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Abstract

In the current era of wireless communication, there is a constant demand for higher data rates
to support the increasing use of data-intensive applications such as streaming video, online
gaming, and high-definition video conferencing. These applications require a fast and
reliable wireless connection to function properly. The demand for wireless services is
constantly increasing, but the amount of available spectrum is finite. This means that
network operators must find ways to use the available spectrum efficiently in order to
support a large number of users and data-intensive applications. A more straightforward
choice is to utilise higher frequencies which provide more bandwidth, but this, on the other
hand, reduces the coverage area. Consequently, this would require a smaller cell size with
more base stations raising deployment costs. Overall, meeting the demands of users in the
current era of wireless communication requires a comprehensive and strategic approach to
addressing the various challenges faced by network operators.

Lately, the concept of Reconfigurable Intelligent Surface (RIS) has been introduced, which
is a technology that consists of nearly passive elements, i.e., active only when voltage is
applied, with no Radio Frequency (RF) chain. Instead of tuning the network endpoints, the
RIS is utilized to manipulate the propagation channel environment. It is envisioned that RIS
will provide numerous benefits by 1) expanding the coverage area, 2) reducing the network
deployment cost, 3) improving the energy efficiency of the network and 4) increasing the
network capacity.

The thesis presents the world’s first in-house developed RIS prototype consisting of ‘4096
elements’ at Sub-6 GHz. The operation frequency of the RIS is kept around 3.75 GHz, which
is compatible with the existing 5G operating bands. The elements are controlled via Positive-
Intrinsic-Negative (PIN) diodes which switch between two-phase states. Furthermore, every
unit element is individually controlled, which makes it usable to operate in the near field and
perform channel estimation. The operational power consumption of the proposed RIS is
observed to be 12-15 watts with beam switching speed reaching 15 ms.

Two distinct application areas have been explored, i.e., RIS-assisted wireless
communication and RIS-assisted health care for vitals detection. In the communication

scenario, the RIS is able to focus the beam at different angles and perform conventional



beam steering in real-time. Additionally, a demonstration of the Orthogonal Frequency
Division Multiplexing (OFDM) communication setup shows the channel manipulation by
the RIS with transmitter and receiver in the non-line-of-sight (NLoS). Experiments reveal
improved signal conditions attained in the presence of RIS. In the context of health care, the
benefit of RIS is investigated for vitals detection, including heartbeat and breathing rate. It
is shown that RIS can assist in detecting the heartbeat and breathing rate in the NLoS.
Alongside, the E-field exposure around the human head (Phantom model) is investigated in
the presence of RIS. Measurement results show that the RIS can reduce the E-field exposure
around the head by dynamically changing its electrical aperture, thereby resulting in a
reduction of the uplink energy at the user’s terminal. Hence, the overall motivation of the
thesis is to explore and investigate the efficacy of RIS both in communication and healthcare

scenarios.
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Chapter 1

Introduction

1.1 Background and Motivation

During the last four decades, mobile communication networks have gone through five
generations. A paradigm shift towards a new generation of mobile networks has been witnessed
every ten years. Each generation consists of upgraded technologies and capabilities to enable
humans to improve their work and lifestyle. For instance, the Zeroth-Generation (0G) of mobile
communication networks, which provided simple radio communication functionality with
devices such as walkie-talkies before the 1980s, is known as the pre-cell phone era [1, 2]. In
the 1980s, the First-Generation (1G) cellular networks became publicly and commercially
available. These networks used analogue mobile technology to provide voice communication.
The Second Generation (2G) of mobile communication networks marked the shift from
analogue to digital in mobile networks. In addition to voice communication, it supported data
services such as Short Message Services (SMS). With the massive demand for data services,
the Third generation (3G) mobile broadband services were introduced, allowing for new
applications such as Multimedia Message Services (MMS), mobile TV and video calls [3]. The
Fourth-Generation (4G), known as Long-Term Evolution (LTE), introduced improved mobile
broadband services, Voice Over IP (VoIP), online gaming and Ultra-High-Definition video
(UHD) [4].

Lately, 5G mobile communication networks are already being deployed around the world [5].
A prominent technology that enables the programmability and dynamicity of the 5G network
is network softwarization [6]. The capabilities of 5G have enabled novel applications such as
Mixed Reality (MR), Virtual and Augmented Reality[7], Internet of Things (IoT) [8],
autonomous vehicles [9], and Industry 4.0 [10]. Research is being carried out on the Beyond
5G (B5G) and future Si xth-Generation (6G) wireless mobile communication systems that will
offer seamless access, enhanced Mobile Broadband (eMBB) with 1000x higher data rates,
Ultra-Reliable and Low-Latency Communications (URLLC), i.e., 5x fewer delay optimised
data [11-14]. Novel technologies such as Extended Reality (XR) [15], Holographic
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Telepresence [15], Unmanned Aerial Vehicles (UAV)[16], smart grid 2.0 [17] and Industry 5.0
[18] are slowly emerging, but these applications require ultra-high data rates, extremely high
reliability, near-zero latency, powerful computing resources and precision localisation and
sensing.

The existing networks do not have the potential and resources to offer these services. In a
wireless communication system, certain network parameters could be optimised to achieve
higher data rates and low latency. The crucial parameters are: (1) enhancing spectral efficiency,
(2) deploying more base stations, i.e., increasing network density, and (3) shifting to high
bandwidth signals. In this context, future wireless systems will embed some important
breakthrough technologies on the physical layer level. This includes cell-free Massive MIMO
(Multiple-Input-Multiple-Output) antennas for spectral efficiency [19, 20], Ultra-Dense
Networks (UDNs) [21] and utilising the Millimeter-Wave (mmWave) spectrum, i.e. 30-300
GHz to aim for higher bandwidth communication.

A more ambitious proposal which is considered a key pillar in the 6G communication network,
will include Integrated Sensing and Communication (ISAC) capabilities [22, 23]. Applications
such as high-speed mobile communication & high-precision positioning, gesture recognition
and real-time contactless health monitoring will be integrated into a single system. Thus,
enabling sophisticated solutions for future 6G scenarios, such as smart hospitals, smart homes
and smart vehicles. High-speed mobile communication, localisation & positioning involve
machine-to-machine communication, while gesture recognition and contactless health
monitoring involve human interaction and high-precision sensing. As of now, the existing
technology such as Wireless Fidelity (WiFi) [24, 25], mmWave [26, 27] and Terahertz (THz)
[28, 29] are commonly adopted for sensing applications. Leveraging the existing cellular
signals to investigate and develop sensing mechanisms and applications for the surrounding
people, objects, and environment inside the network deployment region is one of the realistic

and promising approaches suggested by the ISAC for a BSG/6G network [30].

1.2 Statement of the Problem

In the telecommunication scenario, deploying Massive MIMO antennas at the base station and
increasing the number of base stations per unit area will add exorbitant costs and higher
computation load on the network. Furthermore, the adoption of mmWave and THz frequencies
involves high propagation loss that drastically limits the propagation distance. Specifically, the
free space path loss easily exceeds 100 dB over a communication distance of 10 m at THz

frequencies. The loss will worsen in outdoor environments, where the signal will travel through
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obstacles such as buildings and trees. Furthermore, there are several key hardware challenges
that limit the implementation of THz technology. THz devices require specialized components,
including sources, detectors, and modulators that can operate at high frequencies. However,
these components are difficult to manufacture and often have limited bandwidth, which limits
the overall performance of THz systems. Generating and amplifying THz signals also requires
significant amounts of power, which can be a challenge for battery-powered devices.
Additionally, the high power levels can cause thermal issues and limit the lifetime of THz
components. Integrating THz technology with other technologies, such as microelectronics,
photonics, and nanotechnology, is crucial for practical applications. However, these
technologies have different design rules and fabrication techniques, making integration
challenging. Furthermore, the cost of THz components and systems is still relatively high due
to the specialized nature of THz components and the lack of economies of scale in
manufacturing. These challenges need to be addressed to enable the widespread adoption of
THz technology in commercial applications. Hence, mobile network coverage will substantially
decrease due to the inability of these high frequencies to penetrate and reflect from different
objects. Hence, blind spot coverage and NLoS operation will require significant network
expansion consisting of hundreds of new base stations.

Similarly, the prevailing technologies for sensing applications cannot be integrated with cellular
systems, e.g., WiFi has an entirely different architecture and communication protocol [31]. In
comparison, mmWave and THz sensing use specialised dedicated hardware transceivers and
generate customised waveforms, different from cellular signals. Moreover, the prevailing RF
sensing experiments are performed in the line-of-sight scenario [32], in a controlled lab
environment and with lesser sensing ranges [33]. On the contrary, cellular sensing has the
potential to transform all mobile devices and base stations into distributed sensors for
unprecedentedly widespread environment perception. Cellular signals provide several benefits,
including 1) a greater range of coverage for indoor and outdoor applications, 2) an increased
amount of time that base stations may remain operational and 3) permitted frequency bands that
see less interference. But, for sensing applications, the ambient cellular signals transmitted from
the base station need to be focused and steered to the desired spot, i.e., receiver location, to
eliminate the unwanted noise added from the environment. This is possible with powerful
phased arrays at the base station, which can electronically manoeuvre the beam, but the process

consumes higher energy and not useful if the human subject is in the NLoS.



1.3 Aim and Goal of the Thesis

The proposed research aims to investigate a single solution that would potentially aid
communication and RF sensing applications in the NLoS scenario. High-frequency
communication system requires repeaters and/or relays for coverage enhancements, while RF
sensing system requires a noise-free environment with lesser background reflections. At the
same time, both systems demand multi-user tracking involving a beam steering system. In this
regard, a novel concept recently introduced is the Reconfigurable Intelligent Surface (RIS),
which can manipulate the incoming Electromagnetic (EM) waves to provide high gain and

beam steering and/or beam focusing. The main aims of the thesis include the following:

1. Firstly, the main goal of the thesis is to model, design and fabricate a scalable, robust,
low-power, high-speed, real-time software-controlled RIS testbed that can steer the
beam in different directions and focus the reflected signal in the far field and the near
field. The developed prototype will be used to understand and control the reflection of
Electromagnetic (EM) waves, enabling a wide range of practical applications.

2. Secondly, the thesis aims to develop an integrated real-time RIS-OFDM communication
platform to investigate the effect on received signal and constellations due to the
presence of RIS. A Hadamard matrix-based algorithm [34] for channel estimation will
be employed to enhance the transmission parameters.

3. Thirdly, the thesis aims to investigate the appropriateness of RIS for sensing
applications, i.e., to monitor the breathing and heart rate in real-time in the NLoS
scenario. The RF sensing system will use OFDM protocol to collect data using channel
state information (CSI) and extract the heat rate in real-time. This will prove the efficacy
of the RIS to be used in future ISAC systems.

4. Lastly, the thesis will investigate and present the effectiveness of RIS in controlling the

E-field exposure around the human head (using a phantom model).

Hence, the main objective of the thesis includes:

—

. Design and development of a real-time RIS test bed prototype for 5G applications, i.e.,
operating at 3.75 GHz.

N

Explore using RIS for various applications, such as communication and healthcare.

(8]

Evaluate the efficacy of the existing beamsteering algorithms for RIS application.

e

Analyse and propose RIS-Assisted 5G signal exposure control on the human head.



5. Propose new areas for the integration of RIS into practical systems.

1.4 Thesis Contribution

The existing PhD thesis presents two contributions in the field of RIS, i.e., a hardware
development RIS testbed and presenting the outcome of RIS's usefulness in communication
and healthcare. The developed RIS prototype is the world's first 1-bit, consisting of ‘4096
elements’, individually controlled, capable of switching beams at the rate of 15 ms. With every
PIN diode in the ON state, the prototype consumes 18 W.
Hence, we have experimentally demonstrated four different capabilities of the developed RIS:
1. RIS-enabled beamforming in the near field
a. Itis demonstrated that RIS can direct the incoming beam along scanning angles
of +60° in the near-field along the azimuthal plane.
b. It is also shown that for a fixed transmitter and receiver position, the RIS can
perform beam scanning in real-time to detect the user's location.
2. RIS-assisted OFDM communication
a. The proposed work has shown that RIS can enhance OFDM communication
performance by manipulating the channel. Channel estimation with the
Hadamard matrix is implemented in real-time.
3. RIS-assisted micro-movement sensing
a. The thesis has shown that real-time accurate breathing rate and heartbeat
detection using the proposed RIS prototype in the NLoS scenario is possible.
The sensing is performed by extracting the data from the channel using the
Channel State Information (CSI) through OFDM.
4. RIS-assisted E-field exposure reduction
a. It is experimentally shown that the proposed RIS can assist in reducing the E-
field exposure over the phantom head, i.e., at the user's terminal in the uplink by

gain adjustment through its aperture.

The author believes that the results of this research provide a valuable contribution to the field

and have the potential to impact future research and applications in this area.



1.5 Outline of the Thesis

The thesis is organised into seven chapters. Chapter 1 provides an introduction to the thesis
topic and the motivation behind conducting the proposed research. The reader is introduced to
the thesis's aim and objectives and the author contribution in the proposed field. While chapter
2 presents a comprehensive literature review and the contribution of other researchers to the
topic. Chapter 3 states the application of RIS in different areas. The author has provided an
overview of RIS application in communication and prospective application scenarios in health
care. In chapter 4, theoretical analysis and the working principle of the RIS is presented. The
simulation and measurement of the RIS unit cell design is also described in chapter 4, which is
used as an essential building block in constructing the developed RIS panel.

Chapter 5 describes the hardware development of the RIS. This includes integration, assembly
and interfacing of the RIS panel in detail. The performance evaluation of the RIS in four
different scenarios, including beamsteering, OFDM communication, heart rate monitoring and
E-Field exposure control is investigated and the experimental results are provided in Chapter
6. Chapter 7 includes the summary and findings accomplished in this thesis. It also discusses

the future research direction explaining the application areas in which the RIS can be utilized.



Chapter 2

Literature Review

2.1 Background

Unprecedented performance, for example, in terms of available high data rate and low latency,
is typically associated with introducing a newer generation of mobile network. Massive MIMO
and mmWave communications are critical enablers of future networks. The 6G technology is
expected to rely not only on the conventional spectrum, i.e., sub-6 GHz and mmWaves, but also
on the THz spectrum [35]. The adoption of THz frequency bands will address both the spectrum
scarcity and the capacity challenges of current wireless systems. In addition to macro and micro-
scale applications, the THz frequencies enable wireless communication among nanomachines
[36]. Nevertheless, a significant challenge at mmWave and THz frequencies is the high
propagation loss that drastically limits the propagation distance. Specifically, the free space path
loss easily exceeds 100 dB over a communication distance of 10 m at THz frequencies.
Furthermore, the molecular absorption loss due to the wave energy converted to the kinetic
energy of the molecules in the medium also contributes to the path loss in the mmWave and THz
bands.

To circumvent the propagation challenges at higher frequencies, RIS is a recent technology that
has attracted significant attention in the field of wireless communications. RISs are essentially
planar surfaces composed of a large number of small passive elements that can be controlled to
reflect incident electromagnetic waves in a certain direction. By manipulating the phase shift
of the reflected waves, RIS can enhance the signal-to-noise ratio (SNR) and increase the
coverage area of wireless systems. RIS have the potential to revolutionize wireless
communications by providing low-cost and energy-efficient solutions for improving the
performance of wireless networks. However, the practical implementation of RIS still faces
several challenges, such as the limited range of operation, the complexity of the hardware and
software needed to control the RIS and the impact of dynamic environments on the performance
of RIS. Therefore, a thorough literature review is presented to discuss state-of-the-art in RIS

technology, identify key functionalities, and discuss results of existing published prototypes.



2.2 Introduction

The field of electromagnetics describes the spatial and temporal behavior of the electric and
magnetic fields. In free space, the temporal variation of the EM wave gives rise to the
classification of the EM spectrum such as RF, microwave, millimetre waves, infrared, visible
light, ultraviolet, x-rays, and nuclear waves, i.e., alpha, beta and gamma rays. Similarly, spatial
behaviour is studied when the EM waves interact with conductors and dielectrics, giving rise to
phenomena such as reflection, refraction, diffraction, dispersion and absorption. These
properties have always fascinated human beings, e.g., the dispersion of light from a dielectric
surface, such as a water droplet in the air making a rainbow. Similarly, the bending of a solid
object in water is due to the refraction of light. The phenomena of total internal reflection of light
in a dielectric medium resulted in the invention of optical fibre, which is used as a backbone in
the optical communication system. At the lower end of the spectrum involving radio waves and
microwaves, studying the reflection of these waves from conductors led to the invention of
parabolic dish antennas. These curved surfaces are now being used for transmitting and receiving
waves over long distances. Hence reflective surfaces, whether conductive or dielectric, play a

vital role in wireless communication systems to date.
2.3 Reconfigurable Intelligent Surface

In recent decades there has been enormous interest in textured metallic surfaces that attain
properties not observed in nature. These surfaces are sometimes regarded as metasurfaces [37].
A metasurface is an engineered surface that can be designed to perform or behave in a certain
way. The elements on the metasurface with unique spatial arrangement have brought forth novel
EM applications with unprecedented characteristics [38]. This has given rise to a novel paradigm
in electromagnetics called ‘Surface Electromagnetics’[39].

A metallic sheet is used as a reflector or a ground plane in many antenna designs. It has a constant
impedance over the entire surface. On the contrary, a textured metallic surface with a
subwavelength element size and interelement spacing can be designed to achieve desirable
surface impedance [40]. The texture metallic surface element can act as an inductor or a capacitor
by keeping the dimension below the operating wavelength. Hence the reflection phase of the
element can be tuned within the range of 360°[41].

Similar to a metallic sheet, the RIS is a planar and textured metal surface supported by a metal-
backed dielectric surface. The reflective property of each element can be controlled by tuning

the surface impedance [42]. Each element on the RIS act as scatterer which can provide phase
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lead or lag to the incoming wave. In a normal scenario, the surface of the RIS is illuminated by
an incoming plane wave or specifically by a horn antenna fixed in the near-field. The reflection
phase of the individual scattering element can be combined in a manner such that it can produce
the desired radiation pattern in the far-field. Based on the various phase profiles for multi-
purpose applications, the RIS can be programmed and controlled in real-time through the
software platform [43]. Compared to reflectarrays [44] which are planar reflective surfaces
typically used in satellite applications, RIS can exhibit unconventional EM properties by
interacting with the EM waves and adaptively switch between various functions. This usually
include wave frequency-mixing, absorption, polarisation conversion [45-47]. The reflective
surface is ‘intelligent’ in a way such that it is programmable and can be supervised [48] . In a
mobile deployment scenario the RIS can provide different functions such as 1) beamfocusing,
2) beamsteering and 3) signal scattering in various scenarios according to the choice of the user
or requirement of channel.

The evolution of the RIS is shown in Figure 2.1. At first, only a simple reflective surface is
realised, consisting of microstrip patches with some pre-defined periodic spacing. These are
designed to operate on a single frequency and single function. Using active elements, the
impedance of the reflective surface can be reconfigured and tuned at a different frequency,
polarisation and perform a dual operation. With the introduction of digital programmable
surfaces [49, 50], the functions of the EM surface could be mapped in the digital domain. This
feature lessens the computational complexity which is typically associated with analogue and
non-programmable surfaces. A more versatile and robust operation can be achieved by
incorporating machine learning into the programmable reflective surface. The computational

complexity could further be reduced, paving the way for Al-enabled smart surfaces [51].
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Figure 2.1. Evolution of the RIS [52]



2.4 Tuning Mechanisms

The reconfigurability of the reflective surface is achieved by changing the amplitude and phase
properties of the unit cells. In the existing literature, two types of control methods have been
implemented, i.e., analogue and digital. An analogue control which usually consists of varactor
diodes [53], Barium Strontium Titanate (BST) capacitors [54] and/or liquid crystal technology
[55], have a high-resolution tuning ability to control the phase of the unit cell in the EM layer.
However, BST capacitors and liquid crystals are not commonly available technologies and thus
require complex fabrication techniques to be embedded in the reflective surface. On the other
hand, the varactor diode is easily available but requires higher biasing voltages. Furthermore,
separate digital-to-analogue (DAC) chips are also required to generate varactor bias voltages
through the controller unit.

On the other hand, a digital control method using PIN diodes [46], micro-electro-mechanical
systems (MEMS) switches [56], and/or relays [57] could be adapted for discrete control of the
EM layer and are commercially available. The field-effect transistors (FETs) are seldom used in
for RF switching especially in the reflective surface as they have a very high insertion loss at
higher frequencies as compared to the PIN diode [58]. Similarly, relay switches having a higher
footprint cannot be integrated on RIS printed circuit board (PCB) if multi-bit control is required.
PIN diode has the advantage of a lower RF insertion loss and as a two-terminal device, it is
widely used in existing switching technologies. Performance comparison of various switches is

given in Table 2.1

Table 2.1. Performance comparison of digital switching devices [59]

Parameters PIN-Diode FET Ferrite- MMIC RF
MEMS
Weight (0z) Light Light Light
Light (<1) Heavy (~0.01)
(0.5-1) (1-9)
Size (mm?2) Small (1-5) Small Large Small (2— Small
(0.1) (~few 3) (~nm/um)
cm)
Cost Low Low Very high Low High cost
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Commercially yes yes yes yes yes

Availability
DC power 5-100 0.05-0.1 10-50 0.05-0.1  0.05-0.1
consumption 1
(mW)
Insertion loss 0.3-1 0.4-2.5 0.5-1.5 0.8-2 0.05-0.2
(dB)
@ (1 GHz)
Power- ~kW in pulse <10 >100 <1 <1
handling mode;
capability ~200 W in CW
W) mode
Switching 200-800 ns 1-100ns 120 us 25-100  1-300 us
time (s) ns

2.5 Functionalities of RIS

With regards to a simple-reconfigurable surface which only performs a single operation such as
beam-steering, a vital feature of the RIS technology is a multi-functional operation which can
be realised using different coding sequences to efficiently manipulate the EM waves [46]. Some

key functionalities are discussed in the following sub-sections.

2.5.1 Beam Focusing

In the future, the communication systems will shift to higher frequency operation such that the
electrical size of the antenna array and the RIS will become electrically larger and near-field
communication will become significant [60]. One of the emerging paradigms related to RIS is
the ability to focus the beam in the near-field. For example, a RIS with a 1.5 m* dimension
operating at 3.75 GHz has a near-field of approximately 50 m. This will require the RIS to focus
EM waves at a specified point in space by specifying the azimuth and the elevation angle [61].
It is important to note that the RIS acts as a lens to focus the beam at any given point and not as
a mirror. A plane wave reflected from a mirror also results in a plane wave. In contrast, each
element of the RIS reflects a signal with a controlled phase shift to focus the wave at a specific
point, behaving as a lens.
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2.5.2 Beam Scattering/diffusion

Since the World War II, immense research effort has been put into the idea of stealth and radar
cross-section (RCS) reduction. The idea is to achieve a surface which is transparent to EM waves
and not detected by the enemy Radio Detection and Ranging (RADAR). Conventionally, this is
achieved by either coating the object with a material that can absorb the EM waves, or optimising
the object dimension to scatter the energy from its surface. Different coded metasurfaces for
RCS reduction have been reported such as the chessboard configuration [62, 63], coding
sequences obtained from ergodic algorithm [64], and a 1-bit coding sequence generated using a
random optimisation algorithm [65]. However, the previous works do not provide real-time
control over the coding sequences and coding patterns cannot be altered once the surface is
fabricated. The application of RIS for RCS reduction has been demonstrated in [49]. Instead of
fixing the coding sequence, the coded sequences can be altered in real-time by programming the
metasurface. The optimised coding patterns provided an RCS reduction of -10 dB in the

frequency band of 7.8 - 12 GHz.

2.5.3 Multi-beam generation

Existing antenna technology deploy beam steering circuits in the transmitter to steer the beams
towards users. With more users in a given area, it is desirable to generate multiple beams to serve
different users simultaneously in an efficient way. This is accomplished using transmitters
equipped with phased array antenna technology [66]. Phased array antennas can generate single
and multiple beams with very high gains. This requires numerous RF chains with attenuators,
phase shifters and costly power amplifiers. To reduce the cost, a passive multi-beam antenna
technology is also used [67]. The high gain is provided by the parabolic reflector which is fed
by a phased antenna array transceiver with low gain. Multiple beams generated by the phased
array antenna are reflected by the reflector towards a specific location. This technique is mainly
adopted in satellite communication for a fixed ground station, but it is not applicable in mobile
communication. The multiple beams reflected from the aperture cannot be steered towards
moving users. Low cost and high gain, multiple beams can be achieved using the RIS technology
with no power-hungry active components. Lately, it has been demonstrated that reflection phases
of the individual field patterns, each with its reflected beam direction when added together

results in multi-beam generated from the RIS [68]. This can be explained by the equation 2.1.

|AL . |ef®n 4 | A2, |ef®hn 4 .. 4+ |A%n|ej¢%" = Ael®o 2.1)
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where ‘Am.’ 1s the reflection amplitude and ‘¢’ is the reflection phase of the mth and nth
element corresponding to an individual ‘M-th’ field pattern. If only beam focusing and/or beam-
steering is desired, the value of ‘4,.,’ is kept one. Thus, only the control over the reflection phases
is enough to achieve the required functionalities. The author in [69] has shown that controlling
the reflection amplitude results in different energies being transmitted into the multiple beams.
Hence, the RIS may function as a spatial beam splitter with power levels being controlled by

changing the reflection amplitude of the individual beams.

2.5.4 Anomalous reflection

Another potential ability of RIS is that it can act as an anomalous reflector. When a plane wave
bounces off a uniformly flat surface whose surface impedance is constant, it is reflected at an
angle equal to the angle of incidence, which is regarded as specular reflection [70]. On the
contrary, the RIS can reflect a plane wave in a different direction which is described as
anomalous reflection. In this case, the impedance is designed to vary along the surface. A plane
wave incident on a periodic metallic surface may generate a 1) specular reflection, i.e., reflected
waves bouncing opposite to the direction of source (angle of incidence is equal to the angle of
reflection), 2) retroreflection, i.e., the reflected wave bounces back towards the source, and 3)
parasitic direction (undesired reflection). The anomalous reflection, which is not predicted by
Snell’s law can be generated in a controlled way. The anomalous reflection from a RIS can be
generated along the horizontal plane by applying a linear phase gradient along the surface by
using the Equation 2.2 [71].

. . 2 2
nik,[sin(6,) — sin(6;)] = ﬁ = % (2.2)
= 0, = arcsin (;—Z) where N >3 (2.3)

Where ‘n;’ is the refractive index of the medium and 4, is the free space wavenumber given by
‘2rn/A0’. Hence, the reflection angle is determined by the dimension of the unit cell ‘D’, which is
normally taken as interelement spacing among the elements along the x-direction and ‘N’ is the
number of elements in a super unit cell. A typical design scenario would require calculating the

number ‘N’ to generate anomalous reflection. Also, the azimuthal angle ‘.’ is computed as,
A9y
@, = arctan [D—y‘ (2.4

For simplicity, if Dx=Dy and A@x= A@y, then ¢, is computed to be 45°.
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2.6 Potential benefits of RIS

The RIS enhances the signal in the same way as the conventional parabolic antenna reflector.
The gain provided by the RIS is proportional to the effective aperture size. For simplicity, let us
assume a reflector operating in a millimetre-wave band, e.g., 30 GHz with a dimension ‘4’ of 1
m?; hence, the theoretical gain achieved for a 100% aperture efficiency will be around 50 dB.
This is obtained from Equation 2.5 which provides gain ‘G’ for reflector as the product of

directivity ‘D, and total efficiency ‘n’:
G=D,Xn (2.5)

And the directivity ‘D’ is given as:

_ 4mA

Dy = (2.6)

Where ‘4’ is the effective aperture size in m? and ‘1’ is the wavelength of the signal in meters.
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Figure 2.2. Parabolic reflector gain vs dimension in wavelength

By plotting equation 2.5, it can be seen in Figure 2.2 that increasing the electrical size of the
reflector, gain increases proportionally. For instance, in Figure 2.2 if the physical size of the
reflector is equivalent to twice the wavelength, the gain achieved is increase by 4 dB for 100%
efficiency. Due to various losses associated with the reflector, the gain drops to about 16 dB if
efficiency is 25%. Hence it is important to select a proper aperture size to achieve the required
gain for a specific application.

Similarly, in case of RIS where the aperture is divided into ‘N’ elements, it was revealed in [72]

that the received power is proportional to the square of the number of elements on the reflective
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surface. So according to the Equation 2.8, a 1 m? RIS with 100 elements will enhance the
received power ‘P,’ by approximately 40 dB. According to [72] the received power in free space

is given as:

A 2
P =P () @.7)
Where ‘d’ is the distance between transmitter and receiver and ‘P, is the power transmitted from
the transmitter side. In the presence of RIS with ‘N’ number of elements, the equation of

received power is as follows [72]:
1\2
P. ~ (N + 1)2P, (m) 2.8)

The ability of RIS to improve the received signal strength at the receivers was demonstrated
using an indoor environment model in simulation [73]. It was shown that the average power
received over 12 receivers without the RIS was about -75 dBm, with the minimum received
power at -250 dBm. While in the presence of RIS the average power received was increased to
20.6 dBm (95 dBm improvement) and the minimum received power was enhanced to 12.4 dBm.
Hence, the presence of the RIS can find many potential scenarios in which it can be deployed in
an indoor environment. As an assisted technology in 5G and/or B5G it can be deployed both
indoors and outdoors with an emphasis on communication scenarios. The simulated results are

shown in Table 2.2 for the received power with and without RIS.

Table 2.2. Simulated received power of 12 receivers with and without RIS in an indoor environment [73].

Received power Received power Received power
(Minimum) (Maximum) (Average)
Without RIS -250 dBm 2 dBm -75 dBm
With RIS 12.4 dBm 32.5 dBm 20.6 dBm
Gain Improvement 262.4 dBm 30.5 dBm 95 dBm

(With-Without RIS)

15



2.7 RIS vs Relay Station

Similar technologies to the RIS include a relay station. The function of a relay station is to
receive, process, amplify and retransmit the information. This comes with two major problems.
Firstly, a typical active relay process the received signal before transmitting and hence requires
complex front-end signal processing circuits. Alongside, the relay contains power amplifiers
which amplify the captured signal before retransmission, thereby increasing the overall network
cost. Moreover, it must have a dedicated power source to drive all the active components.
Secondly, the active relay is operated in two duplexing modes. Conventionally, it is operated in
a half-duplex mode. A drawback in the half-duplex mode is that it becomes less spectrally
efficient. The full-duplex mode is more spectrally efficient, but it experiences loop-back
interference at the relay node and co-channel interference at the receivers. This is normally
mitigated using complex signal processing circuits increasing the overall cost of the relay station.
In comparison, the RIS does not employ any transmitter components and uses the aperture size
to achieve high gain and operates in full-duplex mode. A simulation model comparing the RIS
and relay has been thoroughly compared in [74]. It is shown that for a higher spectrum efficiency
rate, ‘R’, the transmitted power required is lesser in RIS case than the Decode and Forward (DF)
relaying protocol over a distance of 80 m [74]. So in terms of energy efficiency, the DF relay
protocol outperforms RIS. In another work, the author compared energy efficiency of Amplify-
Forward (AF) relay protocol with RIS [75]. It was shown that RIS outperforms the AF relay
protocol in terms of energy efficiency. An experimental result of the comparison between RIS
and relay is yet to be determined. A general comparison of RIS with other technologies is given

in Table 2.3.

Table 2.3. Performance comparison of various technologies compared to RIS

Technology  Reflection Hardware Energy Duplex RF Gain Role
Mechanism  cost consumption chain

Backscatter  Passive Low Low Full 0 Very low  Source

MIMO Active Very high  High Half M Very Assist

relay /Full high

Massive Active Very high  Very High Half M Very Source

MIMO /Full High

RIS Passive Low Low Full 0 High Source
/Active /Assist
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2.8 State-of-the-art in RIS

In a wireless network, the propagation environment is a random entity. Hence, the optimisation
of the wireless network is mostly carried out at the endpoints, i.e., at the transmitter and the
receiver. Wireless network operators have no control over the propagation environment and thus
the technology involved in the realisation of future wireless networks is becoming complex and
costly. With the desire to control the propagation environment, researchers have proposed to
incorporate passive reflectors that could steer the direction of the incoming beam [76]. The use
of passive reflectors enhances the directivity of the signal but manipulation and full control over
the EM signals is not possible. In [77] the author proposed the application of metasurface which
can be used to control various aspects of the EM wave such as polarisation, focusing and
scattering.

With regard to the reflection of incoming waves, parabolic reflectors have been used in the past
decades. Their high gain is proportional to their size, which makes them bulky and difficult to
mount. The parabolic reflector can focus the incoming beam at a specific point which is called
the focal point. Hence, the parabolic reflector cannot steer the incoming beam. With the
advancement of PCB technology, parabolic reflectors have now been replaced with planar
reflective surfaces called reflectarrays [78].

Researchers in [72, 73, 79-81] have envisioned a smart radio environment which will be able to
use RIS as a software-controlled entity to recycle the existing signals instead of generating a new
one. In various published studies, these smart reflectors have been addressed by various names,
1.e., Smart reflect-arrays [82], Large intelligent surface (LIS) [83], Large intelligent metasurface
(LIM) [84] and reconfigurable metasurface [85], Reconfigurable intelligent surface [75],
Software-defined surface (SDS) [86] and software-defined metasurfaces (SDMs) [87], Passive
intelligent surface (PIS) [88], passive intelligent mirrors [89].

The initial concept of the intelligent wall was proposed in [90] using computer simulation. The
reflective surface was modelled as a frequency-selective surface which was controlled via PIN
diode. In the ON state it would reflect the incoming wave while in the OFF state it would behave
as a transparent lossless surface. It was noted that the active surface was efficient in enhancing
coverage and quality of service. In [82], an experimental, reflective surface was proposed using
varactor diodes to provide a continuous phase shift. To overcome these challenges, various 1-bit
elements have been investigated in [45, 91-95]. Using 1-bit elements only two-phase states could
be achieved, i.e., 0° and 180°. However, such a low phase quantisation value results in an almost
3 dB loss in antenna gain [96]. A couple of contributions regarding 2-bit elements have been

found in [97-99].
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In the previous research work, the main focus was to electronically steer the beam of the
incoming signal. With the desire to achieve multifunctionality from the reflective surface, the
concept of digitally controlled metasurfaces [49, 50] has been proposed and gained significant
attention from the research community. This emerging concept has eventually converged the

information science domain with EM domain giving rise to programmable metasurfaces [49].

2.8.1 Coded and Programmable RIS

The concept of digital and programmable metamaterials was presented in [49, 50]. Existing
metamaterials-based structures are characterised based on the macroscopic medium parameters
such as effective permeability and permittivity, which can be homogeneous or inhomogeneous.
Hence, they can be regarded as analogue metamaterials that target the bulk property of the
respective surface. In contrast, coded metasurfaces assign each meta-unit cell a binary digit. The
phase of a metasurface is then quantised and replaced with a coding sequence, e.g., the most
straightforward coding sequence is 1-bit. The phase distribution on the surface is rounded to
either 0° or 180° and is digitally represented with two states, i.e., 0 and 1.

Increasing the phase quantisation increases the overall hardware complexity but enhances the
gain, and vice-versa. For instance, to implement an n-bit coding pattern on the metasurface, ‘n’
number of routing lines will be required to the unit cell, e.g., a 3-bit coding pattern would require
three input bias lines for each cell. If the metasurface consists of 100 unit cells, the total routing
lines to the control circuit would be three hundred, making the PCB implementation highly
complex and multilayer, especially at higher frequencies. Thus, the author in [100] has shown
that a 2-bit phase quantisation is a balance between the power loss and the hardware complexity
of the RIS. Further contributions regarding 2-bit elements can be found in [97-99]. A vector
synthesis approach to achieve higher bit states using only 2-bit phase quantisation is to
implement time-varying sequences along the metasurface [101]. It is demonstrated that by
switching the phase states in the time domain, sixteen phase states can be achieved. Thereby
eliminating the need for multi-bit implementation on the physical level. A digital phase mapping

for coded metasurface is shown in Table 2.4.

Table 2.4. Digital phase mapping for a coded metasurface

Bits/Phase 0° 45° 90° 135° 180° 225° 270° 315°

1-bit 0 1
2-bit 00 01 10 11
3-bit 00 001 010 011 100 101 110 111
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2.8.2 Existing RIS Prototypes Evaluation

The conceptualization of an intelligent radio environment kicked off some significant research
to demonstrate the performance enhancement of wireless networks due to the RIS. Since 2018,
numerous articles have been published, and it was proved through simulations and measurment
data that the RIS could enhance various network parameters [102, 103]. Additionally, multiple
prototypes were built and tested to demonstrate the performance of RIS through measured
results. The world's first commercial experiment using a non-reconfigurable metasurface-based
reflectarray was presented by NTT Docomo Japan [104]. The outcome of the demonstration
showed that a transmission speed of 560 Mbps was achieved using the RIS compared to 60 Mbps
with no RIS. The system was configured to operate at 28 GHz.

One of the first experiments to demonstrate the effectiveness of RIS was performed by [82]. The
author placed two transmitting antennas 0.6 m apart and a receiver in the middle. The RIS was
also placed at a distance of 0.6 m in front of the receiver. The signal received from both
transmitters was around -45 dBm. The RIS was configured in such a way that the signal was
received from the first transmitter only, while the signal from the second transmitter dropped to
around -73 dBm. Hence, proving the reconfiguriblity of the beam. Similarly, the author(s) in
[105] have built a very large reflective surface, namely ‘RFocus’consisting of 1-bit, 3200
elements. It was shown that the median channel capacity was doubled and the median signal
strength was improved by almost 9.5 times. A beamsteering algorithm was implemented, which
would switch beams based on Received Signal Strength (RSSI). The surface area was around 6
m? which was not meant for any indoor or outdoor experiments. A two-bit RIS prototype with
256 elements was developed, working at 2.3 GHz and 28.5 GHz [106]. The measured antenna
gain was around 21.7 dBi and 19 dBi at 2.3 GHz and 28.5 GHz. The RIS, in this case, was used
as areflectarray where the transmitter was fixed on the focal point. A more detailed performance
evaluation of the RIS conducted both indoor and outdoors was reported in [107]. The prototype
was able to provide 26 dB of signal gain indoors and 14 dB gain outdoors with the trasmitter and
receiver placed 500 m apart. The RIS implemented a greedy fast algorithm to steer the beam
towards the receiver. The work in [108] has demonstrated a 1-bit RIS operating around 5.8 GHz.
The authors have implemented a matching pursuit algorithm to estimate the SNR of the received
signal and determine the optimal configuration. The algorithm in this case, does not implement
conventional beam steering but iterates through different configurations to find the maximum
SNR value. It was shown that SNR during a video transmission was improved by 12.6 dB when
RIS was in a configured state. A RIS capable of beamsteering in the near-field was employed

using varactor diodes operating at 3.5 GHz [109]. Measured results show that the RIS would
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enhance the signal level by 15 dB compared to the RIS in the off-state. Also, a small prototype
with 160 elements was fabricated at 5.8 GHz [110]. The results shown that 20 dB SNR gain
obtained when transmitter and receiver were placed 5 m and 10 m away from the RIS having
some LoS link. In NLoS case and increasing average distance to about 35m the SNR gain was
only 8 dB. [110]. Another prototype reported in [111] consists of 512 elements operating at 2.64
GHz. The result has shown a 10 dB SNR improvement using the RIS and with a transmission
rate improved by 10 Mbps. The aforementioned prototypes employ direct electrical interfacing
of the controller to signal lines on the RIS. A different approach was used in [112], which sends
digital codes over infrared to update the configuration on the RIS. The configurations are
updated via varactor diodes that receive 1-bit information from the controller to change states.
The signal is improved by 12 dB compared to RIS in the unconfigured state, i.e., configuration
with equal phase distribution. The authors have shown no specific application scenario. In our
research work [113], RIS efficacy in different indoor scenarios was explored for the first time.
Experiments with three different scenarios were conducted, i.e., a) around a corridor junction,
b) in a lobby and c¢) multi-floor. It was observed that an average gain of 16 dB was obtained over
the bandwidith of 1.5 GHz operating at 3.75 GHz. In the multifloor scenario the signal
improvement was 20 dB when transmitter and reciever were in the NLoS. In areas with deep
fades the signal was improved by 40 dB. The protoype employed PIN diodes with 3 bit
configuration per unit cell. But the protoype consumed considerable amount of power. The
authors in [114] conducted the first study outdoors by measuring the Reference Signal Received
Power (RSRP) commonly used to access the quality of signals in 5G networks. The protoype
was pre-configured to direct the basesation signal to the user equipment in the NLoS. The
measurement reveal an enhancment of 15 dB in RSRP with RIS and datarate in uplink increased
to 200% and in the downlink about 275%. The measurment was conducted by placing the RIS
200 m away from base station. The base station was mounted at a height of 29 m. Due to the
high cost associated with the mmwave equipment and PCB design complexity, very few
prototypes have been built to study RIS performance at mmwave frequencies [106, 114-116].

Table 2.5 summarizes the existing prototypes published to date for sub-6 GHz.

Table 2.5. Developed RIS prototypes for sub-6 GHz

Ref Quantisation  Frequency Bandwidth (No of Area Tuning Scenario
(GHz) MHz elements) (m?) Element
(Electrical
Length)
[82] Continuous 2.4 50 48 - Varactor  Farfield

20



[105]

[106]
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[108]

[109]
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2-bit

1-bit

1-bit

12-bit

1-bit

1-bit

1-bit
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1-bit

24

23
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5.8
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5.8
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600

500
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150

160

25

1500

60
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RF

switch

PIN
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PIN
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PIN

PIN

Varactor

PIN

PIN

Near-

field

Farfield

Farfield

Farfield

Near-

field

Farfield

Farfield

Farfield

Farfield
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2.8.3 RIS as Transmitter

Existing communication systems utilize homodyne or heterodyne transceiver architectures. A
conventional transmitter uses different components to process the baseband signal, including a
digital-to-analog converter, mixers, filters, pre-amplifiers and power amplifiers. The future base
station will support many antenna arrays known as Massive MIMO [117] and antenna arrays of
enormous dimensions denoted as xMaMIMO [118] for enhanced spectrum efficiency and high
gain. Hence, the immense number of RF chains associated with these technologies will make
the transceivers very expensive. Additionally, the transceiver component costs at mmWave and
THz will significantly impede the implementation of future communication systems. Hence,
novel solution requires transceiver architectures to be almost RF chain free with lesser and
cheaper components.

A remarkable solution being explored to address the aforementioned challenges is using the RIS
as a transmitter. The process involves controlling the phase of each unit cell through time
variation thus applying a phase-modulation to the incoming wave. Hence, a phase-modulated
reflected wave is generated by the RIS. The phase modulation is performed by mapping of the
control signals via PIN diodes connected to unit cell elements. A signal generator is connected
to a power amplifier which transmits the signal using horn antenna to illuminate the RIS. The
proposed setup is RF chain free, the complexity is significantly low and the system becomes

nearly passive. A layout of the conventional and RIS-based transmitter is given in Figure 2.3.
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Figure 2.3. Transceiver architecture: a) RF chain-free RIS transmitter and b) Conventional with multiple RF chains

[119]

Initially, a binary frequency shift keying (BFSK) based metasurface was shown in [120]; the
achieved transmission rate was about 78.12 kb/s. Two different prototypes of RIS implementing
the QPSK modulation achieved 1.63 and 2.04 Mb/s [121, 122]. The first successful prototype
that implemented an 8-PSK modulation scheme was presented in [123], achieving an astonishing
data rate of 6.14 Mb/s. The conventional architecture of the RIS can inherently vary the phase

of the unit cell through control voltages. This, in turn, affects the amplitude of the unit cells also.
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Consequently, implementing high-order modulations such as Quadrature Amplitude Modulation
(QAM) requires unit cells with independent control of amplitudes. Typically, varying the phase
also changes the amplitude of the unit cell as they are coupled to one another. A novel method
presented in [124] uses a constant envelope, non-linear modulation technique to solve this
problem. As a result, an experimental RIS prototype implementing the non-linear modulation
technique used for 16 QAM modulation was demonstrated in [119]. The authors further
developed a varactor-based prototype to validate MIMO-QAM wireless communication. The
RIS transmitter was set up as a 2x2 MIMO, achieving data rate of 20 Mbps [125]. A summary

of the RIS performance achieved by RIS based transmitter is shown in Table 2.6

Table 2.6. Performance evaluation of RIS based transmitter

Ref Carrier Modulation Antenna Data rate
Frequency (GHz) scheme

[120] 3.6 BFSK SISO 78.12 kb/s

[121, 4 QPSK SISO 1.63/2.04 Mb/s

122]

[123] 4.25 8PSK SISO 6.14 Mb/s

[125] 4.25 16 QAM 2x2 MIMO 20 Mb/s

2.9 Summary

The exhaustive literature review shows that research on the RIS is still in infancy. The research
is conducted in two different dimensions, i.e., RIS as a reflector which employs spatial
modulation and RIS as a transmitter which utilizes time modulation property. Experimental
research work has used the sub-6-GHz frequency band to investigate the effect of RIS on the
propagation environment. Measured results have shown the RIS is capable of enhancing the
signal strength and is effective in establishing a communication link between the receiver and
transmitter in the NLoS.

It is also observed in the literature that some of the existing prototypes have only concentrated
on the beam steering aspects to establish a communication link between the transmitter and
receiver. The RIS is considered to consume lower power during operation. But the existing
prototype have not mentioned the power consumption except for a few. Most of the designed
RIS prototypes are smaller in size and no scalability in the design has been incorporated. The
beam switching speed, which is a significant metric to determine the performance of the RIS has

not been addressed in many of the published works.
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Chapter 3

Application Areas of RIS

3.1 Introduction

The RIS is considered a technology for the BSG and 6G communication systems. As discussed
in the previous chapter, the signal propagation is heavily attenuated and can be entirely blocked
by the impediments in the propagation environment if operated at mmWave or THz.
Furthermore, the communication channel between the transmitter and receiver is modelled as a
sparse channel. Hence, the role of RIS becomes inevitable in the high-frequency operation
regime to improve the coverage area by directing the transmitted signal behind an obstacle,
such as a building in an urban environment or hills in a suburban and rural environment.

At frequencies below 10 GHz, the channel is not modelled as a sparse channel and the
transmitter-receiver link is not entirely blocked due to obstacles. The communication link is
usually established via multipath signals and one could argue that the RIS application at lower
frequencies is redundant. But in fact, RIS can be used to manipulate channel coefficients to
enhance the spectral efficiency and throughput of the communication system even at lower
frequencies [126]. Most of the research in the area of RIS is currently focused on the
performance enhancement of cellular communication systems. This chapter presents different

application areas of research where RIS is and/or can be utilised.

3.2 RIS Assisted High-Frequency Communication

Existing network operators are constantly faced with a challenge to ensure seamless
connectivity to end-users, especially in harsh propagation conditions, i.e., involving tall
buildings and trees. This will become more difficult with the adaptation of mmWave for the
future B5G. It is anticipated that mmWave 5G communication, as well as future THz 6G
communication [35], will be affected by blind spots that will not be adequately covered due to
the severe blocking loss of such short-length waveforms. Furthermore, users tend to be
distributed unevenly in the desired coverage area and users are increasing day by day putting
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an enormous load on the existing networks. Technologies such as Massive MIMO [117] and
UDN [127] are being proposed to combat the challenges mentioned above, but they come at a
significant cost. The Massive MIMO requires a huge number of RF chains with costly phase
shifters and UDN comes with a very high cost of deployment.

This is where the RIS plays a substantial role in coverage enhancements of blind spots and
extending the base station range. The RIS-assisted coverage for BSG and 6G communications
is one of the most promising applications widely discussed in research community. The
hardware cost is relatively cheaper as RIS has no RF chain as they use PIN diodes or varactors

for switching and operates in full-duplex mode. Additionally, the power consumption is

negligible compared to the massive MIMO system and the UDN.
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Figure 3.1. Different RIS deployment scenarios [128]

A primitive application of RIS involves coverage enhancement. Figure 3.1 shows various
application scenarios of RIS-assisted wireless communication. In scenario A, the function of
RIS1 simply involves steering beams towards users at cell edges that might be away from the
base station. In the same scenario, RIS4 operates to perform signal cancellation towards an
eavesdropper. Similarly, in scenario B, RIS2 is programmed to perform signal cancellation at
node M2 so that M2 is not affected by interference signal from base station 2. Finally, in
scenario C, the RIS3 is designed to scatter the beam in a different direction, i.e., this involves

creating a rich scattering channel to create a multipath. This is helpful where the channel is

noisy and affects the link quality at the receivers.
3.2.1 RIS Assisted Multi-User Communication
A basic communication link setup involves a transmitter and a single receiver. From a practical

perspective, the transmitter is always connected to multiple receivers. Consequently, the
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transmitter antennas are implemented to switch beams or generate multiple beams using
complex systems. Existing technology employs phased arrays that can generate numerous
beams, which is a costly solution.

On the other hand, the phase distribution profile on RIS could be programmed to generate
multiple beams [68]. The technique makes it suitable in multi-user communication scenarios
[129]. In the near field region, the RIS can generate multiple focal spots; hence, the beams could
be reflected towards the different users. Another approach is to divide the single RIS aperture
into multi-apertures. With an 'N' number of sub-RIS apertures, we could generate 'N' beams, a
conventional technique adapted in phased arrays. The drawback is that it would decrease the

total gain of reflected signals.

3.3 RIS Assisted-UAV Communication

In the last decade, the global market for drones, i.e., Unmanned-Air-Vehicles (UAVs) have
risen from 19.3 billion dollars in 2020 and will rise to 45.8 billion dollars in 2025 [119]. The
gradually decreasing manufacturing expenditures and the increasing number of applications,
e.g., monitoring and surveillance, law enforcement, agriculture, logistics and emergency health
care, have driven the need to adopt UAVs.

UAYV applications such as real-time video streaming and filming require very high data rates.
At present cellular technologies such as the B5G will play a critical role in UAV
communication. The integration of UAV with B5G will enable UAV-assisted wireless
communication [130]. While the benefits of UAV communication cannot be overlooked; the
complex terrain and surroundings may cause blockage of air-to-ground wireless links.
Furthermore, in the presence of eavesdropping, the information security of legitimate users may
not be guaranteed.

The RIS can play a major role in UAV-assisted air-to-ground communication networks to
obtain a favourable propagation environment and enhance the transmission quality of desired
users to address these issues [131]. Meanwhile, properly designing the beamforming
mechanism, the RIS can cancel unwanted signals to curb interference and prevent
eavesdropping. Recently, investigations combining UAV and RIS to improve the performance
of air-to-ground communication links have become apparent [131-133]. With the help of the
RIS, the coverage of UAVs can be expanded, and thus various Quality of Service (QoS)
requirements of users can be met. When the RIS is mounted on a UAYV, it can have more

deployment flexibility and a broader range of signal reflection compared to deployed on a fixed

building [134].
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3.4 RIS Assisted Wireless Power Transfer

With the shift from human-to-human communication towards human-machine and machine-
to-machine communication in the previous decade, the idea of IoT has evolved [135]. These
devices have low power and are typically used for sensing and data collection applications.
Hence, maintaining millions of IoT devices operational is difficult. Due to rising maintenance
costs, conventional methods using removable batteries and power cords are no longer suitable
[2].

Wireless Power Transfer (WPT) using RF has recently emerged as a promising technology for
resolving this problem [136, 137]. The RF WPT has a longer charging distance as compared to
technologies that use inductive or magnetic resonance coupling. On the other hand, the
transfer's efficiency rapidly decreases as the distance between the two points increases [138].
With RF WPT, much higher efficiency has recently been achieved by using beamforming
technology [139]. Beamforming can be used to focus an EM wave at the receiver using phase
arrays. Regardless, RF components such as attenuators, phase shifters and amplifiers should be
installed in each radiating element. This leads to a system with high complexity,
implementation costs, and power consumption, especially in large-scale systems.

Alongside, information transmission enabled Simultaneous Wireless Information and Power
transfer (SWIPT) is an appealing technique for loT networks [140], requiring a lot of power
due to their energy consumption. Wireless signals will be transmitted to a group of devices by
a base station with a constant power supply. Some devices referred to as information nodes, are
designed to decode the information in a received signal. In contrast, others, referred to as energy
nodes, are designed to harvest the signal energy contained in a received signal.

The RIS can simultaneously allow beam focusing for energy and information transfer without
using power-hungry active components [141-143]. The RIS can reflect an EM wave from a
wireless RF power source and focus the reflected wave on an energy harvesting device. As a
result, the RIS aids the WPT system in improving power transfer efficiency and extending the
power transfer range. It can combine the power from different RF sources and focus it toward
the energy node [144, 145]. In other words, when compared to existing technologies that use
phased arrays, the RIS ensures lower loss in RF wireless energy transfer. Furthermore, RISs
can be mass-produced at a very low cost. Then, to improve power transfer efficiency, numerous
RIS panels can be easily deployed on the walls of a building, room or best case will be to mount
it on the ceilings in the building to assist the WPT system. Such characteristics are ideal for RF

wireless power transfer applications.
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3.5 RIS Assisted Indoor Localization

Indoor localisation has been an active research area for the past decade compared to outdoor
scenarios that employ Global Navigation Position (GPS) [146]. Indoor localisation falls into
two categories, i.e., Active and passive localisation. Active localisation involves a tag to locate
the target's position, while passive localisation can detect the target's location in a contactless
and unobtrusive way. Typical use case scenarios of localisation include intrusion detection
[147], monitoring of elderly patients [148] and real-time positioning of criminals [149].
Techniques using vision-based technologies, e.g., cameras, are limited by lighting conditions
and privacy concerns for real-life deployment, while RADAR is not widely adopted for indoor
localisation as this would require extra hardware deployments.

A WiFi-based system is a cost-effective solution because of the widespread availability of WiFi
devices. Existing WiFi-based methods primarily rely on estimating time-of-flight (ToF) and/or
angle-of-arrival (AoA) to determine the target position. However, due to the limited bandwidth
and the number of antennas available on WiFi devices, the resolution of the estimated AoA and
ToF is generally poor in comparison to higher-end devices [150]. In such a case, the accuracy
of passive localisation is poor, so the range of applications is restricted.

To estimate the Angle-of-Arrival (AoA), Time of Arrival (ToA) and Time-Difference-of-
Arrival (TDoA), the conventional localisation technology relies on GPS signals or base stations
in existing cellular networks. But GPS and base station signals are frequently affected by blind
spots, such as underground and various obstacles between transmitter and receiver antennas.
Furthermore, the requirement for indoor localisation is more stringent than those outdoors.

To address the challenges, the RIS can significantly improve the accuracy of localisation [151].
With many RIS elements, the resolution of the estimated AoA and ToF can be significantly
improved, resulting in very high accuracy. With beam steerability using nearly passive low-
cost components, the RIS would play a significant role in future indoor localisation systems,
e.g., in a typical scenario involving the RIS, the Access Point (AP) will transmit signals to the
user and the RIS. The RIS will reflect the signal towards the user coming from the AP. The
signal could be reflected to multiple users to estimate numerous locations [152]. Various

scenarios of RIS-assisted communication is summarised in Figure 3.2.
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3.6 RIS Assisted RF Sensing and Imaging

Over the years, RF sensing is becoming popular in the research community as it enables
unobtrusive and non-contactless sensing of targets. The growing interest lies in the ability of
RF sensing systems to be ubiquitous, contactless and encourage privacy conservation. In this
regard, human sensing based on wireless signals has gained significant attention from the
research community[148]. Many applications, including human activity monitoring [153],
gesture recognition [154], vital signs monitoring[ 155] and many more, have been achieved. The
basis of these applications lies in the fact that the movement in the environment would alter the
propagation of signals, which consequently makes it feasible to extract information from the
signal variation.

Besides RF sensing, visual sensing, e.g., using optical cameras, is limited to lighting conditions
and issues concerning privacy do not make it a choice. Furthermore, RF sensing using RADAR
is expensive for large-scale deployment. The RF sensing, in this case, is restricted only in the

line of sight.
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Existing research in the field of RIS is concentrated on the ability of the RIS to enhance the
signal-to-noise ratio of wireless communication links. A unique aspect of the RIS that is
currently being proposed is the ability of the RIS in healthcare applications [128]. Some of the
various possible application of RIS in healthcare is shown in Figure 3.3. The mobility of users
leads to variation in the propagation environments; as a result, this changes the Channel State
Information (CSI) at the receiver. In a normal scenario, the variation in signal is negligible at
the receiver due to extremely subtle changes in the propagation environment. The RIS can
enhance the variation between the target and the receiver such that the movement becomes
significantly distinguishable [156].

Most recent works concerning RIS-assisted sensing is applied in imaging for posture
recognition [157, 158]. The authors have introduced a concept of learned sensing to reduce
unnecessary measurements for image reconstruction [157]. At the same time, body posture and
hand sign recognition is enabled using RIS as an imager and recogniser with the help of machine
learning [158]. In another work, including RIS-assisted sensing, the authors have used a frame
configuration alternating optimisation (FCAQ) algorithm and a supervised learning algorithm
for body posture recognition in controlled lab environment [155]. While posture and hand sign
recognition involves static observation with little or no motion, the recent work demonstrates a
significant advancement in real-time human activity monitoring in a complex propagating

environment in NLoS enabled through RIS [25].
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3.7 Summary

This chapter discussed the numerous application areas in which RIS is utilized. Initially, the
concept of the RIS was limited to the communication scenario, i.e., an intelligent reflector that
would steer the beam to blind spots or users having low signals in the coverage area. But apart
from conventional beamsteering, the RIS can perform various complex tasks. For instance, the
ability of the RIS to produce multiple beams is an excellent choice for serving multiple users
simultaneously and limiting the signals reaching eavesdroppers. One potential application of
RISs in conjunction with UAVs is to improve communication and localization capabilities. For
example, a RIS can reflect RF signals in a specific direction, allowing a UAV to communicate
with a ground station or other UAVs over a greater distance or with a higher signal-to-noise
ratio. RIS is also being explored for wireless power transfer applications, where the RIS can be
used to direct RF energy towards a specific receiver. By changing the properties of the RIS, the
direction and strength of the RF energy can be controlled, allowing for more efficient and
effective wireless power transfer.

Similarly, the RIS's role in improving localisation accuracy cannot be overlooked. The RIS can
act as a virtual antenna array. By changing the properties of the RIS, it is possible to reflect RF
signals in a specific direction, allowing for improved localization accuracy. This is particularly
useful in environments where the line of sight between the transmitter and receiver is
obstructed, such as in indoor environments with walls and other obstacles. In the area of
healthcare, non-invasive sensing using RF signals is a topic of active research and development
and has the potential to revolutionize healthcare and other fields. Non-invasive sensing using
RF signals has many potential applications, including the measurement of physiological
parameters such as breathing rate and heart rate. RF sensing is performed using the channel
state information and it becomes challenging if the channel is too noisy or the transmitter-
receiver link is obstructed. The RIS could potentially provide a focus signal and establish a
connection in NLoS conditions. In conclusion, the RIS will play a significant role in addressing
various challenges in different fields. There is still considerable research that needs to be done

to fully realize the potential of RISs.
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Chapter 4

Analysis of the RIS

4.1 Impedance of a Metallic Reflective Surface

The majority of the antenna designs use a metallic sheet as a reflector or a ground plane. To
understand the reflection of EM waves by conductors and/or general impedance surfaces, it is
essential to establish a mathematical relation of the surface impedance of metal with the
electromagnetic frequencies. A full-wave reflection will occur only if the metal surface behaves
as a short or open circuit. We assume an infinite metallic sheet placed on an x-y plane, as shown
in Figure 4.l1a. According to boundary conditions, the metallic sheet will only support
transverse magnetic (TM) waves. The TM wave propagating along the horizontal ‘x’ direction
has an electric field normal to the surface. The surface impedance of this infinite uniform

metallic sheet can be derived as [159]

ZS=§—;=(1+j)\/% (4.1)

Zs =1 +))R; 4.2)

Where ‘R’ is the surface resistance of the metal sheet which depends on angular frequency ‘w’,
the permeability of free space ‘u’ and conductivity of the metal ‘c’. It can be seen that the
surface impedance value of the metallic sheet has both positive real and imaginary parts, i.e.,
the resistance of the metal is accompanied by an equal amount of inductance.

On the contrary, if we are to assume a textured metallic surface backed by a ground plane, as
shown in Figure 4.1b then the impedance of the surface wave propagating along the textured
sheet can be derived for two different propagation modes. The texture metallic surface element
can act as a lumped element, i.e., inductor or a capacitor by keeping the dimension below the
operating wavelength. So, the impedance of such a textured surface for two different

propagation modes can be represented using Equations 4.3 and 4.4 from [159].
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Zrm = — (4.3)

weE

Where ‘o’ is the decay constant of the field in the surrounding space and ‘¢’ is the permittivity
of free space. The equation shows that if the textured metallic surface is designed to be an
inductive surface, it will allow TM mode propagation along the surface. Similarly, if the

textured surface is made capacitive, it will support transverse electric (TE) waves.

Tpp = L24 (4.4)

4) b)

Figure 4.1. a) Uniform metallic plate and b) textured metallic patches on a metal-backed dielectric slab

4.2 Reflection Phase of a Metallic Reflective Surface

The reflection coefficient ‘/” is defined as the ratio of the reflected electric field to that of the
incident electric field from the interface of the conductor. Equation 4.5 describes the
relationship between the reflection coefficient and the impedance of the surface. When an EM
wave gets reflected from an infinite perfect electric conducting surface, i.e., whose conductivity
is infinity, the phase of the reflected electric field is reversed. In contrast, that of a magnetic
field remains unchanged [160]. The incident wave is shorted out at the interface and induces an
electric current on the conductor’s surface. The electric current act as a source of the reflected
wave and doubles the tangential magnetic field.

In the same way, if the impedance of the surface behaves as an open circuit, i.e., a perfect
magnetic conductor whose permeability is infinity, the phase of the magnetic field is reversed.
In contrast, that of the electric field remains unchanged. The tangential magnetic field becomes
zero; the electric field is double the value of the incident field magnitude. As a result, the
incident wave is reflected in-phase. It is to be noted that a perfect magnetic conductor does not
exist in nature. The relation between the reflection coefficient of an EM wave with the surface

impedance of a finite metallic is given as:
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_ Zs—n
r=21 (4.5)

Where ‘n is the intrinsic impedance of free space with a value of 377 Q.

An illustration of the phase reflection vs frequency from a finite metallic sheet is given in Figure
4.2. Three important regions can be considered in the figure. It is analysed that at lower
frequencies, the phase shift is 180" and the surface act as a simple flat metal sheet. As the phase
reflection reaches 90° the metallic sheet act as an inductive surface and supports TM waves. At
the +90° crossover, the surface impedance is equal to the intrinsic impedance of the free space.
When the frequency of operation is further increased, the surface impedance increases to
infinity and behaves as an artificial magnetic conductor. The phase reflection from the surface
becomes 0°. The bandwidth where the phase reflection is regarded as in-phase is taken between
-90° to 90°. This region is considered as a high impedance surface (HIS). It can be seen in the
figure that at higher frequencies the metallic sheet act as a capacitive surface and supports TE
waves which can be inferred from the negative value of phase reflection. The reflection phase

can be extracted from the equation by taking the argument of the reflection coefficient.

& = Arg{l'} (4.6)
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Figure 4.2. Reflection phase vs frequency of a conductor with finite dimensions

Thus, one can conclude that the reflection phase of the textured metallic surface can be
controlled by varying the surface impedance. The surface could be switched from an electrical
conductor to an artificial magnetic conductor and vice-versa or from inductive to the capacitive

surface and vice-versa to vary the reflection phase.
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4.3 Reflective Surface with Intelligence

As discussed in the previous section that a uniform metallic plate has a constant surface
impedance. Hence, the reflection from a metallic surface is explained by Snell’s law [70]. This
law relates the angle of incidence with the angle of refraction, i.e., the change in the direction
of propagation of the EM wave at the boundary of two different mediums. It states that the
angle of the reflection and refraction depends on the material’s properties at both sides of the
boundary between the dielectrics and the incident angle of the EM wave. The boundary between
the two materials does not allow to steer the EM waves in any other direction.

However, when a suitably designed metal sheet is placed between the two dielectrics, it is
possible to manoeuvre the behaviour of the EM waves above and/or below the sheet more
easily. These engineered thin sheets with pre-designed refractive, reflective and absorption
properties are called metasurfaces. The intelligent reflective surface is a type of metasurface
that could be programmed to perform different functions, e.g., steering, focusing and
absorption.

For instance, the RIS consist of ‘N’ unit cells arranged periodically in a 2D manner. The
metasurface properties of RIS is exploited by keeping the interelement spacing among the unit
cells less than approximately A/2. Each unit cell independently act as a scatter and/or a point
source by itself, thus capturing than incoming wave and retransmitting it with some controllable
phase.

The analysis of the RIS follows the conventional planar array theory. The RIS elements are
placed along a rectangular grid with interelement spacing taken as ‘dx’ and ‘dy’. The RIS
dimension can be computed as Mxdx or Nxdy, where ‘M’ and ‘N’ are the total number of
elements in the RIS. The layout is shown in Figure 4.3. The angular position of elements from

the x-axis is represented by ‘¢’ and from the z-axis is taken as ‘6’.
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Figure 4.3. 2D layout of the RIS elements along x and y-axis.

To analyse the radiation pattern which is formed in 3D space by an incoming signal bouncing
back from the RIS, it is important to calculate the array factor. The array factor of ‘M’ elements
along the x-axis and ‘N’ elements along the y-axis shows a visual representation of the radiation

property of any source and is given by [161].

AFxm — ZnM1=1Am ej(m—l)(kdxsinecos d+By) (4.7)
AFyn — 271\{:1‘471 ej(n—l)(kdy sinBsinq§+ﬁy) (48)

Equation 4.7 and 4.8 represents the array factor of element’s position along x and y-axis.
Distance ‘dx’ and ‘d)y’ are interelement spacing along the x and y-axis. The amplitude
coefficients are represented by ‘4,’ and ‘A4,” respectively. Additionally, ‘4’ represents the
wavenumber which is cycles per unit length.

To steer the beam in a specific direction it is important to apply a progress phase shift which
can be calculated using Equations 4.9 and 4.10. It is important to note that the phase shift ‘4,

and ‘p)’ are independent of each other but for beam alignment, their values are kept the same.
Bx = —kd, sin 8, cos ¢, (4.9)

By = —kd,, sin 0, sin ¢, (4.10)
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Finally, the array factor of the 2D array is obtained by the product of array factors of the linear

arrays along the x and y-direction.

AF = AE, - AE,, (4.11)
To calculate the maximum directivity achieved by the RIS surface, a general expression from
[161] is given as:

1
=71z -
— I3 Jy IF(8.9)]2 sin 0dBd¢p

D (4.12)

The expression in the numerator represents the radiation intensity in the direction of ‘dp’ and

‘¢o’ while the denominator gives the radiation intensity averaged over all directions.

4.4 Basic Functions of RIS

The RIS can perform various functions such as beam focusing and/or beam steering based on
the position of the transmitter and receiver location. If the transmitter and/or receiver are in the
near-field region, Equations 4.7 and 4.8 need to be amended to include the spatial phase delay
on the surface of the IRS. The total phase compensation ‘¢,.s’ consists of two parts; ‘¢cr’
compensates for the spatial phase delay due to the transmitter located in the near field of the
RIS and ‘¢cr’ compensates the receiver distance if it is in the near field. Hence, Equations 4.7

and 4.8 can be rewritten as follows:

AFE., = %=1Am eJ(m=1)(kdy sin 6 cos ¢+Bx+Praq) (4.13)

n=

AFyn — ZN 1An ej(n—l)(kdy Sin@sin¢+ﬁy+¢rad) (414)

To determine ‘@raq’ let us consider three different cases such that 1) only the transmitter is in
the near field, 2) only the receiver is in the near field and 3) both transmitter and receiver are in

the near field.

We consider the position X, yt, zr of the transmitter in a rectangular coordinate system as:

xr =T Cos @4Sin 07

YT = T COS (DT Sln 9T (415)
zy =T Cos 8¢

Where ‘7T is the radial distance of the transmitter from the centre element of the RIS at the
origin (0,0,0). ‘@7 and ‘07’ are the azimuthal and elevation position of the transmitter relative

to the RIS. Similarly, the position of the receiver in space is taken as xg, yr, zz such that:
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xg = R Cos &, Sin 6

Yr = R Cos @ Sin 6, (4.16)
Zr = R Cos O

Where ‘R’ is the radial distance from the RIS to the receiver position. ‘@r’ and ‘Gz’ are the

azimuthal and elevation position of the receiver relative to the RIS.

4.4.1 Case 1: Transmitter in the near field and receiver in the far-field

The transmitter location in the near field is a conventional example of RIS operating as a
reflectarray. The frequency of operation is taken as 3.75 GHz for all the cases. Assuming the
position of the RIS elements as ‘x,,” and ‘y,’, the phase compensation with respect to transmitter

and IRS element location is given as:

Praa = Aper = kl\/(xm —x7)2+ (Y —yr)? + ZT2| —Zr (4.17)

Where ‘m’ and ‘n’ is equal to 0,1,2, 3,...... ,(M-1, N-1) such N is a total number of elements on

the RIS. As the receiver is in the far-field, ‘¢cr’ is taken as 0°.

Transmitter Phase Compensation Receiver Phase Compensation

Progressive Phase Shift Overall Phase Profile

Phase(Deg)

Figure 4.4. Phase profile on the RIS: a) Phase compensation with transmitter location at 1 m, b) Phase
compensation with receiver location at 100 m, ¢) Progressive phase shift is 0° and d) Overall phase profile on the

RIS
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To visualise the phase distribution profile, a 64x64 element, RIS is simulated in MATLAB.
The transmitter position is fixed at 1 m while the receiver position is kept at 100 m. Both
transmitter and receiver are positioned at the broadside to the RIS at 0°. As the transmitter is
located in the near field of the RIS, the calculated transmitter phase compensation can be seen
in Figure 4.4 (a), while no receiver phase compensation is applied due to the receiver’s position

in the far field. Hence, the overall phase profile on the RIS aperture can be seen in Figure 4.4

(d).
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Figure 4.5. Phase profile on the RIS: a) Phase compensation with transmitter location at 1 m, b) Phase

compensation with receiver location at 100 m, ¢) Progressive phase shift is 30”and d) Overall phase profile on the

RIS

Similarly, in Figure 4.5, a progressive phase shift is applied to steer the beam at 30°, i.e., the
receiver location is set at 30°, 100 m from the RIS. The results are shown in in Figure 4.5c.
Hence, total phase compensation for the transmitter is added with the progressive phase shift to

get the overall phase distribution on the RIS. Figure 4.5d shows the overall phase profile applied

over the RIS elements.
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Figure 4.6. 2D phase profile along the RIS elements with transmitter fixed at 0°: a) Beemsteered towards a receiver

at 0° and b) Beemsteered towards a receiver at 30°

Finally, Figure 4.6 shows the 2D phase distribution profile applied to the RIS elements. Figure
4.6a and Figure 4.6b shows phase applied to each element which will results in the beam steered

towards 0" and 30°.

4.4.2 Case 2: Transmitter in the far field and receiver in the near field

In a typical mobile communication system scenario, the base station will be in the far-field.
Due to the inherently large aperture ‘D’ of the RIS, the receiver communication might take
place in the near field. Hence the RIS should be able to focus the beam towards the receiver.
The incident wave will be a plane wave such that ¢cr=0" and the focal spot towards the receiver

could be calculated as:

Praa = Adpcr = kl\/(xm —xg)?+ (Yn —yr)? + ZR2| —Zp (4.18)

Where ‘m’ and ‘n’ is equal to 0,1,2, 3,...... , (M-1,N-1)
Transmitter Phase Compensation Receiver Phase Compensation

1500 -
=12 -

o
=]
o

Phase(Deg)
(53]
(=]
o

Phase(Deg
NEO®D

40



Progressive Phase Shift Overall Phase Profile

1500
1000 -
500 -

Phase(Deg)
Phase(Deg)

Figure 4.7. Phase profile on the RIS: a) Phase compensation with transmitter location at 100 m, b) Phase

compensation with receiver location at 1 m, c¢) Progressive phase shift is 0° and d) Overall phase profile on the RIS

In Figure 4.7, the transmitter and the receiver positions are switched such that the transmitter is
placed at 100 m and the receiver is kept at a distance of 1 m to the RIS. The position of both
the transmitter and receiver are kept broadside to the RIS such that no progressive shift is
applied for steering. It can be seen in Figure 4.7a that no phase compensation is applied for the
transmitter as the incoming wave is a plane wave while phase compensation for the receiver is

applied to focus the wave in the near field. The overall phase profile can be observed in Figure
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Figure 4.8. Phase profile on the RIS: a) Phase compensation with transmitter location at 100 m, b) Phase

compensation with receiver location at 1 m, ¢) Progressive phase shift is 30” and d) Overall phase profile on the
RIS

In Figure 4.8, the receiver location is shifted to 30, this changes the phase compensation on the
RIS elements which is illustrated in Figure 4.8b. The overall phase profile can be seen in Figure

4.8d which is added with a progressive phase shift to steer the beam towards 30"

RIS Overall Phase Profile " RIS Overall Phase Profile "
1 [] - 1
160 I 160
10
> 140 5 140
20
g‘l 120 g‘l 120
o o
@ 100 @ 39 | 100
2 2
[ 80 c 80
) )
E E 40
g 60 g 60
w w
40 50 ﬂ 40
20 50 I 20
0 = 0
10 20 30 40 50 60 10 20 30 40 50 60
Elements along X Elements along X
a) b)

Figure 4.9. 2D phase profile along the RIS elements with transmitter fixed at 0°: a) Beemsteered towards a receiver

at 0° and b) Beemsteered towards a receiver at 30°

The 2D phase distribution profile is shown in Figure 4.9. In Figure 4.9a, the phase profile will

reflect beam towards 0" while in Figure 4.9b the beam is shifted towards 30°.

4.4.3 Case 3: Transmitter and receiver are both in the near field

In the event where both transmitter and receiver are in the near field of the RIS, the total phase
correction will consist of the following, i.e., adjustment of the spatial phase delay from the
transmitter and beam focusing on the receiver. The RIS element’s desired phase distribution
will not be a linear progressive phase distribution to focus the beam in a desired position in the

RIS near field. Equation 4.19 is obtained by the addition of Equations 4.17 and 4.18.

braa = Aprr + Adcr (4.19)
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a) b)

Overall Phase Profile
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Phase(Deg)

c) d)

Figure 4.10. Phase profile on the RIS: a) Phase compensation with transmitter location at 1 m, b) Phase

compensation with receiver location at 1 m, c¢) Progressive phase shift is 0° and d) Overall phase profile on the RIS

In Figure 4.10 both the transmitter and receiver are kept broadside to the RIS at a distance of 1
m from the RIS. It can be seen in Figure 4.10a and Figure 4.10d that the spatial phase delay is
corrected for the transmitter and receiver. The overall phase distribution profile on the RIS is

simply the addition of both the transmitter and receiver phase correction profiles.
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Figure 4.11. Phase profile on the RIS: a) Phase compensation with transmitter location at 1 m, b) Phase

compensation with receiver location at 1 m, c¢) Progressive phase shift is 30° and d) Overall phase profile on the

RIS
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In Figure 4.11 the receiver location is shifted to 30°. As a result, the progressive phase shift is

added which can be seen in Figure 4.11d. The overall 2D phase profile applied to RIS elements

is shown in Figure 4.12.
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Figure 4.12. 2D phase profile along the RIS elements with transmitter fixed at 0°: a) Beemsteered towards a

receiver at 0° and b) Beemsteered towards a receiver at 30°

4.4.4 Case 4: Transmitter and receiver are both in the far field

With the transmitter and receiver located in the far-field, the incoming wave towards the RIS

will be a plane wave; hence, ‘¢’ will be zero. In this case, only the progressive phase shift

can be used to steer the beam in both azimuth and/or elevation planes.
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Figure 4.13. Phase profile on the RIS: a) Phase compensation with transmitter location at 100 m, b) Phase

compensation with receiver location at 100 m, ¢) Progressive phase shift is 0 and d) Overall phase profile on the

RIS

It can be seen in Figure 4.13 that both the transmitter and the receiver are kept at a distance of
100 m from the RIS. The location enables far-field conditions to be met. In this case, no phase
compensation is required at the transmitter. The reflected beam from the RIS towards the

receiver will not include any spatial focusing as the receiver is far away from the RIS.
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Figure 4.14. Phase profile on the RIS: a) Phase compensation with transmitter location at 100 m, b) Phase

compensation with receiver location at 100 m, ¢) Progressive phase shift is 30° and d) Overall phase profile on the

RIS

In Figure 4.14, the receiver is shifted towards 30" in the far field. It can be seen in Figure 4.14c¢
that only progressive phase shift is applied, which gives the same overall phase profile on the

RIS aperture.
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Figure 4.15. 2D phase profile along the RIS elements with transmitter fixed at 0°: a) Beemsteered towards a

receiver at 0° and b) Beemsteered towards a receiver at 30°

Figure 4.15 shows the 2D phase distribution profile applied to the RIS elements. In Figure 4.15a
the beam is kept on the broadside, while Figure 4.15b shows the beam shifted towards 30°.

4.5 Directivity and Phase Profile of RIS with A/2 Interelement
Spacing

As seen from Equation 4.12, the directivity of a planar array surface with elements arranged
periodically depends on the array factor. Hence, the number of elements in a two-dimension
array and the interelement spacing between elements directly affect the directivity.

Additionally, the analysis of the phase distribution profile is also given in Figure 4.16.
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Figure 4.16. Phase distribution profile of RIS with an interelement spacing of d=A/2: a) 8 elements, b) 16 elements,

¢) 32 elements and d) 64 elements
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Figure 4.17. Directivity of RIS with an interelement spacing of d=A/2: a) § elements, b) 16 elements, ¢) 32 elements
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From the 3D array pattern obtained in Figure 4.17, the directivity and first sidelobe level values
have been extracted and given in Table 4.1. The increase in directivity can be observed when

the number of elements in the array is increased and the beamwidth becomes narrower.

Table 4.1. Directivity of the MxN elements of 2D array with d=A/2

8x8 (4).x 4).) 18.5 -10.7
1616 (8Ax 8) 25.09 -12.51
32x32 (16Ax 161) 31.52 -13.52
64x64 (324 32)) 37.8 -13.2

4.6 Directivity and Phase profile of RIS with A/4 Interelement

spacing

Similarly, the directivity of the RIS elements spaced A/4 apart from each other can be computed
from Equation 4.12.The phase profile distribution is also provided in Figure 4.18.
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Figure 4.18. Phase distribution profile of RIS with an interelement spacing of d=A/4: a) 8 elements, b) 16 elements,

¢) 32 elements and d) 64 elements
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From the 3D array pattern shown in Figure 4.19, the maximum directivity values and the first

sidelobe level have been obtained and given in Table 4.2. It can be seen that increasing number
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of elements the directivity tends to increase in a similar way observed with the interelement

spacing of A/4.

Table 4.2. Directivity of the MxN elements of 2D array with d=\/4

8x8 (2% 2 13.8 -10
16x16 (4Ax 43) 19.8 -12.38
32x32 (81 81) 25.94 -13.24
64x64 (161 161 32 132

4.7 Results and Discussion

Figure 4.20 and Figure 4.21 shows the comparison of 2D directivity plots for a lower number
of elements, i.e., 8 and 16 elements with an interelement spacing of d=A/2 and d=\/4.
Comparing Figure 4.20a and Figure 4.20b, it can be observed that decreasing the interelement
spacing results in a broader beam. Consequently, the gain decreases as well. Additionally, it
can be observed that reducing the number of elements results in a lesser number of side lobes,
e.g., 8 elements with half-wavelength spacing have three sidelobes while quarter-wavelength

spacing has one side lobe only.
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Figure 4.20. Comparison of directivity of 8 and 16 elements RIS with an interelement spacing of a) d=A/2 and
d=n4
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In Figure 4.21, a comparison of 2D directivity plots for a higher number of array elements is

shown. A similar trend is obtained, which was observed with a lower number of elements.

35 32 Elements | 30 [ [ [ 32 Elements | |
64 Elements 64 Elements
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Figure 4.21. Comparison of Directivity of 32 and 64 elements RIS with an interelement spacing of a) d=A/2 and
d=n4

An essential comparison is made in Table 4.3 by keeping the dimension of the array constant
and changing the number of elements. It is observed in Table 4.1 and Table 4.2 that the
directivity of elements with d=\A/2 spacing is more than d=A/4 due to lesser aperture size in the
latter case. The directivity becomes almost the same if the dimension is made equal in both
cases. For example, the dimension of an 8x8 elements with half-wavelength spacing is the same
with 16x16 elements spaced quarter-wavelength apart. Hence by comparison in Table 4.3, the

directivity is approximately the same, especially with a higher number of elements.

Table 4.3. Comparison of the directivity of MXN elements of 2D array keeping the same electric size with different

space.

8x8 (4Ax 42 18.5 16x16 (4hx 4}) 19.8 1.3
16x16 (8Ax 8%)  25.09 32x32 (8\x 81) 25.94 -0.85
32x32 (160 16)) 31.52 64x64 (161x 16, 32 0.48
64x64 (320x 32)) 37.8 128x128 (32hx 32))  38.06 -0.26
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To establish the difference between choosing half-wavelength spacing vs quarter-wavelength
spacing in RIS array design, a comparison of 2D directivity plot is provided in Figure 4.22. It
should be noted the dimensions are kept the same. It is observed that most of the effect is passed
on to the sidelobe level and null depth. The quarter wavelength spacing provides lower sidelobe
levels and null depths. In Figure 4.22c and Figure 4.22d for a higher number of elements, the
sidelobe levels for quarter-wavelength drop to 3 dB at angular positions beyond 30° as

compared to half-wavelength spacing.
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Figure 4.22. Comparison of directivity plot keeping dimension constant for ) d=A\/2 and d=A/4 interelement

spacing: a) 8 and 16 elements, b) 16 and 32 elements, ¢) 32 and 64 elements and d) 64 and 128 elements.

4.8 Summary

The choice of interelement spacing in a RIS is not straightforward. From the result analysis, it
can be concluded that lesser interelement spacing will lower sidelobe levels and null depths.

Keeping the array dimension a constant factor, it was shown that the gain with half-wavelength
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spacing is nearly equal to the quarter-wave spacing, ignoring the mutual coupling effect. But,
in practice, tighter interelement spacing causes the mutual coupling to rise, reducing the array’s
performance and resulting in a lower gain. On the contrary, it is shown that mutual coupling
improves the bandwidth of array elements and increases the aperture efficiency [162].

Similarly, the quarter wavelength spacing requires twice the elements than the half-wave
interelement spacing. As the phase states of the RIS needs to be controlled externally using
tuning elements, designing the control circuitry becomes challenging and elevates the cost of
the prototype. In the end, the design of RIS narrows down to the cost vs the performance of the

RIS array.
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Chapter 5

Design, Fabrication, Assembly and Interfacing of the RIS

5.1 Introduction

The analysis provided in the previous chapter provides some key aspects for the practical
implementation of RIS. The unit cell design and the choice of interelement spacing is already
established. In this chapter, we will explore the design and integration of control circuit with
the RF layer.

The development of RIS involves multi-disciplinary fields. This includes electromagnetics,
wireless communication, computer science and embedded systems. The existing research is
spanned across all these domains. In the proposed work, the architecture of RIS consists of three
essential parts shown in Figure 5.1. This includes EM layer, DC control layer and a controller
unit. All three layers of the RIS will be modelled separately, integrated and optimised to obtain
full functionality of the hardware prototype. The sub-parts of the different layers of RIS is

briefly explained in sections below.

| 4 h.4
Reflective patch Pin diode Microcontroller
Dielgctric . 7
Material RF cﬁhoke FPGA
Ground plane Shift registers Sensor (Optional)

Figure 5.1. Proposed hardware layout of the RIS.

5.2 Unit Cell Model of the RIS

There exist two primary methods to design efficient unit cells. The process involves controlling
the phase and amplitude of unit cells. The simple method, which is seldom used, consists of

calculating the reflection phase of a single cell, assuming there is negligible coupling among
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the neighbouring cells [71]. On the other hand, the most widely adopted approach is called the
unit cell method. The approach takes into account unit cell boundary conditions where the unit
cell is considered to be an infinite array in the 2D plane. Each cell is assumed to be identical,
which makes the computation time considerably less. The results are accurate if mutual
coupling differences among the cells are negligible. To estimate the near-field coupling,
especially for hundreds of elements, this would need to require full-wave simulation, which
requires a huge amount of memory and computational power.

The unit elements design in a reflectarray follows the conventional approach of keeping the
element size near resonance and interelement spacing is maintained around half-wavelength.
However, the focus is mostly on making the element bandwidth wider, but aperture efficiency
cannot be attained using half-wavelength spacing. It was shown in [162] that by keeping the
element size and interelement spacing lower than half-wavelength, a substantial improvement
in the gain-bandwidth of the reflective surface is attained. The aperture efficiency reaches about
65%. The authors in [72, 163] have tried to achieve a broader bandwidth by optimising the
element size around 0.37A. Hence, a relation with the aperture efficiency can be established
with reduced element spacing. The maximum aperture efficiency achieved in [77] and [72] is
around 17.9% and 25% with the same aperture size but with more elements in the latter work.
Hence, decreasing the interelement spacing shows improved aperture efficiency, but on the
other hand, element bandwidth is difficult to achieve due to higher mutual coupling.

In the current work, a novel 1-bit unit cell element is proposed with dimensions and
interelement spacing of 0.25A by focusing on the bandwidth requirement of the reflecting
element. A 1-bit configuration is chosen in proposed work to avoid biasing complexity of the
control circuit. The subwavelength element is realised using a simple square patch split into
half. A PIN diode and the DC biasing circuit is connected on the opposite side of the reflecting
surface, making the structure very simple and less prone to EM scattering usually caused by

components embedded on the surface of the reflective elements.

5.2.1 Unit Cell design

The proposed unit cell is designed and optimised using CST Microwave Studio software. The
simulation was performed by exciting the unit cell element with a floquet port using the ‘Unit
cell’ boundary condition. The approach considers the effect of the incidence of the impinging
waves, and the coupling is assumed identical, whatever the cell’s position on the panel (similar
cells). Figure 5.2a shows the layout and dimensions of the proposed unit cell. The unit cell
consists of three layers depicted in Figure 5.2b. The EM layer (Top) is printed on the conductor-
backed F4BM substrate (& = 2.65 and tand = 0.01 at 10 GHz).
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Diode

. RF GND/VCC

Patch

a) b)

Figure 5.2. The layout of the proposed unit cell. (Wg=22 mm, Lg=22 mm, Wp=10.3 mm, Lx=21 mm, G=0.4 mm)
The thickness of the copper layer is taken as 17 um. A 0.8 mm thick FR-4 dielectric slab (& =
4.4) is placed underneath the RF ground plane. The third layer is the control layer, consisting
of RF PIN diode and DC biasing circuit. Hence the overall thickness of the PCB board is around
2.4 mm. The reflecting patch on the top layer is split in half with a spacing of 0.2 mm. The
phase difference is achieved by shorting one portion of the patch with the ground through RF
PIN diode. An advantage of the proposed design is that the PIN diodes and the associated
biasing circuits are placed on the bottom layer. This introduces ease of fabrication and
eliminates EM scattering on the top layer due to interaction with the components and soldering
material. When the RF PIN diode is on, the plated through VIA and the blind VIA connects the
half reflecting patch with the RF ground. In other words, some inductance is introduced in the
unit cell. In the absence of VIA, there is only capacitance between the patch and the ground
plane. The interelement spacing ‘W, which is the dimension of the ground plane, is kept around

20 mm. This is approximately a quarter wavelength at the centre frequency of 3.75 GHz.

5.2.2 Simulated Magnitude-Phase Response of the Unit Cell

The reflection phase and magnitude response of the proposed unit cell is shown in Figure 5.3
and Figure 5.5. Firstly, the simulation was performed using ideal shorting strip and then using
a measured S-parameter file of the PIN diode. A little difference is seen when the OFF state is
simulated. While in the ON state, the diode provides an additional 40° shift compared to the
ideal shorting case. It is evident from the simulation that a diode must be added in the unit cell
simulation to incorporate the phase response due to the diode in the results.

It can be seen in Figure 5.3 that when the RF PIN diode is OFF, the phase at the centre
frequency, i.e., 3.75 GHz is below 0°, indicating a capacitive effect in the patch. When the RF
PIN diode is in the ON state, the reflection phase turns to positive and hence the patch becomes
inductive. The shorting of the patch can be considered as an impedance transformation that

realises the required phase difference.
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Figure 5.4 shows the phase difference of the proposed unit-cell. A bandwidth of 100 MHz is
achieved over a phase difference of 180°+20° around the centre frequency of 3.75 GHz. This
corresponds to 3% bandwidth which is the channel bandwidth required for 5G communication.
The magnitude of the reflection coefficient is around -3 Db which can be seen in Figure 5.5.
This indicates that 50 % of the incident wave is reflected back towards the broadside. By using

a low-loss substrate like Rogers 4350B the reflection loss can be minimised but at the expense

of higher production costs.
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Figure 5.3. Simulated phase of the unit cell with PIN diode OFF and ON
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Figure 5.4. Simulated 180° phase difference among adjacent unit cells with ON and OFF state.
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Figure 5.5. Simulated reflection amplitude of the unit cell in OFF and ON state.

5.3 8x8 RIS Tile Design and Fabrication

The second step in the design process was carefully modelling the RIS single tile. The
challenging step was to design the diode control circuit that would connect to each unit cell
element individually, consume less power and have a faster-switching speed. Hence, a
preliminary RIS tile design consisting of 8x8 elements was fabricated to evaluate the cost
incurred and the RIS tile’s performance operation.

The objective of the diode controller circuit in the RIS is to switch the phase state of the unit
cells. This is realised by control bits sent from the microcontroller via the shift registers. Hence,
it is the most vital part of the RIS that determines the beam switching speed and power
consumption of the RIS. Figure 5.6 provides the system-level diagram for interfacing RIS with
the MATLAB program. The MATLAB algorithm will calculate the required 1-bit element

configuration and transfer it to the microcontroller.

—— )

—

<\ MATLAB R

Phase Calculation in Microcontroller send Shift Registers control
MATLAB DATA to required ICs PIN Diodes states

Figure 5.6. 8x8 RIS tile Control Mechanism
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5.3.1 8x8 RIS Tile Control Circuit Layout

In Figure 5.7, it can be seen that the operation of diodes is controlled through the shift registers
with the cathode connected to the ground. The ‘MCP23S17’ shift registers provide a constant
3.3 V voltage and provide 16 control channels. To control 8 columns, only four shift registers
are required with eight control lines going to each column. The shift register is able to operate
at a clock speed of 10 MHz. The diode current is set using a current limiting resistor of 237
ohms to maintain a forward voltage drop of 1V across the diode. Hence, the current flow across
the diode is fixed at 10 mA. an Arduino microcontroller programmed to send the on/off signal
to the specific PIN diode provides the control signal to the shift register. To block the RF signal
from reaching the shift register circuit, an inductor that serves as an RF choke is also connected
in series with PIN diodes. The component’s model number and description is given in Table

5.1

Figure 5.7. Schematic layout of 1*16 diode controller circuit

Table 5.1. Components used in the prototype

Shift Registers 1C MCP23S17- 16-channel, 16-bit shift register
E SO

- Access speed=10 MHz

Diodes SMP1345-079LF = Operating frequency <5 GHz

Insertion loss <0.1 Db
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Current Limiting Resistors = ERJ2RKF2370X 237 ohms

Microcontroller Arduino Due 32-bit ARM core, 54 digital /O

pins

5.3.2 8x8 RIS Tile PCB Board Layout

The PCB layout of the proposed 8x8 element RIS is designed in Altium Designer. The
integrated RIS PCB is implemented using a three-layer stack up. The RF layer which consists
of the metasurface element is fabricated on F4BM substrate. The components and the biasing
circuit is soldered on an FR-4 substrate which is glued to the FABM substrate by the PCB

manufacturer. A 3D layout of the diode controller circuit is shown in Figure 5.8.

PIN Diodes
Current hmiting Resistor

Mg

Power/Ground Shift Register
Clock/Data Input MCP 23817

Figure 5.8. Diode controller circuit

The complete 3D layout of the proposed prototypes is shown in
a) b)
Figure 5.9. The fabrication data for the proposed 3D layout was extracted from Altium designer

and sent to PCB manufacturer for processing.
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Figure 5.9. The layout of the proposed 8x8 RIS: a) Front and b) Back view

The final fabricated prototype is shown in a)
b)
Figure 5.10. The front view is shown in a)
b)

Figure 5.10a and illustrates the RIS EM layer. While the control board with tuning elements

can be seen in a) b)

Figure 5.10b.

—
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Figure 5.10. Fabricated prototype of the proposed 8x8 RIS with a dimension of 17%17 cm: a) Front view and b)

Back view

5.3.3 Observation and Limitations of the 8<8 RIS design

The proposed 8x8 RIS tile has led to some significant design limitations. Firstly, the proposed
aperture of the RIS can hardly focus the beam in a specific direction. An incoming wave would
see the RIS as a small metal plate due to its smaller electrical size. The standard horn antenna
has a beamwidth of 30°. Hence, to achieve an efficient reflection and focusing ability, the RIS
dimension should be at least 1 m x 1 m if the horn is placed 3 m away from the RIS. Secondly,
the ‘MCP23S17’ shift register limits the scalability of the RIS tile, i.e., only eight shift registers
could be used due to the 3-bit addressing scheme in the shift register. In a larger RIS panel,
sending control bits to thousands of diodes would require a non-addressing mechanism for the
shift registers. Thirdly, the clock and data signals travelling over a long PCB board would
severely distort the clock and data signals at the other end. Hence controlling the PIN diode
states would be impossible without clean signals reaching the shift registers at the far end of
the board. Fourthly, if a bigger RIS panel is desired, the 10 MHz clock cycle will provide a
lower switching speed. As a result, the switching speed of the register will slow the beam-
switching performance of the entire RIS system. Finally, the absence of LEDs with the PIN
diodes makes it challenging to visualise the phase distribution profile set on the board’s surface.
In case of a faulty PIN diode during the operation, the controlled signal reflection per element

would be affected.

5.4 16x16 RIS Prototype Design, Fabrication and Measurement

The diode controller circuit has been updated in the revised RIS prototype. The schematic
layout of the proposed diode controller circuit is given in Figure 5.11. Instead of a conventional
shift register IC, an LED driver ‘“TLC5928DBQ’ has been carefully selected for the RIS. The
LED driver operates by providing constant current to the diodes, which protect the diode from
unwanted transient currents during operation. The proposed LED driver has several advantages.
Firstly, instead of addressing individual shift registers using a standard addressing scheme and
connecting independent chip select (CS) lines to the shift registers, the LED driver can be
cascaded in series to transfer a single command from the microcontroller to the shift registers.
Consequently, several shift registers can be combined in a daisy-chain topology to avoid
separate addressing lines. Secondly, the LED driver has a built-in Schmitt trigger circuit on
each input line. The Schmitt trigger circuit is responsible for clock recovery and regeneration.

As aresult, the data/clock signals can travel over longer lengths with no separate clock recovery
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circuits. Finally, the selected LED driver provides a constant current on all the input lines. Thus,

for diagnostic purposes and to visualise the phase distribution profile on the RIS, low current

LEDs have been connected in series with the PIN diodes with no extra current limiting resistors.

The selected components for the revised prototype is given in Table 5.2.
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Figure 5.11. Schematic layout of the cascaded 16 output diode controller circuit

Table 5.2. Components used in the revised prototype

Components

LED driver-cum-shift

register

Diodes

Current Limiting Resistors

per IC
LEDs

Controller

Model number

TLC5928DBQ

SMP1345-079LF

CRCWO060325K5FKTA

KG DELLSI1.22-JGKH-24

Raspberry PI 3B

Description

16-channel, 16-bit shift

register
Access speed=35 MHz

Operating frequency <5
GHz

Insertion loss <0.1 Db

25 Kw

Forward current= 2 Ma

1.2 GHz 64-bit quad-core
ARM processor and an
802.11n Wireless LAN,

SPI interface
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5.4.1 16x16 RIS Tile PCB Board Layout

The improved version of the RIS tile is implemented using a four-layer PCB stack up, i.e., an
RF layer, component layer, power plane and a ground layer. Special consideration is kept to
keep the trace line width equal to 50 Q. The VIA hole size and the diameter pad around the
VIA is also pre-calculated to maintain a 50 Q impedance from layer transitions within the board.

The PCB layout of the diode circuit controller is shown in
a) b)

Figure 5.12. The revised diode controller circuit is designed to support interconnectivity among
the RIS tiles to enable smooth integration with each other and achieve scalability in the RIS
design. The clock speed operates approximately three times faster than the previously selected
shifter register, i.e., at 35 MHz. The power/ground and data/clock signal lines are attached to
both ends of the RIS tile.

The RIS tiles can be connected in different configurations. The simplest data/clock connection-
cascaded configuration would require the clock signal from tile 1 to be connected to tile 2 and
tile 2 to be connected to tile 3 and so on. Hence a single clock signal line could drive all the
RIS tiles in the RIS panel. This obviously will affect the refresh speed of the RIS panel, i.e., a

lower refresh rate. This configuration will not require an external clock distribution circuit.

Power/Ground In Power/Ground out

°
- ¥
T, dame LR L T 14" sl == T
a A il il
. &° & pnin e -luuuu.m.l S T— . r""“'““
11 ez 51
LED/PIN ledeS ® i :'Dplm'immn © RURTI O Hilliiin oL :
- AT % . L4 Ly - . *e

LAT "=

z 0232 Mi&o

4 Leo2az LED248 §
K | o

AT | g

Clock/Data Input LED driver Clock/Data Ouput

a) b)

Figure 5.12. Power supply and microcontroller connection to the 16x16 RIS: a) Input side and b) Output side

Similarly, in a parallel clock configuration, each RIS tile would be provided with an
independent clock signal from the outside. Hence, a separate clock distribution controller circuit
would be required to drive the RIS tiles. The advantage of this configuration would be a higher

refresh speed of the RIS panel as compared to the cascaded design. The third configuration is a
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hybrid combination of both the cascaded and parallel distribution of clock signals to the RIS
tiles, e.g., three RIS tiles can be driven in a cascaded method which consequently would require
three separate control signals from the outside to the complete RIS panel. In this work, the
hybrid scheme was chosen for RIS tile interconnectivity. The clock distribution schemes is

summarised in Table 5.3.

Table 5.3. RIS clock distribution mechanism

Clock distribution scheme  Circuit Complexity Switching speed
Cascaded Very Low Slow
Parallel High High
Hybrid Moderate Moderate
g)he 3D layout of the revised prototype is shown in a)
t1:")igure 5.13. The front view in a)

Figure 5.13a looks similar to the previous prototype as no changes have been made in the unit
cell design. The overall size of the revised RIS tile has been increased to 16 elements increasing

the electrical size to about 4Ax4A. It can be seen in a)
b)

Figure 5.13b, the diode controller circuit has been fully revised.

a)
Figure 5.13. The layout of the proposed 16x16 RIS: a) Front and b) Back view
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The shift registers are connected serially in the middle of the PCB. Hence, data gets transferred
from one register to another. Once the shift registers are loaded, the data bits are transferred

simultaneously to the PIN diodes using synchronised latch pins.

=
| mm T
A
| l T
a) b)

Figure 5.14. Fabricated prototype of the proposed 16x16 RIS with the dimension of 33x33 cm?: a) Front view and
b) Back view

a) b)
Figure 5.14 shows the fabricated prototype of the RIS tile. The data transfer test revealed the

successful operation of the control circuit. The LED on the backplane shown in Figure 5.15

helped visualise the different configurations applied on the RIS tile.
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Figure 5.15. Various configuration applied over the 8x8 RIS tile

5.4.2 Performance Evaluation of the 16x16 RIS Tile

For the evaluation of the magnitude and phase response of the proposed RIS tile, it was placed
in an anechoic chamber shown in Figure 5.16. The two transmitting and receiver horn antennas
were kept at a distance of 3.5 m from the RIS tile. At this distance, it is ensured that the antenna

measurements are performed in the Fraunhofer region. The angular separation of the antennas
from the center of the sub-array was kept at 15 to avoid mutual coupling between the horn
antennas. Before doing the phase and magnitude measurements, a calibration was performed
such that the transmission coefficient (S21) was normalised by taking a metal plate equivalent
to the size of the RIS tile, i.e., 33 x 33 cm?. The calibration guarantees the performance of the

RIS tile compared to the metallic sheet.
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Figure 5.16. Figure Reflection response measurement of the RIS tile in the anechoic chamber

The frequency response on the VNA was set from 3.5 GHz to 3.9 GHz. The measurement was
conducted in two steps. At first, the microcontroller was loaded with all PIN diodes in the ON
state and the phase and amplitude response were noted. Then, all diodes were kept OFF and the
response was observed. Figure 5.17 shows the measured reflection response of the RIS tile. It
was observed that the measured phase difference among the unit cells was nearly 180°. The
flattened phase response in both OFF and the ON states reveals a very strong effect of the
mutual coupling. The phase error observed is significant compared to the results obtained from
the simulation, which shows the failure of the unit cell boundary condition method at
subwavelength spacing. Additionally, the PCB boards were warped during the manufacturing
process, which might also have contributed to the measurement error.

Nevertheless, the results obtained were acceptable for the RIS design. An interesting
observation is noted here around the resonance frequency. In the ON state, with half a patch
connected to the ground plane, the phase response becomes more inductive at a higher
frequency and shift upwards. On the other hand, at a lower frequency, i.e., below resonance, it

tends to become capacitive, shifting downwards.

150j
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Figure 5.17. Reflection response of the RIS tile in the anechoic chamber: a) Phase response and b) Amplitude

response

5.5 RIS Tile Integration and Assembly

Once the single RIS tile performance was evaluated, fabrication of the remaining RIS tiles was
ordered from the manufacturer. The RIS was divided into 16 sub-arrays. The complete RIS
panel consists of 64x 64 unit cells, i.e., consisting of 4096 elements. Each sub-array has a
dimension of 33 x 33 cm?. Hence, the total size of the RIS prototype is 132 x 132 cm? which is
16.5A%x16.5 A at the operating frequency of 3.75 GHz. The proposed RIS panel layout is shown

in Figure 5.18. Each tile has an independent clock, data and latch lines.

3

LAT:1
DATA1

CLK1

LAT2

DATA2
CLK2

LAT3 [
DATA3 [N )
CLK;\‘éf
i  ONESINGLEUNIT
CLK4— 11011V SO IR OO : ‘ IR ‘ 1N R ’ (11 90 MR IR

Figure 5.18. Proposed RIS panel layout

To mount 16 tiles of RIS, we designed a mounting assembly similar to the whiteboard stand
placed in classrooms. The mounting stand is illustrated in Figure 5.19. The total dimension of
the four RIS boards cascaded in series was 132 x 132 ¢cm?; the mounted stand was designed
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with a size of 142 x 142 cm? and a 3 mm polycarbonate sheet mounted on the aluminium frame

stand. The RIS tiles were screwed on the polycarbonate sheet. The assembly of the RIS tiles is

shown in Figure 5.20

142 ¢cm

Rotatable .ﬂ 142 cm 3 mm Polycarbsheet

140 cm

A holder Tray
70 cm 40 cm* 40 cm

Figure 5.19. RIS mounting stand design

a) b)
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Figure 5.20. Multiple views of RIS assembly: a) Side view 1, b) Side view 2 and c) Perspective view

5.5.1 RIS Panel Interfacing and Testing

In the proposed work, we adopted a hybrid approach discussed in section 5.4.1 to connect the
RIS tiles. Four individual RIS subarray tiles are connected in a cascaded manner to form ‘one
single unit’. This method allows us to feed four single units in parallel, optimising for both
speed and lower circuit complexity. Three connections from the Raspberry 3B+ Serial
Peripheral Bus (SPI) interface consisting of a clock (SCLK) and data line (MISO) and a latch
(CE) are connected to one single unit. Two single units share the same clock and data line but
with different latch lines to synchronise the data transfer. Thus, two separate SPI connections
(SPIO and SPI1) perform data transfer to the single units. The clock speed from the Raspberry
was optimised at 7.8 MHz. Every unit has one VDD connection of 3.5 V, a DC ground provided
from external source. The connection diagram from the Raspberry PI interface is shown in

Figure 5.21
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Figure 5.21. Raspberry PI 3B pinout diagram and connection with RIS tiles

Figure 5.22. Fully Assembled RIS a) Front view and b) Back view

The RIS tiles were individually mounted and screwed in the MAST lab at the University of
Glasgow. The complete assembly of the RIS panel can be seen in
a) b)

Figure 5.22.

5.5.2 RIS Data Transfer Over the Air

As the RIS is deployed away from the transmitter and receiver, it is essential to build a
communication system that could transfer the configuration over the air to the RIS from either
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receiver or the transmitting node. After the successful interfacing of the RIS panel with the
Raspberry Pi, a one-way communication in which the host PC would send the configuration to
the controller was implemented through a wireless medium. The data transfer model is shown
in Figure 5.23. The configuration is generated in MATLAB using different algorithms in the
host PC, which is transferred through WiFi using a Transmission Control Protocol/Internet
Protocol (TCP/IP) link to a server program running on the Raspberry Pi. The controller could
also be equipped with 5G support to enable base station to send beacons to the RIS controller

for configuration updates.

SPIO[Y
LAT1
=)
4m——) |
TCP/IP
MATLAB Python
Client Server
LAT3
WiFi L%% ‘(‘)NE S‘IN‘GLE U‘N‘IT i
Host PC Raspberry Pi gpyj i s W

Figure 5.23. RIS wireless communication setup with host PC.

In this regard, a client-server model shown in Figure 5.24 was implemented. The TCP/IP
protocol is selected for the purpose that it could send an acknowledgement back to the data-
sending node once the transfer of bits is complete. As the RIS consists of 4096 PIN diodes to
control the unit cells, the algorithm in MATLAB is required to produce 4096 bits in the form
of 0’s and 1’s to operate the required PIN diodes. The data is sent from MATLAB in the form
0f 4096 characters at once.

The server program continuously listens to the connection request from the MATLAB client.
As the connection is established, the configuration from MATLAB is sent over to the server
program. Once the acknowledgement is received by the MATLAB client program, it sends a
new configuration, and the process continues until the MATLAB program clears the

connection.
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Python Server

9

MATLAB Client
: . ¥
Accept() Establish Connection
4
‘ .
Send Ack() Send Ack to Client m
- d

Close Socket()

Figure 5.24. A typical TCP/IP client-server model

5.5.3 RIS Configuration Testing

The algorithm described in Chapter 4 was used to generate various configurations for RIS
testing. The testing revealed that the configuration sent over the air can be altered in less than
15 ms. While the configuration speed could be further optimised by using the UDP protocol
and increasing the clock speed of the Raspberry PI controller, the existing performance was
considered optimum for further experiments. Figure 5.25a, b, ¢ and d show the phase profile
generated for the source placed at 1.5D and 0.5D with the beam focused at 0°. Similarly, Figure
5.26a, b, ¢, d shows the phase profile generated for the source placed at 1.5D and 0.5D with the
beam focused at 45° and -45°.
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RIS Overall Phase Profile
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Figure 5.25. Data displayed on RIS panel with beam towards 0° a) Data generated in MATLAB (F=1.5D), b) Real
implementation on the RIS, c¢) Data generated in MATLAB (F=0.5D) and d) Real implementation on the RIS
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Figure 5.26. Data displayed on RIS panel with beam towards 45°: a) Data generated in MATLAB and b) Real

implementation on the RIS.

5.6 Summary

The design, integration, assembly and interface to the RIS was discussed in detail. The initial
design process of the RIS involves modelling of the unit cell element. A 1-bit unit cell element
that could change between two phase states is carefully designed and simulated. In the second
step, the diode controller circuit was designed. The control circuitry is responsible for adjusting
the properties of the individual RIS elements in response to commands from the communication
interface. The control circuitry included a PIN diode, shift register and an LED for visualisation.
Initially an 8x8 element RIS was designed and fabricated to evaluate the control circuit
performance and assess the basic manufacturing cost. The design was improved and in the
second stage and a more robust, scalable and high-speed RIS tile was designed. Measurements
were performed in the anechoic chamber and the reflection response showed good 1-bit phase
characteristics.

Lastly, a communication interface to the RIS controller was also implemented. The
communication interface is used to send commands to the control circuitry and to receive
feedback from the RIS. This typically includes a wireless transceiver, in this case, a raspberry
PI was selected. In the end, full panel testing was performed by sending various configurations
from MATLAB program over TCP/IP link to the Raspberry PI controller and the data

transmission speed was optimised with the update speed of 15 ms.
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Chapter 6

Performance Evaluation of RIS

6.1 Introduction

In the previous chapter, an experimental evaluation of the RIS tile was given. The reflection
magnitude and phase response was obtained in a controlled environment, which sets the
operational limits of the RIS. In this chapter, we explore various applications of the RIS on a
system level. We investigate four different scenarios to explore the potential benefit of RIS.
This includes a) Real-time beamsteering capability, b) RIS-assisted OFDM communication, ¢)

RIS-assisted health care and d) RIS for E-field exposure control in uplink
6.2 Gain-Bandwidth Response of the RIS

This section explains the beamsteering capability of the RIS. Once the 1-bit phase response is
known and the desired bandwidth is measured it is important to test the reflection response of
the RIS in different direction. To perform the beam steering measurements, the RIS prototype
was placed in a large hall. The transmitting horn was placed at a distance of 3 m at the broadside
from the RIS, while the receiving horn was placed at 6 m at different angles for measurements.
A portable VNA connected to both antennas through RF cables was used to measure the
transmission response of the RIS. The RIS was loaded with a pre-calculated configuration for
the desired beam direction using near-field equations given in chapter 4. The transmitted power

from the VNA was set to 0 dBm with frequencies in the range of 3.5-3.9 GHz.
6.2.1 Experimental Results

Initially, the transmitter position was fixed at 0, broadside to RIS and the beam steered towards
25" and 40 respectively. The measured results given in Figure 6.1 show that the achieved gain
(the difference of RIS off state and RIS optimised state) for the operating band, i.e., 3.75 GHz
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is around 20-25 Db in 50 MHz bandwidth. The average gain in the rest of the bands was noted
to be around 10 Db.

301
o ISWWW
s 0 |
g -15 | Uniform _Su_rt'acc
@ _30_ —ELSiHOptlmlzed
§ W TANY MM
= -60 b W7Vl
350 355 3.65 375 3.85
Frequency (GHz)
a)
301
m 15_—\/WWW
T 0
.E -15- Uniform Surface
é _30- _(F;L?;Optimizcd
g -45- e Iy
E -6O-WQW s
5] )

350 355 3.65 375 385
Frequency (GHz)
b)
Figure 6.1. Measured transmission response with RIS in switch off state, optimised state and achieved gain, i.e.,

the difference between the off and optimised state, with the location a) Tx at 0 and Rx at 25 and (b) Tx at 0 and

Rx at40 .

Similarly, in Figure 6.2, the transmitter was offset from the 0° position to 15° and the receiver
placed at 25° and configuration was updated to steer the beam towards 25°. Then the transmitter
moved to 25  and the receiver shifted to 40°. The measured gain shown in Figure 6.2a and

Figure 6.2b in this case, was around 10-15 Db in the operating band. The decrease gain is
associated with oblique incident angles of the transmitter position. In practical scenarios, the

RIS will be deployed in direct LoS with base station with minimum offset to achieve higher
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gain. Nevertheless, the results indicate the effectiveness of the RIS in steering beams in different
directions with both receiver and transmitter offset in the near field.

The RIS was designed to operate around 3.75 GHz, consequently, a higher gain is observed
around this frequency. Additionally, as the frequency decreases, one can observe lesser gain,
which can be directly related to higher mutual coupling among the unit cells due to the unit cell

becoming electrically larger.
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Figure 6.2. Measured transmission response with RIS in switch off state, optimised state and achieved gain, i.e.,

the difference between the off and optimised state, with the location a) Tx at 25" and Rx at 40 and (b) Tx at 15

and Rx at 250
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6.3 RIS Beamsteering Setup

In the previous section, a fixed RIS configuration was loaded to the RIS controller and results
were obtained through VNA using a single sweep to transmit an RF signal. In this section, real-
time beam steering system was developed by continuously updating the RIS configuration and
plotting the received signal power. This method is useful to plot the reflection pattern of the
RIS. A wireless communication setup was utilising the Universal Software Radio Peripheral
(USRP) x300. The setup consists of a single transmitter antenna connected to USRP X300 on
a desktop PC. A receiver horn antenna was placed in NLoS attached to a portable USRP B205
mini providing samples to the MATLAB program. The experimental setup is shown in Figure

6.3 and Figure 6.4.

a)

Figure 6.3. Antenna position related to the RIS: a) Transmitter located at 3 m from the RIS at broadside and b)

receiver located at 4.5 m at 40° from the RIS
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Figure 6.4. RIS-assisted wireless communication setup

6.3.1 Experimental Results

The measurements were conducted at five discrete frequency points starting from 3.45 GHz
with a step size of 100 MHz. The beamsteering algorithm is implemented in MATLAB and
power is received from USRP B205 mini. The value is stored in real-time and displayed on the
screen. The algorithm described in section 4.4 is used to steer the beam from -90° to 90° with a
step size of 0.1°. To evaluate the beamsteering performance of the RIS, the transmitter was fixed
broad side to the RIS at a distance of 3 m. Two sets of measurements were performed, i.e., the

receiver was placed at 40° and then at 55°. The gain in the USRP was set to around 30 dB.
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Figure 6.5. Measured normalised received power at a) 3.45 GHz and b) 3.55 GHz

Figure 6.5 (a) and (b) show the normalised received power at 3.45 GHz and 3.55 GHz. It is
observed that the RIS is able to focus the beam at both the angles. The purpose of keeping the
receiver at these angles was to determine the wide-angle scanning ability of the RIS. The side
lobe level at these frequencies are observed to be around -4 dB with null depths reaching to

average of -10 dB.
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Figure 6.6. Measured normalised received power at a) 3.65 GHz and b) 3.75 GHz

Similarly, in Figure 6.6, the normalised received power is plotted for 3.65 GHz and 3.75 GHz
for both 40° and 55°. The signal level peaks around the desired receiver position. The side lobe
level at both the frequencies has dropped down to about -7 dB with null depth dropping to about
-20 dB. It is to be noted that these results were obtained in open lab space with considerable

reflection from walls.
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Finally, in Figure 6.7, the received power was also measured at 3.85 GHz. The side lobe level

in this case is around -5 dB and the null depth reaching to about -10 dB. Thus, the measurement

results give us adequate bandwidth around which the RIS can improve signal strength.

Table 6.1 and Table 6.2 shows the measured gain obtained from RIS in the off state and RIS

optimised towards 40" and 55" using Equation 6.5. The wideband measurement results obtained

in section 6.2 show a similar response. The average gain for the RIS is determined to be

maximum around the designed frequency which is 3.75 GHz. The reflection pattern plots

provide an excellent visualisation of the beamsteering response of the proposed RIS prototype

illustrating the beamwidth of the RIS with side lobe and null positions.

Table 6.1. Gain Improvement with RIS off and RIS optimised with beam steered to 40°

Frequency

(GHz)
3.45

3.55
3.65
3.75

3.85

Receive power (dB)

(RIS off)
-38.8

-38.96
-40.92
-43.37

-42.08

Receive power (dB)
Gain (dB)
(RIS optimised)
-31.624 7.25
-30.006 8.96
-30.371 10.5
-33.406 9.96
-34.933 7.14
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Table 6.2. Gain Improvement with RIS off and RIS optimised with beam steered to 55°

Receive power (dB) Receive power (dB)

Frequency (GHz) Gain (dB)
(RIS off) (RIS optimised)
3.45 -37.77 -32.575 5.19
3.55 -38.75 -31.575 7.16
3.65 -39.68 -31.65 8.03
3.75 -41.54 -31.596 9.94
3.85 -45 -36.47 8.7

6.4 RIS assisted-OFDM Communication

OFDM is a popular digital communication technique that is widely used in wireless and wired
communication systems. It involves dividing a wideband frequency spectrum into multiple
narrowband subcarriers and modulating each subcarrier with a low-rate data stream. RIS is a
relatively new technology that can manipulate the phase and/or amplitude of EM waves incident
upon them. By using a RIS to assist in OFDM communication, it is possible to improve the
signal coverage, system capacity, system energy -efficiency, and reliability of the
communication system, as well as enable new types of communication scenarios that were

previously not possible.

6.4.1 RIS Wireless Communication Model

For RIS-enabled OFDM communication signal propagation, the received signal ‘Z’ is
represented as dot operation between the transmitted signal ‘x’ and channel matrix ‘¢’ from

[126]

/= rlg @ X +w
(6.1)
_ hgy[0] + v wg
hg =F
halM — 1] + vy wg
=F(hg + VTwy) (6.1)
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Where ‘hq’ is the uncontrollable direct path from transmitter to receiver, ‘}J” contains the
controllable channel components and ‘wg’ corresponds to the RIS configuration. Hence, the
transmission rate for an OFDM communication system, achieved in the presence of RIS, can
be written from [126] as:
—B__yK-1 log2<1+M>bit
_ K+M-1 Bo%

R = (6.2)

N

Where ‘on’ denotes the variance of the noise. It can be seen from Equation 6.3 that the rate of
transmission is directly proportional to the channel matrix ‘hy’ which incorporates the RIS

configuration values.
6.4.2 RIS Channel Estimation

One of the techniques proposed for channel estimation in RIS-assisted systems is the Hadamard
channel estimation method [126, 164]. Previously, the Hadamard method was used for the
calibration of phased antenna arrays [165]. This method relies on the use of a special type of
sequence called the Hadamard sequence, which has the property of being orthogonal to itself
when shifted by any number of positions. The transmitter sends the Hadamard sequence to the
receiver through the RIS, and the receiver estimates the channel response by comparing the
received signal with the known transmitted sequence.

The advantage of this method is that it only requires two phase states to generate training data
which makes it an appealing solution from an implementation point of view. Furthermore, it
requires low overhead, as the length of the Hadamard sequence can be much shorter than the
channel impulse response. However, the accuracy of the estimate depends on the number of
shifts of the sequence and the coherence time of the channel, which limits its performance in
fast-varying or multi-path channels.

Channel estimation with RIS consisting of thousands of elements is a very challenging task.
For instance, the number of configurations with the proposed RIS is estimated to be 2%, nearly
infinite. Hence, we adopt the methodology given in [126] to estimate the channel and generate
4096 Hadamard pilot signals in MATLAB. As a result, the received signal from Equations 6.1

and 6.2 becomes:

P
7 = \/;F(hd[l, ,1] + VT[(‘)Blf ""w94096]) W

= \EF [ha, VT [V ot + w (6.3)

86



Where ‘P/B’ is the transmitted signal ‘x” and represents the power transmitted per OFDM

symbol and ‘@’ lists all possible pilot signals generated through the Hadamard matrix.

6.4.3 Experimental Setup

To validate the proposed RIS performance in the propagation environment, two USRPs x300,
one acting as a transmitter and the second one as a receiver, were placed in NLoS. The
transmitter was placed 2.5 m away broadside to RIS while the receiver was placed 6 m away at
an angle of 30° from the RIS. For the channel estimation, 4096 Hadamard configurations were
iteratively sent from the receiver side and at the same time power was captured based on the
respective configuration applied to RIS. The USRP x300 collects samples based on the
sampling rate given in Table 6.3. As the number of samples ‘S’ captured by the USRP is
complex I/Q voltage values, they are converted to power and represented in decibels (dB).

During the experiment, the transmitted signal ‘x’, consists of 256x1 ‘K’ subcarriers with 125
dedicated only as data subcarriers and ‘wg’ is a pilot transmission matrix based on Hadamard
values, i.e., +1 or -1, with a size of 4096x4096. During channel estimation, the RIS iterates
4096 Hadamard values and the resultant received signal matrix ‘Z’ at the end becomes
256x4096%4096. In the end, the configuration which gives the maximum SNR and/or average

received power is selected as an optimised value.

Table 6.3. Transmission parameters for the experiment

S.no  Parameters Values

1 Number of OFDM subcarriers 256

2 Number of Data carriers 125

3 Operating Frequency 3.75 GHz

4 Gain (Tx=Rx) 15 dB

5 Radio Device USRP X300
6 Sampling rate (RF TO IF) 200 kHz
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6.4.4 Results and Discussion

During the measurements, three set of parameters were obtained for the performance evaluation
of RIS, i.e., received OFDM waveform, variance of noise and signal constellation. As discussed
in the previous section the channel estimation method involves sending 4096 Hadamard
configuration over the air. In Figure 6.8 the inverse of the variance of noise is shown for every
configuration applied on the RIS. This is useful to visualise the channel response and determine

to select the maximum value resulting in higher SNR.
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Figure 6.8. Inverse of noise variance vs different Hadamard configurations

From Figure 6.8 the maximum value of the inverse of variance of noise selected which is 0.55,
the respective configuration which gives this value is selected as optimal configuration. In
Figure 6.9, the received OFDM waveform is shown for both the RIS in off state and optimised
state. The figure shows the received power level vs 256 subcarriers used for transmission. It is
observed that when RIS is in the optimised state, the signal reception is enhanced by almost 7

dB as compared to the RIS in the off state.
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Figure 6.9. Received OFDM waveform: a) RIS off state and b) RIS optimised state
88



Similarly, Figure 6.10 show the variance of noise associated with data subcarriers for both the

RIS in off state and optimised state. The results show how the RIS can reduce the noise spread

in the channel which consequently enhances the signal quality. In the off state the inverse of

the variance of noise is around 0.38 and increases to around 0.51 when RIS is in optimised

state.
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Figure 6.10. Inverse of noise variance: a) RIS off state and b) RIS optimised state
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The transmitter was set to transmit 1600 samples and the OFDM transmission was configured

for 4-QAM modulation. In Figure 6.11 the received constellation plot for both RIS in off state

and optimised state is shown. In the Figure 6.11a which is off state the measured constellation

is scattered while in the on state due to improved signal condition the constellation points are

closer to one another.

1.0
gos{ s -
3 -
;E*
< 0.0
v
E
I:S
2 -0.54
&

1.0

-1.0 -0.5 0.0 0.5 1.0
In-Phase Amplitude
a)

Quadrature Amplitude

0.5+

0.0+

-0.54

P

-1.0

-0.5 0.0 0.5
In-Phase Amplitude

b)

Figure 6.11. Received 4-QAM Constellation: a) RIS off state and b) RIS optimised state

Another method to describe the received signal is through a histogram by illustrating it through

a probability distribution function (PDF). The PDF is plotted in Figure 6.12, which shows the
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maximum occurrence of the samples around the centre depicting a cleaner received signal when

RIS is optimised.
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Figure 6.12. Probability distribution function of the received 4-QAM constellation

6.5 E-Field Exposure Reduction by RIS Aperture Control

Modern wireless communication technologies, including mobile telecommunications
infrastructure and mobile phones, rely on EM fields. These EM radiations might be harmful to
human tissues and health if not appropriately controlled and exposed beyond a certain threshold
[166]. As a result, the regulatory agencies mandate that the amount of EM radiation released
by qualifying User Proximity Personal Devices (UPPD) to be kept to a certain level [167].
Moreover, with the development of 5G and beyond communication technologies, it is
extremely important to monitor the safety of the general population from EM exposure.
Additionally, after the global spread of the coronavirus disease (COVID-19), various
conspiracies emerged about the negative effects of 5G communication systems which were
refuted thereby [168].

To characterise the EM exposure, the amount of EM energy absorbed by a human body is
measured in terms of Specific Absorption Rate (SAR) [169]. It is an important parameter used
to assess human tissue exposure to EM fields emitted from cellular phones in near-field regions.
As SAR is directly proportional to the square of the E-field magnitude, reducing the E-field
emissions at the user’s terminal will decrease the SAR level around the human head. Similarly,

the effect of reduced uplink transmit power results is the enhancement of the energy efficiency
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(EE) of the system. The EE of a wireless system is defined as the ratio of the system’s
throughput to the system’s energy consumption (EE = Throughput/Power Consumption).
Therefore, EE can be increased by either maximising system throughput or decreasing source
transmit power [170]. In this section, we perform measurements to investigate the efficacy of

the RIS in reducing the E-field exposure around the user terminal.

Phantom

ap

\9%
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Figure 6.13. Experimental setup for E-field control: a) Measurement scenario and b) Uplink transmission setup

using USRP X300.

6.5.1 Experimental Setup for E-Field Measurement

The application of RIS relating to E-field reduction around the phantom head in the uplink
channel is investigated. The RIS configuration algorithm adopted for the experiment is based
on the adaptive optics-inspired approach employed by Gros et al.[171] and is similar to the one
utilised by Xilong et al [107].

To validate the efficacy of RIS in reducing the E-field around the phantom head, TEKBOX
electromagnetic compatibility (EMC) near field probe (Model TBPS01) was used to perform
E-field measurements. The experimental setup is shown in Figure 6.13. The RIS is placed 6 m
and 8 m away from the receiver horn antenna (Rx) and the transmitter monopole antenna (Tx).
The Tx is attached to the phantom head. The RIS is positioned such that it is 6 meters away
normal to the Rx and 8 meters, 45° relative to the Tx. Thus, creating a RIS-assisted
communication link between the transmitter and the receiver. The Tx setup consists of a laptop
connected via an ethernet cable to a USRP X300 software radio with the Tx placed on the
phantom ear, emulating the uplink of a cellphone user. The Rx consists of a standard gain horn
antenna connected to a USRP B205 mini via a USB cable to the laptop. The transmission is

performed by sending OFDM-modulated symbols over the air. Hence, at the receiver,
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measurements are performed by calculating the received power signal computed in dB given in

Equation 6.4.
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Figure 6.14. Measured received power level by varying the RIS aperture size along with configuration profiles on

the right

A RIS configuration is sent involving flipping the bits of each unit cell at a time and comparing
the received power level, before and after each bit flip. This process is repeated until a given
number of configurations are tested and maximum power is achieved. In this work, 300
iterations are considered for each measurement, with the resulting received power versus
iteration. We have performed E-field measurements, where the number of addressable unit cells
1s limited to 24 x 24, 32 x 32,48 x 48, 56 x 56, and 64 x 64. The results are given in Figure
6.14 and the added figure on the right-hand side shows the achieved configuration profile.
Initially, the transmitter gain was set to 19.7 dB and the RIS aperture size in terms of several
usable elements was varied. The dashed line at -55 dB power level shows the reference case for
the unconfigured RIS, i.e., RIS in the switch-off state. As illustrated in Figure 6.14, the increase
in RIS aperture size increases the measured power levels at the receiver.

For the maximum usable elements of the RIS, i.e., 64x64, the received power level observed
was -41.7 dB. Then, the received power threshold was fixed to -55 dB and the RIS aperture size
was iteratively increased. Consequently, the transmitter gain was decreased accordingly to
maintain the received power threshold. The results are tabulated in Table 6.4. The

measurements were taken with the monopole antenna connected to the phantom head in
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transmission mode. The E-field probe was positioned close to the phantom shown in Figure
6.15a. The output of the probe was attached to a spectrum analyser to capture the power
distribution over the phantom head. Data was collected in a grid of 120 points, arranged over
an area of 90 mm x 160 mm on the phantom, which is depicted in Figure 6.15b. Hence, the grid
was divided into eight columns and fourteen rows. A total of 120 measurements were taken
using the probe. The gap between each point was kept at 10 mm. The E-field data was obtained

using the following equation.

(P +112.5-201log1g F)

E =10 20 (6.5)

Where ‘E” is the electric field strength, ‘P’ is the probe output power in dBm and ‘F” is the

operating frequency in MHz.
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Measured E-field (dBV/m) distribution vs probe positions on the phantom head

The E-field plot over the phantom head was obtained for different aperture sizes while keeping
the received power threshold at -55 dB. It can be seen in Figure 6.15b, the reference case
(uniform surface), i.e., off-state of the RIS, the E-field magnitude is maximum at the specified

measured points on the phantom head, i.e., when uplink transmitting gain is kept at a 19.7 dB.

Table 6.4. Effect of RIS elements on the uplink transmitter gain
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Received Power (dB) BAREExGain(dE)

RIS Flements,  (Bxgain=19.7.dE) tlﬁiﬁal;c: i P;): 3;3) Rchlit(i::IhEdB)

';';‘:}‘;‘;‘: 55 19.7 0
24x24 =51 15.7 4
32x32 -49 13.7 6
40%40 -45 9.7 10
48x48 -44 8.7 11
56x56 -41 5.7 14
64x64 -41.7 5 14.7

Thereafter, the RIS aperture size is varied with different unit cell elements optimised for
maximum transmission. It is observed that the measured E-field is reduced around the phantom
head, when RIS is optimised using the maximum number of unit cell elements, i.e., 64x64
elements. In this case, the RIS provides a gain of around 14 dB from the switch-off state.
Consequently, the transmitted gain in the uplink is automatically reduced by 14 dB, i.e., the
transmitting gain is now set to 5 dB to maintain the receiver threshold value. There is little
noticeable difference between the 56x56 and 64x64 case, even though the 64x64 unit cell
elements result in a 12.5% larger surface area control. This is advantageous as the lower number
of unit cells will result in lower power consumption by the RIS and deliver the same
performance. Thereby, the results indicate the role of RIS in controlling the E-field exposure

around the phantom head, which directly impacts the SAR value.

6.6 RIS-Assisted Vitals Signal Detection

With the majority of research being conducted in communication applications, it is equally
important to utilise the RIS functionalities in other areas as well. Hence, this section explores
the potential benefits of the RIS in the area of micro activity detection. The RIS can assist with
contactless vital signals detection by providing higher signal-to-noise ratios and greater
distances of detection with NLoS monitoring of vitals. The ability to detect patient vital signs
around objects and corners in the comfort of a patient’s space is an important distinction, which
can be enabled by RIS-assisted RF sensing systems and has never been done before. The

process can be explained as follows.
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1. Acquire Channel State Information (CSI) data: The raw CSI data is obtained by
implementing a wireless communications system, i.e., in this case, the transmitter
sending OFDM signals. The RF signal is transmitted into the air, which effectively
reflects through the human body and receives via two antennas. The unwanted noise
and phase offset is removed at this stage by taking the phase difference between the two
received signals. Mathematically the received CSI signal ‘y’ can be described as
y=Hx+n, where ‘H’ is the channel matrix and ‘x’ is the transmitted signal. Additionally,

‘H’ can be expressed from [172] as:
H(f,t) = X g a;(f,t) e/ Z7®) (6.6)

Where ‘a;’ represents the amplitude attenuation factor and ‘z;(z)’ denotes the propagation delay,
with ‘f being the carrier frequency of the transmitted signal. For RIS-enabled signal

propagation, ‘H’ can be expressed from [173] as:
H=hy;+ h;ohl (6.7)

‘hg’ 1s the direct path from transmitter to receiver, ‘4;’ and ‘h>’ are the channel paths from the
transmitter to RIS and RIS to the receiver. ‘d’ is the tuning matrix corresponding to amplitude

and phase associated with individual RIS elements.

2. Signal transformation: The received CSI signal is obtained from time-series
measurements. It is essential to analyse the signal in the frequency domain. Hence, Fast
Fourier transforms (FFT) is applied to obtain the frequency components of the CSI

signal.
H(f)= FFT(H(t)) (6.8)

3. Signal Filtering: The CSI signal must be pushed through different filters to extract the
required frequency components. For example, to extract the breathing rate, which lies
between 12-18 breaths per min [174], a bandpass filter is utilised. The low pass filter
can be applied to remove reflection from static objects in the environment, while a high
pass filter is important to eliminate unwanted human motion from the signal.

4. Power spectral density: The PSD of a signal can be used to analyse the frequency
content of the signal and to determine the signal’s power distribution across different
frequencies. By taking the square of the magnitude of the Fourier transform, the power

spectral density can be obtained using Equation 6.9

PSD = |H(f)]? (6.9)
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5. Heart/breathing rate estimation: Identify the frequency of the dominant component in
the power spectral density. This frequency corresponds to the breath or the heart rate.

Figure 6.16 shows the methodology adopted to realise the extraction of breathing and heart rate.
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Figure 6.16. Methodology for heart and breathing rate detection

6.6.1 Experimental Setup for Vitals Signal Detection

Ethical approvals have been acquired (approval number: 300200232) from the University of
Glasgow before the data collection in this study. For real-time measurement of the vitals, i.e.,
heartbeat and breathing rate, two receivers are used to calculate the phase difference of the
received signals bouncing off the chest. For this purpose, USRP X300 is used, which is
configured to capture signals on two channels. The same USRP is also configured to be used
as a transmitter. Hence, transmission and reception is performed using a single USRP. The gain
is set to maximum for both transmit and receive channels, i.e., 35 dB. The operating frequency
is kept at 3.75 GHz. The transmitter is fixed at a distance of 3 m normal to the RIS, while the
receiver is kept at 4 m at an angle of 30°. The heart rate monitoring is performed midway
between the receiver and the RIS. A custom python code is run in a GNU radio program that
transmits OFDM signals and the receiver is set to collect 4000 samples every ten seconds. The

OFDM system parameters are summarised in Table 6.5.
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Table 6.5. Experimental setup parameters

S.no  Parameters Values

1 Number of OFDM subcarriers 64

2 Operating Frequency 3.75 GHz

3 Antenna scheme SIMO (Tx=1 RX=2)
4 Gain (Tx=Rx) 35dB

5 Radio Device USRP X300

6 Sampling rate (RF TO IF) 400 kHz

Reconfigurable Intelligent Surface Receiver
L ]

7
e

LOS (3m)
|
Transmitter Transmitter
RIS-Assisted Vitals Monitoring Conventional Vitals Monitoring
a) b)

Figure 6.17. Experimental setup for the vital signals detection: a) Real-time measurement system for vitals

detection and b) Conceptual model for vitals detection [32].

The sampling rate or bitrate of 400 samples/sec is utilised to obtain CSI values from both
antennas. For real-time monitoring, the samples are collected every 10 sec. A band stop filter
is used in the range of 0.1 Hz to 0.5 Hz before extracting the heart signal to remove any traces
or higher order harmonics from the breathing signals interfering with the heart signal because
of its lower signal-to-noise ratio.

The signal is then processed to remove noise and higher-order harmonics. Both signals are
processed with a bandpass filter from 0.1 Hz to 0.5 Hz (12-16 breaths per minute) for the
breathing rate and 1 Hz to 2 Hz (60 beats/min to 120 beats/min) for the heart rate. To compare
the results with some ground truth data, the subject has worn a ‘Vernier Go Direct Respiration
belt’ [175] and an ‘HI10 polar belt’ [176] for heart rate detection. The extracted heart and

breathing rate signals obtained from utilising the RIS are illustrated in Figure 6.18.
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Figure 6.18. Real-time measured results: a) Breathing rate from PSD with Vernier Go Direct breathing sensor as

ground truth and b) Heart rate from power spectral density (PSD) with ground truth H10 polar belt.

The experiment illustrates promising results in the range of 7 m in NLoS from the transmitter,
which is challenging to achieve in a conventional setup without the RIS. The signals are
estimated with good accuracy and have an error of less than 15% for both breathing and heart
rates. The utility of RIS in contactless vital signs detection has been demonstrated and results

show a promising and viable alternative to the current intrusive sensors and methods.

6.7 Summary

This chapter discussed the RIS’s performance evaluation in different applications. The RIS
was used in four different scenarios. Firstly, it was shown that the RIS is able to steer the beam

in different directions. Measurements were conducted in the near field by placing the transmitter
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and receiver at different angles and loading a fixed coding pattern in the RIS. Additionally, a
real-time beam scanning setup was also implemented and the RIS was able to switch the beam
from -60° to +60° and locate the receiver’s location in the azimuthal plane. In the second
scenario, an OFDM communication setup was implemented and a channel estimation algorithm
based on Hadamard matrix method was used during the experiment. Real-time channel
estimation was performed and it was shown that the RIS could manipulate the channel impulse
response and improve the signal strength and quality. The RIS was also used to study the effect
of E-field exposure around the phantom head. Measurement results revealed that the RIS’s
aperture size could provide additional gain to the reflected signal, reducing uplink transmission
energy from the user’s terminal, and limiting the E-field exposure around the head.
Furthermore, the RIS was utilized to assist in the monitoring of the heartbeat and extract the
breathing rate in real-time. The experiment was performed in the NLoS and measured results

produced an error of 15% as compared with the ground truth data.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

The RIS have the potential to revolutionise the way we design and interact with our built
environment. By dynamically controlling the reflection, transmission, and absorption of
electromagnetic waves, these surfaces can adapt to the changing needs of the user and the
environment, leading to improved communication performance and energy efficiency. In
addition, the ability to reconfigure the surface properties allows for creating new and innovative
applications that were previously not possible. The absence of active RF chains and the idea of
controlling the propagation environment with arrays of passive elements that consume very
little power is highly appealing in terms of lowering the cost of the network. The RIS relies on
its multi-functional role, i.e., Beam focusing and beam steering both in the near field and the
far field. RIS provides an intelligent paradigm to alter the propagation environment. This
includes coverage extensions, covering blind spots, provide reliable signals to users at cell
edges.

With the beam steering ability, we have shown that the proposed RIS can cover blind spots and
raise signal levels. The higher switching speed of the prototype can make a rich multipath
environment by supporting MIMO communication. Although this scenario is not investigated
in this work, we infer this based on the developed prototype features. In a real-time over-the-
air OFDM communication scenario, we have shown the RIS can assist in the real-time channel
estimation and consequently select the desired configuration to maintain and support higher
spectral efficiency.

Similarly, the thesis presented using RIS for vital sign monitoring applications. The extraction
of the heartbeat and breathing rate in the NLoS is done for the first time in literuature in a real
environment. Measured results show an error of only 15% between the ground truth data from
the sensors and the measured results obtained through RF sensing. Additionally, the E-field
exposure around the human head in the presence of RIS was explored for the first time. It was

shown that deploying RIS near the user terminal would significantly benefit in reducing the E-
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field levels around the human head. This is more beneficial at cell edges where the user tends
to transmit more power. Also, the reduced uplink transmitted power at the user terminal in the
presence of RIS also enhances spectral efficiency.

In conclusion, the results presented in this thesis have shown that RIS is an emerging technology
that has the potential to address future challenges. Overall, this thesis has demonstrated that
RIS can be used for different applications and is not limited to communication scenarios.
However, due to several challenges, such as hardware limitations, the difficulty of obtaining
accurate channel information, and the need to optimise RIS positioning depending on the
communications scenario, the practical deployment of this technology is still in its early stages.
As aresult, finding actual implementations of RIS-assisted wireless systems in the industry and
testbed prototypes that evaluate the technology's practical feasibility is currently being
investigated.

More research and technological advancements are required to address multiple open issues to
achieve proper RIS-assisted communication system consolidation. Consequently, while
significant performance improvements have been documented in the literature, RIS-assisted
systems are expected to outperform current state-of-the-art approaches by addressing some

practical issues that remain a challenge using traditional techniques.

7.2 Future Work

The RIS has proven to be a versatile and powerful tool in manipulating EM waves and smartly
control the propagation environment. There is still much potential for further research and
development in this area. Some possible directions for future work include exploring new
designs of unit cells which could be insensitive to wave incident angles, dual polarised unit cell
operation, and investigating RIS capabilities in the mmWave and THz regime. It is also
important to explore different research areas apart from telecommunication, such as health care

and energy harvesting.

7.2.1 Potential Research Application Areas for RIS

The Internet of Humans (IoH) is a novel concept in health care, enabling elderly and patients
to be connected, monitored and recorded via the internet. People can keep track of their health
and fitness with wireless wearable technologies. It is therefore important to foresee how the
RIS a.k.a Intelligent Wall (IW) could overcome new technological barriers in the coming future.

Some very potential areas to explore are given below.
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mmWave-THz Imaging with RIS: The ability of IW as an imaging system has already
been demonstrated using WiFi signals [177]. This ability can be extended to operate in
the mmWave and THz regimes as well. As the technology matures, we will expect to
see miniaturised IW system used for diagnostics and imaging of patients.

. Internet of Intelligent Walls (IoIW): The RIS can function in a distributed network of
IoIW. Analogous to a sensor network, the IW could act as a plug-and-play device. An
interconnected network of the IW can be controlled through an Al-enabled controller
link. Additionally, the AI- controller will be connected to several IW controllers
forming a cluster network of IWs. This may result in the interconnectivity of multiple
smart home, vehicles and even hospital emergency services.

. Integration of RIS in BAN: The IEEE 802.15.6 —Body Area Networks (BAN)
protocol is designed explicitly for on-body communication. The wearable devices using
this protocol operate in a strict battery-saving mode and hence the signal connectivity
in the practical scenario might be very low. The connectivity problem in low power
mode could be solved with the integration of IW within BAN. The IW could collect
weak signals from these devices and hence interlink with another wearable device in the
vicinity.

Self-Adaptive IWs: Recently, a self-adaptively smart metasurface has been proposed,
in which a sensor or multiple sensors are integrated into the metasurface [178]. When
the sensors detect different signals of the environment, the metasurface will
automatically switch its functionalities without human operations. Based on this idea, a
self-adaptive RIS can be developed for intelligent home and health care, which could
automatically operate in different modes under various environmental conditions (e.g.
daytime or night; temperature, humidity).

. IW with an Al brain: A prospective research direction is the use of machine learning
techniques to improve the IW-enabled system's performance. For example, we could
train a model to predict which actions are likely to be most effective in each situation,
allowing the system to make more informed decisions. Additionally, we could
investigate the use of reinforcement learning to optimise the system's behaviour over
time. This would make the system operate in more complex environments and handle a
broader range of tasks. The IW system could include incorporating additional sensors
and actuators and developing more sophisticated control algorithms to enable the system

to operate in more unstructured environments.

102



6. Multi-user Communication: One potential direction for future research on RIS is to
explore the use of multiple beam generation. Generating numerous beams in different
directions may improve the coverage and capacity of a 5G network and support more
users or devices. The use of multi-user communication techniques to support multiple
users simultaneously and the integration of MIMO communication systems with RIS is
a promising area of research.

7. RIS based OAM communication: RIS have been proposed as a potential platform for
generating and manipulating orbital angular momentum (OAM) waves. By designing
the elements of the RIS to produce specific OAM modes, it may be possible to use these
surfaces to transmit and receive OAM-based signals. As the RIS is be easily
reconfigured, this could allow for the dynamic control of the OAM modes being
transmitted. It could be helpful in situations where the communication channel is

changing or the users' needs are evolving.
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