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ABSTRACT

The demand for increased link reliability, higher data rates, improved error performance (EP) and
increased spectral efficiency (SE) in wireless communications systems (WCS) is increasing
exponentially year after year. Furthermore, the overall data traffic and number of mobile users is
growing, and continues to grow, rapidly each year. In theory, multiple-input multiple-output systems
can achieve these goals, but not without their drawbacks and challenges. These drawbacks include low
energy efficiency, high computational complexity and increased harmful radiation emission. Hence, it
is evident that to meet the current and future wireless demands and standards, the next generation of
wireless networks can no longer be an extension of the previous generation. Rather, the next generation
of wireless networks requires totally novel concepts, implementations and foundations from which to
build upon.

As such, reconfigurable intelligent surfaces (RISs) provide a completely new paradigm in this respect.
RISs are man-made electromagnetic (EM) surfaces with adjustable parameters capable of modifying
the impinging signal to enhance signal strength and quality. In other words, RISs allow control over
what was previously assumed to be the uncontrollable wireless propagation environment. The key
principle in using the RIS is that its adjustable parameters may be reconfigured to effect a change on
the EM wave, thereby improving various aspects of WCS.

RISs hold attractive advantages which make them a key competitor of MIMO systems. Firstly, RISs
are nearly passive surfaces, meaningthey do not require additional energy sources to operate. Secondly,
RISs are cost-effective as they operate on low-power electronics and do not require converters or power
amplifiers. Thirdly, they are easily deployable on walls, ceilings, buildings, facades, billboards, vehicles
and even clothes. Lastly, RISs are environmentally friendly, and meet the requirements of green
communications.

Motivated by this, this dissertation presents a study on RIS-aided WCS. In particular, this dissertation
provides an investigation into how RISs may improve the EP of WCS. This dissertation investigates
the effect of both passive and active RIS elements on the EP and SE of WCS by considering hybrid
RISs to assist data transmission. This dissertation also provides a study on RIS-aided systems in Rician
fading channels to investigate the impact of the line-of-sight component of the RIS on the EP of WCS.
The theoretical average bit error probability of each scheme is provided and validated by Monte-Carlo
simulations. The findings in this dissertation illustrate that hybrid RIS-aided systems can achieve
significant improvementsin EP over conventional RIS-aided systems, and that Rician fading channels
have a distinct impact on the EP of RIS-aided WCS due to the line-of-sight component associated with
Rician fading.
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CHAPTER 1

1.1 Introduction

The demands and requirements of mixed-generation wireless networks is rapidly increasing year by
year, and although the recent advancements in fifth-generation (5G) networks have been significant, it
is evident that more work is needed to meet these ever-increasing demands. Therefore, new technologies
in 5G, such as multiple-input multiple-output (MIMO), non-orthogonal multiple access (NOMA) and
Golden codeword (GC) modulation, are but a few of the many technologies that have been researched
in order to solve these problems. While it may be tempting to design sixth-generation (6G) technologies
as mere extensions of 5G, the exponential growth in networked devices and mobile data traffic cannot
be ignored. Hence, it is clear that the next mixed-generation network (6G) is required to provide a new
paradigm towards wireless communication systems (WCS) in the physical layer.

Figure 1.1.1 illustrates the history of wireless networks and how they have evolved over time. The first
first-generation (1G) network to come about was known as the advanced mobile phone system (AMPS),
which was invented by Bell Labs and first deployed in 1982 in the United States [1] - [2]. Other 1G
networks included the Nordic mobile telephone (NMT), the total access communication system
(TACS), and the European total access communication system (ETACS) [2]. The 1G network was
characterized by analogue switching technology using frequency division multiple access (FDMA) and
operated in the 30kHz bandwidth with frequencies of between 824-894MHz [3]. The 1G network had
many disadvantages, namely that it only provided voice calls, was not secure (calls may be decoded
using frequency modulation (FM) demodulators), and the number of users and network coverage was
extremely limited [1].

The transition from 1G networks to second-generation (2G) networks was characterized by the
facilitating of digital communications technology rather than analogue technology. This digital
technology became known as the global system for mobile communications (GSM) and was the
foundation for further development in WCS standards [2]. GSM allowed for text, picture, and
multimedia message services to be developed as the wireless standards could handle data rates of 64
kbps [1]. Later, time division multiple access (TDMA) was developed [4], followed by code division
multiple access (CDMA) WCS which were developed by Qualcomm and deployed in the 1990s. These
advancements in WCS proved to be successful in improving spectral efficiency (SE), data rate, error
performance (EP), and the number of users they could handle compared to its 1G counterpart [2].
Further developments in GSM led to the development of the 2.5G wireless standard, facilitated by
general packet radio service (GPRS) technology, producing data rates between 64 kbps and 144 kbps,
enabling phone calls, web browsing and email services [4]. Later, enhanced data (EDGE) was
developed to improve upon packet switching applications and enable high-speed data applications [4].

The introduction of universal mobile telecommunications systems (UMTS) marked the beginning of
the development of third-generation (3G) networks in 2001 [3]. Smartphones became very popular after
the deployment of 3G networks due to many new features being enabled by them, such as video calling,
email services, gaming, and social media [1]. UMTS technology and protocols made use of features
previously seen in 2G but with significant improvements to boost datarates. Later, 3.5G was developed
as an advancement to 3G, with two new technologies being developed, namely high speed downlink
packet access (HSDPA) and high speed uplink packet access (HSUPA), allowing 3.5G to handle much
higher data rates [5]. Further improvements saw 3.75G being deployed with high speed packet access
plus (HSPA+) technology, which later developed into 3.9G with long term evolution (LTE) technology
being developed [4]. Despite this progress, 3G networks had their drawbacks, namely that they operated
on a higher bandwidth to support the increasing data rates, meaning that the infrastructure and
equipment needed to implement it was very costly, and so the mobile devices became costly.
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The demand for high data rate applications continued to increase, meaning that significant
advancements needed to be made to mixed-generation standards. The fourth-generation (4G) standard
came about as a continuation of LTE made possible by orthogonal frequency division multiplexing
(OFDM) [4]. Features such as cloud computing, internet of things (10T) and high-definition mobile
streaming became possible because of the 4G standard, as it was capable of reaching data rates of
between 10Mbps and 1Gbps. Later, MIMO systems were created, which proved to be critical
technology in improving SE and signal quality and enabling higher data rates and multi-stream
technology [4]. These technologies operated under the IEEE 802.11n, which encompassed wireless
fidelity (Wi-Fi), wireless microwave access (WiMAX) and LTE [6].

/// =
/" 4G: 20102020 y
Frequency spectrum:
Uplink: 2500-2570 MHz

Downlink: 2620-2690
MHz

* Bandwidth: 1.25-20 MHz

Figure 1.1.1: Diagram illustrating the evolution of 1G to 5G networks [1, 2, 4]

Internal Use



The 5G standard has already been deployed in many countries around the world. Many technologies
have been implemented, with the main technology being millimetre-wave (mmWave) mobile
communications, and some others being massive MIMO and NOMA [7]. However, recent WCS
literature has been devoted to technologies that could potentially realise a standard beyond 5G, such as
spatial modulation (SM) [8], media-based modulation (MBM) [9], GC modulation [10], orbital angular
momentum (OAM) [11] and many other technologies.

Future wireless standards are required to meet the exponentially growing demands for higher data
throughput, higher SE, higher capacities, broader network coverages, reduced latencies and improved
EPs, all at the lowest cost possible. However, there are several constraintsand limitations that need to
be addressed to realise such standards, such as hardware requirements, high power consumption and
high computational complexity. One of the main challenges in the physical level of WCS is noise,
arising from thermal noise from electronic devices used in the construction of WCS, or forms of
radiation such as solar radiation. The noise model typically assumed is additive white Gaussian noise
(AWGN), which follows a Gaussian distribution [12]. This noise is called ‘white’ because it is
frequency-flat, and it is additive at the received signal [13]. The effects of AWGN may be reduced by
increasing the signal power. However, the signal power is limited by various hardware constraints.
Other challenges include multiplicative noise and multiplicative fading.

1.1.1 Basic Wireless Communication Scenario

Wireless propagation
environment Receive signal
Data symbol — x sy=hx+n
Y Fading — h Y
| Detect estimated
| Input bits SO = it information — X ‘

Tx Rx

Figure 1.1.2: Diagram illustrating the basic wireless communication scenario

The basic WCS, as illustrated in Figure 1.1.2, consists of a transmitter and receiver, separated by the
wireless propagation environment comprising various phenomena that may deteriorate the quality of
the wireless signal. The transmitter transmits some digital information, which, in most cases, is mapped
to a data symbol, denoted by x, representing the wireless signal. The symbol x is transmitted over the
wireless propagation environment, where it experiences two main phenomena. The first phenomenon
is fading, denoted by h, and the second is AWGN, denoted by n. The received signal at the receiver is,
therefore:

y=hx+n (1.2)

Thereceiver estimates the transmitted information using a specific method of detection. Zero force (ZF)
detection is a detection method that nullifies the interference of other symbol constellation layers when
detectingin a given symbol layer. Minimum mean-squared-error (MMSE) is another detection method
which aims to minimize the mean square error between the transmitted signal and the received signal.
The most popular detection method, however, is maximum-likelihood (ML) detection, in which an



exhaustive search is carried over the entire solution space to find the estimated symbol to determine the
transmitted information, which is given for the receive signal in (1.1) as:

£ = argmin|y — hx|?, (1.2)

x€QN
where Q denotes a set of symbols belonging to a particular symbol constellation.

1.1.2 Fading

Fading is a phenomenon in wireless networks defined as the fluctuation, or attenuation, of the strength
and quality of a wireless signal over time. Fading accounts for various effects occurring in the wireless
channel, namely reflection, refraction, diffraction, multipath propagation, atmospheric conditions, and
scattering during radio wave transmission [14]. In WCS, there are many different statistical fading
models, and these models are mainly characterized by a cumulative distributive function (CDF) and a
probability density function (PDF). Fading causes phase delays and amplitude distortions to a
transmitted signal, which is modelled as a complex fading coefficient. This fading coefficient may be
expressed in terms of its real and imaginary parts, which are independently and identically distributed
(i.i.d.) Gaussian random variables (RVs), as follows:

h = Re{h} + jim{h}. 1.3)
The expression in (1.3) may also be expressed in polar form as:

h = ael, (L4)

where a = /(Re{h})? + (Im{h})? the magnitude of the fading coefficient, and = tan™! (
the phase of the fading coefficient.

Im{h}) I
Re{h}

This dissertation will focus on two main models: the Rayleigh fading model and the Rician fading
model.

1.1.2.1 Rayleigh Fading Model

The Rayleigh fading model is applied to WCS that assumes a non-line-of-sight (NLOS) path. In other
words, there is no direct visible path between the transmitter and the receiver.

Assume that an arbitrary Gaussian RV is given by r~N(u, o2), where u denoes the mean and o2
denotes the variance of r.

Rayleigh fading is characterized by a PDF given by [15]:

r2

R
p(r) = —e 20,17 >0. (1.5)
o

Integrating the PDF in (1.5) yields the CDF given by [15]:

2

s
F(r)=1—e 202,r> 0. (1.6)

1.1.2.2 Rician Fading Model

The Rician fading model applies to WCS where there exists varying degrees of line-of-sight (LOS) and
is characterized by the following PDF [15]:

(1.7)
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where s is a noncentrality parameter,and [, ( - ) isthe zero-order of the modified Bessel function (MBF)
of the first kind [15]. The Rician distribution may also be characterized by two other parameters, namely
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the Rician K-factor given by K = —, and a scaling factor Q = s? 4+ 02 [15].

Integrating the PDF in (1.7) yields the CDF given by [15]:
F(r) =1-0Q, (f,z)m >0, (1.8)
o o0

where Q,, (a, b) denotes the m-th order of the generalized Marcum Q-function with inputs a and b.

1.1.2.3 AWGN Model

The mathematical model for an AWGN channel is given by:
y=x+n, (1.9

where, similar to (1.1), y is the received signal, x is the transmitted signal, and n represents a zero-mean
white Gaussian process with a power spectral density of % with a PDF given by [15]:

1 o (1.10)
p(r)——\/n_%exp( 202)-

It may be noted that for an AWGN vector channel given by:
y=x+n, (1.11)

where y, x and n are all of dimension 1 x m, the PDF of n may be written, considering that the noise
coefficients are i.i.d. Gaussian RVs with zero mean and variance % as [15]:

1\ lIn||?
p(r) = T, XP\~ N, ) (1.12)

1.2 Literature Review

Much of the past decade's research in WCS has focused on making the seemingly uncontrollable
wireless propagation environment controllable. Various modulation schemes have been designed to
utilize reconfigurable antennatechnologies in rich scattering environments for the transmission of extra
information, including SM, MBM and beam index modulation (IM).

Reconfigurable intelligent surfaces (RISs) have provided a paradigm shift in WCS research. An RIS is
an electromagnetic (EM) man-made surface fitted with integrated electronic circuitry capable of
intelligently adjusting the amplitude or phase of the incoming wireless signal [16]. This concept allows
for control over the strength, as well as the direction, of the wireless signal. Hence, the RIS may enhance
the signal-to-noise ratio (SNR), coverage probability, SE, data rate and EP [16]. Previous wireless
schemes were limited by the order of modulation and the number of spatial streams, but the RIS
provides an entirely new foundation for which the progression in mixed-generation networks may
continue.



1.2.1 Use Cases

Use cases of RISs have been documented in [16] and [17]. The RIS can increase channel gains as a
centralised beamformer and create paths around major obstacles to create new links or restore existing
links in the case of a power outage. It can improve spatial multiplexing capability by emulatingarich
scattering environment considering spatially sparse LOS scenarios. Besides being able to scatter and
phase-shift the wireless signal, the reflective elements of the RIS can act as an anomalous mirror whose
reflection angle may be controlled, and it may contain polarization manipulation capabilities. It can be
used to overcome harsh indoor propagation environments and localized coverage holes without
increased costs and carbon footprints. RISs can contribute to lowering the overall EM radiation as it
does not require the generation of new signals; rather, they can intelligently utilize existing wireless
signals.

1.2.2 Advantages

The RIS has the following attractive advantages:

1. RISs are easily deployable, as they are nearly passive devices. Due to their low cost, they may
be deployed on indoor walls, furniture, clothing, billboards, vehicles, street poles and even
aerial platforms [18].

2. RISs use phase-shift control of their reflective elementsto shape the incoming wireless signal,
as opposed to using electronic devices such as power amplifiers [18]. Hence, RISs are far more
environmentally friendly and energy-efficient than conventional relay systems such as amplify-
and-forward (AF) or decode-and-forward (DF). Its passive nature ensures that no additional
energy is utilized in RIS-aided WCS.

3. RISs only reflect EM waves. Therefore, they can support full-band and full-duplex
transmission. They are also compatible with existing standards and hardware of WCS [16].

4. RISs do not require the use of power amplifiers or analogue-to-digital or digital-to-analogue
converters, making them cost-effective [18].

1.2.3 Implementation of RISs

RISs may be implemented in two main ways. The simplest way is by considering the reflect array-based
approach, whereby the RIS comprises an array of passive reflective elements whose phase-shifts may
be controlled electronically to backscatter and phase-shift the incident wireless signal [19]. This
approach enables the use of simpler transmitters and receivers, as much of the complexity lies with the
RIS and its controllers. A drawback of thisimplementation isthat it requires a sufficiently large number
of elements to effectively manipulate the incident signal, as the effect of each element in the reflect
array is limited [20]. Another way to implement RISs is using a metasurface-based approach, which
uses metasurfaces made of man-made materials with EM properties which cannot be found in existing
natural materials [21]. In this implementation, the RISs are composed of a multitude of ‘tile-shaped’
reconfigurable metasurfaces, and each tile has its own functionality akin to that of a reflect array [21].
This is a much more flexible approach, as each element can reflect the incident wave in a different
direction due to the individuality of each tile [17]. Using tuning mechanisms, these metasurfaces may
achieve a number of different functionalities at a particular frequency or implement the same
functionalities at different frequencies [22]. Reconfigurable metasurfaces can also improve the
performance of EM devices such as reflect-array antennas, polarization converters and absorbers [23].



1.2.4 Energy Efficiency of RISs

Energy efficiency (EE) of RIS-aided communications is covered in various literature. In [24], the
authors investigate a downlink multiuser communication system considering a base station comprising
multiple transmit antennas and focused on the energy-efficient design of the phase shifts of the reflective
elements and transmit power allocation under link budget constraints. The authors in [25], consider EE
using distributed RISs, where a number of RISs are spatially distributed, and the EE is maximized by
the RISs’ reflection coefficient matrices and the ON and OFF states of the RISs. The EE of RIS-aided
cell-free MIMO systems is covered in [26] using hybrid beamforming methods. The authors of [27],
investigate the EE of an RIS-aided mobile edge computing system with a NOMA protocol assumed for
communications between users and the base station. The EE is maximized by joint optimization of
phase shifters, decoding order, power control and transmission datasize, rate and time. Finally, in [28],
the EE of RIS-aided wireless base stations is maximized using deep reinforcement learning techniques.

1.2.5 Channel Estimation in RIS systems

The acquisition of channel knowledge in RIS-aided communications has been studied extensively. In
[29], an overview is provided of the various fundamental channel estimation problems and acqu isition
methods, and the authors discuss the advantages, disadvantages and applications of each method. The
authorsin [30], provide a general overview and framework for the channel estimation for various RIS-
aided channel models under various scenarios and cases. In [31], the channel estimation problem is
studied for an RIS-aided mmWave MIMO system using compression sensing techniques for cascaded
channels. The authors in [32], proposed a channel estimation method based on the two-timescale
property in an RIS-aided WCS to reduce the average pilot overhead. Channel estimation of RIS-aided
MIMO systems using matrix-calibration is covered in [33]. In [34] and [35], channel acquisition
problems are solved using deep learning techniques. The authors of [34], use single-scale and multi-
scale enhanced deep residual networks in a RIS-aided mmWave system, while the authors of [35],
propose convolutional neural network-based methods to approximate the optimal MMSE channel
estimator of an RIS-aided multiple-input single-output (MISO) system.

1.2.6 Path Loss

Path loss is an important factor affecting the performance of RIS-aided WCS. In [36], the fundamental
method for calculating path loss in RIS-aided WCS is proposed, assuming passive reflect-array type
RISs, and in [37], an improved path loss model is proposed which covers various practical
considerations as well, such as the effective received power, reflection phase error, incident and
reflection gain and reflection loss of the RIS. In [38], a general formula for the path loss of RIS-aided
systems s derived considering EM theory, accounting for the RIS dimensions and radiation patterns of
unit cells, and in [39], a refined and more applicable model is proposed and validated using fabricated
RISs operating in the mmWave frequency band. The authors in [40], formulate physics-based closed-
form expressions to calculate the path loss in RIS-aided systems with respect to distance between the
RIS and transmitter/receiver, RIS size and phase transformation applied by the RIS. In [41], path loss
models are proposed based on Green’s theorem of vector generalization considering metamaterial-
based RISs.



1.2.7 Physical Layer security in RIS systems

RISs may also enhance wireless network security against eavesdropping. In [42], the physical layer
security of RIS-aided downlink transmission is investigated, and the study evaluates various security
metrics such as secrecy outage probability, average secrecy rate and probability of nonzero secrecy
capacity. Two studies in [40] and [41], cover the security of unmanned aerial vehicles (UAVs), with
the study in [43] covering secure EE for an uplink WCS with a UAV equipped with an RIS by joint
optimization of UAV trajectory, transmit power, RIS phase shifts and user association, and the study in
[44] proposes a novel RIS-aided UAV communication system to improve communication security
against an eavesdropper. The authors of [45] and [46], cover physical layer security in RIS-aided
vehicular networks in terms of secrecy capacity and secrecy outage probability. In [47], the physical
layer security of the RIS-aided NOMA networks is analysed, and the study considers both internal and
external eavesdropping.

1.2.8 Error Performance of RIS-aided systems

From an EP perspective, RISs have been integrated with many existing schemes. In [48], two
fundamental configurations of the RIS are considered, the dual-hop (DH) and the access point (AP)
scenario and are evaluated in terms of their EPs. In [49], a study of RIS-aided IM schemes is presented,
in particular RIS-aided space-shift keying (SSK) and RIS-aided SM, and their EPs are evaluated. In
[50] and [51], RISs are integrated with the well-known MBM concept, whilst in [52], an RIS-aided
Spatial MBM (SMBM) scheme is proposed and investigated. The RIS-aided NOMA scheme is studied
in [53], and RIS-aided two-way relaying (TWR) schemes are investigated in [54] and [55]. The authors
in [56], study the performance of RIS-aided mmWave communications systems with respect to channel
estimation and tracking. The authorsin [57], propose an RIS-aided Alamoutischeme as well as an RIS-
aided Vertical Bell Labs layered Space-Time (VBLAST) scheme, and the EP of both schemes is
investigated.

1.2.9 Surveys in RIS-aided WCS Research

Finally, there have been many literature survey papers covering the wide evidence-base of RIS research,
dependingon the application of the RIS. In [58], a survey of implementations of reinforcement learning
algorithms in RIS-aided systems is presented, and in [59], a study of artificial intelligence-based
implementations in RIS-aided WCS systems is presented. The authors of [60], provide a study of the
integration of RISs and NOMA networks. The authorsin [61], provide a survey on the existing research
on intelligent reflecting surfaces (IRSs), and the survey covers various performance metrics such as
capacity, datarate, channel estimation, reliability and deep reinforcement learning. The authorsin [62],
review RIS-aided WCS from the perspective of hardware architecture, channel modelling and path loss
and provide a performance analysis considering various metrics to outline the current improvements in
RIS-aided WCS. In [63], a survey is presented on the optimization of specific metrics such as sum rate,
EE, secrecy rate and network coverage in RIS-aided WCS. Surveys in [64] and [65], investigate
machine learning applications in RIS-aided WCS, and covers various algorithms to reduce
computational complexity. A survey in [66], provides a review of concepts, applications and
performance metrics of RIS-aided physical layer security. In [67], a survey is presented which reviews
the potential of RISs in the context of positioning technologies for 6G networks. In [68], a review of
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various RIS-aided multi-user communications such as MIMO, NOMA, mmWave, UAVs and Terahertz
(THz) 1s presented. In [69]. RIS-aide localization is investigated in terms of current and future
developments and challenges. The authors in [70], survey the applications of RISs for underground and
underwater environments. In [71], a survey of RIS hardware implementations and machine learning
algorithms, along with channel modelling and physical layer design optimization, is presented. In [72],
the potential of RISs in rich-scattering channels is investigated using physics-based methods. In [73], a
review of RIS-aided railway communications is presented in the context of mmWave frequency bands.
In [74], various channel estimation methods are reviewed for semi-passive RIS-aided WCS. The authors
in [75], review RIS-aided WCS applications below the 10GHz frequency band. In [76], the potential of
RIS-assisted UAV communications is reviewed in terms of its use cases, opportunities, challenges and
future research directions.

The key findings of this literature review are summarized in Table 1.2.1:

Table 1.2.1: Table summarizing the key findings of the literature review

Key Findings
1. | RISs are practically advantageous in comparison to MIMO in terms of cost, complexity and
environmental friendliness.
2.| RISs have various use cases and applications, making it a versatile technology.
3.| RISs have been shown to greatly improve various performance metrics in WCS under
specific assumptions.
4. | The full potential of RIS-aided WCS is yet to be determined.
5.| There are still many practical challenges of RIS-aided systems that need to be investigated
and considered.

The scope of this dissertation in comparison with other literature is summarized in Table 1.2.2:

Table 1.2.2: Table summarizing the scope of this dissertation in contrast to other literature

Dissertation | 2023

Reference | Year Scope of the work

EP | RIS-aided | Active Hybrid | AP Considers | IM | Rician

scheme Elements | RIS RISs | low fading

RIS

48] (200 /] / X X | VvV X X | X
@] 2020/ X X | v X [« X
771 2021 X | v | X | X X | X ]| X
51 2021/ X | X|v]| X |[v| X
78T (2021 [/ | X X | VvV] v | X| X
[79] 203 [\ | v | v | X X VIV
vViv | VvV I IVIVIV VIV

1.3 Research Motivation

The demand for improved reliability, EP and SE in WCS is growing exponentially as the total data
traffic and number of mobile users increases. As it stands, MIMO systems appear to be the most



favourable solution to achieving these improvements through their ability to achieve higher diversity
gains. However, MIMO systems hold significant practical disadvantages. MIMO systems tend to have
poor reliability for high modulation orders [14]. A large number of transmit and receive antennas are
required for MIMO systems to achieve high diversity gains, which is not only costly but also takes up
unnecessary space. This may lead to inter-channel interference (ICI), which degrades the EP
significantly, when the distances between the antennas are decreased to accommodate high numbers of
antennas. MIMO systems are also physically limited by computational complexity, EE and inter-
antenna synchronization (1AS) [14].

Hence, RISs have been proposed as a more cost-effective, energy-efficient and environmentally-
friendly alternative to MIMO systems. RIS-aided systems can theoretically achieve significantly
improved EP gains over MIMO systems at a low cost, as RISs are low-cost, passive EM surfaces. RISs
are easily deployable on almost any surface, such as vehicles, clothes, indoor walls and traffic signs,
and can enhance SE by enhancing the signal-to-interference-plus-noise-ratio (SINR) [17]. Furthermore,
RISs do not require power amplifiers to shape the wireless signal as in AF or DF; they simply reflect
the incoming signal by phase-shifting the reflecting elements; hence, it is a more environmentally
friendly option [16]. Due tothe number of antennas, MIMO systems emit a lot of radiation, which may
be harmful to living organisms, which means that RIS-aided systems can improve societal welfare in
this respect [16].

Passive RISs suffer from multiplicative path attenuation, which limits the potential performance of RIS-
aided systems when considering strong direct links [36]. Active RIS elements have been proposed to
overcome this limitation, with the capability of not only reflecting the incident wave but amplifying it
simultaneously at the expense of added power consumption. A study in [80], demonstrated that active
RISs can achieve a 67% sum-rate gain, whereas passive RISs only demonstrated a 3% gain. For
practically small numbers of reflective elements, active RIS-aided systems have been shown to produce
superior performance over passive RIS-aided systems with respect to achievable rate [77].

Fully active RISs consume additional power. Hence, hybrid RISs (H-RISs) have emerged as an
attractive research topic for their ability to produce significantly improved performance gains over fully
passive RISs at a lower power consumption than fully active systems. More significantly, H-RISs can
leverage the benefits of IM and active RISs to increase SE by controlling the number of active and
passive elements depending upon additional input bits, as demonstrated in [79], in a scheme called
hybrid reflection modulation (HRM). It is also shown in [81] and [82] that H-RIS-aided systems are
more energy-efficient than fully active RIS-aided systems for increasing transmit power and reflective
elements. In [83], it is shown that H-RISs can provide an improvement in the minimum rate of a multi-
user MISO system by 80% in comparison to a fully passive MISO system, which only reported a 27%
improvement, under specific settings. A study in [84], showed that for a specific user distribution, H-
RISs could provide significant improvements in system capacity over fully active and fully passive
systems.

Another avenue of interest and importance is the performance of RIS-aided systems under Rician
fading. The implementation of RISs allows for a dominant LOS component compared to the NLOS
components, meaning that it is useful when the LOS paths in a wireless channel are either completely
blocked, as in NLOS, or weak, as the reflective elements of the RIS create additional transmission paths.
The effect of the LOS component has been evaluated in [85] and [86], in which the authors investigate
average symbol error probability (ASEP), ergodic capacity and outage performance of RIS-aided
networks over Rician fading channels.
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1.4 Research Objectives

Following the motivation described, the objectives of this dissertation are outlined as follows:

1. To improve the SE of the conventional HRM scheme, it is proposed that a data symbol is
transferred over the channel as opposed to an unmodulated carrier signal, called the HRM non-
AP scheme. It is also proposed that the HRM concept may be applied using an AP-based H-
RIS called the HRM AP scheme.

2. The EP of RIS-aided systems in Rician fading channels is investigated to evaluate the impact
of the LOS component on RIS-aided systems.

3. Theformulation of the average bit error probability (ABEP) of the HRM non-AP and HRM AP
schemes is provided.

4. The formulation of the exact symbol error probability (SEP) and ABEP of RIS-aided systems
in Rician fading channels for low numbers of reflective elements is provided.

1.5 Contributions to the Literature

The following research contributions have been made based on the work documented in this
dissertation:

1. Y. Morar, N. Pillay and H. Xu, "Hybrid Reflection Modulated Networks," in Southern African
Telecommunication Networks and Applications Conference (SATNAC), Drakensberg, 2023.

2. Y. Morar, N. Pillay and H. Xu, "Hybrid Large Intelligent Surfaces," in IEEE AFRICON 2023,
Nairobi, 2023.

3. Y. Morar, N. Pillay and H. Xu, "A Study of Large Intelligent Surfaces in Rician Fading
Channels,” in International Conference on Electrical, Computer and Energy Technologies
(ICECET), Cape Town, 2023.

1.6 Overview of the Dissertation Structure

In Chapter 1, a review of the historical evolution of WCS was presented, and the different fading models
studied in this dissertation were outlined. An extensive literature survey was conducted to gain an
understanding on the current research base on RIS-aided WCS. The research motivationsand objectives
were stated in Sections 1.3 and 1.4, respectively, and the contributions to the literature were stated in
Section 1.5.

In Chapter 2, the non-access-point (non-AP) and AP RIS-aided systems are presented. The system
models and the performance analysis of each scheme are presented, and computer simulations are
provided to assess the validity of the theoretical analysis of the RIS-aided systems.

Chapter 3 presents the RIS-aided multiple complex symbol GC modulation scheme. The system model,
the low-complexity detector and the performance analysis of the scheme are presented. Computer
simulation results are presented to validate the theoretical analysis of the scheme.

Chapter 4 investigates the conventional HRM scheme. A discussion of the system model, performance
analysis, achievable rate and EE is presented. Computer simulation results are provided to validate the
aforementioned metrics.
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Chapter 5 introduces two novel HRM-aided schemes. The first is the HRM non-AP scheme, and the
second is the HRM AP scheme. The system models are presented for the two schemes, and the
performance analysis of the HRM non-AP and HRM AP is presented. Computer simulations are
provided to evaluate the EP of the two schemes in comparison to benchmark schemes.

Chapter 6 provides a study of RIS-aided systems in Rician fading channels. The system model and
performance analysis for the RIS non-AP and RIS AP scheme is presented. Moreover, the system model
and performance analysis of the RIS AP scheme for low numbers of reflective elements is presented.
Computer simulation results are provided to assess the validity of the analyses described.

Finally, Chapter 7 concludes the dissertation, and results, observations and key findings are discussed.

Possible future work is also outlined.

1.7 Notation used in this Dissertation

The notation used in this dissertation is described in Table 1.7.1:

Table 1.7.1: Table describing notation used throughout the dissertation

Notation Description
Vectors bold lowercase symbols/characters
Matrices bold uppercase symbols/characters
j V-1
Dimensions of vector/matrix containing
cm complex-valued elements
—n rows and m columns
Z Set of integers
| - Absolute value/Euclidean norm
Il -1z Frobenius norm
()T Transpose operation
() Hermitian operation
max y=1(-) Maximized value of variable y with respect to
* variable x
E[-] Expectation operator
Var(-) Variance operator
P(-) Probability operator
Q(+) Gaussian Q-function
Marcum Q-function of order m with inputs a
Qm(a,b)
and b
2 Standard normal distribution of Gaussian RV
N(u,0%) R : 2
with mean u and variance o
2 Complex normal distribution of Gaussian RV
CN(u,0%) - - 2
with mean y and variance o
Re{-} Real operator
Im{-} Imaginary operator
argmin( - ) Minimum argument with respect to x
D,(-) Constellation demodulation function
diag(-) Diagonal matrix operator
argmax( - ) Maximum argument with respect to x
X
argsort( - ) Sort operator
I Double factorial
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CHAPTER 2

RECONFIGURABLE INTELLIGENT SURFACE-AIDED
MODULATION

2.1 Introduction

Many 5G wireless communications networks have been launched around the world, and while it may
be tempting to design 6G technologies as mere extensions of 5G, the exponential growth in the number
of networked devices and mobile data traffic cannot be ignored. According to [16], the number of
network-connectable devices and connections would have increased to 28.5 billion, with around 12
billion of these devices and connections predicted to be fully mobile-ready by the end of 2022. To
compoundthis, the data traffic was predicted to increase by approximately 77 exabytes per month, and
this figure is expected to increase further whilst newer use cases, user requirements, and networking
trends continue to be developed. These trends indicate that 6G is required to provide a new paradigm
towards wireless communications in the physical layer.

In recent literature, many technologies such as SM, MBM and other IM technologies have emerged
utilizing the novel idea of making the seemingly uncontrollable wireless propagation environment
controllable to improve link reliability, EP and, hence, overall quality of service. RISs have been
proposed as a new technology and solution, which are reconfigurable smart devices capable of
manipulating the wireless propagation environment to enhance signal strength and quality.

The development of the large intelligent surface (LIS) followed, which is a large contiguous surface
comprising a number of passive reflective elements to passively reflect the transmitted signal without
the need for any additional power sources. For convenience, the term RIS will be used to describe all
instances of intelligent reflective surfaces.

Much work has been devoted to RISs. In an earlier study [87], intelligent walls were proposed to control
the wireless propagation environment using active frequency selective surfaces. Following this, the
smart reflect array was proposed in [88], which improves the signal quality by adjusting the phase-shifts
of each of the reflective elementsin the reflective array, without signal processing. In [89], the concept
of the LIS, a large surface comprisingmany RISs, is proposed for aiding the transmission and reception
of information. In [89] and [90], the impact of data transmission and positioning in RIS-aided systems
is evaluated. In [91], the data rate of a practical RIS-aided scheme is analysed considering channel
hardening. In [92] and [93], the uplink SE and data rate of uplink RIS-assisted schemes is studied under
channel estimation error and pilot contamination. In [94], the uplink sum rate of a RIS scheme is
asymptotically analysed. In [24, 95, 96], the downlink transmission scenario is focused on, and the
achievable sum-rate and EE is investigated. Joint active and passive beamforming is analysed in [97]
and [98], and the average received power of the user is studied.

From this background, this chapter illustrates two types of RIS-aided WCS [48]. Firstly, the
conventional RIS-aided scheme is presented, called the RIS non-AP scheme. The second schemeis the
RIS AP scheme, where the RIS functions as an AP, using an RF signal generator to generate an
unmodulated carrier signal and reflect it directly towards the receiver. The AP -based RIS has strong
motivations. Firstly, it enables simultaneous information transmission and phase shift control.
Secondly, less channel state information (CSI) needs to be acquired as there isonly a single link existing
between the RIS reflective element and the receiver. Lastly, Smaller AP-based RISs may also help
overcome many hardware impairments and deployment challenges as they are easily deployable on
clothing, traffic signs, vehicles, walls, and furniture.
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The chapter is organised as follows. Section 2.2 illustrates the system and mathematical models of the
RIS non-AP scheme, as well as the performance analysis of the scheme. Section 2.3 illustrates the
system and mathematical models of the RIS AP scheme and the performance analysis of the scheme.
Section 2.4 provides computer-simulated results and comparisons of the two systems.

2.2 RIS Non-AP scheme

2.2.1 RIS Non-AP System Model
N-element RIS

k-th
reflective
element

h g9

| log,(M) — x

Tx Rx

Figure 2.2.1.1: Diagram illustrating the system model of the RIS non-AP scheme

In Figure 2.2.1.1, an illustration of the system model of the conventional RIS-aided scheme is shown.
Two Rayleigh frequency-flat fading channels are present, one from the transmitter-to-RIS (Tx-RIS)
denoted by h € CV*1~ CN(0, 1), and the other from the RIS-to-receiver (RIS-Rx) denoted by g €
CN*1~ CN(0,1). Itis assumed that the RIS comprises an array of N reconfigurable reflective elements
controlled by communication software. The data symbol is given by x, which may be an M-ary
quadrature amplitude modulation (QAM) or M-ary phase shift keying (PSK) symbol.

The SE of the RIS non-AP scheme is given by:
Nnon—ap = log,(M) bits/s/Hz. (2.1)
The received signal can be expressed as [48]:
Tnon-ap = Axx + 1, (2.2)

where the AWGN is given by n ~ CN (0, IZ—Y) where E; denotesthe transmitted bit energy per symbol,

Ny denotes the noise power, and A, is the RIS channel expressed as [48]:
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Ay = Z hiegice’ %%, (2.3)

k=1
where 6, representsthe phase of the k-th reflective element. To maximise the SNR, the phase shifts are
optimized as 8, = —(¢, + ), where the fading channels is written in polar form as h, = |h, |e/ %k

and g, = ngle“l’k

The instantaneous received SNR can be computed as follows [48]:

i i 0 N2
E[lx|?] B (4)? _ (21,2’=1|hkIef"’klgkle]wkef"k) E,

'y:

Ellnl?] (N_Y) - Ny
E;
. 2
_ (Bl lgile Ot o) E
- m : (2.4)
Y

It can be observed from (2.4) that by optimising the phase shifts, the phases can be completely
eliminated, hence the maximized instantaneous SNR can be written as [48]:

(Z =1l Pl |gk|) Eg 2 Eg
= 225

VYmax = Ny Ny (2.5)
The ML detector is used to estimate x, assuming full channel knowledge, as:
£ = argmin |10 _ap — A x|?, (2.6)

X€EQN

where () represents the set of M-QAM or M-PSK symbols.

2.2.2 Performance Analysis of RIS Non-AP Scheme

From (2.5), both |k, | and | gy | are i.i.d. Rayleigh RVs with oy, | = \P and gy, | = \F The means of

these RVs are computed as E[|h;l] G'hk'\[ \/% Similarly, E[lggl] Ulgkl\f f The

variances can be computed as Var(|h;|) = a|hk| (2 E) (2 — —) (1 ——) and Var(|gxl) =

o (2 — —) = (1 — —). Based on the statistics described, the mean and variance of the product
|9k| 2 4

2
T

Ihyllgil can be computed as Ellhllgell = Elk1ENgel1 = ( [F) =% and Var(Ihllge) =

E[(IhyllgiD?1 = Ellhy gic11? = Ellhy I2JENgi 121 = E [l Ry 112 ETl g 112

It may be notedthat Var (|hy|) = E[|hy|?] — E[|h, |12, therefore E[| by, |?] = Var (|hg|) + E[| Ry |17 =
2 2 2

1—§+(\[§) — 1. Similarly, E[|g,]] = 1. Hence,Var(|hk||gk|)=(1)(1)—(\[5) () =1-

4 4
7.".2
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In this analysis, the central limit theorem (CLT) is applied for increasing N. Therefore, the
aforementioned results can be extended to N reflecting elements by noticing that u, = E[e] =

2
SNy Ellril g1 = N (%), and 02 = Var (e) = Zi_, Var (Il 1ge1) = N (1-%).

16

The average pairwise error probability (PEP) is derived using the moment-generating function (MGF)
2
“) do [15] with

2sin? ¢
X = /2y sin (%) for PSK signalling [13]. Since y is a non-central chi-square RV with one degree-of-

approach by considering the polar form of the Q-functionas Q(x) = ifO? exp (—

freedom, the MGF of this variable is given according to [15] as:

2
HeS )
eXp (1 —202s

(2.7
M, (s) =
4 J1 = 262s
Substituting (2.7) into the integral of the Q-function, the PEP for M-PSK is given as [48]:
s T
1 (M-D E, sin? (M)
P, =— M, | ————== |d9Q. 2.8
€ nfo 14 Ny sin? @ 0 (28)

Note that binary-PSK (BPSK) may be achieved by letting M = 2.

Eg sin? (%)
B Ny sin2 ¢

By setting f (@) = M,,( > a~0andb= %(M — 1), the trapezoidal rule may be used,

such that (2.8) can be approximated as:

ny—1

1\ (b—a) |(f(a) + f(b)) k(b—a)
P, = <E> l > + Z f (a + nl)‘, (2.9)

ny
k=1
where n; = 10 is the number of iterations used to approximate (2.9).

The PEP for square M-QAM can also be determined by using the general expression as [13]:

3 / 3
P, = 4bQ =1 — 4h2Q? =1 | (2.10)

where b = 1 — \/% Substituting (2.7) into (2.10), the PEP for square M-QAM is [48]:
T T
g _4bFM ( s )d(Z) 4 FM ( 3Es )d(z)
° T Jo 4 Z(M - 1) Nysinz (@) T 0 14 Z(M _ 1)NY Sinz(Q) . (211)

The trapezoidal rule given in (2.9) may also be used to approximate (2.11) by applying it to both
integrals.
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2.3 RIS AP Scheme

2.3.1 RIS AP System Model

N-element RIS

k-th
reflective
element

d

log, (M) bits — 9,1 € [1: M] g
Tx T
Rx

Figure 2.3.1.1: Diagram illustrating the system model of the RIS AP scheme

In the non-AP case, the N-element RIS is placed in the wireless environment to passively reflect the
incoming signal from the transmitter to the receiver. However, it has recently been of interest to transmit
information from the RIS itself, in other words, to use the RIS as a transmitter of information.

In Figure 2.3.1.1, it can be observed that the RIS is used as an AP source, containing low-cost, passive
reflective elements. This configuration entails that there is only one instance of Rayleigh frequency-flat
fading, given by g € CV*1~CN(0,1). between the RIS transmitter and the receiver. The RIS can be
assisted by either a RF signal generator or any device that can generate an unmodulated carrier signal
with a carrier frequency f, given by cos(2mrf.t) at the RIS. The carrier signal itself can be generated
using an RF digital-to-analogue converter containing an internal memory and power amplifier [48]. The
information bits are conveyed by adjustment of the phase-shifts of the N reflective elements, unlike the
RIS non-AP system which transmits a data symbol.

To further elaborate on the transmission of data in the AP scenario, the RIS-induced phases carry
information themselves, and the RIS not only adjusts the phases of its reflective elements to maximize
the received SNR, but also aligns all reflected signals to form a 2D virtual constellation [48].

The received signal is given as [48]:

N
rap = LZ grel® | +n, 2.12)
=1

where 6, is the optimised reconfigurable phase induced by the k-th reflective element of the RIS, and
n~CN (O, f%’ is AWGN. A total of log, M bits are transmitted to select an additional phase term
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denoted by ¥, to adjust the reflector phases as 8, = =y, + 9;,1 € [1: M]. Hence, the SE of the RIS
AP scheme is:

Hence, the received signal can be rewritten as [48]:
rap = e’ +n, (2.14)

where B = XN_.|gx . Itis observed that this received signal is similar to that of M-PSK signalling over
the channel 8. Hence, it is recommended that the phases 9, should be selected according to the
conventional M-PSK scheme.

The ML detector for the RIS AP scheme is given, assuming full channel knowledge, as [48]:

[ = argmin|rAP — Bl |2. (2.15)
tel1:M]

2.3.2 Performance Analysis of RIS AP Scheme

The conditional PEP (CPEP) can be derived by assuming that the transmitted message [ is erroneously
detected as [. Hence, the CPEP can be calculated as [48]:

P(l - i|ﬁ) = P(erP _\/Fsﬁejﬁll < |rAP - \/FsﬁejﬂiD' (2.16)

which is written as [48]:

N E.p?
P(l -10B)=0 j Isvﬁ (1—cos(9;, —9;)) | (2.17)
Y

The full derivation of (2.16) can be found in Appendix A.

The instantaneous received SNR can be computed similar to the non-AP case as:

_ B?E;

YN (2.18)

. Vr . 4— . . .
The variable | g, | has a mean of 7” and a variance of T”. A similar analysis given in the non-AP can

be used to deduce thatthe RV S has a mean of %E and a variance of N (%) The MGF of y for the
AP case is based on (2.7), with u2 = uf; = E[B]? = N? (;—r) and g2 = o[f =Var(f)= N (4;—") The
PEP for M-PSK data is expressed as [48]:

P, =— =M g (2.19)

T . s
1 fM(M—l) " E, sin? (M)
), Y\ Ny sin2@

Note that the trapezoidal rule given in (2.9) may be used to approximate (2.19).
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2.4 Numerical Results

In this section, numerical results are provided for both the RIS non-AP and RIS AP schemes in the form
of symbol error rate (SER) vs SNR graphs, and comparisons are drawn between their EPs. It must be

noted that the term == denotes the SNR of both systems. All theoretical results are based on Equations
Y
(2.8), (2.11) and (2.19).

10°
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* d
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Figure 2.4.1: SER vs SNR graphs of the RIS non-AP for BPSK for various values of N

Figure 2.4.1 shows the EP of the RIS non-AP system for BPSK for varying values of N. The theoretical
results are based on (2.8). It is observed that the theoretical results display a tight fit with the simulation
results for high N, with an improvement of approximately 5.5 - 6dB for each N value. For low values

of N. it is observed that error floors form, which is expected as the CLT is applied assuming high values
of N. A different approach is required to evaluate the theoretical performance at low values of N, such
as a PDF-based approach for a series of RVs.
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RIS non-AP & RIS-AP, N = 64
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Figure 2.4.2: SER vs SNR graphs of the RIS non-AP and RIS AP for N = 64 and various modulation orders M

Figure 2.4.2 shows the EP of the RIS non-AP and RIS AP schemes for varying modulation orders,
namely M = {4, 16, 64} with a constant number of reflective elements set as N = 64. The theoretical
results are based on (2.11) and (2.19), meaning that for the RIS non-AP scheme, M-QAM data is
considered, and the RIS AP transmits data as previously described. It is quite clear that both systems
experience a degradation in EP for increasing M. particularly in the RIS AP as there is a greater SNR
loss in M-PSK over M-QAM for M = 16.
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RIS AP vs RIS non-AP, BPSK
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Figure 2.4.3: SER vs SNR graphs of RIS non-AP and RIS AP for various values of N for BPSK

Figure 2.4.3 shows the EP of the RIS non-AP and RIS AP schemes for BPSK modulation for varying
N values of N = {32, 64,128, 256}. The theoretical results are based on (2.8). The RIS-AP scheme
yields significant improvements in EP in comparison to the RIS non-AP scheme of approximately 3dB
at a BER of 107° when doubling N, hence showcasing its superior reliability in wireless
communications over the non-AP scheme. In the case that CSI is partially known or absent, the RIS-
AP schemerequires less channel knowledge to acquire over the RIS non-AP scheme, as thereis only a
single fading channel to estimate in comparison to two fading channels for the RIS non-AP scheme.

Chapter Summary

In this chapter, the system models of the RIS non-AP and RIS AP schemes in Rayleigh fading channels
were presented, and the performance analysis of each scheme was described. Simulation results in the
form of SER vs SNR graphs were provided to evaluate the EP of each scheme, and observations are
drawn based on the results. The theoretical framework has been shown to fit tightly with the simulation
graphs for high values of N, with error floors present for low values of N. Overall, it may be said that
the RIS-AP scheme produces significantly better EP gains over the RIS non-AP scheme and holds other
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advantages such as reduced CSI acquisition and ease of deployment on flat surfaces. Of course, each
configuration of the RIS has its applications.
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CHAPTER 3

RECONFIGURABLE INTELLIGENT SURFACE-AIDED GOLDEN
CODEWORD BASED MODULATION

3.1 Introduction

The next generation of wireless networks require drastic improvements in EP, SE, link reliability,
channel capacity, and many other metrics of performance. Increasing hardware requirements, power
consumption and computational complexity are just a few of the many constraints that need to be
mitigated to achieve these improvements and, hence, meet the ever-increasing standards of modem
WCS. The advancements and progress in mixed-generational wireless networks has been substantial
thus far, with 5G networks having already been deployed in many countries around the world. Despite
these advancements, research into beyond 5G, or 6G, has been relentlessly pursued, with many
promising concepts being proposed such as NOMA, SM, MBM, THz communications, OAM,
generalized differential (GD) modulation and many more.

The introduction of RISs has provided a new paradigm, in its ability to reflect the incoming signal by
smartly adjusting the phase shifts of the reflective elements, thereby creating a controllable wireless
propagation environment [16]. An RIS generally comprises man-made passive reflective elements that
are low cost with adjustable parameters, which may include phase, amplitude, frequency or polarisation.

A concept that has proven to be a very attractive solution to improving EP and increasing SE has been
GC-based modulation. The GC is based on the Golden ratio and holds some attractive properties in that
it is afull-rate and full-diversity space-time block code (STBC). Previous works on the GC is as follows.
In [99], GC-based modulation is proposed in a SIMO system, which consider two schemes, the first
being the conventional GC system, which considers the transmission of two super-symbols, and the
second being the Component-Interleaved GC (CI-GC) system, which considers the transmission of four
super-symbols. The CI-GC scheme is further elaborated on in [100], which considers various low-
complexity detection algorithms to decode the super-symbols, and an alternative method of encoding
the GC is presented in [101]. In [102], the GC has been integrated with GD modulation, and in [103],
the GC has been integrated with GD Alamouti modulation. In [104], the GC has been integrated with
generalised SM. In [105] - [107], the GC has been integrated with the MBM concept, and in [108], the
GC has been used in uplink NOMA. In [109], rotated GCs have been proposed in space-time line code
(STLC) systems. Theauthorsin [110], investigate fast ML detection of the GC, and the authors in [111],
explore other low-complexity detection algorithms for the GC, such as sphere-decoding (SD), sorted-
symbol-set-SD (SSS-SD), and fast essentially ML detection. In [112], the multiple complex symbol GC
scheme was proposed, which is the general-order GC scheme.

Due to the attractiveness of GC and RISs, RISs have been integrated with GC-based modulation
schemesin [113], where the GC schemes already covered in [99] are integrated with RISs, and consider
both the non-AP and AP configurations.

In thischapter, the RIS-aided K-complex symbol (KCS) GC-based modulation scheme documented in
[78] is investigated. The system model, the performance analysis and computer simulation results of
the scheme is provided. Of particular note in this scheme, the AP configuration is considered. For
convenience, the scheme is referred to as the RIS-SISO-KCS-GC scheme, as a SISO configuration is
assumed in the scheme.

23



This chapter is structured as follows. Section 3.2 illustrates the system model of the RIS-SISO-KCS-
GC scheme. Section 3.3 describes the SSS-SD of the RIS-SISO-KCS-GC scheme. Section 3.4 details
the formulation of the ABEP of the RIS-SISO-KCS-GC scheme. Finally, Section 3.4 provides computer
simulation results to validate the EP of the RIS-SISO-KCS-GC scheme.

3.2 RIS-SISO-KCS-GC System Model

Figure 3.2.1: Diagram illustrating the system model of the RIS-SISO-KCS-GC modulation scheme
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Figure 3.2.2: Example encoding of the KCS-GCs

Consider Figure 3.2.1. The N-element RIS acts as an AP transmitter, whereby the RIS is placed close
to the transmitter, hence creating a wireless communications scenario where thereis only a single link
existing, which lies between the RIS and the receiver. Unlike the original multiple complex symbol GC
scheme in [112] which considers transmission over multiple transmit and receive antennas, information
is transmitted over K timeslotsin the RIS-aided KCS GC scheme. In thisscheme, a NLOS scenario is
assumed.

The input bits are denoted by an I-tuple b, = [b¥ b¥ .- bK], where m =1log,(M), and k €
[1:K], where {K = 2™,n € Z = 1}. The parameter n determines the number of GC encodings that the
symbols undergo, and K represents the number of GC encoded symbols to be transmitted. The input
vector b, is mapped to a set of M-QAM symbols denoted by &, where M is the size of the QAM
constellation.

The encoding of the symbols is performed as follows. Assuming p is a variable that indexes the set of
integers given by n, the p-th encoded GC is given by:

a

Xp21-1 = ﬁ(xp—l,l + x(p—l,l+2n_1)9)' (3.1)
a _

Xp2l = E(xp—l,l + x(p—l,l+2n'1)9)' (3.2)
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where 6 = 1??9‘ = 1_2—‘/5,0: =1+jf,&a =1+j#, and [ € [1:2"1]. The GCs given by (3.1) and

(3.2) are then transmitted via the AP-RIS to the receiver over K timeslots. An example of the GC

encoding is given in Figure 3.2.2. The AWGN over each time slot is given by n,~CN (O, %),k €
[1:K], where p is the average received SNR. Rayleigh frequency-flat fading channels are assumed over
the k-th timeslot, given by h¥~CN(0,1),k € [1:K],i € [1: N].

Hence, the k-th receive signal may be written as:

N
re = (Z h{;e—qui)xn_k + ., k € [1:K]. (3.3)

i=1
The phase shifts of the i-th RIS elements given by ¢; may be completely eliminated by writing h¥ =
|nk|ei®i, and setting —¢; = —¢;. Hence, the simplified receive signal may be written as:

Tk = teXng + Mk € [1:K], (3.4)
where t,, = XN |nk].

3.3 Sorted Symbol Set — Sphere Decoding of the RIS-SISO-KCS-GC
scheme

The receive signal in (3.4) may be written in vector notation in terms of the M-QAM symbols
themselves. Let x = [xg1,%q2 ", %o x| be the vector containing the K M-QAM symbols, 1 =
[n1,m,, -, nk] the vector of AWGN terms in each timeslot, and H the fading channel matrix of
dimension K X K, the receive can be written as:

r=Hx+n, (3.5)
where H is defined for each K below:
H‘@[tza tzdé"fK_z 36D

[tlaz t,a’0 t,a’ t,a’6?
1{t,ad t,add t,aald t,aabd| .
H=-|?2"_" "=""" =777 277" |ifK =4 (3.6.2)
5|t;aa tzaal tzaald t;aall
t, @’ t,@’f t,a’f t,a’f?
(ta®  ta8 a0 tad0?  ta®6  ta?6? t a6? t,a203
2~ 257 2~ 2207 2~ 2207 2 =02 22027
t,a‘a tyacad t,a*ald t,a‘abl t,a‘alb t,a*abld t,a“ald” t,a‘ab" o
t,a2@ t;a’@l t;a2@0 t;a’@abf t,a’@d t;a’@d’ t,a’a@bd t,a’ad’d
1 |t,a@? t,ad@?ld t,a@’d t,ad’f? t,a@’l t,ax’00 t,aa’0f t,ad’06?
tsa?@ teal@ld toal@d toala@ld’ toala@d talabld t.alabld ta’ad’d
tead@® tead@’ld tead’l tyaa’00 tgaa’l tgad’0’ toad’00 toad’0h?
t,ad’® t,a@’l t,ad’d t,aa’00 t,aq’d t,ad’0f t,ax’f’ t,ax’0>
| tg@®  tg@30  tg@dl  tg@d0% tg@d  tg@0%  tg@’0?  tga@’f’ |
ifK=8

(3.6.3)
The full derivation of (3.6.1) - (3.6.3) is given in Appendix B.
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The receive signal in (3.5) is decoded using the SSS-SD method in [112] as follows.

First, QR decomposition is employed for H, such that H = QR, where Q € CX*K isa unitary matrix,
and R € CX*K is an upper-triangular matrix with entries r(a, b), where a indexes the row and b indexes
the column of R.

Then, (3.5) is multiplied by Q¥ as follows:

z=Q"r=Q"(Hx+mn) = (Q"H)x+Q"n=Rx+7=[2(1) 2(2) - Z(K)], @7)
where z € CK*1,
Next, SSS-SD is performed to detect the estimated M-QAM symbols as follows.

The SSS-SD is based on the constraint ||z — Rx||% < d?, where d is the radius chosen for sphere
decoding based on [114], hence after determining Z from (3.7), the estimated symbols are detected in
reverse order as follows:

- Z(K) >

550,1( =Dy, <§

K= r(K,K) (3.8.1)

200 - T, r(k, Do,
Toke = Pm (fk -7 %(:1:)( = )'k € k-1 (3.8.2)

where D,,, (- ) denotes the constellation demodulation function. Next, the estimated symbols are sorted
from most to least probable for each k € [1: K] with respect to the M-QAM symbol set @ as:

[Tox Tox - 2] = @(argsort(vl, v, v} ), (3.9)
where vk = |, —x(’)”lz,m € [1:M],x{* € .

Now that the sorted sets have been obtained, SD can be performed using these sets. The K-th symbol is
estimated in accordance with the following SD constraint:

|2(k) - r (K, KO < a2, (3.10)

where 1 € [1: T], and T denotes the symbols with highest probability of transmission for any given
SNR value, where 1 < T < M.

The remaining symbols are detected in reverse order using the k-th SD constraint given by:

K
~ 2 2
oG < a2 = D i) (3.11)

ikt
where  py (£4) =2(K) — (K, KD and  p,(s) =2(K)—r(k k)s— T, r(kD)Zo; k €
[1:K — 1].

3.4 Performance Analysis of the RIS-SISO-KCS-GC scheme

The ABEP is calculated by assuming that only one M-QAM symbol given by x,, is detected
erroneously, whilst the remaining symbols are detected without any error [78].

The k-th receive signal based on (3.4) may be expressed as:
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e = E'kthO,l + nk,k € [1K], (312)

where ¢, represents an array of the GCs constants for K = 2, 4, and 8 as follows:

! [ a]” ifK =2
— |l a 1 = L.
\/g )
1
ey & - &l" = clo? aa ez @, ifK =4.
lﬁ[oﬁ a’a a’a ad? a’a ad® a@? @3], ifK=8.  (3.13)

The proof of (3.13) is found in Appendix B.

It is observed that, based on the assumptions made, the expression in (3.12) translates to transmitting
xo,1 Over K identical Rayleigh fading channels, with a channel gain of |g; |

The ABEP may be calculated using the following expression [78]:

™ n
hor M (a) a0 - 2 [, (0p) s (14
mlog,(M) J, mlog,(M) Jy
where M, (s) = Ik(=1 MPk (s), where Mpk( -) denotes the MGF of the instantaneous SNR given by p;
in the k-th fading channel, g4 = —m, anda =1 —\/%.

In this performance analysis, the PDF of a series of Rayleigh-distributed RVs given in [115] is employed
to calculate a bound on the ABEP of the RIS-SISO-KCS-GC scheme as follows.

The PDF is given in [115] as:

2N-1 r?
T <_ %) (3.15)
2N-1pN(N — 1)1

fz (7‘) =
where b = i [(2N — D)U]¥,

Using this PDF and employing a transformation of RVs, the variable p, = g(T}) is defined, where

T, = 2k and P = plex | T, N, formulated from (3.12). The transformation of RVs may be performed

VN

by rearranging g~ (p;,) = | |2 and taking the derivative Tk = m

. Based on these results,

the PDF in (3.15) may now be written as [78]:

ary A e (- gpem)

1 k‘ _ Pl€k (3.16)
o (20 = F1 (57 @) | = e
The MGF of p, may be calculated as:

T'(N)
(N —1)!(1 - 2bN|g, |2ps)N (3.17)

Mpk(s) =f fpk(pk)epksdpk =
0

The full proof of (3.17) is given in Appendix B.
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Hence, the ABEP may be written as:

pe [ )ao
€ ~nlog2(M) o P\ 2(M-1)sin?6

(e
nlog,(M)J, P\ 2(M—1)sin?6/ " (3.18)

The trapezoidal rule may be used to approximate (3.18) as [78]:

[1(57G) 4= #()

k=1

L ﬁ GF (g) +§7.H F (%))] (3.19)

k=1

_ 2al'(N)
¢ " mn(N —1)!log,(M)

1

N
7_) , and n = 10 is the number of iterations used in (3.19).
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where F(8) = (

The expression in (3.18) may be approximated by assuming high SNR and may be upper-bounded by
setting ¢ = g Therefore, (3.18) may be written as:

K
2aT'(N) 13V
% W = Drlog, (1) [H(Ieklz)

k=1

(BbNﬁ)_KN

1 (3.20)

where the diversity order is given by KN. Thisis a significant observation, as it means that each symbol
experiences a K number of different fading instances. Hence, the diversity order of the RIS-SISO-KCS-
GC scheme increases by a factor of K.

3.5 Numerical Results

In this section, numerical results are presented for the RIS-SISO-KCS-GC scheme for K = {2, 4, 8},
M = {16,64} and N = {2,4,8,16}. The numerical results are presented in the form of bit error ratio
(BER) vs SNR graphs, and the EP analyses are drawn at a BER of 107>, The theoretical bound given
in (3.19) is also included to validate the correctness of the simulation result. The simulation settings for
the schemeswhen usingthe SSS-SD detection are tabulated in Tables 3.5.1 — 3.5.4 based on [78]. Each
range of SNR values corresponds to an T value in the T-array.

Table 3.5.1: Simulation settings of the RIS-SISO-KCS-GC scheme for N = 2

RIS-SISO-KCS-GC scheme, N = 2

M K SNR T

2 [-6:2:12, 14, 16:2:18, 20:2:22] [2, 4, 8, 16]
16 4 [-6:2:8, 10, 12, 14:2:16, 18:2:20] [2, 4,12, 14, 16]

8 [-6:2:8, 10, 12:2:14, 16:2:18] [2, 4,10, 16]

2 [0:2:16, 18, 20, 22, 24, 26:2:28, 30] [2, 4, 8, 30, 50, 60, 64]
64 4 [0:2:8, 10:2:14, 16, 18:2:20, 22, 24, 26] [2, 16, 20, 30, 40, 60, 64]

8 [0:2:14, 16, 18, 20, 22, 24] [2, 4, 10, 30, 60, 64]
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Table 3.5.2: Simulation settings of the RIS-SISO-KCS-GC scheme for N = 4

RIS-SISO-KCS-GC scheme, N = 4

M K SNR T
2 [-10:2:2, 4, 6:2:8, 10:2:12] [2, 4, 8, 16]
16 4 [-10:2:2, 4:2:6, 8, 10:2:12] [2, 4, 14, 16]
8 [-10:2:0, 2, 4, 6, 8:2:10] [2, 4, 8, 10, 16]
2 [-4:2:14, 16, 18, 20, 22:2:24, 26] [2, 4, 10, 30, 60, 64]
64 4 [-4:2:8, 10, 12:2:14, 16, 18] [2, 4, 16, 50, 64]
8 [-4:2:6, 8, 10:2:14, 16] [2, 4,10, 64]
Table 3.5.3: Simulation settings of the RIS-SISO-KCS-GC scheme for N = 8
RIS-SISO-KCS-GC scheme, N = 8
M Kk SNR T
2 [-16:2:-6, -4, -2:2:0, 2:2:4] [2, 4, 8, 16]
16 4 [-16:2:-4, -2, 0, 2:2:4] [2, 4,12, 16]
8 [-16:2:-8, -6:2:-4, -2, 0:2:4] [2, 4,12, 16]
2 [-8:2:2, 4:2:8, 10, 12] [2, 4, 30, 64]
64 | 4 [-8:2:8, 10] [2, 60]
8 [-8:2:4, 6, 8, 10] [2, 10, 60, 64]
Table 3.5.4: Simulation settings of the RIS-SISO-KCS-GC scheme for N = 16
RIS-SISO-KCS-GC scheme, N = 16
M K SNR T
2 [-22:2:-8, -6, -4:2:-2] [2, 14, 16]
16 | 4 [-22:2:-8, -6, -4, -2] [2, 4, 12, 16]
8 [-22:2:-10, -8, -6, -4:2:-2] [2, 4, 12, 16]
2 [-16:2:-4, -2, 0, 2:2:4] [2, 8, 60, 64]
64 | 4 [-16:2:-4, -2, 0:2:4] [2, 50, 64]
8 [-16:2:-2, 0:2:2, 4] [2, 30, 64]
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Figure 3.5.1: BER vs SNR graphs of RIS-SISO-2CS-GC scheme for M = 16 and varying N

Figure 3.5.1 shows the EP of the RIS-SISO-2CS-GC scheme for M = 16 and varying N € {2, 4, 8, 16}.
It can be observed that for N = 2, 4, 8, 16, the SNR values are 22dB, 12dB, 4dB and -3dB. respectively.
for a BER of 10>, It is also observed that for N = 2 and N = 4, the theoretical bound is not as tight.
whereas for N = 8 and N = 16, the bound fits tightly with the simulation graphs. This can be explained
by observing Equation 3.19. As N increases, the tightness of the approximation increases as F(8) — 0,
meaning that higher values of N will yield a tighter approximation as opposed to lower N. Here, the
diversity orders that are achieved for increasing N are 4, 8, 16 and 32.
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Figure 3.5.2: BER vs SNR graphs of RIS-SISO-2CS-GC scheme for M = 64 and varying N

Figure 3.5.2 shows the EP of the RIS-SISO-2CS-GC scheme for M = 64 andvarying N € {2,4, 8,16}
It can be observed that for N

= 2,4,8,16, the SNR values are 28dB, 17.5dB, 10dB and 3dB.
respectively, at a BER of 10~>. Similar to Figure 3.5.1, it is observed that for N = 2 and N = 4. the
theoretical bound is not as tight, whereas for N = 8 and N = 16, the bound demonstrates a tight match
with the simulation graphs. When comparing the EP of the RIS-SISO-2CS-GC shown in Figure 3.5.1

for M = 16 with that of Figure 3.5.2 for M = 64, it is observed that a 5-6dB deterioration in EP occurs

for each corresponding N value. Note that the diversity orders and the theoretical bound observations
are the same as that mentioned in Figure 3.5.1
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RIS-SISO-4CS-GC, M = 16
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Figure 3.5.3: BER vs SNR graphs of RIS-SISO-4CS-GC scheme for M = 16 and varying N

Figure 3.5.3 shows the EP of the RIS-SISO-4CS-GC scheme for M = 16 and varying N € {2, 4,8, 16}.
It can be observed that for N = 2,4,8,16, the SNR values are 18.5dB, 10dB, 3dB and -3.5dB,
respectively. at a BER of 107>, It is also observed that for N = 2. the theoretical bound fails, whereas
for N = 4,N = 8 and N = 16, the theoretical bound fits tightly with the simulation graphs in the high
SNR range. When comparing the RIS-SISO-4CS-GC to the RIS-SISO-2CS-GC scheme in Figure 3.5.1
for M = 16, it may be observed that there is an improvement of 4.5dB at N = 2, a 2dB improvement
at N = 4, a 1dB improvement at N = 8 and an improvement of 0.5dB at N = 16. In this case, the
diversity orders for increasing N are 8, 16, 32, 64. It is also noted that the bound does not fit the curves
at high SNR. This can be explained by looking at Equation 3.20, whereby the diversity order influences
the tightness of the curve for high SNRs. In this case, K increases the diversity order, meaning that the
theoretical curve forms an upper bound at high SNRs. When comparing this to the RIS-SISO-2CS-GC
scheme in Figure 3.5.1, it is observed that identical diversity orders of 8, 16 and 32 may be produced.
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Figure 3.5.4: BER vs SNR graphs of RIS-SISO-4CS-GC scheme for M = 64 and varying N

Figure 3.5.4 shows the EP of the RIS-SISO-4CS-GC scheme for M = 64 and varying N € {2, 4, 8, 16}.
It can be observed that for N = 2,4, 8,16, the SNR values are 25.5dB, 16dB, 9dB and 2.5dB,
respectively, at a BER of 10~°. It is also observed that for N = 2, the theoretical bound fails, whereas
for N = 4,N =8 and N = 16, the theoretical bound fits tightly with the simulation graphs in the high
SNR range. Comparing the RIS-SISO-4CS-GC to the RIS-SISO-2CS-GC scheme in Figure 3.5.2 for
M = 64, it may be observed that there is an improvement of 2.5dB at N = 2, a 1.5dB improvement at
N = 4, a 1dB improvement at N = 8 and an improvement of 0.5dB at N = 16. The same observations
seen in Figure 3.5.3 regarding the theoretical bound at high SNRs is observed here. Again, it is observed
that the RIS-SISO-4CS-GC scheme is able to maintain similar diversity orders to the RIS-SISO-2CS-

GC scheme. The same observations with respect to diversity order are seen as in Figure 3.5.3.
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Figure 3.5.5: BER vs SNR graphs of RIS-SISO-8CS-GC scheme for M = 16 and varying N

Figure 3.5.5 shows the EP of the RIS-SISO-8CS-GC scheme for M = 16 and varying N € {2, 4, 8, 16}.
It can be observed that for N = 2,4, 8,16, the SNR values are 17dB, 9dB, 2.5dB and -3.75dB,
respectively, for a BER of 107> Itis also observed that for N = 2, the theoretical bound fails, whereas
for N =4,N =8 and N = 16, the theoretical bound fits tightly with the simulation graphs for high
SNR. When comparing the RIS-SISO-8CS-GC scheme to the RIS-SISO-4CS-GC and RIS-SISO-2CS-
GC schemes in Figure 3.5.3 and Figure 3.5.1 for M = 16, it may be observed that the RIS-SISO-8CS-
GC scheme shows an improvement of 1.5dB at N = 2,a 1dB improvement at N =4, a 0.5dB
improvement at N = 8 and an improvement of 0.25dB at N = 16 over the RIS-SISO-4CS-GC scheme,
and shows an improvement of 5dB at N = 2, a 3dB improvement at N = 4, a 1.5dB improvement at
N = 8 and an improvement of 0.75dB at N = 16 over the RIS-SISO-2CS-GC scheme. Here, the
diversity orders for increasing N are 16, 32, 64 and 128. When comparing the diversity orders of the
RIS-SISO-4CS-GC., identical diversity orders of 16, 32 and 64 are seen. and when comparing to the
RIS-SISO-2CS-GC, identical diversity orders of 16 and 32 are seen. Lastly, it is observed that for K =

8, the theoretical bound forms a steeper upper bound at high SNRs, which confirms the observation in
Figure 3.5.3.
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RIS-SISO-8CS-GC, M = 64
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Figure 3.5.6: BER vs SNR graphs of RIS-SISO-8CS-GC scheme for M = 64 and varying N

Figure 3.5.6 shows the EP of the RIS-SISO-8CS-GC scheme for M = 64 and varying N € {2, 4,8, 16}.
It can be observed that for N = 2,4, 8,16, the SNR values of 22.8dB. 15.3dB, 8.4dB and 2.4dB,
respectively, at a BER of 107>, It is also observed that for N = 2, the theoretical bound fails, whereas
for N =4,N =8 and N = 16, the theoretical bound fits tightly with the simulation graphs for high
SNR. When comparing the RIS-SISO-8CS-GC scheme to the RIS-SISO-4CS-GC and RIS-SISO-2CS-
GC schemes in Figures 3.5.4 and 3.5.2 for M = 64, it may be observed that the RIS-SISO-8CS-GC
scheme shows an improvement of 3.3dB at N =2,a 0.7dB improvement at N =4, a 0.6dB
improvement at N = 8 and an improvement of 0.1dB at N = 16 over the RIS-SISO-4CS-GC scheme,
and shows an improvement of 5.2dB at N = 2, a 2.2dB improvement at N = 4, a 1.6dB improvement
at N = 8 and an improvement of 0.6dB at N = 16 over the RIS-SISO-2CS-GC scheme. The same
observations with respect to diversity order and the theoretical bound steepness are seen as in Figure
3.5.5.

Chapter Summary

In this chapter, the system model of the RIS-aided-SISO-KCS-GC scheme in Rayleigh fading channels
was presented. The SSS-SD method of detecting K GCs as well as the performance analysis of the RIS-
aided SISO KCS-GC scheme was also provided. The theoretical analysis has been shown to fit tightly
with the simulation graphs for N = 8 and N = 16. but not as tight for N = 2 and N = 4. It was also
observed that as K increases, the theoretical steepness at high SNRs increases, forming an upper bound
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at high SNRs. It was noted that as N increases, the EP gains decrease. Therefore, smaller values of N
are more suited for varying K. It was observed that the RIS-SISO-KCS-GC is able to effectively
maintain diversity order by virtue of the K-fold increase in diversity order.
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CHAPTER 4

HYBRID REFLECTION MODULATION

4.1 Introduction

RIS elements are nearly passive in nature [16, 17, 66], meaning it simply reflects the incoming signal
toa desired direction by optimizing the adjustable phase shifts of the RIS elements withoutan allocated
source of energy. Much of the existing research on RISs focuses on these passive reflecting elements,
with emphasis on improving EP and the SE of existing schemes [48, 53, 78, 113], optimizing EE [24,
116], and achievable rate [117] - [119].

In recent literature, RISs have been integrated with the popular IM concept. IM refers to a family of
modulation techniques characterized by the transmission of additional information bits to alter the
ON/OFF states of transmit antennas [120], RF mirrors [121] and various other transmission entities. It
has been shown that the IM concept can increase SE and improve data rates significantly. The
integration of RISs and IM has been performed in [49], which covers RIS-aided Spatial Modulation
(RIS-SM) and RIS-aided Space Shift Keying (RIS-SSK). It has also been performed in [50], which
integrates RISs with the popular emerging IM technigue, Media-Based Modulation, called RIS-aided
Media-Based Modulation (RIS-MBM).

A novel IM concept has been proposed in RIS literature [122] and [123] called Reflection Modulation
(RM). RM entails that the passive RIS elementsthemselves can be used to generate reflection patterns
which can transmit information. According to [124], this is achieved by switching between the ON/OFF
states of the reflective elements using both passive beamforming and keying mechanisms to transmit
information via reflection simultaneously.

Active reflecting elements have emerged as a solution to overcoming the multiplicative path fading
described in [36], for passive RIS-aided systems assuming strong direct links. They have provided a
new foundation for RIS research, as they can overcome path loss by reflecting and amplifying the
wireless signal simultaneously. In [80], the channel capacity of an active RIS-aided SISO system is
investigated, where power amplifiers are used to facilitate the active elements. In [77], the channel
capacity of an active RIS-aided active RISs is applied toa single-input multiple-output (SIMO) system,
to maximize SNR and improve the EE and SE using active elements. Further studies such as [125] and
[126] followed showcasing the superior performance of active RISs compared to passive RISs. Despite
its advantages, fully active RISs require greater power consumptions to be facilitated in comparison to
that of passive RISs.

From this background, an H-RIS-aided scheme was proposed in [79] which utilizesthe principle of IM
and active reflective elements, called HRM. This chapter, hence, covers the HRM system model, its
theoretical ABEP as well as other metrics of performance such as achievable rate and EE.

In thisscheme, an unmodulated carrier signal is transmitted via an N-element H-RIS in a SISO system.
The H-RIS is equipped with adjustable power amplifiers to enable active reflecting elements and a
controller to adjust both the phase shifts of the reflecting elements and amplification gain of the active
elements. They are also equipped with phase shifters corresponding to each reflective element to yield
the optimal phase shift which maximizes the SNR. The RIS can either be split into subgroups
comprising of active and passive elements or can operate as a fully passive RIS depending on whether
the reflective power amplifiers are dynamically switched ON or OFF [79].

38



The motivation for the HRM scheme is that it integrates IM and active reflective elements into ascheme
whereby the H-RIS aids in the transmitter of information. The H-RIS is equipped with integrated
electronics which allows for both reflection and amplification functionality. Each element may be
switched ON or OFF depending on the incoming bits, thereby significantly decreasing power
consumption over fully active RISs, and improving the EP and SE over fully passive RIS-aided systems.

The chapterisstructured as follows: In Section 4.2, the system model and mathematical model for HRM
is presented. In Section 4.3, a special case of HRM, namely fully-HRM (F-HRM) is discussed, and its
system model presented. In Section 4.4, the performance analysis of the HRM scheme is presented
which includes the ABEP and an upper bounded approximation of the theoretical result. Section 4.5
covers the achievable rate of the HRM scheme, and Section 4.6 covers the EE of the HRM scheme. In
Section 4.7, simulation results are provided covering the EP, achievable rate and EE of the HRM
system.

4.2 HRM system model

N - element H-RIS

HRM Controller - Active
( P ...l.q"> E : Passive
-J
log,(G) bits * x
= q “‘.." h g ~. V Z
FEEpEr WEEs O R .
PR B B T ) %
BElEETBensaEEs
Tx || | s R e, ) (S 1 - Rx
i G T s W O RS
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bR e I e, W e

Non-Line-Of-Sight

Figure 4.2.1: Diagram illustrating the system model of the HRM scheme

Consider Figure 4.2.1. The H-RIS has a total of N reflecting elements that are divided into sub-groups,
denoted by G. Therefore, the variable S; = N/G denotes the number of reflective elements present in
each subgroup.

The HRM scheme transmits a total of log,(G) bits which selects an index, denotedas ¢, € [0: G — 1],
which selects the number of active and passive elementsonthe H-RISas N, = £,S;and N, = N —
N, , respectively. For £, = 0, the H-RIS functions as a fully passive RIS.

The SE of the HRM system is therefore given as:
m = log,(G) bits/s/Hz. (4.1)

As an example, the transmission of information in the HRM scheme can be described as follows:
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Table 4.2.1: Table illustrating example mapping of HRM scheme

Assume N = 16,6 = 4,55 = 16/, = 4

Parameters determining HRM | Transmission of log,(4) = 2 bits per index with £, € [0 : 3]
state

Information Bits {00} {o1} {10} {11}
Index (£,) 0 1 2 3
Number of active elements (N, ) 0 4 8 12
Number of passive elements (N, ) 16 12 8 4
HRM symbol (H,,) H, H, H, H,

Figure 4.2.2: Example of possible H-RIS configurations in HRM scheme for N = 16 & G = 4

In Table 4.2.1, a possible HRM mapping schemeis considered for N = 16 and G = 4. The number of

reflective elements in each subgroup of the H-RIS can be determined by S; = N / G= 16/ 4 =4 For
G = 4, the SE of the HRM scheme is m = log,(G) = log,(4) = 2 bits/s/Hz. Since there are 2 bits
being transmitted, there are 4 different bit combinations: {00}, {01}, {10}, and {11}. Considering Figure
4.2.2. if the information bits are {00}, the index £, = £, = 0 is selected, the number of active elements
is N, = €455 = (0)(4) = 0, and the H-RIS is configured to contain only passive reflective elements,
and act as a fully passive RIS. Similarly, for {01}, ¢, = ¢; =1, N, = #;S; = (1)(4) = 4, and the H-
RIS is configured to contain 1 group of 4 active reflective elements and 3 groups of 4 passive elements,
4 passive elements in each group. For {10},¢, =¥, = 2, N, = £,S; = (2)(4) = 8, and the RIS is
configured to contain 2 groups of 4 active reflective elements and 2 groups of 4 passive elements.
Finally, for {11},¢, = 3 = 3,N, = 355 = (3)(4) = 12, and the H-RIS is configured to contain 3
groups of 4 active reflective elements and 1 group of 4 passive elements. The different bit configurations
can be considered as a means to select corresponding HRM symbols denotedby H,, depending on Z,,
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therefore it can be said that {00} selects H,, {01} selects H,, {10} selects H,, and {11} selects H;. The
computation of these HRM symbols will be discussed later on in this chapter.

Each RIS reflection coefficient can be described in polar form as:
ok = loxle’%,k € [1:N], (4.2)

where |g, | is the magnitude of the k-th reflective elements and 6, € [—m, 7] is the phase of the k-th
reflective elements. The reflection coefficient of a passive RIS has a unit magnitude (o, | = 1) which

means that the passive element reflects the signal only, whereas active elements both amplify and reflect
the signal simultaneously. Therefore, each reflection co-efficient of the active element has an
amplification gain given by |o, | = a; > 1.

Hence, the reflection co-efficients of active RIS elements is given as [79]:
0, = azel® ke [1:N,], (4.3)
and the reflection co-efficients of passive RISs is given as [79]:
o, = &%,k e [(N, + 1):N]. (4.4)

In thisanalysis, it is assumed that the amplification gain of each active element isequal, in other words,
a; = a for all active elements.

Based on this analysis, the active and passive phase reflection matrices can be computed as [79]:

[¢/%1 0 0 0 ]
| 0 €% o 0 |
¢=| : 0 - 0 I (4.5.1)
| 0 0 6 efeNaJ
el Ong+1 0 0 0
0 elONg+2 0
P = 0 0} (4.5.2)
0 0 0 - eowl

where ¢ € CNa*Na js the active reflection diagonal matrix based on the number of active reflective

elements, and ¥ € CM»*Mp is the passive reflection diagonal matrix based on the number of passive
reflective elements.

The HRM scheme is analysed under slow frequency-flat Rayleigh fading channels. There are two
distinct fading paths, the first being in the transmitter-to-H-RIS (Tx-H-RIS) path, and the second being
the H-RIS-to-receiver (H-RIS-Rx) path. The path losses in each fading path are defined as follows [79]:

L, =Kyd, ", (4.6.1)
L, =Kyd. ", (4.6.2)

where £, denotes the path loss in the Tx-H-RIS path, £,. denotes the path loss in the H-RIS-Rx path.
K is the reference path loss for a 1-metre (m) distance [79], &, and &, represent the Tx-H-RIS and H-

RIS-Rx path distances respectively, and w;, w,, > 1 denote the path loss exponentsat the Tx-H-RIS and
H-RIS-Rx paths respectively.

41



The Rayleigh fading channel vectors can now be defined in terms of (4.6.1) and (4.6.2) by i.i.d. RVs as
h e CV** ~CN(0,L,),and g € C**N ~ CN(0, £,), where h is the channel vector in the Tx-H-RIS
path, and g is the channel vector in the H-RIS-Rx path. These fading vectors may be expressed as h =

[h, hp]T andg = [g, g,] where hy, g, € CV*Ne represent the fading subvectors corresponding with
active RIS elements, and h,,, g,, € C**Np represent the fading subvectors corresponding with passive
RIS elements.

The receive signal for a given transmit power, P.,, can therefore be written as [79]:

r = (\Prag,dhl +ag,ow") + (VP g,¥h) + ng.), (4.7)

where the term (/P g, Ph% + ag,pw") denotes that part of the received signal corresponding to

the active RIS elements, and the term (,/Ptxgpx,bhg + nstc) denotes that part of the received signal

corresponding to the passive RIS elements. The static noise present in the channel is denoted by
ng.~CN(0,02%.). The active portion of the received signal includes a thermal noise term

ag,pw’,w € CNa ~ cN(0, INaaflyn) which is non-negligible because of the power dissipated by
the power amplifiers of the active RIS elements.

The maximum instantaneous received SNR can be derived by rewriting the received signal in (4.7) as:
r = (VP go®hl + P gy ¥hy) + (g dw" +ngpe). (4.8)

Note that in (4.8), the signal parts (\/P., g, ®hl + /P, g,Wh?]) and noise parts (ag, pw’ + ng.)
have been grouped together to write the maximum SNR as [79]:

_ signal power ||\/Eagaq)h€ + mgp¢h§||i

@b noise power a?llga@llzod,, + &, 4.9)
The expression in (4.9) simplifies to:
lag.dns + g, whj|’
v T Qg plzon, + ol (4.10)
Such that: Py = a? (Rl phLlIZ + llpli202, ), (4.11)

where P, is the maximum reflection power constraint.

It is clear from (4.7) that the HRM receive signal is very complex to compute. To simplify (4.7), a
similar analysis in [113] can be used. The aim is to maximise the received SNR by optimising the phase
0. Hence, given that h and g can be expressed in polar form as h,, = |h, |e/®k and g, = | g, |e’®¢
the optimum phase shift which maximises the received SNR is [79]:

0 = — (P +&). (4.12)

The amplification gain a can also be written based on the constraint given in (4.11) as [79]:

< )
a < . 4.13
P llRLIZ + 02 (+13)

The power consumption of the passive RIS elements is considered negligible and is, therefore, ignored.
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It can be noted that from (4.13), the active reflection diagonal matrix ¢ has been eliminated from the
expression. Thisis because by optimising 6, the SNR is maximized and the phases are eliminated from
the expression [79], implying that (4.7) can be rewritten solely in terms of the magnitudes of the channel
components as:

Ng Ng N
r= Ptx“2|hk||gk|+a2|gk|‘7‘7k + | VP« Z [hi g | + ngee |- (4.14)
k=1 k=1 k=Ng+1

To simplify further, (4.14) can be rewritten as:

r= Zlhkugm Z Ihllgel |+ aZlgklwwnstc. (4.15)

k=Ng+1

where W, = wj e /%, and w, corresponds to the k-th complex element of w.

The signal part of (4.15) can be expressed as HRM symbols computed as:

He, —a2|hk||gk|+ Z il gl (4.6)

k=N +1
It can be observed clearly from (4.16) how the channel realisations depend on the amplification gain
and number of active and passive elements.

By employing the CLT, the noise part of (4.15) is approximated as a complex-valued Gaussian RV
[79]. Hence, it can be written as:

Na
a Z|gk|\7vk +ng. ~ n~CN(0,N2), (4.17)

k=1
where NY ~ a®N,L,07,, + . [79].

The receive signal may now be written, based on the analysis above, as [79]:

r=\PByHp, + 1. (4.18)

The HRM receiver assumes full knowledge of the CSI, and the optimal detection of the estimated index
2, can be performed using ML detection by considering all signal levels to estimate £,. This is
performed as follows [79]:

?, = argmax p(r|H{; ). (4.19)
t,€l0:6-1]
The expression in (4.19) considers the conditional PDF of received signal r given any HRM symbol in

(4.16). The PDF is given in [79] as:

2
1 — P, H
p(r|Hga)=Tyexp —% . (4.20)

It can be pointed out that the effect of the noise variance Ny varies as the number of active elements N,
varies, but this effect on the decision metric in (4.19) is negligible because of the path attenuation L,
that each active element experiences.

Hence, the final ML detection expression which estimates ¢, is [79]:

{, = argmin |r - \/EH{;CJ . (4.21)
¢,4€lo:6-1]
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In (4.21), it is evident that all possible combinations of active and passive RIS elementsare considered
in the detection, and the detector selects the combination yielding the smallest argument with respect to
the virtual HRM constellation for the receive signal in (4.18).

4.3 Fully-HRM

As established in the previous section, the H-RIS is partitioned into various subgroups to determine
how many elements can be either active or passive to manipulate the carrier signal in the HRM scheme.
However, a special case exists where the H-RIS can actually be utilized as either a fully active RIS or
a fully passive RIS, without having to divide the H-RIS into groups.

Inthe F-HRM scheme, a single bit (m = 1 bit/s/Hz) of information to control the states of all reflecting
elements in the H-RIS. If the information bit is {0}, the H-RIS operates as a fully passive RIS which
simply reflects the incoming signal with the optimal phase shiftsgiven in (4.12). If the information bit
is {1}, all reflecting elements are configured as active, with the optimal phase shifts in (4.12), the
amplification gain « and the additional dynamic/thermal noise.

It is important to note that the H-RIS of the F-HRM scheme can be fully active at any point, whereas
the H-RIS for the HRM scheme for G = 2 can only be half-active. Therefore, more elements can
become active in the F-HRM scheme, thereby yielding a better EP over the HRM scheme for G = 2,
which is a key advantage of the scheme. A drawback, however, is that the SE is fixed tom = 1 bit/s/Hz,
which takes away the advantages of IM from the scheme.

It is clear to see that in this scheme, all reflective elements are configured in the same manner, and the
number of active elements on the H-RIS is determined by N, = ¢,N, where £, € [0:1].

The receive signal of F-HRM is based on (4.18) as:
rr= P H, + 1, (4.22)
where HE:RMdenotes one of two possible F-HRM symbols given by:
Ho = Yp=1lhillgel, if £, = 0, (4.23.1)
Hy = aXV_ 1 llgel if £ = 1. (4.23.2)

The optimal ML detector is based on (4.21), assuming full knowledge of the CSI as:

?a = argmin|rf — P Hp |2. (4.24)
tqelo:1] *
The maximum received instantaneous SNR is based on (4.10), and can be written as:
lgpwndlly. .
max =P,——7Lif¢, =0, (4.25)
L ¢
2

max  p =B,
2 2 2 2
DY a ”ga‘l’”FUdvn"' Ostc

The power constraint for (4.26) is based on (4.11), and the optimal phase shifts and amplification gain
are based on (4.12) and (4.13).
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4.4 Performance Analysis of HRM scheme

First, it is assumed that the £, along with corresponding number of active reflective elements N, =
£,S. is incorrectly detected as #, and N, = 2,S;. The CPEP can be written as [79]:

~ 2 2
Pt~ 2l g ) =P (Ir— VPt | > Ir— VBety |).  (@.27)

The expression in (4.27) is written by employing the Q-function as follows [79]:

2
Ptx|H{’d - H?a| (4.28)
2NZ '

P(te > 2alh g, 0. 9) = Q j
The full derivation of (4.28) can be found in Appendix C.

The channel magnitudes |k, | and | g, | arei.i.d. Rayleigh RVs with Olpyl = \/Z andag, | = \[E These

RVs have meansof E[|h,|] = Ulhkl\/i: \/L—t\Fand Ellg! 1 Ulgkl\[ \/—\/7 respectively; and
variances of Var(|h,|) = oﬁlk| (2 — ;) L, (1 ——) and Var(|g|) = “ngl (2 ;) L, (1 ——)

The variable T = H, — Hp s a Gaussian RV, where the mean and variance of T is written as [79]:

i = C)VEE, (Ve = ) = (% = o)), (4.29.)

2
02 = L,L, (1 - %) [a*(N, —N,) + (N, —N,)I. (4.29.2)

The full derivation (4.29.1) and (4.29.2) can be found in Appendix D.

The average PEP is derived using the MGF approach by considering the polar form of the Q-function

2
Pex|Heg—Hj, |
2N%

as Q(x) = %fozexp (— . To use the MGF, the variable Z =

|T|? is defined as a non-central chi-squared distributed RV for the following MGF given in [15] as:

2
(24

5 w)dw [79], where x =

1—20%s

: (4.30)
/ 1—20%s

can hence be expressed as [79]:

Mz(s) =

Pix

The average PEP for s = —————
4Ny sin“ @

1f§ i (Z_;)
0

p
P, »?,) =~ ao, (4.31)
a a T \/E
_ _ _FiPy _ 14 OfPex
where p, = 4NZsin2 ¢’ andp, =1+ 4NEsin? @
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<o (P1
By letting f (@) = %2, a ~0andb = g,thetrapezoidal rule may be used, such that (4.31) can be
2
approximated as:
n-1
- 1\ (b -a) [(f(@) + f(b)) < k(b —a)
P({’a—>€a)~<n> - [ > +Zf a+— . (432)

where n = 10 is the number of iterations selected to approximate (4.32).
The average PEP in (4.31) results in the ABEP for G = 2,m = 1 bits/s/Hz, for { = N, — N,,.

For higher SEs (G > 2), the upper bound in [79] is given as:

1 . .
TZ Z P(¢, > 2,)N(¢, - ?,), (4.33)
2 g

P, <
)

where N (¢, — 2,) denotes the number of bit errors per associated PEP event. It is useful to note that
(4.31) can be upper-bounded by setting @ = gas:

exp ()

~ S
P(t, »2,) < 2-, 4.34
( a ™ a) 2\/5 ( )
2 2
where s; = —”Z;éx,sz =1 +2F—Il;g‘, and r = log,(G).

4.5 Achievable Rate of the HRM scheme

The achievable rate of the HRM system is computed by considering a receive signal vector space
denoted by R and a spatial constellation H [79]. The constellation H is derived by considering the
transmission of an unmodulated carrier signal. Since the information bits are modulated into symbols
denoted by H,_, H denotes the spatial constellation upon which all symbols H, can be mapped.

The achievable rate of the HRM scheme can be computed by considering the mutual information (MI)
between the transmitted and received signals of the HRM scheme as [79]:

( p(r|H,,)

Z?ap(”H?a)P(Hfa)) ar. (4.35)

where p(r|H,,) denotes the conditional PDF given in (4.20), p(H,,) denotes the probability of each
HRM symbol being transmitted. Note that since the HRM symbols are dependent on index £, there
are a total of G HRM symbols. It is assumed that all symbols are equally likely to be transmitted,

implying that p(H,,) = /.

a5 R = | pri Jo(He,)log,

— 00

By substituting (4.20) into (4.35) and simplifying, the final expression of the achievable rate is [79]:

A, (H; R) =log,(G) — (logz(e) + %Eea E {logz <Zza exp (— NP_”(HZ“;H?“M ))D (4.36)

Ny

The full derivation of (4.36) can be found in Appendix E.
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4.6 Energy Efficiency of HRM scheme

The EE can be found with respect to the maximum instantaneous received SNR p in (4.10) as follows
[79]:

_ Blog,(1+ p) (4.37)
= —PT .

where B is the bandwidth of the HRM system, and Py is the average power consumption for a given
transmit power efficiency 71 as [79]:

P

P

Pr = _ft_x + PR + Pris, (4.38)
T

where P;, istotal transmit power, P isthe overall power dissipated at both the transmitter and receiver,

and Pg;s denotes the total power consumption of the RIS.

For the HRM scheme, Py, is expressed as [79]:

P
Pars = _{—“ + & Pyyn + &P, + Py, (4.39)
a

where P, is the maximum reflection power constraint, 7, is the amplifier efficiency of the active
reflecting elements, €; & &, respectively, denotesthe average number of active and passive reflecting

elements, P;,,, and Py, correspond to the dynamic and static power consumptions, B, is the required

power per passive RIS element. Note that for F-HRM, &, =&, = g

For fully active RISs, the total power consumption of the RIS is [79]:
Pa
PRIS = _‘_ + NdeTL + PStC' (440)
a
For fully passive RISs, the total power consumption of the RIS is [79]:

PRIS = NPp. (441)
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4.7 Numerical Results

In this section, numerical results are provided in the form of graphs with respect to BER, achievable
rate and EE as a function of B, or N to investigate the performance of the HRM scheme. The F-HRM
scheme is also investigated in this section. Comparisons are drawn with the fully active and fully passive

RIS-aided schemes to illustrate the superiority of HRM. All simulation parameters used in all
simulations have been tabulated in Table 4.7.1.

Table 4.7.1: Table of simulation parameters for HRM scheme

HRM & Achievable Rate EE
Parameter Value Parameter Value
ds 20m Piyn 35dBm
d, 50m | . 35dBm
W, 2.2 Pe 75dBm
Wy 2.8 P, 5mW
aéyn —90dBm Ta 0.5
o2, —90dBm TT 0.5
Kpi —30dB B 10MHz
10°G HRM, N =16
= === Theoretical (Upper bound)
Simulation
107 1
102F G=2,4,8 E
o m=1,23
o0 bits/s/Hz
102 ‘ = 3
5 ey ]
\1*
104 .
uH%ae‘Hg;
10-5 1 1
0 10 20 60 70

P, [dBm]

Figure 4.7.1: BER vs Py, graphs of the HRM scheme — N = 16, varying G
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Figure 4.7.1 shows the EP of the HRM scheme with N = 16 for G = 2,4 and 8, yielding SEs of m =
1, 2 and 3 bits/s/Hz, with the CLT being applied. The theoretical result is based on the upper bound in
(4.33) and (4.34). It can be observed that the EP is poor for increasing G, but it is also seen that error
floors form as G increases. This can be explained as follows. As G increases, the number of reflective
elements per subgroup S; decreases, creating a similar effect applying the CLT assuming high values
of N, whereby error floors form at higher G. A noteworthy drawback with this scheme is that the SE is
limited by N, since G is dependent on the total number of reflective elements. Hence, for small N, the
HRM scheme can only achieve small SEs.

HRM, G = 2, m = 1 bits/s/Hz

100 T T T T

- Simulation

Theoretical
Upper bound |

x 3

L 0\ |
om N =16, 32, 64, -

128, 256, 512

10 -5 0 5 10 15 20 25 30 35 40
P, [dBm]

Figure 4.7.2: BER vs Py, graphs of the HRM scheme - G = 2, varying N

Figure 4.7.2 shows the EP of the HRM scheme with a SE of m = 1 bit/s/Hz, achieved by setting G =
2. The amplification gain is set to be @« = 10. It is assumed that the CLT is applied for all simulations,
and the theoretical result is based on Equation (4.31), the upper bound based on (4.33) and (4.34). It
can be observed that the simulation results demonstrate a tight fit to the theoretical bound for varying
values of N, with the exception being N = 16. This is expected as, similar to Figure 4.7.1, large values
of N are required to apply the CLT. It is also seen that with double the reflective elements in each
instance, an EP gain of approximately 6.5dBm — 7dBm is achieved.
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o F-HRM
10 T T T T T T x X 1
== === Theoretical (Upper bound)
PO ] Simulation
107k z
0\
i
D\
x
11 \ [\
[a1] \
. R\ N =8, 16, 32,
v 64,128,256
)
\ \
: \
10 F [ '- 3
\\
*
\ \
10-5 1 1 1 1 1 ' 1 1 1 ‘l\
-10 -5 0 5 10 15 20 25 30 35 40
P, [dBm]

Figure 4.7.3: BER vs Py, graphs of the F-HRM scheme, varying N

Figure 4.7.3 shows the EP of the F-HRM scheme for N = 8, 16, 32, 64, 128 and 256, and Figure 4.7.4
draws a comparison between the HRM scheme for ¢ = 2 and the F-HRM scheme. The amplification
gain is assumed tobe @ = 10, and the CLT is assumed for all simulations. The theoretical result is based
on (4.31). A very interesting observation can be seen when comparing the two figures. It is observed
that the F-HRM achieves the same EP as the HRM scheme with G = 2, with only half the reflecting
elements. This shows that for a SE of m = 1 bit/s/Hz, the F-HRM is favoured over the HRM scheme
for G = 2 as, based on the discussions in Section 4.3, the F-HRM allows for a fully active H-RIS in
comparison to the HRM scheme for G = 2 which only enables a half-active H-RIS. Therefore, the F-
HRM scheme allows for more active elements to be facilitated to amplify and reflect the wireless signal.
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HRM (G = 2) vs F-HRM - BER vs Ptx

10° T T T T T T T T
HRM

.i;‘-~- F-HRM |]
107 &
102 E

- HRM: N = 16, 32,

i 64, 128, 256, 512
103 F < E

: F-HRM: N = 8, 16, ]

- ' 32, 64, 128, 256
107 3 E
10-5 1 1 1 1 1 ] | 1

-10 -5 0 5 10 15 20 25 30 35

P, [dBm]

Figure 4.7.4: BER vs P,,. graphs of the HRM (G = 2) scheme compared to F-HRM scheme
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====== Theoretical (Upper bound)
Simulation |

G=3216,8,4,2 1

BER

m=1,2,3,4,5 |
bits/s/Hz

1075 ] ] | ] 1 ] ] ] A"l
-10 -5 0 5 10 15 20 25 30 35 40
Ptx [dBm]

Figure 4.7.5: BER vs P, graphs of the HRM scheme - N = 256, varying G

Figure 4.7.5 shows the EP of the HRM scheme for N = 256, and the SE is varied by varying the number
of subgroups G. namely for G = {2, 4,8, 16, 32}. The theoretical bound is based on the upper bound in
(4.33) and (4.34), whereby the upper bound demonstrates a tight fit at low SNRs only. It can be observed
that as the SE is increased, the EP becomes worse, particularly for G = 32, ora SE of m = 5 bits/s/Hz
the EP deteriorates significantly. Moreover, the high SE causes a similar effect as that experienced for
low values of N in Figure 4.7.1. This can be explained as follows. As G increases, S decreases, hence
the overall number of active and passive elements available in any given subgroup decreases. This

results in a less accurate approximation when applying the CLT assuming high N, as there is always a
trade-off in quantity between the number of active and passive elements.
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HRM, N = 16
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Figure 4.7.6: Achievable Rate vs P, graphs of the HRM scheme - N = 16

Figure 4.7.6 shows the achievable rate of the HRM scheme for G = 2,4 and 8 for N = 16 based on
(4.36). It can be observed that the HRM scheme requires a significantly higher transmit power to
achieve the target data rates for low values of N. Namely, for G = 2, 25dBm is required to achieve the
data rate of 1 bit/s/Hz, for G = 4, 35dBm is required to reach the datarate of 2 bits/s/Hz, and for G = 8,
46dBm is required for an achievable rate of 3 bits/s/Hz.
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Figure 4.7.7: Achievable Rate vs Py, graphs of the HRM scheme for varying N and G

Figure 4.7.7 shows the achievable rate of the HRM scheme based on (4.36) for G = 2,4 and 8, an
amplification gain of @ = 10, and with the number of reflecting elements being set to N =
64,256 and 512. It can be observed that as N increases, less transmit power is required to reach the

achievable rate for all G, hence there is a quicker convergence to the required rate.
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F-HRM vs HRM Half-active
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Figure 4.7.8: EE vs Py, graphs of the F-HRM scheme, varying F,

Figure 4.7.8 shows the EE of the F-HRM scheme and the HRM half-active scheme (half of the reflective
elements are constantly active, whilst the other half are constantly passive) as a function of P, for
various values of P, calculated over 10° iterations using (4.37). Note that whilst an unmodulated carrier
is considered for F-HRM, BPSK signalling is considered for the HRM half-active scheme. It can be
observed that the HRM half-active scheme is more energy efficient than the F-HRM scheme for lower
values of P, and almost equals the EE of the F-HRM scheme for higher P,,. values. As P, increases,
however, the difference in EE between the two systems becomes more prominent.
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F-HRM vs HRM Half-active
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Figure 4.7.9: EE vs N graphs of the HRM half-active scheme vs F-HRM scheme

Figure 4.7.9 shows the EE of the F-HRM scheme and an HRM half-active scheme as a function of N
for various values of P, calculated over 10° iterations using (4.37). It can be observed that the HRM
scheme is significantly more energy efficient for lower values of N, and approaches the EE of the F-
HRM scheme for higher N values. As P, increases, however, the HRM half-active scheme proves to be
more energy efficient than the F-HRM scheme.

Both Figure 4.7.8 and Figure 4.7.9 illustrate the fact that having a scheme of half-active and passive
elements is more energy efficient than havinga full hybrid of reflective elements (fully active or fully
passive), as the number of active elements in the exact hybrid is only halfthat of the fully active, hence
saving more energy and reducing the total amount of radiation generated, and is therefore a more
environmentally-friendly, cost-effective option over the F-HRM scheme.
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Figure 4.7.10: F-HRM Power Consumption vs N

Figure 4.7.10 shows the power consumption of the F-HRM scheme in comparison to the HRM half-
active, fully active and fully passive RIS-aided schemes as a function of N reflective elements, with
P, = 10 dBm and B, = 30 dBm, using (4.38) - (4.41). It is clear that the F-HRM and HRM half-active
scheme consumes the same amount of power and uses considerably less power in comparison with the
fully active scheme for increasing N, hence illustrating that the F-HRM scheme is a more cost-effective
and environmentally-friendly option over the fully active scheme. Note that increasing N hardly affects
the power consumption of the fully passive scheme.

Chapter Summary

In this chapter, the system model of the HRM scheme in Rayleigh fading channels were presented, and
the performance analysis of the HRM scheme was described. In addition to this, the mathematical
frameworks of the achievable rate and EE of the HRM scheme were also presented. Simulation results
in the form of BER vs P, graphs were provided, and observations were drawn based on the results. The
theoretical analysis validated the simulation results for high values of N, with error floors present for
low values of N. It was also observed that for low G, the theoretical analysis matches tightly with the
simulation graphs, but errors floors form for high G. The achievable rate and EE analyses show that the
HRM scheme is very energy efficient in comparison to fully active RISs. Overall, it may be said that
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the HRM scheme produces greater EP gains than fully passive RIS-aided schemes, whilst reducing
power consumption and, therefore, demonstrates greater EE over fully active RIS-aided schemes.
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CHAPTER 5

HYBRID REFLECTION MODULATION-AIDED SCHEMES

5.1 Introduction

RISs are man-made EM surfaces capable of creating a controllable wireless environment to improve
signal quality at the receiver [16], and have emerged as an attractive solution for meeting the current
and future demands of mixed-generation wireless networks. In particular, RISs are metasurfaces which
enable control over what was previously assumed to be the uncontrollable wireless propagation
environment by performing various functions such as reflection, absorption and amplification to
improve signal strength, mitigate ICl and, therefore, significantly enhance performance metrics such as
channel capacity.

This idea has led to the concept of using a number of RISs on a large surface for transmission and
reception of information [89]. In [24] and [96], the RIS-assisted downlink scenario is focused on, and
the maximization of EE and sum-rate is investigated. Performance analyses of RIS-aided schemes are
covered in [91] and [92], which focus on uplink data rate and SE under practical impairments of the
system. In [48] and [49], the transmission of data using an RIS is investigated in both generic RIS
schemes and RIS-based IM schemes to improve EP and SE.

An important contribution proposed in [48] is the AP configuration of the RIS, described in Chapters 2
and 3, and was formulated considering an unmodulated carrier signal, and its EP is evaluated both with
and without knowledge of the channel phases. Another study in [49], used an AP-based RIS to assist
SSK modulation and SM. Two studies in [78] and [113], used an AP-based RIS to assist various GC
modulation schemes, including CI-GC and KCS GC modulation, with promising results. As mentioned
in Chapter 2, the AP-based RIS has three main motivations, namely simultaneous data transmission and
phase control of the reflective elements, less CSI to be acquired and ease of deployment on various
surfaces.

In [36], it has been shown that the performance of WCS assisted by fully passive RISs is limited by
multiplicative path loss. Active reflecting elements have been proposed to enhance signal power and
overcome the effect of path loss by simultaneously reflecting and amplifying the wireless signal. The
idea of the active RIS has first been documented on in [80], where a SISO WCS is assisted by an active
RIS facilitated by controllable power amplifiers to enhance channel capacity. Another two studies [77]
and [125], demonstrated that fully active, or even partially active, R1S-aided systems enhanced channel
capacity and EE. Whilst active RISs may improve various performance metrics, it comes at the cost of
additional power consumption [80, 125].

H-RISs have been proposed to mitigate the negative drawbacks of both active and passive elements,
whilst also reaping most of the benefits of the active elements at a lower power consumption. The
current literature dedicated to H-RISs is described as follows. H-RISs were first documented on in
[127], which provides a discussion on its working principles, use cases and challenges. In [83], the sum
rate of a MISO system assisted by an H-RIS is investigated and considered fairness-orientated design
in its analysis. The authors in [84], compare the sum rates of downlink systems aided by fully active,
fully passive and H-RISs, and a study in [128], provides an analysis of channel estimation in H-RIS-
aided systems. In [129], joint user localization of an H-RIS is investigated.

The HRM concept has been proposed in [79], where an H-RIS in the non-AP configuration is used to
aid the transmission of an unmodulated carrier signal, and the principle of IM is employed to transmit
additional information control the state of the H-RIS. The active elements are facilitated using power
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amplifier circuitry such as tunnel diodes or low-noise amplifiers (LNAs), and a phase shift controller is
employed to adjust the phases of the reflective elements.

In this chapter, two novel HRM-aided schemes are investigated. The first is the HRM non-AP scheme,
which considers the transmission of a data symbol through the wireless propagation environment in the
presence of an H-RIS. The second is the HRM AP scheme, which considers the transmission of a data
symbol using an AP configuration of the H-RIS. The ABEP analysis for the HRM non-AP and AP
schemes is also presented in this chapter.

The contributions of this chapter are as follows:

1. Two novel HRM-aided schemesare presented as solutions for enhancing SE and EP. The first
is the HRM non-AP scheme, and the second is the HRM AP scheme.
2. The ABEP analysis of the HRM non-AP and HRM AP schemes are provided.

This chapter is structured as follows. Section 5.2 covers the system model and performance analysis of
the HRM non-AP scheme, Section 5.3 covers the system model and performance analysis of the HRM
AP scheme and Section 5.4 provides numerical results of the two HRM-aided schemes.

5.2 HRM non-AP scheme

5.2.1 HRM non-AP system model

N - element H-RIS
H-RIS Controller . : Active

: Passive

T

Non-Line-Of-Sight

Figure 5.2.1.1: Diagram illustrating the system model of HRM non-AP scheme

Consider Figure 5.2.1.1. The H-RIS is placed in the centre of the wireless channel, where it intelligently
reflects the information from the transmitter to the receiver. It consists of N reflective elements, each
connectedto a power amplifier and a controller. The power amplifiers, when switched ON, causes the
reflective elements to become active, and the impinging wave is both amplified and reflected
simultaneously to the receiver according to an amplification gain, at the expense of additional power
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consumption. When switched OFF, the reflective elements become passive, and simply reflect the
signal without any amplification. The controller controls both the number of active and passive elements
on the H-RIS and how they are grouped together in the H-RIS, depending on the transmitted data. In
this scheme, a NLOS path is assumed.

The transmitter transmits a bit vector b = [b1 b, "’bn]’ which is split into two sub-vectors b, =
[by by -+ biog, ] and by = [by by -+ biog, ()] The first vector b, is mapped ontoan M-PSK symbol
denoted by x,, where g € [1: M], and where M is the size of the PSK constellation. The second vector

by is transmitted to the H-RIS controller, where it is processed to select an H-RIS index which
determines the state of the H-RIS as described below.

The N-element H-RIS is partitioned into sub-groups, denoted by G, such that the number of reflective
elementsin each subgroupisS; = N/G.Thelogz(G) bits select an HRM index, notatedas l, € [0: G —

1]. Thisindex alters the H-RIS state such that some subgroups contain active reflective elements, with
the remainder of the subgroups containing passive reflective elements. The active and passive elements
on the H-RIS are calculated by N, = [,S; and N, = N — N, , respectively. For [, =0, N, =0,
therefore the H-RIS contains only passive elements. Each unique configuration of the H-RIS produces
a different channel realisation, which can be mapped to unique data symbols, called H-RIS symbols
denoted by H, .

The mapping of the HRM symbols follows the same process as illustrated in Chapter 4, Table 4.2.1.

The HRM non-AP scheme has a SE of:

n = log,(G) + log, (M) bits/s/Hz. (5.1)
Each reflective element has a reflection co-efficient denoted in polar form as:
a, = |a|e’®,k € [1:N], (5.2)

where |a; | is the magnitude of the k-th reflective element and 6, € [—m, 7] is the phase of the k-th
reflective element. Passive elements have aunit magnitude given by |a, | = 1, hence they simply reflect
theincomingsignal towards the receiver. However, facilitating active elements means that this gain is
non-unitary, that is |a, | = a, > 1, to allow the amplification of the incoming signal as well as the
reflection of it towards the receiver. For all analyses, it is assumed that all active elements hold a
common amplification gain a;, = a.

Based on this analysis, the active and passive phase reflection matrices can be computed depending on
the number of active and passive elements as:

® = diag (ejei,ejez, A ), (5.3.1)
P = diag(ejeNaﬂ,ejeNa”, ., et ), (5.3.2)

where @ is the active reflection diagonal matrix based on the number of active reflective elements, and
P is the passive reflection diagonal matrix based on the number of passive reflective elements.

The path losses are given according to [79] as:

L= mKrT_‘ST, (5.4.1)
Ly = mry °F (5.4.2)

)
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where r and ry is the distances in metres separating the transmitter and the H-RIS, and the H-RIS and
the receiver, respectively, 6, 6z > 1 are the path loss exponents, and m,. is the reference path loss per
metre.

Rayleigh frequency-flat fading channels are assumed, denoted by h € CN*1~CN(0,L;), and g €
CY*N~CN(0, L), where L, and Ly are the path losses of each respective fading vector. The instance
of fading given by h occurs in the Tx-H-RIS path, while the instance g occurs in the H-RIS-Rx path.
The two fading vectors h and g can further be expressed as combinations of active elements and passive
elements,ash = [h, hp]Tandg =[ga gp]T, where h,, g, € C*Na denote the fading associated with
active elements, and h,, g, € C™Np denote the fading associated with passive elements.

The static noise is given as ny.~CN(0,0%.). The dynamic thermal noise is given asngy,, =
ag,® w”, wherew € C>Ne~CN(0,1y 02,,) is the dynamic noise vector [79]. As mentioned in

Chapter 4, this dynamic noise component is non-negligible, and is dependent on the number of active
elements of the H-RIS, resulting from the thermal noise generated by the power amplifiers of the active
elements.

The receive signal is written for a given transmit power P;, as:

r =Py (g, ®hl + g,Yhl)x, + ag, ®w’ + ng.. (5.5)

The maximum instantaneous received SNR is written as:

_ signal power ||\/P7x(agad>h£ + gp‘l’hg)xq”i

ma = 5.6
aop © " noise power a?llg.plliiog,, + i, (6)
The expression in (5.6) simplifies to:
2
2 [laga bl + g, Whil|”
max p =Ptx|xq| > - > (5.7)
p.¢ Y a?llgqdll Gdyn+ Ostc
Such that: P = a? (P llphLl2 + I plI3a3,,). =8)

Note that for M-PSK symbols, |xq|2 = 1, hence thereceived SNR is identical to the conventional HRM
scheme in Chapter 4.

To simplify the receive signal in (5.5), the fading vectors are written in terms of their magnitudes and
phasesas h;, = |hle/?kand g, = |gxle/%, where k € [1: N]. The phase shifts of the H-RIS
reflective elements given by 6, may be optimized to maximise the SNR as 6, = — (¢, + &), thereby
completely eliminating the channel phases from the computation. The amplification gain may be
expressed by rearranging (5.8) to produce:

< Fa
a s .
PRI + o2, (5.9)

Hence, the receive signal given in (5.5) is simplified according to the above analysis as:
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r= Py Zlhkllng Z [P 115 | xq+aZ|gk|wk+nstc (5.10)

k=Ng+1

The quantity H, = aZﬁillhkllgkl+Z’,¥:Na+1lhkllgk| is the HRM symbol. The noise part is
simplified further by applying the CLT to the quantity azg‘;llgkl Wy, + ng. by assuming high N, as
seen in Chapter 4. Therefore, the noise is approximated to a Gaussian RV n~CN (0, N,,), where N, =
aZLRNaaéyn + asztc.

Hence, the final receive signal is written as:

r =\ PuH xq+ 1. (5.11)

The ML detector for (5.11) is given, assuming full channel knowledge, as:

[xq,fa] = argmin |r — \/@Hlaquz- (5.12)
qel1:M],1,€l0:6-1]

5.2.2 Performance Analysis of the HRM non-AP scheme

The ABEP is calculated by considering the lower-bounded analytical approximation given in [14] as:
F, 2R+ P, —FP, (5.13)

where F; denotes the probability of M-PSK symbol error, P, denotes the probability of HRM index
error, and P, denotes the ABEP. This approach was first documented in [130], where the authors
proposed a method in which the SEP, or bit error probability (BEP), and the index probability of the
SM scheme may be evaluated independently, using a lower-bounded analytical approach. It was then
used in [14] to evaluate the ABEP of other IM schemes such as SIMO-MBM. This approach is used to
reduce the complexity of the analysis that would otherwise be encountered if the probabilities of both
sets of data were to be evaluated jointly. In this approach, P, is calculated first by assuming that [, is
estimated perfectly and x,, is estimated erroneously as x4. Then, P,  iscalculated assuming that the data
symbol x,, is estimated perfectly, and of [, is estimated erroneously as [,. Finally, P, is calculated using
(5.13), which yields a tight approximation for medium-to-high P,,.

5.2.2.1 Calculation of P,

The union-bound for P, is formulated as:

Z Zi:i Xqlq quI)\,;(qu ), (5.14)

where P(xq,; = x4,,) is thePEP, and N(x,; - x,, ) is the number of bit errors per associated PEP
event.

The CPEP is given as:

2 2
P(xq,la - xq,lalHla'la) =P (|r — Ptleaqu > |T — Ptleaxq| )'

(5.15)
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which is simplified to:

2 2
Pec|H | |2q — x4]
P(xq1, = %q14lHiprla) = Q j“‘ laZNq al | (5.16)
v

The full derivation of (5.16) may be found in Appendix F.

Equation (5.16) is further evaluated using the exponential form of the @-function as [15]:

_x _2x
0(V7) = %+ "’43 . (5.17)

The instantaneous received SNR of this scheme is given as:

IRCIWL 2 _Pu
p =, el I =3 (5.18)

The channel magnitudes |y | and | g, | arei.i.d. Rayleigh RVs with Ol = \/%and Olg,l = \[LZZ These

RVs have meansof E[|h,|] = “lhkl\E: \/L_t\Eand Ellgel 1= a|gk|\/§= \/L_r\/? respectively; and

variances of Var(|h|) = afj, | (2 — g) = Lt(l - E) and Var (lg, ) = of},| (2 —g) =1L, (1 —E)_

Hence, the statistics of € are:

A
ue = E[H,] = L1z (Z) (aNg = Ng +N), (5.19.1)
1
o2 =E||n,|’] = e LrLp(16 = w2)(@Ng + N = Ny). (5.19.2)

A proof of these statistics can be found in Appendix F.

The MGF approach is employed, where p is a non-central chi-squared RV with one degree-of-freedom.
Therefore, p has the following MGF [15]:

HesS

1 2
Ji—2025 P (1 — 2038)' (5.20)

M, (s) =

Finally, the PEP can be written as:

2 2
1 P, lx,—xz 1 P |x,— x4
P(xqﬁxﬁ)EEMp <——tX| 4£-IN ql )+ZMp (——tX|3qu ql ) (521)
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5.2.2.2 Calculation of P

The union-bound for P, is formulated as:

o o o Nl = Lo )P(ley = o)
- -
P, < aq aq a,q a,q ’
la E EE Gt (5.22)
a=11g=01,4=0

where P(l, 4 = l,4) is the PEP, and N(l,, — [,,) is the number of bit errors per associated PEP

event. In this case, it is assumed that x,, is detected correctly, and [, is detected erroneously as [,. The
CPEP is given as:

A , ;
P(laq = TaglHiy Hyoxg) = P(Ir = VPoHi x> |r = YPcHy x|): (5.23)

2
The CPEP can be written, noting that |x,|” = 1, as:

2
P|Hy, — H;,

P(lag = loglHHy ) =Q (5.24)
a 2N,

The derivation of (5.24) may be found in Appendix F. It is observed that (5.24) is the same expression
yielded chapter 4, Equation (4.28).

To evaluate (5.24), the exponential form of the Q-function is considered in (5.17), and by declaring a
RV W = H, — H;_.Using thesame statistics of |, | and | gy |, ¥ has the following mean and variance

[79]:

JLrLp(aX — X)m
py = 12 . : (5.25.1)

LyLp(16 — 2
O'l%, = %(QZX'F X), (5.25.2)

where X = N, — N,. Now, another RV may be defined as Z = |¥|?, which is a non-central chi-squared
distribution with the MGF written as [15]:

/ - < e )
P\ 1 2525/ (5.26)
1- 2025 1-204s

Mz(s) =

Hence, the CPEP can be written as:

1 P\ 1 P,
P, »[,)=—M (— )+—M (— )
(la = la) = Mg ) T Mz (5.27)
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5.3 HRM AP scheme

5.3.1 HRM AP system model

N - element H-RIS
H-RIS Controller . : Active
— 4,
N | TECTTLE > : Passive
=)
-
log,(G) bits
. A R
- qu log, (M) bits X4 fa

Tx

4
_
|
i
:
]
i
B
;

-
&

Non-Line-Of-Sight

Figure 5.3.1.1: Diagram illustrating the system model of HRM AP scheme

Now consider Figure 5.3.1.1. In this configuration, the H-RIS is positioned next to the transmitter, such
that the H-RIS acts as the virtual transmitter of the wireless signal. Similarly to the non-AP scheme, a
NLOS path is assumed.

Similar to the HRM non-AP scheme, the information bits of length log,(M) bits is mapped to an M-
PSK data symbol denoted by Xq,q € [1: M], where M is the size of the PSK constellation, and the H-

RIS index ¢, to manipulate the state of the H-RIS. The remaining log,(G) bits select the index by
dividing the N-element H-RIS into G subgroups and using the calculation Sg = N/G to determine the

number of elements per subgroup. The log,(G) information bits select £, € [0: G — 1] to select the
number of active and passive elements on the H-RIS as N, = £,S; and N, = N — N,. Note that the

H-RIS is fully passive for £, = 0. Different channel realisations are formed depending on the state of
the H-RIS. Therefore, the fading coefficients are mapped to HRM symbols denoted by H, .

The mapping of the HRM symbols in the HRM AP scheme follows the same procedure as outlined in
Chapter 4, Table 4.2.1.

Based on the above, the SE of the HRM-aided AP scheme is:

n = log,(GM) bits/s/Hz. (5.29)

The reflection co-efficients of each reflective element in the H-RIS may be written depending on their
active/passive status as follows:
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0% = a,el®% k € [1: N,], (5.30.1)
o) = &%k € [(N, +1):N]. (5.30.2)

Each reflective element has a coefficient gz(p), where a denotes ‘active’ element and p denotes
‘passive’ elements. As can be observed, the passive reflection coefficients have unit magnitudes,
whereas active reflection coefficients have magnitudes a;, > 1, thereby facilitating amplification of the
wireless signal. It is assumed that a;, = « for all active reflection coefficients.

The Rayleigh fading channel vector is given by g € C**N~CN(0,L,.), where L, denotes the path loss
in [79] as:

Lp= mKrR_aR, (5.31)

where m,. denotes the reference path loss per metre, r; denotesthe distance in metres from the H-RIS
to the receiver, and 6z > 1 denotes the path loss exponent.

The fading coefficients may be expressed as g = [g* gP]", where g% € CV*Na denotes the fading
vector associated with active elements, and g? € C1* v denotes the fading vector associated with
passive elements.

The noise present is comprised of static and dynamic noise. The static noise is expressed as
nsc~CN(0,0%.), and the dynamic noise is denoted by n,,,, = 22'21 g2e%k wy, where wy is the k-
th element of w € (Clx”a~CN(0,INaa§yn) representing the dynamic noise vector [79].

Based on this, the received signal of the HRM AP scheme can be written for a given transmit power
P, as:

r= /P Zg el + Z Ik P el b Xq + 1, (5.32)

k=Ng+1

where ny = ngy, + Mg

Based on (5.32), the maximum instantaneous received SNR, given symbol x, is computed as [79]:

E [|\/ Ptx (CZ 2521 gl?ejeg +Zk Na+1gk | ]
max p =
a0 E[lntl ]
a igP 2
P | | |a2k 1gke]9k +leg =Ng +1glz() ]9k|
= Fx|X ’ 5.33
i ale gk ejek | O-dyn + Ustc ( )
N, - Ad 2 N - na 2
Such that: P, > a? (Ptx|§jkg1 elO%| +|x.e, e/%| ajyn), (5.34)

where P, is the maximum reflection power constraint.

a(p)

. . <a(p) o .
Considering g* and g? in polar form as g, ~ = (g %’ , and optimising the corresponding

’zcz(p) |

phase shifts as e“(”) ( ,f(p)), (5.32) may be simplified by noticing that the channel phases are

completely eliminated after phase shifting the reflective elements, and the channel gain is written as the
HRM symbol given by:
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Ng N
Hy=a Y lgil+ Y lgbl (5.35)
k=1

k=Ng+1

The total noise n, may be written as:
Na

ng=a |gl‘c1|Wk + Nt (5.36)
k=1
which is approximated using the CLT as n~CN(0,N%), where N¢ ~ a®N,LzoZ,, + oZ. [79].

The simplified receive signal in (5.32) is now written as:
r =\ PyHy x4 +mn, (5.37)

where the ML detector for (5.37) is written, assuming full channel knowledge, as:

[x5,2,] = argmin |r — \/fo{,aqu_ (5.38)
qel1:m],¢4€l0:6-1]

5.3.2 Performance Analysis of HRM AP scheme

In the ABEP formulation of the HRM scheme, the approach in (5.13) is employed according to [14] as:
P, 2P +P, — PP, (5.39)

where F, is the ABEP, F; denotes the probability of M-PSK symbol error and P, denotes the probability

of HRM index error, as mentioned earlier. Similarly to the HRM non-AP scheme, thismethod is used
to reduce the complexity of the analysis. First, P, is formulated, assuming that and x, is estimated
erroneously as x4 given that £, is estimated perfectly. Next, P,_is formulated, assuming that ¢, is

estimated erroneously as #,, given that x4 is estimated perfectly. Based on P, and P, , F, is evaluated
using (5.39), yielding a tight fit for medium-to-high P.,.

5.3.2.1 Calculation of P,

The union-bound for P, is given by:

M M
P _ )N Xn
P < Z Z Z (xq.la - xq.la) (xq,la xq,la)’ (5.40)

GMn

where P(x,, - x4, ) is thePEP, and N(x,,_,x;, ) is the number of bit errors between x,, and x,.

The CPEP is given as:

P(xq,za - Xa,za|Hfa»1'f)a) =P (|r - \/P_txH[aquz > |r - \/EHfaxq |2) (5.41)
which can be simplified as:
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2 2
Pix|Heo|"|xq = x4

2N¢ /

P(xq,la - xd,lalH{’a'{)a) =0 ( (5.42)

The full derivation of (5.42) may be found in Appendix F.

The expression in (5.42) can be evaluated by employing (5.17).

Noting that |xq |2 = 1 for M-PSK symbols, the instantaneous received SNR is rewritten based on (5.37)

as:
_ Pex

. Pix
M

Ny

Ptx 2

A (5.43)

2 2 2
|xq] |Hea| = |H{’a|

where € is a Gaussian RV with mean u. = E[|gi|] = 1/LR\E and variance o2 =Var(|g,]) =
s
Le(1-5).

Hence, the statistics of € are:

L.
4

Ue = (aN, + N — N,), (5.44.1)

/s
02 = Ly (1-7) (@Ne + N = Ny, (5.44.2)

the full derivation of which may be found in Appendix F. It is observed that p is a non-central chi-
squared RV with one degree-of-freedom, with the MGF given by [15]:

2
Hes )
exp (1 —20%s

5.45)
M, (s) = (
P V1 —202s
Finally, P(x, — x;) is written as:
Pl )= L (<Pl xal ) 1y (Pl gl s
R VA 4N2 47 3N ' (5.46)

5.3.2.2 Calculation of P,_

The union-bound for P,_ is given by:

ZM Z 2 P(b, = 20 IN(Lag 2as)
_)
P < a,q a,q aq’-aq , .
£a GMT] (5 47)
q=14,=02,=0

where P(¢, , = 2,4) is the PEP, and N(#, 4,2, 4) is the number of bit errors between ¢, and 2.

The CPEP is given as:
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~ 2 2
P(‘Ba,q - {)a,qut’aJH?a'xq) =P (lT‘ - \/PtxHi’aqu > |T Y, PtxH?axq| )' (5.48)

2
which can be written, noting that |x,|” = 1 for M-PSK symbols, as:

2
P |H,, — Hy |

P(€qq > 2aqlHe Hp ) = Q : (5.49)
a 2N?

The full derivation of (5.49) may be found in Appendix F.

Equation (5.49) is further evaluated using the Q-function approximation in (5.17). The statistics may be
found by using the given statistics of | g, | previously described.

ARV defined as¥ = H, — Hp_is considered, where the given statistics of |gx | previously described
are used to calculate the mean and variance of ¥ as [79]:

oy = fo (at— 1), (5.50.1)

T
0% =1L, (1 — Z) (a’t+ 1), (5.50.2)

where T = N, — N,. The derivation of (5.50a) — (5.50b) may be found in Appendix F.

Furthermore, aRV Z = |W|? is defined, such that Z follows a non-central chi-squared distribution with
the following MGF [15]:

2
exp <_/ML>

1-204s (5.51)
Mz(s) = =
/1 — 20&s
Hence, P(£, — 2,) is written as:
- 1 P 1 P,
P(t, »2,) = —My[ -2 ) + =M, (- %),
(ba =t =5 Z( 4N§> 4 Z( 3NZ (5.52)
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5.4 Numerical Results

In this section, the EP of the HRM non-AP and HRM AP is presented for varying M, G and N, and
comparisons are made between the HRM-aided schemes and the conventional HRM [79] and RIS-aided

[48] schemes. All results are presented in the form of BER vs Py, graphs, and all results are drawn at a
BER of 107°.

The simulation settings are given in Table 5.5.1:

Table 5.4.1: Simulation settings for HRM non-AP and HRM AP schemes

Parameter | rp | 1z [ 07 | Op | 0Z,, =04 | mc | @
Value 20m | 50m | 2.2 | 2.8 —90dBm —30dB | 10

HRM non-AP,M=4,G =4

T LI -
-------- Theoretical
Simulation

==, N =16, 32, 64, 128, 256 ]

1072

107

BER

107

10

P, [dBm]

Figure 5.4.1: BER vs Py, graphs of the HRM non-AP scheme for increasing N

Figure 5.4.1 shows the EP of the HRM non-AP scheme for M =4, G = 4 and increasing N €
{16,32,64,128, 256}. It is observed that doubling N improves the EP significantly, particularly in the
lower range of N. It is observed that for high N, the theoretical results fit tightly with the simulation
results for medium-to-high P;,, as discussed in Section 5.2.2, but for moderate-to-low N, error floors
form at higher P;,. As seen in earlier chapters. this phenomenon is due to the CLT being applied
assuming high values of N, such that N, is high enough for the approximation to work, meaning that
for low-to-moderate N, N, is not approximated well, hence large error floors form.
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HRM non-AP, N =256, M =4

1
LLEETTY Theoretical |
Simulation

BER

35 40

P, [dBm]

Figure 5.4.2: BER vs Py, graphs of the HRM non-AP scheme for increasing G

Figure 5.4.2 shows the EP of the HRM non-AP scheme for M = 4, N = 256 and increasing G €
{4,8,16,32}. It can be observed that increasing the SE by doubling G deteriorates the EP significantly,
suggesting that at high G. the EP worsens greatly. Another observation made is that large error floors
form as G increases, which is a similar effect observed in Chapter 4, Figure 4.7.5. The CLT being
applied assuming high N, such that N, and N,, is well approximated. In this case, increasing G decreases
the number of active and passive elements in each subgroup, hence N, and N,, is not approximated well
for high G.
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HRM non-AP,N = 256, G =4
1 1 1

10"| T R T T E

"""" Theoretical |1

Simulation |

107 ;

10.3:_ M =64, 16, 4 3

o [ ]

% L i

10 3 E

10°F 3
10-6 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45

Ptx [dBm]
Figure 5.4.3: BER vs P,,. graphs of the HRM non-AP scheme for increasing M

Figure 5.4.3 shows the EP of the HRM non-AP scheme for G = 4, N = 256 and increasing M €
{4, 16, 64}. Tt is observed that as the modulation order increases, the EP deteriorates by 11-12dBm, in
other words, the EP deteriorates at a constant rate as opposed to increasing N or G. It is also observed
that the theoretical graphs demonstrate a tight approximation for moderate-to-high P, hence
demonstrating the validity of the approach proposed in Section 5.2.2 for varying M.
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Figure 5.4.4: BER vs P, graphs of the HRM non-AP compared to conventional RIS non-AP and HRM schemes for 1 =

{4,8} bits/s/Hz

Figure 5.4.4 shows the EP of the HRM non-AP scheme in comparison to that of the conventional non-
AP scheme [48], as well as the conventional HRM scheme [79] for n = 4 bits/s/Hzand n = 8 bits/s/Hz.
The conventional RIS schemes are assumed to have a fully passive RIS, with the same parameters given
in Table 5.4.1.1t is seen that for n = 4 bits/s/Hz, the HRM non-AP scheme demonstrates a 12dBm gain
over the conventional schemes, whilst for n = 8 bits/s/Hz, an improvement of 12dBm and 57dBm is
seen over the RIS non-AP scheme and HRM scheme, respectively. A notable observation is that where
the SE of the conventional HRM scheme is limited by G, the HRM non-AP scheme overcomes this

limitation by increasing M.
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Figure 5.4.5: BER vs P, graphs of the HRM AP scheme for increasing M

Figure 5.4.5 shows the EP of the HRM AP scheme for G = 4 and N = 256 with increasing M €
{4, 16,64} with respect to P.,. As discussed in Section 5.3.2, the theoretical curve matches the
simulation curve for medium-to-high P,,.. For increasing M, it is observed that very low P, is required
to achieve a BER of 10, which clearly demonstrates the superiority of the AP-based H-RIS. It is also
observed that like the HRM non-AP scheme, the theoretical curve matches the simulation curve at
moderate-to-high P,,., further demonstrating the validity of the approach in Section 5.3.2 for increasing
M.
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Figure 5.4.6: BER vs P, graphs of the HRM AP scheme for increasing N

Figure 5.4.6 shows the EP of the HRM AP scheme for M = 4 and G = 4 with increasing N €
{16,32,64,128, 256}. It is seen that the simulation graphs match the theoretical results for moderate-
to-high N, but errors floors are present for small values of N. As seen earlier, this is expected, due to
the employment of the CLT assuming high N, as seen in previous chapters. It may be noted that the
effect of the CLT on this scheme is not as profound as in the HRM non-AP scheme. This is because the
non-AP scheme considers the product of channel magnitudes, whereas the HRM AP scheme only
considers the single channel magnitude. Hence, the CLT can be used to approximate the sum of a single
channel magnitude more accurately than it can a product of RVs. It can also be observed that a 6dBm
gain in P, is seen when increasing N in the moderate-to-high range, and a 10-12dBm improvement is
seen for low values of N. This trend is very similar to the HRM non-AP scheme, in which the EP greatly
improves when doubling N in the low range.
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Figure 5.4.7: BER vs P, graphs of the HRM AP scheme for increasing G

Figure 5.4.7 shows the EP of the HRM AP scheme for M = 4 and N = 256 with increasing G €
{4,8,16,32}. It can be observed that the EP deteriorates greatly when G is increased. It is also observed
that for increasing G, errors floors form, which is a similar phenomenon observed in Figure 5.4.6, and
the reasons for this phenomenon are the same as discussed in Figure 5.4.2. Again, it is evident that in
comparison to the HRM non-AP scheme, the error floors are not as large, hence the ABEP formulation
in (5.13) and (5.39) is far more accurate for the HRM AP scheme.
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Figure 5.4.8: BER vs Py, graphs of the HRM AP schemes compared to conventional RIS and HRM schemes for n =
{4,8} bits/s/Hz

Figure 5.4.8 shows the EP of the HRM AP scheme in comparison to that of the conventional AP RIS
scheme [48] and conventional HRM scheme [79] for SEs of = {4,8} bits/s/Hz. For fair comparison,
it is assumed that the RIS AP scheme contains a fully passive RIS with the same parameters given in
Table 5.4.1. It is seen that for n = 4 bits/s/Hz, the HRM AP scheme demonstrates gains of 11dBm and
72dBm compared to the RIS AP scheme and the conventional HRM scheme, respectively. For n = 8
bits/s/Hz, the HRM AP scheme demonstrates gains of 13dBm and 116dBm over the RIS AP scheme
and conventional HRM scheme, respectively. These results demonstrate that using the IM concept to

transmit additional data using the H-RIS in the AP configuration increases SE and improves EP
significantly.

Chapter Summary

In this chapter, two novel HRM-aided schemes were presented, namely the HRM non-AP scheme and
the HRM AP scheme. The mathematical frameworks of the ABEP of both HRM-aided schemes were
also presented. Simulation results in the form of BER vs P, graphs were provided, and observations
were drawn based on theresults. The theoretical framework fits tightly with the simulation graphs for
high values of N, and error floors and present for low values of N. Another observation was that the
HRM-aided schemes can significantly improve upon the SE and EP of the conventional HRM and RIS
schemes. Lastly, it was seen that the HRM AP schemes boasts superior EP over the HRM non-AP
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scheme. Overall, it may be said that the proposed schemes were able to effectively improve upon the
EP and SE using the HRM concept and the AP configuration.
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CHAPTER 6

RECONFIGURABLE INTELLIGENT SURFACE-AIDED
MODULATION IN RICIAN CHANNELS

6.1 Introduction

The developments made in 5G networks have been significant thus far, with many networks having
already being either launched, in deployment or in development in many countries across the globe.
Despite these developments, it has been established that no single enabling technology can address all
of the challenges and application requirements. Hence, much of the recent research has been dedicated
to beyond 5G, or 6G, wireless networks; and due to new use cases, trends and user requirements, it is
clear that a drastic change in the design of future wireless communication schemes is required.

One such idea that has received much attention in the research world is the concept of being able to
control the seemingly ‘uncontrollable’ wireless propagation environment. This idea has led to the
development of the RIS which is a surface made of man-made EM material used to intelligently reflect
the incoming signal towards the receiver.

Some existing RIS literature includes the following. In [89], it was proposed that a number of RISs
could be grouped together on a large surface for data transmission and reception. The authors in [24,
96, 131] focus on maximising EE and sum rate in downlink systems aided by RISs. In [91] and [92],
performance analyses were carried out under practical impairments, with an emphasis on uplink SE and
data rate. The authorsin [48] and [49], formulated RIS-assisted wireless networks, which cover generic
RIS-assisted schemesand RIS-based IM schemes, with the aim of improving EP and SE. The author of
[48] then proposed the AP-based RIS scheme and also considered the effects of blind channel phases
on the EP of the scheme. A study in [49], applied the AP configuration with RIS-SSK modulation and
RIS-SM. The authors of [78] and [113] then applied the AP configuration in both the RIS-aided SISO
GC modulation scheme and the K-complex symbol GC modulation scheme, which boasted significant
EP gains.

Rician fading in RIS-aided systems has recently emerged as a topic of interest, as the RIS provides a
dominant LOS component in comparison to NLOS components in the propagation environment, and
the impact of the dominant LOS component on the performance of RIS-aided systems is documented
on in [85] and [86]. The LOS dominant componentis an important characteristic of the RIS, as one of
the advantages of implementing an RIS is that it can provide additional paths via its reflective elements
when the LOS is weak or blocked [132]. No general closed-form of the Rician distribution exists, as it
is expressed in terms of the MBF of the first kind. However, closed-form approximations of the Rician
distribution for sums of RVs have been proposed in [133].

In this chapter, the EP of the RIS non-AP and AP schemes is evaluated under Rician fading channels,
and the formulation of the ABEP of both schemes is presented assuming Rician fading. Furthermore,
the EP of the RIS M-QAM AP system in Rician fading for a low number of reflective elements is
investigated and formulate a closed-form approximation of the ABEP of the scheme.

The contributions of this chapter are stated as follows:
e The EP of the RIS non-AP and RIS AP schemes are investigated in Rician fading channels.

e The formulation of the theoretical SEPs of the RIS non-AP and RIS AP schemes in Rician
fading channels is presented.
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e TheEP of the RIS M-QAM AP scheme is investigated for low numbers of reflective elements
in Rician fading channels.

e The mathematical formulation of the ABEP of the RIS M-QAM AP is derived.

This chapter is organized as follows. In Section 6.2, the system model of the RIS non-AP scheme in
Rician fading channels is presented, and in Section 6.3, the system model of the RIS AP scheme in
Rician fading channels is presented. In Section 6.4, the formulation of the ABEP of both schemes is
presented. In Section 6.5, the system model of the RIS M-QAM AP scheme in Rician fading channels
is presented, and in Section 6.6, the formulation of the ABEP of the RIS M-QAM AP scheme in Rician
fading channels is presented.

6.2 RIS non-AP system model

N-element RIS

k-th
reflective
element

log, (M) — s4,q € [1: M]
| |
Tx Rx

Figure 6.2.1: Diagram illustrating the system model of the RIS-aided non-AP scheme

Consider Figure 6.2.1. The N-element RIS is positioned inside the wireless channel, where it acts as an
intelligent reflector of the incoming signal from the transmitter.

As described in Chapter 2, information bits of length log, (M) bitsare mapped ontoan M-QAM or M-
PSK symbol denoted by s,, where q € [1: M], and where M is the size of the QAM or PSK
constellation. The symbol s, is then transmitted towards the RIS, where the signal is intelligently
reflected towards the receiver.

The Rician fading channel vectors are denoted by h and g, where h, g € C**¥N~CN (0, 1). The fading
vector h occurs in the Tx-RIS path, and g occurs in the RIS-Rx path. The AWGN present in the channel
is denoted by n~CN (0, 1).

It is worth noting that a Rician fading sample is computed as [134]:
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h = (t, X + t)+ j(t, X, + 1),

where t; = fL t, = f; K denotesthe Rician K-factor, and X; and X, are RVs taken from
2(kK+1) 2(k+1)
the standard normal distribution N (0, 1). It is important to note that a Rayleigh fading sample is

obtained from (6.1) for K = 0.

Hence, for a given SNR denoted by p, the receive signal can be written as [48]:

y = \/EAsq + n,

where A = YN_. h,g,e/%. The phases 6, denotes the optimized phase shift of the k-th reflective
element such that the SNR is maximized. The phase shift of each reflective element man be optimized
by rewriting the fading vectors in polar form as h;, = a;,e/®* and g, = B, e/?*, thereby optimizing the
k-th phase shiftas 8, = —(¢, + ¢, ). By doing so, the phase shifts may be completely eliminated, and
the resultant channel is rewritten as A = Y¥_; ay Bx.

The ML detector for (6.2) is given, assuming full channel knowledge, as:

$q = argmin|y - \/EAsq

qE[l:M]

6.3 RIS AP system model

N-element RIS

|2

A

k-th
reflective
element

T log, (M) bits — v,,,,m € [1: M]
Tx

o~

]

Figure 6.3.1: Diagram illustrating the system model of the RIS-aided AP scheme

Consider Figure 6.3.1. As described previously in Chapter 2, the RIS is positioned close to the
transmitter in the RIS AP scheme, creating an innovative scheme in which the RIS virtually transmits

the wireless signal.

Notably in this scheme, only g is present, defined in the previous subsection, and AWGN denoted by

n~CN(0,1).
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The RIS AP scheme considers the transmission of an unmodulated carrier. Hence, the receive signal
may be written as [48]:

y= ﬁ(ngef9k>+n- (6.4)
k=1

The phase adjustment 6, is computed by the selection of a common additional phase term given by
vy, m € [1: M] according to input bits of log,(M) bits per interval [48]. Therefore, the reflector
elements are adjusted as 6, = —(@x + Vp)-

Therefore, the receive signal in (6.4) can be simplified as follows [48]:

N
y=\/ﬁ<2ﬁk)e”m+n=\/;Bsm+n, (6.5)
k=1

where s, isa virtual M-PSK symbol, where M is the size of the PSK constellation. In other words, the
model of the scheme simplifies to the transmission of an M-PSK symbol according to input bits of

log, (M) bits in length through a fading channel given by B = Y%_, By

The ML detector is given, assuming full channel knowledge, as:

$m = argmin|y — \/EBsm|2. (6.6)
mel1:M]

6.4 Performance Analysis of RIS-aided schemes

The instantaneous received SNR of the RIS non-AP and RIS AP schemes, for their respective settings,
is given as:

Ynap = PA, (6.7.1)
yAP = pBZ (672)
An arbitrary Rician RV denoted by Y has the following mean, second moment and variance,
respectively, as [15]:
=E|Y| = n[l KI(K) KI (K)] _g
M, = E[Y?] = (1 + K)20?, (6.8.2)
Var(Y) = M, — u?, (6.8.3)

where, for our analyses based on (6.1), o0 =t, = /z(K1+1)'

It is also worth noting that the MBF of the first kind is written as [15]:

© r 2k+z
~ (3) 6.9
l2(r) = I;(k!)l“(k+z+1)' rz0, ©.9)

where z represents an arbitrary order of the MBF. Of particular importance in the SEP analyses is the
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zero and first order of the MBF, which are written as [15]:

e} Kk 2
k=0
. (£)2k+1
-y _\2/ 6.11
L) ;J (kDT (k + 2)° (611

Some important resultstonote is I,(0) = 1 and I, (0) = 0. Hence for K = 0, the statisticsin (6.8.1) —
(6.8.3) is equivalent to those of Rayleigh statistics.

6.4.1 SEP of RIS non-AP scheme

In the non-AP scheme, the channel magnitudes a; and B, are i.i.d Rician RVs, each with means and
variances given by (6.8.1) — (6.8.3). The mean and variance of A may then be computed by applying
the CLT by assuming high values of N.

Hence, the statistics of A may be computed as:

N
s = E[A] = E Z B | = NE[a E[B] (6.12.1)
k=1
N
Var(A) = Var (Z akﬁk> = NVar(ayB) = N(E[az]E[B] - (Ela,D*(E[BD?).  (6.12.2)
k=1
Based on the above, the final mean and variance of A are computed as:
ua = E[A] = Nu?, (6.13.1)
o= Var(A) = N(MZ — u?). (6.13.2)

It may be observed that y,,,p isanon-central chi-squared RV with one degree-of-freedom with an MGF
given as:

1 < 1 px )
2
My, ap (X) = ——=———==0"\172%P%/. (6.14)

[1-2paix

Hence, the SEP of the RIS non-AP scheme for M-QAM data is computed as [48]:

T

P_4bﬁM < > ) 4b2fZM ( ’ )a
. T 0 Ynap Z(M - 1) sin? X X T 0 YnaApP Z(M _ 1) sin? X X (615)

where b = (1 — \/%) For M-PSK data, the SEP is formulated as [48]:

Pe=

M-1)m .o (T
1 M sin (M)
1 fo M, |- ——M2 ) dy. (6.16)

T sin? y
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6.4.2 SEP of RIS AP scheme

In the AP scheme, only the channel magnitude g, is considered, with a mean and variance given by
(6.8.1) — (6.8.3). The mean and variance of B can be computed by applying the CLT assuming high
values of N.

Hence, the statistics of B may be computed as:

N
up=E[B] =E | ) Be|= NEIB,] (6.17.1)
k=1
N
of = Var(B) = Var (Z Bk) = NVar(Bi) = N(E[BZ] = (E[BD?)- (6.17.2)
k=1
Based on the above, the final mean and variance of B can be computed as:
Ug = Ny, (6.18.1)
of = Var(B) = N(M, — u?). (6.18.2)

Having derived these statistics, it can be observed that y,p, isa non-central chi-squared RV with one
degree of freedom with an MGF as:

1 < 1 px )
e\1-205p% (6.19)

M, (xX) = — .
[1—2pox

Hence, the SEP of the RIS AP scheme is computed as [48]:

M-Dn .2 (n)
= —1 f " ——Sl M d 6.20
e o YAP si 2 X X ( )

6.5 RIS M-QAM AP scheme for low N

6.5.1 RIS M-QAM AP system model

The authors of [78], presented the ABEP analysis of the RIS M-QAM AP scheme for low numbers of
reflective elements, assuming Rayleigh fading. They used a PDF-based approach to formulate the
ABEP and demonstrated that the proposed ABEP matched well for a variety of N values.

Motivated by this, the ABEP analysis of the RIS M-QAM AP scheme for low numbers of reflective
elements, assuming Rician fading, is presented.

In the system model, the transmission of an M-QAM symbol denoted by x,,q € [1: M] is assumed,
where M is the size of the QAM constellation with E [lxq |2] = 1. Theschemealso utilizesan N-element
RIS in the AP configuration, similar to Figure 6.3.1, under Rician fading with AWGN.

Based on this, the receive signal is given as:
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N
r= (Z hkej9k>xq +n, (6.21)
k=1

where h, = |k, |e/¥* represents the RV distributed as CN (0, 1), with magnitude |h; | and phase 1,
denoting the fading channel between the k-th RIS element and the receiver, 8, = —i; is the k-th

intelligent phase shift of the k-th reflective element of the RIS, and n~CN ( ) denotes the AWGN,

where p denotes the average SNR.

6.5.2 SEP of RIS M-QAM AP scheme

The CLT allows us to assume that the PDF of the sum of RVs given by Z = YX¥_,|h,| follows a
Gaussian distribution, in other words, the CLT assumes:

ka

Var(Z) = Var (Z |hk|> = NVar (|hg). (6.23)
k=1

This approach is documented in [48]. However, this approach fails when N is considerably low, as
already observed in previous chapters. The PDF of the sum of RVs following a Rician distribution has
been given in [133], such that the ABEP may be formulated for low N values.

= NE[|hl], (6.22)

The ABEP of the RIS M-QAM AP scheme is given as [78]:

P, =wJ:O{Q (Vex?) - aQ? (VEx2)} f () d, (6.24)

3Np o _q_ L
where ¢ = 4= 1 W= (M) and f;(x) is the PDF given in [133] as:
() = N(Cl)N_l 1<x2+b2>1 (xb)
fax ¢z \c,b P72 ez c2)| VM e,/ (6.25)

where b = f% where, as defined in Chapter 1, Section 1.1.2.2, K denotesthe Rician K-factor, 1,,(r)

denotesthe MBF of the first kind given in (6.10), and c; and ¢, are constants derived using the interior-
reflective Newton method depending on the corresponding values of K and N given in Table 6.5.2.1
[133].
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Table 6.5.2.1: Table of Coefficients for Approximation of Rician PDF [133]

N K = 1dB K = 3dB K = 5dB K =7dB
Cq Cy Cq Cy Cq Cy Cq Cy

2 0.5194 0.4746 0.4395 | 0.4131 0.3657 | 0.3509 0.2992 | 0.2914
3 0.5411 0.4770 0.4518 | 0.4150 0.3726 | 0.3524 0.3027 | 0.2922
4 0.5507 0.4772 0.4580 | 0.4157 0.3761 | 0.3530 0.3048 | 0.2928
5 0.5589 0.4783 0.4621 | 0.4165 0.3782 | 0.3534 0.3058 | 0.2931
6 0.5634 0.4786 0.4646 | 0.4168 0.3796 | 0.3537 0.3066 | 0.2933
7 0.5675 0.4791 0.4668 | 0.4172 0.3806 | 0.3539 0.3073 | 0.2935
8 0.5699 0.4793 0.4680 | 0.4173 0.3815 | 0.3541 0.3076 | 0.2936

2

u 2u?
The well-known @Q-function approximations Q(w) 5%e'7+ie_ ’

= and Q%(w) Eée“u are
employed to rewrite (6.25) as:

a —Exz} x’\'<c1 )N‘l 1(x2+b2> ; (xb ) p
86 cg c,b exp 2 c% c2JI'N C1Cy X (6.26)

1

A A 3a A
R ~L le9< ) + 3ﬁfz”ﬂ< )— — B3 ﬂ(—) : (6.27)
¢ Z‘Iﬁll 2 ﬁlZ 2 2 :813
o (VT () A=t g i(p i) p— (P4 L _
where L = 242 (2c2b) exp( 2c§)’ A= P Bi1 = 5 (E + C%),Bn = (35 + 2c§)’ Biz = (f +

1 w x2K
Z—C%) and Q(x) = Zk:()?.

The full derivation of (6.27) may be found in Appendix G.
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6.6 Numerical Results

In this section, the EP of the RIS non-AP and AP schemes is investigated under slow frequency-flat
Rician fading channels in the form of SER/BER vs SNR graphs. The theoretical graphs are also
provided to validate the tightness between the simulation and analytical results. For the RIS-non-AP
scheme, M-QAM data is assumed to be transmitted, whereas for the RIS-AP scheme, M-PSK data is
transmitted. Therefore, all theoretical results are based on (6.15), (6.20) and (6.27).

RISAP,N=64, M =4
1 1

=== = Theoretical (Rician)
Simulation (Rician) |7
"""" Rayleigh fading

102
w1073

10*

SNR [dB]

Figure 6.6.1: SER vs SNR graphs of the RIS AP scheme, M = 4,N = 64, varying K

Figure 6.6.1 shows the EP of the RIS AP scheme for M = 4, N = 64 and varying K € {0, 1, 2, 10}. The
curve of the RIS AP under Rayleigh fading is also shown to observe that for K = 0, the fading channel
is equivalent to a Rayleigh fading channel, as already seen in Chapter 2. It is observed that as K
increases, the EP improves, as there is a greater degree of LOS. The setting K = 0 (Rayleigh fading)
produces the worst EP as the path becomes a NLOS.

88

Internal Use



RIS M-QAM non-AP, N =64, M =4
1 I
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Figure 6.6.2: SER vs SNR graphs of the RIS M-QAM non-AP scheme, N = 64, M = 4, varying K

Figure 6.6.2 shows the EP of the RISnon-AP scheme for M = 4, N = 64 and varying K € {0, 1, 2, 10}.
Similar to Figure 6.6.1, the curve for the RIS non-AP scheme under Rayleigh fading is shown to match
the curve for Rician fading at K = 0. It is observed that there is a much greater improvement in EP
when increasing K for thenon-AP scheme than in the AP scheme. When comparing Figure 6.6.1 with
Figure 6.6.2, it is also observed that the AP scheme performs better than the non-AP scheme when there
is a very low degree of LOS, in other words, for low K. This demonstrates that the non-AP scheme
produces better EPs at higher degrees of LOS.
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Figure 6.6.3: SER vs SNR graphs of the RIS M-QAM non-AP and RIS AP schemes, K = 2,N = 64, varying N

Figure 6.6.3 shows the EP of the RIS M-QAM non-AP and RIS AP schemes for M = 16, K = 2, and
varying N € {16,32,64, 128, 256}. It can be observed that when doubling the reflective elements for
each scheme, the EP improves by 6-7dB. It is also observed that for the non-AP scheme, the theoretical
and simulation graphs match for N € {64, 128, 256}, but not for N € {16, 32}. This is due to the CLT
being assumed for high N, hence for high N, the theoretical and simulation graphs match, but for lower
N, error floors form as shown. This is expected, as it has been observed in Chapter 2 already. However,
this phenomenon is not as prominent in the RIS AP scheme, with the theoretical and simulation graphs

matching for N € {32,64, 128,256}, and only a very small error floor at N = 16.
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Figure 6.6.4: SER vs SNR graphs of the RIS M-QAM non-AP and RIS AP schemes, K = 10, N = 64, varying M

Figure 6.6.4 shows the EP of the RIS non-AP and RIS AP schemes for K = 10, N = 64 and varying
M € {4,16,64}. Tt is observed that for the RIS non-AP system, a change of 7.5dB is seen as M
increases, whereas for the RIS AP scheme, a change of 12dB is seen, indicating a greater deterioration
in EP in the RIS AP scheme compared to the RIS non-AP scheme. This is due to the greater SNR loss
for M-PSK transmission over M-QAM transmission.
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Figure 6.6.5: BER vs SNR graphs of the RIS M-QAM AP scheme, K = 1dB, M = 16, varying N

Figure 6.6.5 shows the EP of the RIS M-QAM AP scheme for K = 1dB, M = 16 and varying N €
{2,4,8}. It is observed that the theoretical result given in (6.27) produces a tight fit with the simulation
graphs. It can also be observed that there is a great difference between the CLT approach and the exact
ABEP for low N. with large error floors for N = 2 and 4 and a small error floor for N = 8, which
further demonstrates the accuracy and the necessity of the PDF-based approach for low N. For N = 2,4
and 8, SNRs of 31dB, 16dB and 5dB are seen, respectively.
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Figure 6.6.6: BER vs SNR graphs of the RIS M-QAM AP scheme, K = 3dB, M = 16, varying N

Figure 6.6.6 shows the EP of the RIS M-QAM AP scheme for K = 3dB, M = 16 and varying N €
{2,4,8}. Similar observations in Figure 6.6.5 may be seen in Figure 6.6.6, with large error floors
forming for N = 2 and 4. However, it is observed that for N = 8, the CLT theoretical result closely
matches the PDF-based result. When comparing the same case in Figure 6.6.5, it suggests that for
increasing K, the CLT matches the PDF-based ABEP for an appropriately-sized N. Here, SNRs of
30dB, 14dB and 4.5dB for N = 2,4 and 8, respectively, are observed.
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Figure 6.6.7: BER vs SNR graphs of the RIS M-QAM AP scheme, K = 3dB, N = 4, varying M

Figure 6.6.7 shows the EP of the RIS M-QAM AP scheme for K = 3dB,N = 4 and varying M €
{4,16,64}. It is observed that the PDF-based theoretical result fits tightly with the simulation results,
as opposed to the CLT approach which produces sizeable error floors. It is also observed that increasing
the modulation order deteriorates the EP by 7.5dB per M value.
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Figure 6.6.8: BER vs SNR graphs of the RIS M-QAM AP scheme, N = 4,M = 16, varying K

Figure 6.6.8 shows the EP of the RIS M-QAM AP scheme for M = 16,N =4 and varying K €
{1,3,5,7}dB. It is observed that increasing K produces an improvement of 1.4dB. It is also observed
that for increasing K, the CLT tends towards the PDF-based theoretical curve, which confirms our
earlier observation that for high K. the CLT theoretical result matches the PDF-based theoretical result.
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Figure 6.6.9: BER vs SNR graphs of the RIS M-QAM AP scheme - CLT analysis

Figure 6.6.9 shows the EP of the RIS M-QAM AP scheme for K = 1dB,M = 16 and varying N €
{9:16}. It is observed that the extent of the usefulness of the CLT result lies within the range of N
values N € {13: 16}, and the accuracy begins to drop off at N = 11 and 12. A drawback of the PDF-
based approach given in (6.28) is that it is only defined for specific N values, hence this comparison
sheds some light on exactly which values the CLT does not work for, such that future research may fill
in the research and analysis gaps found in this study.

Chapter Summary

In this chapter, the system models of the RIS non-AP and RIS AP schemes in Rician fading channels
were presented, and the performance analysis of each scheme was described. Additionally, the system
model of the RIS M-QAM AP scheme in Rician fading channels for low values of N was presented,
and the formulation of the ABEP of the scheme was also provided. Simulation results in the form of
SER vs SNR graphs were provided for the RIS non-AP and RIS AP scheme, and BER vs SNR graphs
were presented for the RIS M-QAM AP scheme, and observations are drawn based on the results. for
the RIS non-AP and RIS AP schemes, the theoretical framework has been shown to fit tightly with the
simulation graphs for high values of N, with error floors present for low values of N, which was
similarly observed in Chapter 2. It was also observed that for increasing K, a greater improvement in
EP is seen in the RIS non-AP scheme in comparison to the RIS AP scheme, suggesting that the RIS
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non-AP scheme may outperform the RIS AP scheme if the degree of LOS is high enough. For the RIS
M-QAM AP scheme, it was observed that the theoretical framework fits tightly with simulation results
for low values of N. However, a weakness of the PDF derived is that it only works for specific vales of
K and N. More work needs to be done to derive a closed form of the Rician distribution such that the
approximated PDF may be applied for general values of K and N.
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7 CONCLUSION

In this dissertation, RISs-aided schemes were investigated from an EP and SE perspective. The
conventional RIS schemes were covered in both Rayleigh and Rician fading channels, and the
mathematical frameworks of the SEPs and ABEPs of the respective schemeswere derived. Simulation
results have been provided to validate the system models and theoretical results of the RIS schemes, as
well as evaluate the impact of the LOS component in RIS-aided systems. Then, an analysis was
provided of the RIS-aided KCS GC modulation scheme and its ABEP, and simulation results were
provided to validate these results. The concept of HRM was discussed, and simulation results were
provided to justify the study of this concept with respect to EP, achievable rate and EE. Further, novel
HRM-aided schemes were investigated to improve upon the EP and SE of conventional RIS-aided
schemes, and their ABEP expressions derived and documented in this dissertation. Simulation results
were provided to evaluate the improvements in EP and SE over existing schemes and validate the
theoretical results.

Some of the challenges/future research directions in this work are as follows. Firstly, the HRM schemes
were investigated for high values of N. However, the investigation of the schemes for low N is
necessary, as deployment is theoretically easier and more practical than considering very large RISs.
Hence, the derivation and formulation of the ABEPs of the HRM-aided schemes assuming low N is
required for future work. Secondly, when consideringthe RIS M-QAM AP scheme under Rician fading,
it would be useful to derive a general PDF-based ABEP expression for all N values, as the PDF used
only considers a finite series of RVs for specific values of K. Thirdly, considering the potential of the
RIS-aided KCS GC modulation scheme to provide significant EP gains at high SEs, it would be of
interest to integrate the HRM concept with this scheme. It is envisioned that the computational
complexity will be very high in this case, so a novel low complexity detection scheme may be required
to lower the computational complexity of this scheme.

Future work includes the following.

1. The consideration of the RIS-aided and HRM-aided schemes in other types of fading channels,
for example, Nakagami-m or Nakagami-q fading.

2. The EP of the RIS schemes assuming partial CSI or absence of CSI may be investigated.

3. Inall scenarios, a perfect RIS is assumed. It isworth investigating the EP assuming an imperfect
RIS.

4. Aninvestigation intothe EP considering discrete phase shifts of the reflective elements of the
RISs is an interesting research direction, where the phases of the reflective elements are
quantised to satisfy practical hardware requirements.

5. The exploration of multiple-antenna nodes in the documented RIS schemes.

6. The effect of hardware impairments on the EP of RIS-aided schemes may be explored.

The EP gains of the HRM schemes are summarized in Table 7.1.

Table 7.1: Table summarizing EP gains of HRM schemes over conventional schemes

EP gains of HRM schemes over conventional schemes at BER = 107
Schemes: RIS non-AP RIS AP HRM
4 bits/s/Hz | 8 bits/s/Hz | 4 bits/s/Hz | 8 bits/s/Hz | 4 bits/s/Hz | 8 bits/s/Hz
HRM non-AP 12dBm 12dBm - — 12dBm 57dBm
HRM AP — — 11dBm 13dBm 72dBm 116dBm
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The key findings of Chapter 6, the study of RIS-aided systems in Rician fading channels, are
summarised as follows:

1.

In Figures 6.6.1 and 6.6.2, it was observed that the RIS non-AP scheme showed greater
improvements in EP as K increased in comparison to the RIS AP scheme. This may suggest
that if K is large enough, the RIS non-AP scheme may produce the same EP as the RIS AP
scheme.

In Figure 6.6.3, it was observed that for the RIS non-AP scheme, applying the CLT
approximation assuming high N yielded accurate SEP resultsin arange of N = {64,128, 256},
whereas error floors form in therange N = {16, 32}. For the RIS AP scheme, this was accurate
for N = {32,64,128,256}, and a very small error floor was present at N = 16. This
demonstrated the CLT approximation is far more accurate for the RIS AP scheme than the RIS
non-AP scheme.

In Figures 6.6.5 — 6.6.8, it was observed that the PDF approximation given in [133] proved to
be accurate for low values of N in comparison to the CLT method for N = {2,4,8},M =
{4,16,64} and K = {1, 3,5,7} dB. However, a limitation observed in the PDF is that it was
only accurate for particular values of N and K. More work would need to be done to derive a
closed-form Rician distribution to generate accurate results for arbitrary N and K values.

In Figure 6.6.9, it was observed that the CLT approximation was viable for N = 13. Therefore,
it may be useful if the work performed in [133] may be extended to approximate the Rician
PDF for N = [9:12], as the PDF in [133] has only been derived for N = [2: 8] as shown in
Table 6.5.2.1.

Considering the observations made in Figures 6.6.1 and 6.6.2, it may be of use to investigate
the EP of the RIS non-AP scheme in Rician fading channels assuming low N.
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APPENDIX

Appendix A
RIS AP theory derivation
System Model:
Eg ;
TAPZ\/%ﬂe}ﬁl‘l'n (Al)

where g = YN_, g,e/%.
We assume transmitted symbol [ is erroneously detected as I. n ~ CN(0,1)

Hence, the PEP can be expressed as:

2 2

’E . E .
P(x > %|B) =P| [tap— N_Sﬁewl > |rap — N—Sﬁefﬁi . (A2)
Y

Y

Substitute r,p = /1’5_5391'191 +n.
Y

2
E . E )
P(x—>Zx|p)=P — B/ +n— | e/
,}Ny wINY
2
E . E .
> | =B/ +n— |—=pelli
\’NY \INY
2

E . )
= In|? > N—Sﬁ(ewl —e/%) +n| | (A3)
w} Y

We employ theorem 1, which says that:

Then we have:

Theorem 1:|a, + a,|* = |a;|* + |a,|? + 2Re{a,a}}. (A4)

The proof of theorem 1 is found at the end of the derivation.

Continue as:
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E . ,
= P| |n|? > N—Sﬁ(efﬁl — /)| +n|?
y

E . .
+ 2Re — B(ePr — eI?1) | (m)*
W}Ny

E.p%|e/® — ei%i|* E. ..
=P{0> B*le il + Re \/N;,B(ewz—elﬁi) (n)*
Y

2Ny (A5)
) |ej'91—ej192|2
At this stage, we note that =1-—cos(¥; — 9p).
For convenience, we can write (A6) as:
=P|0< —Eﬁz(l—cos(ﬁl—ﬁz))—Re 5B(ejﬁl — %) | (n)*
Ny Ny (AB)

At this point in the derivation, we can note that for a RV denoted by X~CN (u, 02), the Q-function can
be written according to Theorem 2, which states that:

Theorem 2: P(X > ¢) = (F > %) =(Q (%) (A7)

Let Re {(Eﬁ(é’w’ - e”z)) (n)*} = X, where X~CN(y, a%) isaRV.
Need to find o2:
[ 2]
= E[IXI*] =E |l Re [;(elﬁz — /) | () Ji’ "8

which can be continued as:

Re E[ Fﬁ(ewl — /%) (n)T ﬁ |7 — /1] E[In]? ]}
Ny

|

_ BBt — 0]’ Es . o o
2Ny [’)( ~ cos(B = 9y)). (A9)

Therefore:

E; E;
=P (Re \/; (elﬂl — e]ﬁl) (n) < EﬁZ(l — COS(191 — 19&)). (A10)
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According to Theorem 3:

Theorem3: P(X < —a) = P(X > a). (Al11)

Therefore, we have that (A10) is:
=PlX> Eﬁz(l— cos(9; — 9;))
B Ny LR (A12)
Now we can use Theorem 2 in (A7) as follows:
Es p2(1— cos(s, - 9,))
X Ny l I
= P

\\/ﬁ—iﬁz(l — cos(9;, —9;)) ” \/ﬁ—iﬁz(l —cos(9; — 9;)) /
/ ﬁ—iﬁz(l — cos(9; — 9;)) \

=07 : (A13)
\\/ﬁﬂz(l — cos(9; — 9;)) /
Simplifying, we get:
~ 0 (Eﬁ\/(l — cos(9; — ﬁz))>
M
~ 0 E;B?(1 — cos(9; — 9;))
My | (A14)
The term (1 — cos(9; — ¥;)) can be minimized by assuming uniform phases of 9, = Zn(l—l)’l c

[1:M].
Proof of Theorem 1:
Given two matrices A, and 4,
14; + A2lI> = (A1 + A)(A; + Ap)"
= (A1 + Az)(AIf + Alzi)
=A A} + A,AY + A,AY + A,AY
Now A, A7 = ||4,1|1%,4,AF = ||A,]?
= 1AL 1” + |4, 1I* + A, AY + A,AY
We can write A, Al as (4,45)H
= 14117 + |4, 1I* + A, AY + (A, A)H7
Now A, A% + (A,A5)" = (Re{A, A5} + jIm{A,AY}) + (Re{A, A5} + jim{A, ATHH
= (Re{A A} + jim{A,A4}) + (Re{A,AY} — jim{A,AY})
= 2Re{A, A%}

Hence,
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I4; + A, 17 = |4, II” + |4, 1I? + 2Re{A, AY}

For scalar complex values a, and a,, la; + a,|* = |a;|* + la,|* + 2Re{a,a’}
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Appendix B

Proof of Matrices H and ¢, for K € {2, 4, 8}.

Proof of H for K = 2:

Assumen =1,K =2,k € {1:n},l € {1: 2" 1}

Golden Codewords:

a B1.1
X11 = ﬁ(xm + xo,ze)' ( )
a ~ B1.2
X12 = E(xo,l + xo,ze)- ( )
Receive Signals:
T'1 = t1x1,1 + 771, (le)
7"2 = tleyz + nz. (822)

X
Rearranging in terms of x = [XZ;] and substitute (B1.1) into (B2.1) and (B1.2) into (B2.2), we get the
following:

a
=1 (ﬁ (x0,1 + xo,29)> +1

a a
= tl Ex(),l + tlﬁxolze + 771- (BS)

Using a similar process for r,, we get:

a _
T, =tX,t10, =10, <E (x0,1 + X2 9)) + 17,
a 0 _
=t,—Xg1+t,—x4,0+ 1.
2 5 01T L2 5 0,2 Uy (B4)
We now write in vector notation:
a
t +t,— 0+
o [7”1] =[ 1\/—x01 1\/§x0,2 M1
T a a
2 [tz Xo1 Tty —=%020 + TIzJ (B5)
V5 V5
- _ [ )
Letting 7 = [nz]’ we get:
a a
[tl_x01+ tl_x0'29—|
L=l e % |
"l _ltzx te, Ly 9" ! (B6)
[ 2\/3 0,1 2\/5 0,2 J
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a a
by g Xoat t1\/_§xo,2‘9 )
' _ _| in terms of x as follows:

We may now decompose the matrix ¥ = - -
tz_x01+ tz_xoze
V5o YE

ti— +t,— 0
x x
[1 o1 T T EX02

lt )

Y a a
izﬁxm+t2§xoz‘9j
vl [
=| a |x0,1+| a _|*oz
ti—= t;—=0
_[wg WE]
_[t a . aQ_Jx. (B7)
2\/5 2\/5
a a
tl_ tl_e
NG NG 1 [ty t a6
whereH=1| a  a, =\/_§[t @t aé]'
25 243 z 2
ABEP matrix

When considering the ABEP, we assume only x, , is detected correctly.

Hence, we may write the receive signal as:

r= Ex(),l + n, (BB)

=T
1 a a . . .
where E = = [t1 NG t, \/_E] is the resultant matrix corresponding to symbol x ;.

We may now rewrite the signal as:

-5 e ) )

where g, for K = 2 is defined as:

1 (B10)
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Proof of H for K = 4:

Assumen =2,K = 4,p € {1:2},1 € {1: 2}
Golden Codewords:

1st Encoding:

(44

X11= E (xo,1 + x0,30), (B11.1)
a _

2= 7= (%01 + x030), (B11.2)
a

X13= NG (%02 + x0,40), (B11.3)
a _

4= (x02 + x040)- (B11.4)

2nd Encoding:

a a ~
{20222} = {E (11 + x1,39)'ﬁ(x1,1 +%1,36) }, (B12.1)

a a _
{x2,3,xz.4} = {E (x1,2 + x1‘49),ﬁ (x1,2 + x1149) } (B12.2)

Receive Signals:

T =X T, (B13.1)
Ty =X+ 12, (B13.2)
T3 =t3X33+ 73, (B13.3)
Ty = tyXp4 14 (B13.4)

Rearrange in terms of x = [X0,1 X022 Xo03 Xo0,4]7 and substitute (B11.1) - (B11.4) into (B12.1) -
(B12.2), we get:

" (xun +2130) = = [ = (o1 + x030) | + (= (x02 + %040) | 0
X = —\X X = —\X X —\X X
2,1 \/g 1,1 1,3 \/g \/g 0,1 0,3 \/g 0,2 0,4
a? a?
= ? (xo'l + x0'3 9) + ?B(XIO’Z + x0'49). (814)
Multiplying out, we get:
aZ aZ a,Z 2
lel :2?x0'1 +2? 9X0’3 +2? onyz +2? esz'4
a a a a
= ? xOyl + ? ng'Z + ?63(’0'3 + ? 92x0'4. (Bls)

Using a similar procedure, we obtain:

a _ a a a _
X2 = ﬁ (x1,1 + x1,39) = ﬁ ﬁ (x0,1 + x0,39) + ﬁ(xo,z + xo,49) 6
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ad aad aal aafl
= ?XOJ + 5 xO'Z + 5 xolg + + 5 x0,4, (816)
a a a _ a N

X2,3= E (X1,2 + x1,49) = —5 E (x0,1 + xo,39) + E (xo,z + xo,49) 6
ad aab aad axbf B17
T Yot + 5 Yoz + 5 Y03 + 5 Yow (B17)

a a a _ a ~\ -

X2,4 = T("Lz +x1,40) NG (ﬁ (xo1 + x0,39),> + NG (xo,2+ %040) |6

@’ a6 @*g @*6?
_xo'z + ? x0,3 + Tx0’4. (818)

Substituting these results into the receive signals, we get:

2 2 2 2
a a a a’
T‘l = tle'l + 771 = tl <?x0'1 + ?93(0’2 + ? 9x0'3 + ?9 x0_4> + r]l’ (Blgl)
aa aad aal axbf
=X+t =1 T Yo1 + g Yoz +Txo,3 + +Txo,4 + 12, (B19.2)
ad aab aaf axbl
T3 =t3Xp3+ 173 =13 T Yo1 + 5 Y02 + 5 Y03 + 5 Yo + 73, (B19.3)
a? @’ azo @*6?
Ty = 84X+t My =1, (?xm + 5 Xo,2 t 5 Xo,3 + 5 x0,4) + 74 (B19.4)
Multiplying out, we get:
a? a? a? a? ,
T‘1 - tl ?XO’]_ + t1?9x012 + tl ?GXO':; + tl? 9 x0‘4 + 771, (Bzol)
aa aald aad axbo
=1 T Yot + t; g %oz %) 5 o3 t+ t; 5 Yo + 12, (B20.2)
ada aal aad aabl
T3 = t3 ?XOI]_ + t3 TxO,Z + t3 Txos + t3 TxOA_ + 773, (8203)
a? a’o azo a’6?
Ty = t4?x0,1 + t4?x0,2 + &y ?xo,s + &y Txo,zt + 7y (B20.4)

Let r=[rn o 13 %]T,p=[M M2 N3 Na]T and x =[X01 Xo2 Xo03 Xo04]7, we may
rewrite the receive signals to obtain:

a? a? a? a?
t,— t;—0 t;,—0 t;,—02
's g g 15
. aa . aad . aaf . aal
A=|?5 %5 25 2 g o
= _ _ - _ _ n’
aa aad aald axbo (B21)
tz3— 3 i3 t3
5 5 5 5
. a’ . a’o . a’o . a’f?
"5 5 g * 5
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where:

a a a
t1? t1?9 tlge t1?9
aa aal aad aabh tya®  t,a’0
H= g b b hbTg _1llt,a@ tyaaf
ad aad a@d  aabf| 5|tzaa tzaabd
by by B BTy t,@? t,a@%f
a* a*o  a*f  a*f?
Ty BTy BTy BT
Hence:

[tia? ta?0 t,a%6 t,a?0?%)

t,a%6 t,a’h?

t,a@d t,aahl

tyaald tzaabdl| (B22)
t, @’ t4dZ§ZJ

Cs|tya@ t;adl tza@d t;adbl| (B23)
t,a’ t,@’f t,a’f t4c?29‘2J
ABEP matrix for K = 4:
Assume only x, ; detected correctly.
Hence, only consider 1st column of H.
Hence, given for K = 4:
r=Exy,+n, (B24)
where E is the vector E = %[tloz2 taad tyaad t,a’]’.
We may the rewrite the receive signal as:
t1a2
_1{taa N
- 5 t3a& xo'l n
ltAﬁZ
ty
1 t,
= g[az ad aa @] t,|Xo1 T (B25)
ty
where g, for K = 4 is defined as:
1 (B26)
& = g [a? aa aa a?]
Proof of H for K = 8:
Assumen =3,K = 8,p € {1:3},1 € {1: 4}
Istencoding:
{x11,%1,} = {i (20,1 + %o 59)'E (201 + xo 59_)}' (B27.1)
) ) \/’g ) ’ \/g ’ y
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a a _
{x1,3»x1,4} = {E (xo,z + x0,69),ﬁ (x0,2 + xO,GG)}, (B27.2)

a a -

{15 %16} = {E (%03 + xo,ﬁ)ﬁ (x03 + x0,79)}, (B27.3)
a a _

{x17, %16} = {ﬁ (x0.4 + xo,se)'ﬁ (%04 + xo,gg)}- (B27.4)

2nd encoding:

a a

{x2,1'x2,2} = NG (x1,1 + x1_59),£ (x1,1 + x1_59_) ) (B28.1)
a a _
{x23%24} = NG (x12+ x1,63)JE (x1,2 +21,60), (B28.2)
a a _
{x35%26} = NG (x13+ x1,79).ﬁ (x13 +x1,0)}, (B28.3)
a a _
{x2,7:x2,8} = ﬁ (x1.4 + x1,89)'ﬁ (x1_4 + x1,89) . (B28.4)
31 encoding:
a a _
{x3,1'x3,2} = ﬁ (x2,1 + xz,se)'ﬁ (xz,l + X2,59) ) (B29.1)
a a _
{x3,3'x3,4} = ﬁ (xz,z + x2,63):\/_§ (xz,z + xz,ee) ) (B29.2)
a a _
{x3,5rx3,6} = ﬁ (x2_3 + x2,79)rﬁ (x2,3 + x2,79) ) (B29.3)
a a _
{x3,7'x3,8} = E (x2,4 + xz,se)J\/_g (x2,4 + x2,89) . (B29.4)
Receive Signals:
r=1tx;+1, (B30)

where r=[nn nn 1B 1 15 s 1 BT t=[ty t; t3 bty ty tg t; tg]", x; =
[X31 X32 X33 X34 X35 X36 X37 Xzgllandmy=[N1 M2 M3 Ma Ms Mg M7 MNg]l.

Back substitute all encoded GCs into the k-th receive signal.
For 1st receive signal:

Ty =E8X31+t 1M

=t i(7621‘“‘256’) +m
_\/’g y )

a a a
=1 ﬁ ﬁ(x1_1+x1_59) + ﬁ(x1'3+x1,79) 0 ]+m
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=t i(i = (xo1 +x050) | + [ —= (05 +2x076) |6
= 1\\/5\ 5 £x0,1 X0,5 \/gxo,3 Xo0,7

= [ (xgp + x068) | + [ —= (204 +x050) |6 9\|\| (B31)
VE\\y5 02T roe N / /
+ 7.
Multiplying out and simplifying, we get:
( as N a36 N a6 . a36? . a6 +a392
= —X —X —x —x X X
1 1 5\/5 0,1 5\/5 0,2 5\/§ 0,3 5\/5 0,4 5\/’5 0,5 5\/5 0,6
392 393 >
+ Xg7 + X +n4.
55 0,7 5v5 0,8 M (B32)
Applying the same method to all the receive signals, we get the following:
2nd receive signal:
Ty =lX3, + 1,
/(i / a a a
—| — | | —=xg1+x0:0) | +|—=(xg3+x7-,0) |6
\\/g\ \/g \/g( 0,1 0,5 ) \/g( 0,3 0,7 )
o (x02+ x066)
— || —=(x X
\/g \/g 0,2 0,6
[ = (x4 + x040) | 6 é)\ﬁ
—(x x
5 0,4 0,8 // M2
. (az(i L@ a0 a’ah +a2(799_ +a2&9
= x Xgp+——=x —x —x
2 5\/— 0,1 5\/— 0,2 5\/§ 0,3 5\/5 0,4 5\/§ 0,5
a’abf a’af? a’ab?0 )
0 e+ T O Vi, (B33)
5v5 0,6 575 0,7 5v5 0,8 M2
3 receive signal:
3 = t3x3,3 + 73
<a a a a9 L 7 +a20799_ +a2d9
= —x X x X
3 3 5\/'— 01 5\/— 5\/'— 0,3 5\/’5 0,4 5\/5 0,5
L 2a@0°? +a @60 +a20792§ >+
x x X .
55 06T g B o7 5y5 08 3 (B34)

4t receive signal:
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Ty = TyX34 14

. <a§2 aa 9_ ac?ze_ +acY29_2 +ac729
= —x x x x
4 4-5\/'— 01 5\/— 5\/5 0,3 5\/5 0,4 5\/5 0,5
+aa 200 +a&299_ +aé29672 >+
x x —x )
55 0,6 55 0,7 5v5 0,8 N4

5t receive signal:

Ts = ts5X35 + 15

. <a207 +a26:9 N a’al N a’af? L a’a
= —x x x x
5 55\/5 0,1 55 0,2 5vE 0,3 5\/— 0,4 \/—
+a2&99_ +a2d99_ + af?6 >
X X X
55 0,6 55 0,7 55 08 |t s
6™ receive signal:
Te = lgX36 t+ 7
<ac?2 ada 9_ a&ze N aa’60 N aa’0
= —x x X X
6 65\/— 01 5\/— 5\/5 0,3 5\/5 0,4 5\/5 0,5
ax’6? +a&299_ +a(7299_2 >+
X x —x .
5v5 0,6 5v5 0,7 55 0,8 Ne
7t receive signal:
r; = t7x3,7_+ N7 ) )
. <a'(i2 ax 9 a&zﬂ N aa’60 N aa’f
= —x x X X
7 7 5\/_ 01 5\/_ 5\/5 0,3 5\/5 0,4 5\/5 0,5
+aa 200 +a&2672 +ad299_2 >+
X x —x .
5v5 08T T5ys 07T Tgyg os) T

8™ receive signal:

Tg = lgX3g + g

<a3 g @30 +a39‘2 +&3§
= —x 4+ —x X X
8 8 5\/'— 01 5\/— 02 5\/’5 0,3 5\/5 0,4 5\/’5 0,5
7302 7302 7303 >
+——xget——=2Xg; + —=2%0g |+
5v5 0,6 55 0,7 575 0,8 Ng

Letx = [X0,1 Xo2 Xo03 Xoa4 ZXos5 Xoe Xo7 Xoz8].

We may rewrite the receive signals in vector form as:

a® a6 a0  a20%? a6 6% a®6? a%63 1
a’a a’af a’ab a’afld a’ab a’abld a’ab® a’ab?o
a’a a’ab a’alb a’afld a’abd a’ab® a’abbd a’ab?o

ad’0 aa’0? aa’® aa’60 a’afl aa’66?
a’al a’ab? a’ald a’abld a’abd a’ab?é
ad’0 aa’60 aa’f aa’6? aa’60 ax’66?
aa’f ax’00 aa’f aa’00 aa’0? ax?66?
La®  a%6 a0 a6 a*6 ach* ac6* a3 |

ul
H
S}
N
S]]
S}
N
S]]

I
18]
Iy

Q
Kl
SQ
3]
NN [\S}
D P D P DY

)
3]}
)
ISTIES]]
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(B35)

(B36)

(B37)

(B38)

(B39)

(B40)



where:

a® a6 a0  a20%? a0  a%6? a®6? %63
a’a a’af a’ab a’abl a’ab a’abld atab® a’ab?o
a’la a’af a’ab a’ahb a’ab a’ab? a’abld a’ab?o
H=_L1 ad’? ax’f aa’f aa’6? aa’d aa’fl a’abld aax’66? for K =8
sVs|la?a a’al a?ad a’ab? a’ab a’abld a’abld a’ab?o| '
ad? aa’f aa’0 aa’00 aa’d aa’b? aa’?60 aax’66?
ad’? aa’l aa’d aa’h0 aa’l ax’60 aa?0%? aa’6o?
a* a6 a6 a0? a6 ac0? a36? a363
ABEP matrix for K = 8:
Assume only x, ; detected correctly.
Hence, only consider 1st column of H.
Hence, given for K = 8:
r=Exy;+mn,
where the matrix E = %[“3 a’a a’a ad?® ala aa? aa? a3l
Hence:
€k=ﬁ§[a3 a’d a’*a aa?® a’*a aa® aa? @3] fork =8.
MGF Derivation
We start with:
N-1 Pr
0 oo Pp exp(—W)
plegl
M, (s =.[ ePrsd =f ex s)d
pk( ) o f;)k(pk) Pk o (2bN|$k|2,5)N(N— 1)' p(pk ) Pk

= ! foop""lexp<—p7k+p s)dp
(2bN|g, 12N (N — D1 ), "k 2bNple, |2 " k

1 @ 1
= rrexp| —pr lso=—— —s| ) dpx-
(ZleekIZﬁ)N(N—l)!fo Pic p( Pr [ZbNﬁlskIZ SD Pr
1 2bNplel?s  1-2bNplegl®s

Now we let A =

2bNplegl?2  2bNplegl?2 ~ 2bNplegl?

We continue as:

1 [ee)
M = r texp(—Ap)dpy.
)= GG 4 A
But f, x"e *dx = a:il = rc(:::) found in Equation 3.326.2 in [135].
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So:

© T'(N) (B46)
f pi texp(—Ap) dp, = N
0
Therefore, the final MGF is found as:
w . r'(N) (2bNple, |2V
f fpk (pr el edpy, = 2 N —k 2 \N
0 (2bN|g, [?p)N (N — 1! (1 — 2bNple, |*s)
~ r'(N)
~ (N—=1)!(1 = 2bNjle|2s)N (B47)
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Appendix C

HRM Theory derivation

System model:
r= B, + 0 e

We assume transmitted index £, is erroneously detected as 2,. Correspondingly, the number of active
elements N, = £,S; is erroneously detected as N, = #,S.

Applying the CLT, we have:

n ~CN(0, N2). (C2)
Therefore, we express the CPEP as:
P(fa - 2alhvg'¢lllj) = P(|T' - \/ng,JZ > |7" - mH?dlz)' (CB)

Substitute r = \/P,H, + 1.
Then we have:

P(¢, > 2,|h, g, &, )

= P(|VBxHy, + 1 — JPHy " > |BrHy, + 1 — Pty |*)
= P(In 12> |BeHe, + 1 — PrHy ')

= P(InP> VP (H,, — Hy )+ nl’). (C4)

We employ Theorem 1 given in Appendix A, Equation (A4).

Therefore, we continue as:

= P(In1?> [P (Hy, — Hy )| +Inl?

+ 2Re{(\Bx (He, — Hy)) ")), (C5)

Note that () = n* as n is a scalar quantity.

We cancel out the term |n|? on both sides. Hence, we have:
= P(0> |yP(H,, — Hy )|+ 2re{(VPc(H,, - Hy)) )'}). (C6)

For convenience, (C6) can be written as:
_ p<o <~ (P e, — 1y )+ 2re{(yB (e, — H,)) (n)*})>
= P(O < —Py|(H,, — H?a)|2 - ZRe{(\/E(Hfa - Hfa)) (77)*})- (C7)

125



At this point in the derivation, we can note that for a RV denoted by X~CN (u, 02), the Q-function can
be written according to Theorem 2 given in Appendix A, Equation (A7).

We can write the next step as:

2
_ P<Re{(\/fx(H[a = 1)) o} < ~ (i, - 1y,) ) ()

Let Re {(\/B(Hy, — Hp,)) ()} = X~CN(u, 02).
Use Theorem 3 in Appendix A, Equation (A11). Therefore, (C8) is written as:
1 2
= P(X > Puc|(He, — Hy,)| ) (C9)
Need to find o2

o —E[ {|(\/§(H[ ~Hy)) @y

11

=~ (3 (e, = g, ) ET P21 (c10)

}] {E “(\/g(f% - Hy))

But E[|n*|?] = E[Inl*] = N¢, hence (C10) simplifies to:

= 3{(re e = ). e

Hence, we can continue the derivation as follows:

P( X _ gPullie, - H@anz)
) x 2Pl (te, = 1)’
= P >
\\/%Ptx (lea - H?a|2)(N1?) \/%Ptx (|H{’a - H?a|2)(N1?) /
o[ gl =) )
\\/%Ptx (IHe, - Hy ") (N2 /

(C12)

This can be simplified as follows:

/ G \

"\, )
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2
\/I\TY / (C13)
P (He, = H )
2N¢ '

S
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Appendix D

HRM statistics derivation

. Ng
Given that Hg —a’Zk 1|hk||gk|+ Z =N, +1|hk||gk| and HZ)a =a2k=1|hk||gk|+
Z’,l’zﬁaﬂlhkl |gx |. Channel magnitudes |k | and | g, | arei.i.d. Rayleigh RVs with meansof E[|h,|] =

\/ft\[gand Ellgel 1= \/fr\/?respectively; and variances of o, | = £, (1 - f) and o}, | = L, (1 -

%) The second moment of |h,| and |g,| can be found as follows: Var(lhkl)zE[lhklz]—

(Enhku)z,--- Ellhl?] = Var(hD + Ellr D2 = £, (1-5) + J—f Lo—Lo+

L — = L,. A similar procedure can be used to determine that E[|g, %] =

The mean of T is:

pr = E[T]
= E[H,, _H? ]
N
=E aZ|hk||gk|+ Z |hk||gk|_a2|hk”gk|_ z | | 1 g |
k=Ng+1 k=Ng+1
N Na
=E aZ|hk||gk| +E z |hillgil |+ E —a2|hk||9k|
k=1 k=Ng+1 k=1
N
FE[= > Iyl
k=N +1
Ng N Na
=k | Y Illacl |+ E| D Inellgel |- a&| Y Ioel 16|
k=1 k=Ng+1 k=1
N
~E[ D Inlg]
k=Ng+1
N,
_QZEMk [lgwl]l + Z E[lh [1ET 1 gx 1] Z [ l1ET 1 gk |
k=Ng+1 k=1
- Z Ellhe BT L9 1] (®n

k=Ng+1

Substituting all statistics in, we get:

~ afL [T [ i+ VI [VE z (-
aVEe (VT [F S0 )~ VT [T 5 S (02)

Now Y.2__ 1= b — (a — 1). Hence, we have:
T T
= afLLy No— aL; N + a\L,L, (N No) = VIL, ; (N = Ny)
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T T _ Vs s
= C{ﬂl:tl:rz Na - a»\[LtLrZ Na + LtLT ZN - ('\,LtLTZNa)
T T _
- ,/LtLTZN+( Ly, No)
s T _ s T _
= Lk No— aLily g No = ((WEL N - (EL 3 N )
A —~ —~
= LtLrZ(a(Na - Na) - (Na - Na))' (D3)

Channel magnitudes |h;| and |g,| are i.i.d. Rayleigh RVs with means of E[|h]|] =\/ft\Eand
Ellgel]= Jfr\/?respectively; and variances of o} | = L, (1 - E) and of} | =L, (1 —g) . The
second moment of |h,| and |g,| can be found as follows: Var(|h,|) = E[|h|%] — (E[|ReD? -

2
Blll?) = Var(la ) + BlInD? = £,(1-5) + (V& [2) =£-£24 L5 =20 A

similar procedure can be used to determine that E[|g,|*] = £,..

0% = Var(T)
= Var(H,, — Hp_)
Ng N Na N
=var(a ) Ihliged + D Ihellgd =@ ) Ieliged = D Ihillgel
k=1 k=Ng+1 k=1 k=R +1
Ng Na N N
=var(a ) Ihdlgd —a Y Ihdlgd+ . Inllgd = Y Inllged | (©4)
k=1 k=1 k=Ng+1 k=Ry+1

We can rearrange and use the properties of the variance operator as Var(X; + X, + -+ X,,) =
Var(X,) + Var(X,) + -+ + Var(X,,), and Var (aX) = a*Var(X).

Hence, we continue as follows:

Ng Ng N N
=var{a ) Ihllgd = a ) Iellgel |+var[ D" Ihdiged = ) Ihellgel
k=1 k=1 k=Ng+1 k=Rg+1
Ng N, N N
= a’Var Z|hk||gk|—2|hk||gk| + Var Z |l gic | — Z |hillgel | (DS)
k=1 k=1 k=Ng+1 k=N, +1

Now, applying the CLT assuming high N:

Ng Na Ng Na
var { Y hellgel = ) Iellgel | = > Var(hllged - ) var(yllge)
k=1 k=1 k=1 k=1

= (N, — 1= (F, — 1)) Var (g llge ) = (N, — B)Var (I llge ). (OO
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Therefore, we continue as follows:

Na Nll
= a( ) var(hellge) - ) var(lhellge)
k=1 k=1

N N
+ D varQrdlgh— ). var(hllgD | (07)
k=Ng+1 k=Ng+1

Simplifying, we get:
= a?(N, — N,)Var(lhllge ) + (N, — No)Var (lhllgi )

TL'2 P —~ -
= L L, (1 - R) [a (Na _Na) + (Na - Na)]' (D8)
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Appendix E

Achievable Rate derivation

We have that:

* p(r|H,,)
A.(H; R)=f r|H H, )lo < 4 >dr,
r _Oop( | ea)P( ea) 82 Z?aP(HH?a)P(H{’a) (E1)
with
2
1 |r = PiHy, |
_ _ M7V exleg | E2
p(rlH,,) v eXP( N2 : (E2)
and
p(Hs,) =Yg (E3)
Substituting, we get:
A.(H; R)
2
/ 1 |r_\lptxH{’a| \
o _ 2 | ZeXp{——— Nz |
_ 1 AR Y Y
= sexp| —————— | (1/)log, dr
—oo TNy Ny

2
1 |T’— PtxHZ’a| 1
ZzameX}J(—N—% /G/

2

5 exp (_ |T' B PtxH€a|
1 (® |7’_ P H£a| Ny
= Tf_mexp (—N—Zx>(1/6)log2 G dr.

2
TNy Y |r— P Hp |2 (E4)
Y

We can manipulate the logarithmic term in (D4) as:

—

G
log, 5 ~ | (E5)
|r = JPcHe, | |r = Py |
\Z?¢ exp NZ - NZ /
Y Y

Expanding the logarithmic term using the additive logarithmic law:

2
1 ® |r_ PtxH{’u|
= T[—N% _wexp<—T 1/G log, G

R N e A
— log, Z exp N2 - Nz dr. (E6)
24
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Factor out % and distribute the exponential term:

_ 11*® |r_\/ PtxH{’a|
= Nz Gf_oologz(G) exp (— N2
2
| \/PtxH{’a| |T‘ VPtth’a|
— exp N2 log, Z exp N2
Y 7. Y
Ir— VP H, |
——N;x fa dr. (E7)

The receive signal space R spans over the different values of £,. Hence, we can express the integral
from —oo to oo as the sum of £, integrals over R with respect to the HRM symbol H,,_ .

Hence, we can write (D7) as follows:

2
11 — P H
=__Zf10g2(c;) exp _M

T Ny

a

11 Ir — P H, |
Nz G4 TP\ TN
a
lr = PocHe,|* = |r = Bty |
x log, Zexp N2 (E8)
2,

Theorem 4: The total area over a PDF is equal to 1, that is for f(x|y) being a conditional PDF, when
we integrate over the real domain, we have that:

Theorem 4: jf(x|y) dx = 1. (E9)

We have G number of index values £, therefore:

Z |T - \/EHt’a Z meal
nNZ N2

= %Z fp(r|H{;a) dr :E xG(1) = 1. (E10)
ta
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Hence:

A.(H; R) = logz(G)

3 Zf meal
nNZ

Y

2 2
|[r =P, | — Ir =Pl |
X log, Zexp

Ny

dr. (E11)
2,

We substitute r = \/P.,H, + 7 into the second exponential term. The first exponential term can be
manipulated such that we can use Theorem 4 to simplify it.

A.(H; R)
= log,(6)
2
_ __Z [ ex _Ir =Rty |
GuNg L) &P NZ
2 2
|VPocHp, + 1 = PoHy | — [P Hy, + 7 —\/EH&J
X log, Zexp N dr
7, Y
2
r— P Hy |
= log,(G) — G NZZ[exp —T
2
| z |U|2—|\/E(Hfu_H2a)+ n| p
X log, exp NZ r. (E12)

24

We can factor out an exponential constant term from the logarithmic term as follows:

2
|7 — PcH, |
= lOgZ(G) G Nyzjexp -

Ny

2 —|Px(H, —H, )+ 1
x log, | exp <|772| >Zex [VPe: fa__la ) | dr. (E13)
N )4 N2
Use the additive logarithmic law:
= log,(G)
2
11 | 7 — PH, | |72
- =— exp| —————— | Xlog, | exp|——=— | | dr
G TNy 4= NZ NZ
2
v [T e\ S ex |V (He, — Hy ) + 1| Y
P NZ 82 P NZ © (E14)

2a
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Because we have introduced the RV n, we now need to evaluate over the mean with respect to n. We
can achieve this by taking the expectation over the expression as follows:

= log,(G)
2
2 r— P, H
— E<{log, | exp |TI| Zfexp ——;x{)ﬂ' dr
G ﬂNY Ny
2
LAY/ PtxH{’d| _lvptx(H{’ H? )+ 77|
+—= > exp| | ————=—— | |log: Z exp dr ;.
ta 2,
(E15)
We can see that Theorem 4 can be applied in the first term again:
zf |r_\/PtxH{’a Zf |r_\/PtxH{’a|
”AQ AQ Ny
=— r|H dr=—><G(1)=1.
GZIP( |Hy,) G €16)
a
Therefore, we continue as:
= log,(G)
Inl?
—EX}1
0g, (exp < NZ
2 2
1 1 |r_\/PtxH£a| _|\/Ptx(H£’a_H?a)+ 77|
+ = Z — | exp| | ———————— | |log; z exp 5 dr
(E17)

We can distribute the expectation operator over 5 in the first term, and over the entirety of the second
term:

| ( (E{|n|2}>>
—log, | exp TYZ

= log,(G)

2

1 1 j |r_vptxH€¢|2 _|\/Ptx(H{’a_H?a)+ 77|

- Z — | exp| | ——————— | |log: Z exp 5 dr ;.
(E18)
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We substitute E{| n |*} = N¢ as:

= log,(G) — log,(exp(1))

2 2
1 _l\/Ptx(H{’a_H?a)-i' Tll 1 |r_\/PtxH£’d|
——ZE log, Zexp 5 s|lexp| | ——————| |dr .
G N Ng N
2 2,
(E19)
Once again, Theorem 4 can be used again:
1 |7 — PtxHealz dr = [ )dr =1 (E20)
7T—N\? exp TNz r = pr|H{;a r=1.
Hence, we can write (D18) as:
2
1 —|/P(H, —H, )+ 7
= log,(G) — log,(e) — = z E {log, Z exp P ( i > ?“) | (E21)
G N?
tq 24
Finally, we can factor out -1 to simplify the final expression as:
2
1 —|/P(H, —H; )+ 7
=log,(G) — | log,(e) + c Z E{log, z exp /P {)“NZ 2“) | (E22)
% 2 Y
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Appendix F
HRM non-AP Theory derivations

Given receive signal: r = \/P,, H,_x, +n, where E[|n|?] = N,
First assume transmitted symbol x,, is erroneously detected as X, and [, is detected correctly.

We express the CPEP as:
2 2
P(xg > 2qHila) = P (Ir = VP Hyxg | > |r = Py 2ql). (F1)

Substitute r = \/EHlaxq +n.
Then we have:
P(xq = %4llaHy,)
=p (|\/EHlaxq +n— PoHy x| > | P Hy xq +1 — @Hzaqu)
=P (11> > [Pty (x = %) + 1), (F2)

We employ Theorem 1 from Appendix A, Equation (A4). Hence, continue as:

=P (Inl? > |Pe Hy, (g = 2" + Inl? + 2Re { (VP Hy, (g = 2)) (0)°)). (F3)

Now, (n)" = n* because n is scalar.

We cancel out [n|? on both sides. Hence, we can simplify and rearrange as follows:

= P (0> |PaHy, (xg = 2)|” + 2Re {(VBHy, (g = %)) ()}
=P (0 < VP, (xg — 2| = 2Re {(VPicHy, (xq — 2,)) (7)), (F4)

At this point in the derivation, we can note that for a RV denoted by X~CN (u, 2), the Q-function can
be written using Theorem 2 in Appendix A, Equation (A7).

Let Re {({PcHy, (g — 2)) (07} = X~CN(u,0%).

Need the variance a2:

0 = Re {E |(Pect, (eq = ) '] |} = Re {(Buclit Il = ) E 171}

1 2 2
:E th0|Hla| |xq_5€\q| . (F5)

Hence, we can write by substituting X in as:

P (0 < ~|Perty, (g = 2)I" = 2Re { (VB (g ~ 2)) ')

1 2
= P (x> 2 Rl 1Geg = 21, (F6)

We can now write in terms of the Q-function using Theorem 2 as:
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1 2 N

X Eptlelal |(xq_xq)|
P 1 2 ~ 2>1 2 12
_Pthv|Hla| |xq_xq| _PthU|Hla| |xq_xq|

2 2

1 2 o\
[ Lol Gy -2

1 2/ F7
\ (2, 1, Pley -2, 7

which may be simplified to:

2 2
iy thx|ma| G = %)

2N, ' (F8)

Next, assume transmitted index [, is erroneously detected as ia, and Xq is detected correctly.
N 2 2 F9
P(la *lalHla;Hiarxq ):P(lr_vptleaqu > |T— PtxHZaxq| ) ( )

Substitute r = @Hlaxq +nin:
Then we have:
=p (|\/PTleaxq +n-— \/PTtzaquz > /P Hy g+ — \/PTtzaxq|2)
2
=P (Inl> > |VPrxg (Hy, — Hy ) +nl°). (F10)

We use Theorem 1 from Appendix A, Equation (A4).

Continue as:

= P (Inl* > [VPaxq(Hy, = Hy)I* + Inl* + 2Re {(Perg(Hy, = H;,)) )'})
=P (0> |\Paxy(H, — H I +2Re {(VPx, (H, — H;,)) (7))
2
=P (0 > Poclxq ' (Hy, = Hy )|+ 2Re {(VPreg (Hy, — Hy,)) (n)*})- (F11)

Noting that for M-PSK symbols, |x, |” = 1, we have:
2
=P (0 > P |(H,, — Hy )| + 2Re {(Proxq (H,, — Hy)) (°}). (F12)
For convenience, the above expression can be written as:

= P(0<-|(H, - H)I" - 2re{(VPr(H,, - H,))@)}). (F13)

At this point in the derivation, we can note that for a RV denoted by X~CN (u, 2), the Q-function can
be written using Theorem 2 from Appendix A, Equation (A7).

Let Re {(\P(H,, — H;,)) ()} = X~CN @, 0%).

Variance of Re{X}:

137



0% = [Re {(/Prx, (t, — 1)) )]
= Re {E “(\/Exq(Hla_Hi ]}

= Re {PtholHla - Hia| }
1
= > Pl |Hy, = Hy | (F14)

Using theorem 2, we rearrange and substitute X in as follows:

=P (0> Pl , = 11, )"+ 2)
2
= P (—2X > Ptxl(Hla - Hia)| )

1 2
=P (X < - EPtx|(Hla —Hy )| ) (F15)
Now, P(X < —a) = P(X > a). Hence, we can rearrange (F15) as:

1
=p (X > 2 Poc (b, - Hia)|2>.

(F16)
Now use Theorem 2:
1 2
N _ 2ral -
1 1
\\/Epthv|Hla - Hza|2 \/EPtXNu|Hza - Hza|2/
1 2
o Bl
1
(3Pl | (F17)
Simplify (F17) as:
2
Jm(ma - i,,)|
=0
2N, (F18)

Note that Equations (F8) and (F18) are also the results obtained for the HRM AP theory derivations
with simple changes in variable notation described throughout Chapter 5.

Statistics of non-AP HRM symbol:

The channel magnitudes |k | and | gy | are i.i.d. Rayleigh RVs with modes of gy, | = \/L;tand Olg,l =

Ly
\/; These RVs have means of E[|h;|] = a|hk|\/§=\/L_t\/§and Ellgel 1= a|gk|\/2£=\/L—rJ§

respectively; and variances of Var(|h|) = of, | (2 —g) = Lt(l - f) and Var(lgeD) = o, (2 -
T s
D=1(1-%)

Mean of HRM symbol:
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—E[Hz]

=k Z|hk||gk|+ Z g

k=Ng+1
N

= aE kangkl +E[ D Ihllgel

k=Ng+1

_aZElhkllgk + Z Ellhl1gi ) (F19)

k=Ng+1

Now, E[AB] = E[A] E[B]. Substituting all statistics in, we get:

_awf\rff+(N N)fff\r

L.L ()(aN +N = Np). (F20)
Variance of HRM symbol:
2
UZ: [lHlal]
— & akanng Z il
k=Ng+1
Ng N 2
—F aZIhkllgkl +E[| D Inllgel| | (F21)
k=1 k=Ng+1

Substituting all statistics in, we get:

2 2

=a’N,L.L.|1—- 7T—+(1v N)LL,|1- T
amter 16 16

2 2
=a’N,L.L.|1—- 7T—+(N N)LL,|1- T
aster 16 16

:LtLr<1 E) (a®N, + N — N,). (F22)

Statistics of AP HRM symbol:

The channel magnitude | g | isan independent Rayleigh RV with mode of gy, | = \/Lzz These RVs can

be expressed in terms of the mode, with a mean of E[|g,|] = a|gk|\[§: \/LT\/? respectively; and

variance Var(|gi|) = of, | (2 - g) = Lr(l - f)
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2
The second moment is derived as E[|gx|?] = Var(lge!) + Ellge| 1* = L, (1 —E) + <\/L—r f) =

L,.
Mean of AP HRM symbol:

e=E aZIQkI + Z |9

k=Ng+1
—aZEng 1+ Z Ellgrl]
k=Ng+1
=\/L—T\E(aNa +N = Np). (F23)

Variance of AP HRM symbol:

=5 aZngH Z 194

k=Ng+1
Ng N
Z lall’]+ >, E[llgll’]
k=1 k=Ng+1
=1 (1——) (a®N, + N —N,). (F24)
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Appendix G

Derivation of ABEP of RIS M-QAM AP scheme for low N

1
W= 1og2( L and the PDF of Rician RVs is given by [133]:

xV e\ 1(x? b2 xb
fZ(x):c_g(czb) exp = c_2+c_2 Iy_q (_>'

2 1 €163

Wehavethat§=%,a= 1-

(G1)

whereb = /% ¢, and ¢, are constants, and I, _, ( -) isthe MBF of the first kind, described in Chapter
6, Section 6.4, Equation (6.9). Note that for this analysis, Q = 1.

The ABEP is given by [78]:

=] (o(/F) - a0? (JE ) o) o

(G2)

u? 2u?
Using Q-function approximations Q (u) = —e 2 4 le'

%and 0%(u) = ée‘uz
(1 Ex? 28x )
P, = —
% wfo {12exp< > >+ exp( 3

5 c \V™ 1<x2 b2> xb p
—gexp( Ex )} _(—b exp[ C% +E ]IN—l <—) X, (G3)

, We get:

C€1C;

Now, letting C = (ﬁ)N ' exp [——(—2)] and A = —we then have:
€1

[ fon(-5) e (-5
P, = wC —exp +-exp|—
o 12 2 4

3

——ex (- fxz)} xN ex 1<x2>1 (Ax) | dx
5 CXP p|=5(5 )| m : (G4)

Taking a common denominator of 24, we get:
wC [® Ex? 2&x?
Pezﬁ . 2 exp -5 +6exp| — 3
1(x?
—3aexp(=&x?)¢| xV exp —>\= Iy_,(Ax) | dx. (G5)
¢

Now, multiplying out and combining all exponential terms, we get:

P, zFJ:O{Z exp([—%—% x2>+6exp<[—§—i x2>

3 22

— 3aexp <[—<§' - %] x2>} (xNIy_,(Ax)) dx, (G6)
2

wC
where F = —.,
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&z _ 4&ck+3
- 2 P12 — 2 7
2c5 6c5

By further simplification of the exponential terms, we may define S, and

Bz =

28cZ+1

2 )
2¢5

we may write:

P~ F | 2exp(=fu 1)+ 6exp((—fyz 1)
0
— 3a exp([—13]x?)} (xVIy_; (Ax)) dx. (G7)

Now, we may expand the MBF as follows:

2k+N-1

Iy_1(Ax) = i(%x)— (G8)
VT L kT + N

We now use the principle that the integral of the sum is the sum of the integral as follows:

P~ F | 2exp(=fuilx®) + 6 exp((—a )
0
—3aexp([—B131xD} (xVIy_, (Ax)) dx
~F f x¥ (2 exp([—B11Jx2) + 6 exp([—Bi1x?)
0

(3%)
)

(kDT (k+ N)

© 2k+N -1
— 3aexp([-py3]x%)} Z
k=0
o (A)2k+N—1
2 ® ez
i F;(k!mkw)fo XM 2 exp([~B1 ) + 6 exp([=Brolx?)
— 3a exp([—fs]x?)} dx. (G9)

Now, we use the integral property given in Equation 3.326.2 in [135] stated as follows:

I'(p) m+1 (G10)
na?'? T

f r"exp(—ar™) dr =
0

assuming Ref{a} > 0, Re{m} > 0, Re{n} > 0.

This property may be used to evaluate each of the integrals to produce:

- (A)2k+N—1
R, ~F Z (k'z)I‘(—k+N)f x 2N exp([—B11]x%) + 6 exp([—B12]1x%)
PE R 0

— 3a exp([—ﬁ13]x2)} dx

2k+N-1

—_ )
¢ kzo(k!)l“(k +N)

. (A)zzc
AN 2 ~(N+k) v+ (39 —(v+k)
A DI e e L | (@11

I'(N +k) N I'(N+k) 3al'(N+ k)
W +k) W+k) WN+k)
:811 12 21313

N-1
We now define L = F (;—1) , and separate the sums as follows:
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2k

JON JON = (3)
P~ ;zk_!)ﬁl—l(zwk)_i_gz (Zk') ﬁl—z(zv+k)_32_a,; (Zk!) '81—3(N+k)
w (A 2k w (ANZK o (AN\ZK
~ ﬁ_{vz((z%ﬁﬁk +3,3_N ((k)') ﬂ12 _?’z_aﬁn Z((k)') ﬁ13 . (G12)

Now a~? = (i)b = (i) ? = (%E)Zb Hence, we can write
o é 2k o é 2k w (A 2k
paL| Bl ) ((Zk—)!ﬁ;{‘ +3p3 ) %ﬁlz = pi Z ((k),) pit

< A 2k A 2k A 2k

o \2 ) c <2 > 3 c <2 )

~ ( i 2—‘/(7?,)1 +3p3 ) P 34 i
k=0 ) =0

(kD 2 (k)

=~ L

RS

A A 3a A
_NQ<—>+ 310 <—>—— _NQ< ) ’ (G13)
B11 2\/% B12 2\/@ 2 P13 2/B1s

x2k w (ca\N71 b? b Ec2+1 48c%+3
where Q(x) =Y ~—, L = ( L ) ex (——),A= , -, 2=, =
() = 2o k! 24¢2 \2¢,b p 2¢2 c1¢y Pir = 2¢2 b1z = 6cZ brs =
28c2+1 3N 1 4a
—522 =" a=1-— andw= .
2¢2 M-1 VM log, (M)
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