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Palavras-chave

Resumo

MIMO Massivo, Banda das Ondas Milimétricas, Pré-codificador Analdgico,
Equalizador Hibrido Analdgico/Digital Multi-utilizador, Arquiteturas Sub-
conectadas.

Nos ultimos anos, a necessidade por elevadas taxas de transmisséo de dados
tem vindo a aumentar substancialmente uma vez que as comunica¢cdes moveis
assumem cada vez mais um papel fundamental na sociedade atual. Por isso, o
numero de utilizadores que acedem a servi¢os e aplicacdes interativas tem vindo
a aumentar. A préxima geragdo de comunicages moveis (5G) é esperada que
seja lancada em 2020 e é projetada para fornecer elevadas taxas de
transmissao de dados aos seus utilizadores. A comunicacdo na banda das
ondas milimétricas e o MIMO massivo sdo duas tecnologias promissoras para
alcancar os multi Gb/s para as comunica¢cdes moveis futuras, em particular o
5G. Conjugando essas duas tecnologias, permite-nos colocar um maior nimero
de antenas no mesmo volume comparativamente as frequéncias atuais,
aumentando assim a eficiéncia espectral. No entanto, quanto se tem um grande
namero de antenas, ndo € viavel ter uma arquitetura totalmente digital devido as
restricdes de hardware. Por outro lado, ndo é viavel ter um sistema que trabalhe
apenas no dominio analégico. Assim sendo, € necessaria uma arquitetura
hibrida anal6gica-digital de modo a remover a complexidade geral do sistema.
E esperado que os sistemas de comunicacio baseados em ondas milimétricas
sejam de banda larga, no entanto, a maioria dos trabalhos feitos para
arquiteturas hibridas sdo focados em canais de banda estreita. Dois exemplos
de solucdes hibridas sdo as arquiteturas completamente conectada e sub-
conectada. Na primeira, todas as cadeias RF estdo ligadas a todas as antenas
enquanto na arquitetura sub-conectada cada cadeia RF é ligada apenas a um
grupo de antenas. Consequentemente, a arquitetura sub-conectada é mais
interessante do ponto de vista pratico devido a sua menor complexidade quando
comparada a arquitetura completamente conectada.

Nesta dissertacdo é projetado um pré-codificador analégico de baixa
complexidade no terminal mével, combinado com um equalizador multiutilizador
desenhado para uma arquitetura hibrida sub-conectada, implementado na
estacdo base. O pré-codificador no transmissor assume um conhecimento
parcial da informacdo do canal e, de modo a remover eficientemente a
interferéncia multiutilizador, é proposta também uma arquitetura hibrida sub-
conectada que minimiza a taxa média de erro. Os resultados de desempenho
mostram que o esquema hibrido sub-conectado proposto esta proximo da
arquitetura hibrida completamente conectada. No entanto, devido ao grande
namero de conexfes, a arquitetura hibrida completamente conectada é
ligeiramente melhor que a arquitetura sub-conectada proposta a custa de uma
maior complexidade. Assim sendo, o pré-codificador analégico e o equalizador
sub-conectado hibrido proposto sdo mais viaveis para aplicacdes praticas
devido ao compromisso entre o desempenho e a complexidade.
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In the last years, the demand for high data rates increased substantially and the
mobile communications are currently a necessity for our society. Thus, the
number of users to access interactive services and applications has increased.
The next generation of wireless communications (5G) is expected to be released
in 2020 and it is projected to provide extremely high data rates for the users. The
millimeter wave communications band and the massive MIMO are two promising
keys technologies to achieve the multi Gbps for the future generations of mobile
communications, in particular the 5G. The conjugation of these two technologies,
allows packing a large number of antennas in the same volume than in the
current frequencies and increase the spectral efficiency. However, when we have
a large number of antennas, it is not reasonable to have a fully digital architecture
due to the hardware constrains. On the other hand, it is not feasible to have a
system that works only in the analog domain by employing a full analog
beamforming since the performance is poor. Therefore, it is required a design of
hybrid analog/digital architectures to reduce the complexity and achieve a good
performance. Fully connected and sub-connected schemes are two examples of
hybrid architectures. In the fully connected one, all RF chain connect to all
antenna elements while in the sub-connected architecture, each RF chain is
connected to a group of antennas. Consequently, the sub-connected
architecture is more attractive due to the low complexity when compared to the
fully connected one. Also, it is expected that millimeter waves be wideband,
however, most of the works developed in last years for hybrid architectures are
mainly focused in narrowband channels.

Therefore, in this dissertation it is designed a low complex analog precoder at
the user terminals and a hybrid analog-digital multi-user linear equalizer for
broadband sub-connected millimeter wave massive MIMO at the base station.
The analog precoder at the transmitter considers a quantized version of the
average angle of departure of each cluster for its computation. In order to remove
the multi-user interference, it is considered a hybrid sub-connected approach that
minimizes the bit error rate (BER). The performance results show that the
proposed hybrid sub-connected scheme is close to the hybrid full-connected
design. However, due to the large number of connections, the full-connected
scheme is slightly better than the proposed sub-connected scheme but with
higher complexity. Therefore, the proposed analog precoder and hybrid sub-
connected equalizer are more feasible to practical applications due to the good
trade-off between performance and complexity.
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1. Introduction

In this chapter we start by presenting the historical evolution of the telecommunications systems
since 150 years ago toward the most recent generation of the telecommunications systems 5G, in
order to be easier to understand the proposed work. Then, we will give an overview, motivations and
contents of this dissertation. At last, the structure of the dissertation is shown followed by the used

notation.

1.1 Evolution of Cellular Communications Systems: 1G to 4G

Currently, people have the necessity to communicate each other not only for voice calls or Short
message Service (SMS) but also, to use the internet access to read news, make business, can be
helpful in case of an emergency, use the GPS tracking system to find people way, and also, people
can share information, photographs with other people, and very others functionalities of

communication tools. However, it was not always possible to have these benefits for all the users.

The history of the mobile communications started about 150 years ago, in 1865, with the Maxwell
equations developed by James Maxwell. In 1887, Heinrich Hertz create the oscillator and radios
waves and, with these radio waves, Guglielmo Marconi in 1895 develop a transmitter with
radiotelegraph signals that have a long wavelength and a high power transmission. In 1907, Lee De
Forest create the vacuum tube that allow to transmit signals at a higher frequency, until 1.5 MHz,
however this higher frequency still small. The analog radio communications emerged in 1907 with
the voice transmission and eight years later it was made the first wireless voice transmission in New
York. In the early 1920s, happen a high increase the radio communications systems for broadband
where the Titanic disaster had a great impact. With the arrival of the Second World War, the radio
systems become essential. Pierce and Kompfner do a transatlantic communications trough satellite
in 1959. In 1947 emerged the cellular network concept where basically a base station (BS) covers a
given transmission area called cell. This cellular concept has mainly two key aspects that are the
division of geographical space in cells that allows the reuse of resources in sufficiently apart cells

and the handover that allows the continuity in the communication. With this structure it is possible
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to define some advantages such as the possibility to reuse the spectrum, needs a lower transmission
power, more robust and it is possible to adapt each base station to the local where is placed.
Nonetheless, this technology has some limitations comparatively to cable connections, such as the
lower velocity transmission, the requirement of infrastructures to connect the BSs and the intercell
interference [1]. After this concept of cellular network, arrive the new paradigm of generations used
until nowadays. Figure 1.1 shows the evolution of the mobile communications since the first

generation until the fourth generation that are described below.

LTE, LTE Advanced

CDMA2000/EV-DO, . attar Mahi
WEDMAHSPA+, TO-SCOMA Faster and Better Mobile Broadband

More Data Capacity

D-AMPS, GSM/GPRS,
cdmaCne

Data Optimized
AMPS, NMT, TACS Maobile for the Masses
More Voice Capacity x@ a0
n : it [/~ N
1010110100111000 %

Mobile Broadband

Foundation of Mobile
Seamless Mobility

......
v e r y
fasppz’

Figure 1.1: Evolution of the Mobile Communication Systems [2].

The first commercial generation (1G) of cellular systems born in the 80s and was characterized
by the use of analog signals and the only service provided was voice with poor quality. This first
generation has been introduced in Japan by Nippon Telegraph and Telephone (NTT), in U.S. by the
Advanced Mobile Phone Systems (AMPS) and in Europe for the Nordic Mobile Telephone (NMT).
Some other systems are developed as well Total Access Communications Systems (TACS) and
extended TACS that are similar to AMPS and appear in U.K. In finals of the 80s, to improve capacity,
appear in North America the narrowband AMPS (NAMPS) and appear in Japan the Japanese TACS
(JTACS) and the narrowband TACS (NTACS) systems. All of these presented systems are

incompatible with each other due to the way that they are developed in each country [3][4].

Second generation (2G) systems emerged in 1991 and brought the digital era with more coverage
and capacity than the last version. Comparatively to 1G, in 2G it was possible to send SMS, multi-
media messages (MMS) and this second generation brought the first data services. In this generation,
the following techniques are deployed: Global System for Mobile Communications (GSM) in
Europe, Digital Advanced Mobile Phone System (D-AMPS) 1S-54 in the U.S.A., Code Division
Multiple Access (CDMA) 1S-95 by Qualcomm in U.S.A. and Pacific Digital Cellular (PDC) in Japan
[4][5].
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The GSM system is the most dominant system used and nowadays is implanted in more than 200
countries in worldwide. This system support transfer data rates up to 22.8 kb/s [6] and operates in
the 900 MHz / 1800 MHz and 850 MHz / 1900 MHz band, depending on the part of the world
considered as seen in Figure 1.2 [7]. This system uses two multiple access (MA) technologies to
accommodate multiple users on the same frequency: Frequency Division Multiple Access (FDMA)
and Time Division Multiple Access (TDMA) where FDMA divides the spectrum in sub bands and
TDMA divides the partition time in disjoints time slots [1].
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Figure 1.2: GSM Bands Information by Country Currently [7].

to upgrade GSM with the main objective to allow a higher data rate via packet switching. With this
improvement, theoretically, the data rates increase until 171.2 kb/s when is used a perfect channel.
In practice, the data rates vary between 10 to 115 kb/s with an average of 40 kb/s. Another
improvement system of the GSM is the Enhanced Data Rates for GSM Evolution (EDGE) with data
rates between 8 and 60 kb/s [4].

With the increase of the mobile data services demand, emerged the necessity to develop another
generation of mobile communications. As a result, in 2000 was introduced the third generation with
the following main objectives: achieve high data rates until 2 Mb/s, low latency, better quality of
service (QoS), simplicity and scalability [8]. Nonetheless, 3G don’t repeat the success of the previous
generation 2G. Initially, two services have been created that accomplish that requirements: Universal
Mobile Telecommunication System (UMTS) in Europe and Japan and Code Division Multiple
Access 2000 (CDMA2000) in U.S.A. UMTS support both Time Division Duplex (TDD) and
Frequency Division Duplex (FDD) and include two standards: Wideband CDMA (W-CDMA) and
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High Speed Packet Access (HSPA). Another approach is Time Division Synchronous CDMA (TD-
SCDMA) developed also in Europe [9]. The 3rd Generation Partnership Project (3GPP) is a
corporation of 6 regional standards groups with the aim of control the evolution and migration of
GSM systems, 3G systems and LTE systems presented below [1]. The World Wide Interoperability
for Microwave Access (WiMAX) forum has been created based on an Institute of Electrical and
Electronics Engineers (IEEE) 802.16 standards and it is an alternative to the transmissions with cable
once it has a range of 40 to 50 km [9]. An example of WiMAX technology from point-to-point and

point-to-multipoint to portable and static cellular are presented in Figure 1.3.
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Figure 1.3: WiIMAX Wireless Telecommunication Protocol [10].

The successor of 3G is the fourth generation (4G) that appeared in 2009 being marketed as Long
Term Evolution (LTE) with the aim of give more data capacity with data rates more than 100 Mb/s
and a low latency. This generation did not bring as principal objective the increase of the bit rate but
the increase of the system capacity. The speed of the peak rate increase over the years where in 2009
was 50 Mb/s, in 2010 was 150 Mb/s and in 2015 was 1000 Mb/s [1]. Nowadays, 4G LTE represents
a generation in expansion that has 2.8 Billion of connections, more 0.1 Billion of connection than
GSM that is the second system most used [11].

Contrary to WiMAX, that uses Orthogonal Frequency Division Multiple Access (OFDMA) at
both downlink (DL) and uplink (UL), LTE uses OFDMA at DL and Single Carrier Frequency
Division Multiple Access (SC-FDMA) at UL [8]. OFDMA and SC-FDMA are discussed in Chapter
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2 where we see that SC-FDMA is in general equal to the OFDMA but with a lower Peak to Average
Power Ratio (PAPR) [1].

Comparing for example W-CDMA with LTE, in W-CDMA the radio frequency (RF)
specifications for FDD and TDD are different, and with LTE it is possible to operate with the same
specifications the two different duplex modes, FDD and TDD [12]. For the FDD, the signals of UL
and DL transmissions are separated by different frequencies and for the TDD, the signals of UL and
DL transmissions operate at the same band, but in separated time domain [13]. A comparison of these

two modes are represented in Figure 1.4.
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Figure 1.4: FDD versus TDD.

In order to develop the LTE, the 3GPP started looking to the future and built the LTE Advanced,
specified as LTE Release 10 and beyond with a peak data rate of 1 Gh/s for DL and 500 Mb/s for
UL. Some features are added to LTE Advanced such as: carrier aggregation, improvement of DL and
UL multiple antenna transmission, relaying and support for heterogeneous network [12]. Concluding,
the LTE and LTE Advanced are two keys for the development of the future mobile
telecommunications systems. The actual global statistics show that LTE was a big weight (32.5%)
in the worldwide connection market, as show in Figure 1.5 and the perspective is to increase their
influence, like in the last few years, up to approximately 2020, when the next generation 5G will start

expanding [11].
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Figure 1.5: Global Statistics of Mobile Systems [11].

1.2 5G Systems

The number of wireless network users are increasing day by day due to the services such as video,
music, social networking, gaming and other interactive applications. As a result, the mobile data
traffic has increased over the years and is required a new mobile system. Currently, wireless
multimedia systems require dozens of Mb/s to have a reasonable quality of service (QoS). The next
fifth generation (5G) it is designed to interconnect billions of objects and can be a suitable candidate
to respond at this demand of high capacity and data rates [14][15]. An example of this demand for
data rates and capacity is sport events with many people that share their experience instantly with
video or images. It is expected that 5G should be available by 2020 and will achieve a minimum data
rate of 1Gb/s, 5Gb/s for high mobility users and 50 Gb/s for pedestrian users [16][17]. These rise of
number connections devices like smartphones, notebooks, tablets, smart TV’s, etc., make a high
consumption on energy that has a great impact in CO2 in the planet as see in [18]. The 5G is a new
cellular network concept comparatively to the previous versions of mobile systems and due to this,
are necessary to apply new technologies. Therefore, some key technologies for the 5G are being
developed such as millimeter wave (mmW) systems, Massive Multiple-Input Multiple-Output
(mMIMO), Spatial Modulation (SM), Mobile Femtocell (MF) and separating of indoor-outdoor
scenarios [19]. In this master dissertation we mainly focus in the mmW and mMIMO systems.
Numerous benefits will come with 5G, however this this new technology includes some challenges

that need to be solved.
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The frequency spectrum used nowadays by the mobile communications is currently saturated, so
it is necessary to find another spectrum band for mobile applications. In this context, the mmW band,
with its huge available bandwidth [20], with wavelengths from 1 to 10 millimeters [21], can be an
interesting solution. The mMIMO systems, that includes both transmitter and receiver sides, are
another key technology for the future generation 5G to support more users, achieve higher capacity
and data rates, obtain a better Energy Efficiency (EE) and a Spectral Efficiency (SE) gain when
compared to the previous generation of mobile telecommunications, 4G-LTE [22][23]. These two
technologies, mMIMO and mmW, are discussed in Chapter 3 and Chapter 4, respectively.
Nonetheless, with the application of these two key technologies, it is necessary to develop an
architecture that reduces the overall complexity and the costs of the system. So, hybrid architectures
that work in both analog and digital domains, have been designed to accomplish these 5G

requirements and simultaneously maintain the EE design.

In Figure 1.6 is depicted the main concepts of 5G such as a bigger autonomy of the mobile devices,
wider coverage, high data rates and mobility (up to 500 km/h), low latency (below 1 ms), etc.

Mobile broadband Dense crowd of users

Very high
data rate

Mobility \égrga';'l?;‘

Massive Reliability,
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devices security

Long battery
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loT sensor network loT control network
Figure 1.6: 5G Concepts [24].

Some projects supported by European Union (EU) are being developed in the last few years such
as: the 5th Generation Non-Orthogonal Waveforms for Asynchronous Signalling (5GNow), Mobile
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and Wireless Communications Enablers for Twenty-twenty Information Society (METIS), Horizon
2020 and 5G Infrastructure Public Private Partnership (5GPPP) [24].

In Figure 1.7 we can see the possible evolution of the systems since 2G until 5G for the next
years. 2G and 3G will lose their influence and, as seen before, the 4G-LTE will have a big weight in
the next years in the market of mobile telecommunications. Meanwhile, the 5G will have a fast
adhesion after its release in 2020 [25].

Concluding, the 2G is design for voice, 3G for data, 4G for large data stream applications such as
music and video and 5G needs to be more efficient to handle not necessarily with a huge amount of

data but with a huge number of connected devices.
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Figure 1.7: Global Mobile Adoption by Technology [25].

1.3 Overview and Motivations

The mobile data traffic has increased over the years and the next generation (5G) arise to respond
at this demand for higher data rates [14][15]. The frequency spectrum used by the mobile
communications is currently saturated, so it is necessary to find another spectrum band for mobile
applications. In this context the mmW band, with its huge available bandwidth, can be an interesting
solution. Other key technology for future generation communications is mMIMO, allowing to

achieve higher data rates and EE [22].

The combination of mmW with mMIMO systems enables the use of a large antenna array at the

BS and in the user terminal (UT) due the mmW has a smaller wavelength than the frequency bands
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used by the current cellular systems [26]. Massive MIMO beyond of improving EE, can also improve
the SE of the mobile communications systems [23]. SE is independent of the number of antennas
employed at the BS and grows with the increase of the number of RF chains as discussed in [27].
When we have a large number of antennas it is not feasible to have one dedicated RF chain per
antenna and consequently, a fully digital beamforming (BF) architecture is not realistic due to the
higher costs and power consumption [23]. On the other hand, a system that works in the analog
domain employing a full analog BF is not feasible due to the availability of only quantized phase
shifters and the constraints on the amplitudes of these analog phase shifters [28]. One possible
solution to overcome these limitations is to consider hybrid digital and analog BF where the signal

is processed at both analog and digital levels.

Some fully connected hybrid beamforming architectures for narrowband single-user systems were
discussed in [29]-[31]. The work presented in [29] considered a transmit precoding and a receiver
combining scheme for mmW mMIMO. In this work the spatial structure of the mmW channels is
exploited to design the precoding/combining schemes as a sparse reconstruction problem. In [30]
was proposed an iterative turbo-like algorithm that finds the near-optimal pair of analog
precoder/combiner. A matrix decomposition method that can convert any existing
precoder/combining design for the full digital scheme into an analog-digital precoder/combining for
the hybrid architecture is addressed in [31]. Approaches for narrowband multi-user systems have
been also considered in [32]-[36]. A limited feedback hybrid analog-digital precoding/combining
scheme for multi-user systems was addressed in [32]. A heuristic hybrid BF is addressed in [33],
where the proposed design can achieve a performance close to the fully digital BF with low-
resolution phase shifters. A hybrid analog-digital precoding/combining multi-user system based on
the mean-squared error (MSE) was proposed in [34]. The authors of [35] designed an iterative hybrid
analog-digital equalizer that efficiently removes the multi-user interferences. In [36], was proposed
an iterative precoder and combiner design by exploiting the duality of the uplink and downlink multi-
user MIMO channels. The hybrid architecture for either single or multi-user the mmw mMIMO
broadband systems is considered in [37][38]. Precoding solutions with codebook design for limited
feedback spatial multiplexing in single user broadband mmW were developed in [37]. A hybrid
multi-user linear equalizer for the uplink of mmW massive MIMO SC-FDMA systems was proposed
in [38].

The previous works have mainly focused on fully connected architectures. However, sub-
connected architectures, where each RF chain is only connected to a subset of the available antennas,
is more suited for practical applications due to its lower complexity. Narrowband fixed sub-
connected hybrid architectures for single user systems were addressed in [39][40]. The authors of

[39] proposed a two-layer optimization method jointly exploiting the interference alignment and



Introduction

fractional programming principles. First, the analog precoder and combiner are optimized via the
alternating-direction optimization method and then the precoder and combiner are optimized based
on an effective MIMO channel coefficient. In [40] two analog precoder schemes for high and low
signal-to-noise ratio (SNR) condition were developed. For multi-user sub-connected narrowband
architecture, some approaches have been also proposed in [41]-[44]. In [41], the total achievable rate
optimization problem with nonconvex constraints is decomposed into a series of sub-rate
optimization problems for each subantenna array, and then it was proposed a successive interference
cancelation (SIC) based hybrid precoder. A low-complexity hybrid precoding and combining design
was discussed in [42], where it is performed a virtual path to maximize the channel gain and then,
based on the effective channel, is applied a zero-forcing precoding to manage the interference. The
scheme proposed in [43] efficiently control the multi-user interference by sequentially computing
the analog part of the equalizer over the RF chains, using a dictionary obtained from the array
response vectors. In [44], the Gram-Schmidt (GS) based antenna selection (AS) algorithm was used
to obtain an appropriate antenna subset for the overlapped, interlaced and dynamically architectures.
Recently, solutions for broadband mmW multi-user downlink massive MIMO-OFDM systems were
proposed in [45]. A unified heuristic design for both fully connected and sub-connected hybrid

structures was developed by maximizing the overall spectral efficiency.

The previous works considered mainly a sub-connected hybrid architecture for single and multi-
user narrowband systems. Therefore, in this dissertation we design and evaluate an efficient hybrid
multi-user equalizer combined with a pure analog precoder for sub-connected uplink mmwW massive
MIMO SC-FDMA systems. We consider single RF UTs employing a low complexity, yet efficient,
analog precoder approach based on the knowledge of partial channel state information (CSI), i.e.,
only a quantized version of the average angle of departure (AoD) of each cluster is considered. The
hybrid multi-user linear equalizer employed at the BS is optimized by using the BER as a metric over
all the subcarriers. We assume that the digital part of the equalizer is computed on a per subcarrier
basis while the analog part is constant over the subcarriers. The analog domain hardware constraints
considerably increase the complexity of the corresponding optimization problem. To simplify it, the
merit function is first upper bounded, and by leveraging the specific properties of the resulting
problem, we show that the analog equalizer may be computed iteratively over the RF chains by
assigning the users in an interleaved fashion to the RF chains, using a dictionary built from the array
response vectors. The results show that the performance penalty of the sub-connected multi-user

equalizer approach to the fully connected counterpart decreases as the number of RF chains increases.
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1.4 Contributions

The main contributions of the research performed in this dissertation are: the study of two
promising techniques for future mobile communications (millimeter waves and massive MIMO) and
the development of an analog precoder and a sub-connected hybrid analog-digital multi-user

equalizer that has originated the following article:

Ricardo Simdes, Daniel Castanheira, Adao Silva and Atilio Gameiro, “Multi-User Linear
Equalizer and Precoder Scheme for Hybrid Sub-connected Broadband Millimeter Wave Systems”,

submitted to Physical Communications, Elsevier, June 2018.

1.5 Structure

This dissertation is organized as follows: In this first Chapter, we made an overview of the
historical evolution of the mobile communications and the corresponding technologies adopted until
the next generation of mobile communications (5G). After it was described the overview and

motivations followed by the notations used.

In Chapter 2, we first make a description of the single and multi-carrier techniques and after it is
discussed some common multiple access techniques. After the OFDM, OFDMA and SC-FDMA

systems followed by a promising modulation technique, CE-OFDMA, are presented.

In Chapter 3, we first introduce the concept of diversity and multiple antennas systems and then,
we presented the spatial diversity and multiplexing technigques. After that it is described the concept

of massive MIMO and its opportunities and limitations.

In Chapter 4, we present the millimeter waves systems with their respective advantages and
disadvantages. Lastly, the conjugation of massive MIMO and millimeter waves are discussed as well

as hybrid and low-resolution ADCs architectures.

In Chapter 5, we describe the overall system proposed. We start by describing the transmitter,
after the channel and the receiver system model. Then, the analog precoder employed at each UT is
described. After, the sub-connected hybrid analog-digital multi-user equalizer is derived. In the end,

the main performance results are presented.

Finally, in Chapter 6, we conclude this dissertation and provide some possible guidelines for

future research.

11
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1.6 Notations

The following notation is used in this dissertation: boldface uppercase letters, boldface lowercase
letters and italic letters denote matrices, vectors and scalars, respectively. The operations (.)", ()",
()" and tr(.) represent the transpose, the Hermitian, the conjugate and the trace of a matrix,

respectively. The operator diag(A) corresponds to the diagonal entries of matrix A . The identity

matrix of size N xN is denoted I . E[.] and {a, }|L:1 represents the expectation operator and an L

length sequence, respectively. [A] represents the entry of the nth row and Ith column of the matrix

n,l
A. The indices, t, k and u represent the time domain, subcarrier in frequency domain, and UT,

respectively.

12



2. Modulation and Multiple Access in Cellular

Networks

In this Chapter is introduced some modulation schemes and multiple access techniques that are
considered in cellular systems. Basically, the process called modulation consists in the addition of
the information transmitted to the electromagnetic waves. In the receiver, we have the opposite
process that is demodulation. This bring us some advantages such as more flexibility, more
electromagnetic energy efficiency, more bandwidth available and more efficiency in the utilization
of the transmission channel. So, we will give an overview of the OFDM that can be easily extended
to multiple access OFDMA and SC-FDMA modulations. Finally, we present an example of new

modulation that can be used in future systems, such as, constant envelop OFDM (CE-OFDM).

2.1 Single and Multi-Carrier Approaches

The single carrier approach, depicted in Figure 2.1, means that information is modulated only to
one single carrier and, for high data rates solutions, needs a complex equalizer to reduce the
intersymbol interference (ISI). With the FDMA scheme, it is possible to have different users using
different carriers or subcarriers as represented in Figure 2.2. Nonetheless, to avoid inter carrier
interference (ICI), the FDMA scheme needs a guard band that wastes a lot of spectrum. In order to
solve the problem described above, for broadband communications, is the use parallel transmission.

In a multicarrier approach with N subcarriers, we have B/ N Hz of bandwidth per sub-carrier,

where B is the total bandwidth. An example of multi-carrier is showed in Figure 2.3, where the
subcarriers are overlapped and have a better spectral efficiency. However, it is necessary to ensure
that sub-carriers do not interfere with each other even with the spectrum overlapped. A solution is
achieved with the orthogonality between the different transmissions addressed below with the

Orthogonal Frequency Division Multiplexing (OFDM) principle [46].
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Figure 2.3: Multicarrier scheme [46].

2.2 Frequency Multiplexing

The frequency division multiplexing is a principle where the spectrum allocated is divided in
smaller slots of bands like represented in Figure 2.4. So, a determinate channel uses a given band of

the corresponding spectrum. FDMA is an example of a method that uses frequency multiplexing.
This type of multiplexing has some advantages such as:

e Dynamic coordination not required
e Adapted to work with analog signals
e No ISl due to narrowband channels

e Moderate complexity

14
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However, has some disadvantages like the waste of bandwidth with asymmetric traffic, difficult

to allocate several channels at the same user and needs a guard band between the bands in the
spectrum.

O\

St

Figure 2.4: Frequency Division Multiplexing.

2.3 Time Multiplexing

Time division multiplexing is a digital technology that has the principle which a channel uses all
the spectrum during a given time, that is, the time is divided in time slots for the different channel as
represented in Figure 2.5. In this case, the time is used to separate the different data streams. TDMA
is an example of the time multiplexing technique that has been used in 2G.

A A A A N A A N N N NN NN NN

NS

Figure 2.5: Time Division Multiplexing.

With this technique, the efficiency is typically higher than in frequency multiplexing, it is possible

to have a single carrier at any time and is easier to allocate multiple channels for a given user.
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Nonetheless, it is necessary a synchronization and need ISI elimination which leads us to complex

equalizers.

2.4 Frequency and Time Multiplexing

Conjugating the time and frequency multiplexing, we obtain the method depicted in Figure 2.6
where a channel uses, at a given band, a time interval. This bring a protection against frequency
selective interference but still needs a precise synchronization. At the TDMA seen before, if add

frequency hopping, we obtain an example of frequency and time multiplexing.
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Figure 2.6: Time and Frequency Division Multiplexing.

2.5 Code Multiplexing

In the code multiplexing, represented in Figure 2.7, all channels use all spectrum at the same time
and have a code that allows the separation in the code domain. With this technique it is possible to
choose of simultaneous voice, data, FAX and SMS with a lower capital cost, however, with a more
complex receiver. CDMA is an example of code multiplexing and has been used in 3G. With the
increase of users, the performance of CDMA decreases smoothly, contrary to FDMA and TDMA,

where the system works well until all slots, in frequency or time, are fulfilled.
The main advantages of this principle are:

e Simplification of the coordination requirements (time or frequency)
e Good protection against interference

e No strict limit on the number of users
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e Possible to allocate multiple channels to a single user

Figure 2.7: Code Division Multiplexing.

2.6 Orthogonal Frequency Division Multiplexing

OFDM is an extension of the concept of modulation in multi carriers that allow us to separate the
symbols transmitted in a set of frequency subcarriers. The carries of OFDM are orthogonal and thus
they overlap without the ICI problem. This overlapping does not interfere with the capacity to recover
the original signal once that each subcarrier corresponds to a sinc function. In Figure 2.8 it is possible
to see that, where a peak of a subcarrier aligns with the nulls of the other subcarriers. So, if we have
a different information in two sub-carries in the receiver, it is possible to separate the information
transmitted in each sub-carrier easier [47]. Hence, we can separate a single high data rate stream in

a multiple lower data rate streams that can be transmitted simultaneously in parallel subcarriers.

Orthogonally spaced overlapping subcarriers
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Figure 2.8: OFDM signal frequency spectrum [47].
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This concept is represented in Figure 2.9 where this modulation divides the high bit rate stream

into a d, parallel low bit rate, with N_ subcarriers, where k =0,...,N, —1.
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Figure 2.9: OFDM modulation principle.
The duration of each OFDM symbol is the following,
1
T=— with T=TN,. (2.2)
Af

c

To avoid the ISI, the OFDM principle has a space between the subcarriers with bandwidth B given
by

Af, = NE : (2.2)
At the receiver, the corresponding signal is
N.-1 ) )
r(t) = Re{z dkrect(t/T)e’Z”“ke‘Z”“C}. (2.3)
k=0

The corresponding signal after removing the RF carrier, for a time slot of duration T , is given by

—jonfy = joﬁkt ; k
s(ty=r()e < =>"de T with f, =5 (2.4)
k=0

If we sample the sequence atarate N_/T , we obtain the following set of N, samples

N, -1 j2zkn
s, =s(nT/N,)=> de " with n=01...,N, -1. (2.5)
k=0
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That means

{s,} = IFFT{d,} = {d,} =FFT{s,}. (2.6)

Consequently, the original sequence can be simply recovered by sampling atarate N /T and taking

the FFT over the N, samples from one slot of duration T .

Now, at the transmitter we have over a period T the following signal,

N, -1 j2xkt

s(t)= > de T rect(t/T), (2.7)

that is formed by all the N, subcarriers.

If we sample the sequence at arate N, /T , we obtain the following sequence

Nc—l j27rkﬂ
s, =s(nT/N,)= Y d,e " with n=01,...,N, -1. (2.8)
k=0

This means that the implementation of the multicarrier modulation can be done by replacing the bank
of modulators by an IFFT [1].

When the signal passes through a time-dispersive channel, the orthogonality of the signal can be
concerned. At the transmitter, the initial solution has a guard interval that consists as an empty space
between two OFDM symbols, which serves as a buffer for the multipath reflection. This solution
leads us to the ICI problem that means they are no longer orthogonal to each other. The cyclic prefix
(CP) is a better solution than the guard interval where instead of the empty spaces, it is used a copy
of the last OFDM symbol added in front of the transmitted OFDM symbol that allow a zero ICI.
These two solutions, represented in Figure 2.10, occupies the same time interval but the CP ensures
that a delayed OFDM symbol have a complete symbol in the FFT interval that helps to maintain the
orthogonality between subsequent subcarriers. At the receiver, the CP is first removed and after the

process continues. The orthogonality is lost when the delay spread z,,, is larger than the length of

CP interval. With the insertion of the CP interval we lose, but is not too significant, part of signal

energy since it does not carry information that is represented as

SNRe :—10Ioglo( —TﬂJ, (2.9)
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where T, and T are the interval length of the CP and the OFDM symbol duration, respectively

[48].
Complete OFDM symbol

Data part of OFDM symbol Next OFDM symbol

Guard
Interval

Complete OFDM symbol

Data part of OFDM symbol Next OFDM symbol

Figure 2.10: Guard interval and CP to OFDM systems [48].

Concluding, OFDM modulation ensures that the IS caused by the high data rates is minimized,
adapts to severe channel conditions, has a high SE that allow an overlap of the power spectral density
(PSD) and has a low sensitivity to time synchronization errors like represented in Figure 2.11. So,

we can say that approach turns the channel into a flat fading channel that is easy to estimate.
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Figure 2.11: Effect of the multipath channel [1].

Nonetheless, OFDM is sensitive to frequency synchronization problems because of the multipath
fading, the efficiency decreases due the CP interval and has a high Peak to Average Power Ratio
(PAPR) that is proportional to the number of subcarriers used in OFDM systems [49][50]. With a
large PAPR makes that the implementation of digital-to-analog converters (DAC), analog-to-digital
converters (ADC) and RF amplifiers extremely difficult. Clipping windowing and linear peak

cancelation are two techniques used to reduce the PAPR discussed in [48].
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The OFDM system, at the transmitter and receiver, is represented in Figure 2.12. Initially, the
data bits are modulated into symbols with a data modulation schemes for example, Quadrature
Amplitude Modulation (QAM) or Quadrature Phase Shift Keying (QPSK). These symbols pass
through an IFFT to convert the frequency domain signal into the time domain. In the end, the CP is
added and passes by a DAC. At the receiver, the signal passes by an ADC and the CP is removed.
After that the signal passes by a FFT to convert the received time domain signal into a frequency
domain and is applied an equalizer (based on the channel state information knowledge) to remove
the channel effects. Finally, the signal is demodulated and then the data bits are recovered [48].

hannel

| bits . -1 ™" ;- cp ‘ b
| — Demodulation qualizer : ‘ i oo DB APC
i -— -— 1

- Receiver

Figure 2.12: Block diagram of an OFDM system.

2.7 Orthogonal Frequency Division Multiple Access

OFDMA, distinguished by its simplicity, is an extension of OFDM to multi-user communication
systems that distributes the subcarriers among all the users at the same time [48]. A comparison

between OFDM and OFDMA for different users is showed in Figure 2.13.

OFDM OFDMA

Sub-Carriers

Figure 2.13: Differences between OFDM and OFDMA.

Some techniques can be implemented with OFDMA such as the interleaved and localized
mapping techniques. When is interleaved OFDMA it is known as IOFDMA and when is localized
OFDMA is known as LOFDMA. In the IOFDMA, the symbols are a repetition of the original inputs
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with a systematic phase rotation and in LOFDMA, the subcarriers are mapped side by side. These
two techniques are represented in Figure 2.14. In [51] is demonstrated that the performance of
IOFDMA is slightly better than the LOFDMA technique.
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Figure 2.14: Comparison between IOFDMA and LOFDMA.

The main advantages for OFDMA are, a good performance in frequency selective fading
channels, low complexity of base band receiver, good spectral properties and handling of multiple
bandwidths, link adaptation and frequency domain scheduling and compatibility with advanced
receiver and antenna technologies. However, OFDMA has some drawbacks such as the high PAPR,
due the constructively or destructively overlap of the various transmitted signals, which requires high
linearity in the transmitter and the non-constant envelope of the modulated signal that reduces the
efficiency of the RF power amplifier (PA). In LTE, OFDMA is used in the downlink multiple access
and SC-FDMA is used in uplink multiple access to achieve a better PA efficiency [1][46].

2.8 Single Carrier Frequency Division Multiple Access

SC-FDMA is a multiple access hybrid modulation scheme developed specifically to the uplink in
LTE that combines the low PAPR of the single-carrier technique with the robust multipath resistance
and flexible subcarrier achieved by OFDMA. This low PAPR achieved is also a good opportunity to
the uplink due the constrain of the mobile battery [52]. Figure 2.15 shows a SC-FDMA block
diagram. In the transmitter, first the signal is modulated into symbols using for example a QPSK or
QAM schemes, like in OFDMA. Then, the signal passes by a N -point FFT to convert the data
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symbols into frequency domain. Finally, is the subcarrier mapping and the signal passes by an N, -

point IFFT that converts the frequency to time domain and after the CP is added.
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Figure 2.15: SC-FDMA receiver and transmitter scheme [1].

At the receiver, firstly the CP is removed and then the signal passes by an N_-point FFT that

convert the time domain into frequency domain. After, the subcarriers are de-mapped and the
equalization in the frequency domain is done. In the end, the equalized symbols in frequency domain
are converted in time domain by an N -point IFFT and the symbols are converted into the original
signal due to demodulation. The main difference between the SC-FDMA and the OFDMA schemes
in the transmitter and receiver are the N -point FFT and N -point IFFT operations, respectively, for

the N data symbols represented in Figure 2.15 [1].

The most common single-user equalizer coefficients used in SC-FDMA systems are the
following:
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Maximal Ratio Combining (MRC)

The main objective of MRC is to maximize the instantaneous SNR at the receiver. The expression

of this equalizer is obtained doing the conjugate transpose of the frequency response of the channel

h, of each subcarrier [53][54]. So, this equalizer is given by:

g,=h" with 1 =1,...,N. (2.10)

Equal Gain Combining (EGC)

The EGC technique basically rotates the phases of the arrived signals in each antenna in order to
compensate the phase rotation by the channel, and for this, all the subcarriers arrive in phase at the
receiver. This technique only needs the phase information of the channel coefficients, thus is less
complex [53][54]. This equalizer is given by:

g = :' with 1=1,...,N . (2.11)

*

Zero Forcing Combining (ZFC)

ZFC equalizer symbolizes the inverse of the channel frequency response and recover the
orthogonality among the distinct users and therefore, the ISI goes to zero. However, this scheme
amplifies the noise particularly to the channel coefficients with low amplitude. The coefficients can
be obtained by flipping the channel [53][54].

b
g, =— with 1 =1,...,N.. (2.12)

ul

Minimum Mean Square Error Combining (MMSEC)

This algorithm is what presents better results comparatively to the others MRC, EGC and ZFC.
With this algorithm, the coefficients are acquired by minimizing the mean square error among the
transmitted signal before OFDM modulation and the signal to the equalizer on each subcarrier
[53][54].

*

h
g, =*2—' with 1=1,...,N . (2.13)
‘h,‘ +o?

where o is the noise variance. When the noise variance tends to zero, it is easy to see that MMSEC

algorithm is equal to the ZFC algorithm.
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A transmission of four QPSK data symbols with OFDMA is showed in Figure 2.16 where the
transmission of the data symbols, one per subcarrier, is made in parallel and in SC-FDMA system,
the transmission of the data symbols is made in series, at four times the rate. The high PAPR is
achieved due these parallel transmissions in OFDMA. In the SC-FDMA, the N transmitted data
symbols in series at N times the rate occupy the same bandwidth as a multi-carrier OFDMA but
with a lower PAPR. The use of SC-FDMA is restricted to uplink due to the increase of time domain
processing that be a problem in the BS [55]. So, like in LTE, the SC-FDMA can also be used in the
5G uplink transmission [56].

b EEoEEEE-

Sequence of OPSK data symbols to be transmitted

OPSK modulating
data symhols

}"‘_ 15 kHz Frequency Fragquancy
OFDMA SC-FDMA
Data symbols occupy 15 kHz for Data symbaols occupy N * 15 kHz for
one OFDMA symbal pariod 1/N SC-FOMA symbel periods

Figure 2.16: Comparison between OFDMA and SC-FDMA [55].

2.9 Constant Envelop Orthogonal Frequency Division Multiplexing

As seen before, the OFDM as a high PAPR that increases with the rise of the number of
subcarriers. Therefore, are necessary highly linear PA for OFDM systems that makes a system with
low power efficiency and decrease the battery life of the mobile device [57]. To overcome these
problems, in past years some techniques have been developed such as the Constant Envelope OFDM
(CE-OFDM) and the SC-FDMA presented above. Contrary to OFDM that amplitude modulates the
carrier, the CE-OFDM, at the transmitter, uses the OFDM signal to phase modulate (PM) the carrier
and the inverse transform, phase demodulator, it is made in the receiver previous to the OFDM
demodulator [58][59]. So, CE-OFDM is a promising modulation technique for the future wireless
communications systems where basically converts the high PAPR OFDM signal into a constant

envelop signal, i.e., with a PAPR of 0dB [60]. This comparison is showed in Figure 2.17 where we
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can observe that high PAPR of OFDM is converted in a constant envelop signal with a PAPR value
of 0dB. Nevertheless, the CE-OFDM systems requires more bandwidth than OFDM that results in a
lower spectral efficiency comparatively to OFDM [58].
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Figure 2.17: Comparison between OFDMA and CE-OFDM PAPR [58].

The CE-OFDM system, as depicted in Figure 2.18, shares many blocks with the same
functionality of OFDM system [61]. In this figure, the shaded blocks represent the exclusive blocks
of CE-OFDM and the unshaded blocks represent the common blocks of OFDM and CE-PFDM.

Fading channel
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bits demap —
Phase demodulator Frequency-domain equalizer

Figure 2.18: Example of CE-OFDM system proposed in [61].
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3. Multiple Antenna Systems

In order to accommodate the increasing demand of high data rates for the wireless services, the
cellular systems tend to be developed with multi antenna terminals. So, it is possible to improve the

capacity and the throughput of the systems with the application of multiple antennas.

In this chapter we introduce the diversity principle. After that, we present the antennas
configurations and the receive and transmit diversity techniques. Then, some spatial diversity
approaches that be implemented in multiple antenna systems are presented. Finally, we discuss the
technigues used in SU/MU Multiple-Input Multiple-Output (MIMO) and, in the end, the massive
MIMO systems are described.

3.1 Diversity - Fading Problem

One of the main problems in the wireless communications are the fading effect and diversity is
one way to overcome this problem. This principle consists in transmitting the same information
through different independent fading paths. By doing that, the probability of all the replicas of the
signal fade is reduced, that represents an important advantage for wireless communications. A flat
fading can be in good states if the SNR is high enough to achieve the required reliability or in bad
states if the SNR is too low to guarantee the required reliability. The overall system performance is
imposed by the bad state channels and therefore the performance is worse as compared with Additive
White Gaussian Noise (AWGN) channels. By providing diversity to the system it is possible to bring
the performance curve to close one achieved by the AWGN channel as depicted in Figure 3.1, where
L represents the order of diversity (that can be in time, frequency or space as we will see) [1][62].
In this Figure, the overall performance of the system increases (toward AWGN curve) as the diversity

order L increases.
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Figure 3.1: Diversity performance comparison [1].

The diversity can be achieved in time, frequency and in space [1][53]. These ways to apply

diversity are described below.
Time diversity

The time diversity can be achieved when the same information is transmitted at different times
and if they are separated by much more than the coherence time. Normally, time diversity is used in
practice with interleaving and coding over symbols across different coherent time periods. The main
disadvantage of time diversity is the decrease of the data rate, for a number of L independents paths

by a factor of L.
Frequency diversity

The frequency diversity can be achieved when the same information signal is transmitted at
different frequencies, where the carriers are separated by the coherence bandwidth of the channel.

The main disadvantage of frequency diversity is that normally requires more bandwidth available
[1].
Space diversity

As seen before, the diversity achieved by time and frequency methods became with some
limitations for the wireless communications. Therefore, if we use a new dimension that is the space,
where is necessary to equip the terminals with multiple antennas, we can have spatial diversity.
Spatial diversity, also known as antenna diversity, consists in the transmission of information by
different independent antennas spatially separated with two or more antennas to overcome the effects

of multipath fading. Contrarily to time and frequency diversity, space diversity does not need an
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increase of the transmitter power or an increase of the bandwidth, which is an advantage for wireless
systems. Depending the number of antennas employed at the transmitter and receiver we can have
transmit or receive diversity. Therefore, redundancy is achieved by the transmitted signal replicas

sent and received by the multiple independent antennas [63].

3.2 Antennas Configurations

There are four types of antennas configurations depending on the number of antennas in the

transmitter and in the receiver, described below.

3.2.1 SISO

The single-input single-output (SISO) configuration is the most basically case, where we only
have one antenna in the transmitter and one antenna in the receiver as seen in Figure 3.2. The main
advantage of this system is the simplicity that do not requires any spatial processing. However, the
throughput of SISO systems depends of the channel bandwidth and SNR whereby can suffer fading

effect, losses, attenuation, and as consequence the data rate is decreased [64].

Ant. 14 Ant. 1y,

-
L

Figure 3.2: SISO configuration.

3.2.2 SIMO

The single-input multiple-output (SIMO) configuration only have one antenna in the transmitter
and multiple antennas in the receiver as showed in Figure 3.3. In this scheme it is possible to achieve
receive diversity when the same information flows through different independent paths between the

transmitter and the receiver [64].
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Ant. Iy,

Figure 3.3: SIMO configuration.

3.2.3 MISO

The multiple-input single-output (MI1SO) configuration is the case with multiple antennas in the
transmitter and only a single antenna in the receiver as represented in Figure 3.4. In this case it is
possible to achieve transmit diversity when the information is transmitted by different antennas.

[54][64].

Figure 3.4: MISO configuration.

3.2.4 MIMO Communications

MISO and SIMO provides diversity and antenna gains, but do not provide multiplexing gain that
is the capacity gain obtained by decomposing the MIMO channel into parallel channels and
multiplexing the different data streams into these channels. MIMO systems have multiple antennas
at the transmitter and at the receiver, as show in Figure 3.5, that allow an increasing of the data
throughput capacity, provide additional robustness to the channel, offer an high spectral efficiency,

increases the multiplexing gain and mitigate the channel fading [65][66].
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Figure 3.5: MIMO configuration.

Between the transmitter and the receiver, the signal can travel through different paths for the
MIMO configuration. So, these paths can be used to provide robustness to the system by improving
the SNR or the data capacity. For the conventional systems, with multiple antennas in the transmitter
and receiver, it is necessary a dedicated RF chain for each antenna. For a low number of antennas
this is not a big problem, but when we have a large number of antennas we need to consider this as
a problem as seen in the next Chapter [64]. The main advantages of MIMO, due to the multiple
antennas, are the array gain, the diversity gain and the multiplexing gain that allow to combat the
fading channel and increase the data rate. Array gain and diversity gain can also be obtained in SIMO
and MISO systems. The multiplexing gain can only be achieved in MIMO systems. Array gain is the
improvement of SNR acquired by coherently combining the signals on multiple transmit or receive
dimensions. Spatial multiplexing consists in the transmission of the different data symbols in parallel
across different spatial parallel channels and space diversity is basically the improvement in the link
reliability obtained by the received replicas of information through different independent paths [53].

3.3 Receive Diversity

With multiple antennas at the receiver, is possible to obtain receive diversity that can achieve
diversity gain associated at the independence of the channels and antenna gain associated at the
independence of the noise at each receiver [1][67]. However, to achieve these gains the received
signals, from the different antennas, should be well combined. The main combining schemes are the

following

1. Maximal Ratio Combining (MRC): also known as Matched Filter, in this algorithm all
individual paths are co-phased and summed with weight in order to maximize the SNR.
2. Equal Gain Combination (EGC): where the signals are co-phased on each branch and then

are combined with equal weights. This scheme reduces the complexity, relatively to the
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MRC, due to only use equal gains and consequently, the performance is slightly lower since
the antenna gain is lower.

3. Selection Combining (SC): This scheme compares and selects the instantaneous amplitude
of each channel and chooses the antenna branch with the largest amplitude, ignoring the

other signal antennas.

The practical performance results to the MRC and EGC are almost equal, being the MRC the
better. The SC scheme is the worst, with an antenna gain much lower than MRC and EGC schemes
[68].

3.4 Transmit Diversity

With multiple antennas at the transmitter side, it is possible to obtain transmit diversity. Centrally
to receive diversity that simply needs the multiple receive antennas to fade independently without
being necessary any specific modulation or coding schemes, the transmit diversity, depending on the

CSl available, needs spatial modulation and spatial coding schemes [69].

There are two main types to achieve transmit diversity: the open loop and closed loop techniques
that are described below. In the case of open loop technique is assumed that the CSI is not known at
the transmitter and it is possible to implement transmit diversity with space-time coding schemes.

Contrary, for the closed loop technique, the CSl is available, partial or all, at the transmitter [6].

3.4.1 Openloop

The open loop technique uses a space-time/frequency coding and do not use a CSI at transmitter
side like in the closed loop technique discussed later. There are some solutions like the Space Time
Block Coding (STBC), Space Frequency Block Coding (SFBC), Space-Time Trellis Code (STTC)
and Layered Space-Time Codes (LSTC). Here we briefly describe the STBC/SFBC adopted by the

current 4G systems.

Alamouti scheme and Tarokh codes are two examples of STBC/SFBC. Figure 3.6 shows an

Alamouti encoder scheme with 2 transmit antennas and 1 receive antenna. First the bits are modulated

to symbols [s, s, ] and then these symbols are transmitted. In the first time slot, the symbols s, and
s, are transmitted in antenna 1 and antenna 2, respectively. At the second time slot, the symbols

—s, and s, are transmitted in antenna 1 and antenna 2, respectively. So, antenna 1 send [sl —sﬂ

and antenna 2 sends [sz 31] . The code used in antenna 1 is orthogonal to the one used in antenna

2suchas [s, —s; |L[s, s ].
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Figure 3.6: Alamouti encoder scheme 2x1 [1].

In the receiver side, represented in Figure 3.7, we have the received signal to which going to be

added the noise and passes by a decoder. In the end, the estimated data symbols are demodulated

obtained the bit estimates.
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Figure 3.7: Alamouti decoder scheme 2x1 [1].

Table 3.1 show the Alamouti coding applied to instants or frequencies n and n+1.

Time/frequency | Antenna 1 | Antenna 2

n S Sn+1

n+1 -s S,

Table 3.1: Alamouti code.
Assuming the code showed in Table 3.1, the received signal at time/frequency n and n+1 are

12 h2,nsn+1 + r]n
3.1
1 . 31

o= by, s, e
2T 2
S +Nn

1 .
Yo = _E hl,n+lsn+1 + E h2,n+1 n

n+1

where each symbol is multiplied by a factor of 1/\/5 to normalize the power per symbol to 1. The

corresponding estimated signal decoding are
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S —ihl* y +ih y*
n \/E N+l n \/E 2,n Jn+l

(3.2)
§ —ih* y _ihl y’r
n+l \/E ,n+lrn \/E nJrn+l
Now it is assumed the soft decision of the s, data symbols is given by,
1 * * 1 * 1 *
§ == +h, h S, +——= n,+—=h, n .. 3.3
n 2(hl,n+1m,n 2,n 2,n+1) n \/Ehl,ml n \/E 2,n" 'n+l ( )

We can see that the interference caused by data symbol n+1 is full eliminated. Now, if we assume

highly correlated channels h, =h_,, the previous expression simplifies to

n+l?

2 1 . 1 «
s, +—=h,n,+—=h, .n . 3.4
Jsn + 5, + (34)

2
+|h,.,

¢ -1
Sn - 2 (|h1n

And the corresponding SNR is given by

SNRzéﬂEL:rij. (3.5)
()

With the same logic described above, it is possible to make the same for 2 transmit antennas and
2 or more receive antennas. If we assume complex constellations, only exists orthogonal codes for 2
transmit antennas. A solution is the Quasi-Orthogonal Codes but they not achieve full diversity or
the Orthogonal Codes with code rate lower than 1 but causes a bandwidth expansion. An example of
Orthogonal Codes with code rate lower than 1 is the Tarokh codes that requires the same spectral

efficiency of the Alamouti codes and are slightly complex [1].

3.4.2 Closeloop

The closed loop transmit diversity assumes that the CSI is available at the transmitter side and
apply a precoding scheme to the transmit data symbols to remove the effects of the channel like
depicted in Figure 3.8. With this CSI, the receiver can adjust the phase and/or the amplitude of the
antennas to improve the efficiency [70]. Depending on the half-duplex mode used, we can obtain the
CSI by the following two ways

e TDD mode: The channel can be estimated at the BS in the uplink time slots and then used
in the downlink slots, since we have a channel reciprocity between the DL and the UL

because the carrier frequency is the same.
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e FDD mode: The CSI is estimated at the UTs and then feedback from the user terminals

to the BS since the carrier frequencies used for DL and UL are not the same.
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Figure 3.8: Closed Loop technique with CSI feedback.

Basically, when we know the channel at the transmitted side, all the processing done at the
receiver (e.g. in the SIMO systems) can be moved to the transmitter in the MISO systems.
Nonetheless, the closed loop technique can suffer some limitations such as the feedback delay that
results in an outdated CSI, and the feedback channel need to be characterized by a high level of
reliability [48]. Therefore, the open loop method is more appropriated for high mobility scenarios
while the close loop for low mobility or indoor scenarios where the probability of the channel change

between two time slots is lower.

3.5 Spatial Multiplexing

Spatial multiplexing is a transmission method for multiple antennas systems, MIMO systems that
allow us to transmit parallel data streams at the same frequency and time slot. This method allows us
to increase the capacity of the systems, but the complexity increases due the number of antennas with
the corresponding RF chain. As seen above, SIMO and MISO do not provide multiplexing gain, also

called degree-of-freedom (DoF), contrary to MIMO [71]. Spatial multiplexing, in a system with N,
transmit antennas and N, receive antennas, offers an min(N,, N, ) increase in the transmission rate,

also known as capacity, for the same bandwidth and without additional power. Nonetheless, it is not
possible to have the advantages of full diversity and multiplexing at the same time. When we transmit
the same symbol information through different antennas, we improve diversity. To improve the
capacity, we need to send different data streams through the different channels. An example is given

in Figure 3.9, with two transmit and receive antennas without interference between channels.
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In Figure 3.9 a), each symbol passes through two independent channels and these symbols are
repeated. In Figure 3.9 b), each data stream goes through one channel and each channel is used for

one data stream. It is clearly that is not possible to have both diversity and capacity at the same time.

S S
Ty, — > Ry Ty, — >Ry,
S S >
Txs S Rxz Tx, o Rxz
Diversity=2 Diversity=1
Capacity Gain=1 Capacity Gain=2
a) b)

Figure 3.9: Diversity Versus Capacity Gain.

3.5.1 SU-MIMO Techniques

The Single-User MIMO (SU-MIMO) uses a single multi-antenna transmitter and a single multi-
antenna receiver as shown in Figure 3.10. The signal processing techniques employed at both
transmitter and receiver depends on the CSI information known at the transmitter side. Let’s see the

extremes cases: the CSl is fully known and not known at the transmitter.
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Figure 3.10: SU-MIMO system model [1].

e Channel known at the transmitter
Considering the SU-MIMO system represented in Figure 3.10 with CSI available at

the transmitter, the received signal is given by,

y =Hx+n, (3.6)
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T
where x=[x1 Xy, ]T is the transmitted signal, y:[y1 er} is the received
h11 th,
.
signal, nz[n1 nN‘] is the noise vectorand H=| : h, : | is the channel
hN [ hN N

matrix with i=1,..,N, and j=1..,N,.

It is possible to convert the MIMO channel into a set of non-interfering parallel
channels using singular value decomposition (SVD). With SVD, we get the following

decomposition,

H=UDV", (3.7)

where U and V are unitary matrices of size N,xr and N,xr, with

A 0 0
r=rank(H)<min(N,,N,) and D=0 . 0| is a diagonal matrix where the
0 0 4

diagonal elements are non-negative real numbers with 4,,..., 4, be the singular values of

the matrix H .

At the transmitter, we have the following precoding matrix of size N, xr,

1
W =VP2, (3.8)
p, 0 0
where P=| 0 "-. 0 | isasquare diagonal power allocation matrix of size rxr.
0 0 p

So, the signal transmitted through the N, antennas is,

x=Ws, (3.9)

where the data vector of size rxlis s=[s, - s .

At the receiver, that uses U matrix, the equalizer matrix is,

G=U", (3.10)

Replacing W and H on the received signal we get,
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1

y=UDV"VP2s+n. (3.11)
So, the estimated transmitted data symbols is given by,

1
§=Gy=U"UDV"VP2s+U"n, (3.12)

1
§=Gy=DP2s+n. (3.13)
The soft estimate of the rth data symbol is,

§=A+ps +0, withi=1..r (3.14)

The capacity of this system is given by,

%P,
0_2

C =ilog2[1+
i=1

j bits/s/ Hz (3.15)

So, when converting the channel MIMO into r parallel channels through SVD, it is
possible to transmit r parallel free interference data symbols. To allocate the available
power for the different data symbols, in order to maximize the capacity, the algorithm
used is water filling (WF). Basically, in this algorithm the bad channels are discarded,

and the available power is distributed by the good channels [72].

e Channel not known at the transmitter

Now, we consider the same system represented in Figure 3.10 but without the
knowledge of the channel at the transmitter, so there is no CSI. Therefore, it is necessary
a more sophisticated receiver architecture in order to separate the transmitted data
symbols over the transmit antennas. The capacity of a system with channel not known
at the transmitter is slightly lower comparatively to a system with channel know at the
transmitter due the WF power allocation. To achieve this capacity in systems with
channel not known at the transmitter, advanced architectures are applied such as the
Vertical Bell Labs Space-Time Architecture (V-BLAST) and Diagonal Bell Labs Space-
Time Architecture (D-BLAST).

In V-BLAST architecture independent data streams are sent by the transmit antennas
and the data streams are decoded jointly as showed in Figure 3.11. The main drawback
of V-BLAST is the higher complexity that grows exponentially with the number of data

streams.
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Figure 3.11: V-BLAST Scheme [1].

As a solution, we have the linear sub-optimal receiver architectures, D-BLAST, such
as the zero-forcing (ZF) based equalizer, minimum mean square error (MMSE) based
equalizer and interference cancellation techniques. As seen in Figure 3.12, D-BLAST

architectures converts the problem of joint decoder into one of individual decoding of

data streams.
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Figure 3.12: D-BLAST Scheme [1].

The ZF equalizer aim, is to design an equalizer vector for each data symbol to in

order to remove the interference. A solution, only for N, >N,, that removes the

interference is given by the pseudoinverse of matrix H given by,

G Z(HHH)_lHH ) (3.16)

The vector of all estimated data symbols is given by,

§=Gy=GHs+Gn. (3.17)
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Therefore,

§=(H"H) " H*Hs+(H"H) "H"n=1,s+(H"H) "H"n. (3.18)

So, all the data symbols are detected without interference. The main disadvantage of ZF
scheme is the noise term, (HH H)_1 H"n, that is amplified when the channel is in deep

fading at low SNR.

A solution is the equalizer based on MMSE that minimizes the mean square error

between the transmitter symbol vector s and its estimates § at the received, given by,

&=E|[s-8" |=E[ls-&yI |. (3.19)

Thus, the MMSE equalizer, in order to reduce the above error, is given by,

Goee =(H"H+ 0%, ) HY. (3.20)

It is possible to see if we have a high SNR in the MMSE equalizer, this tends to the ZF

equalizer: SNR — inf = o> - 0.

3.5.2 MU-MIMO Techniques

We have seen the multiple transmit and receive antennas in the context of point-to-point channels,
however, with spatial dimension it is also possible to separate the users that share the same frequency
and time resources named as Multi-User MIMO (MU-MIMO). There are two different type: the UL
where different users communicate to the receiver and the DL, where the communication is from the
transmitter to the different users. Without multiple antennas is not possible to separate the users that
share the same resources. The principles used in SU-MIMO seen above are similar to the ones used
in MU-MIMO. The Potential advantages of MU-MIMO over SU-MIMO include robustness and the

preservation of spatial multiplexing gain [12].

Figure 3.13 shows an uplink block diagram for MU-MIMO. The receiver structures used for
point-to-point MIMO can also be employed for the uplink with multiple users since each UT can be
seen as one antenna in the previous MIMO point-to-point system. The number of users need to be
equal or lower than the number of receive antennas, ie.,

Number of Rx antennas > Number of users. Another limitation is that the number of total

transmit antennas need to be less or equal than the total number of antennas at the receiver, i.e.,

Number of Rx antennas > Number of Tx antennas x number of users.
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Figure 3.13: Uplink Communication [1].

Figure 3.14 shows the downlink block diagram with a precoding or beamforming to mitigate the
interference that a given user can cause in other users terminals. If the transmitter does not track the
channel, cannot do precoding on the DL. In the DL it is possible to use the linear equalizer ZF and

MMSE filters to null the interference caused by a given user, however, the number of transmit

antennas need to be equal or bigger than the number of users.

User 1

Data user 1 _,|

Precoding
or

User 2

beamforming

Data user u—»|

Channel information %

User u

Figure 3.14: Downlink Communication [1].

3.6 Massive MIMO Systems

Massive MIMO is an emerging technology that is based in the principle that we have a high
number of antennas in the terminals. Normally, conventional MIMO systems have in each BS a low
number of antennas (e.g., less than 8) while mMIMO have a large number of antennas (e.g., 100 or
more) per BS. While the number of antennas at the BS can be very large, the same do not occurs in
the UT where the number of antennas is limited to fit into the mobile device. Another designation of
mMIMO is Large Scale Antenna Systems (LSAS) [23][73]. The conventional MIMO is not

reasonable for the future mobile systems because cannot achieve the SE needed and when the
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frequency used between the BS and the UT are lower (sub-6GHz), the antennas need to be distributed
in a large area. Otherwise, if we use high frequencies such as the mmW, the size of the antennas
decreases and it is possible to have the same number of antennas in a smaller volume. Therefore,
with mMIMO and high frequencies is possible to have a high number of antennas in the mobile
devices [20][74]. To get a high directivity in mMMIMO systems, the BS uses an antenna array via BF
in order to create a beam to transfer the signal. A mMIMO multi-user beamforming communication
between the BS and the users is depicted in Figure 3.15 where the increased number of antennas
allows each mobile device to communicate with the BS with low interference between each other.
So, we can define beamforming as the signal processing technique used for directional signal
transmission or reception that allows an increase of the SNR by blocking most of the surrounded
noise [75].

-

il
/Y

0 )0

Figure 3.15: Massive MU-MIMO systems [75].

3.6.1 Massive Antennas Array

In Figure 3.16 is represented some types of massive antenna array (MAA) configurations for a
BS like: linear, spherical, cylindrical, rectangular and distributed. These antennas are used depending
on the considered situation, for example, a distributed MAA can be used inside a building to improve
the range of the signal. The practical construction of an antenna needs some care, as the physical size
limit and need to be created in order to achieve the best performance possible [76][77]. When we
have a low frequency, sub 6GHz, the antennas have a big size and an example is represented in Figure
3.16 where the rectangular MAA occupies an entire building wall. This size is not reasonable and to

decrease the size of antennas we need to use high frequencies, as seen in the next Chapter.
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Figure 3.16: Type of antenna configurations [78].

3.6.2 Opportunities of Massive MIMO

The main potentials of mMMIMO architectures can offer are:

e The aggressive spatial multiplexing and the simple linear beamforming/precoding used

in mMIMO with a very large number of antennas, can increase the capacity 10 times or

more and can improve both spectral and energy efficiency [79]. The energy efficiency

can be achieved especially due the minimizing PA power losses by techniques that

reduces the PAPR [80].

e It is expected that inexpensive and extremely low power components are used in

mMIMO, in the order of milliwatts [81]. With the energy efficiency improvement, the

BS of a mMIMO that consume many orders of magnitude less power, can be powered by

wind or solar energy and this allow us to assemble a BS in a remote place without

electricity for example. Hence, the BS will generate less electromagnetic interference

[77].

e When the signal sent from a BS travels through multiple paths to arrive at the terminal,

the waves resulting from these multiple paths interfere destructively each other. This

fading is a challenge to build low latency wireless links and, to avoid fading dips,

mMIMO has a larger number of antennas and beamforming processing. Hence, the

latency is no longer limited by fading [77].
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e One way to improve robustness in a system is to apply multiple antennas at the transmitter
and/or the receiver. The mMIMO appears at this context with multiple antennas where it

is possible to improve the multiplexing and diversity gains [77].

3.6.3 Limiting Factors of Massive MIMO

e The intercell interference, named as pilot contamination, is depicted in Figure 3.17 and
can occurs in the downlink or uplink transmission. When we use the same frequency in
the neighbor cell of a determined cell, happens interference between these cells. So, one
way to cancel this interference is to create pilot sequences where the home cell is
surrounded of cells non-contaminating that uses different frequencies comparatively to
the home cell [73]. So, in Figure 3.17, the colors represent different frequencies and when
the same frequency is used, is required some distance between the base stations. Note that
in real applications cells geometry varies and they are not hexagonal like in the figure
below. Normally, we have large cells in rural areas and small cells inside cities in order
to accomplish the requirements according to the density of users. For example, in rural

areas we have a low population density, so is possible a greater spacing between the BS’s.

Figure 3.17: Frequency Planning with Seven Sets of Frequency [73].

e The design and construction of very large antenna arrays increase the hardware and
computational costs. Massive MIMO has very compacted large antenna arrays and the

space between the antennas tends to decrease. Some consequences of this space between
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the antennas is the limitation of the mutual coupling effect among antenna elements and
the reduction of the multiplexing gain. This effects only can be ignored when the antennas
are well separated from each other but for mMIMO this is not reasonable [82]. Some
other limitation such as the in-phase/quadrature imbalances in the RF chain and the failure
of some antennas elements can arise in mMMIMO systems [83].

The high directivity of the beamforming at the BS is very sensitive to movement of the
UT or the antenna array swaying and the antennas need to be sufficiently separated to
decrease the correlation between the channels [54][78].

In a FDD system, the requirements are proportional to the number of antennas at the BS
and the CSI feedback is fundamental. For this reason, FDD is not reasonable in mMIMO
systems. Therefore, TDD is the most suitable alternative to obtaining CSI due the training
requirements that are independent of the number of antennas at the BS and don’t need
CSI feedback. For these reasons, TDD will be the most technique applied at mMIMO
systems and will require further investigation in calibration methods [83].
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4. Millimeter Waves Systems

Wireless communications are a way to transmit information between a transmitter and a receiver
without being necessary a physical connection, which has some advantages such as the mobility, the
portability and the easier connection. Electromagnetic waves are used to these communications and
then, the electromagnetic spectrum needs to be efficiently used because it becomes small for the
amount of applications to which it is destined. Currently, the spectrum between 300 MHz and 3 GHz
is saturated with the mobile communications, so it is necessary to find another available spectrum
bands for mobile communication such as the mmW band. The use of mmW was not considered in
the past due to various factors such as the pathloss and penetration losses, where the propagation

range decreases with the increase of the frequency [84][85].

This Chapter focuses in the characteristics of the mmW propagation channel, and highlights the
main opportunities, limitations and solutions for the use of mmW. After, we present the combination
of mmW systems with mMIMO systems that are two keys two achieve the high data rates for the
future generations of mobile communications. Finally, some hybrid and low-resolution ADC’s

solutions are presented.

4.1 Electromagnetic Spectrum

The Electromagnetic spectrum can be divided into categories, like depicted in Figure 4.1, such as
[86]:
e Extremely Low Frequency (ELF): 300 to 3000 Hz (4 =1000 to 100 km)
e Very Low Frequency (VLF): 3 to 30 kHz (4 =100 to 10 km)
e Low Frequency (LF): 30 to 300 kHz (4 =10 to 1 km)
e Medium Frequency (MF): 300 to 3000 kHz (4 =1000 to 100 m)
e High Frequency (HF): 3 to 30 MHz (1 =100 to 10 m)
e Very High Frequency (VHF): 30 to 300 MHz (4 =10to 1 m)
e Ultra High Frequency (UHF): 300 to 3000 MHz (4 =100 to 10 cm)
e Super High Frequency (SHF): 3to 30 GHz (1 =10to 1 cm)
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e Extremely High Frequency (EHF): 30 to 300 GHz (4 =10 to 1 mm)

Through the communication, between a transmitter and a receiver, the waves propagate in earth
where only the lower atmosphere layers are involved. So, the waves have three types of propagation:
the ground wave where the propagation occurs in the earth surface, the sky wave where the wave
propagates in space and can return by reflection in the troposphere or ionosphere, and the direct wave
where the propagation occurs in the geometric horizon [1]. Note that mmW, between 30 GHz to 300

GHz, is part of the EHF group in the electromagnetic spectrum.

Wavelength (A= 3x10%/f)

300Hz 3KH=z 30KHz 300 KHz 3 MHz 30 MH=z 300 MHz 3 GHz 30 GHz 300 GHz

Frequency (/= 3x108 /A)

Figure 4.1: Electromagnetic Spectrum.

4.2 Millimeter Wave Spectrum Characteristics

With the emerging necessity to high data traffic demand, the mmW arrive with an enormous
unlicensed bandwidth beyond the traditional licensed wireless microwave bands. The spectrum
between 30 GHz to 300 GHz is underutilized and mainly unexploited whereby is a good opportunity
to discover and study. This range of spectrum, situated in the EHF at the electromagnetic spectrum,
is called millimeter wave due the size of the wavelengths from 1 to 10 millimeters. The mmW has a
shorter wavelength in the range of millimeters once the frequency is inversely proportional to the
wavelength, so we can put more antennas in the same area comparatively to the frequencies used
currently. Therefore, with mmW antenna array it is possible to obtain higher gain than the current
microwave communications system with the same area in the MAA [85]. It is possible to have more
antennas in the same area due the combination of mmW with the complementary metal-oxide-
semiconductor (CMOS) RF circuits [87].

Figure 4.2 shows the range between 3 GHz and 300 GHz and one may verify that from the 297
GHz of the total spectrum, only 252 GHz can be used for the mobile broadband. This happens
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because mmW in the range of 57 GHz to 64GHz and 164 GHz to 200 GHz can experience attenuation
due to the oxygen absorption and the water vapor absorption, respectively [20][21]. So, these ranges
of frequencies are not appropriate to use in mobile wireless communications due the strong
attenuation. In this figure we can also see that the spectrum below 3GHz is where all the current
mobile communications are situated and this is not able to satisfy the demand of the next generations

of mobile communications.

Potential 252GHz

Current cellular mobile available bandwidth

communication
available

l

[ 1 (I I
3 574}64 164 4} 200 300

60 GHz oxygen (0,) Water (H,0) vapor
absortion band absorption band

GHz

Figure 4.2: Millimeter Wave Spectrum.

4.3 Limiting Factors of Millimeter Waves systems

As seen above, the higher frequencies suffer attenuation due the water vapor absorption and the
oxygen absorption. This occurs due the raindrops are roughly the same size as mmW and causes the
effect called scattering of the radio signal [88]. In Figure 4.3 a) is showed the penetration loss from
foliage depth and in Figure 4.3 b) is showed the rain attenuation with the frequency. For the graphics
of these figures we can conclude that the loss of foliage penetration rises with the increase of the

frequency and the mmW range has a significant attenuation due the various types of rain. Basically,

with the increase of the quantity of rain, bigger is the attenuation for the mmW high frequencies
[21][89].
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Figure 4.3: Millimeter wave characteristics: a) foliage penetration loss; b) rain attenuation [21].

Compared to the existing cellular systems, the mmW systems have a much bigger path loss in
the free space. The free-space propagation depends on the frequency and propagate less well with
the increase of the frequency. So, for the mmW overcome this path loss limitation, is necessary
increase the number of antennas in order to increase the antenna gain. Due the high frequencies of
the mmW, it is possible to put more antennas in the same area than in the current frequencies used
and overcome these limitation [90].

The mmW band can experience an effect name as shadowing. At the lower frequencies is easier
to cross materials, for example a wall of a building, than mmW. The high levels of attenuation for
some materials for high frequencies, as seen in Table 4.1, makes difficult to use mmW specially
indoors in the case of the BS is outside. If the transmitter and receiver communicate in a line of sight,
do not have this problem of attenuation. Hence, the antennas need to be situated strictly indoors and
outdoors in order to have a larger coverage [16][87]. In another point of view, this problem can be
seen with an advantage, for example, if we want to use a protected frequency with important
information in a room and make sure that frequency does not cross the walls of the room to outdoors

or to the closers rooms, we can use the mmW range and some more cautions.
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ATTENUATION
Thickness
MATERIAL <3GHz 40GHz 60GHz
(cm)
DRYWALL 25 5.4 - 6.0
OFFICE WHITEBOARD 1.9 0.5 - 9.6
CLEAR GLASS 0.3/0.4 6.4 25 3.6
MESH GLASS 0.3 7.7 - 10.2
WOOD 0.7 54 3.5
CONCRETE 10 17.7 175

Table 4.1: Attenuations for Different Materials [21].

The power consumption in the ADC of the multi antennas for mmW systems is another
limitation. The consumption increases with the sampling rate and with the number of bits per sample.
Therefore, the use of high resolution quantization and large number of antennas is an important

limitation for low power and low-cost devices [87].

4.4 Millimeter Waves with Massive MIMO systems

As mentioned, massive MIMO and mmW are two key technologies that complement each other
and are promising technologies for the future wireless communications [91]. With these technologies
it is possible to have more antennas in the same volume due to the smaller wavelength of the mmwW
comparatively to the current systems that use lower frequencies and to the mMIMO systems. Hence,
the terminals can have a large number of antennas [92]. With the conjugation of mmW and mMIMO,
arise the opportunity to apply new efficient spatial techniques at the transmitter and/or the receiver

that are different that the used currently for the systems sub-6 GHz.

It is well known that when we have a large number of antennas it is not feasible to have one
dedicated RF chain per antenna and consequently a full digital BF architecture is not appropriate due
to the higher costs and power consumption [23][93]. On the other hand, a system that works only in

the analog domain, by employing a purely full analog BF, is not feasible due to the availability of
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only quantized phase shifters and the constraints on the amplitudes of these analog phase shifters
[28][94]. As result, the fully analog architecture is normally limited to a single-stream transmission
[35]. To tackle these limitations, it is necessary to find a solution to overcome these limitations, such
as the hybrid analog and digital BF, and the use of low-resolution ADC’s. These two solutions are

presented below with special focus in the hybrid architectures.

4.4.1 Hybrid Architectures

In order to overcome these problems described above, the hybrid analog/digital architectures are
considered, where the number of RF chains is lower than the number of total antennas in the
transmitter or receiver side. In this type of architectures, the signal processing is divided between the
analog and the digital domains, therefrom the name hybrid that makes a compromise on power
consumption and hardware complexity. With this hybrid architectures is possible decrease the overall
complexity and performance of the system due to the number of RF chains that is smaller than the
number of antennas. So, the main objective of the hybrid architectures is to reduce the hardware and
signal processing complexity while providing a performance close the fully digital based systems
[74].

There are several types of hybrid architectures. Two examples are the hybrid full-connected
architecture and the hybrid sub-connected architecture. In the hybrid full-connected architecture each

Ng= RF chain is connected to all antennas as depicted in Figure 4.4.

Se (1)

—®——
Bl —-@-%*@_Y

Digital { Ngg Analog
Beamforming Beamforming

St (0 - :gi_,@l

Figure 4.4: Hybrid full-connected beamforming architecture.

In the hybrid sub-connected architecture, depicted in Figure 4.5, each N.- RF chain is connected

only to a group of antennas and not to all antennas like the previous architecture. For the full-

connected architecture we have that the number of signal processing path is N, x NZ., whereas, in

the sub-connected architecture is N, x N.. for a system with N, transmit antennas and N.. RF
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chains. Nonetheless, the full-connected architecture has a BF gain N times greater than the sub-

connected architectures. So, the hybrid sub-connected architecture is simpler and more inexpensive
than the fully connected one. However, the sub-connected architecture has a lower BF gain than full-

connected architecture due the RF chain connect to a set of antennas instead of all antennas [95][96].

Sp (1) _@_ Analog : E :
Beamforming | - I T
Digital : Ngg
Beamforming T
SNrf-l (t)_ —@— Analog : :
Beamforming | ° ' T

Figure 4.5: Hybrid sub-connected beamforming architecture.

There are two types of hybrid sub-connected architectures that are the fixed and the dynamic
architectures. In the fixed sub-connected architecture, each RF chain are permanently connected to
the same fixed subset of antennas and do not change. Contrary, the dynamic sub-connected

architecture selects dynamically the subset of antennas that each RF chain connect.

Figure 4.6 illustrates the hybrid fixed sub-connected architecture and Figure 4.7 illustrate hybrid

dynamic sub-connected architecture [97]. In these two figures are considered that hybrid fixed or

dynamic sub-connected architecture is applied at the transmitter with N, transmit antennas.

_____________________

RF ®J Nrx
chain | Ngy
| @7
NrF ! |
RF &j Norx
cham | | | Nrr
E\ :\ fE 8 j
Analog RF precoder

Figure 4.6: Hybrid fixed sub-connected architecture [97].
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Figure 4.7: Hybrid dynamic sub-connected architecture [97].

To sum up, when the hybrid architectures are compared with full digital one, the performance of
the hybrid solution is limited by the number of RF chains, but it is possible to design efficient signal
processing schemes to achieve a performance close the fully digital counterpart [74][35]. Figure 4.8
compares the performance of a hybrid architecture with analog and unconstrained digital solutions.
As we can see, the hybrid spectral efficiency performance is close to the achieved by the optimal
unconstrained solution. Therefore, the hybrid solutions are a good alternative to the standard fully
digital approach.

30

—£-Unconstrained SVD, with waterfilling
—&—Hybrid precoding and combining
—%-Analog beamforming and combining

25 || ~©-One-bit quantization, convex optimization

Rate (b/s/Hz)

5

- 10
SNR (dB)

Figure 4.8: Spectral efficiency comparison of different architectures [74].
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4.4.2 Low Resolution ADC'’s

Normally, for mmW mMIMO systems, the ADCs have 6 or more bits of resolution. However,
with the increase of high data rates, the high resolution ADCs construction is very expensive and
consumes much power. In order to reduce the costs and the power consumption, low resolution ADCs
(1-3 bits) are a solution. Low resolution ADCs also do not require automatic gain control (AGC) that
simplifies the circuit complexity. A receiver structure where 1-bit ADC is used for each in phase and
quadrature baseband received signal is depicted in Figure 4.9. In this figure, we also see that each
antenna has one RF chain dedicated and two 1-bit ADC’s. So, the main focus of the low resolution
ADCs is in the receiver [74][98].

Comparing this solution with the hybrid architecture, the low resolution ADCs is more cost
efficient but needs more RF chains in the receiver and the capacity of data is limited. Nevertheless,
the use of the low resolution ADC provides a cost effective and a less power consumption but this

bring a limitation in the capacity of the channel [74].

Y ‘I bit ADC
Im [}
B . ? 4@}&1 -bit Aocn
N Transmitter ' Digital
precoding : ! ' baseband Wy
— prccessing - : : pmcessmg L
Iﬂul'l NI :

.

» 1-bit AD{'}J:

Figure 4.9: System model 1-bit ADC [74].
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5. Multi-User Linear Equalizer and Precoder
Scheme for Hybrid Sub-Connected Broadband

Millimeter Wave Systems

Millimeter waves and massive MIMO are two promising key technologies to achieve the high
demands of data rate for the future mobile communication generation. Due to hardware limitations,
these systems employ hybrid analog-digital architectures. Nonetheless, most of the works developed
for hybrid architectures focus on narrowband channels and is expected that millimeter waves be
wideband. Moreover, it is more feasible to have a sub-connected architecture than a fully connected
one, due to the hardware constraints. Therefore, the aim of this dissertation is to design a sub-
connected hybrid analog-digital multi-user linear equalizer combined with an analog precoder to
efficiently remove the multi-user interference. We basically extend the work proposed in [38] for full
connected architecture to sub-connected one. We consider low complexity user terminals employing
pure analog precoders, computed with the knowledge of a quantized version of the average angles of
departure of each cluster. At the base station, the hybrid multi-user linear equalizer is optimized by
using the BER as a metric over all the subcarriers. The analog domain hardware constraints together
with the assumption of a flat analog equalizer over the subcarriers, considerably increase the
complexity of the corresponding optimization problem. To simplify the problem at hand, the merit
function is first upper bounded, and by leveraging the specific properties of the resulting problem,
we show that the analog equalizer may be computed iteratively over the RF chains by assigning the
users in an interleaved fashion to the RF chains. The proposed hybrid sub-connected scheme is

compared with a recently proposed fully connected counterpart [38].

In this Chapter we describe the transmitter, channel and receiver system model. After we
described the analog precoder employed at each UT and is derived the sub-connected hybrid analog-

digital multi-user equalizer. Finally, the main performance results are presented.
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5.1 System Model

In this section, we describe the transmitter, the channel model and the receiver for the considered
uplink massive MIMO mmW SC-FDMA system.

5.1.1 Transmitter Model Description

We assume U UTs sharing the same radio resources, each equipped with N,, transmit antennas

and with a single RF chain. Figure 5.1 presents the general schematic of the uth user terminal. Firstly,

the time domain N_-length sequence {su_t}tN:O'l, with Ef|s,, [?]=1, is divided into R data blocks of

Ng-1

size N,=N_/R, where {Su,t} represents the rth data block. Then, this time domain sequence

t=(r-1)Ng

N1

, Where
k=(r-1)N,

is moved to the frequency domain and the resulting sequence denominated by {Cu,k}

{CU,k};N:s(il)N is the discrete Fourier transform (DFT) of the time domain sequence s, . After that,

the frequency domain data are interleaved and mapped to the OFDM symbol. To simplify the

formulation, we assume that N, = N_, which means that only a single N, -length block is considered

and assume the identity mapping. Therefore, the frequency domain sequence {cu‘k}:;;1 is the DFT

of the full-time sequence {suvt}tN:O_l. After the CP, an analog precoder f,, € C" is employed. Due to
the hardware constraints, we only consider analog phase shifters that force all coefficients of the
precoder to equal norm, i.e., |fa,u|2 =1/ N, and furthermore it is assumed that they are constant over
the subcarriers. So, the discrete transmit complex baseband signal x,, € C"* of the uth user at

subcarrier k can be represented as

Xy =F1uCo s (5.1)

a,uuk ?

where ¢, € C. The design of the analog precoder coefficients will be presents in Section 5.1.4. We

assume that the number of users is lower that the number of RF chains at the receiver, U < Ng. .
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Figure 5.1: Schematic of the uth user terminal transmitter.

5.1.2 Channel Model Description

We assume a channel given by the sum of the contribution of N, clusters, each one contributes
with N, propagation paths. The considered delay-d MIMO channel matrix of the uth user can be
written as
N Ny Nray

Hu,d = ; = ZZI:(a:I Prc (dTS _T: _T:,I )atx,u (9: _‘9;,I )a:gu (¢: —(P:J ))’ (52)
PL q

and the corresponding frequency domain channel matrix H,, C"N« of the uth user at the kth

subcarrier can be given by

D-1 —'Z”kd

Hoo=Y Hye ™, (5.3)

d=0

where N, represents the number of receive antennas, p, represents the path-loss between the
transmitter and the receiver, o, is the complex path gain of the Ith ray in the qth scattering cluster,
and a raised-cosine filter is adopted for the pulse shaping function p,, () for T, -spaced signaling as
in [37]. The qgth cluster has a time delay 7, angles of arrival g, , and departure ¢,'. Each ray | from
gth cluster has a relative time delay z;,, relative angles of arrival .9, , and departure ¢; . The paths

delay is uniformly distributed in [O, DTS] where D is the length of the CP, and the angles follow the

random distribution mentioned in [37], such that E[”HM |i]: N, N, . Finally, the vectors a, , and

a,, represent the normalized receive and transmit array response vectors, respectively. For an N-

element uniform linear array (ULA), the array response vector can be given by
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2y, (0) = i[l, glosn(®),__ glN-Diosn) 1 (5.4)

N

where k=2z/ A4, 1 is the wavelength, and p is the inter-element spacing. The channel matrix of

the uth user can also be expressed as

H,\ = A A Al

,u=u,k” ttx,u

(5.5)

where A, is a diagonal matrix, with entries (q,l) that correspond to the paths gains of the Ith ray

in the qth scattering cluster. A, =[a,,(0] —&4,),.... 2,06, —%, v, )] and

ray

Ao =[an, (@B —0lh)...a,, (8, _ﬁﬂri.,wmy ))] hold the transmit and receive array response vectors

of the uth user, respectively.

5.1.3 Receiver Model Description

At the receiver we consider a hybrid analog-digital sub-connected architecture, where each RF

chain is connected into a group of R=N_ /N antennas, where N is the number of RF chains,

as represented in Figure 5.2. We assume that the number of RF chains is lower that the number of

receive antennas, Ng- <N, .

The frequency domain received signal at the kth subcarrier y, e C"* can be written as,

u u
Y = Z Hy Xy + 0y = ZHu,kfu,kcu,k Ny, (5.6)
u=1

u=l

where n, e C" is the zero mean Gaussian noise with variance . We consider a sub-connected
hybrid analog-digital multi-user equalizer to efficiently separate the users, as shown in Figure 5.2.

Initially, the signal is processed through phase shifters modelled by the vector w, € CF, where all
elements of w,, have equal norms (Jw,,(n)[?=1/N,). The overall analog matrix W, e C"=*"+

that represents the connection between each subset of N,,/Ng- antennas and the corresponding N

chain, has a block diagonal structure

W, :diag[w',j,l,...,wa,r,...,WavNRF } =1, Ng. (5.7)

As the analog precoder, we also assume that the analog part of the equalizer is constant for all

subcarriers.
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After that, the CP is removed on each RF chain and the signal is moved to the frequency domain

by applying the DFT. Then, the samples of each carrier pass through the digital part of the equalizer

modeled by matrix W, , € CN=>Y" Therefore, the resulting signal in the end of the analog and digital
processing equalizer can be written as
& =W W H  C + W W, 'n, (5.8)

eq,k

where H,,, :[Hl,kfl,k <o Hyfy e C™Y represents the overall equivalent channel between

the U users and the receiver, and c, € C¥ denotes the frequency domain transmitted signal of all

users at the kth subcarrier. Finally, the equalized signals are demapped and moved to the time domain

by using the inverse DFT (IDFT) obtaining the estimates {§u,t}N°7l of the uth user transmitted N_ -

t=

N,-1

length data block {su,t }t=0 .

>
E
e

|
|
Ant. 1 I
L*X% | — — .
No e Y I = N > Ny-point |7 YN
N 1® RF pelete | | S Ne-point [ 717 Cl,k k=0 |S > IFFT_ > P -
) : Chain (— "Co% oy /¢ TR =1 Demap, : i o
Z@ w 1 | P Lsls W, p|” . _ s Demod. stream 1
y i | Analog |, | .| Digital : = Sl IFFT [l |
Equalizer | " | Equalizer :
Z® | ~ Nc’174> Ne-point [ | N1
: s : ~ -
ﬁAnt_ % CﬁF | Delete ? . Nc-point.»'; {CU'K}k—O s H FET L P{ } ¢ »
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Y = N -
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|
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|

Figure 5.2: Schematic of the receiver.

5.1.4 Analog Precoder Design

In this section we design a low complexity analog precoders to be employed at the transmitters.
These precoders are computed based on the knowledge of partial CSl, i.e. only a quantized version

of the average AoD 6, ,q=1,...N,, of each cluster is used. These angles estimated at the receiver are

quantized as

0 =t (8 ) .a=1..Ny ,u=1..U, (5.9)

and then sent to the transmitters. In this dissertation, for the sake of simplicity, we consider uniform

quantizers, i.e., an uniform f, has 2" levels equally spaced between clipping levels —A and A, .
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With the knowledge of these quantized angles, user u should start by computing the correlation

matrix R, = A, A, where the overall matrix A, e C™™ is given as

tx,u

Ay =[a,,(0).....8,, (0),..a,, (5], (5.10)
with a,, (éq“) computed from
a,, (équ) _ il |:1’ejkdsin(é,;‘)’m,ej(N[X—l)kdsin(é&'):|' . (5.11)

x

To compute the analog precoders we first need to apply the eigenvalue decomposition to the

correlation matrix R, i.e. R, =U, D, V.. Finally, the proposed analog precoders of the uth

x,u

user is set as

fau(ntx) :iejarg(uu,u("u,l)) . =1,..,N,, (5'12)
’ \/ Ntx
where U, (n,,1) ,n, =1,...,N, represents the largest singular value of the correlation matrix R, .

Hence, the beam follows the best channel direction improving the transmit/receive link reliability.

5.1.5 Multi-User Equalizer Design

In this section, we design a hybrid analog-digital sub-connected equalizer for multi-user mmw
mMIMO to be employed at the receiver side. A decoupled transmitter-receiver optimization problem

is assumed in this dissertation, since a joint optimization problem is a very complex task. The overall
analog matrix W, defined in (5.7) and the digital matrix {Wd'k}l’j;gl are optimized by minimizing

the BER, which is equivalent to minimize the MSE.

It can be shown that the digital part of the equalizer that minimizes the BER is given by

H
eq,kHeq,k

W, =(W'H W, +a2WHW, ) WHH,, (5.13)

since it maximizes the overall signal-to-interference-plus-noise-ration of the uth at time t, SINR, .,

i.e., the SINR relatively to data symbol s, , [38].

Let us now describe the method to compute the analog part of the considered sub-connected
architecture. By using the matrix inversion lemma [99], the overall analog-digital equalizer matrix

simplifies to
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_ _ -1
WaWdyk=Wa(WaHWa)1WHHequ(HH W (wa“w)lwa”HeqHa,fl) . (5.14)

a eq,k " "a a

Assuming QPSK constellations for simplicity and without loss of generality, the average BER

can be written as

N.-1

BER =+ 3

NU 2 iQ(./ZSINRM), (5.15)

u=1

where Q represents the well-known Q-function and with the SINR,,; given by

-1
2 N1 - 1
SINRU’I[WJz{%Z[(H;’kWa(WaHWa)1WaHHeq‘k+afl) } j -1, (5.16)

where [A]n’n represents the entry of the uth row and column of matrix A. From (5.16) we see that

SINR,  is independent of the time index. So, we can simplify (5.15) as,
1 ]
BER :UZQ(«/ZSINRU [w.]), (5.17)
u=1
with SINR,=SINR,, =SINR,, =...=SINR, .

The optimization problem to compute the analog part of the equalizer may be mathematically

formulated as

(W), =arg n\1Nian BER[W,], st W,eW, , (5.18)

a

where W ={Wa "W, :diag[wa,l""'wa,r""’Wa,NRF },|wa,r(n) F=1/N_ } denotes the feasible set

for the analog equalizer. Due to the non-convex nature of the merit function and the constraint
imposed in (5.18), itis difficult or even impossible to obtain an analytical solution to the optimization
problem at hand. Moreover, as we are considering a multi-user scenario, the resulting average BER
is a weighted function of the average BER for each user, making it even harder to obtain a solution
to the aforementioned problem. Hence, instead of an exact solution to (5.18) we will derive, in the

following, an algorithm to obtain an approximate solution to the previous optimization problem.

Using the exponential upper bound of the Q-function (Q(x)<(1/2)e*’?), we obtain

Q(x)<(1/2)1+x*/2)™, and as a consequence we have
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1Y 1
BER<—Y —~ (5.19)
2U Z1+SINR,,

Replacing (5.16) in (5.19) and after some mathematical manipulations we obtain,

-1

ii[ W (W2 W, )W H o] (5.20)

¢ u=l k= u.u

BER <

and then an approximate solution to the optimization problem (5.18) may be obtained from the

following simplified optimization problem,

U Ne-1 a1
W, =arg min zz(h;ukw (WHW,) " w!'h k+a§) CSEW, e, (5.21)

a 'leqyu,

where h,, , € CM= represents the equivalent channel of user u. To solve it, we propose to iteratively
compute matrix W, column by column, which in practice corresponds to iteratively add RF chains
to the receiver. Let matrix W'" and vector w) denote the first i columns and column i of matrix
W, , respectively, we can define W =[W ™ w1, The aim is to compute W iteratively instead
to compute the overall matrix W, at once, and thus the optimization problem can be modified as

(1), =ara min 373w (W) W) (W) s 02|

a u=l k=0

StW, eW.

To further simplify the optimization problem we associate a given user, denoted by u., to iteration i.
We propose to do this association using the following mapping between users and iterations

u, =imodU , i.e., the U users are interleaved along the iterations. For example, for N.. =4 and

U =2, we have [u,u,,u,,u,]=[1,2,1,2] . With this assumption (5.22) simplifies to

L\t : -
wl =arg m:n Z( ek Wi ((W(')) Wafl)) (Wél))H heqv“ikarG”Zj ' (5.23)

stW, eW.

From the definition of W( and the Gram-Schmidt orthogonalization follows
WO (WO W) 2 [ piby Dy [37], where PO = | —ytHy" and
U = WD (WD W-DyY2 Therefore, the optimization problem (5.22) can be approximated

by
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N.-1

c

-1
(i) _ ; H (i=D)yp, (D1, (D" pli-D)" (i) 2
w,’ =arg rw(li)n [ (heq,uika w;’'w,” P heq,ui,k+aui,k+gn) j

(5.24)

k=0
0)
stwy eW,.

. B P i n\H
where ), represents the column i of the elements of set ) and o’ =hf , U"PU"h

eq,u; k *
In spite of the previous simplifications, the optimization problem is still non-convex and hard to solve

due to the constraint w{’ €)1, . Therefore, to further simplify it, we replace the set W,, by the

codebook 7, , =D, A, , where D, isa block diagonal matrix where all blocks are zero except u;

",u; !

, Which is equal to the identity matrix, i.e., the elements of the codebook are the normalized receiver
array response vectors, which leads to the simpler optimization problem

-1

H (i-1),,,(i) (i) 2
heq,ui,kP wy +aui,k+o-n) ,

N, -1
) . D ()M
w{ =arg min ) (W(a') PNk
k=0

(5.25)
stwl e Vo

The procedure to obtain the analog part of the equalizer matrix is presented in Table 5.1. It can be

summarized as follows, firstly we start with user 1, U® =0 (line 1) and compute the projection
matrix P® (line 4). After that, we compute the merit function of the optimization problem (5.25) for

each element of the codebook 7, , (lines 5-9). Vector wl s set to be equal to the element of
codebook 7, with the lowest value (lines 10-11). Then, the column vector P®w( is added to

matrix U toform U® (line 12). With U® | the same procedure may be repeated for the other users

according to the mapping between users and iterations defined by u, =imodU .

To compute the optimization problem of (5.25), we need to compute the correlation matrix

all +w" P b POYWE for all the elements of the selected codebook 7, , which
may be accomplished with the following expression
r=al +diag(Af, D, P h,, ho PUUD,A, L. (5.26)

Notice that POP® =P® since P™ is an idempotent matrix. Nonetheless, as the Gram-Schmidt

procedure may lead to a loss of orthogonality among vectors [100], we use a Gram-Schmidt
algorithm with reorthogonalization that amounts to applying two times the projection matrix P® or

using (P")? instead of P,
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Algorithm 1: The proposed analog-digital multi-user linear equalizer algorithm for sub-connected
architecture

Inputs: N, Nge, N, H,,

rx?

Analog Part of the equalizer

1: U@ =0

2:fori=1to N, do

3 u, =imodU

4: p (-1 =(I _ gy )2
5. f®=0

6: fork=1to N, do

7 ri,k =atgii,)k + dlag (A:gui Dui P(i_l)H heq,ui,kh::],ui,k P(i_l) Dui Arx,ui )
8: fO=fO 4 (r, +0?)™
9: end for

10:  (q,1)=arg min f®

11w =Pa,, (4 —¢i))

2 U9 =[S POw sl
130 WO =W, wi]

14: end for

Digital part of the equalizer

W, =(WH g HE W, +02WHW, ) WHH,,

eq,k

return: W, , W,

a

Table 5.1: Proposed hybrid multi-user equalizer algorithm for sub-connected architecture

5.2 Performance Results

In this section, we evaluate the performance of the proposed multi-user linear equalizer and

precoder scheme designed for hybrid sub-connected broadband mmW Systems.
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The carrier frequency was set to 72 GHz and for each user is considered a clustered wideband

channel model, discussed previously, with five clusters N, =5, all with the same average power,
such that E[|| H,q 12 ] = N,N,, and each one contributes with N =3 propagation path. The path

delays are uniformly distributed in the CP interval. We consider a ULA with antenna element spacing
set to half-wavelength, but it should be emphasized that the schemes proposed in this dissertation
can be applied to any antennas arrays. The azimuth angles of departure and arrival have a Laplacian
distribution as in [35] and is considered an angle spread of 10° for both the transmitter and receiver.
It is assumed QPSK modulation, a perfect synchronization and CSI know at the receiver side. At the

transmitter, only a quantized version of the average angle of departure of each cluster is known. We

assume N, =64 subcarriers, and the CP is set to be a quarter of the number of subcarriers, such that
D=N,/4=16. The BER is considered the performance metric, presented as a function of E, / N,,
where E, is the average bit energy and N, is the one-sided noise power spectral density. We

consider that the average E, / N, is identical for all the users u and is given by E, / N, =72/ (257).

We consider that each transmitter has a single RF chain and is equipped with N, =8 antennas.

At the receiver side, is assumed a sub-connected architecture where each RF chain is connected to a
group of R=N,_/Ng antennas, with N, =16 antennas. The results are compared with fully

connected counterpart recently proposed in [38].
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Figure 5.3: Performance of the proposed hybrid sub-connected schemes for U e {2, 4,8} :
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Figure 5.4: Performance of the proposed hybrid sub-connected schemes for N € {2,8,16} and

u=2.
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Figure 5.5: Performance of the proposed hybrid sub-connected schemes for N € {8,16} and

U=8.
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Figure 5.6: Performance of the proposed hybrid sub-connected schemes for different number of

quantization bits of the average AoD, U =2.
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Figure 5.7: Performance of the proposed hybrid sub-connected schemes for different number of

quantization bits of the average AoD, U =8.
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Figure 5.3 depicts the results for the proposed hybrid sub-connected multi-user equalizer with
the analog precoder for 2, 4 and 8 users. In this figure it is assumed perfect knowledge of the average
AoD of each cluster. It is also assumed 8 RF chains which means that each one is connected to 2
antennas. As it can be seen the performance of both sub and fully connected improves as the number
of users decreases as expected, since the multi-user equalizer has to deals with less interference and
the available degrees of freedom can be used to provide more diversity. We can also observe a
performance penalty of the sub-connected approach against fully connected one of approximately 2
dB, irrespectively to the number of users, at a target BER of 107, This is because the number of
connections of the fully-connected architecture is larger than the number of connections for the sub-
connected architecture and, as expected, the result for the fully-connected one is better than the sub-
connected architecture. The worst performance, for both fully and sub connected approaches, is

obtained for full load case, i.e., when the number of user equals to the number of RF chains N.. =U.

In Figure 5.4 and Figure 5.5 we present results to different number of RF chains, for 2 and 8
users, respectively. If the number of antennas (R) connected to each RF chain is reduced, we verify
that the penalty for fully digital approach decreases. We can observe in Figure 5.4 a penalty of
approximately 3 dB, 2 dB and 0 dB for (R=4,Ny- =2), (R=2,Ng =8) and (R=1 N =16),

respectively (BER of 107°). This happens because reducing the number of antennas connected to
each RF chain the degrees of freedom of the sub-connected architecture increases since the number
of RF increases and the gap between the sub and fully connected approaches decreases. For the
extreme case of R=1 (one RF chain per antenna) the curve obtained for the sub-connected

approximately overlaps the one obtained for the fully connected.

In Figure 5.6 and Figure 5.7, we evaluate the impact of imperfect knowledge of the average AoD
at the transmitter side. To compute the analog precoders we assume the knowledge of only a

guantized version of the average AoD of each cluster, as discussed in previously. We present results

for n :[2,4, 6] guantization bits. Figure 5.6 and Figure 5.7 depicts the results for 2 and 8 users,

respectively. As expected, increasing the number of quantization bits improves the performance of
the proposed sub-connected scheme and tends to the one achieved for perfect knowledge of the
average AoD (n=o0) for both cases U =2,8. When the number of bits in the quantizer is lower, the
performance is worse comparatively to the perfect curve. In Figure 5.6 we can observe a performance
penalty, for BER of 1072, of approximately 5 dB, 1.5 dB and 0 dB, for n=2, 4 and 6, respectively.
This means that a very limited number of bits for the quantization of the average AoD of each cluster
is enough to get a performance close to the perfect case. Since the mmW channels are usually sparse

the amount of information needed to be feedback from the BS to the UTs is small.
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6. Conclusions and Future Work

In this Chapter we present the main conclusions of this work and provide some insights for future

work.

6.1 Conclusions

In this master dissertation, we start by presenting, in Chapter 1, the evolution of the wireless
communication systems over the years since the analog communications until the digital era, that
allow the high data rates needed to the high demand of the users. In this Chapter 1 we also described

the next generation, 5G, which is expected that allows a very high data rates with a low latency.

In Chapter 2 we introduced single and multicarrier systems. We saw that it is possible to obtain
a high spectral gain with the OFDM, however, this technique has a high PAPR. After it were
described the OFDMA that is an extension of OFDM to multi-user communication systems but also
have a high PAPR. Then, SC-FDMA was also described and we saw that this technique offers a low
PAPR. In the end of this Chapter it was presented a technique that can be an option for the future

wireless communications, CE-OFDM since the PAPR is zero.

Then, it was introduced the concept of the multiple antennas, at the transmitter and receiver, in
Chapter 3. We start by presenting the diversity concept and the antennas configurations where we
saw that it is possible to obtain diversity and multiplexing with multiple antennas. After, was
introduced the spatial multiplexing for single and multi-users. In the end of Chapter 3 it was described

the massive MIMO technology with its advantages and disadvantages.

In Chapter 4 we started by presenting the millimeter waves spectrum followed by its
opportunities and limitations. After, we presented the conjugation of the millimeters waves systems
with the massive MIMO technology that allow us to put more antennas in the same volume than the
frequency used currently. With the conjugation of these two keys technologies it is possible to
achieve the high demand for high data rates necessary for the next generations of mobile

communications. In the end of this Chapter 4 we saw hybrid and low-resolution ADC’s architectures.
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In this dissertation we proposed, in Chapter 5, an analog precoder combined with an efficient
hybrid analog-digital multi-user equalizer for sub-connected mmwW massive MIMO SC-FDMA
systems. At the UT, we proposed a low complexity pure analog precoder that requires the knowledge
of a quantized version of the average AoD of each cluster. At the BS, a hybrid analog-digital multi-
user equalizer was developed for a sub-connected architecture. It was assumed that the analog part
is constant over all subcarriers, while the digital part is computed on a per subcarrier basis. We
considered an MMSE-based equalizer for the digital part, and the analog part is optimized using the
average bit-error-rate of all subcarriers as a metric. In order to simplify the optimization problem at
hand, the merit function was first upper bounded and then, due to the specific properties of the
resulting problem, we showed that the analog part of the hybrid equalizer may be computed
iteratively over the RF chains by assigning the users in an interleaved fashion to the RF chains. The

main conclusion includes:

e The numerical results showed that the proposed broadband hybrid multi-user linear
equalizer is quite efficient at removing the multi-user interference;

e The performance of the proposed system tends to the one achieved by the fully connected
counterpart as the number of RF chains increases;

e Only a few number of quantization bits of the average AoD of each cluster is enough to
obtain a performance close to the perfect case;

e The small performance gap between the proposed sub-connected approach and the fully
connected one, together with the lower complexity make it a very interesting choice for

practical systems.

6.2 Future Work

Some suggestions for future work is presented in this section. In the proposed sub-connected
hybrid multi-user equalizer we considered, at the analog part, a fixed sub-connected architecture and
it would be interesting to evaluate the performance with a dynamic sub-connected architecture where
the RF chains connect dynamically to the set of antennas. In the UTs, it was assumed a single RF
chain for all the antennas. It would be interesting to design a UT with more than one RF chain and
consequently send more than one data stream per time slot. In the same way that we apply a (fixed
or dynamic) sub-connected architecture in the BS, it would be interesting to apply this concept at the
UT.
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