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Abstract

The millimeter-wave (mmWave) spectrum utilized in 5G networks, has enabled mas-
sive mobile connectivity with enhanced capacity and data rates, lower latency, ex-
panded coverage, and superior reliability. However, mmWave propagation is vulner-
able to higher channel attenuation and increased penetration losses. These adverse
e [edts are especially relevant in dense urban environments like modern cities. A
promising solution is the deployment of intelligent reflecting surfaces (IRS), which
provide directional transmissions between base stations (BS) and user equipment
(UE). As a planar surface consisting of low-cost passive elements, IRS can reflect
the incident signal in a controllable way by adjusting the phase shifts of its ele-
ments. Currently, the main challenge related to this technology is the di Cculty in
acquiring the channel state information (CSI) between the BS, the IRS, and the
UE. Knowledge of CSI is essential for configuring the IRS. Instead of conventional
channel estimation, this thesis proposes a novel approach for spatial channel esti-
mation based on retrieving an angular position of the UE, in terms of azimuth and
elevation angles, relative to the IRS. For acquiring this data, it is suggested to apply
monopulse radar principles and implement a monopulse beamforming technique on
the IRS side. The phase shifts of the IRS’s elements can be optimized accordingly
to the evaluated spatial information to redirect the signal sent from the BS to the
UE. This thesis introduces and tests an algorithm for estimating the UE’s location
relative to the IRS based on the amplitude-comparison monopulse detection tech-
nique. Several IRS configurations are examined, and their performance is analyzed.
The accuracy of the proposed algorithm for dilerknt IRS configurations is evalu-
ated. It is shown that the monopulse beamforming technique can be integrated into
the BS-IRS-UE setup to determine the UE’s angular coordinates. Numerical results
reveal that the estimation accuracy improves by narrowing the monopulse patterns
widths, which is achieved by increasing the number of scattering elements that the
IRS consists of.

Keywords: mmWave, IRS, spatial channel estimation, monopulse beamforming,
amplitude-comparison monopulse
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1

Introduction

1.1 Background

The last two decades have introduced signi cant technological advancements in wire-
less communications, facilitated by the constant demand for high-quality and ubig-
uitous wireless services [1]. Scientists and engineers constantly seek ways to optimize
wireless communication systems to support an increasing humber of users and de-
vices. To this end, a variety of techniques have been introduced to leverage the max-
imum theoretical capacity of wireless networks, ranging from new waveforms, multi-
plexing techniques (e.g. OFDM), multipath propagation (e.g. MIMO) exploitation,

and advanced modulation and coding techniques. Cellular network infrastructure
has become denser, and new techniques have been developed to coordinate intercel-
lular communication and deal with network interference issues. However, signi cant
capacity limitations of the wireless networks come from the unreliability of the wire-
less propagation environment and spectrum shortage [2]. Wireless communications
utilize frequency bands extending from hundreds of megahertz (MHz) to a few giga-
hertz (GHz). This spectrum range shows favorable propagation characteristics and
allows the implementation of e cient and low-cost transceivers.

Nonetheless, the need to increase data capacity has resulted in a shift into higher
frequency bands to exploit previously unused spectrum, known as millimeter-wave
spectrum. This spectrum is planned to be utilized in the fth generation of wireless
mobile networking technology (5G). Previously, frequency bands above 10GHz were
considered unsuitable for enhanced mobile broadband (eMBB) communications due
to the variety of challenges they pose. These frequencies are associated with high
attenuation and dominance of rst-order re ections and scattering, making it con-
siderably more hostile than the channel at sub-6 GHz frequencies. Moreover, the
mm-wave spectrum is spatially sparse, limiting the number of available propaga-
tion paths between transmitter and receiver and, hence, decreasing the number of
spatial data streams supported by the channel [2]. This poses a challenge to the
channel spatial multiplexing capability, which is more feasible in sub-6 GHz channels.
The abovementioned complications are particularly relevant for cluttered, dense ur-
ban environments, where wireless transmissions frequently require non-line-of-sight
(NLOS) links. Even though some methods and techniques, such as the widespread
installation of mmWave base stations (MBSs), or the usage of directional high-gain
antenna arrays combined with adaptive beamforming, can enhance coverage and
overall reliability of the wireless channel, they can also introduce new issues like
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inter-cell interference (ICI), which severely a ects the communication quality of the
cell-edge users [3] [4]. Thus, there is still a need to develop new technologies that will
contribute to the achievement of the continuous capacity growth of future wireless
communications [5].

Intelligent re ecting surface (IRS) has recently been introduced as a promising tech-
nique for the performance optimization of wireless communication networks. The
IRS is a digitally controlled planar surface composed of many low-cost passive re-
ecting elements, each being capable of independently making a change to the am-
plitude and phase of the incident signals [6]. By adjusting re ecting coe cients, IRS
can advantageously recon gure the wireless propagation environment. In particular,
the signal re ected by the IRS can be added coherently to the signals propagating
through other paths, thereby enhancing the power of the received signal or combined
with them in a destructive manner to reduce interference. Considering the IRS's
design and the exibility of its deployment, this new technology has an appealing
advantage over traditional relaying communication. It has the potential of reducing
hardware costs and decreasing energy consumption, as well as facilitating NLOS
communication, which will signi cantly improve the 5G network coverage.

1.2 Purpose

One of the challenges related to the IRS deployment is the estimation of the channel
between the Base Station (BS), the IRS, and the user equipment (UE). It is criti-
cal to know accurate channel state information (CSI) to exploit the IRS's potential
in wireless communications fully. Therefore, an e ective channel estimation strat-
egy should be developed. However, acquiring CSI is not a trivial task, mainly due
to two factors: the IRS's passive nature and the uncontrollability and randomness
of the radio propagation environment. Up to now, numerous research works have
been published that explored various approaches for channel estimation in IRS-aided
mmWave communication. A more comprehensive overview of the proposed strate-
gies is done in the theoretical part of the report. Nonetheless, it is worth saying
that no approach has been standardized as of yet.

This thesis aims to propose and test a new methodology for spatial channel es-
timation of IRS-aided wireless links. Instead of the conventional CSI acquisition
techniques, this study suggests exploiting the principles of the monopulse radar,
which nds its origin in tracking systems, and implementing a monopulse beam-
forming technique at the IRS side to acquire spatial information of the UE in terms
of azimuth and elevation angles. Based on this information, the phase shifts of
the IRS's components can be adjusted accordingly to provide a communication link
between the BS and the UE.
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1.3 Limitations

Due to the complexity of the research topic and given time constraints, this study
has a few limitations. First, only a stationary channel between the IRS and the
UE is considered. Secondly, the study only examines the case of determining the
angular location of one UE at a time. This limitation is related to the monopulse
technique, which does not allow tracking multiple targets simultaneously.

1.4 Societal, Ethical and Ecological Aspects

The deployment of the 5G networks is already rapidly transforming not only the

telecommunication industry but also other major economic sectors, like manufac-
turing, transportation, healthcare, and education. 5G technology promises to revo-
lutionize our ways of living, working, and interacting with each other. However, the

adaptation of this technology into our everyday life must be made in a sustainable
and responsible way, taking into account its potential environmental and social im-
pacts.

Overall, 5G has the potential to contribute signi cantly to sustainability goals, par-
ticularly in areas such as e-health, smart manufacturing, sustainable transportation,
and a ordable, high-quality education. 5G can transform healthcare by enabling re-
mote diagnostics, monitoring, and treatment of patients in real time, which would be
especially bene cial to those living in remote areas and having di culties accessing
medical care. 5G can drive innovations in manufacturing industries, by facilitating
the use of advanced robotics and automation, enabling the possibility of real-time
monitoring and analysis of production processes. This eases the identi cation of pro-
duction issues in the early stage, which can decrease downtime, improve e ciency,
and lead to cost savings. Production automatization can as well enable predic-
tive maintenance, helping to avoid equipment failures and reducing maintenance
costs. 5G can improve transportation by enabling the production of autonomous
vehicles and enhancing tra ¢ management systems, which can benet the overall
safety of the roads and help with optimizing transportation networks to reduce idling
time, tra c congestion, and fuel consumption. 5G can contribute to providing high-
guality education by enabling new learning experiences, for example, by introducing
immersive virtual and augmented reality, which o ers students learning in a more
interactive and engaged way. Also, 5G can expand access to education by provid-
ing the possibility of remote learning experiences without experiencing connectivity
issues and delays and increasing the number of educational resources which can be
accessed quickly and e ciently.

However, as with any new technology, there are several potential downsides that
should be considered. There are concerns related to privacy and security, as en-
hanced connectivity and data transfer can make personal and sensitive information
more vulnerable to various malicious attacks, jeopardizing overall networking safety.
The level of automation and Al enhancement facilitated by 5G raises ethical consid-
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erations on job displacement, widespread surveillance, and collection of private data.

In addition, one major concern that arises with the emergence of 5G wireless net-
works is how e cient they can be in terms of energy consumption. In fact, from both
cost and carbon footprint perspectives, the energy consumption of mobile wireless
networks is one of the industry's biggest challenges. Typically, the major contribu-
tion to the excessive energy consumption in mobile networks comes from the Radio
Access Networks (RAN) and radio base station sites. A single 5G base station with
128 active antenna units (AAU) will consume almost twice as much power com-
pared to a base station deploying a 4G remote radio unit (RRU) [7]. A number of
new, power-hungry parts, including mm-wave transceivers, eld-programmable gate
arrays (FPGASs), quicker data converters, high-power or low-noise ampli ers, and
integrated Massive MIMO antennas, are expected to be deployed at the 5G base
station site. Additionally, the 5G network requires a higher number of base stations
compared to the 4G network, which also contributes to the overall increase in power
and energy consumption.

The joint use of multiple approaches can resolve the energy challenge: the use of
renewable energy sources, the application of the "sleeping mode" during which the
active electronic components of the BS are turned o during times of no trac, or
the densi cation of the mobile network through IRSs. As was mentioned before, one
of the primary use cases of the IRS is coverage enhancement by creating additional
paths for UEs with a blocked direct line of sight (LOS) to BSs. As the IRS consists
mainly of passive elements, it has a great potential to decrease the overall energy
consumption throughout the whole network while preserving performance and cov-
erage. Thus, the IRS can potentially reduce telecom systems' energy consumption,
thereby contributing to meeting global sustainability goals.

1.5 Thesis Outline

This thesis consists of six chapters. Following the Introduction, Chapter 2 details
the theoretical aspects of the IRS and the monopulse radar. Chapter 3 presents and
explains the methodology used in the research. Chapter 4 elaborates on the results,
combining them with a discussion of the research ndings. Chapter 5 provides a
conclusion to the thesis work and is followed by re ections on avenues for future
research in Chapter 6.
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Theory

This chapter provides a theoretical overview of the working principles of the IRS
and the monopulse radar. The IRS subsection highlights the basic features of the
technology, discusses its potential bene ts and use case scenarios, and outlines some
practical challenges. The subsection dedicated to the monopulse radar explains
the monopulse concept and overviews two main monopulse techniques: amplitude-
comparison monopulse and phase-comparison monopulse.

2.1 Intelligent Re ecting Surface (IRS)

A novel technology, Intelligent Re ecting Surface (IRS) or Recon gurable Intelligent
Surface (RIS), has recently appeared on the market and is gaining traction in the
scientic community. The IRS is a planar surface comprised of arrays of passive
scattering elements. Each element is controlled in a software-de ned manner and is
used for modifying the electromagnetic (EM) properties, like a phase shift, of the
re ection of the incident signals [8]. This kind of re ection does not follow Snell's
law, i.e. the angle of incidence is not equal to the angle of re ection. Therefore, it
is usually referred to as anomalous re ection [9].

Dense deployment of IRSs and sophisticated coordination of their re ections could
alleviate adverse propagation phenomena of the wireless environment, such as multi-
path fading, signal path loss, and co-channel interference, hence improving commu-
nication performance. For example, if there are no LOS communication links, IRSs
aid directional transmissions by forming virtual LOS channels between base sta-
tions and end users. It resembles conventional beamforming when delayed copies
of the same signal are emitted from multiple antennas [8], creating a directional
beam towards the receiver. Time delays are introduced to the signal scattered from
the surface by adjusting each of the IRS elements' phase shifts to facilitate the
constructive interference of EM waves toward the UE's direction; in other words,
passive beamforming is being carried out.

2.1.1 Benets of IRS-aided Wireless Communication

Constructing the wireless environment with the prevalence of LOS links between
BSs and UE results in achieving more desirable propagation characteristics in the
millimeter-wave band, such as enhanced energy or spectral e ciency (EE/SE) and
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signal-to-interference-plus-noise ratio (SINR), compensated path loss (propagation
and penetration losses combined), improved network capacity and extended net-
work coverage. Other practical advantages of the IRS include its passive nature.
In an ideal case, the surface consists of re ecting elements that passively redirect
the impinging signal without ampli cation; thus, there is no need to mount any
radiofrequency chains (RF) for transmitting or/and receiving signals [5]. Such a
structure makes the hardware design less complex and decreases the device's energy
consumption compared to the traditional active antenna arrays or relays. Another
benet is that the IRS can support real-time communications as it operates as a
passive full-duplex (FD) repeater. Additionally, compatibility with already existing
standards and hardware of wireless networks makes IRS-enhanced communications
a favourable solution for 5G wireless standard challenges [10].

2.1.2 IRS's Architecture and Control Mechanism

IRSs are typically considered two-dimensional metasurfaces, i.e. having a near-zero
thickness, that comprises a large number of sub-wavelength-scaled re ecting ele-
ments. The structural arrangement of the IRS elements determines the resulting
transformation of the impinging EM waves, i.e. directivity and intensity of the re-
ected and di racted waves [11]. In general, the IRS's recon gurability is de ned by

its ability to jointly control the phase of its elements in order to achieve the desired
EM behaviour of the re ected waves (e.g. wireless signals). It is often assumed that
no coupling occurs in the re ection of the adjacent IRS elements, meaning that each
of the elements re ects the signal of interest independently. Therefore, the resulting
signal formed via the IRS is the superposition of all the EM waves re ected from the
corresponding IRS elements. In wireless communication, the propagation channel
Is time-varying. Thus, the IRS should be able to adjust its response in real time
based on the channel variation [5]. Hence, it implies that the IRS elements should be
manufactured to enable dynamic tuning of the IRS elements' re ection coe cients.

Over the past years, various IRS architectures have been proposed. Based on a
few of them, a generalized IRS architecture is compiled and demonstrated in Figure
2.1. Typically, the IRS is composed of three layers. The outside layer compridés
recon gurable patches printed on the dielectric wafer. These patches are a combina-
tion of tunable chips, which interact locally with scattering elements and a central
controller [12] [13]. The central controller establishes a software-de ned realization
of a control mechanism de ning the IRS's ability to dynamically recon gure its EM
behaviours [14]. The middle layer deploys a copper plate which minimizes the leak-
age of the signal's energy during the IRS's operation. The interior layer represents
a control circuit board that controls the state of the IRS elements and tunes their
re ection phase shifts [5].
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Figure 2.1: A hardware architecture of the IRS.

Usually, tunable chips are electronic devices, like positive-intrinsic-negative (PIN)
or varactor diodes [13] [15]. However, other approaches for controlling the IRS ele-
ments' re ections have also been examined, like in research work by Senglee Foo [16].
The author proposes using electronically controllable liquid crystal, which is loaded
as a thin layer in each of the IRS's cells. Via controlling the voltage bias on each cell,
the e ective dielectric constant of the liquid crystal material will change, resulting in
desirable phase shifts across IRS. Nonetheless, the most prevailing widely adopted
approach for tuning the IRS elements is based on the implementation of PIN diodes,
characterized by fast response time and comparatively low energy consumption. Dif-
ferent biasing voltages are applied to the PIN diode via a direct-current (DC) feeding
line, and the PIN diode switches between the ON and OFF states, which results in
an induction of a phase-shift di erence of to the incident signal [5]. Typically, the

re ection coe cient magnitude of each element is set as large as possible within the
range (0,1]. In [17], [18], it was shown that for IRS with a large number of re ecting
elements, it is more practical and cost-e ective to apply only discrete and nite
phase-shift levels (e.g. 0 or), which requires a small number of control bits (e.g. O
or 1). Although continuous tuning of the re ection coe cients seems more bene cial
for optimizing the communication performance, it is more challenging to implement
since higher resolution re ecting elements demand increased hardware complexity
and, hence, higher cost. Figure 2.2 provides a schematic look of the IRS's unit cell,
consisting of two scattering elements and the tunable chip (e.g. a varactor or PIN
diode) incorporated in between them to provide a variable impedance. The basic
topology and dimension parameters of the IRS's scattering elementk ( dy, Xo, Yo,

Zy, Qo) Can be optimized to enable IRS operation in di erent frequency ranges [11].

The IRS controller is responsible for altering the state of the tunable chips and,
hence, determining the IRS re ection adaptation. Also, the IRS controller serves
as a gateway between the IRS and other network components (e.g. BSs). It re-
ceives con guration requests and calibrates the tunable chips for recon guring the
corresponding scattering elements' behaviour, enabling anomalous re ection, beam
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steering, and beamforming [11]. One of the typical implementations of the IRS
controller is via eld-programmable gate arrays (FPGA). The controller can be con-
nected to external devices through wired or wireless backhaul links [5].

Figure 2.2: Schematic representation of the IRS's unit cell.

It can be noted that even though the IRS is referred to as passive, it requires a power
source for controlling the recon gurability of its re ecting elements and sustaining
the operation of its controller. However, this power consumption is considerably
lower than that of active antenna arrays (e.g. massive MIMO or multi-antenna
relays). Therefore, it can be practically neglected for comparison [19], [20].

2.1.3 IRS's Application in Wireless Networks

Numerous research works are investigating the potential enhancement of IRS-assisted
wireless communication. The most frequently encountered improvements include
maximization of signal-to-noise ratio (SNR) and overall EE/SE, interference sup-
pression, minimization of transmit power, and lowering physical layer security risks.

The authors in [21] show the improvement of the received signal power at the UE by
deploying one IRS withN passive scattering elements to assist the downlink commu-
nication in a multiple-input single-output (MISO) system. It is proposed to optimize
the BS's transmit beamforming and the IRS's re ection adaptation to maximize the
SNR. The authors propose to employ alternating optimization for adjusting active
and passive beamforming strategies in an iterative manner. Considering the IRS's
passive beamforming, the maximum-ratio transmission strategy is proposed to ob-
tain the BS's optimal beamforming. The IRS's passive beamforming is aligned with
the direct channel to boost the received signal power. Numerical results show that
compared to non-IRS-assisted MISO systems, the SNR at the receiver increases in
the order of N2 when IRS is used. The study [22] is investigating the application
of multiple IRSs to assist wireless mmWave MISO communications. It is presented
that through joint optimization of active and passive beamforming, the IRS can
increase the received signal power and extend network coverage by providing alter-
native signal paths. The authors also study the power scaling law obtained in [21]
and reveal that the SNR indeed increases quadratically with the number of IRS's
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scattering elements.

Besides the potential enhancement of the SNR, the IRS can aid in reducing the
BS's transmit power and overall maximization of EE/SE performance [11]. Con-
sidering the reduction of the BS's power consumption with the maintenance of the
same level of transmission performance, it is possible to think of IRS-aided wire-
less communications as a green technology for wireless networks in the near future.
Authors of [23] focus on the downlink transmissions in the IRS-assisted multiuser
MISO system as in [21], and devise an algorithm for minimizing the BS's transmit
power under individual users' SINR constraints. They investigate the semide nite
relaxation (SDR) procedure for beamforming optimization and the alternating op-
timization algorithm, which suggests the iterative optimization of the BS's transmit
beamforming direction and transmit power and the IRS's phase shifts until the con-
vergence is achieved. Numerical results demonstrate that the BS's transmit power
can be scaled down in the order df=N? while the SNR at the receiver is not com-
promised.

Several studies examine the IRS's application for suppressing inter-cell interference
and assisting the communication performance of cell-edge users. For instance, in
[24], the maximization of the minimum weighted SINR in a multi-cell MISO system

is achieved by applying the techniques of second-order-cone programming (SOCP)
and SDR for optimizing transmit and re ective beamforming. The authors also fur-
ther suggest an algorithm based on the principle of successive convex approximation
(SCA) for tackling the beamforming optimization problem, which requires less com-
putational complexity. Numerical results reveal that the proposed algorithm can
noticeably increase a min-weighted-SINR in IRS-aided communications compared
to conventional cases without the IRS.

In addition, some papers prove the that the secrecy rates of the physical layer can be
improved in IRS-assisted systems. By adapting the IRS's re ection coe cients, it is
feasible to simultaneously create enhanced directive beams toward the intended re-
ceiver and suppress beams toward the unintended user, like an eavesdropper. Driven
by the idea of securing physical layer communications from eavesdropper attacks,
the authors in [25] examine the IRS potential in wireless MISO systems with a pres-
ence of an eavesdropper. The IRS is placed next to a legitimate receiver (LR). By
sophisticated optimization of both the IRS and legitimate transceiver (LT) beam-
former, it is possible to prevent the eavesdropper's malicious intentions. Therefore,
the secrecy rate at the LR, de ned by the amount of information securely sent over
a wireless communication channel per time unit [26], can be enhanced.

Overall, the IRS has the potential to become an e ective tool for improving future

wireless communications by recon guring signal re ections in an uncontrollable wire-
less channel in favor of network performance optimization [11]. Moreover, the IRS
can be easily integrated into the urban propagation environment due to its rela-
tively modest dimensions, i.e. in the outdoor environment, it can be coated on the
building facades, billboards, lamp posts, etc., and in an indoor environment, it can
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be mounted to ceilings, walls, or even some furniture.

2.1.4 Challenges Related to IRS

It is worth mentioning that all of the research works mentioned above [21]-[26], which
reap the bene ts of IRS-aided wireless communication by joint optimization of the
transmit and passive beamforming, assume perfect knowledge of CSI. In general, the
ability to optimize the IRS elements' con guration depends on the available infor-
mation of all channels considered. At least partial knowledge about the propagation
environment is required for the IRS to be recon gured appropriately and e ectively
improve system performance [2]. Therefore, accurate CSI acquisition of the relative
IRS-re ected links is crucial. However, it is a rather challenging task due to the lack
of sensing capabilities at the IRS, which is a passive component. Additionally, the
large number of scattering elements it comprises leads to a proportional amount of
channel parameters to be estimated, which results in a large overhead for estima-
tion. Therefore, conventional channel estimation methods are not feasible, and new
approaches to solving this issue should be devised.

Up to this point, numerous studies have been conducted on channel estimation in
IRS-assisted wireless communication systems. The existing methods for CSI acqui-
sition can be generally subdivided into two categories: explicit CSI acquisition, i.e.
channel estimation, and implicit CSI acquisition, i.e. beam training [27].

For the explicit channel estimation, the sequence of pilot signals is sent from the
BS to the UE or vice versa through downlink/uplink IRS-aided wireless channels.
The channel estimation happens either at the BS or the UE side. There are two
approaches overviewed in research works for obtaining CSI with the IRS based on
the two di erent IRS architectures.

The rst approach implies a semi-passive IRS, i.e. the IRS is equipped with addi-
tional sensing devices operated by low-cost receive RF chains, enabling the capability
of processing the sensed signal. Based on [28]-[29], a transmission protocol for the
semi-passive IRS can be described as follows: rstly, the IRS is operating in a sens-
ing mode with all the sensing elements being ON, whereas re ecting elements are
turned OFF. During this phase, the BS and the UE exchange pilot signals for es-
timating respective BS-IRS and IRS-UE channels. Afterwards, the IRS exchanges
the received CSI with the BS, based on which the active and passive beamforming is
jointly optimized. Finally, data transmission between the BS and the UE starts, and
the IRS switches to the re ection mode to enhance uplink/downlink communication.
This approach provides only limited CSI, which might not be enough for initializ-
ing beamforming with the high SNR. Hence additional techniques like compressed
sensing and deep learning tools might be required to construct the full channel
knowledge. Additionally, this approach contradicts the motivation for adding the
IRS to mobile network systems, increasing hardware complexity, cost, and power
consumption.
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The second approach exploits only the passive IRS. In this case, only cascaded
channels, i.e. BS-IRS-UE, can be estimated either at the BS or the UE side in the
uplink or downlink, respectively. The transmission protocol also consists of three
consecutive phases: rstly, either the BS or the UE transmits orthogonal pilots to
each other, while the IRS varies its pre-de ned re ection pattern. At the same time,
the BS or the UE performs estimation of both the BS-UE direct channels and the
BS-IRS-UE cascaded channels. Following this, CSl is fed to the BS, and it in turn
jointly con gures the IRS re ection coe cients for transmitting data with its active
beamforming. The con gured re ection pattern is sent to the IRS controller via
the backhaul link. Finally, the IRS adjusts its re ection coe cients accordingly to
assist data exchange between the BS and the UE. Authors in [30] and [31] propose
the ON/OFF based least square (LS) IRS re ection pattern, which is derived from
the successive estimation of the cascaded BS-IRS-UE links. The algorithm implies
that only one re ection element is activated at each given time slot. Thereby, the
direct BS-UE channel and cascaded channels formed via di erent IRS elements are
estimated separately. Despite the simplicity of the implementation, the IRS re ec-
tion pattern created via this method su ers signi cant re ection power loss since
only one IRS element is turned on at a time, resulting in a weak re ected signal.
Instead of using the ON/OFF strategy, authors in [32] suggest an approach that
determines the re ecting coe cient matrix based on the discrete Fourier transform
(DFT) matrix and uses a minimal variance unbiased (MVU) estimator for esti-
mating the channel coe cients. The estimation error produced by this technique

Is typically signi cantly less than that produced by the ON/OFF strategy. Also,
there are other papers proposing further enhancement of CSI acquisition in IRS-
aided communications, like reduction of pilot overhead by grouping adjacent IRS
elements [33], compressive sensing [34], and application of deep-learning tools [35].

The second category of CSI acquisition implies beam training, where instant CSI
Is obtained by estimating relevant physical parameters of the propagation paths,
including the angle of arrival (AoA), the angle of departure (AoD), and path gain.
The beam training in IRS-assisted systems is based on designing a codebook that
de nes multiple IRS directional beams, which is used for searching for the optimal
beam in the spatial domain between the IRS and the UE, yielding the optimal per-
formance p]. However, in IRS-assisted systems, it is impractical to use traditional
beam training methods such as an exhaustive search during which all the possi-
ble combinations of transmitter-receiver beam pairs are jointly examined until the
dominant path is determined. This method will incur unacceptably high training
overhead in IRS-aided communications due to a large number of the IRS's scattering
elements. To address this issue, authors in [36] examine a novel multi-beam beam
training method, the essence of which is the division of the IRS re ecting elements
into multiple subarrays and designing the corresponding multi-beam steering over
time. The UE can identify the e cient beam by comparing the signal power over
time. This method has a promising potential to reduce the training overhead and
keep beamforming performance for data transmission at a decent level. Further-
more, beam training can be facilitated by means of machine learning algorithms,
though such approaches are still at an initial stage of research.

11
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Even though there is already a variety of research papers devoted to the issue of
CSI acquisition in IRS-assisted wireless networks, a search for a practically e cient
channel estimation method that would guarantee to achieve high accuracy and lower
training overhead, is still open and remains an important issue in the IRS-related
research area.

2.2 Monopulse Radar

This thesis aims to suggest and test a new approach for optimizing the con guration
of the IRS components based on the prior retrieved information about the UE's
angular location. This method for spatial channel estimation belongs to the implicit
CSI acquisition category and originates from the techniques applied in the tracking
radar systems. It is proposed to implement a monopulse beamforming technique at
the IRS for evaluating the angle components of the UE, i.e. elevation and azimuth
angles, relative to the IRS. Based on this data, the IRS re ection coe cients can be
set appropriately to assist a transmission link between the BS and the UE.

2.2.1 Monopulse Concept

Radars can be divided into two categories: search radars and tracking radars. Search
radars are exploited for locating targets within signi cant volumes of space. The
target information received is the range, i.e. distance to the target, azimuth, and
elevation angles of the target. The azimuth angle provides the object's angular
position around the horizon, whereas the elevation angle, sometimes referred to as
altitude, is the angle between the horizon and the object. Angular measurements
are shown in Figure 2.3. Tracking radars are used for following the spatial position
of one or multiple targets in space. Typically, such radars have a highly directional
antenna pattern, i.e. they radiate a relatively narrow beam. They provide accurate
information about the target, such as range, angular position in terms of azimuth
and elevation angular coordinates, and Doppler frequency shift if required by the
application purpose. Tracking radars can be classi ed into three categories depend-
ing on which technique is applied to obtain the target's location relative to the radar
beam. These techniques are sequential lobing or beam switching, conical scanning,
and monopulse tracking [37]. However, monopulse tracking is more advantageous
than the other two techniques since it avoids problems present in conical scanning
or lobe switching radar systems, such as low tracking accuracy due to the target
scintillation and high vulnerability for jamming.

The term monopulse originates from the ability of the system to extract the range
and angular coordinates of the target from only one signal pulse. A radar system's
transmitter generates pulses of electromagnetic (EM) radiation at a regular rate,
which is radiated by the radar's antenna toward the potential direction of the tar-
get. If the target is in the propagation direction of the transmitted signal, this EM
energy will be re ected from the target's surface and will travel back to the receiver.
The receiver processing unit analyzes the received echo, and the target's location
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Figure 2.3: Schematic representation of the azimuth and elevation angles.

and properties are derived. In classical monopulse systems, the radar beam pattern
Is split into two (or more) parts, and then the two (or more) resulting signals are
sent out of the radar. After receiving the re ected signals, they are ampli ed sepa-
rately and compared. The direction with the strongest return indicates the general
target's direction relative to radar boresight.

Overall, the following de nition of a monopulse radar can be considered: a monopulse
radar is a radar system that obtains the angular location of a target by comparing
signals originating from the same transmitted pulse received simultaneously in two
or more antenna patterns. In contrast, techniques such as conical scanning and
lobe switching derive angle information from a series of sequential antenna receive
patterns [37]. The main advantage of the monopulse technique is that the target's
echo amplitude uctuations do not a ect the accuracy of the measurements, as the
angular information is derived during one signal pulse, which is generally a few mi-
croseconds [38].

There are two types of monopulse tracking radars depending on the monopulse
detection technique: amplitude-comparison and phase-comparison. In amplitude-
comparison monopulse, two or more radar beams originate from the same phase
center of the radar's antenna unit. Hence, for every direction of arrival, an amplitude

di erence of the signal received from both beams will measure the target's angular
displacement. In phase-comparison monopulse, the beams are parallel to each other
and originate from slightly shifted phase centers [39]. Therefore, the target's angular
information is extracted from the phase di erence of the received signals occurring
due to the target's angular location relative to the receiver. The target is assumed
to be in the far- eld region. The working principles and properties of both methods
will be discussed thoroughly in the following subsections.

13
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Figure 2.4: The side view of the monopulse radar's re ector and feed horns, and
the axial view of the feed horns from the re ector perspective.

2.2.2 Amplitude-Comparison Monopulse

This section presents an example of one of the various forms of monopulse radar
con gurations. This idealized model represents the basic principles of the radar
belonging to the amplitude-comparison monopulse category. Generally, monopulse
radar systems can be deployed with re ector antennas, lens antennas, or array an-
tennas [38].

In the model presented in Figure 2.4, the monopulse radar is constructed from a
parabolic-re ector antenna fed by a block of four feed horns placed symmetrically
in the focal plane. This type of antenna is commonly used in mechanically steered
monopulse radars [37]. The lefthand side of Figure 2.4 shows a side view of the
structure, and only two horns displaced on one side of the re ector axis, i.e. the
boresight axis, are visible. In contrast, the other two are displaced in the opposite
direction. The righthand side of Figure 2.4 demonstrates an axial view of feed horns
from the re ector perspective. The four feed horns are required to retrieve the two
angle components, i.e. azimuth and elevation, relative to the boresight axis of the
radar simultaneously.

These horns produce four squinted beams, as illustrated in Figure 2.5a. Their pat-
terns overlap, and the main beam directions are squinted at a particular angle
Worth noticing that the upper beams are produced by the lower horns [37]. As
it was mentioned earlier, the four beams originate from the same phase center, so
their responses to the incident plane wave, i.e. radiation pattern coming from a tar-
get, would be in the same phase but mainly vary in amplitude in accordance with
the beam patterns and the wave's direction-of-arrival (DoA). Figure 2.5b shows the
cross-section of the four monopulse antenna beams.

Figure 2.6 demonstrates the basic principles of the amplitude-monopulse method for
estimating one of the angle coordinates, i.e. either azimuth or elevation, with one
antenna and two feed horns in use. The two received signals have the same phase
but di er in amplitude, referred to as x; and X, in Figure 2.6.

14



2. Theory

(@) Four squinted beams produced (b) The cross-section of the four
by monopulse radar's horns. squinted beams.

Figure 2.5: lllustration of the monopulse antenna beams.

Figure 2.6: Schematic representation of the amplitude-comparison monopulse
technique principles.

For performing monopulse processing to estimate the DoA of the target, the monopulse
radar system switches between the two modes: transmission (Tx) and reception
(Rx). In Tx mode, the four beams emanating from the_radar's antenna unit are
combined into a sum beam or a sum pattern, denoted by. The sum pattern is a
pencil beam with its peak on the boresight axes, and it is used for target detection.
In Rx mode, the EM wave coming from the target is received through four receive
beams, and their outputs' voltages, i.e. signal amplitudes, are obtained. Note that
the receive beams are squinted to slightly di erent angles relative to the transmit
beam. Afterwards, sum patterns and two di erence or delta patterns, denoted as,
are acquired from these voltages. The two delta patterns are azimuth, denoted as
az, and elevation, denoted as ¢ [16]. The way the monopulse radar system forms
the sum and di erence patterns can be referred to as monopulse beamforming. The
four received voltages correspond to A, B, C, and D beam patterns shown in Figure
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Figure 2.7: The curve of the monopulse ratio.

P
2.5b. The beam patterns , ,,, and ¢ are then calculated as [1]:

Sum =( A+B+C+D) (2.1a)
Azimuth di erence az=(C+D) (A+B) (2.1b)
Elevation di erence a=(A+C) (B+D) (2.1¢)

The sum pattern is maximized by the monopulse boresight axes, i.e. where four
antenna patterns overlap. In contrast, the azimuth and elevation di erence patterns
both have their nulls in the boresight direction. This means that the maximum sum
pattern output will be obtained if the target is located precisely on the antenna'’s
boresight axis, whereas the di erence pattern will be equal to zero.

The sum and di erence patterns are used to calculate the so-called monopulse ratio,
or error signal, representing the di erence between the antenna pointing direction
and target direction [40]. These are de ned as

e, = Re(—% cos 4,) (2.2a)

€ = Re(—el COS o) (2.2b)

where ,, and ¢ refer to the magnitudes of azimuth and elevation di erence pat-
terns, whereas o, and ¢ refer to the phase angle of sum and azimuth or elevation
di erence patterns. If the two directions coincide, then the error signal equals zero.
The sum pattern is used to normalize the di erence patterns to make the error ratio
(eaz, €1) iIndependent of the signal amplitude related to the size of the target return.

An exempli cation of the monopulse ratio is shown in Figure 2.7. As an idealized
model of a monopulse is considered, it is assumed that theand always have0®
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(a) lllustration of the phase-comparison
monopulse receive beams originating (b) Geometrical principles of the
from the two antennas. monopulse phase-comparison.

Figure 2.8: Schematic representation of the phase-comparison monopulse
technique principles.

or 180 relative phase due to them being derived from four individual beams placed
at the same phase center, i.e. their outputs have the same phase [37]. Therefore, if
the target is located on one side of the boresight axis, the cosine is equatio, and

itis 1if the target is on the opposite side.

The sum and di erence magnitudes ratio indicates how far the target is o the
monopulse axes. At the same time, the cosine factor speci es the target's location
relative to the axes, i.e. above or below the axes, left or right of the axes.

The error signal output is used for adjusting the position of the mechanically steered
tracking radar so its boresight axis aligns with the target position [38].

2.2.3 Phase-Comparison Monopulse

As mentioned previously, the phase-comparison monopulse detection technique is
another way to determine the target's angular location. This form of monopulse

employs receive beams with di erent phase centers, which can be obtained, for
example, by placing several antennas side-by-side [37]. The angular location is re-
trieved from evaluating a relative phase di erence between the signals received at
two phase centers. Note that the signals have the same amplitude. Figure 2.8a
illustrates the basic setup of the phase-monopulse method for estimating only one
angular coordinate, i.e. either azimuth or elevation, with two antennas in use [41].

The angle of incidence can be found from the geometrical relations shown in Figure
2.8b between the incoming plane waves and the positions of receiving antennas
relative to each other. The two antennas are separated by a distancel and the
incoming wavefront incidents at the angle . As demonstrated in the gure, the
length di erence between the two paths of the incident wavefront results in the
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phase di erence a between the incoming signals [42]. From a and d the angle
of incidence can be computed, as seen from the geometrical relations in 2.8b, as

a
) 2:3)

where is the wavelength of the signal. If is equal to0Q°, then the target's position
coincides with the main antenna axis. This approach requires the exact knowledge
of the antenna's phase centers.

= arcsin(

2.2.4 Monopulse Beamforming

Handling the signals received from the multiple receive beams for producing the
monopulse outputs, i.e. the sum and di erence patterns, is generally called monopulse
beamforming. In older monopulse radar systems, it is mainly performed in the ana-
log domain. A basic monopulse radar, as schematically presented in this chapter,
can, in the analog domain, be realized using passive microwave devices for combin-
ing the feed outputs to get the sum and di erence patterns [37]. One of the most
common microwave devices is a hybrid junction, speci cally one type of it which
is called a magic-T (or magic-Tee) hybrid junction. Several hybrids in tandem and
parallel are needed to generate the output sum and di erence beams used for com-
puting the error signal ratio. In the monopulse radar system, such a combination
of several hybrids is called a comparator. It is generally placed very close to the
feed horns in a compact assembly prior to the receiver unit. Generally, compara-
tors perform the signal combining at a radio frequency (RF). The receiver unit is
responsible for converting the RF signals from the monopulse comparator to a form
suitable for the monopulse processor, i.e. a radar system's functional block that
computes the monopulse ratio. The signals are heterodyned from RF to a baseband
or an intermediate frequency (IF) and then converted from analog to digital form
through analog-to-digital converters (ADC).

With the advent of advanced ADCs featuring high speed and high dynamic range,
monopulse beamforming could also be performed digitally. This can be imple-
mented by simply connecting the terminals of the radar's antenna to four separate
ADCs. Newer radars often employ digital beamforming (DBF) in place of the ana-

log monopulse comparator network. A schematic representation of the monopulse
system with either analog or digital monopulse comparator network is demonstrated
in Figure 2.9.
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Figure 2.9: Schematic representation of the monopulse radar system with analog
and digital comparator networks.
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Methodology

In Chapter 2, the working principles of the monopulse radar were described. One
of the antenna types used in monopulse radars is a parabolic-re ector antenna, in
which the mechanical rotation drives the beam steering. However, other types of
antennas can also be used. For instance, the monopulse radar can be implemented
using phased-array antennas, in which monopulse beamforming is performed digi-
tally, and the beam is usually steered electronically. Phased array antennas have
an apparent advantage over re ector or lens antennas, particularly the capability to
switch the direction of the beam steering rapidly. This is particularly useful for in-
corporating the monopulse principles into modern wireless network systems, mainly
using phased-array antennas for their operation. This chapter presents a possible
solution for integrating the monopulse concept into the BS-IRS-UE model to assist
IRS-aided wireless communication.

3.1 Time Division Monopulse Interleaving

This thesis proposes a method of estimating the angular location of the UE rela-
tive to the IRS by deploying the monopulse beamforming technique at the BS and
the IRS. Currently, there is no proven technical solution for realizing the proposed
concept. Nonetheless, it is worth mentioning that the monopulse beamforming is
not assumed to be implemented conventionally, i.e. there is no intention to embed
a stand-alone monopulse radar system either at the BS or the IRS side. Instead,
this thesis suggests exploiting the beamforming capabilities of both the BS and the
IRS, which enable the generation of monopulse beam patterns between the BS and
the UE. These beam patterns can be realized by performing a convolution on the
beams transmitted from the BS towards the IRS and the beams re ected from the
IRS's surface in the direction of the UE. Considering the passive nature of the IRS,
the monopulse processing or estimation will be handled by the BS. The monopulse
sum and di erence patterns in azimuth and elevation directions will be formed via
the IRS aperture. The procedure implies summing up the IRS's passive re ecting
elements into subarrays and applying the weighting, i.e. imposing the phase shifts,
at a subarray level. In turn, the BS is responsible for con guring the IRS to set the
appropriate weights for creating the sum and di erence beam patterns and steering
them in the direction of interest. The monopulse estimation of the UE location
relative to the IRS is performed using the outputs of the receiver channels (sum and
di erence beams) formed at the IRS. It is expected that the UE located near the
IRS will constantly transmit some data to establish a connection with the closest
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BS. The principle of generating the monopulse sum and di erence patterns via the
IRS is schematically sketched in Figure 3.1.

Figure 3.1: The monopulse principle embedded in the BS-IRS-UE setup.

One of the major constraints of the introduced monopulse concept is the loss of
the ability to retrieve the angular location of the UE relative to the IRS in a single
snapshot, which the monopulse technique is known for. The IRS architecture does
not allow the generation of the sum and di erence patterns for both azimuth and
elevation simultaneously. Therefore, these operations must be done at separate
time slots. For instance, in a time slotty the sum beam is created, followed by time
slots t; and t, in which the di erence beams are formed for azimuth and elevation
estimation. This method is going to be referred to as§ime Division Monopulse
Interleaving (TDMI)

3.2 Simulation Tool

This thesis explores the possibility of integrating the monopulse technique into the
IRS-aided wireless communication links to estimate the UE's spatial location. For
this purpose, an algorithm for evaluating the UE angular information by perform-
ing digital monopulse beamforming with subsequent monopulse processing is imple-
mented and tested. For real-world performance evaluation of the proposed TDMI
method, it is crucial to test it in the simulation environment, which accurately re-
ects the real properties of the propagation channel between the BS, the IRS, and
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the UE. For this purpose, a channel model with incorporated spatial consistency
can be used. Spatial consistency re ects the similarity in propagation e ects for ob-
jects in the propagation environment. For instance, if two UEs are located nearby,
they will likely experience the same propagation e ects because they are exposed to
almost the same scatterers and are at approximately the same distance from the BS
[43]. A spatially consistent channel model is a reliable tool for accurately predicting
and assessing the impact of the channel on the performance of various techniques in
wireless communications, such as massive MIMO precoding or beamforming.

A channel simulator tool called Co ee-Grinder Channel Model (CG) is used to test
the aforementioned research objectives. It is designed by Huawei R&D Center in
Sweden. GS is a ray-tracing simulator of a spatially consistent wireless channel.
CG makes it possible to create complex simulation scenarios based on 3D models
of arbitrary 3D environments. One can place signal transmitters and receivers in
the prede ned 3D environment and evaluate the wireless channel between them.
CG is used along with a python-based simulation framework, "cgsim”, to evaluate
principles of the TDMI technique in the IRS-aided wireless environment.

3.3 Simulation Environment

A 2D top-view perspective of the simulation environment created via CG is shown in
Figure 3.2. For demonstration purposes, the IRS and the UE are placed in front of
each other on the plane ground with the coordinates (0, 150, 50) and (100, 150, 50),
respectively. The coordinates are given in meters. It is assumed that the channel
properties between the BS and the IRS are known. Therefore, the BS-IRS link is
not considered in the simulation environment. Another assumption is that the IRS
and the UE are always located within LOS. Hence, no blockages (e.g., buildings,
trees, cars) are added to the modelled environment.

The IRS has a xed direction of look, i.e. it can not be moved mechanically in
any other direction. The placement of the UE relative to the placement of the IRS
a ects its azimuth and elevation eld of view (FoV), i.e. the degree range in which
the antenna can scan a horizontal or a vertical plane. With the placement of the
IRS and the UE in the 300m 300 marea as shown in Figure 3.3, the IRS has a
limited FoV in azimuth and elevation planes, speci cally the sector of 56° and

27, respectively. Any UE placed100 m apart (x-coordinate) from the IRS and
within 0 300 mrange in the horizontal plane y-coordinate) has an azimuth angle in
a range bounded by 56°. In the same way, if the UE is placed.00 m(x-coordinate)
from the IRS and within 0 100 mrange in the vertical plane g-coordinate), its ele-
vation angle does not exceed the range of27°. However, placing the UE closer to
or further from the IRS will impact its azimuth and elevation FoV, i.e. making it
narrower or broader due to geometrical properties.

To provide a base for testing the algorithm identifying the UE's angular location, the
UE is always located100 mapart from the IRS in the horizontal plane and0 100 m
in the vertical plane. This is done to maintain a non-changing, static environment
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Figure 3.2: A view of the simulation environment in the 2D space.

Figure 3.3: A 3D schematic view of the IRS and the UE placement in the
simulation environment and the corresponding azimuth and elevation FoV of the
IRS.

in which the UE's angular information is bounded to a certain angle range. Figure
3.4 illustrates the UE placement relative to the IRS and the corresponding azimuth

and elevation FoV in a 2D perspective.

As previously mentioned, CG provides the possibility for simulating and estimat-
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