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Palavras-chave

Resumo

Ondas milimétricas, MIMO massivo, distorcdo n3o linear, amplificador de

poténcia

O surgimento de uma nova geracdo de comunicacdes méveis e a explosio
de trafego que advém da sua implementacio apresenta grandes desafios. A
banda de ondas milimétricas e o uso massivo de antenas sio tecnologias que,
combinadas, permitem atingir elevadas taxas de transmissdo, funcionando
em zonas do espectro electromagnético menos exploradas e com capacidade

de alocacdo de dezenas de GHz para largura de banda.

Nesta dissertacdo foi considerado um sistema de MIMO massivo de ondas
milimétricas usando uma arquitectura hibrida, i.e., o nimero de antenas para
transmissdo e recepcdo € menor que o nimero de cadeias de radiofrequéncia.
Consequentemente, o pré-codificador e equalizadores devem ser projectados
nos dominios digital e analdgico. Na literatura, a maioria dos esquemas
hibridos de beamforming sio avaliados sem ter em conta os efeitos de ndo-
linearidade da amplificacdo do sinal. No entanto, estes sistemas sofrem
inevitavelmente de efeitos n3o lineares devido aos amplificadores de poténcia
operarem em regides ndo lineares. Os fortes efeitos das ndo-linearidades ao
longo da cadeia de transmissdo tém um efeito nefasto no desempenho do
sistema e portanto o seu estudo e projecto de equalizadores que tenham em

conta estes efeitos s3o de extrema importancia.

Esta dissertacio propde um equalizador hibrido para sistemas baseados em
ondas milimétricas para MIMO massivo com modulacdo SC-FDMA. Os ter-
minais de utilizador possuem baixa complexidade, equipados apenas com
pré-codificadores analégicos baseados no dngulo médio de partida, cada um
com uma (nica cadeia de radiofrequéncia. Na estacdo base é projectado
um equalizador iterativo hibrido analégico-digital com arquitectura comple-
tamente conectada de modo a eliminar a interferencia multi-utilizador e a
distorcdo causada pela amplificacdo do sinal aquando da transmissdo. O
equalizador é optimizado minimizando a taxa de erro de bit, o que & equiv-
alente a minimizar a taxa de erro quadratico médio. O impacto do limiar
de saturacdo dos amplificadores no desempenho do sistema é analisado, e &
demonstrado que o processo iterativo consegue eliminar de modo eficiente
a interferéncia multi-utilizador e a distorcdo, melhorando o desempenho do

sistema.
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The dawn of the new generation of mobile communications and the traffic
explosion that derives from its implementation pose great challenge. The
milimeter wave band and the use of massive number of antennas are tech-
nologies which, when combined, allow the transmission of high data rate,
functioning in zones of the electromagnetic spectrum that are less explored

and with capability of allocation of dozens of GHz of bandwidth.

In this dissertation we consider a massive MIMO millimeter wave system
employing a hybrid architecture, i.e., the number of transmit and receive
antennas are lower than the number of radio frequency chains. As conse-
quence, the precoder and equalizers should be designed in both digital and
analog domains. In the literature, most of the proposed hybrid beamforming
schemes were evaluated without considering the effects of nonlinear ampli-
fications. However, these systems face non-avoidable nonlinear effects due
to power amplifiers functioning in nonlinear regions. The strong nonlinear
effects throughout the transmission chain will have a negative impact on the
overall system performance and thus its study and the design of equalizers

that take into account these effects are of paramount importance.

This dissertation proposes a hybrid iterative equalizer for massive MIMO mil-
limeter wave SC-FDMA systems. The user terminals have low complexity,
just equipped with analog precoders based on average angle of departure,
each with a single radio frequency chain. At the base station it is designed
an hybrid analog-digital iterative equalizer with fully connected architecture
in order to eliminate both the multi-user interference and the nonlinear dis-
tortion caused by signal amplification during the transmission. The equalizer
is optimized by minimizing the bit error rate, which is equivalent to minimize
the mean square error rate. The impact of the saturation threshold of the
amplifiers in the system performance is analysed, and it is demonstrated that
the iterative process can efficiently remove the multi-user interference and

the distortion, improving the overall system performance.
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Chapter 1

Introduction

This dissertation begins with an introduction to wireless communication systems, a brief his-
torical insight is presented, culminating in the next generation of wireless systems (5G). In this
chapter the key paradigms that are the backbone for the current and future development of wire-
less networks are presented. Second to that, the motivation and objectives of this dissertation

are presented.

1.1 History

Telecommunications is a branch of technology concerned with the transmission of infor-
mation over a distance, where the transmitter sends information to a receiver. For centuries,
messages (information) were transported by messengers, who would carry them either by walk-
ing or transported by horse, or boat. Visual signs such as fire, smoke, sunlight mirroring and
semaphores (such as the Chappe semaphore and the heliograph presented in figure were
used in rudimentary telecommunication systems.

Along with the dawn of electricity and the development of new electrical devices, telecom-
munications faced a never ending transformation. Thanks to the work developed by James
C. Maxwell, particularly the Maxwell equations, presented around the year 1865 unifying the
theories of Lorentz, Faraday, Ampere and Gauss. This set of differential equations describes
the movement of electromagnetic waves in space and became a landmark in the development of
radio technologies which endures to the present day.

In 1887, Heinrich Hertz invents the oscillator (AC generator) a device capable of generating
radio waves, also providing understanding of the dipole antenna element. At the end of the
nineteenth century, in 1895, the physicist and inventor Guglielmo Marconi used radio waves to
transmit telegraph signals across the English Channel. Just 6 years later a similar transmission
was made over the Atlantic ocean, digital radio communications were borne, with commercial

transatlantic connections being deployed |[3].



(a) Chappe semaphore and code of letters and symbols \ (b) Heliograph de-
vice \

Figure 1.1: Examples of pre-radio telecommunication systems

(a) Telegraph device (b) Typical base station of the telegraph service \

Figure 1.2: The telegraph system

The beginning of the twentieth century also brought the first analog radio communications,
used to transmit voice over radio channels(telephony). In the middle of the twentieth century,
further development of transatlantic communications happened, with creation of the satellite
based global communications system still used in present day. The concept of mobile communi-
cation also appeared within this timestamp, with the development, by Bell Labs, of the Mobile
Telephone System (MTS) and the Ericsson’s Mobile System A (MSA), primarily to be installed

in automobiles or truck fleets due to the heavy weight of these systems [@]

The final quarter of the twentieth century witnessed a boom in wireless communications
for personal use, mainly driven by the objective of adding mobility to the traditional telephone

service and to add the portability component to local area networks. Different analogue cellular



Figure 1.3: Bell’s MTS system, accommodated in the trunk of an automobile [@]

technologies emerged in Europe, USA and Japan, however, there was no compatibility between
the systems and the user equipment had a considerable size and weight. These developments laid
the foundation for the first generation of cellular communications (1G), this was an analog mobile
phone system and the most prominent were the Nordic Mobile Telephony(NMT) in Europe,
the Advanced Mobile Phone System(AMPS) in the US and the Total Access Communication
System(TACS) in Japan.

In order to develop a European standard for digital cellular voice telecommunications, the
Group Special Mobile committee - later renamed as Global System for Mobile communica-
tions(GSM) by the European Telecommunications Standards Institute(ETSI) - was created in
the year 1983. The main benefits of GSM were the digital encryption, which brought safety
improvements, the higher spectrum efficiency that allow for more users to establish connection
and the compatibility with data services,introducing the Short Message Service(SMS) which
allow for text messages to be transmitted. GSM system reached the market in 1991 and it has
been used and upgraded to the present day, first by upgrading from circuit-switched transport
to packet data transport via General Packet Radio Service(GPRS), and Enhanced Data Rates
for GSM Evolution(EDGE) with significantly improved data rate allowing for new services such
as Multimedia Messaging Service(MMS) and Wireless Application Protocol(WAP). GSM tech-
nology is still widely used, with nearly 2500 million devices connected to the GSM network
worldwide in the year 2018 .
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Figure 1.4: Evolution of wireless communications

The International Telecommunications Union(ITU) issued the requirements for the third
generation of mobile communications(3G) to be part of the International Mobile Telephone
2000(IMT-2000) international project, for which new networks had to present significant im-
provements to the established 2G system such as mobile internet access videocalls and mobile
TV. To cope with this task, the 3rd Generation Partnership Project(3GPP) was created, a joint
standardization project between standardization bodies from Europe, Korea, Japan, USA and
China to develop the Universal Terrestrial Radio Access(UTRA) system. This new technol-
ogy employed WCDMA which supports two basic modes of operation, Frequency Division Du-
plex(FDD) and Time Division Duplex(TDD). In FDD, separated 5 MHz carrier frequencies are
used for uplink(UL) and downlink(DL) respectively, in TDD one 5MHz carrier is time-shared
between UL and DL. The primary 3G technologies were the Universal Mobile Telecommuni-
cations System-High Speed Data Packet (UMTS-HSPA) and CDMA2000. 3G brought a big
technologic evolution in networking and data transmission with better connectivity and with
increased spectrum efficiency capabilities of up to 2 Mbps [8] [9].

The paradigm for 4G was about convergence; convergence of of wired and wireless net-
works, wireless technologies including GSM, wireless LAN, and Bluetooth as well as computers
and consumer electronics. 4G is a mobile multimedia, anytime, anywhere with global mobil-
ity support. 4G technologies were also required, as indication by ITU for the IMT-Advanced
system, to be based on Internet Protocol(IP) for data traffic and minimum data rate of 100
Mbps. Soon after 4G, 4G - Long Term Evolution(4G-LTE) was introduced, which consisted
on a redesign and simplification of the legacy 3G UMTS network architecture. 4G-LTE uses
Orthogonal Frequency Division Multiple Access(OFDMA), which brings great benefits in terms



of spectrum efficiency, thus allowing for higher bandwidth, better performance and higher data

rate. Current technologies associated with 4G are Evolved High Speed Packet Access (HSPA+)

and LTE [§] [9)]-
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Figure 1.5: Annual global technology growth

Figure depicts the evolution in the number of connected devices, by technology, in the
years 2017 to 2018. As 4G networks become widely available, LTE subscriptions have grown
and will continue to do it in the next few years, until 5G systems are established. Much of this
growth in LTE adoption is due to migration from older technologies, such as GSM and CDMA.
A similar tendency is expected in the future. As 5G coverage becomes wider, more devices

exploiting the new capabilities of this technology will be connected.

1.2 Future system 5G and beyond

The wireless world is increasingly demanding for effective management of the infrastructures
in an energy-, spectrum- and cost-efficient manner. This has been the paradigm for wireless
communications ever since the GSM committee was created, also adopted by the 3GPP. There

are 7 technical directions that aim for achieving the requirements of current and future internet.
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Figure 1.6: Technical directions of wireless evolution |11]

The first direction considered is the evolution of radio access technlogies (RATs), which led
from a frequency/time division multiple access (FDMA/TDMA) and wideband code division
multiple access(WCDMA) schemes, to orthogonal frequency division multiple access (OFDMA)
schemes and to a more efficient use of radio resources (e.g. spectrum).

The second direction is the decreasing of cell size. This aims the improvement of the capacity
and cost of the resources that are deployed as well as spectrum use. The cells vary from macro
cells to more modern and smaller cells (pico-, femto-cells) as depicted in figure that improve

the capacity and have lower cost when compared to the older macro-cells.

A third direction, more recent, is the development of composite wireless infrastructures,
which aims at the joint operation of heterogeneous wireless access infrastructure, as is example
the interworking of cellular systems with WLANSs as depicted in figure[[.7] The fourth direction
is the deployment of heterogeneous networks, it is closely related to the previous one, how-
ever specialised in increasing the cost efficiency. This paradigm is focused on only one cellular
standard such as 4G/Long Term Evolution(LTE)-advanced (even though IEEE standards may
also apply under certain conditions). A heterogeneous network may consist of different types
of infrastructure elements, such as macro-, micro, pico- or femto-cells or base stations (BSs).
Heterogeneous networks offer multiple options for satisfying the application requirements and

have a positive impact on the cost of the deployed resources and their utilization.

Another direction is the flexible spectrum management. Also targeted for the improvement
of resource utilization, this paradigm consists in the allocation of spectrum in a flexible way in
the various RATs. Key elements such as spectrum re-farming (setup communication on a specific
RAT in different frequency bands, or the same frequency with sufficient spacing that there is

no interference), opportunistic spectrum access (secondary users are allowed to independently
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Figure 1.7: Heterogeneous networks, present and future

identify unused spectrum bands, at a given time and place, and use it without generating
harmful interference to primary licence holders, e.g. TV white spaces). Other concepts, such
as authorized-shared access (ASA) and licensed shared access (LSA) enable dynamic sharing
of spectrum band in space and time; in addition, the collective use of spectrum (CUS) allows
spectrum to be used by more than one user simultaneously without requiring a licence, examples
of which are radio-frequency identification (RFID) and machine to machine (M2M) applications
[12].

The sixth direction is the device-to-device (D2D) and machine-to-machine (M2M) commu-
nications, which is expected to characterize beyond 4G and 5G networks, aims for the creation
of dynamic network structures consisting of interconnected end-user equipment or several ma-
chines/sensors/actuators in the context of the internet of things (IoT). Today, the number of
connected devices is around 7 thousand million, roughly the same number of inhabitants on the
planet, this number is expected to rise to around 97 thousand millions by the year 2030 [13].
Traffic generated from various M2M applications will have to be properly assigned to access
points without causing congestion issues. Cognitive, intelligent management mechanisms will
be necessary to efficiently control and maintain all these networked devices [11]. Figure
depicts the subscriptions forecast by technology for the upcoming years. Although LTE sub-
scriptions are predicted to continue rising in the next few years, that tendency should invert as

5G technologies are deployed more widely. The total number of connected devices is expected to



steadily rise in the future, as depicted in figure [I.8] with an additional thousand million devices
connected in the next five years, surpassing the total number of inhabitants on the planet. Much
of the initial 5G subscriptions will be based on M2M and D2D communication. However, as
more 5G networks are established, there will be a gradual increase in 5G connections to the
detriment of older technologies.
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Figure 1.8: Annual global technology subscriptions forecast 2019-2023

At last, another direction is exploiting the cloud-radio area network(RAN) and mobile clouds,
which aims to further improve cost efficiency, capitalized on cloud concepts. This paradigm
sets on the rationale that there can be total cost of ownership savings if wireless networks are
based on cloud principles, possible due to the shared use of storage and/or computing resources
(e.g. Netflix). Common repositories for networking functionality can be used to avoid multiple
deployment of the same component.

In order to achieve the previously mentioned directions/paradigms it is mandatory the in-
troduction of intelligence in the heterogeneous network management. Intelligence is expected to
facilitate decisions regarding: 1) transceivers that will be involved in the handling of a situation;
2) spectrum that will be assigned to be operated by the transceivers; 3) transmission powers
that will be allowed per transceiver; and 4) distribution of traffic to the cell that are involved in
the handling of the situation .In the future, advanced connectivity will provide new ways of
innovating, collaborating and socializing. Already today, more than 60% of the world population
has access to mobile communication and in the next few years more than 90% of the world’s
population will benefit from mobile broadband coverage.

Wireless communication systems have continuously evolved throughout the past decades, the
interval between each significant technology platform has been about ten years. Within each

platform, there is constant innovation, leading to continued improvement in speed, efficiency and



capabilities. Along with the deployment of the fifth generation of wireless/mobile broadband
systems (5G), and 5G-New Radio(5G-NR) which comprises the new radio technologies that
operate at higher frequencies, a multitude of devices will be interconnected and the traffic

demand will constantly rise.
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Figure 1.9: Global mobile data traffic in Exabytes per month [14]

Fueled by dramatic bandwidth expansion and data rate improvements, as well as increased
connected devices, data traffic is expected to rise exponentially in the upcoming years. A four
fold increase in data traffic, totalling 160 Exabytes per month until the year 2025 is predicted.
Even though most of this traffic will be carried by 4G and previous technologies, 5G alone will
take up to 45% of the global mobile data traffic within the next 5 years. Therefore, there are
specific requirements that need to be fulfilled by the wireless network systems. The requirements
issued by I'TU for the IMT-2020 are auspicious. 5G systems should provide at least 10 times
higher data rate compared to its predecessors, at least 100 Mbps regardless of location, and 1
Gbps for low mobility users; less than 5 milliseconds(ms) end-to-end latency; significant spectrum
efficiency improvements; mobility of up to 500 Kilometers per second and 100 fold increase in
capacity, just to enumerate a few. Other key requirements are shown in figure which
present a graphical comparison between 5G and 4G requirements [14].

Massive Multi-Input Multi-output (mMIMO) systems, equipped with hundreds of anten-
nas, and operation at frequencies above 30 GHz are two key enabling technologies to achieve
the QoS requirements of 5G. Operation at frequencies above 30 GHz, also called milimeter

wave(mmWave) band due to its wavelength (A < 1Omilimeters), bring great opportunities.



Latency in air link {ms)

Latency end-to-end
(device to core)
(ms)

Energy
efficiency

-

06
Connection
density

{devicesikm?)

Peak Pl =——
throughput
(Gbps) 10

Spectral efficiency ' 30 ]
(bps/Hz) Area capacity density

{Thps/Km?)

Figure 1.10: Performance requirements for 5G

Spectrum availability is scarce in current wireless communications, the vast majority of wireless
communication or broadcast systems operate at carrier frequencies below 3 GHz, with few excep-
tions. Forecasting the exponential growth in cellular communications, operating in the mmWave
band offers the possibility to exploit vast amounts of bandwidth that is available at higher fre-
quencies. This can also derive in increased spectrum availability in sub-6 GHz band. The small
wavelength of mmWave signals translates into smaller antenna size, this will allow for a very
high number of antennas to be packed in small areas. This is the paradigm for mMIMO. Using
a magsive number of antennas allows for more degrees of freedom and transmission techniques

can be refined, improving performance.

1.3 Mbotivation and objectives

The constant evolution of cellular systems has enabled an exponential growth in the number
of connected devices around the world. Alongside this increase in connected users there is an
increase in data traffic and QoS requirements. To cope with these requirements, milimeter wave
(mmWave) and massive MIMO are regarded as key enabling technologies for the 5G and future
internet systems. Operation in mmWave band is not a novelty, even though its use is currently
confined for short range service and indoor communication.

The use of multiple antennas to increase the capacity and reliability of wireless systems is
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already being employed, however, with the rise of interest in mmWave communications also
brings new paradigms such as the use of a massive number of antennas in order to overcome
the poor propagation characteristics of mmWave signals. In conventional MIMO systems, each
antenna has a fully dedicated radio frequency(RF) chain since all processing is completed at
the digital level. However, fully digital architectures are not feasible for a large number of
antennas due to hardware limitations, and thus hybrid analog-digital architectures have emerged
as options to keep a high number of antennas without as many RF chains. In the recent years,
hybrid analog-digital beamforming for both sub 6-GHz and millimeter wave bands were proposed
in [15-20| for which part of the signal processing is performed in the analog domain, and the
reduced complexity processing is left to the digital domain.

Another aspect that must be taken into account is the energy needs of future wireless sys-
tems deployment, as the number of connected devices and data traffic rises exponentially it is
mandatory that the transceivers consume the least required power possible and be the very effi-
cient in terms of energy consumption. In order to be more energy efficient, the power amplifiers
usually operate close to its saturation threshold, which causes it to behave in a non-linear fash-
ion. This situation introduces distortion in the transmitted signals which in turn cause errors
on the reception. Therefore it is crucial to evaluate these systems under non-linear distortion
(NLD) caused by the amplification. Thus the main objective of this work is to design a hybrid
iterative analog-digital equaliser which is able to cope with the NLD introduced due to operation
in the saturation zone and the multi-user interference. The non-linear power amplifier response
is assumed to follow an analytical model found in the literature [21]. The proposed iterative
equalizer is designed by assuming the knowledge of the power amplifier characteristic that is
used to remove distortion. The results show that the proposed scheme is able to effectively
reduce the effects of NLD and multi-user interference with a few iterations and thus improving

the performance of the system.

1.4 Document structure

The remainder of this dissertation is organized as follows:

Chapter 2 presents a brief introduction of the modulation schemes employed in current
systems which would be the base of 5G, as well as the main multiple antenna techniques and the
advantages that these bring. Power amplifier devices are also discussed in this chapter, analytical
models that approach power amplifier characteristics are presented, and the NLD that derive
from its operation is also introduced. At last, an insight regarding interference cancelation and
the concept of IB-DFE is presented.

Chapter 3 presents insights in mmWave systems and massive MIMO deployments. It is dis-

cussed the particular characteristics that operation at mmWave brings to the signal propagation.
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Use cases for mmWave communications are also presented. The benefits and main challenges
of mMIMO technology are also discussed in this chapter. Hybrid analog-digital techniques for
signal precoding and combining in mmWayve are presented as well as energy efficient solutions
- such as the use of low resolution analog-to-digital converters (ADC) and digital-to-analog
converters (DAC) - that can be incorporated in future wireless systems. This chapter, joined
with the second chapter aims to present essential background for the subject addressed in the
development of this dissertation.

In chapter 4, a detailed description of the implemented massive MIMO mmWave system
is given. The iterative hybrid analog-digital equalizer is derived an thoroughly discussed. The
results are presented in terms of bit error rate (BER) to evaluate the performance of the proposed
equalizer and algorithm. It is demonstrated that the proposed system is able to mitigate the
NLD and multi-user interference effects in just a few iterations.

At last, in chapter 5, the conclusions of this work are presented. Some guidelines for future

research are also suggested.

1.5 Notations

The used notation for mathematical expressions is given as follows, capital boldface letters
denote matrices and lower boldface letters denote column vectors. The operations tr(.), (.)*,
()T and (.)¥ represent the trace, the conjugate, the transpose and the Hermitian transpose of a
matrix, respectively. The functions diag(a) and diag(A), where a is a vector and A is a square
matrix, correspond to a diagonal matrix where the entries of the diagonal are equal to a, and to
a vector equal to the diagonal entries of A, respectively. The element of the nth row and mth
column of A is denoted A, ,,) and the N X N identity matrix is denoted has Iy; ¢,k and u

represent the time, sub-carrier and user indexes, respectively.
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Chapter 2

State of the art

This chapter presents an insight on topics relevant to the subject of this document. Firstly,
the modulation schemes used in current cellular communications are presented. In the second
section of this chapter, multiple antenna systems are revised, with additional focus in multi-input
multi-output arrangements. Sections 3 and 4 are focused in power amplification and the impact
that an energy efficient operation brings to the performance of radio frequency (RF) wireless
communication systems. Behaviour models of the power amplifiers (PA) are presented, as well
as techniques employed to reduce the distortion that derives from the amplification. Lastly, in
section 5, a brief introduction regarding interference cancellation, and the concept of iterative
block-decision feedback equalization(IB-DFE) which is used in the development of this project

are presented.

2.1 Modulation schemes

Due to the increased demand for higher data rates and network availability in the first years
of the past decade it was mandatory to develop better systems for wireless communication,
which would overcome the limitations of traditional low throughput, low efficiency single carrier

systems (e.g. FDMA).

To transmit data over a single carrier system, the signal can be modulated in phase, ampli-
tude or frequency (depicted in figure by a given carrier. In this way, to achieve high data
rates implies a high symbol rate and thus high bandwidth and due to the tendency of mobile
radio channels to be dispersive and time-variant poses great limitations to single carrier systems.
In order to overcome these limitations, multicarrier systems have been developed to cope with

the requirements of the UMTS and LTE systems.
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Figure 2.1: Basic principle of FDMA

2.1.1 Orthogonal frequency division multiplexing

Orthogonal frequency division multiplexing (OFDM) is the motor driving cellular communi-
cations nowadays, its high resistance to multipath effects and simplicity made OFDM the chosen
modulation scheme for the 3GPP-LTE standards for 4G. Using low complexity digital signal pro-
cessing, it is possible to modulate multiple subcarriers in an orthogonal fashion, meaning that
there is some overlapping between contiguous subcarriers, however, when a given carrier central
lobe is at its peak, the sidebands of the other carriers are at their minimum (ﬁgur, thus
eliminating inter-carrier interference (ICI) while increasing bandwidth efficiency since there is

no need for a guard band [22].
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carrier n frequency
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Figure 2.2: Multicarrier arrangement in OFDM
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OFDM architecture

In OFDM, most of the processing can be done in parallel in the frequency domain, by
applying the discrete Fourier transform(DFT) operation to each of the N, carriers, which reduces
significantly the complexity of the transceivers, therefore deployment cost. In figure is
depicted the block diagram of a typical transceiver for OFDM.

Baseband
Input data ——» Modulation SiP > IFFT —»  CPinsertion > P/S
¥
Channel
Baseband
Output data «——— Demodulation P/S FFT l«——  CP removal S/P +

AWGN

Figure 2.3: Transceiver structure of a typical OFDM system

Even though the orthogonality between carriers in OFDM systems solves the ICI problem,
there is still inter-symbol interference (ISI) due to multipath delay of the signal. In order to
solve this problem, it is necessary to add a guard band, thus the cyclic-prefix (CP) method
was developed. It consists of adding a small copy of the end of the transmitted symbol to its

beginning as depicted in figure [2.4]
) QY(EHC Prefix

Tep Tsymbol

A 4

Tiransmission Time

Figure 2.4: Cyclic-prefix method to overcome ISI

If the CP duration is higher than the maximum path delay, ISI is effectively avoided. It is
clear that this ISI elimination comes with loss of symbol rate, because adding the CP rises the
duration of each symbol transmission which is further exaggerated as the path delay increases.
The CP is made of a portion of the transmitted symbols in order to maintain circularity, which
in turn allow for low complexity frequency domain equalization.

In [23] a simple technique is used, in which by adjusting the sample rate of the OFDM
symbol it is possible to increase the length of the CP (usefull OFDM symbol is shortened) and

therefore accommodate the multipath delay, thus avoiding ISI.
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OFDMA

Orthogonal frequency division multiple access (OFDMA) is a technique, based on OFDM,
which provides multiplexing operation of user data. The main advance in OFDMA related to
OFDM is that, in OFDM systems, there is user separation in time only, meaning that the full
bandwidth is allocated to a single user in a given instant and in OFDMA users are separated
both in time and in frequency, as depicted in figure 2.5 allowing for a more efficient allocation
of resources, e.g., transmit only in specific bandwidth were a given user has a better radio link

as other users.

Subcarriers Subcarriers
L e
User 1 @ @
3 3
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User 3 \ 2 y >

OFDM OFDMA

Figure 2.5: OFDM and OFDMA allocation schemes [24]

OFDMA offers key advantages in its implementation relative to other multiple access schemes
(TDMA, CDMA), which made OFDMA the chosen scheme for current cellular deployments,
namely [25]:

e Scalability - adjustable FFT size to channel bandwidth while fixing the subcarrier spacing

and symbol duration minimizes impact in higher layers when scaling bandwidth;

e Robustness to multipath - similarly to OFDM, as long as multipath delays are within the

CP window;

e Downlink multiplexing - improvements in downlink capacity due to efficient allocation of

ressources (e.g., spectrum);

e Uplink multiple access - access performed through orthogonal sub-channels while taking
advantage of frequency selectivity by allocating best sub-channels to respective access

users;

e MIMO benefits - processing of OFDMA signals provide frequency flat channels, thus, full
MIMO technologies can be easily deployed in conjunction with OFDMA.

To achieve the above mentioned advantages, OFDMA relies on precise frequency synchroniza-

tion, because subcarrier spacing is typically small it makes OFDMA more sensitive to frequency
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offset and phase noise, especially at high mobile speed due to Doppler effect [26].

2.1.2 SC-FDMA system

Due to the high PAPR that characterizes OFDM systems, it is not the most effective scheme
to be used for the uplink transmission, the user terminals (UTs) are mostly cellphones, which
have a limited battery so it is important that these devices have a more energy efficient manner
to transmit data. The chosen scheme for the uplink transmissions according to 3GPP standard
was SC-FDMA, which maitains the robustness to multipath fading of the OFDM gsystems with
the low PAPR that characterizes the single carrier systems [27].

Baseband N-point Subcarrier
Inputdata —» odiation > P > Fer Mapping |1 IFFT —{ CPinsertion PIS
Baseband N-point Subcarrier
Cutput data <—— Demodulation [ P/S [ FFT [« Deapping ] FFT [«—— CPremoval S/P +

AWGN

Figure 2.6: Transceiver structure of a typical SC-FDMA system

SC-FDMA, in the other hand, requires equalization of the received signal in order to properly
reconstruct the data. There are a few different methods for equalization of the received signal

such as:

Maximal ratio combining(MRC);

Equal gain combining(EGC);

Zero forcing equalizer(ZF);

e Minimum mean square error equalizer(MMSE);

MRC and EGC offer the most simple implementation, however, their performance is not
good as the equalizers fail to restore the orthogonality of the received signal. The ZF method is
capable of restoring orthogonality and it is a low complexity solution, but if the channel is not

well conditioned the noise enhancement rises causing estimation errors [28] [29].
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Table 2.1: Linear equalizers characteristics

Equalizer Model Advantages Limitations
o ) Orthogonality not restored,
MRC G =H} Trivial implementation;
bad performance;
7 o ) Orthogonality not restored,
EGC G = ‘H—’i| Trivial implementation;
k bad performance;
Noise enhancement in the
ZF G = ﬁ Simplicity presence of nulls in frequency
response of the channel;
Trade-off between
H* noise enhancement and More complex,
kI TSNR | interference, better overall | increased signal processing;
performance.

A more complex and effective approach is the MMSE method, which aims to minimize the
square error, therefore overcoming the problem of deep fading channel response. For small values
of SNR the noise is not enhanced and when SNR is high this method tends to the ZF method [30].
Table presents the characterization of the above mentioned equalization methods where Hj,
is the frequency response of the channel at kth subcarrier and the operator (*) represents the

conjugate.
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Figure 2.7: Transmission methods of OFDM and SC-FDMA - comparison [24]

As can be observed in figurd2.7] in OFDM the multiple subcarriers are closely spaced to-
gether, with each symbol being assigned to each subcarrier to be transmitted over a period of

time. In SC-FDMA case, the ocupied bandwidth is Ns times bigger, however, each symbol
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requires only 1/Ns transmission time. In this way, OFDM and SC-FDMA achieve a similar
throughput.

2.2 Multiple antenna systems

The concept of multi-input multi-output (MIMO) for wireless communications consists in the
use of multiple antennas or antenna array aiming to increase the throughput of the system|[12] or
to improve reliability [31]. In the case of single-input single-output (SISO) systems, the channel

capacity is given by the Shannon’s channel capacity formula [32]:

C = fp x loga(1 + %) (2.1)

This equation implies that the system throughput, despite linearly increase with the band-
width fp, it increases logarithmically with the signal-to-noise ratio (SNR). This imposes great
limitations for the SISO systems, since bandwidth efficiency can only be improved at the cost

of power efficiency and wvice versa |32].

|
Tx—\r Y—Rx ij/ \JLR:{

SISO SIMO

i i an
Tx Y- > | Rx Tx

; Rx
MISO MIMO

Figure 2.8: Single or multiple antenna arrangements

MIMO technology was an important advance for 4G cellular systems and is a key technology
for 5G systems, jointly with mmWave. MIMO systems employ multiple antennas on the trans-
mitter and receiver side, as depicted in figure [2.9] where N, and N, represent the number of
transmitter and receiver antennas, respectively. The received signal can be obtained through

the following expression:

y = Hx + n, (2.2)

where the transmitted signal x € CV=, the channel H € CNt=*Nrz - and the noise n € CNre

are used to obtain the received signal y € CNre.
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Figure 2.9: Generic representation of MIMO system

With MIMO sistems, capacity has shown to be proportional to the minimum of the number
of antennas on each terminal (UT or BS) without requiring extra bandwidth or transmission

power.

2.2.1 MIMO techniques

MIMO techniques can be classified into four categories, depending on the desired function

of the system:

e diversity - same signal is sent /received over two independent channels, if one channel faces
deep fading it is likely that others do not. Diversity can be achieved in space, time and

frequencys;
e multiplexing - different signal sent simultaneously over different antennas;

e beamforming - group of antennas generating a signal beam through constructive/destruc-

tive interference ultimately eliminating inter-user interference [33];

e multiple access - receiver antennas assigned to multiple transmitters, UTs, sharing the

access medium;

In figure a graphical description of the above mentioned MIMO techniques is presented.
When there are multiple antennas on the receiver (receive diversity) or/and on the transmitter
(transmit diversity), diversity gains can be achieved. Diversity gains can be achieved either in
time, frequency, space or polarization. The idea is to send the signal over independent fading
paths, which will most likely experience distinct fading, and combine all paths on the receiver
to mitigate fading effects. Time diversity consists of sending the same information at different

timestamps if those are separated by more than the coherence time. This code is redundant,
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thus resulting in a loss of data rate proportional to the number of symbol repetitions. Frequency
gains consist in transmitting the same narrowband signal in different carriers, where the carriers
are separated by more than the coherence bandwidth. The main drawback of this technique is
that it requires more bandwidth. In order to achieve space diversity, the antennas are required

to be distant enough that the arriving signals experience distinct fading effects.
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Figure 2.10: MIMO techniques |32]

In order to achieve receive diversity, equalization techniques such as selection combining(SC),
equal gain combining(EGC), among others, can be applied in order to combine the signals
received by the receiver antennas. Receive diversity can achieve space diversity or antenna gain,
depending on separation of the antennas. Receive techniques are most common for the uplink
transmission, since it is easier to have multiple antennas on a base station(BS) than in a user

terminal(UT), as well as the required processing capabilities.

There are two ways to achieve transmit diversity, closed-loop transmit diversity and open-
loop transmit diversity. In the first case, two or more copies of the signal are sent applying phase
shift to one or more signals before transmission, thus reducing the risk of destructive interference.
The channel state information (CSI) is available at the transmitter and the receiver assists in

channel estimation and communicates these estimates to the transmitter.

When there is no CSI availability on the transmitter, open-loop transmit diversity is re-
quired. This can also be applied to adverse channel conditions, the performance is usually lower
compared to closed-loop, however, it is a more robust approach. Equalization techniques based
on encoding blocks of data, such as space-time/frequency block coding (STBC or SFBC) and
space-time Trellis codes (STTC) are used. In these techniques, the transmitted data symbols
are arranged in a way that they are orthogonal to each other. STTC performs better tha STBC
ot SFBC, however, its high complexity limits the implementation in practical systems. A well
known STBC technique, the Alamouti scheme, is demonstrated in [34]. The limitation of these

orthogonal codes, is that they can only be applied for two transmit antennas. When the system
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has more than 2 transmit antennas, Tarokh orthogonal code or Quasi-orthogonal codes are used.

These techniques usually require bandwidth expansion.

MIMO multiplexing techniques are used to increase massively the throughput of a system,
nevertheless, an excess of receive antennas can be used to reduce co-channel interference. If
the antennas are separated by more than A/2, spatial gains can be achieved by dividing and
transmitting consecutive data symbols over all Ny, antennas. One well know example of MIMO
multiplexing technique is the Bell Lab’s space-time (BLAST) scheme, aiming for maximize the
throughput of a single user |35]. Spatial division multiple access (SDMA), although related to
previously mentioned multiplexing schemes, aim for the maximization of the number of sup-

ported users. This scheme shares the throughput of the system among all supported users [32].

Beamforming (BF) is a key enabling technology for the future of mmWave wireless com-
munications. In order to overcome the increment in path losses characteristic to mmWave and
transmit mmWave signals efficiently, the energy radiated by the antennas is (mostly) concen-
trated on a single beam. The conjugation of BF and mMIMO systems bring great opportunities
for future wireless communications, which will be subject of more detailed discussion in chapter

3.

2.3 Power amplifier

The power amplifier (PA) is a key component for transmitting data using radio technology.
Its function is to feed the antennas with the necessary energy for the transmission, by adjusting
the power fed to an antenna during transmission in order to overcome path loss. PAs can be
clagsified according to the time period on which the amplifier is effectively conducting power, this
period is also referred to as conduction angle, being 360° (27) a conduction angle corresponding
to full period conduction, which is the characteristic of a class A power amplifier. Other classes

of amplifiers as well as their conduction angles and maximum efficiency are depicted in figure
[56).

The most commonly used classes of linear PAs are A, AB, B and C, that also correspond to
linear amplifiers, other types of amplifiers exist. Class D to T amplifiers are non-linear switching

amplifiers with specific applications.

The PA is also the most energy consuming component of the system. Therefore, in order
to obtain maximum power efficiency, the PA is operated near saturation point. Operation in
this region introduces unwanted distortion to the in-band signal as well as unwanted additional
frequencies in adjacent bands, which is further exaggerated due to high peak-to-average power

ratio (PAPR) of the input signal.

22



Amplifier Classes Efficiency
100%

75%

50%

25%

I I
360° 270° 180° 90° 0°
(2m (m) Conduction Angle ()

Figure 2.11: Amplifiers classes and efficiency

1 Thaoretical Rasponse
1-dB Backoft
A Compression
o Region
ozl Actual .
o Response
g
o
=
=
o
P1dB

Input Power (dB)

Figure 2.12: Linear PA behavior with saturation |\

A PA is characterized by certain parameters or metrics which define its performance. Some
are related to standard design requirements, such as power gain and frequency response but
there are other key parameters used to design a PA [37].

Examples of such parameters are:

e Qutput power - the maximum power delivered to a load, within the interested frequency
band;

e PAPR - the ratio between the peak output power and the average output power within

the interested frequency band;

e P1dB point - 1 dB compression point, the input power at which the amplifier’s gain falls

1 dB bellow its linear gain specification, see figure 212 and it is considered to enter its
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saturation region;

e Adjacent-channel power ratio - when amplifying the main channel signal, some power also
leaks to adjacent channels. Adjacent-channel power ratio (ACPR) is the ratio between the
power leaked to adjacent channels and the root-mean-squared (rms) power of the main

channel signal.

A given PA can be modelled mathematically by defining the above mentioned parameters
in order to understand its behaviour in the saturation zone. This approach considers the PA
as a "black box" relying exclusively on carefully chosen input-output observations to model the
PA non-linearities [38]. Applying this method, a theoretical behavioural model for the PA is
created, taking in account that the PA can be modelled as a memoryless system, which is usually
the case in OFDM systems [37]. There are several PA behavioral models, of which, three are

regarded as the most commonly used:

e Saleh model - simple static PA model, used with high power amplifiers, such as the

traveling-wave tube amplifier (TWTA);

e Solid-state PA model (SSPA) - model used for medium/low-power amplifiers, similar to

limiter model if 'p’ (smoothness of transition) is high;

e Limiter model - used to cut off the signal above a certain threshold value.

The choice of any of the above methods must take in consideration the output power, pack-
aging and applied power. Microwave telecommunications industry primarily relied heavily on
TWTA and this model provides reliable performance and greater lifetime than SSPA, being
still used in radar, broadcasting and communications. SSPA models have shown to be more
suited to model low and medium PAs [39], which are predicted be used in most of future mas-
sive MIMO wireless deployments, thus the ones studied in this work. One such example of
a SSPA model and widely used is the Rapp’s model. Two of the most important estimators
of the power amplification impact on communication systems linearity performance are the
amplitude modulation/amplitude modulation(AM/AM) and the amplitude modulation/phase
modulation(AM/PM) conversion functions [40|. The non-linear amplifier response transforms
the time signal z,, into the signal z,,, where ,, is the time-domain signal equivalent of the OFDM
signal, i.e. x;g, as depicted in figure The PA output can be given as function of the AM/AM
and AM/PM functions, using equation
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where f4 and fp are the AM/AM and AM/PM non-linear conversion functions, respectively.
This signal thus includes the non-linear effect of the PA. In Rapp’s model, fp is approximately

zero and f4 is given by the expression [41]:

fa(r) = , (2.4)
e

where p is the parameter that controls the smoothness of transition between the linear and
saturation regions, r is the absolute value of the PA input signal and sy is the output value in

the saturation amplitude.
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Figure 2.14: Output amplitude vs Input amplitude for Rapp model of PA [42]

Figure depicts the relation between input and output amplitude of the Rapp model of
a PA as well as the influence of p in the smoothness of the transition. A realistic value for this

parameter is p = 3.
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2.4 Non-linear distortion

In order to make wireless transmission equipments more energy efficient, the PAs of the
systems usually operate close to the saturation zone, causing the PA to behave in a non-linear
way, provoking NLD which in turn causes in-band and out-of-band distortion thus degrading
the BER performance and interfering with adjacent frequency bands.

The NLD has a significant negative impact in telecommunications systems performance.
Several techniques are used in order to mitigate the effects of the NLD, also know as linearisation
techniques such as backoff linearization, PA non-linearity cancellation (PANC), clipping and
filtering. Other aspects that impact the wireless channel, thus increasing the negative impact
of the NDL are the high PAPR that characterizes OFDM based systems, and fading [21]. In
order to improve the throughput, some linearization or non-linearity cancelation techniques are
necessary. Although many solutions are available, the most commonly used techniques for NDL

mitigation include [37]:

e Backoff linearization - simple implementation. Increases power backoff, resulting in the
PA working in a more linear region, thus, reducing power efficiency. Less applicability in

modern/future systems.

e Clipping and filtering - limits the signal under a certain threshold, and filters out the
out-of-band distortion that results from it, reducing spectral spreading. It is the optimal

solution when a linear PA is used.

e Feed-forward linearization - minimizes the non-linear effects of the PA, keeping it within

its linear region.

e PA non-linearity cancelation (PANC) - a model of the PA is created and NLD is quantified
and canceled, used together with combining/equalization techniques in cooperative systems

can sigificatively improve the performance of an OFDM system.

2.5 Interference cancelation

Hardware components of a RF front-end are prone to wearing down, causing those to behave
in unexpected ways, which, in addition to the inherent imperfection of real systems, lead to a
great performance penalty of RF systems due to non-linearities [43].

An effective way to improve performance of a RF system is to force the PA to behave in a
more linear way. This can be achieved by means of pre-distortion. In the case of transmitter
NLD cancelation, a given model of the PA is computed (e.g. Rapp model) and a pre-distortion
block with inverse characteristics is applied to the signal before it is amplified, resulting in the

PA to behave as depicted in figure 2.15]
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Figure 2.15: Linear PA behavior with applied predistortion [43]

In [44] and [45] two distinct interference cancellation technique are used on the receiver
side, where given an initial estimate of the transmitted symbols, the distortion effects can be
estimated if he PA model is know, after that, NLD can be removed from the received signal and
new and improved symbol estimates can be obtained. This procedure can be repeated in an
iterative manner to obtain symbol estimates with residual distortion with a reduced number of
iterations. Another well know technique for interference cancelation on the receiver side is the

iterative block-decision feedback equalizer (IB-DFE) which is presented below.

2.5.1 Concept of IB-DFE

IB-DFE schemes are the most successful non-linear frequency domain equalization techniques
and have been widely used in the past decade in a variety of scenarios, namelly SC-FDMA
systems used for the uplink communications of the LTE cellular system [46]. IB-DFE can be
regarded as low complexity turbo equalizer implemented in the frequency domain and does not

require the channel decoder output in the feedback loop.

In 46|, two iterative approaches of the IB-DFE concept are studied: Successive Interference
Cancellation (SIC) and Parallel Interference Cancelation (PIC). The first approach consists
in the detection of all the K users on the lth subcarrier in a successive way, using the most
recent estimation of the transmitted data symbols associated to each UT in order to cancel
the corresponding interference. A block model of this approach is depicted in [2.16] The main
drawback of this SIC approach is the larger delay in the detection procedure when compared
to the PIC scheme, due to the sequential detection of the UTs. This is a major issue when

implementing a practical system.
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Figure 2.16: Iterative receiver structure based on IB-DFE SIC approach

As for the PIC based approach the detection of all the K users on the [th subcarrier is
made in a parallel way, using the most updated estimation of transmit data symbols to cancel
residual interference . This approach results in a less complex system. In figure a block
model of the implemented system is depicted. It has been shown in that the IB-DFE PIC
scheme is very efficient and with a low number of iterations the BER performance is close to
the obtained with the matched filter bound, meaning that UTs are efficiently separated while
taking advantage of the space-frequency diversity inherent to MIMO SC-FDMA based systems.
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Figure 2.17: Tterative receiver structure based on IB-DFE PIC approach

Considering figure for each iteration, after the data is demodulated after the inverse
discrete Fourier transform (IDFT) operation is performed, copies of the data pass through a
feedback loop where it would be modulated again in order to account for better estimates of the
symbols. The feedforward and feedback matrices, respectively Fl(i) and Bl(i) are computed in

order to minimize the average BER of all UTs and defined by equations [2.5]and [2.7] respectively.

Fi” = (B (Lx - POUYH, + 1) T HQO, (2:5)
S

28



Q= (Ix — POV - L1 (2.6)
O'SL
B = HF" — 1. (2.7)

Considering only the first iteration, the matrix P = 0 and thus this equalizer presents a
similar performance to conventional linear MMSE equalizers since B = 0 [46].

In [17], a two-step hybrid multi-user equalizer is studied for the receiver structure using an
IB-DFE scheme for the digital part, in conjunction with a sub-connected dynamic sub-array.
This equalization technique, due to the partial processing in the analogue domain, offers a
promising approach for future wireless systems, where reducing costs and power consumption

are mandatory.
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Chapter 3

Millimeter wave systems and Massive

MIMO

The frequency spectrum is a limited resource especially for the current systems. Exploiting
milimeter wave(mmWave) technologies, a vast amount of radio frequency spectrum becomes
available which can be used to provide greater bandwidth, thus providing higher throughput.

In this chapter the main applications for mmWave communication systems as well as the
challenges this technology is facing in order to be deployed for cellular communications are
presented. mmWave benefits and limitations are addressed and signal pocessing techniques

developed for mmWave communication are also discussed.

3.1 Millimeter wave communications

mmWayve systems are characterized mainly by the greater bandwidth availability and the
pencil-shaped narrow beams that are transmitted. This opens the door to different applications
than the ones usually associated with cellular communications technologies due to the expected

reduced size of transceivers. Future use-cases for mmWave can be [47]:

¢ mmWave communication in wearable devices;

e mmWave communication in virtual reality;

e mmWave communication in vehicular networks;

e mmWave communication in satellite communication;

e mmWave communication in 5G communication systems;

e Object detection, imaging and tracking with mmWave technology;
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Wearable devices, such as fitness tracker, wireless headset, smart watch, smartphone, among
others produce massive data traffic, virtual reality headsets also require high data rates in
order to offer a more immersive experience that current wireless technologies such as Wi-Fi
and Bluetooth cannot provide(current VR headsets are wired to the virtual reality server), such

communication systems can be provided by mmWave schemes figure [3:1]

Wireless
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Figure 3.2: Overview of vehicular networks |\

In vehicular networks mmWave systems can be used for vehicle-to-vehicle, vehicle-to-internet,
vehicle-to-road and vehicle-to-sensor communication. These concepts pose great challenges for
mmWave systems. The fact that vehicles are moving causes misalignment of the established link
between two vehicles, therefore instantaneous driving information should be exchanged in order

to construct a robust link between them, thus constructing a vehicular network.

A given vehicle can also be used as a relay to transmit data between two other different

vehicles. Vehicles can also connect to road infrastructure in order to exchange relevant traffic
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and mobility information, as depicted in figure [47].

Regarding object imaging and tracking, the vast majority of mmWave beams can be reflected
by objects larger than the wavelength, mmWave systems promise to bring higher accuracy
than current microwave systems while at same time can be less expensive, accurate system
working at microwave frequencies are costly. A similar paradigm is applicable to object detection,
where developments in construction of devices operating at 94 Gz promisse to bring great
improvements in detection resolution. Objects as small as a 2.54cm height and radius cilinder
can be detected at a distance of up to 60 meters. These systems are particularly useful in
monitoring airport runways and high speed roads for 'Foreign Object Debris’ which can cause

accidents [47] [48].

3.1.1 Spectrum

Almost all mobile/radio communication systems nowadays(cellular, HDTV, satellite commu-
nication, GPS and Wi-Fi) use spectrum in the range of 300MHz - 3GHz(figure [3.3)), which is an
interval already 'crowded’ and along with the ever rising number of new devices poses a huge lim-
itation for future wireless communication systems/networks. In order to surpass this spectrum
limitation, millimeter wave mobile broadband (MMB) systems are a key technology, allowing
exploration of the vast spectrum availability in the range of 3GHz - 300 GHz (wavelength =

100mm to lmm).
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Figure 3.3: Current spectrum allocation

At the ITU World Radiocommunication Conference, global stakeholders are working towards
a consensus for spectrum allocation for the IMT-2020 of frequencies within the following ranges:
24.25 - 27.5 GHz, 31.8 — 33.4 GHz, 37 — 40.5 Gz, 40.5 — 42.5 Gz, 42.5 — 43.5 GHz, 45.5 — 47
GHz, 47 — 47.2 GHz, 47.2 — 50.2 GHz, 50.4 GHz — 52.6 GHz, 66 — 76 Gz, and 81 - 86 Glz.

Protocols designed to explore the large bandwidth of mmWave band already exist, capable
of achieving very high transmission rates, used in indoor environments. Such cases are the IEEE
802.11n and 802.11ac protocols, which operate at 5GHz, providing significantly higher data
rates when compared to other protocols. The first IEEE wireless standard with data rate over 1

Gbps was the 802.15.3¢ which was capable of multivideo streaming achieving a data rate of 3.8
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Gbps. A more recent protocol is the 802.11ad, this protocol was developed in order to achieve

multigigabit data rate(up to 7Gbps) on WLANSs, operating in the 60 GHz band [49] [50].

3.1.2 Millimeter wave propagation

Regarding free space propagation, despite the fact that waves at higher frequencies propagate
less than at lower frequencies, due to smaller wavelength it is possible to pack a higher number of
antennas in the same area. This enables transmitter and receiver beamforming (BF) with high
gains, in fact if the antenna areas are kept constant there is a gain increase (narrower beam)

when compared to conventional systems [51].
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Figure 3.4: Atmospheric and molecular absorption at mmWave frequencies [47]

Even though gaseous losses and precipitation attenuation are typically less than a few dB/Km
(except oxygen and water vapor absorption bands) as depicted in figure , the losses due to
reflection and diffraction depend heavily on the material and surface. Although those reduce
the range of mmWave, it also facilitates the non line of sight (NLOS) communication, table
presents the attenuation values of some common materials.

Millimeter wave signals do not penetrate most solid materials effectively, however, some sig-
nals might reach inside the building through glass windows and wooden doors. The indoor cov-
erage can also be achieved through the usage of indoor mmWave femto-cells or Wi-Fi solutions.
Wi-Fi technology using 60GHz mmWaves is already being developed under IEEE 802.11ad.

Another chalenge for mmWave system is the Doppler shift defined by the following expression,
where Af is the Doppler shift, Av is the diference in velocity between the BS and the moving
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Table 3.1: Attenuation of different materials [52]

Attenuation (dB)
Material Thickness (cm) | <3 GHz | 40 GHz | 60 GHz
Drywall 2.5 5.4 - 6.0
Office whiteboard | 1.9 0.5 - 9.6
Clear glass 0.3/0.4 6.4 2.5 3.6
Mesh glass 0.3 7.7 - 10.2
Chipwood 1.6 - 0.6 -
Wood 0.7 5.4 3.5 -
Plasterboard 1.5 - 2.9 -
Cement 10 - 160 -
Brick wall 10 - 178 -
Concrete 10 17.7 175 -

terminal, ¢ in the speed of light and f. the carrier frequency:

ar=""xp, (3.1)

The Doppler shift of a wireless channel depends on carrier frequency and mobility, for a
carrier frequency of 3-60GHz with terminal mobility of 3-350km /h ranges from 10Hz to 20KHz,
additionally the Doppler shift of incoming waves in different angles at the receiver are different,
this results in a phenomenon called Doppler spread. When a MMB system is considered, the
narrow beams at the transmitter and receiver reduce significantly the angular spread of incoming
waves, in turn reducing the Doppler spread. This is expected to cause a much less time-domain
variation of an MMB channel when compared to an omnidirectional antenna in a rich scattering

environment.

3.1.3 Milimeter-wave mobile broadband network infrastructure

A MMB network consists of multiple MMB base stations that cover a geographic area in
order to ensure good coverage. Due to the smaller range of mmWave signals (generally the site-
to-site distance as micro- or pico-cell deployment in an urban environment) these would need
to be deployed with higher density than current macro-cellular base stations. The transmission
and reception in a MMB system are based on narrow beams, suppressing interference from
neighbouring MMB base stations and extending the range an MMB link. This allows significant
overlap of coverage among neighbouring BSs.

In order to deploy a fully standalone MMB network there are technical constraints that need

to be considered: 1) due to high density, the cost to connect every MMB station via wired
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network can be significant; 2)low efficiency of radio-frequency devices, such as power amplifiers

and multi-antenna arrays.
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Figure 3.5: Hybrid MMB+4G - architecture and system [52]

A solution that can be more cost- and resource-effective can be the deployment of a Hybrid
MMB + 4G system. The already implemented 4G systems are expected to provide good cover-
age and reliability when MMB systems start to deploy. This can improve coverage and ensure
seamless user experience in mobile applications. In a hybrid MMB + 4G system, system infor-
mation, control channel and feedback are transmitted over the 4G system, allowing for dedicated

high data-rate communications over the MMB system [52].

3.1.4 Massive MIMO with millimeter wave

A massive MIMO system is a system which contains a very large number of antennas (counted
in the hundreds of antennas) similarly as depicted in figure This concept is appealing for
5G and mmWave comunication due to the reduced size of each antenna, typically \/2, where A
represents the wavelength in meters. This allows for a high number of antennas to be packed
in small areas and yielding significant improvements in capacity gains and energy and spectrum
efficiency. The advantages of massive MIMO can be achieved using simple signal processing
techniques, such as ZF and MMSE to cope with the channel variability.

Studies [53] show that a user in a massive MIMO system with MMSE and estimated channel
state information (CSI) can theoretically achieve the same uplink/downlink throughput using
only ﬁ of the required transmit power if a single antenna would be used. This has implications

in terms of design simplicity, cost, efficiency and heat dissipation of the power amplifiers (PAs).
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These energy gains can also be used to help overcome the higher path loss at mmWave frequencies

and extend the system’s operational range.
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Figure 3.6: Antenna arrays for massive MIMO [54]

Massive mmWave multi antenna systems have a much smaller form factor than designs at
current frequencies and would benefit from an increase in available signal bandwidth, addition-
ally, path loss can be beneficial in small-cell scenarios due to limitation of inter-cell interference
and allowing greater frequency reuse. Massive MIMO arrays can provide a narrow beam, that
would eliminate much of the multipath interference, significantly reducing the delay spread and

potentially reducing the need for equalization [55].

3.1.5 Beamforming

High frequency signals, as discussed before, are severely limited due to high propagation
losses. Beamforming is a key technology to overcome this limitation. BF is a signal processing
technique used for directional signal transmission or reception. When transmitting, a beam-
former controls the phase and relative amplitude of the signal at each transmitter antenna to
create a pattern of constructive and destructive interference in the wavefront. The massive
number of antennas of mMIMO systems will provide significant improvements in terms of beam
accuracy and beam steering. Allowing even for two dimensional steering which is a key enabler
for mmWave wireless communications. Figure 3.7 shows how the number of antenna sub-arrays
employed in the transmission affects the system performance in terms of gain and steerability.
For simplicity purpose, it is depicted only one dimension, however, the same principles apply
for both vertical and horizontal directions of the antennas.

Considering an antenna array such as the one depicted in figure [3.6] and a sub-array the

highlighted zone in the same picture, the array gain is the gain achieved when all sub-array
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Figure 3.7: Beamforming and beam steering using MIMO

signals are added constructively. The amount of gain relative to one sub-array depends on the
number of sub-arrays employed,i.e., two sub-arrays have a gain of 2 (3dB). By adjusting the
phase of the sub-array signals in a certain way, this gain can be achieved in any direction as
depicted in figure B-7A. Each sub-array has a characteristic radiation pattern, describing the
gain in different directions. The gain and beam width depend on the size of the sub-array.
As the size of the sub-array increases, the gain increases and the beamwidth is smaller, as can
be seen in figure 3.7B. As depicted in figure B.7/C, the total antenna gain is the product of the
previous mentioned gains. The total number of elements determines maximum gain and the sub-
array partitioning allows steering of high gain beams over the range of possible directions [56].
Employing beamforming with narrow beams that are highly steerable in a two dimensional space,

allows for multilevel sectorization, which is depicted in figure [3.8]

Figure 3.8: BF with multi level sectorization |\

BF is a key enabling technology for MMB, the small size of the dipoles and separation(both

38



around \/2) of antennas allow a large number of antennas to achieve a high BF gain in a small
area. BF can be achieved in both digital and analogue domain, however a pure version of these
solutions has either cost or capacity constraints [52]. Pure analog approaches employ a network
of digitally controled phase shifters with a single RF chain. Analog BF techniques are limited in
terms of precision, making it difficult to finely tune the beams and steer nulls. Other limitation
is the poor scalability, since analog BF with a single beamformer only supports single-user and
single-stream transmission. In pure digital approaches, each antenna element is connected to
a dedicated RF chain, then going through a separate DAC and an ADC. This approach leads
to higher precision, however, the need for RF chains equal to number of antenna elements is
a major issue due to high cost and power consumption. Hybrid digital-analog BF techniques,
that provide the QoS requirements in a more cost effective manner, emerged as a promising
solution. These techniques provide a trade-off between low-complexity and high-performance of
pure analog and pure digital approaches [47] [52] [58].

Due to the particular characteristics of transmit signals in this band, mmWave channels
are expected to be sparse in the angular domain and show less delay spread than current bands
channels. Therefore, CSI acquisition is a key aspect in wireless communication systems, specially
in mMIMO environments that employ BF. There are two most common methods in order to

obtain the downlink CSI and are supported by 5G-NR:

e Reciprocity based CSI — measurements on Sounding Reference Signals (SRS) transmitted

by each individual UT;

e Closed loop — UT feedback where the BS transmits CSI-Reference signals which the UTs
measure and report back the Pre-Coder Matrix Index which points out the precoder to

use out of standardized precoding tables.

In the second method, a beam sweeping transmission procedure is employed. Several syn-
chronization signal blocks(SSB) and reference signals are transmitted, in order to find the best
beam direction. In order to create these beams it is required to have a phase calibrated aperture,
thus a calibration network is needed in the antenna. The quality of this calibration network will
affect the quality of the beams. The UT first determines the best SSB and reports it back to
the BS, then, more detailed information can be shared by use of a codebook which will better
characterize the CSI. After receiving the estimated CSI from the UT, the BS can select between

several beams [56].

3.2 Massive MIMO with Hybrid analog and digital BF

Conventional MIMO systems are based on digital BF. each element in antenna arrays gen-

erates one individual RF chain and then goes through a separate ADC and a DAC successively.
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This approach may be prohibitive for mmWave since when a large number of antennas are imple-
mented, there is the need for excessive real-time processing as well as high power consumption
and high cost if every antenna of the system is required to have a dedicated transceiver [47] [51].

One approach that aims the reduction of total transceivers in a given system is the imple-
mentation of analogue BF techniques, where each transceiver is connected to multiple active
antennas and the signal phase on each antenna is controlled by a network of analog phase
shifters. In analog BF, each transceiver generates one beam toward one user, if the number of
users simultaneously served is much smaller than the antenna number (which is held true in
most massive MIMO systems), the number of transceivers can be designed to be much smaller
than the number of antennas. However, this situation may cause severe inter-user interference
in cases when the users are not enough spatially separated, additionally this approach relies on
perfect CSI which is hardly the case on mmWave channels due to their high variability. In order
to solve this problem, digital BF can be integrated in the system in order to achieve multiple

data stream precoding, thus enhancing the overall performance [59).

3.2.1 Hybrid BF structure

Hybrid analog and digital BF is likely the most suited scheme for mmWave communication
systems. The core of hybrid BF is to divide precoding between analog and digital domain,
making an efficient trade-off between low complexity/limited performance analog BF and high
complexity /good performance of fully digital precoding while enaling less RF chains than the

number of antenna elements.
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Figure 3.9: N x M hybrid BF structure [15|

In figure [3.9)is depicted a hybrid analog and digital BF structure. This structure consists of a
system with N transceivers, each connected to M antennas. Analog BF is performed over M RF
paths in each transceiver, and digital BF is performed over N transceivers. As is demonstrated

in [15] that there is a point were the energy efficiency-spectrum efficiency (EE-SE) is maximum,
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this point is referred to as the green point and can be achieved by adjusting the number of active

transceivers as required to guarantee the needed energy-spectrum efficiency [15].

3.3 MIMO precoding and combining in mmWayve

Beamforming with multiple data streams, also referred to as precoding, can be done digitally
at baseband, in order to further improve mmWayve spectral efficiency. It makes a compromise
between hardware complexity and system performance by employing large antenna array to
achieve high gains with low cost hardware. The small wavelength of mmWayve signals allows for
a large number of antennas to be packed in relatively small areas and with a small form factor.
However, due to the high cost and power consumption of RF chain components such as high
resolution ADCs and power amplifiers makes it difficult to have a dedicated RF chain for each
antenna. In the current cellular systems, the precoding and combining are performed entirely in
the digital baseband. This concept, when applied to massive MIMO becomes infeasible due to
hardware constraints, large number of antennas and different channel conditions. New MIMO
architectures are needed for mmWave systems. Additionally, in fully analog BF schemes it is
difficult to form multiple beams, tune side-lobes and limitation to single stream transmission, due
to complexity of implementation of multi-user/stream systems. Two solutions derive from this:
1) hybrid analog/digital precoding and combining, where precoding and BF are divided over
different domains, allowing for more degrees of freedom for the precoding design when compared
to fully analog schemes; and 2) the use of low-resolution ADCs. This kind of implementation
consists of simpler circuitry and less power consumption than high resolution ADC approaches,

as the power consumption of these devices increases exponentialy with the resolution [60] [61].
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Figure 3.10: Hybrid precoding and combining architecture [60|
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3.3.1 Hybrid analog/digital precoding and combining

Hybrid precoding and combining provides a compromise between hardware complexity and
performance gain. The number of complete RF chains required is much lower than the number of
antennas, making it cost and power efficient. Due to the additional digital layer, hybrid precoding
has more freedom in designing the precoding matrices than analog BF. This allows hybrid
precoding to perform more complicated processing, and support multi-stream multiplexing and
multi-user transmission. It can also enable mmWave systems to perform frequency domain space-
time equalization, thus increasing robustness of operation in broadband channels. It can be seen
in figure [3.10] a possible implementation of an hybrid precoding and combining scheme, where
the number of transmitter/receiver (base station/mobile station) antennas are much larger the
the number of RF chains respectively, for each side. Simulations reveal that hybrid precoding and
combining has SE (= 16b/s/H z) increase of near 75% when compared to analog BF, approaching
the SE of an unconstrained singular value decomposition (SVD) scheme with waterfilling method

[60].

Ant 1 T i ”_ — _:l a1

Ant 2 T_:»”
Ant 3 \T/_L

Ant N, 7\

Ant 1

Ant. 2

Lo
Ant 2 2
T N IL'%, >
I
N N LS :

—_ _——
I
I

RF Chain 1

II‘

i

| Ant N, Ant. N, -2
I

e |-
|
|
|
Sl

o

N2 R2
o Sr ot/ R-1
Ant. N, T | : | Y | I Ant N,
III }’Z/’ N Ant. I A | N,
| L
S I____I |____|

(a) (b) (c)

Figure 3.11: Analog part:(a) fully connected;(b) sub-connected with fixed sub-array;(c) sub-

connected with dnamic sub-array [17].

There are three different hybrid analog-digital transceiver architectures: fully-connected (de-
picted in figure , sub-connected with fixed sub-array and sub-connected with dynamic sub-
array. The optimal solution would be the fully-connected architecture. In this system, a given
number of RF chains is physically connected to all antennas. This results in a more complex
system that requires a very high number of connections, especially if mMIMO is employed.
Sub-connected architectures pose a more practical solution for future mmWave broadband sys-
tems [62]In sub-connected architectures, a given RF chain is only connected to a subset of
antennas, thus the complexity of this architecture is lower than the fully-connected counterpart.
In fixed sub-connected schemes, each RF chain is physically connected to a given subset of an-

tennas. In dynamic sub-connected schemes, each RF chain can be dynamically connected to
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different subsets of antennas. The dynamic antenna mapping is derived in order to connect the
best set of antennas and phase shifters to each RF chain. This can be done taking into account

previous antenna mapping and phase shifter values. In figure [3.11] a comprehensive diagram

of the previous structures is drawn. Dynamically sub-connected architectures have shown to
outperform fixed sub-connected ones without significant complexity addition. While an accept-
able trade-off between performance and complexity happens when comparing to fully-connected
schemes. Fixed sub-connected schemes present the worst performance, due to lack of antenna

criteria the analog part poorly handles multi-user scenarios [63] [17] [64].

3.3.2 Precoding and combining with low resolution ADC

In conventional MIMO receiver design, the ADCs are expected to have high resolution (6
or more bits), acting as ’transparent’ waveform preservers. However, the power consuption of
ADCs grows exponentially with the resolution and in mmWave systems the sampling rate of
ADCs scales up with the larger bandwidth. Low resolution ADCs have been subject of study
in order to implement systems that have much less enegy requirements while providing the

requirements of quality of service (QoS) [60].
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Figure 3.12: System model using 1-bit ADC precoding/combining [60|

In figure is depicted a system model using 1-bit ADCs where there is a RF chain and
two 1-bit ADCs for each antenna on the receiver. From the transmitter side, the system can be
either hybrid precoding, fully digital precoding or analog BF.

There are some disadvantages regarding low resolution ADCs especially 1-bit ADCs, because
more RF chains are needed at the receiver. The theoretical capacity achievable is 2N, b/s/Hz,
being N, the number of antennas at the receiver (there are only 2N, bits available at the output
of the ADCs). However, in order to achieve these gains there are some design challenges to

take into consideration when working with 1-bit ADCs, namely the capacity analisys, channel
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estimation and broadband channels. Very low quantization methods show a huge performance
penalty, however, those can be used for ultra low-power implementations where spectrum effi-

ciency requirements are minor [60)].
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Chapter 4

Proposed receiver structure for massive

MIMO mmWave systems

As previously mentioned, mmWave and mMIMO are two key enabling technologies for 5G.
In mmWave bands, several GHz of bandwidth become available, while mMIMO technologies
allow for increased throughput and more refined beamforming. The use of multiple sub-arrays
in beamforming allows for higher antenna gains, which are a solution to overcome the severe
fading effects of mmWave channels. However, conventional MIMQO systems employ fully digital
architecture, which is not feasible in mMIMO since each antenna would require a dedicated RF
chain. Hybrid analog-digital architectures are an option to reduce the number of RF chains per
antenna. As the number of antennas grows, there is also an increase in the number of PAs in
the system. In order to reduce the costs of operation of future mmWave wireless systems and
make its massification feasible, it is of paramount importance that devices have high energy
efficiency. The linear PAs used in wireless systems are more efficient when operating close to its
saturation zone. This mode of operation causes the PA to behave in a non-linear fashion, thus
introducing NLD in the transmitted signals. This NLD can be described analytically, opening
the possibility for the BS to have knowledge of the PA characteristics. Therefore, equalization
techniques that also take into account the NLD introduced by the PA can be applied on the
receiver. The distortion estimates are obtained using a Bussgang receiver and the equalizer is
optimized by minimizing the BER, which is equivalent to minimize the mean square error.

This chapter presents the proposed iterative hybrid analog-digital equalizer designed for
mMIMO mmWave SC-FDMA systems, under non-linear distortion. The first section contains
the characterization of the system. Models of the UTs and BS are presented and are supported
by analytical formulation, mmWave channel characterization is also presented. The UTs have
low complexity, using a single RF chain connected to multiple phase shifters and antennas. At
the base station, an hybrid analog-digital iterative equalizer with fully connected architecture

based on IB-DFE principles is implemented in order to eliminate multi-user interference and the
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NLD. The second section explains the designed algorithm for signal processing at the receiver.
It depicts how data symbols estimates are obtained and later are used to estimate and eliminate
the NLD introduced by the PA. Finally, in section 3, the obtained results are presented. The
impact that parameters such as the number of users, channel conditions and saturation threshold

have in the system performance are also discussed.

4.1 System characterization

The proposed system is an uplink broadband mmWave system, employing hybrid analog-
digital equalization with IB-DFE and distortion cancelation on the receiver side. The system
has IV, available subcarriers and uses SC-FDMA as the multiple access technique. It is assumed
that the system has U UTs sharing the same radio resources and one BS.

In the sections bellow the used models that characterize the proposed system are presented.

4.1.1 Channel model

Regarding the transmission channel, a clustered channel model with Ny clusters and Nyqy
propagation paths per cluster was adopted. For the uth UT, the delay channel matrix H, 4 €

CNrexNiw - guch that E[| H, 4 [|%4] = Nyz Nz can be expressed as:

Nt Nray
Npz N,
Hud = ZJLW DD (agupee(dTs = 73t = 7) X a0 — 05 )ays, (65 — ¢40),  (41)
q=1 [=1

and in frequency domain at subcarrier k£ as:

2Trkd
c

D—-1
Hch = Z Hu,de_j N (42)
d=0

The path delays are uniformly distributed in [0, DT}], where T is the sampling interval and D
is the cyclic prefix length. The path loss between the UT and BS is ppy, while the Ith ray in the
qth cluster has a complex path gain equal to 042‘7[. The function p,.(.) is a rectangular window.
The AoA ¢y and AoD 67 of the gth cluster, and the relative angles of arrival ¢g. and departure
192‘71 of the Ith ray from the gth cluster have the random distribution presented in [16]. The gth
cluster has a time delay 7,/ and its {th ray has a relative time delay equal to T;l. The vectors
Ary, and ag,, are the normalizd receive and transmit array response vectors of the uth UT,

respectively, and given for an N-element uniform linear array (ULA) by the expression:

aULA(G) _ [176j27r} sin(@)7 m’ejQﬂ'% sin(O)(Nfl)}T’ (43)

2l
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where A and v are the wavelength and the inter-element spacing, respectively. The channel

matrix of the uth UT at the kth subcarrier can be writen as:

Hu,k = Am:,uAu,kAgg,ua (4~4)

where the path gains of the lth ray from the gth cluster comprise the diagonal of the diagonal
matrix A, i € CNetNray*xNeiNray

At:p,u = [atm,u(eqf - 1911{1)’ --.,atx,u(euNcl - 19%0[7N7-ay)] € CNteXNeiNray gnd Arx,u = [arx,u(ﬁbzf _
‘Plfg), “"am’“w?\fcl ~ PN, )] € CNraxNalNray are respectively, the matrices of the uth user

corresponding to the concatenation of all transmit and receive array response vectors.

ay

4.1.2 Transmitter model

Each UT transmits one data stream per subcarrier, number of transmit antennas is denoted
as Niz. A block diagram of the uth UT is presented in figure It is considered M-QAM
constelation, where s,¢, t € {1,..., N.} denotes a data symbol with E[|s,|?] = 02 and its DTF

is denoted as ¢y k.

f (. 1S (o VM
| I A
I . > S-point . > L, N l
| ( }\ - FFT | |
5. > »
| VPus fy S P |
Bit stream Data ) . M .| Nepoint | |, _l Add |.| RF
Mod. i : M mEr | cp *| Chain
I P S I
| . > S-point . > |
| 3 FFT | N ] [
| — - I

T Ant 1

Ant 2

: T Ant. N

Figure 4.1: Block diagram of the uth UT (transmitter)

After the DFT, the data in the frequency domain are interleaved to increase diversity order
and mapped in the SC-FDMA symbol, followed by addition of the CP. Regarding the distortion
characterization, the relation between the input and output signals of the PA can be generally
obtained for any PA characteristic function. From central limit theorem, the input of the
PA device is approximately Gaussian if the number of antennas and/or subcarriers is high.

Therefore, from Bussgang’s theorem, the output signal can be decomposed into uncorrelated
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useful and self-interference components [59], [L6]. The PA output in time domain can be written

as:

Xu,t = afa,u-ch,t + fa,udu,t7 (45)

where « is the multiplication factor of the useful signal component according to the Bussgang
theorem [65], £, € CNe= is the analog precoder representing the analog phase shifters, d,; €C
is the NLD due to PA,u and t are, the user and time indexes, respectively. The normalized

transmitted signal in the frequency domain is given by:

; SD ; SD
Xy = fa(peiRl)e o Cun 1D, (4.6)

which is the derivation of equation where x, 1 is the signal plus distortion distortion

obtained using Rapp model, XitD represents the baseband signal without distortion and:

Zoyk = r)/afa,ucu,k + 'Yfa,uduje, (4:7)

where the factor « is obtained using the equation bellow:

Eljx;71’]

Elxud?]” (4.8)

")/:

The PA characteristic funtion used in this work is based in the well-known empirical Rapp
model, where the AM/AM function is given by and the AM/PM function is considered to
be zero. The analog precoder f,, does not have a subcarrier index because it is constant over
all carriers. It was considered an analog precoder, designed in [17], based on the knowledge of
partial CSI at the transmitter, i.e., only the average angle of departure (AoD) is assumed to be

known at the transmitters. The analog precoder vector of the uth user is given by:

1 .
fou(n) = mexp{]arg(Atx7u(n, 1)}n=1,.., N, (4.9)
where Ay, represents the matrix of eigenvalues of the correlation matrix Atx,uAgu, ie.
Atm,uAg7u = Atx’uilmuAgvu. Atz,u is defined by
Atx,u = [at:ﬁ,u(d)zfl), ...,at:(;,u(d)ﬁ]\[d)] € CNMXNCZ, (410)

where ay; , v = 1,...,U is the normalized array response vector, which for the ULA case is
given by equation and ¢!*  u=1, ¢=1,...,N, is the average AoD for gth cluster of uth user

u,q?

channel
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4.1.3 Receiver model

On the receiver side, the BS has N, receive antennas and N*¥' RF chains. A fully connected
hybrid analog-digital equalizer based on IB-DFE principles with distortion remover block is
designed, as depicted in figure It is considered that U < NEF < N,,.

Ant. 1 | — — —l
RE Detete | | 5[ M-point [ 7] -
Chain —>»| ] K
K A cp ol FFT LG
(W.) 1 &
B : B N N
Analog — — Ll ey {51(2} 4 E(f) N. |
Ant N | Equalizer RF SHd., . P k=1| SCFDMA 1.t .
o Chain (| DSe Ly /|| Nopoint ], i Decoding =l Dam |
{ NT Pl s \V(_’}_ . Block Demod |
= d.k :
| ) N, 2 ‘| Digital 2 Sy 1Y . ¥
- ] ] o~ ‘e
d(f*l)} s sl L p Feedforward {CU.EV}V 3 !
Lt o 7| o] Mepoint | I Equalizer *Jk=l| SCFDMA )P
{ =1 ol FFT L 7 o Decoding 1=1 DDatad .
= S Block | Demod_|
) N = = " —> s
44D o | ¥(Wa) Hy| - 5 |
| Ut sby . ble L Dﬂa
=1 | 2| Nepoint | ] 15
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Distortion - °
| remover | |
FENENRE |
(Xu) 48
=1 : |
5\ )Y ]
(%) -
=t Digital Part

Figure 4.2: Block diagram of the BS (receiver)

The received signal is processed by the analog part through the analog phase shifters, where
each element has constant amplitude [W,, 2 = N;!, then it is processed over NE' RF chains
and goes through digital iterative processing composed of a feedback closed loop with forward
and feedback paths for each subcarrier. The signal first passes through a linear filter ij;ﬂ at
subcarrier k£ and then follows SC-FDMA decoding and data demodulation. The data recovered
from the forward path are modulated and SC-FDMA encoded in the feedback path and sent in
two directions, one passes through the feedback filter Bg)k, the other is sent to the distortion
remover block. In the distortion remover block, represented in figure in the blue highlighted
zone, the transmitter characteristics are emulated in order to estimate the distortion. This
estimation then passes through an equalization block where the analog equalizer (W) is
applied, as well as the channel characteristic H; and the normalization factor v, after which it

is subtracted from the received signal.
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The received signal yi at the kth subcarrier is given by:

U
Ve = Hypzyp + 0y, (4.11)

u=1
where H,, 1, € CNraxNiz s the channel of the uth UT, n; € CNr+ the zero-mean Gaussian
noise with o2 variance and Zy ;15 the normalized transmitted signal in frequency domain, which,

from equations and further translates into:

U U
Y =a Z Hu,kfa,ucu,k + v Z Hu,kfa,udu,k + ng, (412)

u=1 u=1
where ¢, and d,  represent, respectively, the estimated data symbols and the estimated
distortion value in the kth subcarrier of the uth UT.
Defining H, as the overall equivalent channel at kth subcarrier, Hy, = [Hy, 1 £, 1, ..., Hypfo ] €
CNraxU ¢) = [e1 ks -y cuk]t € CY and dj, = [d1 gy s dui]T € CY as the transmitted signal and

distortion estimations, respectively, simplifies the above expression into:
yi = ayHie, + yHydy + ny. (4.13)

4.2 Receiver description

The estimated signal at the kth subcarrier and ¢th iteration, E,(f), is given by:

L . a1 N (1
&) =W, Wiy, —ywim,ai ™) - B e, (4.14)

where BSL is the digital feedback equalizer matrix of the ith iteration, é,(f) = [égﬂ]lgug] €
CY is the estimate of the transmitted symbols and (Alg_l) represents the estimated distortion of

the kth subcarrier of the (i — 1)th iteration. This estimation has an associated error such that:

dp=day " +al, Y, (4.15)

e

where ag;l) represents the error of the distortion estimation. The variance of each of

the variables of equation are given as follows, E[dy(dy)?] = 021y, E[&,ﬁ”‘”(&S‘”)H] =

o3Py )21y and E[AC, V(@Y )] = 03(1y (P} ~")?), where Iy denotes the identity matrix

€,

with dimensions U x U and P,(j_l) is defined by equations and

(PYY)7 = diag (1) s (057 (4.16)
()" = s = A /| du | u € {1, ), (4.17)
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The entries of ¢, = [cykl1<u<v € CVY are approximately Gaussian distributed, therefore, the
relationship between variables c¢; and é,(f), k € {1,...,S} is memoryless. By aplication of the

Bussgang theorem [66] it is given by:

e~ Wiy, + & ke (1,.., 5}, (4.18)
(i)

where €’ is a zero mean vector uncorrelated with ¢,k € {1,...,S} and T e CUXU 5 a
diagonal matrix whose uth element gives a blockwise reliability measure of the estimates of the
uth block, associated with the ith iteration. The coeficients of each block are estimated at the

receiver computed using equation

i)
) W we{1,..U}. (4.19)

Pl — ,
b Eller(u)?]
The error between the estimated signal before the S-IFFT, é,(j) given by equation and
the transmit signal after S-FFT cj is expressed by:

el — el ¢y

= (Wi Hy, — Iy — B 0 V)e;

Residual ISI
B+ Wl Al + W n, (4.20)

Errors from estimate él(<

(i h. 1 noi
Errors from estimate dl(:) Channel noise

where ng = WSLWE € CUxNrz - Observing equation ¥.20| one can identify four error

terms:

e the residual IST;

the error from incorrect estimate of the signal cg;

the error from incorrect estimation of the distortion dg;

channel noise.

From [.20] and the properties of the Frobenius norm, we obtain the corresponding mean

square error for the kth subcarrier:

MSEY = E[|| &) —ci, |2 = B[] &7 |12
=|| avWEZ;kH ~ B 1y |3 02+ || BY) Iy — [®0V])Y2 |2, 02

1—1 1/2 7
+ AW Hy (T — (YD) 2 3 03+ | WO, |13 02, (4.21)
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The digital feedback Bg)k and feedforward Wg;c matrices can be designed using the opti-

mization problem given by:

(WirBilk)
= arg min MSE(i)

s.t. Zdlag deHHk) NIy, (4.22)

and from Karush-Kuhn-Tucker (KKT) conditions, the solution to the previous problem is:

B, = (ayW ) WIH, — 1) (@ =D)1, (4.23)
and
W IW,] = Q(Hk)HWa[(Wa)Hf{,(f_l)Wa]’l, (4.24)

where € and Rg_ ) are give by equations 4.25( and | respectively:

U
Q=ay(Iy — [ED2) Z : (4.25)

5 (i—1) 2 (i—1)2 ., O ’72‘73 (i—1)\2 H

R, = (o) Hy (Iy — [V V) (Hy) " + 2 N > Hi [Ty — (P )7 (Hy) ™. (4.26)

Distortion due to the non-linearity added by the PA is obtained based on the Bussgang re-
ceiver. The estimated data, without distortion, then passes through a replica of the transmitter,
which is the distortion removal block present in figure There, the Rapp model is applied
in order to estimate distortion present in transmitted signal, from equation and considering

SD(

fouCut = (x ) ). This estimation is given by:

au,t = Xu,t - a(xu,t (427)
The associated error with this estimation is given as follows:
30w ow (4) ~(i—1)
ek dk( a¥k) — Wng(Wayk ) (4.28)
where y,(j‘l) is given by:
Z H, kz + Nejp =
= H*“) Hyd; — vHd" " 4.29
= ayHECy 7+ yHedp — yHg + ne . (4.29)
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All the previous steps are synthesized in the below algorithm, where a pseudo-code of the

proposed receiver equalized is presented.

Algorithm 1: Receiver algorithm
1 ¥(0) =0;
2 ¢(0) =0;

3 for i=1 to 1,4, do

4 | Wik = Q(HY) WL (W) TRETIW,

5 | By = (YW H — Tn) (@),

6 | &) =W (Why, —yWHHA! ) - B e,

7 Compute ¥
~ i 0_2 20.2 i—
8 Rl(c) = (Oé’}/)sz; (IU — |\I/( l)|2) (Hk)H + JIN + 70121’(1 Hk [IU - (Pl(g 1))2] (Hk)H;

0—12" re
(l) I3 (’i*l) +SD
uk — Xu,k - a(Xu,lc

10 | dY) =W (Wayr) - W (W3l ™);

©
Qe

)(ifl

11 end

4.3 Results

This section presents the main results obtained for the proposed model. For each UT, a
wideband mmWave channel model with Ny = 12 clusters, each one with N4, = 10 rays
is considered; the number of considered users is U = 8. As in |16 the azimuth AoD and AoA
have Laplacian distribution, and the complex path gain of the [th path of the ¢th cluster o/q‘J is
a random complex Gaussian variable. The angle spread for both transmitters and receiver are
set to 10 degrees. It is assumed that the average power for all Nl clusters is the same and that
the path delays have a uniform distribution in the CP interval. Additionaly it is considered that
the antenna element spacing if half-wavelength with carrier frequency equal to 72 GHz and that

all the UTs and the BS employ ULAs.

The system has N;, = 16 transmit antennas and N,, = 128 receiver antennas, it supports
N, = 512 subcarriers and a CP of length D = N./4 = 128. The length of each detected block
at the BS is S = 128, QPSK modulation is adopted. All simulations employ the Monte Carlo
method.
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Table 4.1: Simulation parameters

Parameter Value
Carrier frequency 72 GHz
Antenna element spacing Half-wavelength
Array configuration ULA
Decay from the first to the last 10 dB
channel cluster
Decay from the first to the last ray 10 dB
of each channel cluster
Ny 12
Nray 10
Angle spread, o 10°
N, 512
FFT size 256
D N./4
U = NEF 8
Ny 16
N, 128

Two distinct scenarios are considered in this section. As depicted in table the first
scenario, A, it is considered for 8 users, Ny = 12 clusters and N,qy = 10 rays for various values
of the saturation threshold sp;. In the second scenario, B, the number of clusters is set to Ny = 4
and N,qy = 5 rays for different numbers of users. In this scenario comparisons are made for the
case when sp; = 0.8 and the ideal PA. Performance analysis is performed by mean of the bit
error rate (BER) as a function of the ratio of average bit energy and the one-sided noise power

spectral density, i.e., Ep/Np.
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Table 4.2: Parameter values for simulated scenarios

Parameter
Scenario | Users | Ny | Npgy

8 12 10
A

4 12 10

8 4 5
B 4 4 5

16 4 5

4.3.1 Scenario A

Figures and present the curves obtained of BER as a function of Ej,/Ny for each
iteration, for different values of the saturation threshold sy; = [0.5,0.8,1.1], as well as the curve
obtained for the case when an ideal PA is considered, for comparison.The maximum number of

iterations considered is I = 10.
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Figure 4.3: Performance of the proposed equalizer for 8 users and s3; = 0.5
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Figure 4.4: Performance of the proposed equalizer for 8 users and sp; = 0.8
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Figure 4.5: Performance of the proposed equalizer for 8 users and sp; = 1.1

As can be observed in figures [.3] to [.5] the system is able to effectively reduce the effects

of both multi-user interference and NLD caused by the amplifier and cope with the saturation
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of the PA, thus increasing performance. In the case when an ideal PA is considered, with just
four iterations it is achieved a performance with residual difference to when ten iterations are
performed. In this case, for a BER target of 1073, a gain of 11 dB Ej,/Ny can be achieved
comparatively to the first iteration case. Considering the PA NLD, it can be observed a great
performance penalty when compared to the ideal PA case, it is visible that, for small number
of iterations (two or less) the BER decreases asymptotically as Fp /Ny increases, which happens
due to PA saturation. Nevertheless, after some iterations the system is able to compensate the
distortion and achieve performances comparable to the ideal PA ,with less than 5 dB penalty
when 10 iterations are performed.

Observing the above figures it is noticeable that the greater improvements in the system
performance occur in the first four iterations. Except when sj; = 0.5 the difference between the
fourth and tenth iterations is less than 3 dB. After 10 iterations all the above considered cases
achieved the BER goal of 1073 with E,/Ny < 0 value.

Figure {.6] presents a performance comparison between the previous simulated scenarios. It
presents the required Ej/Ny to achieve a BER of 1072 as a function of the number of iterations,
considering 8 users. Results for the 1st iteration for the cases when sy; = [0.5,0.8] are omitted
because the required BER value is not achieved. As expected, as the PA saturation region
decreases, the impact of NLD on the system performance increases. However this difference

diminish whit the number of iterations.
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Figure 4.6: Performance of Ey/Ny as function of the number of iterations

It is noticeable that the difference in performance between the 6th and 10th iterations is

57



somewhat negligible, and when sp; = [0.8,1.1], there is less than 1 dB penalty to achieve the
same BER as when 10 iterations are performed. Thus, is possible to conclude that 6 iterations
is enough to take the maximum advantages of the proposed algorithm.

Figure presents the required Ej/Ny to achieve the BER goal of 1072 as a function of the
saturation threshold, for each selected iteration. The impact of sp; on the system performance
is evident, especially with low number of iterations. If only two iterations are performed, there is
a 10 dB difference between the cases when sp; = 0.5 and sp); = 1.1. The performance difference

becomes less evident if more iterations are performed.
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Figure 4.7: Required EbNO to achieve target BER as function of sjs for each iteration

When a higher number of iterations is performed, the impact of sjs in the system performance
is greatly reduced, almost negligible. If ten iterations are performed, there is a less than 2 dB
of difference between the best and the worst considered sjs values. This demonstrates that the
proposed system is able minimize the impact of the PA characteristics or the operation region

in the overall performance of the system.
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Figure [4.8) presents the results obtained for the cases when 8 and 4 users are considered. As
expected, when 8 users are considered, the system performs better. The performance penalty
due to reducing the number of users is clearly visible, and it increases as more iterations are
performed. If ten iterations are performed, there is a 5 dB penalty in performance. This happens
because with 8 users, the estimations of the distortion are more accurate, thus the distortion is

removed more effectively.
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Figure 4.8: Performance comparison between 8 and 4 users for sy = 0.8

4.3.2 Scenario B

For this scenario the value of the saturation threshold sj; = 0.8 was fixed as well as Ny =4

clusters and N4y = 5 rays. Figures.94.10/and .11 present comparison in performance between
the cases where we have NLD due to PA and the ideal PA. Both cases were considered with 4,

8 and 16 users and are depicted in figures [£.9] [£.10] and [.T1] respectively.
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Figure 4.9: Performance of the proposed equalizer for 4 users and sp; = 0.8
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Figure 4.10: Performance of the proposed equalizer for 8 users and sj; = 0.8

Observing the above figures, is visible that the tendency of the previous scenario is still
present, BER performance increases with the number of users. The performance penalty is also

roughly the same, with a 5 dB penalty to achieve target BER when ten iterations are considered.
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Figure 4.11: Performance of the proposed equalizer for 16 users and sp; = 0.8

If 16 users are considered, the BER improvement relatively to the case with 8 users is 4 dB.
It is noticeable, for the results presented in this scenario, a large performance penalty due to the
reduction in the number of clusters and rays. This reduction in Ny and N,y is characteristic
of adverse channel conditions when just a few reflections are effectively received. However, the
system performs better as the number of users increases. The BER is lower as the number
of connected users increases because the BS can gather more information on the IB-DFE and
distortion remover block. In this way, better estimates are computed regarding user interference
and NLD. In this way the negative impacts of these effects are mitigated, thus increasing the

effectiveness of the system.
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Chapter 5

Conclusion and future work

Wireless communication systems are constantly evolving. From analog technology to LTE,
the continuous improvement is driven by the necessity to meet more demanding requirements.
In order to achieve the proposed requirements for 5G, the need to exploit higher bands of the
electromagnetic spectrum arises and the mmWave band provides a good opportunity for this new
leap in wireless communications. The vast amount of available spectrum is key to provide the
large bandwidth necessary to meet the required QoS for 5G. Additionally, as the carrier frequency
increases, the number of antennas that can be packed in the same area also increases, making
mMIMO and mmWayve key enabling technologies for future multi-Gbps wireless communications.
However, these new technologies also imply certain limitations and hardware constraints, as the
number of cells drastically increases, an inevitability due to poor propagation inherent to higher
frequency operation, it is important that each network device is as energy efficient as possible
with minimal impact on the overall performance of the system. The scope of this dissertation
was to present a new hybrid equalizer solution that takes into account the NLD introduced
by the PAs. The system has low complexity and enables energy efficiency requirements of 5G

without compromising throughput.

5.0.1 Conclusions

This dissertation started with the presentation of an overview of the evolution of wireless
communications culminating in the future generation of telecommunication systems, the 5G.
A brief discussion regarding the key paradigms of the 5G and future wireless communication
systems is addressed in the first chapter. The pace at which telecommunication systems evolved
is truly remarkable. In just forty years, cellular systems went from bulky, analog, voice trans-
mission only equipment to digital, multifunctional, lightweight and powerful smartphones which
comprise the whole world in the palm of a hand.

The second chapter presents a theoretical analysis of single-carrier and multi-carrier modu-

lation schemes, power amplification and NLD that derives from it. Concepts such as multiple

63



antenna systems, equalization and interference cancellation are also discussed as those are es-
sential for the development of this dissertation.

The third chapter addressed the mmWave communication technology. Specific aspects of
this technology are presented, such as the vast availability of electromagnetic spectrum and the
characteristic attenuation in mmWave propagation are presented. New technologies that derive
from mmWave, such as massive MIMO due to the small size of antennas and beamforming are
also discussed, as well as new transceiver structures to cope with the specific characteristics that
operation at mmWave requires.

In the fourth chapter, the designed receiver structure is presented. The proposed system
consists of an uplink broadband mmWave system, employing hybrid analog-digital equalization
based on the IB-DFE principles and distortion cancellation on the receiver side. The receiver,
transmitter and mmWave channel model were described in this chapter. The impact of NLD
on the BER performance of the presented system was presented. The distortion estimation was
obtained based on a Bussgang receiver. It was observed that, under different conditions, the
proposed equaliser was able to effectively compensate the NLD and improve the BER after some
iterations. It was also noticeable the performance increases with the number of users, since the
equalizer could gather more information of the NLD and eliminate distortion more effectively.

The main conclusions that derive from this dissertation are:

e The proposed hybrid analog-digital equalizer with IB-DFE and distortion cancellation
scheme provides a significant improvement in the BER performance with just a few it-
erations. This is verified because most of the multi-user interference and distortion are

removed in the 1st to 2nd iterations;

e The BER performance increases as the saturation threshold is higher. At higher saturation
thresholds is less likely that the PA will enter deep saturation mode, thus less distortion

is introduced in the signals;

e As the number of users increases, the BER decreases. This happens because the BS can

collect more information, thus compute better estimates of the data.

e The BER also decreases with an increase in number of N,y and N, showing that the
system performs better in an environment with multiple reflections. This is due increased

diversity gains, thus mitigating NLD and multi-user interference;

5.0.2 Future work

To conclude this dissertation, some suggestions regarding future work are presented. In this
work, a few assumptions were made regarding the proposed system. In this dissertation, the UTs

transmit only one data stream, future work may include transmission of multiple data streams.
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In addition, the precoder algorithm employed in the transmitter, i.e. the UT, is based on average
angle of departure, other precoder schemes can be tested to further access the robustness of the
proposed equalizer. Finally, the equalizer presented in this work is based on a fully connected
hybrid analog-digital architecture, where each RF chain is physically connected to all antennas,
thus requiring a large number of connections for a large number of antennas and/or high number
of RF chains. Therefore a similar implementation using sub-connected or partially connected

architecture would be of interest due to increased simplicity for development of real systems.
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