier for the ith iteration regarding the kth user. I; is an appropriate column vector with O in

all positions except the kth position that is 1.The 1/),?) represents the correlation coefficient for

the k user at iteration i, which is defined by

5(0) g%
(i):E[dk'ld"’l] =1 . L (4.17)
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(i,(ci)l represents the hard decisions associated to the data estimates and it is related to the (ig)l by

the following expressions [85] [87]

dy) =~ wOdy), (4.18)
&E{‘)l =yp® 4 Ay, (4.19)
where Ay ;= [81; Ak 1]T is a zero-mean error vector and it is independent from dy ; vector.

The correlation coefficient is a parameter of great importance in a good receiver performance
because it ensures the estimates used in the feedback loop reliability [84].This loop takes into

account the decisions for each block plus the overall block reliability, reducing error propagation.

Conventional IB-DFE receivers can be considered low complexity turbo equalizers because
there is no need to perform the channel decoding in the feedback loop, employing the equalizer
output instead the channel decoder output. We should notice that in the first iteration (i = 1),
and to detect the first user, there is no information about d,,, thus PO and b,(c(,)l) are a null matrix

and vector, respectively.
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5. Joint Iterative Frequency Domain

Equalization and Interference Alignment
for MC-CDMA

As it was previously stated, spectral resources are scarce and have to be managed with
efficiency due to the increasing demand of wireless services. Future multimedia applications will
need high bit rates in order to maintain a desirable quality of service. MC-CDMA has been

proposed as a good air-interface in downlink [33] [88].

This scheme is a combination between OFDM and CDMA, bringing together the advantages
of both schemes. For example, it has high spectral efficiency and robustness against multipath
fading like OFDM based schemes and it has a flexible multiple access with good interference
properties like CDMA based schemes [19] [20]. MC-CDMA system is mostly limited by
interference, which can be reduced by employing precoding techniques and IB-DFE based
receivers [22] [23].

On one hand, to reduce interference may be considered linear frequency domain
equalization (FDE) with MMSE criterion. However, the residual interference level may still be
relatively high, which causes degradation in the performance (still several dB from the matched
filter bound, or MFB) [24]. Nonlinear time domain equalizers may outperform the linear ones [25].
One of the most promising nonlinear FDE is IB-DFE, which was extended for diversity scenarios,
MIMO systems and MC-CDMA systems, among others [89] [90] [91]. IB-DFE can be seen as a low
complexity turbo equalizer implemented in the frequency-domain and it doesn’t require a

channel decoder output in the feedback loop [25].

On the other hand, it is possible to remove interference and achieve a linear capacity scaling
by introducing IA [26]. This technique allows maximum degrees of freedom (DoF) and,
consequently, allowing a better performance than other interference cancellation methods [27].

As we saw in chapter 4, there is a closed-form solution for constant channels but it can only be

Equalization and precoding techniques for future MC-CDMA systems 57



Joint Iterative Frequency Domain Equalization and Interference Alignment for MC-CDMA

used in a very particular case: when the overall system supports only 3 users. If K > 3, the

precoding vectors formulation is done by an iterative algorithm [26] [92] [93] .

In the present chapter, a joint iterative IA precoding at the transmitter with IB-DFE
successive interference cancellation (SIC) based receiver structure for MC-CDMA systems is
designed. In the considered scheme the chips are IA-precoded instead of the data symbols as in
narrowband or OFDM-based systems as discussed in chapter 3. The receiver is designed in two
steps: first a linear filter is used to mitigate the inter-user aligned interference, and then an
iterative frequency-domain receiver is designed to efficiently separate the spatial streams in the
presence of residual inter-user aligned interference at the output of the filter. The matrices for
this non-linear space-frequency equalizer are obtained by minimizing the mean square error
(MSE) of each user at each subcarrier. The receiver structure is explicitly designed taking into
account the residual inter-user interference, allowing both an efficient separation of the spatial
streams and a reduction in the number of iterations of the IA procedure. This is very important
because it will allow reducing the information needed to be exchanged between the different
transmitter-receiver pairs. The designed scheme achieves the maximum degrees of freedom
provided by the IA precoding, while allowing an almost optimum space-diversity gain, with

performance close to the matched filter bound (MFB).

In this chapter it will be used the following notation: tr(A) is the trace of matrix A, v (A)
is the matrix whose columns are the eigenvectors corresponding to the P smallest eigenvalues of
matrix A and e, is an appropriate column vector with 0 in all positions except the pth position
thatis 1.

5.1. System Model

The transmitter proposed in this work is an IA-precoded MC-CDMA based, where it is
considered a K-user MIMO interference channel with constant coefficients on per-subcarrier
basis. The same physical channel is shared by K transmitter-receiver pairs, where a given
transmitter only intends to have its P, spatial data symbols on each subcarrier decoded by a
single receiver. Without loss of generality, it was considerate a symmetric case, where all
transmitters and receivers have M antennas (M = My = M), and P, = P Vk. It is denoted by

an (M, M, K) interference channel with P data symbols per-subcarrier.

For K < 3, the number of spatial DoF achievable is only KM /2 for an (M, M, K) interference
channel. Although, for K > 3, the DoF achievable is P, = ZII§=1Pk < 2M — 1 [94]. So, our system
has KM /2 and P; spatial DoF per-subcarrier for K < 3 and K > 3, respectively.
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Figure 5.1 shows the proposed kth MC-CDMA based transmitter. Firstly, the constellation

2
symbols dy, ,,; are selected according to given mapping rule with E [|dk,p,l| ] = a3.

Secondly, each P L-length data symbol blocks, {dk,p,zi k=1..,K,p=1,.,Pl=0,..L—
1}, is spread into L chips using orthogonal Walsh-Hadamard codes, forming the block {Sk,p,z: D=
1,..,P,l=0,..,L -1}

Sha g FFT | Y
{dk,ld} Spreading ) Preco +

s (L) . ~» ding F---- . > CP | Antenna1
__'___| | XeM1 :
Sgar 4 ) : 1
] a
] |
Sppp | 1!
_____:_.! o
. X, |
{d"”’”} s/p Spreading | | '--» A F=tog-d
L) ] Preco ——3 IFFT i/
ding +
Se.pL v Xem.L L » CP | Antenna M
CSI from
Other Tx

Figure 5.1: IA-precoded MC-CDMA based transmitter proposed

Thirdly, set of P chips (one of each block) is weighed by an IA-precoding matrix. The resulting

signal at the kth transmitter subcarrier [ is:
Xp,1 = Wi, Sk, (5.1)

where s ; =[Skt Skpi]” and Wy, € CM*P is the linear precoding matrix calculated at the

2
kth transmitter on subcarrier I, constrained to ||W,||". < Tp. Tp is the transmit power at the

transmitters. Finally, the precoding signals are mapped into an OFDM symbol and it is inserted the

cyclic prefix.

At the receiver and after cyclic prefix removal and FFT operation, the received frequency-

domain signal for the kth transmitter subcarrier [ is given by

K
Vit = Hig it Wi 1Sk, + Z Hy j Wiisji +my (5.2)
j=1
j2k
where Hy j; is a M X M matrix and denotes the overall channel between the transmitter j and
receiver k on subcarrier [, and ny is the additive white Gaussian noise (AWGN) vector at the
receiver k on subcarrier [, in other words, nj;~CN(0, 021;,). To obtain the equation ( 5.2 ), we
assume that the CP is long enough to account for different overall cannel impulse responses

between the transmitters and receivers, i.e., including transmit and receive filters, multipath
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propagation effects and differences in the time-of-arrival for different transmitter-to-receiver

links.

As it can be seen in Figure 5.2, the detection procedure is done by two different blocks. The
first is a linear filter used to mitigate the aligned user’s interference. The signal after this block is
given by

K
o — H H H
Yier = PiiHy e, i Wi 1Sk + Picy Z Hij Wi sj1 + @iy (5.3)
=1
2k

where <I>,Ij_l € CM*P corresponds to the first linear receiving filter.

The second is a non-linear equalizer based on IB-DFE principle, designed to separate the
spatial P L-length data block.

Antennai FFT {‘}‘3 :1:;} {}_‘ :1:,‘1

cP L5
. IB-DFE
Linear Based
IA Filter :
Equalizer

Antennaﬁ FFT {}‘i._\f:;t {}_'.a:p:;i >

CP
¢
Channels

Figure 5.2: Proposed MC-CDMA receiver structure [29]

A

5.2. Precoding and Equalizer Design

In this section is presented iterative minimum interference leakage (IL) IA precoding
algorithm considered in this work, followed by the proposed nonlinear iterative space-frequency

equalizer.

5.2.1. IA Precoders

We considered an iterative approach to a general case because closed-form solutions have
been found in few specific cases (e.g. K < 3) [93]. The objective of using this technique is to
precode the signal at the transmitter j in a way that the interference caused by that specific

transmitter won’t affect in the receiver k. For k # j, the interference caused by transmitter j in
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the receiver k is nearly orthogonal to the subspace of its receive space. This subspace has an
orthonormal basis @ ; and it has precoders jointly designed to optimize an appropriate cost

function.

The iterative interference leakage algorithm minimizes the total interference leakage (IL)
that remains at each receiver after attempting to cancel the aligned interference. This step is
done by left multiplication with <I>,I;I,l for each user k (in equation ( 5.3 )). The global function to

optimize is

K K
2
= ) D IO Wl (5.4)

which is denoted by IL. The optimization problem can be formulated as

WiW, =TI, je{1,..,K}

H . (5.5)
Dy @, =1p, jE{1, .., K}

min 3, ({W; ), {®})s.t. {

One simple way to solve this problem is to use an alternating minimization procedure [93].

This iterative algorithm, at first, defines an arbitrary orthogonal basis @, ; for each receiver

subspace on each subcarrier. Then finds the precoding matrix W;,; such that each node has

maximum squared Euclidean distance between it and the subspace spanned by the columns of
each @ ; by using

K
_ P H H
W; | = Unin 2 Hy j 1@ Py Hy 1 (5.6)
Jj=1
j#*k

and, then, updates the receiver orthonormal subspaces according to

K
_ . P H oy H
®j; = Unin Z Hy ; W Wi Hi (5.7)
j=1
j£k
Equations ( 5.6 ) and ( 5.7 ) are repeated until convergence. This can be carried out until
J.(t) < € if feasibility conditions are met, or |J;,(t—1) —J;.(t)] < & otherwise, for an

arbitrary threshold €.

The IA at receiver k on subcarrier [ is ideally orthogonal to the subspace @, ; because each
subspace is reserved for every single k’s signal (i.e. for each user) on each subcarrier. After the
interference aligned has been mitigated with left multiplication @ ;, each receiver must be

separated the desired spatial streams. It is possible to use a MMSE linear equalizer, so the linear
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equalizer Gy ; is formed by multiplying <I>,I§l and the linear spatial equalizer Ek_l in a conventional
receiver. (_}k,l neglects the inter-user interference aligned and equalizes only the intended signal:

Gy, = (_}k,ld>,’;’_l. Then the vector § ; = (_;k,lyk,l is the estimate of the original transmit vector sy ;.

5.2.2. Iterative Equalizer Design

As discussed above, in MC-CDMA based systems, linear equalization is not efficient to
separate the spatial streams due to residual inter-carrier interferences (ICl). Also, in an IA based
system, it is neglected the inter-user aligned interference. One may access that a linear equalizer
is not the best option. The subspace ®;; should be full orthogonal to interference aligned
subspace but this is not possible for some practical scenarios [95] and/or requires a relatively high
number of iterations [93]. To solve these problems it was developed a new non-linear receiver
structure based on IB-DFE principles, accounting the residual inter-user interference and allowing
the perfect alignment requirement to be more relaxed. This receiver separates, efficiently, the P
L-length data symbol blocks even to systems that suffer from residual inter-user interference, not

needing a perfect orthogonality.

M Parallel Interference Cancellation (PIC)

In the paper [29], it was proposed and IB-DFE PIC based equalizer used to separate the
spatial streams for IA precoded MC-CDMA systems. In this section, we briefly review this schemes
and the extension to the IB-DFE SIC is derived. Figure 5.3 illustrates the mains blocks of the IB-DFE
PIC based procedure. In each iteration, it is detected all P L-length data block of the kth receiver
in a parallel way. Most of the updated estimated of the transmit data symbols is used cancel the

residual interference.
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| i X ) :
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Figure 5.3: Iterative receiver PIC equalizer based on IB-DFE concept
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At the ith iteration and before despreading, the signal at kth receiver on the [th subcarrier

associated to the pth L-length data block is given by:

~(i DT — DT —(i—1
s,((l;)'l =F 5, B s (5.8)

where F{; € C?*? and B,(clg € CP*P and they denote both feedforward and feedback matrices

coefficients on the pth data blocked applied on the [th subcarrier at the kth user, respectively,
-1 _ [z =@ (-0 (-»1"

and Skpl = [Sk,l,l'""Sk,p—l,l’sk,p,l s Sk py ] .

Setting H,iz.'l = @ H,, ;;W;,, it is possible to rewrite the equation ( 5.3 ) as

K
5 — eq E eq H
YR,l = Hk,k,lsk;l + Hk,j,l sj,l + (Dk’lnk’l
desired signal j=1 noise

j*k
| —
residual inter—user interference

where H,iilsk‘l denotes the desired signal, Zle Hzcﬂ.l s;j1 is the residual inter-user interference,
j#k
and <1>,Ij‘lnk‘l is the noise. Also, qukl € CP*P represents the equivalent channels after IA

procedure. The block {ST,S;});I =0,..,L— 1} is the spreading of the pth de-spreading block

average values conditioned of the detector output {cf,(cf;'l; l=0,..,L— 1} for each iteration i.

i i_1)2 i—1)2
It could be written that §,(<l,l b z‘l’,gl 2 sk,l+‘l’,gl b Ay, where the error Ay, =

[Ak11 - Drpy]T has zero mean and ‘P,Ei) = diag( ,E‘i ,E?,), with correlation coefficients

defined as:

E[d) diep]
E [|dk,p,l|2]

being a measure of the pth L-length block estimates reliability associated to the ith iteration.

wifi = (5.10)

Considering QPSK modulation dy ,, ;is cz,(f;,l = sign (Re {d,(;;l}) + jsign (Im {d,(cl;l})

So, the iterative nonlinear equalizer is now characterized by F,Eil) and B,({l% in a particular
iteration on each receiver. The feedforward and feedback matrices are computed to minimize the

. . 2
overall MSE of the spreading samples MSE&"), = E[Hﬁ("), =S| H ] at each iteration.

Therefore, the optimization problem can be formulated as
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L-1
1
(l) - (l)T eqT

where H,e(“f‘p'l € CP*P is the equivalent channel associated to the pth data block. After some

mathematical manipulations, the feedforward and feedback vectors can be obtained:

@ _ eqH (i-1)?
Fi = Hy e (I — ¥ )Hkkl

4 (5.12)
C Y HR g, O ) el
j=1,j%k I
where R, = 631, and
B\) = H{%"F{) — 1, (5.13)
with
2® = (1 _q,(i—nz) “l(cliol (5.14)
kp — \'P k o2L ”’

The Lagrangian multiplier is selected, at each iteration i, to ensure that the condition

Zl o tr (F(l)Tqule) = P is fulfilled. Also, it should be noticed that for the first iteration (i = 1)
and for the first L-length data block to be detected ‘P,EO) is a null matrix and Sy, ; is a null vector.
B  Successive Interference Cancellation (SIC)

Figure 5.4 illustrates the mains blocks of the IB-DFE SIC based procedure. In each iteration, it
is detected all P L-length data block of the kth receiver in a successive way. Most of the updated

estimated of the transmit data symbols is used to cancel the residual interference.
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Figure 5.4: Iterative receiver SIC equalizer based on IB-DFE concept
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At the ith iteration and before despreading, the signal at kth receiver on the [th subcarrier

associated to the pth L-length data block is given by:

~ DT ~(i-1
S0 =G — b s (5.15)

where f,gpl € CP*1 and b,(;pl € CP*1 and they denote both feedforward and feedback vectors
coefficients on the pth data blocked applied on the [th subcarrier at the kth user, respectively,
and s,(;p}) = [§,(cl)11 . §,(3) 1l,§,(clp%). §,(CLP%)] If we compare the equation ( 5.8 ) with the (

5.15 ), they are undoubtedly similar. However, due to its series nature, the coefficients of

feedforward and feedback are no longer matrices but vectors.

The iterative non-linear equalizer is characterized by the coefficients f,Elpl and bl((lpl in a

particular iteration and at each receiver. Contrarily to the PIC approach, to compute these
vectors, we need to minimize the MSE of the spreading samples associated to the pth L-length

. 2
data block on [th subcarrier MSE,(;;)J = E“sg)l Sk,p,z| ] The optimization problem can be

formulated as

U=

min MSE® st=) fOThed" 1 (5.16)
T kp,l L L kpl kk,p,l

where hiqkTpl € CP*1 is the equivalent channel associated to the pth data block. After some

mathematical manipulations, the feedforward and feedback vectors can be obtained:

@  _ [ geaH (l 1)?
frpi = | Higgy (IP )Hkkl

-1 (5.17)
2
eadip n eqH ¢ (D)
+ Z H, ;R4 kkl 2IP> Hp 20,
j=1,j%k Oq
and
@® _ HeH )]
bk,p,l Hy b fx ol ©p (5.18)
with
® (i-1)2 #z(cl)
N _ i—1 p
ﬂk,p—(lp—‘l’k )ep 5L e, (5.19)

The Lagrangian multiplier is selected, at each iteration i, to ensure that the condition

Z f,g?)Tl iqkTpl = 1is fulfilled. Also, it should be noticed that for the first iteration (i = 1) and

for the first L-length data block to be detected ‘P( ) is a null matrix and skpl,p =1 is a null
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vector. Lastly, the signal after filtering process is given by ( 5.9 ) and the correlation coefficients
are computed using the equation ( 5.10 ).

5.3. Numerical Results

In this section, it is presented the performance results for the developed receiver structure,
which was composed by an IA precoding with an IB-DFE based equalizer built upon the successive
interference cancellation multi-user’s detection. These results were obtained considering that:
The channels between each transmitter and receiver pair are uncorrelated and severely time-
dispersive, each one with rich multipath propagation and uncorrelated Rayleigh fading for
different multipath components. Specifically, we assume a Lp = 32-path frequency-selective
block Rayleigh fading channel with uniform power delay profile (i.e., each path with average
power of 1/Lp). The same conclusions could be drawn for other multipath fading channels,
provided that the number of separable multipath components is high. Also, it was assumed

perfect channel state information and synchronization.

The results are presented in terms of average bit error rate (BER) as a function of average bit
energy per one-sided noise power spectral density (E,/Ny). For the sake of comparisons, it is
included the matched filter bound (MFB), and it was introduced the results for the standard linear
IA MMSE scheme. In this case, the second IB-DFE based equalizer is not considered. Also, the

results are compared with the IB-DFE PIC approach recently proposed in [29].

The FFT size was set at 128 with a QPSK constellation under Gray mapping rule. There were

built two scenarios:

1. Four transmitter-receiver pairs (K = 4), each equipped with five antennas (M = 5),
transmitting simultaneously two L-length data block (P = 2). This scenario is
referred as (5, 5, 4) interference channel with P = 2.

2. Three transmitter-receiver pairs (K =3), each equipped with four antennas
(M = 4), transmitting simultaneously two L-length data block (P = 2). This
scenario is referred as (4, 4, 3) interference channel with P = 2.

Figure 5.5 and Figure 5.6 show the results for (5, 5, 4), with P = 2 and 100 iterations in the
IA procedure (this number was found enough to have free inter-user aligned interference) and it
is presented the results for 1, 2 and 4 iterations of the IB-DFE SIC and PIC based equalizers,
respectively. Firstly let’s analyze the results of Figure 5.5. The first thing we notice is the results of
the first IB-DFE iteration are already better than the standard linear MMSE equalization. This
behavior happens because SIC-based structures to detect a given data block takes into account

the previous detected ones, with the exception of the first data block. It is possible to see that
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there is a significant improvement from the 1% iteration to the 2" with a BER of 1075, the
difference is almost 8 dB and from the 2™ to the 4™ there is an improvement of approximately
1,2 dB. The difference between the MFB and the 4™ iteration is smaller than 0,5 dB for the same
BER. From Figure 5.6 is possible to draw the same conclusions as for the results obtained in the
previous scenario. However, we can observe that for this case the 1% iteration curve matches the
linear standard IA MMSE curve (not presented in this plot for clarity) contrary to SIC based curves.

This is caused by the parallel nature of the PIC equalizer. In the 1% iteration, ‘P,EO) is a null matrix
and Sy ; is a null vector, resembling only the linear receiver. Comparing the SIC and the PIC
approach, it is clear that for the first and second iterations the SIC approach outperforms the PIC
one. This is because the SIC based structure to detect a given user takes into account the previous
detected ones, with the exception for the first user. However, when the number of iteration
increases, the performance of the PIC approach tends to the one given by the SIC approach. We

can observe that the BER performance of both approaches is basically the same for four 4

iterations.
10* — — 10"
— IAMMSE —O—ter1
2 —O—lter1 2 —+—lter2
10 —+— lter2 E 0E ——lterd
—*lterd —— MFB
— MFB
10k &5k
10k 10°
10° LS S S S SV 10° ‘
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Eb/No (dB) Eb/No (dB)
Figure 5.5: Proposed SIC receiver structure for Figure 5.6: PIC receiver structure for (5, 5, 4)
(5, 5, 4) with P=2 and 100 IA iterations with P=2 and 100 IA iterations performance.
performance.

The results of Figure 5.7 and Figure 5.8 were obtained for the same parameters than Figure
5.5 and Figure 5.6, respectively, however the number of IA procedure iterations was set to 10.
Because of this drastic reduction, we decided to include the 8" IB-DFE iteration. In this case the
inter-user aligned interference cannot be neglected and may have a significant impact on the
system performance. As we can observe in both figures, there is performance degradation. For
BER of 1073, the difference between the MFB and the 8" IB-DFE iteration is almost 2 dB for both
SIC and PIC. Comparing the 2" iteration of Figure 5.6 and Figure 5.5 for a BER of 1072, there is a
difference of almost 1 dB and, now comparing the 4" jteration for the same BER, the difference is
0,8 dB. This reduction allows us to conclude that the proposed scheme efficiently mitigates the
residual inter-user interference.
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Figure 5.7: Proposed SIC receiver structure for
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Figure 5.8: PIC receiver structure for (5, 5, 4)
with P=2 and 10 IA iterations performance.

From Figure 5.9 and Figure 5.10, it is possible to draw the same conclusions as for the results

obtained in the previous scenario. Decreasing the number of users to three with P = 2, forces to
decrease the number of antennas to four, in order to fulfil the conditions for the alignment
presented in section 5.2.2. This number of antennas decreases DoF, keeping the diversity at the
same level as the scenario with K = 4. As it should be expected the performance is basically the

same.
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Figure 5.9: Proposed SIC receiver structure for
(4, 4, 3) with P=2 and 10 IA iterations
performance.

Eb/No (dB)

Figure 5.10: PIC receiver structure for (4, 4, 3)
with P=2 and 10 IA iterations performance.

Another question arose, how does vary the system performance in function of the number

of iterations in the IA procedure? Figure 5.11 presents the results for (5, 5, 4), both with P = 2,
first and fourth iterations for the IB-DFE based equalizer and several iterations in the IA procedure
(5, 10, 20, 50, 100).
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Figure 5.11: Proposed receiver structure for (5, 5, 4) with P=2 for several IA iterations performance.

From Figure 5.11, we can observe that if we increase the number of IA iterations the
performance will be better. With four equalizer iterations, we can see that the performance
degradation is relatively small. In other words, we almost have the same performance with 100,
50 and 20 IA iterations. This means that we can reduce the number of IA iterations and thus
reducing the amount of information exchanged between the different transmitter-receiver pairs.
However, if we have only one equalizer iteration, the number of IA iterations becomes extremely
important. As we can see in the figure, there is significant performance degradation from 100 to 5
IA iterations because the residual inter-user interference increases as the number of IA iterations

decreases.

The results in Figure 5.12 and Figure 5.13 were obtained for the same parameters in Figure
5.7 and Figure 5.8, respectively. Here, it is compared the performances of two approaches: Robust
against Non-Robust. The Robust approach is the results of the proposed scheme. In the case of
the Non-Robust, it is ignored the residual inter-user aligned interference, i.e., the term
Zle,jik H,i_(ﬁRdegc,l in (5.17 ) is not considered. This figure shows the significant performance
impact caused by the residual inter-user aligned interference; a Non-Robust scheme presents
lower BER values. These results prove that the proposed receiver structure is robust to the inter-
user aligned interference. Once again, the results obtain from the IB-DFE SIC receiver is better in
the first iterations than the IB-DFE PIC receiver but by increasing the number of iteration the PIC

response will approach the SIC.
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6. Conclusions and Future Work

In chapter 1, we could observe that mobile communications are growing and being develop
at great pace. If we ask our parents if they had a mobile phone, sent SMS or had internet
everywhere, when they were our age, they will most certainly say no. To be truthful, mobile
phones invaded our lives and they came to stay. They are spread all over the world and the
number of users is still increasing. Nowadays, these devices are much more than voice
communication devices. They became our diaries, notebooks, photographic cameras, among so
many others applications. This increase in services and users demanded the development and
implementation of new technologies. While the reduction of the cell size reduces the propagation
loss, the inter-user interferences present at cells edge increases. To solve this problem, it is
assigned different frequencies to different cells, wasting system capacity. Multicell cooperation or
coordination is a promising architecture that eliminates inter-users interference while improving

systems fairness and increasing capacity.

In this thesis, we started by briefly presenting the evolution of cellular communications
before LTE. The different generations are the milestones, which mark the evolution of cellular
systems. The first generation had analog voice transmissions, while the second had already
moved on to digital. With the third generation, it became possible to access multimedia data
services. Nowadays we are living the concept of “Anywhere, anything, anytime” with LTE
technology, which has a performance with higher data rates and higher user mobility. However
the evolution did not stop at this stage, the LTE Release 10, or LTE-Advanced was frozen in April
2011.

In the second chapter, it was described the multiple carrier and multiple access schemes. It
was presented, with some detail, OFDM/OFDMA systems and MC-CDMA. OFDMA was deployed
in the downlink of LTE systems, assuming an important role in wireless communications. Although
OFDM based systems have high spectral efficiency and robustness against multipath fading, by
being combined with CDMA systems, they allow flexible multiple access and good interference

properties, forming MC-CDMA scheme. So this scheme was proposed as the air-interface in
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downlink because it allows achieving high bit rates. Later in this chapter, it was presented some
detection techniques for single user and multi-user detection. In MUD, the detection takes into
account the effects of inter-user interference. Interference cancellation techniques (PIC and SIC)

are used because they provide a good relation between performance and complexity.

In chapter 3, it was introduced another solution to achieve high bit rates. The multiple
antenna systems allow exploiting diversity, spatial multiplexing and beamforming in order to
improve data rates. Later in this chapter, it was presented, with more detail, LTE and LTE-
Advanced systems under the light of the previous technologies. We saw that LTE represent a
great improvement over the 3G technologies but they are still unable to respond to the demands
set by ITU. We focused our attention in LTE physical layer and multi-antenna modes. LTE-
Advanced was proposed to match and enhance IMT-Advanced goals. Two technologies that allow

increasing capacity and bit rates are the carrier aggregation and the coordinated multipoint.

In chapter 4, it was introduced the interference alignment techniques. These techniques
allow to efficiently eliminate the inter-user interference, allowing achieving the maximum number
of degrees of freedom. In this chapter, we focused our attention in the special case of K = 3
users closed form. Later in this chapter, it was presented iterative equalization for single carrier
systems. Here we saw that linear equalizers have relatively low complexity but they still suffer
from noise enhancement and residual ISI. This allowed us search for a nonlinear approach that

outperforms the linear one. We studied an iterative equalizer based on the IB-DFE principles.

In chapter 5, it was considered a MIMO MC-CDMA system with IA precoding on each
subcarrier at the transmitter and with IB-DFE based processing at the receiver. The receiver
structure is composed by two parts: At first is a linear filter, which mitigates the inter-user aligned
interference, and then an iterative frequency-domain equalizer, which separates the spatial
streams. The results have shown that the proposed receiver structure is robust to the inter-user
aligned interference and efficient to separate the spatial streams. The performance gets pretty
close to MFB with few equalizer iterations. Also, the robust residual inter-user aligned
interference allows a significant reduction on the iterations number of the IA process and thus
reducing the information exchanged between the different transmitter-receiver pairs. It is also
possible to conclude that both PIC and SIC approaches produce similar results, except with fewer

equalizer iterations, where SIC’s performance is a little better.
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6.1. Future Work

Concerning the future work, we suggest the following improvements on the simulation platform:

= In this work, it was assumed a (5,5,4) and (4,4,3) interference channels with P = 2. It
would be interesting to extend it in order to support even more users.

= |t would be also interesting to compare these systems for a P # 2 data symbols per
subcarrier.

= |n this thesis’ simulations was considered perfect channel information. It would be
interesting to observe how the proposed system would behave with imperfect channel
information.

= To compute the precoders it was used the IL algorithm, it would be interesting to
combine other iterative IA algorithms with IB-DFE at the receiver.
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