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Abstract

 

  صملخ
) تقدیر 1في الاتصالات العملیة تحت سطح الأرض، معالجة العدید من التحدیات الرئیسیة: ( MIMOیتطلب تحقیق ھوائیات 

نھدف إلى تحسین المفاضلة بین الأداء وتعقید النظام مع التركیز بشكل خاص  ) عیوب الأجھزة. في ھذه الأطروحة،2القناة ، (
في  GHz  .60 للقناة التي تم إجراؤھا في النطاق حقیقیة على الاتصالات تحت الأرض متعددة الھوائیات بناءً على قیاسات

حیث تم دمج عیوب  MIMO hybrid beamformingھذا السیاق، نقدم أولاً مساھمة في دراسة بنیة جدیدة تشتمل على 
منخفضة التعقید من أجل  forward-backward الأجھزة في معالجة جھاز الإرسال والاستقبال. نقترح بعد ذلك معالجة 

 MU-MIMO mm-Wave. أخیرًا، نحول انتباھنا إلى أنظمة STBC-FBMCتقدیر قناة تحت الأرض في نظام 
ائرات بدون طیار كمرحل للتشكیل الشعاعي، وبالتالي تخفیف عیوب انسداد تعمل فیھ الط UAVواقترحنا تصمیمًا جدیدًا 

LOS وتداخل الوصول المتعدد. یتم التحقق من أداء الأنظمة المقترحة من خلال المحاكاة لتأكید كفاءة الأنظمة المقترحة. 
 

 كلمات مفتاحیة
، الھجین الترمیز ، القناة تقدیر ، MIMO الأرض تحت  

 
Résumé	: 

        La réalisation des antennes MIMO dans les communications pratiques souterraines à 
ondes millimétriques nécessite toutefois des défis majeurs restent à relever: (i) l'estimation du 
canal, (ii) la dégradation du matériel. Dans le cadre de cette thèse, nous visons à améliorer le 
compromis entre performances et complexité du système, en mettant l'accent sur les 
communications souterraines à plusieurs antennes basées sur des mesures réelles de canal 
effectuée dans la bande de 60 GHz. Dans ce contexte, d’abord nous présentons une nouvelle 
architecture englobant la structure beamforming hybride MIMO, dans laquelle les dégradations 
matérielles ont été intégrées au traitement de l’émetteur-récepteur. Nous proposons ensuite un 
traitement forward-backward avec une faible complexité pour estimer le canal souterraine dans 
le système STBC-FBMC. Enfin, nous portons notre attention sur les systèmes MU-MIMO mm-
Wave et proposons une nouvelle conception du déploiement de UAV dans laquelle le UAV 
fonctionne comme un relais beamforming, atténuant ainsi les inconvénients du blocage LOS et 
des interférences d’accès multiples. Les performances des systèmes proposés sont vérifiées par 
simulation pour confirmer l’efficacité des systèmes proposés. 
Mots Clés	:   
                   Estimation de canal, beamforming hybride, MIMO souterraine 

 
	

 
Abstract: 
            Realizing MIMO antennas in practical mm-Wave underground mining 
communications, however , requires addressing several key challenges: (i) channel 
estimation, (ii) hardware impairments. In this thesis, we aim to improve the trade-off 
between per formances and system complexity with special focus toward multiple-antenna 
underground communications based on real channel measurements car r ied out at the 60 
GHz band. In this context, we fir st present a contr ibution to study a novel architecture 
encompassing hybr id precoded mm-Wave MIMO structure, in which the hardware 
impairments have been incorporated in the transceiver  processing. We then propose a low 
complexity forward-backward processing for  underground mm-Wave channel estimation 
in the STBC-FBMC system. Finally, we turn our  attention to mm-Wave MU-MIMO 
systems and proposed a new design of UAV deployment in which UAV operates as a 
beamforming relay, thereby mitigating the drawbacks of LOS blockage and multiple 
access inter ference. The per formances of the proposed systems are ver ified by simulation 
to confirm the efficiency of the proposed systems.  
 
Keywords: 
                  Channel estimation, hybr id precoding, MIMO underground. 
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1.1. Background and Motivation

W ireless communications have attracted a great deal of interest due to the
change in the way today’s society creates, and consumes information, which

most of the times require higher investments at the deployment process. Perhaps, it
is fair to say that mobile communications, which directly impact our daily lives, have
seen the most astonishing advancements of wireless communications [1]. This has be-
come more prominent with the shift in paradigm of communication from voice centric
to data centric. On the other side, the evolution of wireless data applications and in-
creasing popularity of smart devices have led to a massive proliferation in mobile
data traffic, creating radical challenges for mobile service providers.These escalating
demands have shaped the design of the upcoming fifth generation (5G) of mobile
networks, which is expected to support ubiquitous connectivity via quality-of-service
(QoS) provisioned applications and services [2].

1.1 Background and Motivation

Nowadays, there is a rapidly growing interest in 5G wireless systems due to many
benefits, such as ubiquitous connectivity, high data rates, improved reliability and
scalability, ultra-low latency and low energy consumption [3, 4]. Towards these di-
rections, a lot of emerging or evolutionary technologies have been already developed
for 5G systems. The ambitious goals set for 5G wireless networks require dramatic
changes in the design of different layers for next generation communications systems.
Massive multiple-input multiple-output (MIMO) systems, filter bank multi-carrier
(FBMC) modulation, non-orthogonal multiple access (NOMA), relaying technologies,
and millimeter-Wave (mm-Wave) communications have been considered as some of
the strong candidates for the physical layer design of 5G networks [5, 6].

In the field of wireless communication, multiple input multiple output (MIMO) is
considered as the major technical breakthrough in recent years. MIMO systems utilize
multiple antennas at transmitter, as well as receiver, to attain different gains through
spatial multiplexing, diversity and beamforming [7]. As an extension of traditional
MIMO technology, massive MIMO can greatly meet the specific 5G requirements, and
is considered as an innovative research direction of 5G wireless communication [8].
Massive MIMO technology has the capacity to achieve the desired rate of 5G in terms
of spectral efficiency (SE) and system throughput, by introducing several hundreds of
antenna elements at the transmitter and/or receiver [7, 9]. This results in practically
reducing the impacts of channel fading, interference and additive noise [10, 11].
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1.1. Background and Motivation

The spectrum scarcity at sub-6 GHz frequency bands stimulated a new wave of
wireless research that focuses on higher bands, namely mm-Wave. The mm-Wave
communication has been retained as an attractive candidate for the 5G network first
because it allows to realize a Gbps data transmission, it offers a huge amount of band-
width resources between 30-300 GHz, and provides great potentialities for antennas
miniaturization [12, 13]. These large, safe, and unoccupied frequency resources will
help to alleviate the capacity limitation of current wireless systems and enable very
high-speed applications [14, 15]. In the last decade, the unlicensed spectrum around
60 GHz has been applied to underground network, exploring the indoor use of mm-
Wave communications [16, 17].

Figure 1.1: Available bandwidth in the mm-Wave spectrum

In a parallel avenue, another important axis of the research for 5G transmission,
is the design of new waveforms for physical layer with better spectral properties.
Among several new waveform candidates, FBMC systems have been considered as
a promising multi-carrier modulation transmission technique [18]. This latter has
been recently proposed as an efficient alternative to orthogonal frequency division
multiplexing (OFDM) candidate since it does not require a cyclic prefix, and thus,
it has a higher SE. The FBMC system, utilizes a specially designed prototype filter
which is well localized both in time and frequency, which enables it to have a higher
SE and a better spectral containment; making it more appealing than OFDM for 5G
network. Therefore, it is possible to combine FBMC and mm-Wave systems to offer a
higher data rate and a better spectrum efficiency for MIMO systems [19].

With the recent research on mm-Wave frequency bands, communications over un-
derground mine environment at 60 GHz are regarded as the most important solution
to improve the quality of mining communication applications, such as tele-montoring,
video tele-surveillance, thereby enhancing productivity and safety. At high frequency
band, one of the biggest challenges in this environment is related to its high prop-
agation loss due to unfavorable oxygen absorption, and reflective indoor materials.
Furthermore, underground channel is known by its high walls and galleries irregular-
ities, and the superimposing of different layers and materials with different electrical
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1.1. Background and Motivation

and magnetic characteristics, and by its wave-guide effect, which hinders the com-
munication scheme throughput enhancement [20]. To bridge the resulting significant
link budget gap in such environments, several real-world measurements around 60
GHz, carried out in underground mine environments, have revealed that using multi-
antenna systems offers substantial capabilities in improving the transmission rate and
reliability over the resulting channel [20–23].

Recently, a certain deal of research has been carried out to investigate multiple an-
tennas for underground mine communications, since it can offer high improvements
in throughput, as well as in energy efficiency [20, 24]. However, many challenges
need to be addressed before building a commercially viable network. One impor-
tant issue in this context is the design of radio frequency (RF) practical transceivers,
which particularly operate at mm-Wave frequency bands, in which additional impair-
ments are known to have a detrimental impact, such as in-phase/quadrature-phase
(I/Q) imbalance, oscillator phase noise (PN), and power amplifier non-linearities at
the transmitter [25]. Although the influence of these impairments can be mitigated by
calibration schemes and compensation algorithms at the transceiver, there still remain
residual impairments due to inaccurate calibration methods, and different types of
noise [25]. Therefore, proper modeling of these imperfections at the mm-Wave range
is of a special importance, and impose a huge challenge on developing new config-
urations in upcoming 5G wireless communication, as these imperfections dominate
the performance of the overall system [26–28]. As a result, considering fundamental
trade-offs over performance, power consumption and cost, the detrimental effects of
RF impairments will be more pronounced in the transceivers operating at mm-Wave
frequencies.

Theoretically, scaling up the number of antennas at the transmission and/or the
reception leads to the enhancement of the throughput, to the generation of extra de-
grees of freedom (DoF) in the spatial domain, and to the mitigation of the effects
of channel fading, which motivates the migration towards the concept of massive
MIMO in mm-Wave bands [7, 9]. Moreover, large antenna arrays help the design of
beamforming or precoding techniques to stear the signal in a certain direction, hence
combating the severe path loss witnessed in mm-Wave channels. Nevertheless, realiz-
ing the beamforming operation with large-scale antenna arrays is not straightforward
in mm-Wave systems. Traditional fully digital beamforming requires to equip one
dedicated RF chain to each antenna element. Unfortunately, this fully-digital beam-
forming architecture cannot be practically employed in mm-Wave MIMO systems due
to the unaffordable cost and power consumption of large numbers of mm-Wave RF
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1.1. Background and Motivation

chains and other hardware components [29, 30]. An elegant solution to remedy these
inherent problems is to offload part of the beamforming to the FR domain, via analog
beamforming, where the phase of the transmitted signal at each antenna element is
controlled via a network of analog phase shifters. Compared to the digital beam-
forming, analog one is economically more attractive, nevertheless, its performance is
inferior as it does not control the magnitude of the beamformer elements.

Recently, hybrid analog/digital beamforming has emerged as a potential solu-
tion for practical mm-Wave MIMO communications through striking a trade-off be-
tween system performance and hardware efficiency [31]. The hybrid beamform-
ing architecture employs only a few RF chains to realize low dimensional digital
beamformers and a large number of cost-efficient phase shifters to implement high-
dimensional analog beamformers. As a result, the analog beamformers can provide
a sufficient beamforming gain to compensate for the huge path loss in mm-Wave fre-
quency bands, and the digital beamformers can offer the flexibility to realize multi-
user/multiplexing techniques. While hybrid architectures were shown to provide
achievable rates close to those of fully-digital architectures [31], they pose more con-
straints that complicate the channel estimation, more particularly under hardware
impairments problem [32, 33].

Indeed, working on the range of mm-Wave can be very beneficial to the new 5G
networks, however, estimating the resulting channel sufficiently and accurately can
be challenging, due to both low coherence time, pilot overhead, and a large number
of antennas. Besides, conventional channel estimators, such as the least square (LS)
estimator, demand a large amount of training resources, which can be impractical in
mm-Wave systems. Fortunately, due to the sparse multi-path structure at the mm-
Wave frequencies, a clever and a low-complexity channel estimation approach, which
takes a full advantage of the inherent sparsity, has been recently introduced through
the compressive sensing (CS) paradigm [34, 35]. One attractive feature of CS-based
estimation techniques is its evaluation of the channel parameters with less training
data resources, rendering the training overhead reduced. The mm-Wave underground
channels, as well, are sparse in the delay domain due to the limited number of sig-
nificant channel gains effectively contributing in the propagation, thereby creating a
sparsity which could be exploited to perform the CS channel estimation.

As previously mentioned, eventhough mm-Wave communications are among the
mostly agreed-upon solutions to retain for future standards, this great potential is
hindered by the associated severe path loss, their specific propagation characteris-
tics, and their sensitivity to blockage from surrounding objects, e.g. high-rise build-
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ings. Worthy to recall that in the particular case of ground-based radio, the line of
sight (LOS) between ground nodes is often obstructed by obstacles; which makes the
communication unreliable and inefficient [12, 36]. In the other hand, high channel
dynamics, particularly in some outdoor environments, make the prevention of the
blockage a quite challenging problem. Therefore, ensuring the communication be-
tween many ground base stations (BSs) and users reliably in urban environments is
a quite challenging problem, due to the limited bandwidth and effective range of the
communication equipment and the physical obscuration or occlusion [37].

To cope with the open research problems, researchers have proposed to endow the
antennas operating in mm-Wave frequency bands with transmit hybrid beamform-
ing capabilities, which alleviates the propagation impediments in such bands [31].
However, having solely recourse to hybrid beamforming techniques, or increasing the
transmit power, constitutes a solution with a limited efficiency to the blockage draw-
back, and may even induce side effects. Interestingly, it is agreed upon nowadays that
equipping the wireless communication systems in general, and the mm-Wave ones
in particular, with cooperative relays and an efficient association between the source
and the destination, allows to effectively extend both their range and their throughput
[38,39]. The joint user association and relaying is particularly important in mm-Wave
networks due to the limited size of the cells.

Communications via unmanned aerial vehicles (UAVs), popularly referred to as
drones, are one of the most important enabling technologies to realize a huge amount
of connections for the upcoming 5G and beyond wireless networks. Recently, UAV
communication has attracted lots of attention in both industry and academia [40–43].
This interest is motivated by their avoidance of the classical wireless communica-
tion scatters which degrade the communications quality, their large coverage and
supervision of wide areas, and their targeting of potential applications such as po-
lice patrolling, surveillance, and as communication relays [40]. Compared to the de-
ployment of conventional terrestrial infrastructures, such as ground relays, the aerial
relay-assisted communications provide effective ways to prolong the mm-Wave com-
munication range and offer a better signal quality [41, 44]. On one hand, the UAV
relay can move freely in the three-dimensional (3D) space to adapt to the network
mobility and enhance the system performance. On the other hand, the air-ground
communications could bypass the obstacles on the ground, and are more likely to
have LOS links, thus a better channel gain, which enables a higher link capacity and
a lower power consumption [42].

In any practical mm-Wave communication network, there are many neighboring
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BSs surrounded by a number of users, where the channel to each of these BS can vary
significantly given the erratic nature of mm-Wave propagation with probabilistic LOS,
and non-LOS (NLOS). Because of the higher path loss and sensitivity to blockage,
mm-Wave signals can only propagate to much short distances, making it necessary
for the mm-Wave network to use association mechanism [45, 46]. User association is
necessary to determine which BS a user connects to in order to maximize BS through-
put. Given that mm-Wave connections are highly directional and vulnerable to small
channel variations, user association changes these connections and hence significantly
affects the user’s instantaneous rate, as well as network interference [47].

1.2 Contributions

Inspired by the above discussion, in this thesis, we provide a holistic study of the
mm-Wave communication and the importance of using a large number of antennas, in
order to improve the performances of the mm-Wave underground mine communica-
tion. In particular, large MIMO antenna arrays can help overcoming the dependency
of path-loss on frequency in mm-Wave systems and cancel the worst conditions of
propagation of underground mine environment. Nonetheless, they may require an
efficient channel estimation, which will lead to new types of deployments. Conse-
quently, in this thesis, we have taken as a topic for study the incorporation of 5G
systems and beyond, in indoor and outdoor environments. As a representative of
indoor environment the very specific underground mine channel was of interest. We
have particularly focused on two critical aspects in practice, namely channel estima-
tion problem and achievable data rate of large MIMO configuration when deployed
there under hardware impairments. For the outdoor environment, we have taken
as a study case a flexible cellular system, the futuristic UAV-based relaying architec-
ture. The system was endowed with multi-user mm-Wave MIMO-OFDM capabilities.
The most important contributions along with related publications are organized as
follows:

• In Chapter 3, for the first time, real-world channel measurements carried out at
the 60 GHz frequency band are used to analyze the performance of the proposed
architecture encompassing the hybrid beamfomer structure for large MIMO un-
derground communication system, in which the hardware impairment effects
have been incorporated in the transceiver processing. Furthermore, a 2-D geo-
metrical channel model, which is based on one ring configuration, to describe
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the propagation mechanism in the underground channel, is applied on the mea-
sured channel on which the new proposed MIMO underground architecture is
tested. The achievable rate performance is investigated based on this geometri-
cal model and the modified transceiver structure for different configurations.

• In Chapter 4, our contributions have concerned underground channel estima-
tion problems. Motivated by the spasre nature of the mm-Wave underground
channel, a novel low complexity channel estimation that is based on the com-
pressive sensing theory is proposed and incorporated into a new 2× 1 STBC-
FBMC/QAM system equipped with a pair of prototype filters. The proposed
estimator relies on the forward-backward (FB) processing to accurately identify
the sparse components of the channel. We later present a new system for MIMO
underground mine communication by adopting the hybrid analog-digital struc-
ture to raise the achievable rate of the system. The construction of the precoding
matrix requires the accurate channel estimation which is a rather challenging
task for mm-Wave scenario. To achieve such objective, the channel estimation
under the hardware impairments for hybrid beamforming based MIMO under-
ground system is investigated when using real measurements of mm-Wave un-
derground channel, and exploiting the space sparsity of the channel. Numerical
results showed that, the transceiver hardware impairments have a deleterious
impact on the achievable rate and channel estimation.

• In Chapter 5, we present a new wireless design of UAV architecture in which
UAV operates as a beamforming relay in multi-user mm-Wave MIMO-OFDM
system in order to improve the robustness to LOS blockage. Subsequently, a
good link reliability between every BS and multiple ground users is maintained.
Open challenges of user association in this context are highlighted, which sheds
lights on the research direction. A distributed optimization algorithm which
searches the best user-BS association, while maximizing the user data rate, is
derived. Furthermore, in order to mitigate the interference impediment and
overcome the propagation losses in such environments, hybrid beamforming
scheme between the multiple BSs, the relay and the ground users is adopted,
by merging the spatial processing and the amplify-and-forward (AF) operation.
Finally, we provide some results to highlight the effect of the UAV altitude on
the achievable rates and show the efficiency of the proposed system compared
with the system without an UAV relay.
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1.3. Thesis Organization

1.3 Thesis Organization

The rest of this thesis is organized as follows:

• Chapter 2 discusses the theoretical background related to the particular prob-
lems studied in this thesis, spanning the main differences between OFDM and
FBMC systems, then the evolution of technology from MIMO to massive MIMO,
and the resulting spectrum efficiency enhancement, followed by a summarize of
the main advantages brought by mm-Wave frequencies, in particular in the 60
GHz band and beyond. Finally, mm-Wave relaying technologies are depicted
along with open challenges addressed in this thesis.

• Chapter 3 presents the new practical architecture of encompassing hybrid beam-
foming mm- Wave MIMO structure in underground communications, in which
the hardware impairment effects have been considered in the transceiver pro-
cessing. Furthermore, a 2-D geometrical channel model, which is based on one
ring configuration, is presente to reproduce the underground channel behavior,
by relying on measurements of this latter. The new communication architecture
is tested based on the accuracy of this channel modeling.

• Chapter 4 presents the underground channel estimation. In particular, a novel
channel estimation that is based on the compressive sensing theory is proposed
for the mm-Wave underground channel in which a 2× 1 STBC-FBMC system
is deployed. We further adopt the hybrid analog-digital beamformer for MIMO
underground mine communication to raise the achievable rate of the system.
Then, the channel estimation operation performed under the hardware impair-
ments accounted for in the hybrid beamforming- based MIMO underground
system is investigated, when using the real measurements of the mm-Wave un-
derground channel.

• Chapter 5 presents a new multi-user mm-Wave architecture in which UAV op-
erates as a beamforming relay between multiple BSs and users to improve the
robustness to blockage. The new approach is built upon, a distributed optimiza-
tion algorithm which searches the best user-BS association, while maximizing
the sum user data rate.

• Chapter 6 draws the final conclusions of this thesis by highlighting the main
contributions to the considered problems and suggests future possible research
extensions and directions based on the current work.
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2.1. Introduction

2.1 Introduction

As the digital world becomes increasingly intelligent, automated and ubiquitous, the
flow of data becomes ever more vital. Mobile wireless networks are the data high-
ways, and in a fully connected, intelligent digital world, they will need to connect
everything from people, vehicles, and even robotic agents. 5G made a significant step
towards developing a low latency access network, by providing new additional tech-
nologies. Yet, the rapid development of data-centric and automated processes may
exceed even the capabilities of emerging 5G systems [3, 48]. This chapter, provides
a literature review of some of the basic concepts of wireless communications to es-
tablish the concepts, schemes and architectures proposed in this thesis. It starts by
a brief description of OFDM modulation as a commonly used technique in the cur-
rent systems, followed by a technical description of FBMC waveform scheme. Then,
an overview of MIMO wireless communications, covering the evolution of technol-
ogy, from MIMO to massive MIMO, is depicted with an emphasis on the capacity
enhancement which has followed. As the main technology trends behind the current
wireless communication evolution have mainly aimed at boosting the transmission
rate and system capacity using versatile methods, in the scope of this thesis, we have
specifically turn our attention to mm-Wave MIMO systems, which offer a vast unused
spectrum, in particular in 60 GHz band and beyond, and can double the SE of indoor
underground environment. We then highlight even the advantages of using hybrid
beamforming architecture for mm-Wave MIMO systems. Finally, we describe mm-
Wave relaying technology, which helps resolving the LOS blockage issue in mm-Wave
band and the main challenges encountered in this thesis.

2.2 Multi-Carrier Modulations

In wireless communications, fading channels are regarded as one of the main chal-
lenges faced by the development of next generation wireless systems, since they might
seriously deteriorate the performance of the communication systems. It is now well-
established that to combat the channel undesirable effects, the diversity technique
has proved its efficiency by providing the receiver with multiple versions of the same
signal [49]. The principle of diversity guarantees that the probability that multiple
versions of a given signal are affected by a channel fading at the same time is quite
low. This diversity could be performed either in space, time, or frequency domains.
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2.2. Multi-Carrier Modulations

2.2.1 OFDM Technique

An attractive and popular choice for transmission schemes overcoming the inter-
symbol-interference (ISI) problem experienced over a frequency selective channel, is
the so-called OFDM technique. In this approach the available spectrum is divided
into several orthogonal narrowband subchannels, wherein each subchannel carries a
low data rate stream as shown in Figure 2.1. The transmitted signal which bandwidth
Bs was greater than the coherence band of the channel Bc before the application of
OFDM, is transformed subsequently, into versions occupying a bandwidth which is
at most equal to Bc. The corresponding subcarrier subchannels are then said to be
flat. In conventional OFDM, the subcarriers are chosen to be orthogonal.

Figure 2.1: Orthogonal sub-carriers principle.

Orthogonality can be achieved by carefully selecting carrier spacing, to be equal to
the reciprocal of the useful symbol period 1

Ts
, with Ts being the period of the symbol.

Hence, the orthogonality condition can be written as:

1
Ts

∫ t+Ts

t
ej2π fptej2π fl tdt =

{
0 si p 6= l
1 p = l

(2.1)

Due to the multipath fading channel and the variation of the channel during an
OFDM block a loss of orthogonality may occur leading to inter-carrier interference
(ICI), or to ISI. To prevent this, a cyclic prefix (CP) is inserted at the beginning of each
OFDM symbol to be transmitted.
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2.2. Multi-Carrier Modulations

Figure 2.2: Insertion of prefix cyclic.

In generating the cyclic prefix, the last samples of an OFDM symbol are copied at
its beginning, as illustrated in Figure 2.2. The duration Tu, in which the new generated
information is sent, differs from the original period of the symbol Ts, by the duration
of this CP Tcp, as expressed by the following equality:

Ts = Tu + Tcp (2.2)

In order to overcome the ISI almost completely, the CP interval should be larger
or equal to the maximum path delay.

Despite the many advantages of OFDM approach, relying on a CP-inserted trans-
mission induces a reduction in the SE. Keeping in mind that a considerable amount of
data rate is required in 5G systems and beyond, to cope with the users heteregenous
needs and the spectrum-greedy future applications, several research initiatives have
been conducted to design new waveforms which meet these requirements, such as
FBMC technique.

2.2.2 FBMC Technique

FBMC systems are currently being considered as a prevalent candidate for replac-
ing the long established OFDM in 4G LTE systems, since each subcarrier symbol is
shaped by time-frequency well-localized prototype filters e.g. PHYDYAS filter [50].
The prototype filter provides FBMC with the ability of carrying a flexible spectrum
shaping, along with a major increase in SE and robustness against time and frequency
dispersive channels, which are features of fundamental importance in the envisaged
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Figure 2.3: Block diagram of the FBMC transceiver.

networks, without the use of CP, unlike conventional OFDM [51, 52]. Depending
on the modulation type, FBMC systems can be divided into two main categories:
FBMC-offset quadrature amplitude modulation (FBMC-OQAM) and FBMC-QAM.
The FBMC-OQAM introduced in [53, 54] adopt OQAM signaling with a half-symbol
period shift, and utilize a single prototype filter that satisfies only real orthogonality
conditions. The general structure of FBMC system is depicted in Figure 2.3, where the
transmitter side is enriched with a synthesis filter bank (SFB) and the receiver with
an analysis filter bank (AFB), while the structure of the FFT is the same as the one in
OFDM technique. The discrete time transmit signal is given as:

S(i) =
K

∑
k=1

∞

∑
n=−∞

xk,ngk,n(i) (2.3)

where K is the number of subcarriers, (k, n) refers to the kth subcarrier and the nth

FBMC symbol, xk,n is the corresponding real OQAM symbol, and gk,n(i) represents
the time and frequency shifted version of the prototype function g(i) , which can be
expressed as:

gk,n(i) = g[i− nK]ej 2π
K (k)(i−

L f−1
2 ) (2.4)

with g(i) being the employed prototype filter impulse response with length L f . After
passing through a channel h, the received signal can be written as:

y(i) = S(i)h + n(i); (2.5)

where n(i) is the Gaussian noise with zero mean and variance σ2. The essential differ-
ence between FBMC and OFDM resides in the frequency selectivity. This is illustrated
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in Figure. 2.4, which shows the frequency responses, around a particular sub-carrier,
in both cases. OFDM exhibits large ripples in the frequency domain, which imposes
the orthogonality constraint between all the sub-carriers. On the contrary, the filter
bank frequency response has a negligible amplitude beyond the center frequency of
the adjacent sub-carriers. In fact, the filter bank divides the transmission channel
of the system into a set of sub-channels, where any sub-channel overlaps with its
immediate neighbor only.

Figure 2.4: Comparison of the frequency responses of FBMC and OFDM.

The FBMC/OQAM technique suffers however from pure imaginary intrinsic inter-
ference caused by neighboring symbols. This leads to additional challenges, especially
for MIMO system design and channel estimation [55–57]. To maintain compatibility,
a new FBMC scheme that supports QAM signaling was proposed in [58], where dual
prototype filters were used to transmit the QAM symbols, without CP, as a way to
achieve the orthogonality condition between adjacent sub-carriers, thus improving the
performance of the system. This system will be studied in details in Chapter 3.

2.3 From MIMO to Massive MIMO

In conventional wireless communications, a single antenna is used at the transmit-
ter, and another single antenna is used at the receiver, also known as single-input
single-output (SISO) system. In realistic scenarios, this gives rise to an inefficiency
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in combatting multi-path effects, which results in severe degradation of the quality
of the transmitted signal at the receiver [2]. By contrast to SISO architecture, MIMO
alternative takes advantage of the multipath behavior by using multiple antennas at
both the transmitter and the receiver. The usage of multiple antennas can be classified
into two main categories: spatial diversity and spatial multiplexing.

2.3.1 Spatial Diversity Technique

Exploiting multiple antennas at the transmitter and/or receiver provides substantial
benefits in both increasing system capacity and immunity to deep fading in wire-
less channels by using space-time coding. In 1998, Alamouti [49] introduced the first
spatio-temporal code (STC), for two transmit antennas, which was then generalized
by Tarokh et al. to systems with more than two transmit antennas. Its concept is
based on the idea of adding redundancy to the transmitted data in order to increase
the spatial diversity, hence avoiding a critical effect of the fading of the channel. When
using space time bloc code (STBC) processing, the data stream is encoded in blocks
before the transmission. As shown in Figure 2.5, the symbols X1 and X2 are simul-
taneously sent by the two transmit antennas in time slot one. Then, in time slot two,
the signals −X∗2 and X∗1 are sent from antennas one and two, respectively, where X∗i
is the complex conjugate of Xi. Therefore, the transmitted codeword is:

[
−X∗2 X1

X∗1 X2

]
(2.6)

Let the path gains from transmit antennas one and two be H1 and H2. The received
signals r1 and r2 in the two time slots, respectively, are given as:

Figure 2.5: STBC principe.

r1 = X1H1 + X2H2 + n1

r2 = −X∗2 H1 + X∗1 H2 + n2 (2.7)
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where n1 and n2 are Gaussian noise signals at the unique receive antenna at the two
time slots. For a coherent detection scheme, where the receiver knows the channel
gains H1 and H2, the combining scheme builds the following two signals to estimate
the transmitted signals:

X̃1 = H∗1 r1 + H2r∗2
X̃2 = H∗2 r1 − H1r∗2 (2.8)

2.3.2 MIMO Systems

One another purpose of using multiple antennas at the transmitter and the receiver
is to achieve throughput gains, wherein the transmitter spatially multiplexes parallel
streams of data over the same time-frequency resources. Such MIMO systems have
already been used in LTE and LTE-Advanced networks. Figure 2.6 illustrates a MIMO
system with Nt antennas at the transmitter and Nr at the receiver in which the received
signal can be given as:

r = Hx + n, (2.9)

where x is the CNt×1 transmitted signal vector, H is the Nr × Nt channel matrix be-
tween the transmitter and the receiver, and n ∼ CN(0, σ2) is the additive white Gaus-
sian noise (AWGN) vector, with σ2 standing for the element noise variance. For a
given link, the capacity, which is a reference metric for the throughput, refers to the
maximum amount of information in bits/s/Hz that can be transmitted on a propaga-
tion channel. The general capacity expression normalized to the bandwidth is given
as [59] :

C = log2{det(INr +
γ

Nt
HHH)} (2.10)

where INr is the identity matrix of size Nr, and γ is the the signal-to-noise ratio (SNR).
It is agreed upon by now that the capacity of a MIMO channel increases linearly with
the minimum number of transmit and receive antennas.
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Figure 2.6: MIMO transmission.

2.3.3 What is Massive MIMO

By definition, massive MIMO (also known as large scale antennas systems) is a form
of multi-user MIMO technology, where the base station (BS) is equipped with an
excessively large number of antennas when compared to the number of users in the
system. This technology was introduced for the first time by Thomas Marzetta in
2010 [11]. As illustrated in Figure 2.7, the idea of massive MIMO is to employ a huge
number of antennas at the BS simultaneously serving many ten of users through
spatial multiplexing mean. The purpose of this technology is to scale up the benefits
of conventional MIMO systems and act as an enabler for more energy and spectral
efficient, secure and robust systems [9]. These features allow massive MIMO to be one
of the most potential technologies for the 5G wireless communications. Some main
characteristics of Massive MIMO are summarized below:

Figure 2.7: Massive MIMO system

• Time-division duplexing (TDD) operation: to fully exploit the potential of the
large number of antennas, BS needs to have an accurate CSI. With frequency-
division duplexing (FDD) mode, the channel estimation overhead depends on
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the number of antennas. By contrast, with TDD mode, the channel estimation
overhead is independent of antennas. In massive MIMO configuration, TDD
operation is favorable thanks to its channel reciprocity in downlink (DL) and
uplink (UL). As a result, adding more antennas does not affect the resources
needed for the estimation.

• Linear processing: since the number of BS antennas and the number of users
are large, the signal processing at the terminal ends must deal with large dimen-
sional matrices/vectors. Thus, simple signal processing is preferable. In Massive
MIMO, linear combing schemes in the UL and linear precoding schemes in the
DL are nearly optimal.

• Deploying a large number of antennas at the BS results in an interesting propa-
gation scenario, known as favourable propagation, where the channel becomes
near-deterministic because the radio links between the BS and the users become
nearly orthogonal to each other [60]. This in turn is because the effects of small-
scale fading tend to disappear asymptotically when the number of antennas at
the BS is increased unboundedly [61].

2.3.4 System Model and Ergodic Capacity

We consider one BS equipped with M antennas and K single-antenna mobile users,
and assume that the receiver has a perfect CSI. The received signal at all users can be
written as:

y = Hx + w, (2.11)

where x ∈ CM×1 is the transmitted signal to all users, and w ∼ CN(0, σ2) represents
the AWGN at the receiver, where σ2 stands for the noise variance, and H ∈ CK×M is
the channel matrix from the BS to the users, and is modeled by Rayleigh distribution.
In this case, the DL capacity of the MIMO channel is formulated as:

C = E{log2det(I +
SNR

M
HHH)} bit/s/Hz (2.12)

where E{.} denotes the expectation operator and I ∈ CK×K is identity matrix.
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2.4 Mm-Wave Systems

As the electromagnetic spectrum with favourable communication properties below
6 GHz is almost completely expended, it is evident that with the same spectral set-
ting, the future demand for mobile data traffic will not be met. The attention of
radio system designers and researchers has moved towards high frequency bands,
such as mm- Waves frequency bands, to guarantee remarkably better performances
in terms of capacity, as well as a potential unlicensed exploitation of such frequency
band [13,62]. Thanks to the short wavelength of mmWave radio, many more critically
spaced antennas can be packed into the limited dimensions of mm-Wave transceivers
[63]. The short wavelength typically limits the use of mm-Wave communication sys-
tems to short-range communications, particularly in niche applications such as in
tunnel environments including highway, railway and underground mine. However it
has appeared that, using high directive antennas increases the coverage in mm-Wave
frequency bands and increases their application to longer range outdoor links [64,65].

Figure 2.8: Available bandwidth in the mm-Wave spectrum

2.4.1 Mm-Wave Underground Systems

In the underground mine environment, the use of 60 GHz band is important due to its
5 mm wavelength, large bandwidth, and the density of antennas intergration. How-
ever relative to the low-band counterparts, the mm-Wave signals experiences more
severe path loss, a smaller number of multipath components (MPCs), and a higher
sensitivity to LOS blockage, which drastically limits the communication distance and
makes the communication quality unpredictable [13, 66]. On the other hand, the
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unique propagation environment of underground mines, such as long limited space,
wall surface roughness, and the boundedness of walls, result in propagation charac-
teristics of signals that are quite different from those of conventional indoor scenarios.
As a consequence, when working in mm-Wave bands, the propagation attributes and
the presence of channel impairments should be carefully considered. Let us summa-
rize these so-mentioned major mm-Wave channel characteristics herein:

• Path loss: the path loss is a relevant parameter for characterizing the mm-Wave
wireless channel, depending on the carrier frequency fc. Increasing this latter
will reduce the antenna size, since the effective aperture of the antenna scales
by a factor of λ

4π , while the free space path loss grows with fc. The natural way
to combat the path loss is by proportionally increasing the antenna aperture,
which can be achieved in practice by using MIMO antenna arrays.

• Blockage: mm-Wave signals experience a prismatic propagation and suffer less
diffraction than the microwave signals, making them much more susceptible to
blockages. This will result in a nearly bimodal channel according to the lack
and existence of LOS. Thus, the connection set will shift from being usable to
unusable, based on the occurrence of blockages.

• Atmospheric and rain absorption: A major impediment to mm-Wave commu-
nications is the attenuations due to rain, foliage, and atmospheric absorption,
which are of the order of 15 dB/km within the 60 GHz band.

In order to provide a complete characterization of the mm-Wave channel in under-
ground mine environments, measurement campaigns are carried out by using the ap-
propriate setup, which devices are tuned to communication at these bands [16,24,67].

2.4.2 Experiment Mining Setup

The first work on mm-Wave propagation within underground channels was reported
in [68], where the measurements were carried out in a real underground mine oper-
ated by the Canadian Center for Minerals and Energy Technology (CANMET), and
located at 40 m deep underground level. The gallery stretches over a length of 75 m
with both a width and a height of approximately 5 m. A map of the underground
gallery is shown in Figure 2.9. The setup system is mainly composed of two mi-
crostrip patch antennas distant by a wavelength, i.e 5 mm, from the center to center
and which are placed on opposite sides of the gallery. During the measurements, the
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Figure 2.9: Underground gallery scenarios.

transmitter was maintained fixed, while the receiver was moved at different positions
along the gallery, from 1m up to 10m apart from the transmitter, with steps of 1 m.
Further details on channel measurements are available in [68]. For each position, the
complex frequency-domain transfer function is:

G( f ) = A( f )ejθ( f ) (2.13)

where A( f ), θ( f ) are the measured magnitude and phase responses at a particular fre-
quency, respectively. The sub-channels are then used to generate the measured MIMO
transfer function for each position over the mm-Wave bandwidth, an the IFFT is sub-
sequently applied. Thus, the time-domain channel impulse response (CIR) could be
expressed as follows:

H(τ) =
F

∑
f=1

G( f )ej2πτ f /F (2.14)

where F is the number of frequency subcarriers. As shown in Figure 2.10, the obtaind
mm-Wave underground channel is sparse in time domain, because eventhough the
delay spread could be very large, the number of significant paths is very small.

The underground mine propagation channel is complicated, as different struc-
tures cause different propagation phenomena, like reflection, refraction, diffraction,
and scattering, which result in multipath propagation. The wireless channel can be
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Figure 2.10: Illustration of the power delay profile of mm-Wave underground channel in time domain.

described by its impulse response, or by its power delay profile (PDP), where for any
fixed location between transmitter and receiver, the overall average of the magnitude
squared of the impulse response is given by:

PDP(τ) = ‖H(τ)‖2 (2.15)

The channel should be sparse in time domain means that H can be represented
using only a small number of samples Si � L as follows [69, 70]:

‖H‖0 = Si � L, (2.16)

where Si is the sparsity level and ‖.‖0 denotes the l0 operation which counts the
number of non zero coefficient, where their positions are unknown.

2.4.3 Mm-Wave Massive MIMO Systems

As mentioned earlier, the mm-Wave communications are characterized by a higher
path-loss and a stronger sensitivity to blockage than the micro-Wave communications.
To face these impairments, the short wavelengths of mm-Wave frequency bands could
be exploited to embed a large number of antenna elements at both transceiver ends,
thus enabling large array structures which allow to provide high beamforming gains
and enhance the system’s SE [71]. However, the use of high-frequency bands, opens
various technological challenges related to high path loss and multiple access. Thus,
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an additional system improvement needs to be achieved, in order to be suitable for
adoption at the next generation wireless communications.

Massive MIMO systems combined with beamforming antenna array technologies
are expected to play a key role in next-generation wireless communication systems
[72]. The fundamental principle of beamforming is to transmit identical informa-
tion on each element of the array, while varying the amplitude and/or the phase of
the signal at each antenna. When implementing antenna arrays in hardware, sev-
eral structures of beamforming can be used. However, three different cases could be
differentiated:

2.4.3.1 Fully Digital Beamforming Structure

In a conventional MIMO system, a full digital architecture is used, where in each
antenna usually requires one dedicated RF chain, including high-resolution digital to
analog converters (DACs) [73]. As a result, hardware complexity and energy con-
sumption for digital baseband beamformers become significant issues, as the number
of antennas becomes huge. Because of the huge number of employed antenna ele-
ments, the full digital beamforming technique can’t be deployed in mm-Wave massive
MIMO systems.

Figure 2.11: Conventional MIMO systems using digital beamforming design.

2.4.3.2 Analog-only Beamforming Design

The analog beamforming was widely used in the past, because of the implementation
simplicity of the associated approaches to improve the directivity gain in mm-Wave
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systems. In analog beamforming, phase shifts are applied to each antenna element
of the array in order to steer the beam towards a certain direction [74, 75]. However,
since only the phases of the signals are controlled, the performance loss of analog
beamforming technique is obvious. More importantly, analog beamforming can only
support a single-stream transmission, and could hardly be extended to multi-stream
or multi-user scenarios. An example of such an architecture is depicted in Figure 2.12.
By adopting the pure LOS channel, the analog beamformer FRF can be expressed as
[73]:

FRF =
1√
Nt

[1, ej2πd sin(θ)/λ, ..., ej2π(Nt−1)d sin(θ)/λ]T (2.17)

where Nt is the number of antennas at the transmitter, θ is the angle of departure
(AoD), which assumed to be uniformly distributed ∈ [0, 2π], d represents the inter-
element antenna spacing, while λ represents the wavelength of the signal.

Figure 2.12: Mm-Wave MIMO systems using analog-only beamforming design.

2.4.3.3 Hybrid Beamforming: Basic Concepts

Hybrid beamforming architectures is a promising candidate solution that overcome
the limitations of pure analog and digital beamforming architectures, as they incor-
porate the advantages of both [31]. These schemes improve the beamforming gain
and enhance the MIMO communication benefits, by enabling multiple stream beam-
forming. The principal design criterion is limiting the number of RF chains and make
it less than the number of antennas is the system, thus reducing the complexity com-
pared to fully digital solutions. This actually allows more freedom than conventional
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analog beamforming by dividing the beamforming process between the analog and
the digital domains. In this hybrid solution, the digital signal processing can be re-
alized at the baseband frequency using microprocessors whereas, the analog signal
processing can be enabled at the RF frequency by employing low cost phase shifters.
An advantage of the hybrid approach is that the digital beamforming can compensate
for the lack of precision in the analog domain, for e.g., it can cancel residual multi-
stream interference, thus achieving higher beamforming gains. For all these reasons,
deploying mm-Wave massive MIMO systems with limited number of RF chains in the
hybrid analog-digital architecture has recently received a significant attention.

Figure 2.13: Hybrid beamforming design.

By making more than one digital RF chain available for beamforming, it is possible
to utilize channels with multiple paths, by communicating different spatial streams
at the same time, and by relying on the physical fact that mm-Wave signals are easily
blocked, it is highly desirable to have multiple spatial streams available for trans-
mission at any time. For this reason, hybrid architectures are typically favored over
analog-only beamforming design.

2.5 Mm-Wave Relaying Technologies

The availability of bands in the range of 30-300 GHz makes mm-Wave a lucrative
prospect in the design of 5G networks [76, 77]. However, one distinct disadvantage
of mm-Wave communications is that the transmitted signals can be easily blocked
by LOS obstacles like buildings, concrete walls, vehicles, trees, etc ..., which results
in substantial performance losses [36]. To cope with the open research problems, it
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is agreed upon nowadays that, in addition to using massive MIMO antennas at the
transceiver to compensate the mm-Wave drawbacks, the cooperative transmission in
relay networks is another way to enhance system throughput, in which BSs can trans-
mit to different users [37]. This strategy improves the received power, reduces path
loss, enables long-distance mm-Wave communications, and expands their coverage.

2.5.1 Ground Relays

Cooperative relaying transmission is an essential strategy for enabling long-distance
mm-Wave communications and improving the level of the received power. With the
help of a relay, the signals can be transmitted over a longer distance, and it is likely
that the channel between the source and relay and (relay and destination) is LOS
allowing to achieve a better system performance than the scenario where the relay
is not adopted and in which the channel between the source and destination is most
probably.

Figure 2.14: An illustration of an outdoor mm-Wave network aided by relays.

In some environments (hills, modern urban areas,...), the effect of shadowing and
blockages might be critical, and the ground relay nodes might become unable to sup-
port the transmission from the source to the destination because they are constained
by the nature of the covered land and their positions relative to it. A possible solution,
which has started emerging in the research, is to circumvent the blockages by the aid
of an aerial relay.
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2.5.2 Aerial UAV Relay

Due to the impracticality of establishing long LoS links, especially in dense urban en-
vironments, UAV based relays in mm-Wave communications are able to provide on-
the-fly communications and establish reliable LOS links between the ground stations.
This interest is motivated by their avoidance of the classical wireless communication
scatterers which degrade the communications quality, their coverage and supervision
of wide areas, and their targeting of potential applications such as police patrolling,
surveillance, and as communication relays [40]. In this perspective, while opting for
the conventional ground relays allows a long term operation thanks to the stable
power supply, at the expense of a penalizing NLOS communication mode, aerial re-
lay assisted communications are a viable solution to mitigate the limited performance
resulting from the blockage effect, and exploit the relay flexibility, mobility, adaptive
altitude and low cost in enabling long-range mm-Wave communications [41]. With
the rapid development of UAV, mobile relays have become possible in real-world sce-
narios, which can mitigate some of the afore-mentioned limitations of mm-Wave com-
munications, offer a direct and uncrowded link with the ground users, and improve
the connectivity for wide-range area networks [42].

Figure 2.15: UAV relay.

The integration of UAVs relays and mm-Wave wireless systems has been recently
proposed to provide high data rate aerial links for next generation wireless networks.
Despite the manifold benefits, currently establishing UAV as the mobile relays is quite
challenging from these point of views:

• 3D placement: UAVs need to be deployed by considering the constraints of
a 3D system, which therefore makes their deployment more complicated, as
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compared to that of the terrestrial relays. In this regard, the altitude of the UAVs
plays a vital role in establishing a LoS communication link with the terrestrial
network and should therefore be optimized accordingly.

• Channel modeling: UAV-based mm-Wave communication is different from ter-
restrial communication in various aspects, which essentially necessitates a sta-
tistical RF propagation model for the UAV communication channel.

• Design of a multi-hop aerial network: as mentioned earlier, UAVs can form a
multihop aerial network for coverage extension or backhaul connectivity for the
ground BSs. However, a major challenge in that scope is the formation of such
an aerial network. In particular, the UAVs need to form the A2A and A2G link
while taking into account the delay incurred over the formed multihop links.

• Antenna design: Current network deployments assume that communication oc-
curs within a 2D plane, and must support human devices (with low mobility)
and ground vehicles (with potentially high mobility). Nevertheless, aerial net-
works consist of Air-to-Ground (A2G) and Air-to-Air (A2A) links and require
data to be delivered at different altitudes and orientation angles. As such, di-
rected antenna radiation characteristics are more likely to have high impact on
the performance of 3D connectivity.

2.6 Mm-Wave Massive MIMO Challenges

While mm-Wave massive MIMO configuration is able to achieve terrific benefits, the
employment of large number of antennas unveils a series of challenges, which are
addressed in this section. Generally, there are plenty of implementation challenges for
such technology, such as low-cost hardware elements, hybrid beamforming strategies,
channel estimation algorithms, and user association design. In particular, our main
focus will reside on the channel estimation challenges, hardware impairments and
user association design [7, 40].

• Channel estimation: the most immediate challenge faced by mm-Wave MIMO
channel estimation comes from signal propagation losses inherent in this fre-
quency range and the large number of antennas. Because of this, the omnidirec-
tional transmission of any pilot signal results in very low SNRs, which ultimately
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leads to less accurate channel estimation [12]. To increase the SNR it is neces-
sary to employ proper beamforming during channel estimation. Moreover, the
exploitation of the sparsity of mm-Wave channels allows to reduce the overhead
and lower the estimation complexity. Hence, instead of estimating all the entries
of the channel matrix, one would estimate only the angle of the depart (AoDs)
and AoAs of the dominant paths and the corresponding path gains by using
compessive sensing concepts.

• Hardware impairments: Another challenge in mm-Wave systems is the pres-
ence of hardware imperfections which impose a huge challenge on 5G network
deployment, owing to the degraded system performance emanating from se-
vere signal contamination. This problem is considered as the biggest limitation
when considering the deployment of large antenna arrays. For example, prac-
tical transceiver hardware is impaired by phase noise, limited phase shifters
resolution, non-linear power amplifiers, I/Q imbalance, and limited ADC/DAC
resolution. Therefore, RF impairments form a key design challenge for devel-
oping new configurations in upcoming 5G wireless communication, as these
imperfections dominate the performance of the overall system [78].

• User association: the unique characteristics of mm-Wave bands, making it nec-
essary for the mm-Wave cellular network to be dense, is that they are mainly
interference-limited. In particular, the aforementioned mm-Wave channel char-
acteristics, have a significant effect on cell coverage, which indicates that the
attainable throughput of mm-Wave networks is highly dependent on the user
association, i.e., the process that associates a user with a particular serving BS.
Hence, it is urgently needed to desig new association rules for dense mm-Wave
networks [76, 79].

2.7 Conclusion

In this chapter, we have reviewed the basic principles and technologies investigated
in this thesis such as, the FBMC modulation and its advantages, some theoretical
background behind MIMO wireless communication systems, covering the evolution
of technology from MIMO to massive MIMO, and the capacity achieved by multi-
antenna channels. Subsequently, the emphasis was put on mm-Wave MIMO systems,
in particular underground MIMO communications at 60 GHz based on real measure-
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ments. Furthermore, an up-to-date overview of mm-Wave based hybrid beamforming
was discussed to justify the proposition of hybrid beamforming architecture as an al-
ternative to conventional analog only beamforming MIMO schemes. Stating all these
concepts, the operation principle of this novel communication scheme will be dis-
cussed in next chapter. Finally, we present the mm-Wave relaying technologies and
discuss some important challenges the mm-Wave MIMO systems have to overcome.
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HYBRID BEAMFORMING FOR MIMO

UNDERGROUND SYSTEM
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3.1. Introduction

3.1 Introduction

Future underground mining environment will require various high data rates ap-
plications, such as video surveillance and onsite real-time high-data rate connectiv-
ity targeted for mining operation information and safety purposes. Millimiter-Wave
(Mm-Wave) technology is intended for multi-Gb/s applications and has attracted a
significant attention, more particularly for confined environments, such as the op-
eration within underground mine galleries. Interestingly, scaling up the number of
antennas, enhances the spectral efficiency and mitigates the effects of the channel
fading. Moreover, because of the quite low wavelength, designing large scale antenna
systems at high frequencies induces a reasonnable hardware size, but this may come at
the cost of an increased hardware complexity. In this context, hybrid beamforming is
considered as a well-accepted approach to enhance the achievable rate in the adverse
mm-Wave MIMO underground channels, with a low hardware complexity. Motivated
by the above discussion, in this chapter, a new architecture for MIMO underground
communications encompassing a hybrid beamforming structure, is presented. The
main contributions of this chapter can be summarized as follows:

• First, we describe the system model of the proposed large MIMO architecture
for underground communications, followed by the MIMO model alternative,
which takes into account the impairments and their impact on the transmitted
and received signals, thereby paving the way to a more realistic evaluation of
the benefits of 5G systems. The proposed architecture aims at enhancing the
achievable rate of underground communications by adopting the MIMO hybrid
beamforming processing for such stressed environment, while reducing the im-
pingement of hardware transceivers practical defects on it.

• Second, to effectively design the communication systems, fundamental under-
standing of the propagation characteristics expressed through channel models
is required, a newly 2-D geometrical scattering one ring-based model on real
channel measurements is proposed to capture the spatial representation of the
underground channel, on which the resulting architecture is tested.

• By modeling the residual impairments as an additional distortion noise, the ex-
pression for the data rate of both hybrid beamforming and analog RF beamform-
ing in mm-Wave underground MIMO channels are derived. The performance
of the proposed MIMO underground-based hybrid beamforming architecture is
evaluted and compared with similar structures incorporating solely analog and
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digital beamforming, through Monte Carlo simulations. Results demonstrate
that the performance of the presented architecture is indeed viable, and is supe-
rior to that of analog-only counterpart. Furthermore, it is close to the one of the
optimal digital beamforming.

3.2 Mm-Wave MIMO Underground System

In this section, the expression of the received signal with the proposed hardware im-
paired MIMO underground system incorporating hybrid beamforming for the down-
link scenario depicted in Figure 3.2, is extracted. As such, we first consider the ideal
scenario of MIMO transceivers with no hardware imperfections and retain it as a
benchmark to the system with hardware impairments. We assume that the system
operates in TDD mode and that the CSI is available at both the transmitter and the
receiver sides.

3.2.1 Underground System Model

Let us consider a hybrid beamforming architecture deployed in a mm-Wave MIMO
underground system, wherein the transmitter is equipped with Nt antennas and NRF

RF chains, and the receiver is equipped with Nr antennas and NRF RF chains, as
shown in Figure 3.1. We assume that the transmitter and the receiver communicate
via Ns data streams, such that Ns ≤ NRF ≤ Nt and Ns ≤ NRF ≤ Nr.

Figure 3.1: Transceiver structure of hybrid mm-Wave MIMO underground system.

In this setup, the transmitter is assumed to apply two consecutive beamforming
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operations, namely FBB ∈ CNRF×Ns and FRF ∈ CNt×NRF , where the former refers to
the digital baseband beamformer, whilst the latter denotes the analog counterpart.
Hence, the transmitted signal can be given as:

x = FRFFBBs (3.1)

where FT = FRFFBB ∈ CNt×Ns is the hybrid beamforming matrix, s ∈ CNs×1 is the
transmitted symbols vector, where E[ssH] = Ps

Ns
INs , with Ps being the average total

transmit power, and the transmit covariance matrix defined as Q = E[xxH]. Since
FRF is implemented using analog phase shifters, its entries are of a constant modulus.
We normalize these entries to satisfy the condition

∣∣FRF
∣∣2 = N−1

t . We adopt the
underground mine channel model in which the receiver observes the received signal
as:

r = HFTs + n, (3.2)

where H ∈ CNr×Nt is the underground mine channel at the mm-Wave band emulated
using the 2-D geometrical model and which will be explained in more details in the
next section, while n ∼ N (0, σ2 INr) represents the additive white Gaussian noise
(AWGN) vector at the receiver, with INr standing for the Nr × Nr identity matrix and
σ2 for the element noise variance.

At the receiver side, the hybrid combiner WT, is used to extract the transmitted
data from the received signal, as follows:

yr = WH
T HFTs + WH

T n, (3.3)

where WT = WRFWBB, in which WBB ∈ CNRF×Ns is the digital baseband combiner,
and WRF ∈ CNr×NRF presents the RF analog combiner, which is implemented using
phase shifters, where all its non-zero entries are constrained to satisfy the constant
modulus i.e, |WRF|2 = N−1

r .

3.2.2 Non Ideal Underground System Model

In real systems, both the transmitter and the receiver are affected by inevitable resid-
ual additive impairments that emerge from different sources, such as the antenna
coupling, I/Q mistmatch, and the imperfect compensation of the quantization noise
in the transceiver, ... etc. As a result, the received signal is distorted, while at the
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3.2. Mm-Wave MIMO Underground System

Figure 3.2: An illustration of a realistic basic hybrid mm-Wave MIMO underground system with

transceiver hardware impairments.

transmitter side, a mismatch appears between the signal that is transmitted and the
generated one. Generally, the transmitter and receiver distortion noises are modeled
as Gaussian distributed processes, where their average power is proportional to the
average of the transmit signal power, as shown by measurement results in [25]. On
the other hand, there are hardware impairments which have a multiplicative distor-
sion effect on the channel vector, hence causing channel attenuation and phase shifts.
Herein, our analysis focuses on the impact of the residual additive hardware im-
pairment only, while the study of multiplicative impairments is left for future work.
For realistic performance evaluations of mm-Wave underground communication at 60
GHz, hardware impairments from the RF chains should be considered. As discussed
in [27, 80], the impaired received signal can be modeled as:

yr = WH
T H(FTs + ηt) + WH

T ηr + WH
T n, (3.4)

where ηt,ηr refer to the transceiver impairments residue in the transmitter and
the receiver hardwares, respectively, and which are assumed to be independent of the
transmitted signal. Motivated analytically by the central limit theorem, the distortion
noises are modeled as Gaussian distributions. Mathematically speaking, these terms
are given as [81]:

ηt ∼ N (0, k2
t diag(|q11|2, ..., |qNt Nt |2)), (3.5)

ηr ∼ N (0, k2
r tr(Q)INr), (3.6)

49
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where the coefficients kt and kr are characterizing the levels of impairments at the
transmitter and the receiver, respectively, qi denoting the ith diagonal element of the
signal covariance matrix Q, and tr(.) stands for the trace of the matrix. In the LTE
standard, the kt and kr were shown to be in the range [0.082, 0.1752] [26]. In practical
mm-Wave systems, since cheap devices are encouraged to be used, the larger values
of kt and kr are of interest in this work. Note that kt = kr= 1 in perfectly operating
hardware while kt = kr= 0 for useless hardware that turns everything into distortion.

3.3 Geometrical-based Underground Channel Model

One way of designing high-speed systems for underground wireless communications
is to utilize the mm-Wave frequency bands, especially the 60 GHz band. Neverthe-
less, the mm-Wave underground channel is considered as one of the most challenging
mediums and has only recently come into focus again, due to the latest technical pro-
gresses in antennas fabrication and miniaturization, and the affordable measurement
campaigns of the pertaining channels. There is now a growing interest in imple-
menting MIMO systems in underground mines aiming for the improvement of the
communication performance in an underground environment. For system design to,
the performance simulation of underground communication systems to be accurate, a
thorough understanding of the underlying MIMO channel and corresponding model
is indispensable. The approach of geometry-based one ring modelling has widely
been used for irregular shaped scattering environments, such as tunnels, due to its
simplicity of representation. Thus, a geometry-based one ring model is proposed to
represent the propagation within the mm-Wave MIMO underground channel, in the
scenario where the transmitter is usually unobstructed by no scatterer, whereas the
receiver is located at the center of a ring surrounded by scatterers, as illustrated in
Figure 3.4.

Exploiting the real mine underground channel measurements is carried out for the
extraction of the geometrical one ring model under the asumption that the scatters
are sparse, which reflects indeed the reality [68]. During the measurements, and
using a vector network analyzer (VNA) and patch antennas at the transmitter and
the receiver, the former was maintained fixed, while the latter was moved at different
locations along the gallery, from 1 m up to 10 m apart from the transmitter, with steps
of 1m, as depicted in Figure 3.3. All the measurements at the receive patch antenna
which are conducted at the various distances are exploited to form a large MIMO
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Figure 3.3: Underground gallery map.

scenario, namely massive MIMO. Furthermore, this model uses a 2D geometry by
assuming that transmitted waves propagate only in a horizontal plane. It is therefore
reasonable to assume that the receiver collects the signals from different directions
determined by the distribution of the local scatterers. In deriving the channel model,
the following assumptions are made:

• Every scatterer that lies at an angle φRx to the receiver is represented by a cor-
responding effective scatterer located at the same angle on the scatterer ring
centered on the receiver.

• The effective scatterers are assumed to be distributed uniformly in φRx.

• The local scatterers are located on a ring with radius R.

As it can be seen in Figure 3.4, the ring has a radius of R and its center of the
ring is located at 0, while the lth scatterer is designated by Sl with (l = 1, ..., L) and
the AoD and AoA of the associated reflection path l are denoted as φTx and φRx,
respectively. The set of AoAs {φTx}L

l are modeled by independent and identically
distributed (i.i.d.) random variables to characterize the azimuth spread of the sig-
nals at the receiver. Consequently, the set of AoDs {φRx}L

l are similarly modelled
as random variables whose distribution is determined by the one of the AoAs and
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3.3. Geometrical-based Underground Channel Model

Figure 3.4: Illustration of the geometrical one ring model for a MIMO underground mining channel.

the geometrical parameters, such as D and R, where D is the distance between the
transmitter and the receiver. Moreover, the φTx is limited by the maximal departure
angle of the transmitt signal φTx

max, which is given as:

φTx
max = arctan(

R
D
) =

R
D

, (3.7)

where R is usually small in comparison with the distance D. The angles αTx and αRx

in Figure 3.4 are the one from the horizontal axis to the transmit antenna array, and
from the horizontal axis to that the receive antena array, respectively.

In this model, the path length from the ith transmit antenna to the rth receive
antenna via the lth scatterer Sl is obtained through geometrical considerations as a
function of D [82]. Indeed, applying the law of cosines in the triangle 0TxSl0Rx, its
exact expression can be obtained as follows:

dilr = R +
√
(D2 + R2 − 2DR cos(θ)), (3.8)

where θ = arcsin( ril
D ) is the AoA of the lth scatterer, with ril being the position of

the lth scatterer Sl relative to the transmitter, which can be generated randomly as
U(1m, 7/4D) [83]. In the MIMO system, with Nt transmit and Nr receive antennas,
the corresponding channel model generated by the one ring approach, corresponding
to the rth-ith link, is expressed as follows [84]:

Hi,r =
1√
L

L

∑
l=1

√
Bli,rat

lb
r
l e(−j2π(

dilr
λ )+jϕli,r), (3.9)
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where L is the number of multipath componentts, Bli,r is the lth measured time do-
main path loss obtained from the channel impulse response, for any fixed location be-
tween the transmitter and the receiver, ϕli,r is the phase shift associated with each scat-
ter Sl, which is assumed in our case as uniformly distributed in the interval [−π, π],
and λ is the corresponding wavelength at the operating frequency, and at

l and br
l are

the steering vectors at the transmitter and the receiver sides, respectively, which are
defined as:

at
l = [1, ..., ejπ δt

λ (Nt−1)[cos(αTx))+φTx
max sin(αTx) cos(φRx)]], (3.10)

br
l = [1, ..., ejπ δr

λ (Nr−1)[cos(φRx−αRx)]], (3.11)

3.4 Achievable Rate Analysis

In this section, we derive the achievable data rate for the cases of ideal hardware hard-
ware operation scenario, first, then generalize this to the one considering hardware
impairments for MIMO underground system, with hybrid beamforming configura-
tion. This aims at getting better insights into how those imperfections and analog
beamformers affect the proposed system performance. By modeling the residual
impairments as an additional distortion noise, expressions of the achievable rates
for both hybrid and analog RF beamforming structures for mm-Wave underground
MIMO system, are derived. According to (3.4), the achievable rate when adopting a
fully analog beamforming scheme, in the absence of any distortion, could be written
as follow:

Rate = log2det(INs +
Ps

σ2Ns
R−1

T |W
H
RFHFRF|2), (3.12)

where RT = WH
RFWRF is the post-processing noise covariance matrix. Similarly, the

achievable rate of a hybrid beamforming-based MIMO underground system is given
by the expression:

Rate = log2det(INs +
Ps

σ2Ns
R−1

T |W
H
T HFT|2), (3.13)
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wherein RT = WH
BBWH

RFWRFWBB is the equivalent noise covariance matrix. In the
presence of non-ideal, yet practical transceiver hardware imperfections, as given in
(3.4), the achievable rate is could be expressed as:

Rate = log2det(INs +
Ps

σ2Ns
R−1

η |WHHFT|2), (3.14)

where Rη represents the noise covariance matrix with hardware imperfections, which
is formulated as:

Rη = (k2
t

Ps

Ns
+ Psk2

r )W
H
T HHHWT, (3.15)

These expressions provide important evaluations of the practical impact of hardware
impairments, and the realistic efficiency of the deployment of MIMO underground
system.

3.5 Hybrid Beamforming/Combining Design

To alleviate the hardware constraints, while realizing a full potential of the proposed
mm-Wave MIMO underground system as mentioned previously, we incorporate the
hybrid beamforming in our system. The optimal hybrid beamforming is built by
minimizing the Euclidean distance between the fully digital beamformer Fopt and the
hybrid beamformer, which leads to the maximization of the achievable rate of the
mm-Wave MIMO underground system in (3.14). Based on SVD decomposition of the
channel H, we have:

H = UΞV = [u1, u2..., uNt ]


ξ1 0 . . . 0
0 ξ2 . . . 0
...

... . . . ...
0 0 . . . ξNt




v1

v2
...
vNr

 , (3.16)

where Ξ is the diagonal matrix containing the singular values of H arranged in a
decreasing order and which satisfy ξ1 ≥ ... ≥ ξNt ≥ 0, U ∈ CNt×Nt and V ∈ CNr×Nr

are the transmit and receive unitary matrices. We note that the optimal unconstrained
unitary beamformer for H is simply given by Fopt = V. Proceeding with the design
of FBB, the hybrid beamforming design problem can be formulated as:
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Fopt
RF Fopt

BB = arg min
FRFFBB

‖Fopt − FRFFBB‖F
(3.17a)

Fc
RF ∈ {at

l , 1 ≤ l ≤ L} (3.17b)

‖FRFFBB‖2
F = Ns (3.17c)

where the vector Fc
RF is the cth column of the FRF matrix which is selected from the

set of transmit steering vectors at
l , and ‖FRFFBB‖2

F = Ns is the power constraint at
the transmitter, while FRF and FBB are the analog and digital beamformers to be op-
timized. It is intuitively true that the optimal hybrid precoders should be sufficiently
close to the unconstrained optimal digital beamformer.

Algorithm 1 Hybrid beamforming design

Inputs: Fopt, ATx

Output: FRF, FBB.

Initialisation: FRF=∅; Fres=Fopt.

1: for i ≤ NRF do

2: ψt = AH
TxFres;

3: q = argmax
l=1,...,L

(ψH
t ψt)l;

4: FRF = [FRF | (ATx)
(q)]T

5: FBB = (FH
RFFRF)

−1FH
RFFopt

6: Fres =
Fopt−FRFFBB
‖Fopt−FRFFBB‖F

7: end for

8: FBB = FBB
‖FRFFBB‖F

9: FRF, and FBB

Following the sparsity design approach, this problem could be solved using the
pursuit methods for sparse approximation, such as the OMP algorithm, by finding
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the projection of on the set of hybrid precoders with ATx, where ATx = [at
1, ...,at

L] is a
Nt× L matrix. The hybrid beamforming design procedure at the transmit side, relying
on OMP algorithm, for the mm-Wave MIMO underground system, is summarized in
Algorithm 1. In steps 2 and 3 of the algorithm, the row of ATx that is most strongly
correlated with the residual error Fres is chosen for the transmitter beamforming.
Then the selected column is appended to FRF (step 4). In step 5, LS solution is used
to calculate FBB, then the contribution of the selected vector is removed in step 6 and
the algorithm proceeds to find the column along which Fres has the largest projection.
The process continues until all NRF columns of FRF have been determined. At the end
of this algorithm, the power constraint is guaranteed by step 8.

Then at the reception side, for the realistic design of the hybrid combiners for the
mm-Wave MIMO underground receiver in Figure 3.2, we engage in the minimization
of the MSE between the transmitted and processed received signals, over the practical
mm-Wave MIMO underground channel including transceiver hardware impairment,
by relying on the OMP method [85]. In such case, the problem for which the solution
provides the optimal combiners, denoted as (Wopt

RF , Wopt
BB ), takes the following form

[86]:

Wopt
RF Wopt

BB = arg min
WRFWBB

E

[wwws−
{

WH
BBWH

RF
(
H(FTs + ηt) + ηr + n

)}www2

2

]
= arg min

WRFWBB

E

[wwws−WH
BBWH

RFy
www2

2

]
,

s.t Wc
RF ∈ {br

l , 1 ≤ l ≤ L} (3.18a)

where Wc
RF is the cth column of the WRF matrix which is selected from the set of

receive steering vectors br
l . Herein, we assume that the optimal beamformers matrices,

(Fopt
RF , Fopt

BB ), which have been determined in the previous step at the transmitter side,
are fixed. In the presence of hardware limitations that restrict the set of feasible
linear receivers, solving (3.18) analytically impossible. To overcome this difficulty,
we rewrite the optimization problem in (3.18) in terms of the well-known solution to
MMSE minimization problems given as [87]:

MH
MMSE = E[syH]E[yyH]−1, (3.19)

where MH
MMSE is the optimal MMSE combiner. We start by reformulating the problem

in (3.18) by expanding MMSE as follows:
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E

[wwws−WH
BBWH

RFy
www2

2

]
= E

[
(s−WH

BBWH
RFy)H(s−WH

BBWH
RFy)

]
= E

[
tr((s−WH

BBWH
RFy)(s−WH

BBWH
RFy)H)

]
= tr

(
E

[
(ssH)

])
− 2Rtr

(
E

[
(syH)WRFWBB

])
+

tr
(
WH

BBWH
RFE

[
(yyH)

]
WRFWBB

)
.

(3.20)

We now note that since the optimization problem in (3.18) is over the variables
WRF and WBB, we can add any term that is independent of WRF and WBB to its
objective function without changing the outcome of the optimization. Thus, we choose
to add the constant term tr

(
MH

MMSEE[yyH]MMMSE) − tr(E[ssH]
)

and minimize the
equivalent objective function:

Wopt
RF Wopt

BB = tr(MH
MMSEE

[
yyH]MMMSE)− 2R{tr(E

[
(syH)WRFWBB

]
}+

tr(WH
BBWH

RFE
[
(yyH)

]
WRFWBB)

= tr(MH
MMSEE

[
yyH]MMMSE)− 2R{tr(MH

MMSEE
[
yyH]WRFWBB}+

tr(WH
BBWH

RFE
[
(yyH)

]
WRFWBB)

= tr
(
(MH

MMSE −WH
BBWH

RFE
[
(yyH)

]
× (MH

MMSE −WH
BBWH

RF)
H)

= ‖E
[
(yyH)

] 1
2 (MMMSE −WBBWRF)

H)‖2
F,

(3.21)

As we have tr(E
[
(syH)

]
WRFWBB = tr(E

[
(syH)

]
E
[
(yyH)

]−1
E[yyH]WRFWBB) and

using the fact that MH
MMSE=E[syH]E[yyH]−1, which implies that tr(E

[
(syH)

]
WRFWBB=

tr(MH
MMSEE

[
(yyH)

]
WRFWBB), it follows based on (3.21) that optimization problem is

equivalent to finding hybrid combiners which solved as the following problem:

Wopt
RF Wopt

BB = arg min
WRFWBB

∥∥∥∥E[yyH]
1
2 (MMMSE −WRFWBB)

∥∥∥∥
F

(3.22a)

s.t Wc
RF ∈ {br

l , 1 ≤ l ≤ L} (3.22b)

This amounts to finding the projection of the unconstrained MMSE combiner
MMMSE onto the set of hybrid combiners of the form WRFWBB with Wc

RF ∈ br
l . Thus,

the design of MMSE receivers for the mm-Wave MIMO undergroud system of interest
closely resembles the design of its hybrid beamformers. However, unlike the design
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of the transmit beamforming, the projection now is not performed with respect to
the standard norm ‖.‖2

F but to E[yyH]-weighted Frobenius norm. Nevertheless, the
same observations which have allowed us to leverage the structure of mm-Wave un-
derhround channel to solve the precoding problem, as discussed before, could be
translated to the receiver side to solve the combiner problem as well. Namely, be-
cause of the sparse nature of underground channel at 60 GHz, near-optimal receivers
can be found by further constraining WRF to have columns of the form ARx, with ARx,
where ARx = [br

1, ..., br
L] is a Nr × L matrix. Thus, Algorithm 2 provides the combiner

solution by first finding the vector ARx and then designing NRF beamforming vectors
to form the optimal WRF. After determining WRF, the optimal WBB is calculated using
step 5.

Algorithm 2 Hybrid combiner design with hardware impairments

Inputs: MMMSE, Ar

Output: WRF, WBB.

Initialisation: WRF=∅; Wres=MMMSE.

1: for i ≤ NRF do

2: ψr = AH
r E[yyH]Wres;

3: q = argmax
l=1,...,L

(ψrψ
H
r )l;

4: WRF = [WRF | (Ar)(q)]

5: WBB = (WH
RFE[yyH]WRF)

−1WH
RFE[yyH]MMMSE

6: Wres =
MMMSE−WRFWBB
‖MMMSE−WRFWBB‖F

7: end for

8: WBB = WBB
‖WRFWBB‖F

9: WRF, and WBB
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3.6 Simulation Results

In this section, we provide numerical results to validate the achievable rate perfor-
mance of the proposed mm-Wave MIMO underground system, incorporating hy-
brid beamforming technique, over the underground mine channel, for which mea-
surements have been fitted using geometrical one ring model. Analog beamforming
and digital beamforming, implemented within a similar architecture as the proposed
scheme, and relying on the one-ring channel model, are taken as a reference to study
the performance penalty with hardware defaults. For the ideal and non ideal systems,
the achievable rate results have been obtained by means of Monte Carlo simulations
using 105 trails. The system considers the practical hardware imperfections at both
transmitter and receiver sides, and is operating in the frequencies ranging from 57 to
62 GHz, thus has a bandwidth of 5 GHz. Furthermore, it is assumed that the transmit-
ter and the receiver are equipped with equal number of antenna elements Nt = Nr=
20, the number of RF chains of most of simulations is NRF = Ns = 2, the number of
paths in the geometrical model is L = 3. Distortion due to residual hardware error is
modeled with parameters kt=kr=0.15.
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Figure 3.5: Impact of number of RF chains on the data rate performance of the proposed hybrid-

beamforming-based mm-Wave uderground MIMO scheme.

Firstly, the achievable rate of the proposed system incorporating hybrid beam-
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Figure 3.6: Performance comparison of the proposed system in the modeled underground mine chan-

nel with different levels of impairments.

forming is compared to the optimal fully digital beamforming-based alternative, and
the corresponding results are illustrated in Figure 3.5. The analysis has been carried
out with SNR ranging from −25 dB to 20 dB, when increasing the number of RF
chains at the transceiver. From this Figure, it can be seen that the achievable rate
of the proposed system is enhanced as the number of RF chains increases and be-
comes close to the attained performance of the optimal digital scheme, with a limited
number of RF chains (6 in our case).

Figure 3.6 investigates the effect of the hardware impairments on the performance
of the proposed system, relative to the fully-analog and the fully-digital counterparts.
For this, the parameters kt and kr are varied in the set {0, 0.15, 0.3}. From Figure 3.6,
we observe that the presence of the imperfections induces a saturation phenomena
on the achieved rate at relatively high SNR values. Hence, whatever is the offered
SNR, the system is not able to go beyond a given achievable rate. The reason for this
effect is that the distortion noise power on both sides grows linearly and unbound-
edly with the transmit power. It is also observed that digital beamforming-based
system experiences a critical performance penalty which exceeds 10 dB, when the
hardware conditions vary from being ideal to undergoing an impairment factor of
0.3 at both the transmitter and the receiver sides. The proposed solution exhibits a
little higher robustness to such hardware deviations from ideal case and outperforms
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Figure 3.7: Impact of the transceiver impairment levels on the achievable rate of MIMO underground

system.

digital beamforming-based system regardless of the conditions of operations of the
hardware. Because of this, the proposed solution is considered appropriate for prac-
tical system deployments in such underground channels. Furthermore, we observe
that, except for the fully analog scheme which is critically penalized by the hardware
impairments, an increase in SNR tends to increase the achievable rate in both ideal
and non-ideal conditions, for the proposed and the fully-digital schemes.

In Figure 3.7, we investigate the achievable rate performance of mm-Wave MIMO
underground system as a function of the transceiver hardware impairments, kt = kr,
under SNR = 10 dB. For this, the parameters kt and kr are varied to emulate the
variation of the degree of impairments from non-existent to high. From Figure 3.7
comparing the behaviour of the proposed scheme along with analog and optimal
digital beamforming architectures face to hardware defaults, it is seen that a per-
formance loss is noted in the presence of increasing hardware distorsion conditions.
More particularly, It is observed that the optimal fully-digital-beamforming scheme
is the one exhibiting the highest degree of sensitivity to hardware defaults, which
questions its suitability for such conditions. By contrast, the proposed solution is
much more resilient to such imperfections, and performs in a comparable way to the
optimal scheme when those get high. The fully-analog beamforming scheme attains
a limited rate even in idealistic hardware operation, with this decreasing more with
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Figure 3.8: Performance comparison of mm-Wave MIMO underground system based-hybrid beam-

forming and analog beamforming-based counterpart for geometric underground channel with differ-

ent antennas configurations.

higher hardware imperfections.
Figure 3.8 shows the performance comparison of the impaired mm-Wave MIMO

underground system and fully-analog beamforming-based counterpart, under differ-
ent antennas configuration Nt = Nr =

{
4, 10, 20

}
, both adopting geometrical one-ring

-based underground channel model. The impairment factors during these simula-
tions is maintained at kt=kr=0.15. From the Figure 3.8, it can be observed that the data
rates of both systems are enhanced with increasing number of antennas. Furthermore,
for the impingement of the hardware impairments on the fully-analog beamforming
scheme is more critical, since the corresponding provided data rate with a 20× 20
MIMO configuration, is inferior to that of the proposed hybrid-beamforming solution
using a 4× 4 antenna configuration. Again, this substantiates the efficacy of adopting
the proposed hybrid beamforming for hardware impaired mm-Wave MIMO under-
ground settings. Needless to mention that the gain gap retaining of hybrid beam-
forming over fully analog alternative increases with SNR.

Figure 3.9 shows the impact of the number of the path L on the achievable rate
of mm-Wave underground system-based hybrid precoding scheme. Its clear from the
figure that at high SNR range, the degradation in the achievable rate performance of
mm-Wave MIMO underground system is expected, as L increases. However, at low
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Figure 3.9: Effect of the multipaths on the achievable rate of mm-Wave MIMO underground system

based hybrid beamforming system.

SNR regime the results indicate that the latter degradation is not quite significant. As
expected, this technique is best used for channels with a few paths, e.g., mm-Wave
underground channels.

Figure 3.10 shows the achievable rate performance of the proposed hardware im-
paired MIMO underground system based-hybrid precoding scheme with different Tx-
Rx distances d = {3m, 5m, 10m}. Its noted that the achievable rate of the underground
channel depend on the distacne between the Tx and Rx. More the distance increase,
more the received power decrease for the mm-Wave, which reduce the coverture zone
and limit the ray. More particulary, the performance degradation of the system at
the distance d=10 m confirm the corresponding measurement of the channel at the 60
GHz in real undergreound mine environement.

Figure 3.11 shows the achievable rate achieved by increasing the data streams of
the hardware impaired mm-Wave MIMO underground system based-hybrid beam-
forming scheme when the RF chains at the transceiver is fixed at 2. Clearly the in-
creasing of the transmitted data streams increase the data rate of the proposed system
especially at high SNR range.

63



3.6. Simulation Results

-25 -20 -15 -10 -5 0 5 10 15 20

SNR (dB)

0

5

10

15

20

25

A
c
h

ie
v
a

b
le

 R
a

te
 [

b
it
s
/s

/H
z
]

Proposed system based-Hybrid beamfoming, d=10 m

Proposed system based-Hybrid beamfoming, d=5 m

Proposed system based-Hybrid beamfoming, d=3 m

Figure 3.10: Achievable rate performance of hardware impaired mm-Wave MIMO underground system

based-hybrid beamforming scheme with different Tx-Rx distances.
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based-hybrid precoding scheme with different Ns data streams.
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3.7 Conclusion

The impact of hardware imperfections play an crucial role in realistic scenarios. In
this chapter, we consider the hardware imperfections, pertaining to the transmit and
receive RF chains, in the design of the hybrid beamformer processing, deployed in
the proposed mm-Wave MIMO underground architecture. Our work has taken a
first look at the impact of transceiver hardware impairments on the performance of
mm-Wave MIMO undergrund system-based hybrid beamformer, and has been also
included for both fully digital beamforming structure and analog RF beamforming.
We have applied a 2-D geometrical channel model, which is based on one ring con-
figuration, to describe the propagation mechanism of our underground channel, and
achievable rate performance was investigated based on this model and the modified
transceiver structure under the idealistic assumptions of perfect CSI. Based on these
conditions, a new expression for the achievable rate with transceiver hardware impair-
ments was derived, using a additive distortion model. The higher performance and
robustness against hardware imperfections of the proposed solution, relative to digital
beamforming-based counterpart, have been demonstrated in these mm-Wave MIMO
underground environments. Numerical results corroborate that the architecture in-
deed meets such objectives in a viable way, and shown that the hybrid beamforming
processing attain reasonable gains compared with analog beamforming and achieve a
close performance compared with the digital beamforming for the mm-Wave under-
ground channel. It has been proved that the impact of hardware impairments such as
additive distortion noise, vanishes asymptotically as the number of antennas grows
large. The design of hybrid beamfomers and combiners matrices, is usually based on
knowledge of the channel, in the next chapter we will study the mm-Wave MIMO
underground channel estimation problem based on compressive sensing theorie.
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4.1. Introduction

4.1 Introduction

In underground mine wireless communication systems, especially at the 60 GHz fre-
quency band, the channel characteristics are a key factor which affects the mining
applications [68]. One of the biggest impediments to mm-Wave underground propa-
gation is the presence of materials with different dielectric properties, of irregularities
along the walls, as well as the high path loss, which damages the communication
scheme throughput enhancements [24]. To bridge the resulting significant link budget
gap in such environments, directional multiple antennas have been recently adopted.
Hence, finding techniques to increase the SE, while ensuring a viable QoS to face these
channel adverse conditions, will necessitate a careful design of these communication
systems for such high-stressed environment, along with a reliable channel estima-
tion technique. In this chapter, the compressive sensing theory is used to accuratley
estimate the mm-Wave underground channel with reduced overhead. For this, we
present two new transceiver architectures for 5G network. This chapter puts forward
the following main contributions:

• First, the STBC-FBMC/QAM system with two prototype filters is proposed for
mm-Wave underground mine channel. In particular, an iterative algorithm for
sparse channel estimation based on forward-backward (FB) processing is pro-
posed, which can increase the accuracy of estimation and reduce the required
pilot training without prior information of the sparsity level.

• Second, although mm-Wave MIMO systems promise to offer larger bandwidth
and unprecedented peak data rates, their implementation in realistic scenarios
faces some important issues that need to be solved. The inevitable imperfec-
tions, emerging from the transceiver hardware, make the mm-Wave MIMO un-
derground mine channel estimation more challenging. To do that accurately, we
develop an adaptive algorithm to estimate the mm-Wave MIMO underground
channel parameters when the transmitter and receiver employ hybrid beam-
forming architectures and affected by the hardware impairments.

• Simulation results show that the proposed iterative FB channel estimation al-
gorithm for STBC-FBMC system achieves a significative gain compared to the
conventional OMP one. The results also illustrate that the presence of hardware
impairments in mm-Wave MIMO underground system affect both the under-
ground channel estimation and the achievable rate performance.
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4.2 FBMC-STBC System Model

Consider a 2× 1 STBC-FBMC system with two prototype filters and K sub-carriers as
illustrated in Figure 4.1, which is deployed over the mm-Wave underground channel.
The measurements were performed using horn antennas at 40 m below the ground
level [68]. At the transmitter side, the input data sequence Xk,n is firstly modulated us-
ing QAM scheme, and then separated into two groups Xeven

k,n and Xodd
k,n of even and odd

numbered sub-carrier symbols, respectively, prior to entering the space time encoders
[49], which are given as:

Xeven
k,n = X2w,n k = 2w ∈ {0, 2, ..., K/2},

Xodd
k,n = X2w+1,n k = 2w+ 1 ∈ {1, 3, ..., K/2− 1},

(4.1)

(4.2)

where n = {1, 2, ..., Ns}, with Ns is the number of of transmitted FBMC symbols.
After performing an IFFT operation, the QAM symbols of Alamouti scheme are mul-
tiplied by two different prototype filters geven

2w,n and godd
2w+1,n, respectively, which can be

obtained by the prototype function in the following way: geven
2w,n (i) = geven[i− n K

2 ]e
j 2π

K (2w)(i−
L f−1

2 ), if k = 2w

godd
2w+1,n(i) = godd[i− n K

2 ]e
j 2π

K (2w+1)(i−
L f−1

2 ), if k = 2w+ 1
(4.3)

The two prototype filters are the L f = O K
2 length, with O is the overlapping factor,

and which are designed to satisfy the mutually orthogonality conditions given by [88]:

∞

∑
i=−∞

geven
2w,n (i)geven∗

2w′,n′ (i) = δw,w′δn,n′ , (4.4a)

∞

∑
i=−∞

godd
2w+1,n(i)godd∗

2w′+1,n′(i) = δw,w′δn,n′ , (4.4b)

∞

∑
i=−∞

geven
2w,n (i)godd∗

2w′+1,n′(i) = 0 (4.4c)

∞

∑
i=−∞

godd
2w,n(i)geven∗

2w′+1,n′(i) = 0 (4.4d)

where δ is the Dirac delta function.
The transmit symbols in the first time slot can be written as:
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4.2. FBMC-STBC System Model

Figure 4.1: Block diagram of the adopted transceiver for mm-Wave 2× 1 STBC-FBMC/QAM system.

Aeven(i) =
W−1

∑
w=0

∞

∑
n=−∞

geven
2w,n (i)F

Hdiag(Xeven
2w,n ),

Aodd(i) =
W−1

∑
w=0

∞

∑
n=−∞

godd
2w+1,n(i)F

Hdiag(Xodd
2w+1,n),

(4.5)

(4.6)

where F denotes an K
2 ×

K
2 unitary discrete Fourier transform (DFT) matrix, the index

i is the time sample, and W = K/2 is the number of subcarriers. Therefore, under the
orthogonality conditions given in (4.4), we can transmit QAM symbols in the FBMC
system without intrinsic interference. Accordingly, the consecutive received signals,
r1 and r2, are respectively given as:

r1 = r(i) = h1(l)~ Aeven(i) + h2(l)~ Aodd(i + 1) + no(i),

r2 = r(i + 1) = −h1(l)~ (Aeven(i + 1))∗ + h2(l)~ (Aodd(i))∗ + no(i + 1),

(4.7)

where ~ is the convolution sign, h1 and h2 are the CIR of the transmit antennas
1 and 2, respectively, with length of L, and no is the AWGN with zero mean and
variance of σ2

n. At the receiver side, the received time domain FBMC signals, r1 and
r2 passing through the underground channel, are matched by two different prototype
filter banks geven

2w′,n′ and godd
2w′+1,n′ , respectively, and then transformed to the frequency

domain by applying the FFT operation. Hence, the corresponding signals at the two
time slots, could be given as:

y1 = y(t) = F
∞

∑
i=−∞

g∗even
2w′,n′ (i)r(i) = diag(Xeven

2w,n )FLh1 + N1,

y2 = y(t + 1) = F
∞

∑
i=−∞

g∗odd
2w′+1,n′(i)r(i + 1) = diag(Xodd

2w+1,n)FLh2 + N2,

(4.8)

(4.9)
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4.3. Compressive Sensing based-mm-Wave Underground Channel Estimation

where h1 and h2 are the K
2 -length CIR, which is generated by padding the L-length

CIR with K
2 − L zeros as (h = [hL, 0 K

2−L]), with L being the number of multipath
components. Moreover, N is the AWGN vector with zero mean and unit variance
elements, and FL ∈ C

K
2×L resulting from the extraction of the K

2 rows and the first L
columns from the K

2 -dimension DFT matrix, given by:

F K
2×L =

1√
K
2


1 wk1 . . . wk1(L−1)

1 wk2 . . . wk2(L−1)

...
... . . . ...

1 wkK . . . w
k K

2
(L−1)

 (4.10)

where w = e(−j2π/ K
2 ). Letting Y = [y1, y2]

T, we can write ( 4.8) and (4.9) in the compact
form as:

Y = Φh + N, (4.11)

where Φ =
{

diag(Xeven
2w,n )FL, diag(Xodd

2w+1,n)FL
}

is referred to as the measurement ma-
trix, which is very important for guaranteeing a reliable underground channel esti-
mator ĥ at the receiver and h = [h1, h2]

T ∈ CNtL×1 is an aggregate CIR vector. The
STBC-decoded symbols X̂even

2w,n and X̂odd
2w+1,n could be expressed as:

X̂even
2w,n = Ĥ∗1 y1 + Ĥ2y∗2

X̂odd
2w+1,n = Ĥ∗2 y1 − Ĥ1y∗2

(4.12)

where Ĥ1 and Ĥ2 are the frequency domain channels of ĥ1 and ĥ2, respectively.

4.3 Compressive Sensing based-mm-Wave Underground

Channel Estimation

In this section, we present a novel sparse channel estimation for STBC-FBMC system.
We first present the pilots design, then we briefly introduce the conventional OMP
based-underground channel estimation, followed by the proposed FB estimator to
solve the channel estimation problem in the conventional OMP one.
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4.3. Compressive Sensing based-mm-Wave Underground Channel Estimation

4.3.1 Pilot Design of STBC-FBMC System

In the STBC-FBMC system model, the measurement matrix Φ in (4.11) is very impor-
tant for guaranteeing the reliable channel estimation. The pilots design is equivalent
to designing the measurement matrix Φ, which lead to stable recovery of the channel
matrix h in the proposed STBC-FBMC system. Figure 4.2 describes the pilot design
for STBC-FBMC System, in which the pilot sequences is superimposed between Alam-
outi code block pairs without distorting the symmetry required. Accordingly, the two
transmitted pilot sequences from two antennas are given as:

P1 = [p1,−p∗2 , p5,−p∗6 , ..., pK/2−1,−p∗K/2]
T,

P2 = [p2, p∗1 , p6, p∗5 , ..., pK/2, p∗K/2−1]
T,

(4.13)

(4.14)

where P is the length of pilot sub-carriers. We only focus on the received pilots
located at p, thus (4.11) can be then written as:

Yp = Φph + Np (4.15)

Figure 4.2: The pilots sequence for STBC-FBMC/QAM system.

where, Φp ∈ CP×L Nt is the frequency domain measurement matrix determining
the location of pilots with the required condition of identifiability P� LNt.
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4.3.2 Conventional OMP-based Channel Estimation

Before listing the detail of proposed FB-based mm-Wave underground channel esti-
mator, we first introduce the conventional orthogonal matching pursuit (OMP) method
developed in [70]. The measurements of mm-Wave underground mine channel showed
that they normally have a limited number of paths due to the high free space path
loss as illustrated in Figure 4.3. Due to the sparsity feature of the mm-Wave under-
ground channel, OMP algorithm can be adapted to estimate the underground channel
with a pilots sequence which is much lower than its length L [69]. The key, is to first
effectively estimate the location of the non-zero paths. To achieve this, Algorithm 2
describe the process of estimating the underground channel under the assumption
that the sparsity level Sl is known. As a first step, OMP algorithm searches at each it-
eration the most correlated column among the remaining ones of Φp with the current
residual r by solving the optimization shown in Line 3, and appends the chosen col-
umn index into the set of chosen indices up to this stage (Line 5). Once all positions
of the non-zero paths have been detected, the value of the channel coefficient matrix
is estimated by solving the LS problem in Line 6. Finally, in Line 7, the contributions
of the chosen column vectors to Yp are subtracted to update the residual component
r. Our channel estimate is then ĥ.

Figure 4.3: Illustration of the power delay profile of mm-Wave underground channel.
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Algorithm 3 OMP based-mm-Wave underground channel estimator

Inputs: Yp, Φp, Sl, Nt, L.

Output: the sparse estimate h.

Initialisation : r0 = Yp, s = 0, h0 = 0, Λ0 = ∅

1: for j = 1: Nr do

2: for s = 1: Sl Nt do

3: Zs ←− argmax ∑LNt
i=1 ‖ΦH

p rj
s‖2;

4: end for

5: Λ←− Λ
⋃

Zs;

6: h(s)
Λ ←− Φ†

ΛYj and h(s)
Λ ←− 0; % LS estimation.

7: rs ←− Yj −ΦPh(s)
Λ ; % Update Residual.

8: end for

9: ĥ←− h(s); % Obtain the final channel estimation.
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4.3.3 Proposed FB Underground Channel Estimator

The conventional OMP has two major problems. The first problem is its inability to
identify the correct sparse index position of the channel. The second is how to reduce
the random error of the correlation matrix, which may result in performance degrada-
tion and high computational complexity. In this chapter, we propose a new iterative
algorithm using a forward and backward processing for channel estimation based on
[89], by exploiting the time domain sparsity feature of the mm-Wave underground
mine channel. The algorithm is represented in details in Algorithm 3. The proposed
FB approach combines the forward and backward processing to compute the cor-
relation matrix between the received signal and the measurement matrix, in which
we can examine the structure of correlation matrix formed by the forward step, and
found a reduced computational complexity in channel estimation. In the other hand,
backward step can potentially correct any errors caused by earlier forward step and
avoid maintaining a large number of basis functions. A schematic diagram of the FB
algorithm is depicted in Figure 4.4.

Figure 4.4: Description of the iterative FB algorithm.

In Algorithm 3, the process is mainly divided into the two steps forward and
backward. At each iteration, the forward step aims at building-up the extended sup-
port estimate T̃`. This is achieved by selecting at each time the α indices which yield
the greatest correlation with the residual signal r, among the remaining ones in the
measurement matrix Φp (step 3). Subsequently, the LS estimation is performed (step
4). However, unlike OMP algorithm, which directly use T̃` to reconstruct the sparse
channel, the proposed algorithm utilizes T̃` as the initialization for the backward step
process, which prunes the support estimate T̃` by removing the β indices correspond-
ing to the minimum magnitude. Consequently, the size of the estimated support set
T` is reduced to the length α− β in each iteration (step 6). This step gives the pro-
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Algorithm 4 Proposed FB algorithm based-channel estimation approach

Inputs: YP, Φp, Nt, α, β, ε, `max.

Output: The estimated channel ĥ.

Initialization : The initial residual r0 = Yp, index set T0 = ∅, ` = 0

1: while ‖ r` ‖2 ≥ ‖ εYp ‖2 do

2: ` = `+ 1

Forward step

3: T̃` ←− T̃`−1⋃ arg max
T :T =α

∑LNt
T =1 ‖Φ

H
T ,pr`−1‖1;

4: Define ĥ
` ←− Φ†

T̃`,pYp; % LS estimation.

Backward step

5: Tb ←− arg min
T :T =β

‖ĥ`
T ‖1;

6: T` ←− T̃` − Tb ; % Omit bad atom

7: ĥT` ←− Φ†
T`,pYp; % orthogonal projection

8: r` ←− Yp −ΦT`,pĤT` ; % Update residual.

9: if |T|` ≥ `max × Nt then

10: break

11: end if

12: end while

13: ĥ←− 0;

14: ĥ←− ĥT` ; % Recovered sparse channel.
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posed algorithm the ability to correct the errors generated in the first step. The sparse
channel estimate ĥ

`
is finally obtained by computing the orthogonal projection of Yp

onto the new support estimate, to produce an accurate recovery of the sparse channel
components (step 7). The residual component is continuously updated until reaching
the defined condition ‖ r` ‖ ≥ ‖ εYp ‖, where ε is the predetermined threshold. If the
stopping criteria is not met, a forcing stop is set after reaching a maximum number of
iterations of `max × Nt. The important condition in the performance of the proposed
FB algorithm is to choose β < α.

4.4 Mm-Wave Hybrid Underground MIMO System

We consider a hybrid mm-Wave MIMO underground system, comprising Nt trans-
mit antennas and NRF RF chains to convey Ns data streams over the underground
channel simultaneously, while the receiver equipped with Nr antennas and NRF RF
chains, as shown in Figure 4.5. The hybrid beamformer and combiner structure used
is similar to those illustrated in the previous chapter. In order to transmit a signal,
the transmitter applies two consecutive beamforming operations FBB ∈ CNRF×Ns and
FRF ∈ CNt×NRF denote as the baseband beamformer and analog beamformer, respec-
tively. The residual transceiver hardware impairments can be modeled as additive
distortion noise, which has been verified in [26], the received signal can be written as:

r = H(FTs + ηt) + ηr + n, (4.16)

where s ∈ CNs×1 is the transmitted symbol on the beamforming matrix, such
that E[ssH] = Ps

Ns
INs , with Ps is the total transmit power at the transmitter, FT =

FRFFBB is the hybrid beamformer matrix, H ∈ CNr×Nt is the mm-Wave underground
channel matrix which capture the joint effect of path loss and multi-path fading, the
additive distortion noise ηt,ηr describe the residual transceiver impairments in the
transmitter and receiver hardware, respectively, and n ∼ CN(0, σ2

n) represents the
complex Gaussian noise. Similarly, at the receiver, the combiner WT also consists of
RF and baseband combiners represented by WRF ∈ CNr×NRF and WBB ∈ CNRF×Ns ,
respectively

y = WH
T H(FTs + ηt) + WH

T ηr + WH
T n, (4.17)
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Figure 4.5: Transceiver structure of underground MIMO system based-hybrid beamforing structure.

In order to design the performance of large MIMO system in underground envi-
ronment, we generate a virtual large MIMO channel matrix based on channel mea-
surements obtained at different locations within an underground mine gallery, and at
the same time a virtual directions is ed. The mm-Wave underground channel repre-
sentation H in angle-domain can therefore be represented as:

H =
L−1

∑
l=0

hlat(θl)aH
r (φl), (4.18)

where hl is the complex gain of the lth path obtained by measurement [68], and θl ∈
[0, 2π] and φl ∈ [0, 2π] are the lth path’s virtual AoD/AoA of the transmitter and the
receiver, respectively. For simplicity, we use the ULAs, at and ar can be defined as:

at(θl) = [1, ej2πd sin(θl)/λ, ..., ej2π(Nt−1)d sin(θl)/λ]T, (4.19)

ar(φl) = [1, ej2πd sin(φl)/λ, ..., ej2π(Nr−1)d sin(φl)/λ]T, (4.20)

where λ is the wavelength of the carrier frequency, and d is the antenna spacing. An
equivalent representation of the channel is given by:

H = Ardiag(h)AH
t , (4.21)

where

h = [h1, h2, ..., hL]
T, (4.22)
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At = [at(θ1), at(θ2), ..., at(θL)], (4.23)

Ar = [ar(φ1), ar(φ2), ..., ar(φL)], (4.24)

where At ∈ CNt×L and Ar ∈ CNr×L are the beamforming dictionary matrices at the
transmitter and the receiver, respectively. In vector form, (4.21) can be rewritten as:

vec(H) = (AH
t ⊗Ar).vec(h), (4.25)

where the equality follows from the identity vec(ABC) = (CH ⊗A).vec(B).

4.5 Hardware impaired MIMO Underground Channel Es-

timation

One of the most immediate challenges faced by mm-Wave channel estimation comes
from signal propagation losses inherent in the frequency range and the large antenna
arrays. Because of these losses, the omnidirectional transmission of any pilot signal
results in very low received SNRs, which ultimately leads to less accurate channel
estimation. As such, the pilot signals used in mm-Wave channel estimation will also
require beamforming, in order to be received with a sufficiently high SNR. This means
that narrower beams must be used to scan the mm-Wave channel in search of suitable
propagation paths. The second challenge stems from the use of inexpensive hardware
components in large MIMO arrays, which induce hardware impairments problem. In
this section, we investigate the impact of hardware impairments on the channel es-
timation phase when using a hierarchical multi-resolution codebook method to con-
struct the training beamforming vectors. Motivated by the sparse nature of mm-Wave
channel in the space domain, estimating this channel is equivalent to estimating the
AoD, AoA, and then estimating the path gain associated with each pair of AoD and
AOA.
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4.5.1 Sparse Formulation Problem

During the training period, we assume the transmitter employs a beamforming vector
fp, while the receiver uses a combining vector wp to combine the received signal, the
resulting signal, under the impact of hardware impairements, can be written as:

yq,p = wH
q H(fpsp + ηt) + wH

q ηr + wH
q nq,p, (4.26)

where sp is the transmitted symbol on the beamforming vector fp, such that E[spsH
p ] =

P, with P being the average power used per transmission in the training phase. If Mr
s

such measurements are performed by the receiver vectors wq; q = 1, 2, ..., Mr
s at Mr

s

successive instants to detect the signal transmitted over the beamforming vector fp,
the resulting vector will be:

yp = WH
T H(fpsp + ηt) + WH

T ηr + diag(WH
T [n1,p, ..., nMt

s,p]),
(4.27)

where WT = [w1, ..., wMr
s
] is the Nr ×Mt

s combining matrix. Similarly, if the transmit-
ter employs Mt

s such beamforming vectors fp; p = 1, 2, ..., Mt
s at Mt

s successive time
slots, and the receiver uses the same measurement matrix WT to combine the received
signal, considering all transmitted symbols have the same power, the resultant matrix
can then be written by concatenating the Mt

s processed vectors yp:

Y =
√

PWH
T H(FT + ηt) + WH

T ηr + Q (4.28)

where FT = [f1, ..., fMt
s
] is the Nt ×Mt

s beamforming matrix used by the transmitter, Q
is an Mr

s ×Mt
s noise matrix given by concatenating the MBS noise vectors. To formu-

late the sparse channel estimation problem, it is necessary to vectorize the received
matrix Y to yv as follows:

yv =
√

Pvec(WH
T H(FT + ηt)) + vec(WH

T ηr) + vec(n)

=
√

P(WH
T ⊗ (FT + ηt))vec(H) + WH

T ηr + nv

=
√

P(WH
T ⊗ (FT + ηt))(AH

t ⊗Ar)α+ WH
T ηr + nv (4.29)

where (AH
t ⊗Ar) is the NtNr× L matrix in which each column has the form (aH

t (θl)⊗
ar(φl)), with l = 1, ..., L. To complete the problem formulation, we quantize the AoAs
and AoDs. Its assume that the AoAs, and AoDs are taken from a uniform grid of
NQ points, with NQ � L, i.e., we assume that at(θl), ar(φl) ∈

{
0, 2π

NQ
, ..., 2πNQ−1

NQ

}
.

Equation (4.29) can be written as:
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yv =
√

Ps(WH
T ⊗ (FT + ηt))ADα+ nQ

(4.30)

where AD is the NtNr × N2
Q dictionary matrix that consists of the N2

Q column vectors
of the form (aH

t (θv)⊗ ar(φu)), with θv, and φu is the vth, and uth points, respectively, of
the angles uniform grid, i.e., θv = 2πv

NQ
, v = 1, ..., NQ − 1 and φu = 2πu

NQ
, u = 1, ..., NQ −

1. α is an N2
Q × 1 vector which carries the path gains of the corresponding quantized

directions, and nQ = WH
T ηr + nv is the equivalent noise. Note that detecting the

columns of AD directly implies the detection of the AoAs and AoDs of the dominant
paths of the channel. The path gains can be also determined by calculating the values
of the corresponding elements in α.

The formulation of the vectorized received signal yv in (4.30) represents a CS for-
mulation of the channel estimation problem as α has only L non-zero elements and
L � N2

Q. Based on the problem formulation in (4.29), CS concept can be used to
solve the estimation problem of the to quantized AoAs/AoDs. If we define the sens-
ing matrix as Ψ = (WH

T ⊗ (FT + ηt))AD, the objective of the CS algorithms will be to
efficiently design the sensing matrix Ψ to guarantee the recovery of the L non-zero
elements of the vector α with minimal measurements. One common criterion for that
is the restricted isometry property (RIP), which requires the matrix ΨHΨ to be close
to diagonal on average [90].

There are two categories in CS theory: standard CS and adaptive CS, and because
the adaptive CS algorithms yield better performance than standard CS tools at low
SNR, which is the typical case at mm-Wave systems before beamforming, and rely on
successive bisections that can be used in the design of the training beamforming vec-
tors [91], we focus on the adaptive CS tools that use the multi-resolution hierarchical
codebook to design of the training beamforming vectors.

4.5.2 Adaptive Compressed Sensing Solution

In the adaptive CS [91], the training process is divided into a number of stages. The
training precoding and combining matrices used at each stage are not determined a
priori, but rather depend on the output of the earlier stages. More specifically, if the
training process is divided into Z stages, then the vectorized received signals of these
stages are:
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y(1) =
√

P(1)
(
(F(1)

T + η
(1)
t )AH

t ⊗WH(1)
T Ar

)
α+ n(1)

Q

y(2) =
√

P(2)
(
(F(2)

T + η
(2)
t )AH

t ⊗WH(2)
T Ar

)
α+ n(2)

Q

.

.

.

y(Z) =
√

P(Z)
(
(F(Z)

T + η
(Z)
t )AH

t ⊗WH(Z)
T Ar

)
α+ n(Z)

Q

(4.31)

The design of the zth stage training precoders and combiners, F(z)
T , W(z)

T are adap-
tively designed based on the bisection concept depends on y(z−1). In particular, the
algorithm starts initially by dividing the vector α in (4.31) into a number of parti-
tions, which equivalently divides the AoAs/AoDs into a number of intervals, and
design the training precoding and combining matrices of the first stage, F(1)

T , W(1)
T .

The received signal y(1) is then used to determine the partitions that are highly likely
to have non-zero elements which are further divided into smaller partitions in the
next stages until detecting the non-zero elements, the AoAs/AoDs, with the required
resolution. If the number of precoding vectors used in each stage of the adaptive al-
gorithm equals K, where K is a design parameter, then the number of adaptive stages
needed to detect the AoAs/AoDs with a resolution 2π

NQ
is Z = logKNQ, which we

assume to be integer for ease of exposition. We will focus in the following section
on the design of a multi-resolution beamforming codebook which is essential for the
proper operation of the adaptive channel estimation algorithm.

4.5.3 Hybrid beamforming Based Multi-Resolution Hierarchical Code-

book

The hybrid codebook contains the beamforming and the combining matrices F and
W used by the transmitter and the receiver in the first stage of the channel estima-
tion to recover the emitted signal at low SNR. By considering the RF impairments,
the construction of the hybrid beamforming and combining matrices has a very-low
complexity, and outperforms the analog-only beamforming codebooks thanks to its
additional digital processing layer. The hierarchical beamforming codebook is com-
posed of Z levels, Fz; z = 1, 2, ..., Z, where each level contains beamforming vectors
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with a certain beamwidth that covers certain angular regions. Figure 4.6 presents
the first three levels of an example codebook with a resolution parameter NQ = 256,
and K = 2 beamforming vectors of each codebook level. In each codebook level,
the beamforming vectors are divided into Kz−1 subsets, which contain K beamform-
ing vectors. Each subset k is associated with a unique interval of the AoDs equal to{2πu

NQ

}
u∈I(z,k)

, where I(z,k) = { (k−1)NQ
Kz−1 , ..., kNQ

Kz−1}. This interval is further divided into
K intervals in the next level, and each of the K beamforming vectors in this subset
is designed so as to have an almost equal projection on the vectors at(θv),where v is
in the the sub-interval covered by this beamforming vector, and zero projection on
the array response vectors corresponding to other angles. Physically, this implies the
implementation of a beamforming vector with a certain beamwidth determined by
these sub-intervals, and steered in pre-defined directions as illustrated in Figure 4.7.

Figure 4.6: An example of the structure of a multi-resolution codebook.

Figure 4.7: The resulting beam patterns of the beamforming vectors in the first three codebook levels

of an example hierarchical codebook.

In each codebook level z, and subset k, the beamforming vectors [Fz,k]:,m, m = 1...K
are designed such that:
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[Fz,k]
∗
:,mat(θv) =

{
Cs, if v ∈ J(z,k,m)

0, if v /∈ J(z,k,m).
(4.32)

where J(z,k,m) = { N
Kz (K(k− 1) + m− 1) + 1 + ... + N

Kz (K(k− 1) + m)} defines the in-
tervals of AoDs associated with the beamforming vector [F(z,k)]:,m , and Cs is a nor-
malization constant that satisfies ‖ F(z,k) ‖F= K. Therefore, the beamforming vectors
desired are the solution of:

AH
t F(z,k) = CsG(z,k)

(4.33)

where G(z,k) is an N× K matrix where each column m containing 1 in the locations u;
u ∈ J(z,k,m), and zeros in the other locations. Now, we note that the transmitter AoDs
matrix AH

t is an over-complete dictionary with N ≥ Nt. The approximate solution of
(4.33) is given by:

F(z,k) = Cs(AtAH
t )
−1AtG(z,k)

(4.34)

As the beamforming matrix F(s,k) = FRF,(s,k)FBB,(z,k), and each beamforming vector
will be individually used in a certain time instant. The design of beamfoming vectors
is detailled in Chapter 3.

4.5.4 Adaptive Estimation Algorithm for Mm-Wave Underground

Channel

By considering the sparse channel estimation problem formulated in (4.30), an adap-
tive estimation algorithm for mm-Wave underground channel is considered to quickly
search out the dominant channel direction for multi-path underground channel. The
Algorithm 5 makes KL outer iterations, which operates as follows:
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Algorithm 5 Underground Channel Estimation Algorithm

Inputs: F ,W , L, NQ, K beamforming

Output: AoDs, AoAs, and path gains for the L dominant paths.

Initialization : Mt
(1,1) = {1, ..., 1}, Mr

(1,1) = {1, ..., 1}, Z = logK(NQ/L),

1: forl ≤ L

2: for z ≤ Z

3: for mt ≤ KL

4: Tx uses K beamforming vectors of level z of [Fz,Mt
(l,z)

]:,nt

5: for mr ≤ KL

6: Rx uses K beamforming vectors of level z of [Wz,Mr
(l,z)

]:,nr

7: ymr
=
√

P[Wz,Mr
(l,z)

]:,nrH([Fz,Mt
(l,z)

]:,nt + ηt) + [Wz,Mr
(l,z)

]:,nrηr + N,

8: Y(z) = [y1, y2, ..., yK]
T

9: for p = 1 ≤ l − 1

10: g = F(z,Mt
(l,z))

[A]:,Mt
(l,Z+1)(1)

�W(z,Mr
(l,z))

[A]:,Mr
(l,Z+1)(1)

11: Y(z) = Y(z) − (Y(z))Hg(gHg)g

12: Y = matrix(Y(z)) Return Y(z) to the matrix form

13: [m∗t , m∗r ] = arg max [Y� Y∗]

14: Mt
(l,z+1)(1) = K(m

∗
t − 1) + 1, Mr

(l,z+1)(1) = K(m
∗
r − 1) + 1

15: for p = 1 ≤ l − 1

16: Mt
(l,z+1)(p) = Mt

(p,z+1)(1), Mr
(l,z+1)(p) = Mr

(p,z+1)(1)

17: θ̂l = θMt
(p,Z+1)(1)

, φ̂l = φMr
(p,Z+1)(1)

18: g = F(z,Mt
(l,z))

[A]:,Mt
(l,Z+1)(1)

�W(z,Mr
(l,z))

[A]:,Mr
(l,Z+1)(1)

19: α̂ =
√

ρ
P(Z)G(Z)

Y(z)g
g∗g
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4.6. Simulation Results

1. In the initial stage of estimation, the Tx uses the KL training beamforming vec-
tors of the first level of the codebook F . For each of those vectors, the Rx uses
the KL combining vectors of the first level ofW to combine the received signal.

2. After the KL precoding-combining operations of this stage, the Rx selects a
beam index that achieves the largest received signal power. As each one of
the precoding/combining vectors is associated with a certain interval of the
quantized AoA/AoD, the operation of the first stage divides the AoA and AoD
interval into KL sub-intervals each. Hence, the selection of the maximum power
received signal implies the selection of the dominant paths of the channel, and
consequently the interval of the quantized AoA/AoD.

3. This process is repeated until we reach the required AoD resolution, and only
one path is estimated at each iteration.

4. The trajectories used by the Tx to detect the first path is stored in the matrix Mt

to be used in the next iterations. At each stage z, the contribution of the first
path that has been already estimated in the previous iteration, which is stored
in Mt, is projected out before determining the new promising AoD intervals.
In the next stage z + 1, two AoD intervals are selected for further refinement,
namely, the one selected at stage z of this iteration, and the one selected by the
first path at stage z + 1 of the first iteration which is stored in Mt. The selection
of those two AoD intervals enables the algorithm to detect different path with
AoDs separated by a resolution up to 2π

NQ
.

5. The algorithm proceeds in the same way until the L paths are solved. After
estimating the angles AoAs/AoDs with the desired resolution, the algorithm
finally computes the estimated path gains using a linear least squares estimator
(LLSE).

4.6 Simulation Results

In this section, we present some numerical results to verify the accuracy of the dif-
ferent channel estimators for underground mine communications. To generate these
results, the underground channel measurement is considered for different proposed
systems. For the accuracy of the channel estimation, the normlalized mean-squared
error (NMSE) is used for performance evaluation and is computed as:
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NMSE = 10log10
∑L

l=0 ‖Hl − Ĥl‖2
F

∑L
l=0 ‖Hl‖2

F

(4.35)

where ‖.‖F stands for the Frobenuis norm of the operand.

4.6.1 Performance Evaluation of the Proposed FB-based Underground

Channel Estimation

In these simulations, the performance of the proposed FB channel estimation for
underground mine channel is investigated in term of NMSE and BER. The conven-
tional OMP and LS estimators are used as a benchmark for the proposed alternative.
The system model and the simulation scenario are as follows: We consider 2 × 1
STBC-FBMC system at the central frequency of 60 GHz. The maximum transmis-
sion distance Tx-Rx is 10 m, the channel level of sparsity is Sl = 3 ( for conven-
tional OMP channel estimator), the threshold value is ε = 10−7, the number of it-
erations per transmit antenna is `max = 10, and the number of tracked multi-path
components is L = 100. Also, the number of pilots is P = 128 selected equis-
paced in the frequency domain. Furthermore, the PHYDYAS prototype filter with
O = 4 is used. The filter coefficients in the sampled frequency domain are given by
G0 = 1, G1 = 0.971960, G2 =

√
2/2 and G3 = 0.235147.

In Figure 4.8, we investigate the variation of the estimation quality regarding the
parameters α and β. For this purpose, the performance over the practical SNR range
spanning the values between −10 dB and 20 dB has been considered. As illustrated in
Figure 4.8, even at low SNR, the proposed FB algorithm is well performing. Moreover,
the proposed estimator provides the best accuracy when α = 6 and β = 2. Hence,
in this specific channel, decreasing α and β allows achieving best results in terms of
NMSE. This implies that the number of necessary iterations in the estimation process
has been reduced, thus lowering the channel training time.

Therefore, setting the forward and backward parameters to α = 6 and β = 2, re-
spectively. The conventional OMP and the LS estimators are adopted for comparison.
As shown in Figure 4.9, It can be observed that the proposed FB approach achieves
better effectiveness compared to the conventional OMP estimator and the LS estima-
tor. This is due to the feedback process encompassed in the proposed FB algorithm.
The performance enhances with the SNR increase, thereby providing a higher de-
gree of data reliability. Indeed, the both compressive sensing estimators offer higher
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Figure 4.8: NMSE Performances of the proposed algorithm for different values of α and β.

performance than LS estimator for the whole of SNR regime under test, since the
temporal sparsity of mm-Wave underground channels is leveraged for the enhanced
channel estimation performance, and reduces the NMSE by 15 dB for values of SNR
of −5 dB.

With the same system setup, we demonstrate the efficiency of the proposed FB
estimator for STBC-FBMC system when increasing the number of transmit antennas.
From the Figure 4.10, it can be noted that the proposed FB-based channel estima-
tion approach achieves a good performance even at SNR is low, and the performance
gap increases with SNR. Moreover, the proposed estimator provides the best accu-
racy when increasing the number of antennas, but this increases the error estimation.
For instance, at SNR = 0 dB, 5 dB gain in estimation accuracy is provided with FB
estimator in the case of 4× 1.

Figure 4.11 provides the BER performance comparison between our proposed FB
estimator, the conventional OMP estimator and the LS estimator. The BER perfor-
mance with the perfect CSI is also included as the benchmark for comparison. From
Figure 4.11, it can be observed that the proposed FB-based channel estimation scheme
and OMP estimator exhibit identical performance at low SNR regime. However, when
the SNR increases above 5 dB, it is seen that the BER achieved by the FB-based under-
ground channel estimator method perform better than the conventional OMP method
by about 1.5 dB while possesses less than 1 dB gap from that of the perfect CSI. In
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Figure 4.9: NMSE performance comparison between the proposed FB channel estimator and the both

conventional OMP and LS estimators.
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Figure 4.11: BER performance comparison against SNR with perfect CSI in mm-Wave STBC-FBMC

system.

addition, the LS estimator performs the worst, although it is very simple. This com-
ing from the fact that the both FB and OMP-based underground channel algorithm is
more efficient than the conventional LS estimator for the sparse channel.

4.6.2 Performance Evaluation of Hardware Impaired Large MIMO

Underground System

The performance of the proposed underground channel estimator for hardware im-
paired large MIMO system is examined through computer simulation with the follow-
ing parameters. The system is operated at 60 GHz carrier frequency, has a bandwidth
of 5 GHz, the transmitter and the receiver are equipped with Nt = Nr = 20 and
NRF = 2. The results are based on the measured mm-Wave MIMO underground
channel which is assumed to consist of L = 3 non-zeros paths. For channel estima-
tion, the AoA/AoD resolution parameter NQ = 64, and with K = 2 beamforming
vectors at each stage.

Figure 4.12 provides the comparison of the achievable rate versus the SNR for
MIMO underground system based-hybrid beamforming in both cases of perfect and
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Figure 4.12: Achievable rate performace of the estimated MIMO underground channel under ideal

hardware.

imperfect CSI by considering ideal hardware, along with the optimal full beamform-
ing solution is considered. The results indicate that comparable gains can be achieved
using the proposed MIMO underground system despite their imperfect channel. Also,
the results show that the achievable rate performance degradation of MIMO under-
ground system based-hybrid beamforming is less than 1 bps/Hz compared with the
system based digital beamforming solution that requires much more RF hardware.

In Figure 4.13, the joint impact of imperfect channel estimation for for different
levels of impairments kt = kr ∈ {0, 0.15, 0.3} on the achievable rate performance is
studied, and compared with the ideal system with perfect CSI and ideal hardware at
the transceiver for mm-Wave underground channel. We can observe from this figure,
that at low SNRs, transceiver hardware impairments have negligible impact on the
achievable rates even with imperfect CSI, while at high SNRs, transceiver hardware
impairments decrease the achievable rates for all cases. More importantly, hardware
impairments create a SNR wall, which cannot be crossed by increasing the transmit
power. We can see that the achievable rate performance under perfect CSI and ideal
hardware increases as SNR increases.

Figure 4.14 shows the NMSE performance of the hardware impaired MIMO under-
ground channel-based hybrid beamforming scheme against SNR for different levels
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Figure 4.13: Impact of both the hardware impairments and imperfect channel estimation on the achiev-

able rate performance.
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of impairments. For comparaison, the NMSE without transceiver hardware impair-
ments (i.e., kt = kr = 0) is also shown. We consider two antenna configurations,
i.e., Nt = Nr = 10 and Nt = Nr = 20. From this figure, it can be observed that
without the existence of hardware impairments, increasing the SNR decreases the
NMSE monotonically towards zero. However, in the presence of hardware impair-
ments, we observe a fundamentally different behavior. Specifically, when the number
of transceiver antennas is large.

4.7 Conclusion

In this Chapter, we have focused on compressive sensing channel estimation prob-
lem in mm-Wave underground system using the real measurements of channel at the
frequency band of 60 GHz. Firstly, we have presented the conventional OMP based-
channel estimation applied to STBC-FBMC system with two prototypes filters, then
we have designed an iterative FB processing-based mm-Wave underground channel
estimation approach to estimate the channel using pilot sub-carriers simultaneously.
In the proposed approach, two consecutive processing steps are carried out to accu-
rately identify the sparse components of the channel. In the forward step, the support
estimate is enlarged. Then, the obtained path index of the channel is used as the ini-
tialization set in the backward process to allow the feedback cancellation of the pos-
sibly incorrect indices. The performance of the proposed FB approach is compared
with the conventional OMP and LS estimators in terms of NMSE and BER. It was
shown that, in addition to the improvement of the channel estimation accuracy from
a limited number of pilots, hence enhancing the spectral efficiency, another important
property of the proposed approach lies in its blindness to the sparsity level. It was
seen that quasi-perfect channel reconstruction was obtained by tuning the forward
and backward coefficients, α and β. It has been verified that the FB approach is an
efficient method for sparse underground channel estimation in STBC-FBMC/QAM
transmission networks. The second contribution of this chapter is investigate the
impact of transceiver hardware inaccuracies on the channel estimation of mm-Wave
MIMO underground system when exploiting the channel reciprocity. For this, we
have investigated the problem of channel estimation under hardware impairments
for the underground MIMO system based hybrid beamforming. Numerical results
showed that, the transceiver hardware impairments have a deleterious impact on the
achievable rate and channel estimation.
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5.1. Introduction

5.1 Introduction

Mm-Wave communications have been envisioned as a dominant candidate for en-
hancing the data rate, due to the huge bandwidth availability in their frequency
bands, and the great potentialities they offer for massive arrays adoption [7,12]. How-
ever, there are a number of problems with mm-Wave communication that must be
overcome for its full potential to be realized. The first problem is posed by the very
high propagation loss, which drastically limits the communication distance. Another
significant challenge is their sensitivity to blockage from surrounding objects, e.g.
high-rise buildings, which classifies the links between the BSs and users into LOS and
NLOS [36]. On the other hand, high channel dynamics, particularly in some outdoor
environments, make the blockage a quite challenging problem [92]. To address these
difficulties, in this chapter, we are interested in an urban type environment where the
UAV is used as a flying relay to assist the mm-Wave communication from various
ground BSs to multiple users. The main contributions of this chapter are:

• First, to explore the potential gain of UAV-based amplify and forward (AF)
multi-antenna relay, we generate the geometric 3D mm-Wave channel, then we
demonstrate that UAV-based AF multi-antenna relay can mitigate the blockage
and path loss drawbacks usually occurring in the multi-user mm-Wave MIMO-
OFDM communications.

• Second, to fully exploit the advantages of distributed BSs and improve com-
munication quality under strict hardware constraints in UAV enable communi-
cations, we propose a hybrid beamforming-thru scheme between the multiple
BSs, the relay and the ground users, merging the spatial processing and the AF
operation.

• The third contribution is to design a two stages distributed optimization ap-
proach to define a users-BSs association pattern, while maximizing sum data
rates in our proposed scenario.

• Finally, the achievable data rate of relay networks with multiple source-destination
pairs is investigated when CSI is available at the both sides. Through simula-
tions, we analyse the performances of the proposed system: (i) the effect of the
UAV altitude on the achievable rates and show the efficiency of the proposed
system, (ii) users-BSs association, and (iii) the achievable rate of the proposed
system based-UAV relay. Simultaneously, it also studies the of the multi-user
mm-Wave MIMO-OFDM system under correlated channels.
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5.2. Multi-user Mm-Wave MIMO-OFDM System Model

5.2 Multi-user Mm-Wave MIMO-OFDM System Model

We consider a single-cell consisting of a set of BSs denoted NBS, simultaneously con-
nected to U users with the help of one UAV relay and surrounded by a number of city
buildings as shown in Figure 5.1. In this system, there is no direct link between the
source nodes (BSs) and their destinations (users) due to blockage and large shadow-
ing, hence the information can only be delivered through the UAV relay. The proposed
UAV relay-enabled architecture focuses on a half-duplexing AF relaying between BSs
and users, hence it cannot transmit and receive at the same time. In order to enhance
the communication quality, both of the BSs and the UAV relay are equipped with
massive MIMO deployments at the 28 GHz frequency band. Meanwhile, to reduce
the cost at users end, only a single omnidirectional antenna is assumed. The hybrid
beamforming structure is applied between the multiple BSs, the UAV relay, and the
ground users as illustrated in Figure 5.2. Specifically, the number of antennas at each
BS and the UAV relay are denoted as Nt and Nre, respectively, and both BSs and UAV
hold the same number of RF chains, denoted as NRF, where Nt ≥ Nre � NRF, and
NRF = U to support the U users. Similarly, the total number of streams are Ns = U.
Furthermore, each user is equipped with only one RF chain and no baseband beam-
former, thereby, reducing the processing complexity at the destination.

Figure 5.1: System model for UAV relay-enabled architecture for multi-user mm-Wave MIMO-OFDM

system.
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For our scenario, it is assumed that the BSs and the users are randomly distributed
in a specified region using stochastic geometry approach and according to a Matern
type-I hard-core process [93], with an intensity of λa per m2, and a minimum sepa-
ration of dmin

BS and dmin
U with their neighbors, respectively. Without loss of generality,

we consider that the UAV can dynamically fly in the horizontal space with a fixed
altitude in the three-dimensional (3D) plane, and the corresponding coordinates are
(xr,yr,zr). Equivalently, we refer by (xj,yj,zj) to the 3D position of the jth BS, and with
(xu, yu) to the 2D location of the uth user. Since UAV usually navigates much faster
than the ground nodes, we assume the channel variation mainly comes from UAV
relay movements.

Figure 5.2: UAV relay based-hybrid beamforming architecture.

To deal with the frequency selective fading, the multi-user mm-Wave massive
MIMO system normally uses OFDM scheme [33]. Suppose the number of OFDM
sub-carriers is K. It is important to emphasize here that the RF beamforming matrix
is the same for all sub-carriers, because the RF beamformer cannot be implemented
separately for each sub-carrier. This means that the RF beamformer is assumed to be
frequency flat while the baseband beamformers can be different for each sub-carrier.

For convenience, let us represent the symbols transmitted from each source node
as s=[s1, s2, ..., sU]

T. The transmission process from the sources to the destinations
takes place during two phases, where each BS node is allowed to transmit to each
user but sends a different data symbol than the other BSs:
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• During the first transmission phase, each jth BS node applies a Nt ×U beam-
forming matrix, denoted Fj(k), to transmit a symbol for each user. The transmitted
signal from the jth BS using the kth sub-carrier can be expressed as:

xj(k) = Fj(k)sj(k), (5.1)

where Fj(k) = Fj
RFFj

BB(k) is the hybrid beamforming matrix for the jth BS, with Fj
RF be-

ing the Nt×U analog RF matrix, and Fj
BB(k) = [f(1,j)

BB (k), f(2,j)
BB (k), ..., f(U,j)

BB (k)] is the U×
U baseband beamforming matrix. Let sj(k) = [s(1,j)(k), ..., s(u,j)(k), ..., s(U,j)(k)]T rep-
resent the transmitted symbols from the jth BS node, such that E[sj(k)(sj(k))H]= P

U INs ,
with P representing the total signal power at the jth BS. The total power constraint at
the source is given as:

Ps = E[xj(k)(xj(k))H] = tr
(
Fj

RFFj
BB(k)(F

j
BB(k))

H(Fj
RF)

H), (5.2)

The received signal at the UAV relay in the kth sub-carrier could thus be represented
as:

y(k) =
NBS

∑
j=1

Hj
1(k)

U

∑
u=1

Fj
RFf(u,j)

BB (k)s(u,j)(k) + w(k), (5.3)

where s(u,j)(k) is the transmit symbol which BS j intends to transmit to user u, Hj
1 ∈

CNre×Nt is the frequency domain channel matrix between the jth BS and UAV relay,
and w(k) ∈ CNre×1 is the additive white Gaussian noise vector whose entries are with
zero mean and σ2

r variance.
• In the second phase, the transmitted signal from the BSs is firstly received

through U × Nre analog receive matrix GRF2 at the UAV relay, then amplified by the
U ×U baseband matrix Gr(k), and subsequently forwarded to all users through the
Nre×U analog transmit matrix GRF1 [42]. The signal transmitted by the UAV relay is
expressed as:

xr(k) = GRF1Gr(k)GRF2y(k)

= GRF1Gr(k)GRF2

NBS

∑
j=1

Hj
1(k)

U

∑
u=1

Fj
RFf(u,j)

BB (k)s(u,j)(k) + GRF1Gr(k)GRF2w(k)

= G(k)
NBS

∑
j=1

Hj
1(k)

U

∑
u=1

Fj
RFf(u,j)

BB (k)s(u,j)(k) + W(k), (5.4)
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where G(k) = GRF1Gr(k)GRF2 represents the overall relay processing matrix at the
UAV relay, and W(k) = GRF1Gr(k)GRF2w(k) encompasses the equivalent noise [32].
Assuming the transmission power at the relay is Pr, the power constraint at the UAV
relay is:

Pr = tr
{

E[xr(k)xH
r (k)]

}
= tr

{(
G(k)

NBS

∑
j=1

Hj
1(k)F

j(k)
)(

G(k)
NBS

∑
j=1

Hj
1(k)F

j(k)
)H

+ σ2
r W(k)WH(k)

}
, (5.5)

The recovered signal at the uth user could be written as:

Yu(k) = H2,u(k)xu
r (k) +

U

∑
u′ 6=u

H2,u(k)xu′
r (k) + Wu(k),

= H2,u(k)G(k)
NBS

∑
j=1

Hj
1(k)F

j
RFf(u,j)

BB (k)s(u,j)(k)+

U

∑
u′ 6=u

H2,u(k)G(k)
NBS

∑
j=1

Hj
1(k)F

j
RFf(u

′,j)
BB (k)s(u

′,j)(k) + Wu(k), (5.6)

The first part in (5.6) is the superposition of desired signals that user u receives from
the BSs. The second part is multi-user interference that degrades the quality of the
detected signals. The third part is the additive white noise at the uth user, while
H2 ∈ CU×Nre is the frequency domain channel matrix between the UAV relay and the
users. For the UAV-assisted mm-Wave wideband communications involved herein,
both channels Hj

1 and H2,u are represented using a 3D geometric model.

5.3 3D Geometry based-UAV Mm-Wave Channel Model

When dealing with terrestrial communications, Saleh-Valenzuela model is sufficient to
depict the propagation within the corresponding channels [94]. However, radio wave
propagation in air-to-ground (A2G) communications has different mechanisms [95].
Herein, we describe the UAV-assisted mm-Wave wideband communications channel
model between the jthBS node and the multi-antennas UAV relay, and also between
the UAV relay and the grounds users. Both channels Hj

1 and H2,u used in our sys-
tem model are Fourier transforms of temporal channels. Hence, the corresponding
channels impulse response hj

1 and h2,u could be expressed as [96]:
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hj
1(t) =

L

∑
l=1

α
j
l

[Dj]ν
e(−j2π fdTs cos ϕ

j
l+γ

j
l)aj

t(φ
j,t
l , θ

j,t
l )aj

r(φ
j,r
l , θ

j,r
l ), (5.7)

h2,u(t) =
L

∑
l=1

αu
l

[Du]ν
e(−j2π fdTs cos ϕu

l +γu
l )au

t (φ
u,t
l , θu,t

l ), (5.8)

where α
j
l and αu

l are the small-scale fading coefficients associated with the lth propa-
gation path of the jth BS and the one of the uth user, respectively, Dj is the distance
between the jth BS and UAV relay, Du is the distance between the UAV relay and the
uth user, L is the number of multi-paths which is assumed to be the same for the
BS-relay and the relay-user links, ν is the large-scale fading coefficient, fd is the max-
imum Doppler frequency, Ts is the system sampling period, ϕ

j
l and ϕu

l are the angle
between the transmitted signal and the motion direction of the lth path emanating
from the jth BS, and the one originating from UAV relay, repectively, γl refers to the
corresponding initial phases. The vectors aj

t(φ
j,t
l , θ

j,t
l ), aj

r(φ
j,r
l , θ

j,r
l ), and au

t (φ
u,t
l , θu,t

l ) are
the array response at the BS source, the receiving UAV relay and at the destination,
respectively. In this chapter, we consider the uniform square planar array (USPA)
with

√
Nx ×

√
Nx(x ∈ BSs or relay) antenna elements, which can be defined as:

aj
t(φ

j,t
l , θ

j,t
l ) =

1√
Nx

[
1, ..., ej

2πδj
λc

(
(
√

Nx−1) sin(θ j,t
l ) sin(φj,t

l )+(
√

Nx−1) cos(φj,t
l )
)]T

, (5.9)

aj
r(φ

j,r
l , θ

j,r
l ) =

1√
Nx

[
1, ..., ej 2πδr

λc

(
(
√

Nx−1) cos(θ j,r
l ) sin(φj,r

l )+(
√

Nx−1) cos(φj,r
l )
)]T

, (5.10)

au
t (φ

u,t
l , θu,t

l ) =
1√
Nx

[
1, ..., ej 2πδr

λc

(
(
√

Nx−1)) cos(θu,t
l ) sin(φu,t

l )+(
√

Nx−1) cos(φu,t
l )
)]T

, (5.11)

where, for the lth path, φ
j,t
l , θ

j,t
l , φ

j,r
l , θ

j,r
l represent the azimuth AoD, the elevation

AoD, the azimut AoA and the elevation AoA corresponding to the jth BS, respec-
tively, while φu,t

l , θu,t
l represent the azimuth AoD, the elevation AoD of the UAV relay

when communicating with the uth user, respectively. Moreover, δj (or δr) represent
the spacing between two adjacent antenna elements on each BS node (or on the UAV
relay), and λc is the signal carrier wavelength. Defining the distance between the UAV
relay and the jth BS as:
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Dj =
√
(xj − xr)2 + (yj − yr)2 + (zj − zr)2, (5.12)

The corresponding angles pertaining to the LOS in ( 5.7) are retrieved as:

ϕ
j
0 = arccos

√
(xj − xr)2 + (zj − zr)2/Dj, (5.13)

θ
j
0 = arcsin

√
(yj − yr)2/Dj, (5.14)

φ
j
0 = arccos(zr/Dj), (5.15)

Thus, the ones corresponding to other multipath components are derived as:

angj
l = (angj

LOS − π/2) + π ∗ U , (5.16)

where U is uniformly distributed over [0,1]. The angles in (5.8) from the UAV relay
to the uth user are generated in the same way. In the frequency domain, any channel
response at the kth sub-carrier could be written as:

H(k) =
N−1

∑
t=0

h(t)e−j 2πkt
K , k = 1, ..., K (5.17)

5.4 Performance Analysis

In this section, we derive analytical expressions for the achievable data rate of the
proposed multi-user mm-Wave MIMO-OFDM system, which relies on UAV relay ar-
chitecture, assuming perfect effective channel knowledge. The quality of the wireless
link is measured in terms of the signal to interference-and-noise ratio (SINR). Treating
the interference as noise, the received SINR of uth user by direct transmission can be
calculated as follows:

SINR(s,d) =

∣∣∣∑NBS
j=1 Hj

u(k)F
j
RFf(u,j)

BB (k)
∣∣∣2

∑U
u′ 6=u

∣∣∣∑NBS
j=1 Hj

u(k)F
j
RFf(u

′,j)
BB (k)

∣∣∣2 + σ2
u(k)

(5.18)

where Hj
u(k) is the frequency domain channel between the jth BS and the uth user.

According to the signal model introduced in (5.6), the SINR received by user uth from
BS jth trough UAV relay, denoted by ϑuj, can be derived as:
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ϑuj =

∣∣∣∑NBS
j=1 H2,u(k)G(k)Hj

1(k)F
j
RFf(u,j)

BB (k)
∣∣∣2

∑U
u′ 6=u

∣∣∣∑NBS
j=1 H2,u(k)G(k)Hj

1(k)F
j
RFf(u

′,j)
BB (k)

∣∣∣2 + σ2
u(k)

(5.19)

where σu(k) is the noise power at the uth user,
∣∣∑NBS

j=1 H2,u(k)G(k)Hj
1(k)F

j
RFf(u,j)

BB (k)
∣∣2 is

the desired signal power, ∑U
u′ 6=u

∣∣∑NBS
j=1 H2,u(k)G(k)Hj

1(k)F
j
RFf(u

′,j)
BB (k)

∣∣2 is the inter-user
interference. Accordingly, the achievable rate provisioning from the jth BS to the uth

user when communicating through the UAV relay is calculated as follows:

Ruj = buj

[
log2(1 + ϑuj)

]
(5.20)

From (5.20) we can write the allocated bandwidth buj as follows:

buj =
Ruj

ϑuj

(5.21)

The total data rate of all associated users with each BS in the network can be written
as:

Rsum =
U

∑
u=1

Ruj
(5.22)

5.5 Multi-user Hybrid Beamforming Algorithm

For UAV relay-assisted multi-user mm-Wave MIMO-OFDM architecture with a large
number of antennas, it is costly to connect each antenna to a separate RF chain and
more complicated than using direct transmission [97]. A hybrid beamforming relay,
where each RF chain is connected to multiple antennas, can significantly reduce the
system cost [98]. Throughout this section, a two-phase wideband hybrid beamformer
algorithm is designed to maximize the data rate of the users at the destination. In the
first phase, we aim to design the RF analog beamforming and combining matrices Fj

RF

and GRF2 in order to maximize the desired signal power of each BS and the digital
beamforming Fj

BB(k) in order to manage the interfrence between BSs. In the second
phase, the digital beamforming of the UAV relay Gr(k) is constructed to manage the
multi-user interference. Hence, the beamforming at the relay corresponding to the
emitting jth BS could be decomposed as:
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G(k) = GRF1Gr(k)GRF2
(5.23)

• In phase I, the analog beamforming and combining matrices at the BS and the
UAV relay are designed to maximize the desired signal power, neglecting inter-
ference between different data streams. Let F j

RF , GRF1 and GRF2 denote the set of
analog beamforming matrices Fj

RF(:, u) , GRF1(:, u) and GRF2(u, :), u = 1, ..., U,
respectively, which are selected from the array response vectors as follow:

GRF1 = At−rel = [a1
t (φ

t
l , θt

l ), ..., aU
t (φ

t
l , θt

l )]
T (5.24)

GRF2 = Ar−rel = [aj,1
r (φ

j,r
l , θ

j,r
l ), ..., aj,U

r (φ
j,r
l , θ

j,r
l )]T (5.25)

F j
RF = Aj

t = [aj,1
t (φ

j,t
l , θ

j,t
1 ), ..., aj,U

t (φ
j,t
l , θ

j,t
l )]T (5.26)

The jth BS and the UAV relay select g?
u and fj?

u that solve:

{
g?

u, fj?
u

}
= arg max

gu∈GRF2,fj
u∈F

j
RF

∥∥∥∥guHj
1(k)f

j
u

∥∥∥∥, u = 1, 2, ..., U, (5.27)

where gu and fj
u denote, respectively, the uth row of GRF2, and the uth column of

Fj
RF in a descending order, according to their respective Frobenius norms. Thus

the jth BS sets Fj
RF = [fj?

1 , ..., fj?
U ] and GRF2 = [g?

1 , ..., g?
U]. We can then obtain the

effective channel as:

Hj
e(k) = GRF2Hj

1(k)F
j
RF

(5.28)

Then, the design of Fj
BB(k) at the jth BS based on ZF has a form of:

Fj
BB(k) = Hj

e(k)H(Hj
e(k)H

j
e(k)H)−1 (5.29)

• In phase II, the design problem of the RF beamforming GRF1 to maximize the
desired signal power for user u, and neglecting the other users’ interference is
given as:
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r?u = arg max
ru∈GRF1

∥∥∥∥H2,u(k)ru

∥∥∥∥, u = 1, ..., U, (5.30)

The relay sets GRF1 = [r?1 , r?2 ..., r?U]. The effective channel of the uth user is given
as:

hu
e f (k) = H2,u(k)GRF1

(5.31)

Based on ZF scheme, the Gr(k) is given as:

Gr(k) = He f (k)H(He f (k)He f (k)H)−1, He f (k) = [h1
e f (k), ..., hU

e f (k)]
(5.32)

The hybrid beamforming for multi-user mm-Wave MIMO-OFDM system is sum-
marized in Algorithm 6:

5.6 Joint User Association and Rate Maximization

In practice, the deployment of mm-Wave BSs mainly depends on the geographical
distribution of target users and the environmental blockages, as well as candidate BS
sites. In this work, we consider a communication between many BSs and users via
one UAV relay aquipped with multiple antennas, where the UAV relay is moving in
the horizontal plane with a fixed altitude. This configuration aims at ensuring a more
likely presence of a direct LoS connection between the BSs and users. We assume that
Matern type-I hard-core process is used to generate the distribution of all users and
BSs which respects a given distance between the neighbors over a square region of
area As [93]. We formulate our user association problem as a mixed Binary non-linear
programming (MBNLP) and solve it through a novel optimization scheme which we
refer to as two-stage distributed algorithm. The proposed algorithm involves joint
users association and data rate maximization under the constrainst of bandwidth
limitation for all BSs and the QoS for all users. The use of hybrid beamforming
can significantly impact the rate of the overall system, and consequently the users
association with each BS.
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Algorithm 6 Hybrid beamforming relaying design

Inputs: At−rel, Ar−rel, Aj
t

Phase 1

1: The sources and the UAV relay select and that solve:{
g?

u, fj?
u

}
= arg max

gu∈GRF2,fj
u∈F

j
RF

∥∥∥∥guHj
1(k)f

j
u

∥∥∥∥, u = 1, ..., U,

2: BS sets Fj
RF = [fj?

1 , fj?
2 , ..., fj?

U ],

3: UAV relay sets GRF2 = [g?
1 , g?

2 , ..., g?
U],

4: The UAV relay feeds Hj
e(k) = GRF2Hj

1(k)F
j
RF back to each BS node

5: The jth BS designs Fj
BB(k) = Hj

e(k)H(Hj
e(k)H

j
e(k)H)−1 and normalizes

Fj
BB(k) =

Fj
BB(k)

‖Fj
RFFj

BB(k)‖F

Phase 2

6: For each user u, the UAV relay and the user select and that solve:

r?u = arg max
ru∈GRF1

∥∥∥∥H2,u(k)ru

∥∥∥∥, u = 1, ..., U,

7: UAV relay sets GRF1 = [r?1 , r?2 ..., r?U],

8: For each user u, hu
e f (k) = H2,u(k)GRF1, the user feeds back he f (k) to the UAV relay

where: hu
e f (k) = arg max

∥∥∥∥(hu
e f (k))

Hhu
e f (k)

∥∥∥∥,

9: The relay designs:

Gr(k) = He f (k)H(He f (k)He f (k)H)−1, He f (k) = [h1
e f (k), ..., hU

e f (k)],

10: Finally normalizes :

Gr(k) =
Gr(k)

‖GRF1Gr(k)‖F
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In the initialization step, we compute the distribution of both the BSs and the users
in a specified region. The procedure mainly consists of two steps which is summa-
rized in Algorithm 7. The first step deals with the users, while the other accounts for
the distribution of the BSs. For the former, as a system parameter, the algorithm needs
to know the rectangular area, As, the average density of users, λa per m2, the mini-
mum separation between them, dmin

U , in meters, and the number of users U. Using
these parameters, users are distributed randomly using the afore-mentioned Matern
type-I hard-core process. The average number of random distribution users in the
rectangular area, As, is given as Ū = λae(−λadmin

U )As. Finally, we pick U points out
of the total generated points, hence getting the 2D locations of each user as (xu, yu),
where u ∈ Ū. We distribute the BSs in the given area similarly by using same param-
eters as of the distribution of users, except for the separation distance being equal to
dmin

BS and for the height of all BS fixed to a maximum defined height zj. This provides
3D locations of the BSs as (xj, yj, zj).

Algorithm 7 System Initialization

Inputs: NBS, U, As, λa, dmin
U ,dmin

BS , zmax
j .

Output: (xi,yi), (xj,yj,zj).

1: Distribution of users

2: (xu,yu)←− Matern Process(As, λa, dmin
U )

3: (xu,yu)←− Randomly select U number of points out of the total (xu,yu)

4: Distribution of BSs

5: (xj,yj)←− Matern Process(As, λa, dmin
BS ) and zj = zmax

j

Before modeling the problem, let us introduce the following constraints:

• User scheduling constraint: each user can be associated with only one BS at a
time. Thus, we have:

NBS

∑
j=1

Auj ≤ 1, u ∈ U (5.33)

• QoS constraint for users:
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SINRuj Auj ≥ SINRmin
u , ∀u, j, (5.34)

where SINRmin
u denotes the minimum SINR of the system. Our problem could

afterwards be formulated as:

max
{Auj}

U

∑
u=1

NBS

∑
j=1

(χRuj + (χ− 1))Auj
(5.35a)

Subject to
U

∑
u=1

NBS

∑
j=1

Ruj Auj ≤ R (5.35b)

U

∑
u=1

Aujbuj ≤ Bj, ∀j, (5.35c)

SINRuj Auj ≥ SINRmin
u , ∀u, j, (5.35d)

U

∑
u=1

Auj ≤ Nl, ∀j, (5.35e)

NBS

∑
j=1

Auj ≤ 1, u ∈ U, (5.35f)

Auj ∈ {0, 1} (5.35g)

xmin ≤ xu ≤ xmax (5.35h)

ymin ≤ yu ≤ ymax (5.35i)

where χ = {0 or 1} is a weighting factor, and A ∈ CU×NBS is the users-BSs association
matrix, in which each element translates a simple correspondence law expressed as
follows:

Auj =

{
1, if user u is associated to BS j
0, otherwise.

(5.36)
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Before studying the optimization problem, the limiting factors that affect the com-
munication between users and BSs are discussed below. Three major factors have a
direct effect on the association of users and BSs, namely, data rate, bandwidth, num-
ber of links of the BSs. The objective function (5.35a) jointly maximizes the user-BSs
association and their data rate, while constraint (5.35b) ensures that the wireless link
between each user and BS has not less than a predefined data rate R. Constraint
(5.35c) sets the upper limit of the offered bandwidth of each BS. Moreover, constraint
(5.35d) satisfies a minimum SINR requirement of the system, (5.35e) assures that the
users are associated to a jth BS via the UAV relay through Nl links, and constraint
(5.35f) restricts each user to be associated with only one BS. Constraints (5.35h) and
(5.35i) show that it is necessary that the UAV relay 2D coordinates belong to the tar-
get area. Finding an optimal solution to such a problem may involve searching over
continuous 3D coordinates of UAV relay and for every possible users-BSs association.
In practice, problem (5.35a) is mathematically challenging as it involves a non-convex
objective function, and non-convex and non-linear constraints. A description of the
proposed algorithm to solve such a problem is given in Algorithm 8. This algorithm
is designed to use the processing of two network nodes including users, and BSs com-
municating through one UAV relay link. Therefore, it is divided into two stages that
are distributed among those nodes.

• Stage 1: Selection procedure:

This stage is performed for each user individually, in which the users select the
corresponding BSs on a one-to-one basis. During this selection procedure, the
BSs send a broadcast initialization signal using multiple antennas beamforming,
and following the "max SINR" rule, while the uth user picks up the BS which
has the strongest signal by calculating the SINR at his level with all available BSs
according to (5.19), sorts them in a decreasing order, and then compares their
SINR with the minimum required SINR (line 4). In this case, the user connects
to the nearest BSs that satisfies the constraint (5.35d). Then, it sends feedback
with 1 to the selected BS corresponding to the maximum SINR if Auj=1, and 0
feedback to others if their Auj=0. Based on the obtained temporal association,
a set of vectors V = [V1, ...,Vj, ...,VNBS ] is created, where each vector Vj from V
represents a list of possible users associated to individual BSs. The list of users
is created by adding the uth user to the vector Vj corresponding to the serving
BS j (line 5). Then, based on the association, we decide which BSs should be
turned off, as those BSs do not improve the users quality of service.
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• Stage 2: BS control and decision:

Based on the preferred BSs selected in Stage 1, each BS receives a number of
association requests from a group of users. However, due to the limitation of
available bandwidth, not all of them can eventually get associated with the BSs,
so an admission control is required here to maximize the number of users and
the sum-rate as per the objective criterion (5.35a). To do that, each BS j, on its
turn, distributively chooses the users among those who requested to be asso-
ciated and whom necessitating a minimum bandwidth (5.35c) and rejects the
remaining users by modifying their request to Auj = 0. Each rejected user at-
tempts to connect to his second most preferred BS (based on the ordered set of
indices), if no more bandwidth is left on this BS. Before associating the selected
requesting users, the constraints of the maximum number of supported links
Nl (5.35e) and the data rate limit (5.35b) are verified, and then the association
matrix A is updated. The process stops if all the requests of users are already
entertained and no further request is remaining for the jth BS. By doing so, we
have fulfilled the objective criterion of maximizing the sum-rate.

5.7 Simulation Results

In this section, simulation results are discussed to demonstrate the effectiveness of
multi-user mm-Wave massive MIMO-OFDM system relying on an UAV AF relay,
incorporating hybrid beamforming functionality. In the considered system both BSs
and users are distributed over a square region of area As = 4× 4 km2, with an average
density of λa= 2 ×10−6 per m2, and a minimum separation of dmin

BS = 300m and
dmin

U = 100m. The operating frequency is 28 GHz frequency, and the bandwidth is
500 MHz. We assume the number of BSs is NBS = 3, each equipped with Nt = 64
antennas, and supporting U = 25 single-antenna users. Without loss of generality, the
UAV relay is assumed to hold 32 antennas and move with a velocity v= 30 km/h. The
number of links Nl = 7, the applied data rate R = 2 Gbps, the maximum bandwidth B
= 500 MHz and the minimum SINR is −5 dB. All the mm-Wave channels are assumed
to experience multi-path fading, and has a number of path components L = 3, and
the number of sub-carriers is K = 64. The performance metric of the system are taken
as the achievable sum-rate and the users-BS association.

Figure 5.3 illustrates the achievable sum-rate versus the relay altitude for different
values of its location in the horizontal plane, i.e xr and yr, when SNR equals −5 dB.
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Algorithm 8 Two-stage distributed algorithm

Inputs: NBS, Bj, Nl, ϑuj, U, buj , R, SINRmin
u

Output: The associated users A.

Initialization : A = ∅;

1: Generate the association matrix A.

Stage 1

2: for u from 1 to U, do

3: idx = argmax{ϑuj} ;

4: Vidx = Vidx
⋃

u ; indices of Vidx sorted in decreasing order.

5: end for

Stage 2

6: for j = 1 : NBS do

7: Find max Ruj with min buj

8: if Aijbuj ≤ Bj, and update the indicators Auj = 0;

9: end for

10: Until Bandwidth limit is reached or each user has been either connected.
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Figure 5.3: The achievable rate performance of the multi-user mm-Wave massive MIMO-OFDM system.

As we can see from this figure, the achievable sum-rate increases when the UAV’s
altitude gets higher. This might be due to the dual effects of higher probability of
the presence of a LOS in the network when the altitude increases and to the efficient
hybrid beamforming performed between the BSs and the relay to a certain value of
the altitude. As it can be noted from Figure 5.3, the optimal UAV altitude which
maximizes the attainable sum rate is 100 m, and beyond this value, the performance
degrades to lead to the outage of the link at an altitude of 3 km. It is believed that
this is owing to the fact that the mm-Wave signals suffer from high losses over long
distances.

Figure 5.4 investigates the impingement of the incorporation of an UAV relay in
the system, along with the effect of the retained altitude on the performance. The
benefit of the relaying enriched with the hybrid beamforming finds its great efficiency
at quite reasonable SNR values, when the UAV altitude is 100 m, since 20 bits/s/Hz
performance gain is noted over the system with no relaying, when SNR is 10 dB. The
alternative with no relay refers to the mm-Wave massive MIMO-OFDM aided-hybrid
beamforming without UAV relay. On the other hand, when h=1km, the penalty of the
path losses on the proposed system is such significant that the cooperative diversity
system sees its performance become inferior to the one of the counterpart without a
relaying device.
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Figure 5.4: Impact of the presence of the relay on the sum rate performance of the multi-user mm-Wave

massive MIMO-OFDM system.

Figure 5.5 investigates the achievable rate performance of the multi-user mm-
Wave MIMO-OFDM system when using the hybrid, the analog, and the optimal
digital beamforming structures. From this figure, it appears clearly that the ana-
log beamforming-based structure achieves a significantly lower achievable rate than
the one adopting optimal digital beamforming especialy at high SNR range. On the
contrary, the proposed hybrid beamforming relay achieves near-optimal performance
over the whole SNR range in consideration. This confirms the efficiency of the pro-
posed hybrid beamforming relay scheme for multi-user mm-Wave MIMO-OFDM sys-
tem.

In Figure 5.6, the achievable rate performance of the distributed BS antennas con-
figuration of multi-user mm-Wave MIMO-OFDM system is compared with co-located
antennas alternative, when using the same simulation parameters. From Figure 5.6,
it is observed that, the gain in the achievable rate brought from retaining distributed
BS configuration, in mm-Wave massive MIMO-OFDM system, is significant over the
co-located antennas counterpart. This is due to the spatial correlation arising from
co-localizing antennas in mm-Wave MIMO-OFDM system, which has a drastic effect
on the achievable rate performance.
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and the optimal digital beamforming for the proposed system.
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Figure 5.7: Performance of the proposed multi-user mm-Wave MIMO-OFDM system over spatial cor-

related underground channel

Figure 5.7 shows the impact of spatial correlation using Kronecker model on the
achievable rate of multi-user mm-Wave MIMO-OFDM system, when the correlation
parameter r = 0.8. From this figure, it is noted that the transmit side spatial corre-
lation induces only a marginal effect on the achievable data rate. Assuming a high
correlation at the transmit and the receive levels results in a more important achiev-
able rate, in particular at high SNR range. However, the performance losses in this
mm-Wave massive MIMO context remains reasonable, knowing that we have adopted
this pessimistic assumption of high spatial correlation.

Figure 5.8 shows a spatial distribution of the BSs, the relay and the users, where
the relay is placed at a fixed height zr = 100 m in a possible configuration of the net-
work. The figure shows also the user-BSs association through the served subscribers
among the total, who are present in this flexible cell, for the multi-user mm-Wave
massive MIMO-OFDM system with and without the UAV relay. The same distributed
approach for optimization as in Algorithm 8 has been adapted to the scenario which
does not involve a relay. It can be noted that the relay-based scheme allows to serve a
higher number of users at a given time.

Figure 5.9 compares the number of users associated with each BS in multi-user
mm-Wave MIMO-OFDM system with and without UAV relay, when the UAV relay
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altitude is zr = 100. From this figure, we can note that the number of associated
users with the help of a UAV relay, is superior to that without relay, regardless of the
considered BS.

5.8 Conclusion

The influence of LOS blockage on mm-Wave communications is a very serious prob-
lem. In this chapter, we have presented a new design of UAV architecture, in which
UAV operates as a multi antennas relay in a multi-user mm-Wave MIMO-OFDM com-
munication context, thereby mitigating the drawbacks of blockage encountered in
mm-Wave networks. Subsequently, a good link reliability between every BS and mul-
tiple ground users is maintained. To achieve such an objective, a two stage distributed
algorithm which searches the best user-BSs association, while maximizing the sum
user data rate, under spatial and bandwidth constraints in mm-Wave frequency band,
is proposed. Furthermore, in order to mitigate the interference impediment and over-
come the propagation losses in such environments, hybrid beamforming relay-thru
scheme is adopted between the multiple BSs, the relay, and the ground users, merging
the spatial processing and the AF operation. The proposed architecture was shown
to achieve a quite satisfying sum-rate performance in the mm-Wave MIMO-OFDM
system. Through simulations, we confirm the efficiency of the proposed multi-user
mm-Wave MIMO-OFDM system and highlight the effect of the UAV altitude on the
achievable rates. Furthermore, the performance of the proposed two stage distributed
algorithm in terms of sum data rate and number of associated users was thouroughly
presented.
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6.1. Summary of Results and Insights

Mm-Wave communications will be used in 5G mobile communication systems,
but they experience severe path loss and have high sensitivity to physical objects,
leading to complicated network architectures. A large multiple antennas arrays at
both the transmitter and the receiver has been suggested and theoretically proven its
efficiency in combination with hybrid beamforming structure. Based on mm-Wave
multi antennas transmission, this thesis provides new architecture solutions in order
to enhance the performance and the quality of transmissions at mm-Wave frequency
bands. In particular, we have been interested in the underground communication at
the 60 GHz band based on real channel measurements, which were performed in an
underground mine environment. Since future communication systems dedicated to
mm-Wave applications are calling for increasing users data rates, our focus has been
turned to investigating the importance of using the UAV relay in urban environment.

6.1 Summary of Results and Insights

The proposed solutions in the considered context require knowledge of short-range
transmission challenges of mm-Wave communications and beamforming methods to
tackle the crucial problems faced by mm-Wave frequency bands. Through studies on
current research advances on mm-Wave massive MIMO, we demonstrate directions
to solve the limited transmission problems:

• We have presented a new MIMO underground system encompassing hybrid
beamformer structure, in which the impact of hardware impairments have been
incorporated in the transceiver processing. In addition, we proposed a 2-D
geometrical channel model from one ring model using the real channel mea-
surements carried out in a mine at the 60 GHz band. The proposed architec-
ture aims at enhancing the achievable rate performance in the adverse under-
ground wireless mm-Wave channels, while reducing the impingement of hard-
ware transceivers practical defects on it. Through simulations, we have been
demonstrated the higher performance and robustness against hardware imper-
fections of the proposed hybrid beamforming solution, relative to both ana-
log beamforming and full digital beamforming-based counterpart. It has been
proved that the impact of hardware impairments vanishes asymptotically as the
number of

• We have firstly proposed a new iterative compressive estimation based on the
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concept of forward and backward processing and applied to STBC-FBMC/QAM
system. The proposed estimation algorithm is based on two consecutive pro-
cessing steps for identifying the sparse components of the channel, which called
forward selection and backward removal steps, in which iteratively expands and
compresses the support estimate, and thus increase the accuracy of estimation
without prior information of the sparsity level, hence improving the ability to
cover up for the errors made in the conventional OMP algorithm. Through
simulation results, it was shown that, in addition to the improvement of the
channel estimation accuracy from a limited number of pilots, another important
property of the proposed FB algorithm lies in its blindness to the sparsity level
of the channel. While the hardware impairments are inherent in any practical
communication system, the second contribution of this chapter concerned in
investigating theirs impact on underground channel estimation when the trans-
mitter and the receiver employ hybrid beamforming architectures. To do that
accurately, we proposed an adaptive algorithm to estimate the mm-Wave un-
derground channel based on CS technique using hierarchical multi-resolution
codebook design for training beamforming. Through simulations results, we
conclude that, the transceiver hardware impairments have a deleterious impact
on the achievable rate and channel estimation.

• We have proposed a new design of UAV deployment in which UAV operates
as a beamforming relay for short distance mm-Wave communication, thereby
mitigating the drawbacks of both the blockage and the multi-user interference.
Subsequently, a good link reliability between every ground BSs an users is main-
tained. To achieve such an objective, a two stage distributed algorithm which
searches the best user-BSs association, while maximizing the sum user data rate,
has derived. This is aided by exploiting hybrid beamforming between the BSs,
the UAV relay, and the ground users thereby reducing the degrees of interference
and complexity. Through simulation, we have confirmed the efficiency of the
proposed multi-user mm-Wave MIMO-OFDM system and highlight the effect
of the UAV altitude on the achievable rates. The performance of the proposed
distributed algorithm in terms of sum data rate and the number of associated
users have presented.
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6.2 Future Works

On top of the advantages shown in this work that prove how MIMO architecture
improve the total performance of mm-Wave communications, others important tech-
niques of this work can be further improved, and more areas in MIMO technology
that need to be further investigated. Following the work presented in this thesis,
we conclude by offering several extensions related to the proposed schemes. Some
potential major future directions here include:

• The 60 GHz channel measurements were carried for MIMO system, must be
extended to massive MIMO architecture studied in Chapter 3.

• The multiplicative impairments models for large MIMO underground system
need to be considered for future works and develop the analytical expression
that can serve as performance metric to investigate practical system perfor-
mance.

• Although the FB channel estimation proposed in Chapter 4, we can studied the
proposed algorithm for the large MIMO systems.

• It would also be interesting to develop impairment-aware hybrid precoding and
channel estimation solutions. Based on the insights that will be obtained from
analyzing hybrid architectures under practical circuit models, it might be pos-
sible to design new optimized hybrid architectures, and channel estimation so-
lutions that take these insights into consideration. Further, developing solutions
that are more robust to the hardware impairments can boost the actual perfor-
mance of hybrid architectures under practical conditions. Therefore, developing
such hybrid architectures and associated signal processing solutions is impor-
tant for future mm-Wave MIMO underground systems.

• Related to the work presented in Chapter 5, one promising extension would be
to study the presence of eavesdropper in the system and finding a solution to
secure the transmission in multi-user mm-Wave systems.
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