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Abstract

Driven by an immense escalation of the wireless capacity requirements, rang-
ing from conventional mobile services to machine-type devices and virtual
reality, Sixth-Generation (6G) wireless networks are facing arduous chal-
lenges in enhancing massive connectivity with high reliability while low la-
tency. As one of the promising solutions, non-orthogonal multiple access
(NOMA), compared to orthogonal multiple access (OMA), allows multiple
users to share the same time or frequency resource while being allocated at
the transmitter with different codes or power levels and split at the receiver
exploiting successive interference cancellation (SIC) techniques. Addition-
ally, the emerging technologies of Fifth-Generation (5G) and 6G commu-
nications have excellent compatibility with NOMA, which further meets
the requirements of massive connectivity, low latency, and multi-functional
communication. In particular, NOMA-aided grant-free (GF) transmission
balances the tradeoff between high quality-of-service (QoS) and low laten-
cy; reconfigurable intelligent surfaces (RISs) flexibly adjust the SIC detect-
ing orders in NOMA networks as a new degree of freedom; and NOMA
facilitates integrated sensing and communication (ISaC) networks achieve
simultaneously coexistence of wireless connection and sensing functions in
the same resource blocks. With the above potentials, this thesis focuses
on NOMA networks with promising technologies from protocol designs to
6G massive connectivity scenarios, such as 6G massive machine-type com-
munication (mMTC) connectivity, 6G full coverage connectivity, and 6G
multi-functional connectivity for ultra-high frequency communications. As
for the main mathematical tools, this thesis exploits stochastic geometry
models to facilitate the performance evaluation and to derive performance
metrics as insights, including diversity gains, high signal-to-noise ratio, etc.
Finally, the contributions are highlighted in the conclusion to achieve mas-

sive connectivity.
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Chapter 1

Introduction

1.1 Background and Motivations

Since the Fifth-Generation (5G) wireless communication systems are com-
mercially exploited [1], the investigation of the Sixth-Generation (6G) wire-
less communication systems has been focusing on new requirements, one of
which points to massive connectivity due to the tremendous improvemen-
t of mobile applications and devices [2]. With a prediction that even 10
million connections per square kilometer or more may be evolved in 6G sys-
tems, it is doubtless envisioned that a massive number of connections will
be required to be served for diverse services, including traditional wireless
communications, massive machine-type communications (mMTC), sensing,
etc. As one of the conventional solutions of massive connectivity (MA),
non-orthogonal multiple access (NOMA) assigned multiple users in the time
and frequency resource with different codes or power levels and split them
by the successive interference cancellation (SIC) technique. With excellent
compatibility, it has emerged as a promising contender for 6G systems, of-
fering several key advantages. With the aid of its extra degree of freedom
(DoF), such as power domain and code domain, NOMA enables high spec-
trum efficiency and improves system throughput by allowing multiple users
evolved in one resource block. Additionally, these DoF's have the advantage
of solving collisions of users in the same resource block due to failed autho-

rization via handshakes or even without authorization. Moreover, thanks
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to the development of the SIC technique, NOMA can be easily integrated
to achieve new application scenarios with an easy-understanding and low-
complexity design, such as mMTC, internet of things (IoT), sensing, and
even the combination of different functions.

From 5G to 6G, NOMA demonstrates significant capability alongside
various emerging technologies to meet the requirement of massive connec-
tivity in 6G systems. This thesis utilizes these advantages to explore pro-
tocol designs and performance enhancements. Collaborating with different
technologies, NOMA exhibits high potential in enhancing the connectivity
of diverse 6G communication networks. 1)Due to the surge of wireless com-
munication devices in 6G mMTC networks, NOMA-aided GF transmission
remains a promising solution for achieving massive connectivity with high
reliability and low latency. 2) Thanks to investigations into meta-materials,
reconfigurable intelligent surfaces (RIS) have been proven to adjust SIC
decoding orders [3], providing a new degree of freedom. By exploiting
well-designed SIC orders and power allocation, spectrum efficiency could
be significantly increased. Additionally, through the use of RISs, previously
blocked users are reintegrated into the entire system, resulting in enhanced
connections. 3) With the bandwidth of wireless communication reaching
millimeter-wave levels since the advent of 5G, it is an inevitable challenge
that wireless communication and sensing channels are overlapped. For in-
tegrated sensing and communication (ISaC), NOMA presents a solution to
achieve multi-functional connectivity, enabling both wireless communication
and sensing functions within the same resource block. The following sub-
sections further outline the three requirements: 6G mMTC connectivity, 6G

full coverage connectivity, and 6G multi-functional connectivity.

1.1.1 6G mMTC Connectivity

A huge proliferation of devices or services, i.e., 1) mobile devices such as
sensors, machines and robots and 2) mobile services such as mobile online

videos and mobile pay, is predicted as a trend of mMTC networks [4, 5],
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which leads to an explosive growth of mobile broadband traffic [6,7]. To
meet the ultra reliable and low latency communication raised by the 5G
requirements, GF transmission has been exploited for multiple access. To
define the GF transmission, it can be regarded as a promising paradigm
that eliminates uplink scheduling requests and dynamic scheduling grants
in traditional grant-based (GB) transmission schemes [8]. The primary syn-
chronization signal and secondary synchronization signal are replaced by
broadcasting fast uplink grants to change the downlink synchronization pro-
cess [9]. Moreover, several handshakes to transmit random access preambles
and connection requests are avoided, thus achieving low-latency transmis-
sion [10]. To sum up, GF transmission enables users to transmit messages
without permission from BSs whenever they want.

However, it is obvious that GF transmission without the authorization of
BSs is more unstable than the conventional GB transmission since frequent
collisions lead to multi-user detection issues, which is the most significant
challenge of GF transmission strategies [11,12]. Various attempts have been
proposed to solve this collision issue of GF transmission. Recent research
concludes that NOMA emerges as a promising solution for the coexistence
of high connectivity, low latency, and few collisions [13,14]. With the aid of
the code-domain or power-domain multiplexing and SIC technologies [15],
NOMA allows multiple devices to share the same resource blocks with few
errors [1,16]. As a result, although users with GF transmission may still
collide frequently in the same time slots, their messages could be success-
fully decoded through varying power levels or codebooks [17-19]. Although
NOMA-aided GF transmission meets machine-type devices, wireless trans-
mitters via GB transmission cannot be ignored. Hence, a semi-grant-free
(Semi-GF) transmission concept is proposed, which allows a portion of GF
users join in a dedicated channel for GB transmission. By designing proper
protocols for choosing GF and GB users, NOMA-aided Semi-GF transmis-

sion can achieve dual-functional massive connectivity in 6G mMTC systems.
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1.1.2 6G Full Coverage Connectivity

Although NOMA-aided Semi-GF transmission provides great connectivity
in 6G mMTC systems, it cannot avoid the influence of channel environments
[20,21]. If the users are blocked severely, these users may face failures at
decoding their information due to low received power and severe interference,
which may generally happen at the cell-edged users in NOMA systems. Since
designing protocols may not deal with the environmental problem, this thesis
then moves to the investigation of RISs in NOMA systems [22,23].

Emerged as a promising technique in 6G communication networks, RISs,
a type of meta-material, have the ability of enhancing the channel quality
[22-26]. RISs are made of two-dimensional-equivalent reconfigurable meta-
materials consisting of scattering particles or meta-atoms [27,28]. Based on
physical properties of this material, RISs are able to absorb incident waves
or modify the reflected wavefronts by adjusting the angle of reflection and
electric field strength [29-32]. By utilizing RIS-aided line of sight (LoS)
propagation, one significant benefit is that RISs can improve the channel
condition for users who are obstructed by high buildings and experiencing
inevitable outage situations [23]. After covering the blind points by RISs,
the channel quality and connectivity is enhanced.

Before harnessing RISs into NOMA networks, one of the main open re-
search challenges is to investigate the path loss models of RIS reflecting chan-
nels. Recent research has studied two path loss models: one is correlated to
the sum of incidence and reflection distances, and the other is correlated to
the product of these distances [27]. Both models are correct but are suitable
for different application scenarios. The “sum of distances” model is suit-
able for short-distance communications such as indoor scenarios, while the
“product of distances” model is suitable for long-distance communications
such as outdoor scenarios. To reduce path loss and interference, RISs are
placed near the served NOMA user. This spatial grouping property can be
depicted by a tractable stochastic geometry model called the Poisson cluster

process (PCP), which provides a theoretical framework for investigating the
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average performance of RIS-aided NOMA networks [33-36].

After ensuring the channel models of RISs and mimicking the spatial
grouping properties, RISs can be exploited to address several implemen-
tation challenges associated with NOMA networks [22,23]. For instance,
cell-edged users typically have unsatisfactory performance, and NOMA tech-
niques may even further degrade their performance due to the additional in-
terference. To enhance the channel quality between the cell-edged users and
their target BSs, exploiting RISs is a promising solution. Moreover, RISs
can provide flexible decoding orders based on the quality of service (QoS).
In uplink NOMA networks, for example, RISs can adjust the active number
or passive beamforming patterns of RIS elements to improve the channel
quality of the far user. This enables the far user to have better channel
quality than the near user and take over the SIC process, thereby improving
its performance. The NOMA technique also achieves enhanced connectivi-
ty in networks by providing a degree of freedom in the power domain. By
integrating NOMA techniques and RISs, massive throughput requirements
can be further met, making RIS-aided NOMA networks promising for 6G
and beyond.

Despite their extraordinary benefits, conventional RISs have opaque sub-
strates that may block signals to users behind them, resulting in poor perfor-
mance for the blocked users. To overcome this limitation, the recent devel-
opment of meta-surfaces, namely simultaneously transmitting and reflecting
intelligent omini-surfaces (STAR-IOSs), allows signals to pass through sub-
strates via refraction [37—41], thus providing highly flexible full-space smart
radio environments (SREs) [42,43]. Unlike conventional RISs with half-space
SREs, STAR-IOSs enable independent reflection and refraction beamform-
ing, offering high flexibility for STAR-IOS serving areas [44,45]. As a result,
STAR-IOSs bring the 360° coverage of SREs into reality. Therefore, in-
vestigating the effectiveness of STAR-IOSs in 6G networks is significantly
important [31,46].

Recent works propose three STAR-IOS protocols, namely the energy
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splitting (ES) protocol, the mode switching (MS) protocol, and the time
switching (TS) protocol, to enhance the full-space coverage of SREs. The
TS protocol leverages all STAR-IOS elements in different time blocks to
separate reflecting and transmitting links, while the ES and MS protocols
provide the flexibility of SIC orders for a NOMA-aided transmission scheme
[31,42]. Specifically, the ES protocol allocates energy among reflecting and
transmitting links, whereas the MS protocol activates different numbers of
STAR-IOS elements for reflecting and transmitting links. Consequently, the
ES and MS protocols enable us to artificially differentiate the channel quality
of the reflecting and transmitting links through different ES coefficients or
active numbers of STAR-IOS elements, respectively. By controlling the
channel quality, the STAR-IOSs can adjust the SIC order for satisfying
various constraints, such as enabling the user with high priority to obtain
high channel gain and ensuring a successful SIC process when a reflecting
user and a transmitting user are paired in one NOMA cluster. Therefore,
the STAR-IOSs distinguish the SREs of NOMA users and efficiently expand
the applications of NOMA in 6G [47,48]. Therefore, it is highly valuable to
investigate the evaluation of STAR-IOSs in NOMA systems to achieve 360°

full coverage.

1.1.3 6G Multi-Functional Connectivity

Given the incessant escalation of wireless tele-traffic, the impending spectrum-
crunch can only be circumvented by the migration to millimeter-wave (mm-
wave) carriers. However, since radar sensing technologies also rely on mm-
wave carriers, the bandwidth of sensing and wireless communication might
become overlapped [49-51]. Indeed, it is possible to economize by sophis-
ticated bandwidth-sharing in 6G wireless communications with the aid of
ISaC [52].

ISaC faces challenges in exploiting the entire spectrum due to various
applications occupying different bandwidths. For instance, the L-band (1-2

GHz) is used for long-range air traffic control and surveillance. The S-band
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(2-4 GHz) is used for terminal air traffic control, moderate-range surveil-
lance, and long-range weather observation. The C-band (4-8 GHz) is used
for long-range tracking, weapon location, and weather observation. The
mm-waves are used for high-resolution mapping, satellite altimetry, vehicu-
lar radars, and police radars [53]. Therefore, it is more practical to allocate
a portion of the bandwidth for ISaC while leaving the rest for wireless com-
munications or radar detection. Specifically, semi-integrated sensing and
communication (Semi-ISaC), defined from conventional ISaC scenarios, is a
more promising solution for 6G networks.

In the context of Semi-ISaC, NOMA presents a more promising solution
compared to orthogonal multiple access (OMA), as the SIC concept aligns
well with the ISaC scenarios. There are multiple advantages to utilizing
NOMA in Semi-ISaC networks. One significant advantage is the increased
bandwidth efficiency (BE) of each resource block, as NOMA enables mul-
tiple users to join in the same resource block. Furthermore, due to the
maturity of the SIC scheme, fundamental analysis can effectively leverage
NOMA in Semi-ISaC networks. In addition, with the use of NOMA, BSs
can accurately control the transmit powers of communication users and the
transmit power for radar detection, thus avoiding the need for predicted
radar echoes, which may enhance the accuracy of computing radar informa-
tion [54]. Additionally, utilizing NOMA provides a new degree of freedom

for Semi-ISaC networks

1.2 Contributions

Motivated by the advantages and challenges aforementioned, the thesis in-
vestigates the NOMA networks with several emerging technologies in 6G
wireless communication systems. The content spans several chapters, in-
cluding Chapter 3 to Chapter 6. By exploiting the stochastic geometry
models that are introduced in Chapter 2, the average system performance is
evaluated and the spatial effect is well considered. The specific contributions

of this dissertation are summarized and listed in the following:
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1. In Chapter 3, semi-GF NOMA networks are investigated to reduce
collision situations and enhanced connectivity for 6G mMTC systems.
With the open-loop protocol as the benchmark, a novel dynamic pro-
tocol is proposed to select GF users into the dedicated channels of GB
transmission. By considering the random deployment of GF and GB
users, the outage performance and the ergodic rate are evaluated with
insights, such as diversity gains and high signal-to-noise ratio (SNR)

slopes, respectively.

2. When considering full coverage to further improve connectivity, a RIS-
assisted NOMA network is considered in Chapter 4 where the LoS
links are blocked. As for the stochastic geometry models, the PCP
model is invoked to capture the spatial effects of NOMA users. This
chapter provides the path loss models of the reflecting links of linear
RISs, which are correlated with the product of distances to conform
with long-distance regions. With the channel models, the coverage

probability and ergodic rate are derived as the performance metrics.

3. In Chapter 5, the investigation of RISs is migrated to STAR-IOSs to
cover the blind areas generated/obscured by conventional RISs. With
randomly deployed users in a circle area, a STAR-IOS-aided NOMA
network is investigated to achieve 360° full connectivity. This chapter
provides three tractable channel models for RISs (including STAR-
I0Ss), such as the M-fold convolution (MFC) model, the central limit
(CL) model, and the curve fitting (CF) model. By exploiting the CF
model, the system performance of the STAR-IOS-aided NOMA net-
work is investigated, while the diversity gains are derived by exploiting

the MFC model under ES, TS, and MS modes.

4. To meet the requirement of 6G connectivity with sensing functions,
a novel concept is proposed in Chapter 6, namely Semi-ISaC. As for
Semi-ISaC, a portion of the bandwidth is exclusively used for either

wireless communication or radar detection, while the rest is for ISaC
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transmission. A migration from OMA Semi-ISaC to NOMA Semi-
ISaC is presented. As for wireless communication, the outage proba-
bility (OP) and ergodic rate are the considered metrics. As for radar
detection, a new metric, namely ergodic radar estimation information
rate (REIR) is proposed. Based on the new concept and the metrics,
the performance of the OMA case is first evaluated, followed by that
of the NOMA case.

1.2.1 Author’s Submitted Papers
Journal papers

1. C. Zhang, W. Yi, Y. Liu and Z, Ma, “NOMA for Multi-Cell RIS
Networks: A Stochastic Geometry Model,” submitted to IEEE Trans.

Wireless Commun., under review.

2. C. Zhang, W. Yi, Y. Liu and L. Hanzo, “Semi-Integrated-Sensing-
and-Communication (Semi-ISaC): From OMA to NOMA”, IEEE Tran-
s. Commun., vol. 71, no. 4, pp. 1878-1893, Apr. 2023. (This paper
has been included in Chapter 6.)

3. C. Zhang, W. Yi, Y. Liu, Z. Ding and L. Song, “STAR-IOS Aided
NOMA Networks: Channel Model Approximation and Performance
Analysis,” IEEE Tran. Wireless Commun., vol. 21, no. 9, pp. 6861-
6876, Sep. 2022. (This paper has been included in Chapter 5.)

4. C. Zhang, W. Yi and Y. Liu, “Reconfigurable Intelligent Surfaces
Aided Multi-Cell NOMA Networks: A Stochastic Geometry Model,”
IEEE Trans. Commun., vol. 70, no. 2, pp. 951-966, Feb. 2022. (This
paper has been included in Chapter 4.)

5. C. Zhang, Y. Liu and Z. Ding, “Semi-Grant-Free NOMA: A Stochas-
tic Geometry Model,” IEEFE Trans. Wireless Commun., vol. 21, no. 2,
pp. 1197-1213, Feb. 2022. (This paper has been included in Chapter
3.)



Chapter 1. Introduction 10

6. C. Zhang, Y. Liu, W. Yi, Z. Qin and Z. Ding, “Semi-Grant-Free
NOMA: Ergodic Rates Analysis with Random Deployed Users,” IEFE
Wireless Commun. Lett., vol. 10, no. 4, pp. 692-695, Apr. 2021.
(This paper has been included in Chapter 3.)

7. 7. Liu, X. Yue, C. Zhang, Y. Liu, Y. Yao, Y. Wang and Z. Ding,
“Performance Analysis of Reconfigurable Intelligent Surface Assisted
Two-Way NOMA Networks,” IEEE Trans. Veh. Technol., vol. 71,
no. 12, pp. 13091-13104, Dec. 2022.

8. B. Zhao, C. Zhang, W. Yi and Y. Liu, “Ergodic Rate Analysis of
STAR-RIS Aided NOMA Systems,” IEEE Commun. Lett., vol. 26,
no. 10, pp. 2297-2301, Oct. 2022.

Conference papers

1. C. Zhang, W. Yiand Y. Liu, “Semi-Integrated-Sensing-and-Communi-
cation (Semi-ISaC) Networks Assisted by NOMA,” in Proc. IEEFE Int.
Commun. Conf. (ICC’22), Seoul, South Korea, May 2022.

2. C. Zhang, W. Yi, K. Han,Y. Liu, Z. Ding, and M. Renzo, “Simultane-
ously Transmitting And Reflecting RIS Aided NOMA With Randomly
Deployed Users”, in Proc. IEEE Global Commun. Conf. (GLOBE-
COM’21), Madrid, Spain, Dec. 2021.

3. C. Zhang, W. Yi,Y. Liu, and Q. Wang, “Multi-cell NOMA: Coherent
Reconfigurable Intelligent Surfaces Model With Stochastic Geometry”,
in Proc. IEEE Int. Commun. Conf. (ICC’21), Jun. 2021.

4. C. Zhang, W. Yi,Y. Liu, Z. Qin, and K. K. Chai, “Downlink Anal-
ysis for Reconfigurable Intelligent Surfaces Aided NOMA Networks”,
in Proc. IEEE Global Commun. Conf. (GLOBECOM’20), Taibei,
China, Dec. 2020.

5. C. Zhang, Y. Liu, Z. Qin and K. K. Chai, “Semi-Grant-Free Uplink
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NOMA with Contention Control: A Stochastic Geometry Model”, in
Proc. IEEE Int. Commun. Conf. (ICC’20), Jun. 2020.

1.3 Dissertation Organization

The structure of this thesis consists of several chapters. Chapter 2 presents
some essential concepts of stochastic geometry models, such as the Poisson
point process (PPP) and PCP. Chapter 3 examines the performance of the
NOMA-aided Semi-GF network under different protocols. In Chapter 4, we
analyze the performance of the linear-RIS-assisted NOMA networks in sce-
narios without LoS links. Furthermore, Chapter 5 explores the STAR-IOS-
aided NOMA network to provide complete coverage. Moreover, Chapter 6
proposes a new Semi-ISaC network and describes the transformation from
OMA Semi-ISaC networks to NOMA Semi-ISaC networks. Finally, Chapter
7 summarizes this thesis and outlines the potential research directions for

future work.



Chapter 2

Fundamental Concepts and
Literature Review

In this chapter, the basic concept of NOMA is introduced, followed by pre-
senting mathematical preliminaries to introduce the foundations of stochas-
tic geometry. Then, the literature review of the NOMA networks with e-

merging technologies is presented.

2.1 NOMA Concept

Before exploiting the potential of NOMA, the theoretical concepts of the sys-
tem’s performance gain are first brought into our focus. The fundamental
concept of NOMA is to support multiple users in non-orthogonal channel-
s, including the power domain, code domain, space domain, etc. Indeed,
the NOMA concept could be briefly explained as a special case of down-
link broadcasting. With the aid of superposition coding (SC) technique,
the channel capacity gain has been evaluated for a realistically imperfect
discrete memoryless broadcast channel [55], which has inspired the search
for Gaussian channel capacity [56]. Exploiting the NOMA basis, several
researchers started to investigate the potential performance enhancement
in the way of theoretical evaluation, such that the authors of [57,58] have
found a new evaluation criterion to quantify the performance gain of NO-
MA over OMA by comparing TDMA and NOMA in terms of their capacity
region. Additionally, the investigation of NOMA networks could be further

12
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refined in terms of downlink NOMA and uplink NOMA [59-63], respective-
ly, since the power allocation and SIC processes of downlink /uplink NOMA
are generally different. Hence, in the following sections, this thesis provides
the basic concept and key differences of the downlink and uplink NOMA,

respectively

2.1.1 Key Technologies of NOMA

Recall that NOMA revolutionizes wireless communication by enabling mul-
tiple users to share the same time and frequency resources through different
DoFs, including but not limited to power domain, code domain, space do-
main, and other NOMA patterns [2].

As for the power domain NOMA, with different power allocation algo-
rithms based on power domain NOMA, the transmitter assigns different
power levels to users, and the signals are decoded based on signal strengths
at the receiver sides by SIC technique [64]. Users with weaker channel con-
ditions receive higher power levels, allowing simultaneous transmissions at
different power levels and decoding at the receiver based on signal strengths.

Code domain multiplexing, such as sparse code multiple access (SCMA)
[65] and multi-user shared access (MUSA) [66], is similar to CDMA or multi-
carrier CDMA, where different users are assigned different codes. Signals
are then multiplexed over the same time-frequency resources. The difference
is that code domain multiplexing can achieve certain spreading gain and
shaping gain at the cost of increased signal bandwidth [67].

Regarding the space domain, it leverages multiple antennas at the trans-
mitters and receivers to serve multiple users simultaneously using spatial
multiplexing techniques. Currently, it is more generally noted as multiple-
input-multi-output (MIMO) [68,69] or massive MIMO [70] instead of space
domain NOMA, although it still aligns with the general concept of NOMA.

Additionally, there are some other types of NOMA techniques present-
ed. Pattern-division multiple access (PDMA) maximizes diversity and min-

imizes overlaps among multiple users’ non-orthogonal patterns at the trans-
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mitter, then chooses appropriate multiplexing techniques for signal decoding
at the receiver, such as code domain, spatial domain, or a combination of
both [71]. Furthermore, rate splitting multiple access (RSMA) exploits the
commonality of rate-splitting (RS) principles. RS involves splitting a user
message (e.g., information bits) into two or multiple parts, allowing flexible
decoding at one or multiple receivers. Each receiver retrieves each part to
reconstruct the original message [72].

Among the aforementioned NOMA technologies, performance analysis
often emphasizes power domain NOMA since the power allocation process
is easily expressed in the SNR expressions. Consequently, performance met-
rics, including outage probability or average system rates based on the Shan-
non capacity, can be evaluated. As for the other NOMA technologies, such
as code domain, space domain, etc., different code designs and precoding al-
gorithms pose challenges for performance evaluation. Tractable derivations
may not be easily obtained, resulting in limited insights for these domains.
To conduct a more targeted investigation, this thesis focuses on enhancing
massive connectivity by exploiting the power domain NOMA. Compared to
conventional MA technologies, new DoF's are provided by NOMA techniques
to allow multiple users to occupy the same resource block. Since NOMA fits
the feasibility of current techniques, it is considered an add-on technique to

improve connectivity.

2.1.2 Downlink NOMA Transmission

Recall that this thesis mainly focuses on power domain NOMA. The basic
concept of the power domain NOMA employs two techniques, including SC

at the transmitters and SIC at the receivers.

e SC: The fundamental concept of SC is designed that it is capable of
encoding a message for a user associated with poor channel conditions
at a low rate and then superimposing the signal of a user having better

channel conditions on it.
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e SIC: The basic concept of SIC is to improve spectrum efficiency with
the aid of efficient interference management. The procedures of SIC
are summarized as follows. The strongest signal, which is the least
interference-contaminated signal, is first detected. The strongest user
then reencodes and remodulates its signal. In the following, the re-
generated signal is subtracted from the composite signal, followed by
the detection of the second strongest signal, until all users have been

detected.

To clearly introduce the NOMA technique, a two-user downlink case is
defined here as an example, where the channel coefficients of the user m and
user n are expressed as A, and h,, with |h,|? < |h,|?. With the above two
technologies in the downlink NOMA transmission, the BS utilizes the SC
technique to transmit a composite of signals with different power levels, while
users employ SIC techniques to cancel interference. The main processes are

listed in the following:

e Resource Allocation: Instead of assigning different resources exclusive-
ly to each user, the BS multiplexes the signals of the NOMA users in
the same resource blocks with different power levels. The BS allocates
power allocation coefficients to the NOMA users. For the user with a
better channel gain than the others, it receives a smaller power alloca-
tion coefficient to balance the received power and to obtain enhanced
achievable rates. As for the example, the user m is allocated a large

coefficient and the user n has a small one.

e SIC Process: The users receive the integrated signals. The strong
user exploits SIC to remove the interference of the weak user’s signal
and then detects its own signal. The weak user directly detects its own
signal with a larger power allocation coefficient. Based on the example
of the user m and user n with the relationship of |h,|?> < |hn|?, the
user m directly detects its signal, and the user n undergoes the SIC

process, followed by its signal detection.
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2.1.3 Uplink NOMA Transmission

In uplink NOMA transmission, several users send the uplink signals to the
BS by exploiting the same time and frequency resources. The BS employs
the SIC technique to split all users’ messages. Compared to the downlink
NOMA, several key distinctions of the uplink NOMA transmission are out-

lined below:

e Resource Allocation: Unlike the resource allocation in downlink NO-
MA transmission, the transmit power of users can be the same in
uplink NOMA, while the difference in power levels relies on different
users’ channel conditions. At the BS side, the received power of user-
s with significantly different channel conditions can be considered as

users with different power levels. Hence, the SIC process carries on.

e SIC Process: The SIC process between the downlink and uplink NO-
MA transmission is also different. The BS undergoes the SIC process.
After the BS receives the integrated signals of the NOMA users (and
other necessary process such as synchronization), the BS first detects
the signal of the user with strong channel condition. After the strong
user’s detection, the BS exploits SIC to regenerate and subtract the
strong user’s signal. In the end, the BS could detect the rest signal of
the weak user. By considering the example to explain, the BS firstly

detects the signal of the user n, followed by the user m.

2.1.4 Comparison Between OMA and NOMA

The SNR expressions for OMA and NOMA are to be presented in the fol-
lowing to illustrate the relationship of the two techniques. As for the OMA
case, the frequency and time resource allocation coefficient is defined as %
As for the NOMA case, the power allocation coefficients are denoted as
and «,, for the user m and the user n, respectively. Recall that the chan-

nel conditions of users have the relationship of |h,,|> < |hy|?. With the

transmit SNR at the BS and the NOMA users sides, denoted as p, the SNR
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expressions at the receivers are expressed as

e The OMA case:

1
AOMA = Slog, (1+ plhm?) (2.1)
and
oma 1 9

e The downlink NOMA case:

2
NOMAd P ||
Vi, “=logy |1+ ——m— 2.3
and
ANOMAL — log, (14 po|hnl?) (2.4)
e The uplink NOMA case:
" ’ 1+ plh|? '
and
oM~ Togy (1+ plhul?) (2:6)

where y9MA and y9MA are the SNR for the OMA case. Coefficients fyn]\{OMA’d
and %sz OMAd 416 the SINR and SNR for the downlnk NOMA transmission,
respectively. Additionally, coefficients %11\7 OMAu and %]\{OMA’H are the SINR

and SNR for the uplink NOMA case.
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2.2 Mathematical Preliminaries

This section presents the basis concepts of the main mathematical tools,
stochastic geometry models, that this thesis utilized. The chapter 4 and 5
frequently utilize the following concepts and lemmas to derive the perfor-
mance metrics. To make it clearly to understand, this chapter contains the
foundamental basis of stochastic geometry models.

A point process is a measure space-based countable random collection of
points, which restrict to point processes on the Euclidean space, denoted as
R?. Generally, in wireless communication system models, the parameter d
is often considered as 2 for simplicity to represent the vertical view of cells.
Hence, the exploited point processes in this thesis mimic the two-dimensional
(2-D) spatial locations of nodes, such as BSs, users, access points, etc. De-
note a point process as ®, an instance of the point process ® as ¢, and
the number of points for the point process in a set A € R? as ®(R). With
the presentation above, the definition of a 2-D point process is defined as

follows.

Definition 1. Point Process: Let 91 as the space of all 2-D vectors with
elements in R%. A point process ® is a measurable map, that is, a random

variable taking values in the space 1.

Note that any bounded set contains a finite number of points and a point
pattern is called simple if ¢ # ¢; with k # [. As the ordering of the points
is usually irrelevant, the instance ¢ is sometimes regarded as a collection of

points.

2.2.1 Random Measures of Point Processes

The notion of void probability is presented before the random measures are

introduced to characterize the equivalent character of two point processes.

Definition 2. Void Probability: Over all bounded sets A € R?, the void
probability of a point process, denoted as @, is defined as P {®(A) = 0}.
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Definition 3. Equivalence: If two simple point processes have the same
void probability distributions through all bounded sets A, they are referred

to as equivalent point processes.

The density (intensity) measure is then characterized, which is frequently
exploited in the derivations of stationary point processes, such as the PPP
and the PCP, introduced in the following subsection. Note that the density
measure could be a constant or a function, depending on whether the point
process is stationary or not. As for stationarity, it is defined that ® = {x,,}
is a stationary point process if ® = {x,, + z} has the same distribution as ®
for every x € R%. Hence, we have the density measure of a stationary point

process @ as follows.

Definition 4. Density (Intensity) Measure: For every A € R?, the density
of ® is defined as

(2.7)

2.2.2 Examples of Point Processes

In this subsection, the mostly-utilized point processes are introduced, includ-
ing the PPP and the PCP. Additionally, several functions of point processes
are also derived to evaluate the sums over point processes and products over

point processes.

2.2.2.1 Definition of PPP

A stationary (homogeneous) point process ® with the density A is a PPP
when it satisfies the following two conditions: 1) The number of points in
any bounded set A € R? follows a Poisson distribution with the constant

mean value, denoted as A|Al; 2) The number of points in disjoint sets are
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independent. Hence, the probability of numbers is presented as

k
p(e(4) = k) = YA e aa)), (25)

and the points are uniformly distributed in the area A as the points have a

constant density. This definition is exploited in Chapter 4.

2.2.2.2 Definition of PCP

The PCP could be referred to as the combination of two PPPs, including
parent points and daughter points. To generate the parent points, a PPP @,
is exploited with the density A, in a large area A, € R?. Then, the daughter
points are further deployed based on another PPP &, with the density Az in a
small area Ay € R?, whose centers are the parent points. Note that generally
the area Ag is smaller than A,. Since the two PPPs are independent, the
parent points and daughter points are uniformly distributed in the targeted
areas. Hence, the cumulative distribution function (CDF) of the distance of
the nearest point could be utilized to evaluate the performance of all nodes
because of the stationarity. Hence, the CDF and the probability density
function (PDF) of D, denoted as Fp and fp, are respectively derived as

Fp(r) = Pr{D > 1} = exp (—A\¢7r?) (2.9)
and
fp(r) = 2 r exp (—A\gmr?) . (2.10)
which is proved by

Fp(r) =Pr{D >r} =Pr{B(o,r) € 0}
— Pr{® (B (0,1)) = 0} = exp (A [B (0,1)])

= exp (—)\t7rr2) , (2.11)
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where t € {p, d} represents parent points and daughter points, respectively.
The B (o,7) is the bounded area (disc) with the origin o and the radius r.
This definition is exploited in Chapter 5.

Additionally, the Campbell Theorem and the Probability Generating
Functional (PGFL) is frequently exploited in this thesis. Hence, the fol-
lowing two lemmas first introduces the Campbell Theorem and the PGFL,
respectively.

As for the sums over point processes, the Campbell Theorem is exploited.

The definition of the Campbell Theorem is introduced as follows.

Lemma 1. Let a PPP ® be with the density A and the mapping f(x) :
R? — R*. The Campbell Theorem is then presented as

E

> f(x)] = . f(x)dz. (2.12)

red

As for the products over point processes, The PGFL is utilized. The
following lemma presents the definition of the PGFL.

Lemma 2. Let a PPP ® be with the density A and the mapping f(x) :
R? — [0, 1]. The definition of PGFL is expressed as

E [H f(a:)] = exp <—)\ R2(1 —f(x))dx). (2.13)

red

2.3 Literature review

This section introduces the literature review of related topics, including s-
tochastic geometry methods, GF transmission, RIS and STAR-IOS systems,
and ISaC systems.
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2.3.1 Related Works for Stochastic Geometry Methods

As a powerful mathematical tool to capture the spatial randomness of wire-
less networks, stochastic geometry has been widely utilized for analyzing the
performance of various networks [73]. For clarification, the stochastic mod-
els and distance distributions are evaluated such as homogeneous Poisson
point process (HPPP) and Poisson cluster processes (PCP) for cellular net-
works [33,74,75]. With the aid of stochastic geometry methods, some initial
NOMA contributions have been investigated [21,76-81]. More particular-
ly, a massive GF NOMA network [76] and a cache-enabled heterogeneous
network [77] were recognized as finite uniformly random networks, thereby
being investigated by HPPP. For scenarios with nodes in randomly distribut-
ed clusters, PCP is universally invoked to model the spatial distributions of
clustered nodes, such as coordinated multi-point transmission (CoMP) sys-
tems [78], unmanned aerial vehicle (UAV) networks [79,80] and clustered
mm-wave networks [21]. Moreover, the locations of users were arranged into
discs and rings in [81] to simplify the spatial distributions.

As stochastic geometry methods are mathematical models, these meth-
ods are able to be exploited in different networks if the system model designs
are proper. Currently, the performance analysis with stochastic geometry
models has been well evaluated for the 5G wireless communication system-
s and now it is time to move forward to investigate 6GG communications.
Hence, this thesis focuses on the 6G wireless communication networks with
the aid of stochastic geometry models to evaluate the average performance

of an entire system.

2.3.2 Related Works for GF Transmission

Because of the properties of GF transmission schemes such as low laten-
cy, high connectivity and high collision probability, we exploit the NOMA
technique to achieve high reliability for users without bringing addition-
al signalling overhead. Extensive research contributions have explored the

potential performance enhancement brought by the uplink NOMA scheme
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as benchmarks. Several survey papers such as [82] and [83] introduce the
elemental definitions in NOMA systems. Typical models of multiple ac-
cess (MA) designs in uplink NOMA were analyzed [84-86]. Modelling and
analysis of conventional uplink NOMA were further evaluated by exploit-
ing various aspects such as user pairing theory [87], power allocation [88]
and energy harvesting designs [89,90]. In terms of GF NOMA networks,
code-domain multiplexing is universally considered on multi-user detection
designs [91,92], while the research contributions on power domain GF NO-
MA designs are still in their infancy.

Compared to the state-of-the-art research, this thesis highlights the per-
formance analysis on a Semi-GF system, which allows the conventional GF
and GB transmission to appear at the same time. By designing the Semi-GF
protocols, the bandwidth resource is well exploited to accommodate more
users than the conventional GF transmission or GB transmission solely. In
Chapter 3, the Semi-GF transmission protocol is proposed and the perfor-

mance is evaluated.

2.3.3 Related Works for RIS Networks

Recent research contributions have evaluated RIS-aided networks in several
aspects. For information-theoretic fundamentals of RIS-aided networks, d-
ifferent channel models including propagation and path loss modelling have
been proposed [3,23,27,28,93,94]. Additionally, various specific pass loss
models are provided by [23,28,93]. More specifically, the channel models
for linear materials have been proposed and investigated by [3,27] and other
works focus on RIS models with antenna elements [23,28,93,94]. Based on
the channel models, contributions to different applications are summarized
in the following. Omne breakthrough for RISs is the passive beamforming
design [95-99], which is the main focus of RIS-aided systems. Several as-
pects of technologies have provided theoretical basics for performance anal-
ysis, including passive beamforming [99], information transfer [97], mod-

ulation [100], and resource allocation [98]. Additionally, research papers
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focusing on RIS applications in different scenarios have indicated the bene-
fit that RISs have high compatibility, such as RISs combined with machine
learning methods [101, 102], RIS-aided mmWave networks [103, 104], and
RIS-aided IoT networks [105].

As in most cases, scholars focus on the main property of the RIS that
RISs can enhance the channel gain of the users. When considering this
property in NOMA networks, it brings a new degree of freedom for creating
power differences in NOMA. In general, NOMA exploits power allocation
(downlink) or considers users with different channel conditions (uplink) to
create different power levels. With the aid of RISs, we can change the
channel condition by exploiting RISs or not, to adjust which user undergoes
the SIC process. Hence, based on the investigation of this thesis, the flexible
adjustment of SIC orders is possible, which is mainly presented in Chapter

4.

2.3.4 Related Works for STAR-IOS networks

As a brand-new topic, only a few works have been investigated for the STAR-
10S-aided NOMA systems. The recent research focuses on the optimal
beamforming designs of STAR-IOS networks based on power consumption
minimization [42], phase shift optimization [106], sum-rate maximization
[107], and sum coverage range maximization [108]. Additionally, a joint
design for STAR-IOS enhanced CoMP NOMA systems is proposed by [109].
As the STAR-IOSs improve the flexibility for downlink NOMA systems [31],
physical layer performance analysis is needed to derive valuable insights
for finding out more optimization problems. However, obtaining tractable
channel models is the main challenge for performance analysis of STAR-IOS-
aided networks. Additionally, theoretical performance analysis for STAR-
10S-aided NOMA systems is still in its infancy. The Chapter 5 of this thesis
covers the performance analysis of STAR-IOS.
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2.3.5 Related Works for ISaC

The fundamental designs of ISaC networks are investigated in [110-113],
including spectrum sharing methods [110,111], waveform designs [112], and
resource allocation algorithms [113]. The hottest topic in ISaC networks
is the investigation of MIMO ISaC networks, including their MIMO-aided
transceiver designs [114-118], interference exploitation or interference re-
moval [119-121], and the subject of multi-user MIMO ISaC networks [122].
But again, the performance analysis of NOMA-based ISaC is still in it-
s infancy. Since the MIMO and NOMA techniques use different domains
for MA, their comparison, combination, and cooperation under the con-
cept of MIMO ISaC networks is warranted. Additionally, several authors
investigated the average performance of ISaC systems relying on the SIC
scheme [54,123], demonstrating the feasibility of NOMA in Semi-ISaC net-
works. Hence, there is ample inspiration to pave the way for the evolution
of Semi-ISaC networks from OMA to NOMA, investigated in Chapter 6.
The next chapter (Chapter 3) will start from the Semi-GF transmis-
sion, followed by the performance analysis for the RIS-aided NOMA net-
work in Chapter 4, STAR-IOS-aided NOMA network in Chapter 5, and the
Semi-ISaC network in Chapter 6. A conclusion in Chapter 7 highlights the

innovation and contribution of this thesis.



Chapter 3

Semi-GF NOMA Networks

This chapter uplink semi-GF NOMA networks where the GF and GB
users are combined in orthogonal channels, which are employed into the same
resource blocks. Since the distances for the GB and GF users are not pre-
determined, there are two potential scenarios: 1) the GF users are located
as near users while the GB users as cell-edge users, denoted as Scenario [
and 2) the GB users are situated in the center areas while the GF users are
determined as far users, denoted as Scenario II. Based on the mentioned
scenarios, the primary contributions are summarized as:

e A novel dynamic protocol is proposed to determine whether the GF
users join the channels occupied by the GB users. Compared to the
open-loop protocol, the channel quality thresholds of the dynamic pro-
tocol are more accurate. Hence, the unexpected interference from the
GF wusers is reduced. The latency of the conventional GF, GB and
Semi-GF protocols is evaluated, followed by the discussion of the sig-

nalling overhead.

o As for Scenario I: The analytical expressions of OP for the GF and
GB users under two protocols are derived. Furthermore, diversity
orders for the GF and GB users are calculated in terms of the asymp-
totic analysis of Semi-GF NOMA networks. Analytical results reveal
that two protocols, including the open-loop protocol and the dynamic

protocol, have the same diversity gains.

26
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e As for Scenario II: The analytical and asymptotic expressions of OP
are derived when the SIC orders turn out the contrary compared with
Scenario I. The diversity gains for the GF and GB users are also e-
valuated. Analytical results illustrate that the diversity orders are
determined by the SIC orders that: 1) the value equals one for near

users and 2) zero for far users.

e Simulation results demonstrate that the dynamic protocol outperforms

the open-loop protocol on the outage performance.

3.1 Network model

The following section delves into the Semi-GF NOMA system, spatial dis-
tributions, protocol designs, randomly deployed user statistics, and signal

models.

3.1.1 Spatial Distributions

The spatial distribution of this Semi-GF NOMA system is illustrated as Fig.
3.1. Considered that the BS is fixed at the center of the disc, this system
model is simplified into two types of spatial distributions. 1) In Scenario
I, GB users (denoted as GBj, as the near users) randomly locate in a disc
with the radium as R; m. Far GF users (denoted as GF;) have the chance
to use the channels occupied by the GB users', which are deployed in a ring
with radius Ry m and Ry m (assuming Rs > R;). Near GF users are not
allowed to use the dedicated channels to maintain the performance of GB
users. 2) In Scenario II, the GB users are far users deployed in the ring
with radius R; m and Ry m. Only near GF users distributed in the disc
with radium R; m have chance to join the occupied channels.? Based on the

latency tolerance of GB users, these two scenarios meet the requirements of

! Among the far GF users, only the ones that meet Semi-GF protocols join the occupied
channels.

2The ring model is a simplified model to divide users into two categories, near and far
users. Delay-sensitive and delay-tolerant GB users will be treated as different scenarios.
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two types of GB users. In scenario I for the delay-sensitive GB users, GB
users avoid doing SIC procedure to reduce the latency of GB users. Thus,
near GB users and far GF users will be chosen as NOMA clusters, thereby
GB users acquire low latency. In scenario II for the delay-tolerant GB users,
GB users are with SIC procedures to further reduce the latency of GF users.
Hence, far GB users and near GF users are selected into the same resource
blocks.

On random deployment, the location distributions of the GF and GB
users are modeled as two HPPPs ®gr and ®gp with densities A\p,, and
Ao, respectively. Thus, the number of the GF and GB users obey the Pois-
son distribution, which is expressed as Pr (Ng = k) = (uf./k!) exp (—pc),
where G € {GF,GB}, ug denotes the mean measures for the GF and GB
users, including pic = mR3 Ag,, for the near users and pe = 7 (R3 — R}) Ao,
for the far users. Additionally, define the distances from the BS to the GF
users and the GB users as dgr,; and dgp,j, respectively. Hence, the PDF of
distances can be derived as fapear ()= Qx/R% and fdg; (x)= ZZL‘/(R% — R?),
where k € {i,j} representing for GF or GB users.

3.1.2 Protocol Designs

Note that this chapter focuses on Semi-GF transmission enabling GB and
GF users sharing the same resource blocks. The protocol designs are focusing
on the Semi-GF transmission instead of GF transmission sorely. Fig. 3.2
compares the handshakes among the traditional GB and GF transmission
schemes and two Semi-GF protocols. Several assumptions exploited for the

Semi-GF protocol designs are listed in the following:

e The channel state information (CSI) of the connected GB users is
known by BSs. Since in Semi-GF scenarios, the GB users have been
connected into the channels. Hence, CSI is obtained from the hand-
shakes between BSs and GB users. It is also considered that the GB
users’ CSI can be broadcasted to all GF users with no errors to simplify

this model.
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Figure 3.1: An illustration of uplink NOMA networks for conventional GB
transmission, the open-loop protocol, and the dynamic protocol. Parameters
are defined: R; and Ry are the radii of the discs, dgp and dgp are the
distance between the BS to the GB user or the GF user, hgg and hgp are
the small-scale fading for the GB and GF channel, gop and ggr are the
channel effect including small-scale fading and path loss for the GB and GF
channel, Pgp and Pgp are the transmit power for the GB and GF user, and
T4, 18 the threshold for the open-loop protocol.

e All GF users know their own CSI before data transmission begins.
Since the GB users’ CSI should be broadcasted prior to data trans-

mission, GF' users obtain their CSI via the downlink broadcasting.

e Different power levels are allocated to GF users. Thus, the GF users
can be decoded during the collision situations by power-domain NO-

MA techniques.

Thus, detailed description of traditional GF, GB and Semi-GF' transmission

schemes are presented in the following.

3.1.2.1 The Conventional GB and GF Transmissions

The process of conventional GB transmission scheme is indicated as follows.
1) Synchronization is achieved by two handshakes, which transmit the pri-
mary synchronization signal and secondary synchronization signal to obtain
the cell identity and frame timing. 2) The random access preambles, such as

Zadoff-Chu code, are uploaded by GB users to identify the occupied chan-
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Figure 3.2: Handshakes for conventional GB transmission, conventional GF
transmission, the open-loop protocol, and the dynamic protocol.

nels. If no collision scenarios, the GB user occupies a certain channel and
send connection request. Otherwise, users would experience a contention ac-
cess period to solve the collision, such as randomly waiting for a time period
and retrying the channels. 3) After experienced a contention access peri-
od with at least a pair of handshakes and obtaining BS’s permission, data
transmissions begin. Based on the GB transmission scheme, uplink grants
can reduce the collision situations, whereas it culminates long latency.

As for the GF transmission, BSs broadcast the fast uplink grants once
used for the entire cell, which contains channel messages and other data that
GF users need. After that, all the GF users would transmit messages at any
time on their own initiative. Hence, latency is highly reduced, while users

face high collision probability.

3.1.2.2 Open Loop Protocol

Compared to the conventional GF transmission scheme, fewer collisions and
higher spectrum efficiency is required. Thus, Semi-GF NOMA networks
are considered where GB and GF users share the same spectrum resources.
Denote the combined channel gains of GF users as ggri = |ha F,i|2(dG i)
where |hGF’l-|2 is small-scale fading, (dgr;)”“ is path loss with distance
dar; and path loss exponent o, and ¢ is the number of GF users. Based
on [124,125], the design of the open-loop protocol is described as several
steps. 1) The fast uplink grants and the channel quality threshold 73, are
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broadcasted after a GB user occupies a channel. Denote the transmit power
of GF and GB users as Pgr and Pgp. The channel quality threshold of
the open-loop protocol is 7, = E [PGBP§}|hGB7j|2(dGB,j)_a , where E []
is the mean value, |I”LGBJ-|2 is the small-scale fading of GB users, dgp,; is
the distance of the GB users. 2) Compare the channel gains of the GF users
and 7. 3) Select GF users into the channels occupied by the GB users. For
far GB users, the condition of selecting GF users is ggr; > 7y; For near

GB users, the condition is ggr; < Typ-

3.1.2.3 The Dynamic Protocol

A dynamic protocol is proposed to define more accurate values of channel
quality thresholds in stochastic geometry models compared to the open-
loop protocol. Define the combined channel gain of the GB users as ggp,; =
\hGBJ]Q(dGB,j)_O‘. Compared to the open-loop protocol, the key difference
of the dynamic protocol is that the BS sends instantaneous channel quality
thresholds, denoted as Papgap,;, instead of a fixed average threshold. For
far GB users, the constraint of selecting GF users is Porgar: > PaBIGB,j
while the constraint for near GB users is Porgar: < Papgap,;- Other
steps are the same as the open-loop protocol. The practical scenario of
the dynamic protocol is that GF users send small packets within a short
transmit time, thereby the small-scale fading can be considered as a fixed
value. Thus, the instantaneous CSI is exploited as the threshold. Hence,
the selection of the dynamic protocol is more accurate than the open-loop

protocol.

3.1.2.4 Comparison Between Signalling Overhead and Latency

Both conventional GF and Semi-GF transmission schemes have lower sig-
nalling overhead compared to traditional GB transmission, as the time-
consuming handshakes have been significantly reduced. Although Semi-GF
transmission schemes have a larger signalling overhead compared to GF

transmission schemes due to the transmission of channel quality threshold-
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s, they still outperform GB transmission. In terms of signalling overhead
rank, it is predicted that latency will be ranked in descending order as GB

transmission, Semi-GF transmission, and GF transmission.

3.1.3 Signal Model

The channels of both GF and GB users are modeled as Rayleigh fading
channels. Noted that the Rayleigh fading is used for the case where the
transmitted signal encounters multiple scattering objects, which means that
there is no dominant line-of-sight path between the transmitter and receiver.
Hence, this model could mimic the practical scenarios with scattering such
as urban environments. SNR expressions are expressed in two scenarios
based on SIC orders. In this treatise, a scenario is considered in which a
GF user accesses a channel that is already occupied by a GB user. The
derivations can be extended to scenarios where more GF users are allocated
in the same channel. It is worth noting that pass loss has a more stable and
dominant effect than instantaneous small-scale fading [126]. As a result,
users who are closer to the channel always have better channel gains with

the first SIC order than those who are farther away.

3.1.3.1 Scenario I

The GB users are deployed within the disc as near users while the GF
users are located in the ring as far users. Thus, the signals of GB users
are decoded first. With the fixed access thresholds 7, for the open-loop
protocol or flexible thresholds Pgpgap,; for the dynamic protocol, the SNR

of GB users can be expressed as:

Pgslhas,l’ (das,))
Porlhar? (dapi) ™ + o2’

’YéB,j = (3.1)

where Pgp and Pgr are the transmit powers of GB and GF devices, hgr;
and hgp,; are the channel gains for ith GF and j' GB users, respectively,

02 means variance of AWGN, and « is the path loss exponent.
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After the SIC process, the SNR of GF users can be written as:

. Porlheril*(dar) ™"

YGF;i = o2 (3‘2)

3.1.3.2 Scenario II

In Scenario II, the GF users are located in the disc as near users with first
decoding orders. The SNR expressions of GF and GB users are derived

respectively as:

Parlharil?(dapi) ™
L (33
Peglhasj|*(dap,j) " +o
and
Paglhasj|*(dap.;) ™™
’VéIB,j: JO_Q ! . (34)

Additionally, the following notation includes the transmit SNR, of users
as pap = Pagn / 0% and pgr = Pgr / o2, the combined channel gains as
(63

gcri = |haril*(dgri) ™ for the ™" GF user and ggn; = |hap,;*(dap;)”
for the j** GB user used.

3.1.4 New Statistics

The channel gains with small-scale and large-scale fading are denoted as
gc.r with G € {GF,GB} and k € {i,j}. Lemma 3 presents derivations
of the PDFs of gg . Corollary 1 and Corollary 2 derive two types of

expressions for CDF's of gg 1.

Lemma 3. Conditioned on G € {GF,GB} and k € {i,j} to express a
general scenario for the j* GB and the i** GF users, the combined channel
gain including large-scale and small-scale fadings is denoted as gg , whose
PDFs for both near and far users can be derived as:

near b?l G
gor (£) = ZL‘l;3 7 (b3, b5, 2) (3.5)
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and

G

b
fln @) = —52 [y (b3, 05) =y (b3, b52)] (3.6)

where 7 (-,-) means lower incomplete gamma function, A is the mean of

Rayleigh distribution with G = G'B for the GB users and G = GF for the GF
2

users, bﬁl = Q(Ag)%/aR%, b§2 =2(\g) /[a (R% — R%)], bgl = R{/)a,
bQGQ = Ry /A, and by = 2 + 1.

Proof. Near users and far users are deployed into the disc or the ring. Based
(e 3 —
on the PDFs of dg j, the PDFs of d, , can be derived as f(dgel‘;g)a (x) =
21’%_1/(041%%) and f(dfar )a (x) = 233%_1/[& (R3 — R%)]. Under Rayleigh
GB,i
fading channels, the PDF's of gg 1 can be derived as:

Ry
e @)= [ 2 60 Sy )y 57)
and
Rg
@) = [ 08 ) gy ) (35)

which can be derived by substituting the PDF's of the Exponential distribu-
tion and d¢ , to obtain (3.5) and (3.6). O

Corollary 1. Based on the PDF of gg in Lemma 3, expressions of the

the CDF's of gg 1 can be derived by utilizing hypergeometric functions as:

b7, (851)"
Fpeer(a) = T@«QFQ (b3, 1363 + 1,2; —bF ) (3.9)
and
ar blGQ (b§2)b3
Fjet () =y, b (b3, 1503 + 1,25 —b5 )
b7, (b5,)"
- M@B (b3, 1303 + 1,2; —b§ ) , (3.10)

b3
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where ,F, () is the hypergeometric function.

Proof. In terms of the expressions of Eq.[2.10.2.2] in [127], the CDFs can be
derived via the PDF's in Lemma 3. O

Corollary 2. Invoked by the lower incomplete gamma functions and the
CDF of the Exponential distribution, the CDF expressions of gg  can be

equivalently derived as:

2 bYe b3—1 a

and

2 G by—1
Flar -1 2G
o =1 sy (7

x [y (b3 — 1,b552) — v (bs — 1,05 2)] . (3.12)

Proof. The CDFs of ggy can be expressed as F 9" (v) = Pr{|h(;7k|2 <
« (0%
(d’éezr) x} for the near users and Fgfgz (x)=Pr {|h@7k|2 < (dé%) x} for
the far users. Thus, the CDF expressions can be derived as (3.11) and
(3.12). O

3.2 Outage Performance in Scenario I

Recall that the Scenario I is for GB users that are delay-sensitive users with
messages such as voice calls or emergency health-care status. As the delay-
sensitive GB users should avoid the SIC procedure to achieve low latency,
GF users with lower channel gains compared to the connected GB user
are selected into the occupied channels. This section expresses the exact
expressions of OP via Theorem 1 to Theorem 4, followed by several

corollaries to derive the closed-form expressions.
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3.2.1 Analytical OP Under the Dynamic Protocol in Sce-

nario I

The channel capacities of the GB and GF users are given by Cgp, =
log, (1 +’yéB]‘) = log, (1 + w) and Cgr; = logy (1 +’Yé‘F1‘) =

PGFYGF,it1
log, (1 4+ pargcr,). Conditioned on Pgrgar: < Papgen,j in Scenario I,

the OP expressions of the GF and the GB users are expressed as:

GB,I PGBYGB,j GB FPag
peBL _pp PEBICES - \CB o.p < gGB,-} 3.13
outp2 {PG’FQGF,i +1 " Par / (3:13)
and
GF,I GB,I
Pout,pg :]Pout,pg
PGBYGB,j GB VSF PapyaB,j
+Pr{———> Yin s 9GFi < — 5 9GFi < ——F — [ -
pGarycr; +1 PGF Por
Q1
(3.14)

Theorem 1. With the constraint of Pgrgar: < Papgap,; in Scenario I,
the OP of the GB users varies into two situations with various derivations:
a) the received power of the signal is higher than interference and noise,
denoted as ngB > 1 and b) the signal strength is lower than interference
and noise, denoted as ygLB < 1. Based on two situations, the OP of the GB
users can be derived as:

peB.t _ [ pnear (V°Pare + 75 flo (x)d
out,pa ~ 0 9GB,j 0GB 9GF,i ) ax

= Jo Foe, (Mx> or (2)dz, (7GP > 1) (3.15)

PGB

and

GB GB
PGB,I _ o near Vih PGFT + ik ffar ( ) d
out,pz 0 9GB.j PGB gar,; \T) 4T

—f Epeer (femg) fla (@yde, (GP<1), (316)
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GB
Vih
pcar(1-GF)
closed-form expressions in the two situations.

where o1 = . Corollary 3 and Corollary 4 can express the

Corollary 3. Assume that the GF users experience satisfying channel con-
ditions with high transmit SNR (pgr > 1) since the transmit power is

B

always higher than the noise strength. Conditioned on 'ytc,*; > 1, the exact

closed-from expression of the OP for GB users can be derived as:

lrar  qp Wlear  qp
U oo | = U ,0571
PGB ’ PGB ’

oo n GB n (1GB %+n
n —Y¢h PGF (b2,1)
XX (™) wiew

GB,]
]P)OUtzp2 _C]‘

PGB

F'(n—t—2) [(b%”)%*t*“ _ (bg;g) %+tfn:|

«

ptGF(n_t_%) ’

(3.17)

2 n [(2—b3)D(bs—
where C7 = QAGBbfg/(aR%), (r) =nl/[t!(n—1t)], 62 = W,

)
U (a,t) = 3Fs (1,b3,2 = byiby + 1,3 = by 1) 61 — 0, 61 = 550 and
I'(+) is gamma function.
Proof. Substituting (3.6) and (3.11) into the OP expressions, ]P’fﬁ}i can be

rewritten as:

00 OpGE ~ (ha — 1,bGBx
GB,I _/0 L 7( 3 2,1 ) [’y (bg,bzG,gx) -7 (bs,bgffx)] dx

out,py — 9 N 1—b3
aR3xbs (—iB >

Iy

*© 2 PGBAGB bs~1 (parz + 1) yGPbGP
- GB Y by — 1,
0 Yen

alf parT + 5GP 0GB
12
by or or
i [ (b3, 05 2) = (bs, 03y @) | der (3.18)

~~

Iz

Based on Eq.[2.10.6.2] in [127] to derive I;, the expressions can be sim-



Chapter 3. Semi-GF NOMA Networks 38

plified as:
) bGB
0 PGB
x [y (bs, bg;gx) — 7 (bs, bgfx)] dx. (3.19)

Based on (3.38), binomial expansions, and Eq. [2.10.2.1] in [127], I2 is

derived as:

n=0 t=
Pn—t-3) [(bé’ﬁf)a“‘” - (0g5)

PtGF(”_t_%)

. ’Yh PGF n(bzG1)i !
t )
I 015 <r>< > n!(2 )
0 a T
X

(3.20)

Substituting (3.19) and (3.20) into (3.18), the corollary is proved. [

Corollary 4. Conditioned on ws = §; and x5 = cos (28 ) the Chebyshev-
Gauss quadrature as a numerical analytical method with limited upper and

S
lower limits is approximated as fb f(x)dx =Y ﬁf{ (xs,a,b)],
s=1 ts(xs,a

where t (75, a,b) = (x5 + 1) %5%+a. When 5P < 1 as the second situation,

the OP expressions of the GB users can be derived as:

GB GB
pCB.L _ 7 Jnear Ve, PGFT + Yy, ffar ( )
out,p2 0 9GB,j PGB 9GF,i

I3
o1
PGF
— Frear z |l (2)dz, 3.21
[ Fn (202 g, @ 21)
Iy

where closed-from expressions of I3 and I4 can be derived as:

S GB1L,GB

2 Vb (

I3 —Fgfg; (01) — E g [au !
s=1

x Ay (o1, 0s1) [ (b3, 655 ts1) — 7 (63,057 ts1)] (3.22)

pGrLs1 + 1)
PGB
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and
S
L =FJ57 (01) = > As (o1, 161)7 (bs — 1,65 1251)
s=1
X [ (b3, 653 1) = (b3, b5 151)] (3.23)
where As (a x) = %1 awsz1 7203 (1 — 22)2 p%”BlpéF@”, A (a,z) = 62'1 awsx

=2
x(1—a?%)2 plgBl[fyth (parz +1)] ™, and t51 =t (x5,0,01).

Proof. Based on (3.6), (3.9), (3.11), and the Chabyshev-gauss quadrature,
the final expression is derived. Similar derivations are ignored due to limited

contents. O

Theorem 2. Note that PE5!

out,p, 15 given as Theorem 1 and @ is given in

(3.14). The integration @1 can be derived by different derivations under two
situations: a) ’yf;;B > ’yglF (1 + ’yglF) and b) ’yt(;:B < ’yglF (1 + ’yﬁlF). Thus,
The OP of the GF users under the dynamic protocol in Scenario I can be
expressed as:

peEL — @, + pYEL (3.24)

out,p2 out,p2?

where closed-from expressions are derived by substituting Ing ;2 in Theo-
rem 1 and () in the following corollaries as Corollary 5, Corollary 6,

and Corollary 7.

Corollary 5. Note that the first situation as fyng > ngF (1 +731F ) is
considered. For the first case, with the aid of the lower incomplete gamma
functions and binomial expansions, the closed-from expressions of ()1 can

be derived as:

e EE () ()

n=0 t= PGB GF

X [M (027Q7 b37b22) M (027Q7b3ab§f)] 9 (325)
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where g9 = ygLF/pGF, g=n—1t— % and M (t,a, 3,0) is defined as:

t
M (t,a, 3,0) :/ 21y (B, 0x) dx

0

a+
:;55 Lo+ B)oFa (B, 0+ B; B+ 1,004 B+ 1;—10) .

(3.26)

1 nba+n

Proof. Proved by utilizing 7 (a,b) = Z (n, CE=D)
and Eq. [2.10.2.2] in [127]. O

, binary series expansions,

Corollary 6. Note that ngB > fyglF (1 + ygLF ) is considered. The Chebyshev-
Gauss quadrature is invoked to calculate the closed-form expressions of the

OP for GF users, thereby the approximated expressions of ()1 can be pre-

sented as:
S GB..GB
b Y (pGFLs,Q + 1)
Q1 :ZAI (UQ,LSQ)’}/ by —1, 21 'th
s=1 PGB
% [y (b3, b5% 1 2) — 7 (b3, 051 152)] (3.27)

where 159 = tg (25,0, 02).

Corollary 7. Conditioned on the second situation, denoted as WGB <

'ythF / (1 + 'y ) the closed-from expressions of ()1 can be derived as:

27<b3—1 bGB’Yth Zparts i )
PGB

x A (o1, t51) [7 (03,055 15,1) — 7 (b3, 51 15.1)]

vSPpar
+ Ao [(02 —01),ts12] Y <b3 -1, WLS,IQ

x [ (bs, b?fbs,u) — 7 (b3, bgfbs,mﬂ , (3.28)

where 1512 = t5 (25, 01,02).
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3.2.2 Analytical OP Under the Open-loop Protocol in Sce-

nario I

Instead of exploiting the instantaneous CSI in the dynamic protocol, the
open-loop protocol broadcasts an average channel quality threshold. With
the selection protocol as ggr; < T, the OP of GB and GF users can be

expressed as:

PGB,I _ Pr{ PGBYGB,j

GB
= < s ;< T 3.29
out,p1 PCFYGF 1 Yih s 9GFi th } ( )

and

GF
GF,I _ pGB,I PGBYGB,j GB . Yin
IP>out,p1 - Pout,pl +Pr {pGFgGFi +1 > Y s 9GF; < MIN Py y Tth .

Q2
(3.30)

Theorem 3. Under the condition of gor < 7p, the OP expression for GB

users can be expressed as:

Tth GB GB
GB,I _ Yen PGFT + Ygp
Poitp = /0 Fpoar < i > fgg;i () dz, (3.31)

where the closed-form expressions are derived by Corollary 8 and Corol-

lary 9.

Corollary 8. Based on the two types of the CDF expressions of gg j, two
types of closed-form expressions by the Chebyshev-Gauss quadrature can be

derived as:
S bGBbGF (bGB)b3
GB,I Tth01 1012 (V21 ) Ws
]P)OUtvpl = Z 2 _1 b 1
s=1 2(1 — ts (.TS, 0, Tth)) 2b3(13 3=

t 0 1
«5 F [b3,1;b3+1,2;b§?vﬁ3 (pGF (xp 1 Teh) )]
— PGB

x {7 [bs, bg:gts (5,0,7)] — 7 [bs, bgfts (z5,0,71)]}  (3.32)
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and

1
TthWs [1 B t? (25,0, Tth)] ’ bng

2[t5 <x87 07 Tth)]bS

S
GBI
]P)OUtvpl - Z

s=1
X {’7 [b37 bggts (:ES? 0, Tth)] -7 [b?n bgfts (:I"S7 0, Tth)] }

% |:1 = ~y (2 (pGFts (x& 07 7—th) + 1) ’th}iBR?>:| (3 33)
° ’ PGBAGB ’

2 PGBAGB

2
where =4 = @
5T ar?yGE \ parts(s,0,7n)+1 ’

Proof. Substituting (3.6), (3.9) and (3.11) into (3.31), the derivations can
be obtained by utilizing the Chebyshev-Gauss quadrature. O

Corollary 9. Assume that all the GF users fit the condition of selection,
which means ggr < 7. Then, the approximated expressions of OP when

Tih, — 00 are derived as:

Qv

2bGF A
PGB’I _ fmear (7_ ) . 1,2 ( PGBAGB
out,pr —*ggp,; \'th ozR% %(;;LBPGF

GB o GB o
x [U <7fh parliy ,b§§> ~U <7th porly ,bg;f)} . (3.34)
PGBAGB ’ PGBAGB '

where U (a,t) is defined in Corollary 3.

Proof. Conditioned on 7, — oo and based on (3.6) and (3.11), (3.31) can
be derived by substituting Eq.[2.10.6.2] in [127]. O

Remark 1. The condition (14, — 00) means that the channel quality of the
GB user is the best among itself and other GF users. The following step is
to further simplify the OP in Corollary 9 as PoGu%;{l =1-—C, where C is

constant. Thus, the equation reveals that the OP has a lower limit when all

the GF users has been selected to join the occupied channel.

Then, the outage performance of the GF users is investigated. Based on
the Theorem 4, the exact and approximated closed-form expressions are

derived in Corollary 10 and Corollary 11.
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Theorem 4. Note that the GF users are decoded at the last decoding orders
in Scenario I. Thus, two outage situations are involved: a) the messages of
the GB users cannot be detected so that the SIC procedure is not successful
and b) the BS can detect the messages of the GB users but cannot detect
those of the GF users. Based on Theorem 3, the first situation has been

analyzed by deriving Q2 as:
GF

min | 1tk \Tth GB GB
Q2 = / (pGF ) [1 pear (m PGFT + Vi, )] faar (@) dz, (3.35)
0

9GB,j PGB 9GF,i

where Corollary 10 and Corollary 11 can provide two closed-from ex-

pressions. Thus, based on Theorem 3 and Theorem 4, the final OP of

PGB I

GF,I
GF users in Scenario I can be derived as P = Q2+ Poyi -

out,p1

Corollary 10. Based on the Chebyshev-Gauss quadrature, the closed-form

expressions of ()2 can be derived as:

GF

ws min (V”L )ba—1

et ) (pcBAGE

_1 b3—1
1 aRY(1—1s50%) 2 (v pere +957)"

b1G [b 1, b5 PGB (pariso +1)
-

PGB

x [ (b3, 055 15.0) = (03,05 1)) - (3.36)

GF
where 5 0=t, (z,0,00) and o9 = min (ZZLF’ )

Proof. See Corollary 8. O

Corollary 11. Based on the expansions of lower incomplete gamma func-

o0 a-—T+7mn
tions as v (a,b) = > %, the closed-form expressions of Q)2 can be
n=0 ’

equally derived as:

n bGB %Jrn
Q2 C’1ZZ<>< i pGF) ,(22’1) i

n=0 t=0 ”-(a+”)PGF

x {M [00,q,b3,b55 | —M [00,q,b3,b51 ]} (3.37)
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Proof. See Corollary 5. O

3.2.3 Asymptotic OP Under the Dynamic Protocol in Sce-

nario I

Diversity orders as intuitive indicators present performance changing with
variables such as transmit SNR pg = Pg/o? and G € {GF,GB}. The
asymptotic analysis follows the assumption with pgp — oo and a fixed
par. Based on the expansions of lower incomplete gamma functions, the

asymptotic expressions are derived by remaining the first two items, denoted

as:
o (_1)nba+n b ba—i—l
b) = —_— = — — . 3.38
7 (a,b) nz:%n!(a+n) a a+1 (3.38)

In the following, the asymptotic OP expressions of the GB and the GF
users under the dynamic protocol are derived as Corollary 12 and Corol-

lary 13.

Corollary 12. Based on Theorem 1, two situations as ’yﬁlB > 1 and
GB

Vth

for the GB users can be derived in terms of asymptotic OP.

Conditioned on fyﬁlB

< 1 are involved in this corollary. Under two situations, the expressions

> 1, the asymptotic OP can be derived as:

bz—1 bSB pe
PGB0 —C, (PGB) U ( 2,1 P F,b§f§>

out,p2 pGF

bGB
()

PGB

— 14 PEBIo () (3.39)

out,p1

PGB

where Piﬁ;){’oo (00) is as (3.46) in Proposition 1.

Conditioned on 'ygbB < 1, the asymptotic OP can be calculated as:

pGB.Loo _ pGB.loo () p (3.40)

out,p2 out,p1
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where PGB’I’OO(-) is expressed by (3.44) and I5 is as:

out,p1

S
Iy =FJ (00) = 3" As (01, 01)7 (b3 1068 2221)
s=1

x [y (b3, 055 1s1) — 7 (b3, 05T 15,1)] - (3.41)

Proof. When 7$P > 1, substituting (3.5), (3.9) and (3.38) into the GB
users’ OP expressions, the asymptotic expressions are obtained by utilizing
Eq. [2.10.6.2] in [127]. When 7$P < 1, the derivations in Proposition
1 and the Chebyshev-Gauss quadrature are invoked to achieve the final

expressions. O

Corollary 13. Two outage situations are considered, including: a) vﬁlB >
’yglF / (1 + %%F ) orb) ”Y,%B < ,.th;;F / (1 + ’ySlF ) Thus, using the asymptotic
expressions of the lower incomplete gamma function, the asymptotic OP of
the GF users can be derived.

In terms of ’thhB > Vf,;lF / (1 =+ ’thhF ), the asymptotic expressions can be
derived as:

PGF,I,oo:Ffar (0_2) o PGBJ,OO (0.2) _HP)GB’[ (3.42)

out,p2 9GF out,p1 out,pa

In term of 'thhB < 'yﬁLF / (1 + ’yng ), the asymptotic expressions are de-

rived as:

GFlco _ pfar GB,I,00 GB,I
IP)out,pg _FgGF (0-1) - ]P)out,Pl (01) +]P>O’LLt,p2

bngpGF
+Az [(02 —01),t502) 7 [ b3 — 1, ————t512
PGB

x [y (b3, 055 1s,12) — 7 (b3, b5 112)] - (3.43)

Proof. Based on the derivations of (3.10), (3.39), (3.40), and (3.46), the

asymptotic expressions of OP for the GF users can be derived. O
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3.2.4 Asymptotic OP Under the Open-loop Protocol in Sce-

nario I

Under the conditions as ggr < 7, and Pgp — oo, diversity orders of
Scenario I are analyzed as Corollary 14 and Corollary 15 to evaluate the

outage performance in high SNR region.

Corollary 14. Conditioned that only the transmit powers of the GB users
are ultra-high, denoted as Pgp — 00, whereas the transmit power of the GF
users Pgo are fixed, the high SNR expressions of the GB users are obtained.
Thus, in Scenario I under the open-loop protocol, the asymptotic expressions
of OP for the GB users can be derived as:

Pocuﬁ’,fl’oo(ﬁh) =T [parb$s M (o, 2 — b3, b3, b55)

9dGFr

—parb$y M (Tu, 2 — b3, bg, b5T) +FJor (Tth)] , (3.44)

2

£ 41 2

2(b§8) " Aap oGP
(a+2)R3paB

where T =

Proof. Substituting (3.38) into the expressions of OP of the GB users under

the open-loop protocol, it can be derived as:
Tth
PSET (1) = /0 Y (parz + 1)) f1o0 (z)da. (3.45)

Utilizing Eq. [2.10.2.2] in [127], the final closed-form expressions can be
obtained. O

Remark 2. The asymptotic expressions of GB users are negatively corre-

lated to the transmit SNR pap, denoted as Pgﬁ’}i’m(nh) ~ m%.

Proposition 1. One special case is described that all the GF users can
access into the GB channels when ggr < 7y. Thus, it is assumed as

Ty, — 00 to derive the approximated expressions of OP for the GB users as:

. perb$ET (2) _ _
Poi: (oo)zr{@ﬁ)g)[(bgff’)”s I 9 R S DR CRT)
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Proof. Based on Corollary 14 and Eq. [2.10.2.2] in [127], this proposition

can be proved. 0

R k 3. Int f Tin — o0, PEBL0(0) has a | limit si
emark 3. In terms of T 00, Pyt (00) has a lower limit since
B,I o : :

IP’OGut:pl’oo(oo) s in connection with Ty,.

Corollary 15. Note that same assumptions in Corollary 14 are utilized
in this corollary. Thus, the asymptotic expressions of OP for the GF users

can be derived as:

GFI, . GBI, : GBI,
IP)out,ploo = Fgf((;l; [mln (027 Tth)] - IP)out,ploo [mln (0-2’ Tth)] + Pout,ploo(Tth)’

(3.47)

where the final expressions can be obtained by substituting (3.10) and (3.44).

Proof. Substituting the expansions of lower incomplete gamma function into

the expressions of OP for the GF users, one can be achieved as:

out,p1 9GF out,p1

min(o2,7)
pCETeo _ / (1= T (pare + 1) fig (@)dz + Pg,l ™ (rn).
0
(3.48)

Based on the derivations in Corollary 14 and change the upper limits

from 7y, to min (o2, 741, ), the asymptotic expressions can be derived as (3.47).

O

Remark 4. The expressions of diversity orders for the GB users can be

presented as:

10 ]P)GB,I,OO
dop — — lim 8P (PGB) (3.49)
PGB—00 log paB
where Pgﬁg{;m is the asymptotic OP in Scenario I with a € {1,2} as different

protocols and pap means the transmit SNR of the GB users.
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Remark 5. The expressions of diversity orders for the GF user are derived

as:
10 ]P)GF,I,OO
dor — — lim 2BFoupn 0GP) (3.50)
PGF—00 log pgr

where PEEL Go the asymptotic OP and pgr means the transmit SNR for

out,pq

the GF users.

Remark 6. The outage performance of GB users has a linear relationship
with transit SNR pgp in the high SNR region, while the outage performance

of GF users has lower limits.

3.3 Outage Performance in Scenario 11

In Scenario II, the GB users are delay-tolerant users. To further reduce the
latency of GF users, GB users will accomplish the SIC procedure. Based on
the two protocols, the exact expressions of OP are derived as Theorem 5

to Theorem 8 and several corollaries.

3.3.1 Analytical OP Under the Dynamic Protocol in Sce-

nario II

Under Scenario II, the OP with the dynamic protocol can be expressed as:

‘ Pep
PGF,]I_Pr{pGFgGF’Z<,yGF’gGF,>gGB } 3.51
out,pa PGBIGB.; +1 th ) PGF »J ( )
and
pEBII _ pGRIT | p. _ PGFYGFi GF
out,p2 out,ps T pasgcas, + 1 Ytk >

V5B PaBgaB,; }

9cB,i < P gari > 3.52
" pes ‘ Per ( )

Theorem 5. Conditioned on vng < 1 and %C,:LB > 1, the derivations can be

derived by various expressions.
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a) With ygLB > 1, the expressions of OP for the GF users can be obtained

as:

00 GF GF

GFII _ Jth PGB Ttk f
Pyt = [ e (2 4 ) gl () do
Is
* PGB f
- Freor ( —=g ) f79 (z)dx. 3.53
/0 9gGr <PGF )ngB( ) ( )
I
b) With 'yf,’:B < 1, the expressions of OP for the GF users are rewritten
as:

o GF GF
IP)GF’II :/ 3Fneaw (%ﬁh pGB$+ Vin ) far (I) dx
0

out,p2 9GF PGF PGF 9GB
7 PGB f
— Freer | =g | f197 (x) du, 3.54
/0 9GF (PGF >ngB< ) (3.54)

where o3 = vglF / (pG r— PG ByglF ) and the closed-form expressions are given

in Corollary 16.

Corollary 16. Conditioned on pgr — oo and fygLB > 1, which means the
GF users have satisfying channel conditions, the approximated expression

of I5 and the accurate derivation of Ig are derived as:

I; =1 - Co(pgpoa)' U (bngGBU% bg?)

— Cy(papoa)' 03U (bgprBO'Q, bgf) (3.55)

and

].—b3 bGF
I=1-Cy (pGB) U (2’1 pGB,b§23>
PGF ’

PGF
1—b3 pGF
O, (/)GB) U (ZIPGB, bg’?) 7 (3.56)
PGF PGF ’

where Cy = QbEZB)\%”F_l/(aR%). Substituting the expressions of Is and Ig,

the closed-form expressions of OP for the GF users can be obtained.
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B

Conditioned on vgl < 1, based on the Chebyshev-Gauss quadrature,

the OP for the GF users can be figured out as:

S
GF,IT PGB
]P)out,pz = Z A3 (037 L8,3) Y (b3 -1, bgfbs,?))
s—1 PGF

X [,-)/ (b37 ngBLS,?)) et (b37 bZG71BLS,3)j|
— A3 (03,153) 7 [b3 — 1,051 02 (pepLss + 1))
x [y (b3, 055 1s3) — 7 (b3, 05T 1 3)] (3.57)

1
where A3 (a,x) = %awsxk%r’ (1 — a:2) QpZS’Elpé_Bb?’ and 153 = ts (25,0, 03)

Theorem 6. The closed-form OP expressions of the GB users are de-
rived under two situations as a) 'yt(,;tF > %C;;B (vng —+ 1) and b) 'yt%F <
GB /(~GB

vl (v + 1)

a) With vglF > vng / (7313 + 1), the OP expressions are derived as:

S
PSS = > Ay (03,163) 7 [bs — 1,65 o2 (papLss + 1)
s=1

x [y (b3, b5 % 15,3) — 7 (b3, 05815 3)] + Poy il (3.58)

out,p2

b)With %%F < ’th;;B / (’yﬁ;B + 1), the closed-form expressions are obtained

as:

s
Pﬁﬁ;{j = ZA4 (03, L5,3) 7 [b3 — 1,051 02 (papLss + 1))
s=1

X [7 (b37 b2G,QBLs,3) -7 (bg, bngLs,ZS)]
+ A3 [(03 — 04), ts3a] 7 (b3 — 1, b5 oats31)

X [’7 (bg, b2072BL3,34) -y (bg, bg?L5734)] + P()Cii’p[;, (3.59)

B _ Cy .—b:
where o4 = %C};L /PGB, s34 = ts(25,03,04) and Ay(a,z) = Fr Bwsa

X (1 — xz)%(vﬁF)lbepg’El(pGBm i 1)1_b3.
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3.3.2 Analytical OP Under the Open-loop Protocol in Sce-

nario II

Under Scenario II, the OP with the open-loop protocol can be expressed as:

GF,II PGFYGFyi GF
Poutpy = Pra ———==—— <", gari > 7 3.60
out,p1 {PGBQGB,]' +1 Yth 2 9GFi th} ( )

and

GB

GB,II GF,II PGFYGFyi GF Vin

P =P +Pr{’ > Yh o 9GBi < ——, 9GFi > Tth ( -
out,p1 out,p1 pGBgGB,j + 1 9 s PGB 9 s

(3.61)

Theorem 7. Under the open-loop protocol, the OP expressions of the GF
users vary from a) pgp > 'thhF /Tth and b) por < th;;F /Tth. Thus, for

PGF > 7§LF/Tth, the OP expressions of the GF users can be derived as:

GF GF
PGFJI _ /OO [near <pGB’Yth z+ Tih )ffar (z) dz

out,p1 9GF 9GB
o5t PGF PGF

- /01 Foer (1) fiar, (@) de, (3.62)

5

and when pgr < ’yf;;F / Tin, the OP expressions for the GF users are derived

as:

00 GF GF
GF,II _ near pGB,Yth ’yth far
POUt7PI - /0 FgGF ( PGF T+ PGF) ngB (x) dzx

- /0 Fpet” (1) fhon (@) da, (3.63)

where o5 = ’YgLFPGB / (pGFTth - 'ygLF ) Corollary 17 and Corollary 18

show the closed-form expressions of OP.

Corollary 17. Two situations are presented by two conditions, denoted as
Tih — 0 and pgrp — oo, which means the special case that: a) all the GF
users can join the channels occupied by the GB users and b) the GF users

experience good channel conditions. Conditioned on pgr < ’th;;F / Ten, the
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OP of the GF users can be approximated as:

b3—1
GF,II PGF
Poutr =1~ Fior () = CQ(pam?f)

t

pGF GF pGF GF
U<271pf“97m’b§23 T AT C A | B
pGF ’ pGF ’

Proof. Based on Lemma 3 and Corollary 9, this corollary is proved. [

Corollary 18. Conditioned on pgr > vglF / T¢h, the closed-form expressions
of OP of the GF users are derived as:
S

POGU};{,{ = Z {917 (b3 — 1, bngth)
s=1

9 [bg 65T GE (PGB+L5>H
PGFls5

b5 b§'P
b37 - b37 : ) (365)
ls,5 ls,5

where 155 = ts(25,0,05), 91 = 75 A5 (05, 155), Vo = (partss)™ ‘iss

1
x(pGB’yglF—i—'ygLF) 3A5 (05,ts5), and A5 (a,z) = CQa werh3— 2(1—;02)2.

Theorem 8. After the SIC procedure, the OP expressions of the GB users

GBI GF,II

can be written as P = @3 + Pout ‘s Where Q3 can be expressed as

outpl
PG ’Y ’Y
@3 = Pr {QGF,i pG;f‘ 9eBj + pGF,gG < ,ngngF > Tth}- Based on

Theorem 7 and Corollary 19, the closed-form OP expressions for the GB

users under the open-loop protocol in Scenario II are achieved.

Corollary 19. With various range of the transmit SNR of the GF users,
Le., par < VGF [rns vGE [T < par < vGE (1 +958) [Tk, and par >
,},g;F (1 + fytc,’;B ) / Tih, different derivations of OP for Q3 are calculated.

a) With pgr < ’ytc,*;F/Tth, Q3 can be derived as:

GF.GF

S
b1
Q3 :ZA4(02, ts2)y |b3 —1 T;h (paBls2 + 1)

X [7 (bg, bQGQBL&Q) - (bg, bngLSQ)] . (366)
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b) With ’ygLF/Tth < par < yglF (1 —|—7§LB)/TM, the expressions of (03

can be derived as:

S

Qs :Fgfgg (051 [1- Foed (7en)] + Z A4(e, ts52)
s=1

x v [bs — 1,057 02 (papLsse + 1))
x [ (bs, b§§L5,52) — (bs, 526:11305,52)] , (3.67)

where 1550 = ts (25,05 ', 02), e=(vGF o5 — par) [ (paros).
¢) With pgrp > 'yﬁlF (1 + %C;LB ) / Tyh, the expressions of Q3 are derived

as:

Q — pfar th%F [1_Fnear (7_ )] (3 68)
3= Ygom OGF gar \'th/]- :

3.3.3 Asymptotic OP Under the Dynamic Protocol in Sce-

nario II

It is assumed that Porp — oo and a fixed Pgp are presented to achieve
the asymptotic expressions in Scenario II under the dynamic protocol as

Corollary 20 and Corollary 21.

Corollary 20. Since Pgr — oo means pgr — oo, the asymptotic OP
expressions of the GF users under the dynamic protocol can be derived in
the following two situations as:

a) With 4GB > 1,

pUiiIlee _ oo o (3.69)

out,p2

where C3 = 2R{'/[(ov + 2) Agr] and I2° can be expressed as:
o peel (2) by—2 by—2
I5 2030-21)%:282—7[)3 [(bng) 3 — (bg:QB) 3 i|

ra - .
+0302b§231_( b)3 (G5 R (K N GX )
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b) and with 4GP < 1,

S
GFII Cy
POUtPQOO__FJC?; +Z pGBL53+1)+m
s=1 s, s 3
X <pGF> V(b:a GFPGB$>
PGB PGF
X [y (b3, 55 te3) = (b, 05T 1s3)] (3.71)

where 04 = 030219?:23.

Corollary 21. In Scenario II with the dynamic protocol, under the condi-
tion that Pgr — o0, the asymptotic expressions of OP for the GF users are

derived as the following two situations:

a) With v7F > 458 /(vGF +1),

pCB.IIo0 _ Q4 (04) + PGF,II,oo’ (3.72)

out,pa out,p2

b) and with 'ySLF < 'ygLB/(’ygLB + 1),

GB,II, GF,II
]P)outpg OO _Poutpgoo+Q4 (U ) Fgfg;( ) Fg}:;l;( )
C
- pG;; [M (04,2 — b3, b3,05F) — M (04,2 — b3, b3, b57)

—M (03,2 — b3, b3, b55) + M (03,2 — b3, b3, b57)],  (3.73)
where Q4 (x) is defined as:

Q4 (x) =F2} (x) — Capcp
X [M (-TU,Q — bg,bg,bg’jQB) — M (x,Q _ bg,bg,bng)]
0 [M (2,1 = b3, b3, 055) = M (2,1 = ba ba, b57)] . (3.74)
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3.3.4 Asymptotic OP Under the Open-loop Protocol in Sce-

nario II

The asymptotic expressions under the open-loop protocol are derived as

Corollary 22 and Corollary 23.

Corollary 22. Based on Pgp — oo and (3.38), the asymptotic derivations
for the GF users are derived.

a) Conditioned on pgr < ’thhF / Ty, the asymptotic OP of the GF users
can be derived as:

PGIIT0 = [ — Frear (r,). (3.75)

b) Conditioned on pgr > ’ytchF / Tehn, the asymptotic OP expressions are

expressed as:

S

GF,I1,00 - PGB

P =3 e o (120 1) i o)
s=1 S

X ['y (bg, ngBLgl) —y (bg, bgf{%;g)} , (3.76)

S

= . — 1pGB b3 —2 2
where Ey 2 = 5b75 05wstg’s (1- Ls75) .

Corollary 23. Utilizing the same assumption in Corollary 22, the asymp-

totic OP expressions of the GB users can be derived under the following three

conditions.
a) As for par < vglF / Tths IPOGUJ?’;f’Oo can be derived as:
GB,I1,00 GF,II,00
Poutpl = Q4 (02) + IP)out,pl : (377)

b) As for ’yglF / Teh < PpGF < ’yglF (1 + %C};LB ) / T+h, the asymptotic expres-
sions of OP can be calculated as:

POBII® R (05") (1~ Fget” ()] + Qu 02)

out,p1 9GeB 9GF

— Q4 (o5) + PG, (3.78)

out,p1
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c¢) As for pgp > ,th}?LF (1 +7§LB) / Tyh, the asymptotic expressions are
derived as:

POBIL _ @ [1— 1o (7)) 4+ PEEIIoe, (3.79)

out,p1 9GF out,p1
where © = 203 (R§+a - R%+°‘)/[(2 +a) (R3 — R?) AgB]-

Remark 7. Note that different protocols, including the open-loop protocol
and the dynamic protocol, have equivalent diversity gains. Compared to
diversity orders in Scenario I and Scenario I, one conclusion can be obtained
that constant diversity gains are obtained as 1) one for the near users and

2) zero for the far users.

3.4 Ergodic Rates

Ergodic rates indicate the average achievable rate, with the definition of
E[Rg] = Ellog, (1 +v¢g)], where E[-] is calculating the expectation with
G € {GF,GB}. Thus, the high ergodic rate achieves superior performance.
Under the dynamic protocol, the ergodic rates of the GB and GF users are

expressed as:

0o IPGB (,yth )
E[Rag] = ¢ \IGBJ g th 3.80
Res) /0 il (3.80)
and
0 PGF (’Yth )
E[Rar :/ —¢ \IGE) gath 3.81
[ ] 0 1+7tG}’lF GF ( )

where 4, and Y. are the outage thresholds of users, ggr = Pgr|ha F|2d6%,
9GB = PGB|hGB|2d5aB. Recall that PGZ and PSF are the coverage proba-

bility of users, which are expressed as:

BEP = Pr{yap > 1. g6r < gan (3.82)
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and

PSE = Pr {WGB > Vs, var > Ve, 9oF < gGB} . (3.83)

3.4.1 Exact Analysis on Ergodic Rates

In this subsection, the exact closed-form expressions of ergodic rates are
derived for the GF and GB users, shown as Theorem 9 and Theorem 10,

respectively.

3.4.1.1 Ergodic Rates for the GB Users

Bases on the definition of Ergodic rates in (3.80), recalled as E[Rgp] =

oo PEP (1)
i T,

However, the derivations of this integral in different intervals [0, 1] and [1, oo]

dvG '3, this integral has the range of 'yg?B from zero to infinity.

are different. Hence, before deriving the final expressions of ergodic rates
for the GB users with VGB € [0,00] , two derivation parts are analyzed as
Lemma 4 with 75 € [1,00] and Lemma 5 with 7%, € [0,1] since the
derivations are different. For the first case, signals can be decoded as the
signal strength is stronger than the interference strength. For the second
case, although the signal strength is weaker than that of interference, error

correction coding can be used to help the decoding.

Lemma 4. Conditioned on 'ygLB € [1,00], the closed-form expressions of

ergodic rates for the GB users are derived as:

2
E[RGB 2R°‘ 1zzwn\/1+5 wm\/1+5

n=1m=1 Em + 1 ( a) @l
" exp (—@29? (en) Q2 (em))
Q7 (e0) (2 (6m) + 23 (Em)

2+a 2 RSO (en)
i, —2+ = 3.84
X o141 < ) o ’ + Oé’ @192 (gm) ) ( )

where 9 Fj(+) is the hypergeometric function in [127], ; (z) = % (x+1),

O (x) = %H, €n = COS (231:,177), Em = COS (272"]\;171), wp =7/N,w; =7/M,
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M and N is the coeflicients of the Chebyshev-Gauss quadrature, ©1; =

Aar P _ 2
)\gngg’ and O3 = /\GEC:PGB'
Proof. See Appendix A.1. O

Lemma 5. Note that messages can be decoded via error correction coding
with redundant information when 'yg‘B € [0,1] for the GB user. Thus, the

closed-form expressions of ergodic rates can be derived as:
E[Raply =13 + 14, (3.85)

where I3 and 14 is the first and second items in (A.3) as:

M

N 2 2
Iy — Z Z wn\/l +5nwm\/1 +5mQI (en) 1 (2m)

In QAGFR%

n=1m=1

X 51 (Ql (En) 791 (5m)) E (5717 5m) ) (386)

L-3 Y wn/1 + E2wm/1+ 2, (en) U (Em)
1T R2AarV (4 (0), 0 (), 1)

B
X exp (—\IJ (1 (en), Q1 (em), 1) ng;;fj“) , (3.87)

AeBPapz™® AGF

53 (Ql (En)) P (1, 262 (Ql (Em))) —® (54 (Ql (en) 791 (5m)) ,52 (Ql (5m))) + 53
X (1 (en)) @ (64 (1 (€0), Q (gm)) , 262 (U (em))),03 (y) = exp ( ﬁiya)

where VU (y, z,t) = (M + & ), E(en,em) = @ (1,02 (21 (em))) —

" XerPor
AGEA —« —ay—1
01 (yv Z) = ()\GBPC?;Z_%BfT\GGl;ZPGFy_O‘)’ 2 (Z) :Uz/()‘GBPG’BZ oz) , 04 (y7 Z) =
%, ®(a,b) = fol exlzs:abt) dt = —exp(ab)Ei(—ab), and Ei(x) =
ffoo %t(t)dt is the exponential integral in [127]. Other coefficients are de-

fined in Lemma 4.
Proof. See Appendix A.2. O

Theorem 9. Combined the expressions of ergodic rate in two scenarios

shown in Lemma 4 and Lemma 5, the final ergodic rate expression for
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the GB user (72 € [0,00]) can be expressed as:
E[Rep] =E[ReBl, + E[Resl, - (3.88)

Remark 8. [t is observed that the ergodic rate of the GB user is proportional
to the transmit power of the GB user Pgp but inversely proportional to the

transmit power of GF users Pap in the high SNR region.

3.4.1.2 Ergodic Rates for the GF Users

The GF user should satisfy two conditions, denoted as 1) received pow-
er limit PGF]hGF|2d5% < PGB|hGB|2d5aB and 2) a success SIC procedure
YaB > 'thhB. Based on those two conditions, the closed-form ergodic rate

expressions for the GF user are derived in the following.

Theorem 10. The closed-form expressions of ergodic rates for the GF users

can be derived as:

N M
—wpy/1+2wmy/1+ €2,
iR =33 oV v

2
= In 2\ r R2
0.2 th Qo
U (2,) D (e,) exp (- T pn))
X

) (Q1 (€n) () ’VgZB)

X exp (‘I’ (91 CHRUICH a'Yng) m)

Par
. o2Q% (e
« Ei (-w (2 (20) - D1 (2) 2l ) PIGI(:n)> o (3.89)

where coeflicients are defined in Lemma 4 and Lemma 5.
Proof. See Appendix A.3. O

Remark 9. Analytical results indicate the ergodic rate of the GF user is
inversely proportional to Pgp. When Pgp enhances, although the SNR of
GF users will increase, the probability of GF users joining into the occupied
GB channel is reduced, thereby a mazximum ergodic rate of GF wusers is

obtained.
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3.4.2 Approximated Analysis on Ergodic Rates

This section investigates the approximated ergodic rate for GF users via

Corollary 24 in this subsection.

Corollary 24. It is assumed that the transmit power of the GF user to
infinity, denoted as pgr = Pgr/c? — oco. With the aid of asymptotic
expressions, the approximated expression of the ergodic rate for the GF

user can be calculated as:

N M
—wpy/1+ e2wmy/1 + 2,
BlRo] =33 V. v

In QAGFR%

n=1m=1

2. th Qo (Em)
U () (5,,) exp (- TJETECw))

U (2 (e,), U (E) VE5)
y <1n <\11 (Ql (g,), 4 (e) a’YgLB> 02%;?) + C)

X (1 v (91 (€,), 91 () ,thhB) ‘W) . (3.90)

X

Proof. When assumed z — 0, asymptotic expressions such as 1 —e ™ =z
and Ei(—x) = In(x) 4+ C can be utilized, where C' ~ 0.577215 as a constant
in [127]. 0

Due to space limitations, the approximated ergodic rate expressions of
the GB users are omitted. It is presented that the simulation results of

approximated expressions via dashed lines in the next section.

3.5 Numerical Results

In this section, numerical results are indicated to validate analytical, ap-
proximated, and asymptotic expressions derived in the previous sections,

and further facilitate the outage performance and ergodic rates.



Chapter 3. Semi-GF NOMA Networks 61

Table 3-A: Diversity orders for the GB and GF users under two scenarios
with different SIC orders.

Diversity orders The GF Users The GB users
Scenario 1 0 1
Scenario 11 1 0

10°

O Simullation results
-5 Analysis: the GF users under open-loop protocol

" —Q—Analysis: the GF users under dynamic protocol
10 —¢ Analysis: the GB users under open-loop protocol
— Analysis: the GB users under dynamic protocol
- - Error floors for the GF users

_s|- - - Asymptotic results for the GB users ‘
90 95 100 105 110 115 120 125 130
Transmit SNR of GB User pgp = Pgp/o” (dB)

10

Figure 3.3: OP v.s. transmit SNR for the GB users with variations of
protocols - Scenario I

3.5.1 Simulation Results on Outage Performance in Scenario

I
3.5.1.1 Validation of Results - Scenario I

This part first validates the analytical results and investigate the impact
of distances on OP. In this subsection, coefficients are fixed unless other-
wise specified, including: the radium of the disc as Ry = 200 m and the
radius of the ring as (R, R2) = (200,600) m. Other coefficients are set as
follows: the channel gain for the GB and the GF users |hgg|* and |hgr|*
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N
Pep = —20 dB

O)
0)
O

Pop =0 dB

=7~ Traditional GF transmission ||
-©-Traditional GB transmission
- Semi—-GF transmission

10 F Pgp=20dB

60 70 80 90 100 110 120
Transmit SNR of GF users pgr = Pgr/c? (dB)

Figure 3.4: OP of the GB users v.s. transmit SNR of the GF users with
variations of protocols - Scenario I

as 0 dB, pass-loss exponent a as 2.8, outage thresholds for the GB and
GF users as Rgr = 1 BPCU and Rgp = 1.5 BPCU, where BPCU mean-
s bit per channel use, noise power o? as —90 dBM, which is calculated
as 02 = 170 + 10log,o(BW) + Ny with the carrier frequency BW as 10
MHz, the noise figure Ny = 10 dB. Additionally, channel quality thresh-
olds of the open-loop protocol is denoted as 7y, calculated as the mean of
PGBPG_}|hGB|2(dGB)_a. In Scenario I, the transmit power of the GF user-
s are fixed as 10 dBM and that of the GB users varies from [0,40] dBM.
Comparing to the simulation and analytical results from Fig. 3.3 to Fig.
3.5, all curves are perfect matches, thereby validating the analysis of four
theorems from Theorem 1 to Theorem 4. It is also noted that asymptotic
expressions match the analytical ones in high SNR region, which verifies the

accuracy for asymptotic analysis.
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Figure 3.5: A comparison for GF and GB users with various number of
connected GF users into NOMA channels - Scenario 1.

3.5.1.2 Impact of Protocols on OP - Scenario I

In Scenario I, the outage performance of the GF and GB users is investi-
gated under two protocols indicated in Fig. 3.3. One common observation
on simulation results indicates that the dynamic protocol outperforms the
open-loop protocol for all users. This is because under the dynamic protocol,
frequent transmissions of the threshold by an added handshake can main-
tain the accuracy of access thresholds when the locations of the GB users
are changed. However, under the open-loop protocol, the BS transmits an

average threshold to all the GF users, which may cause more interference.
3.5.1.3 Comparison Among Various Transmission Schemes - S-
cenario I

The Fig. 3.4 compares the outage performance among traditional GB trans-

mission, GF transmission, and Semi-GF transmission. It is observed that
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the traditional GB transmission is the lower limit. Additionally, Semi-GF
transmission performs better than traditional GF transmission. This is be-

cause Semi-GF protocols reduce the interference caused by GF users.

3.5.1.4 A Comparison With Various Connected GF Users - Sce-

nario I

The Fig. 3.5 compares the performance of GF and GB users with various
GF users joining into NOMA channels. In Fig. 3.5, it is concluded that
GB users have better performance than GF users since in scenario I, the
GF users will do the SIC procedure. If the SIC procedure fails, the outage

situation will happen.

3.5.2 Simulation Results on Outage Performance in Scenario
IT

107 -

O Simullation results
-8 Analysis: the GF users under open-loop protocol

_4/ ©-Analsis: the GF users under dynamic protocol
10 | 4— Analsis: the GB users under open-loop protocol
—¢ Analsis: the GB users under dynamic protocol
- - - Asymptotic analysis for the GF users

-5/ - - Error floors for the GB users ‘
90 95 100 105 110 115 120 125 130
Transmit SNR of GF User pgr = Pgr/c? (dB)

GF

10

Figure 3.6: OP v.s. transmit SNR for the GF users with different protocols
- Scenario II
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Figure 3.7: OP of the GB user with various number of connected GF users
into NOMA channels - Scenario 11

3.5.2.1 Validation of Results - Scenario 11

Validation of analytical results on OP in Scenario II is demonstrated as
a perfect match by Fig. 3.6 to Fig. 3.7, including four theorems from
Theorem 5 to Theorem 8. Additionally, curves for asymptotic expressions
match simulation results in high SNR region to verify Corollary 20 and
Corollary 23. Without otherwise specification, numerical coefficients are
the same as the Scenario-I except for the transmit power of the GF users as

[0,40] dBM and the transmit power of the GB users as 10 dBM.

3.5.2.2 A Comparison With Various Connected GF Users - Sce-

nario I1

The Fig. 3.5 compares the performance of GF and GB users versus pgp with
different number of the connected GF users. One observation is that adding

more GF users into NOMA channels have significant negative influence for
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both of GF and GB users since the interference from the GF users increases.

3.5.3 Simulation Results on Ergodic Rates

/ O Simulatjon results S
---Approximated reasults
61 >¢ Analytical results when Pgrp = 20 dBm .
Analytical results when Pspr = 30 dBm
= XAnalytical results when Pgp = 40 dBm
0o |
i
=4 Psr = 20,30,40 dB
P 4 GF m / Z
s
o3
S
S
Kl o
1k

9

Figure 3.8: Ergodic rates (BPCU) of the GB user v.s. transmit SNR of GB
users pgp (dB)

130

U
Transmit SNR of the GB users pgp (dB)

In Fig. 3.8, it depicts the ergodic rates of the GB users versus pgp =
Pgp/a? € [0,40] dB with various transmit power of the GF user Pgp =
{20,40} dBm. The dashed lines are the approximated ergodic rates, which
match simulation results in high SNR regions. One observation is that the
performance of the GB users has no error floors. Thus, allocating combina-
tions of transmit powers for the GF and GB users can avoid performance
deterioration. Another observation is that the ergodic rates are reduced
when the transmit power Pgp increases since the GF users are considered
as interference to the GB user.

In Fig. 3.9, this chapter investigates the ergodic rate performance cor-
responding to the GF users versus pgr = Por/o® € [0,40] with transmit
power of the GB user Pop = {20,40} dBm. The dashed lines represent
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Figure 3.9: Ergodic rates (BPCU) of the GF user v.s. transmit SNR of GF
user pgr (dB)

approximated ergodic rate expressions. It is observed that the ergodic rate
performance has the maximum value. After reaching the maximum value,
the ergodic rates decrease when enhancing the GF users’ transmit power.
This is because when the transmit powers of GF users increase, the SIC
procedure will have high outage situations, which causes the message of the
GF users cannot be decoded.

The Fig. 3.10 compares the performance of NOMA and OMA in this
Semi-GF transmission network. A GF user and a GB user are paired, and
we separately exploit NOMA and OMA techniques to transmit the signals.
The ergodic sum rates include the entire achievable rates of the two users.
The transmit power of the GF user and the GB user is set as [—20, 30] dB.
This figure clearly reveals that the metric, ergodic sum rates, of NOMA
performs better than that of OMA. Hence, for increasing the ergodic sum

rates of the entire system, NOMA is a more promising technique than OMA.
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Figure 3.10: Ergodic sum rates (BPCU) v.s. transmit SNR of users (dB):
A comparison between OMA and NOMA.

3.6 Conclusions

To reduce collision situations and enhanced spectrum efficiency, Semi-GF
NOMA networks are investigated with the aid of stochastic geometry ap-
proaches. With the open-loop protocol as the benchmark, a novel dynamic
protocol has been proposed to select GF users into NOMA channels. Com-
pared with the open-loop protocol, the dynamic protocol provides more ac-
curate channel quality thresholds, which enables to reduce the interference
from the GF users. Based on the types of GB users (latency-sensitive users
or latency-tolerant users), two potential scenarios with various SIC orders
have been considered: 1) near GB users with far GF users in Scenario I and
2) far GB users and near GF users in Scenario II. Under the two scenarios,
outage probabilities have been derived via analytical, asymptotic, and ap-

proximated expressions for the GB and GF users. Analytical results have
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concluded that under two scenarios for both protocols, consistent diversity
gains are determined by the SIC orders that equal to 1) one for near user-
s and 2) zero for far users. Validated by numerical results, it is revealed
that the dynamic protocol enhances the outage performance more than the
open-loop protocol.

This chapter investigates NOMA-aided Semi-GF transmission which hold-
s the potential to realize dual-functional massive connectivity in 6G mMTC
systems. While NOMA-assisted Semi-GF transmission enhances connectiv-
ity in 6G mMTC systems, it cannot avoid the influence of channel environ-
ments. Users with significant blockages might be hard to decode information
due to low received power and increased interference, typically experienced
by cell-edge users in NOMA setups. As protocol design might not resolve
environmental issues, this thesis shifts focus to exploring RISs in NOMA

systems in the next chapter.



Chapter 4

Multi-Cell NOMA Networks
With Linear RISs

This chapter investigates RIS-aided NOMA networks to cover the blind
areas and thus to further enhance the connectivity. With the aid of stochas-
tic geometry methods to capture the spatial effect of users and BSs, the
RIS-aided NOMA networks are extended from single-cell scenarios to multi-
cell scenarios to investigate the performance of practical cases. The main
contributions of this chapter are summarized as follows:

e A general model of RIS reflecting links is characterized. Based on the
general case of RIS reflecting links, the path loss model in long-distance
regions is introduced. By modelling the multi-cell networks as a PCP
model, the angle distributions are investigated, which verifies that the
angles (formed by users, RISs, and BSs) are uniformly distributed in
[0, 7].

e The closed-form analytical expressions for coverage probabilities of the
paired NOMA users are derived to enhance the evaluation efficiency.
To investigate the impact of RISs, the asymptotic expressions for the
typical user in terms of the half-length of RISs L are calculated. The
analytical results indicate that it is capable of improving the coverage

probability by adding the length of RISs.

e The closed-form analytical expressions for ergodic rates of the paired

NOMA users are derived. Additionally, the asymptotic ergodic rate

70
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expressions for the typical user in terms of the half-length of RISs
are calculated. The analytical results show that the achievable rates
reach an upper limit when continuously enhancing the length of RISs.
Additionally, enlarging the length of RISs can improve the path loss

intercept, thereby enhancing the coverage performance.

e Numerical results illustrate the following conclusions. 1) For the con-
nected user, RIS-aided NOMA channels have superior coverage per-
formance than RIS-aided OMA channels while it is on the contrary for
the typical user. Additionally, for both NOMA users, RIS-aided net-
works acquire significantly enhanced performance than conventional
scenarios without RISs. 2) If near users are delay-sensitive users, the
RISs can be exploited to avoid the SIC procedures at near users. This
is because the RISs have the ability to enhance the channel quality
effectively to alter the SIC orders.

4.1 System Model

. / | Non-interfering
Interfering BS I |
Nearest BS € / ! D Area |

Q)

,” |
/ (((An)) 1 O Risball
/
Connected M | JBRI :
user Non-interfering | j Blockages
L |
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|
|
|
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|
/ \ | ((AB)) Base station |
‘ R o [RIS ) | |
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\ Wg |~ , ..
7] Blockages j N 7 / Nl ! & Connected user
faces @ 7N )~ / BS |
~ Surfaces A e 8 A . -
() RIS ball 7 Ny 7
(((A’)) Base station - ;/6 A
48 Users _ &/

Figure 4.1: Tllustration of the signal model: (a) Bottom-left: An illustration
of RIS-aided multi-cell scenarios; (b) Top-left: A typical NOMA network
with angle demonstrations; (c) Right: A typical NOMA network with two
types of BSs, such as interfering BSs facing RISs and non-interfering BSs
against RISs.
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This chapter RIS-aided downlink NOMA networks, where BSs and users
are modeled according to two independent homogeneous Poisson point pro-
cesses (HPPPs), namely ®, C R? with density A, and ®, C R? with density
Au, respectively. We consider RISs performing as linear materials, a sheet
of electromagnetic material of negligible thickness. Additionally, we assume
that two-user NOMA groups are served by orthogonal frequencies to can-
cel intra-cell interference. In each group, we assume that one of the paired
users has already been connected to a BS in the previous user association
process [33]. The other one, namely the typical user!, joins this occupied
resource block by applying power-domain NOMA techniques. To simplify
the analysis, the connected user is not included in the user set ®, and the
distance between this user to its BS is invariable as r.. The typical user is
randomly selected from ®, and its location is fixed at the origin ©(0,0) 2 of

the considered plane, namely x.

4.1.1 LoS Ball Model

The blockage model is significant for RIS-aided networks as one promising
application of RISs is to enhance the performance of blocked users by pro-
viding LoS transmission [23]. We consider an LoS ball model for the typical
user in this work [35,128]. For the typical user, its LoS ball has a radius
Ryp. The transmitters within this ball provide LoS transmission, while those
outside this ball have NLoS links. The LoS ball region of the typical user is
given by O(0, Ry) C R?, where O(a, b) represents an annulus with the inner
radius a and outer radius b. To ensure the RIS-to-User (RU) link is LoS, the
RIS is uniformly distributed in the LoS ball area of the typical user. Due
to considering a blocked typical user, the region of considered BSs is in the

range O(Rp, o).

We assume that the typical user is deployed in a cell with dense obstacles, i.e., tall
buildings, thus the links from BSs to the user are blocked severely [35]. We additionally
consider the RISs are deployed on tall buildings, hence the deployment of RISs is random.

*For BSs located in the RIS ball area O(0, Rr), RISs may weaken their direct LoS
transmission due to phase difference [23]. Coherent transmission is desired for this case,
which is beyond the scope of this paper.
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4.1.2 RIS-aided Link Model

Before introducing the link modes, several assumptions are first listed here

for the following use:

e Assume that only one RIS is employed for helping the typical user.
As RISs have a significant influence on enhancing the performance
of users, we consider one RIS is enough for the typical user on the
performance enhancement. Hence, we can assume a few RISs are
deployed in large areas, thus no more RIS in the same LoS ball. The
cases with densely deployed RISs are left for future works. Hence, each

LoS ball only has a piece of RISs assisting a typical user.

e Assume that the RISs near the typical user (in the LoS ball of the
typical user) create the LoS link between the user and the RISs. We
consider that the BS is located at a high altitude. Hence, the BS and
the RISs can also build a LoS link although the BS is not in the LoS
ball of the typical user.

e Assume that the distance between the BS and the typical user is much
larger than the radius of the LoS ball. Hence, it is assumed that the
distance between the BS and the RISs is approximately equal to the
distance from the BS to the typical user?.

Based on stochastic geometry principles and the randomness of the typ-
ical user, users and their serving RISs can be regarded as the Matern cluster
process (MCP) pattern of PCP models with a fixed number of nodes in each
cluster. More specifically, the possible typical users are the parent point
process deployed by HPPPs, where we choose one of them as the considered

typical user. The RISs are uniformly deployed in the clusters (LoS balls) as

3This assumption is exploited in the urban areas, such as the big cities like Sydney.
Since tall buildings are distributed in the city, the height of a user (might be a person)
is much lower than the buildings, hence the LoS ball radius is small. However, the BSs
are placed at some tall buildings or use towers with high altitude. It is easy to make sure
the links between the typical user and the BS are LoS links. Since the RISs only reflect
the signals with limited angles or directions but do not transmit signals, the RISs should
better be placed within the LoS ball to make sure of their effects.
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the daughter point process. The channel conditions of the connected user
have been known with a fixed distance. Based on the MCP model, there are
three significant communication links in the considered NOMA group: 1)
The BS-to-User (BU) link, the link between the typical user and its BS; 2)
The BS-to-RIS (BR) link, the link between the BS and the employed RIS;
and 3) The RU link, the link between the RIS and the typical user. This
work focuses on analyzing a blocked typical user and the RIS is applied to
establish LoS route between the typical user and BSs [23]. Therefore, the
BU link is assumed to be NLoS and the BR and RU links are LoS. Moreover,
all NLoS communications are ignored in this paper due to their negligible
received power.

The association criterion (to connect a BS) for the typical user is to
associate with the BS offering the highest received power, which means
that the distance between the typical user and the associated BS is the
nearest. We define the locations of the RIS and the associated BS are xp
and xpg. Therefore, the distance between the associated BS and the RIS is

correspondingly expressed as
Xpr = arg min ||xp — xg|, (4.1)
xpeEdp

where xp € O(0,Rr), P C Py, P C O(RL,00) and the location of arbi-

trary interfering BS is denoted by x5 € @, \ xp5.

4.1.3 Path Loss Model

This work considers a 2L linear RIS, whose central point is located at
Xro) = (r0):Yr0)) € O0,RL). We define the associated BS and the
typical user are distributed in the same side of the RIS to establish re-
flecting transmission [129]. In Fig. 4.2, we assume the x-axis is along the
direction of RISs and the typical user is at the origin. Thus, the coordi-
nate of each point on the RIS with a distance | € [—L, L] is expressed as
xp(l) = (xr(0) +lcos(0r(1)), yr(0) + Isin(0r(1))) C R?, where Og(l) is the
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Xr()  Xr= (Xr@pYrO) Xr© = (Xr0yYrRO)
a) Coordinates on RIS b) Angles of incidence and reflection
Notions:
Or(]) : Angle from each point of RIS to BS Oryu : Angles of incidence
XRr(/) : Coordinates of each point on the RIS Ogr : Angles of reflection

XR): Center of RIS L: Half length of RIS~ [E€[-L,L] 0 = Opr 03z

Figure 4.2: Coordinates and angles in LoS balls: a) Coordinates on RIS; b)
Angles of incidence and reflection

angle to x-axis for each point on the RIS. We set 7g() and fg(g) as the
distance and angle through the center of RISs Xp(g), where Q € {BR, RU }
represents the links from BSs to RISs and other links from RISs to the typical
user. Additionally, we assume surfaces are deployed based on long-distance
communication models, thereby the surfaces receive directional lights with
approximations as rq (¥) ~ rg() + gz sin (HQ(O)) where ¢ = 1 if Q = BR
and ¢ = —1if Q = RU [27].

Influenced by devices’ locations, the considered model suits for the com-
munications with highly correlated channels, such as millimeter wave chan-
nels or THz channels. The channel correlation is provided in (4.3) and the
description after (4.3). Hence, in Fig. 1, we exploit the physical angles,
namely, angles of incident fpgr(l) and angles of reflection fgy(l) instead of
the angles of arrival (AoA) and the angles of departure (AoD). We express
the AoA and AoD as ZAOA = 7/2 — 0pr(l) and LAOD = 7 /2 + Oru(l).
With the aid of AoA and AoD, our analysis is able to provide a general
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guideline for designing RISs with MIMO systems. Under a high-frequency
case with cylindrical electromagnetic (EM) waves [130], if one transmitting
BS is located at x;, € {xp,xs}, the path loss model for the typical user is
given by [27]

+L 2

Pu(oxy, x5, x07) ] | wwes el . (1.2)

where

cos (Opr(1)) + cos (Oru(1))

= rerOrro () 43)
Q) =rer () +rru (1) —© (1), (4.4)

where k = 27 /X with wavelength A and the communication distance for the
BR and the RU links are rgr(l) = ||xp — xr(l)]] and rru(l) = ||xg(l) —
x| = ||xr(1)|, respectively, with Opgr(l) = arcsin (IIXrlT(l)IO and Ory(l) =
arcsin <HXRIW) Considering the reflecting point is at xg(l), the angle of
incidence Opgr(l) € (0, g] represents the angle between the corresponding BR
link and the perpendicular bisector of the RIS, whilst the angle of reflection
Oru(l) € (0, g] is the angle between the corresponding RU link and the
perpendicular bisector of the RIS. The © (1) is the phase-shifting parameter
of RISs which is decided by the desired transmitter and receiver.

For the connected user at x. C R?, we assume the transmission between
this user and its BS follows conventional wireless communications. There-

fore, the path loss expression of the connected user is as follows
Pe(xp,%c) = Cllxp — xc[ 7, (4.5)

where the C' is intercept and «. is the path loss exponent for the direct link.
Note that the distance between the connected user and the associated BS is

fixed. Therefore, r. = ||xp — X.|| is a constant.
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4.1.4 Signal Model

We assume the BSs have known the demand of quality of service (QoS) of
users to split delay-sensitive users and delay-tolerant users, thereby the QoS-
based SIC is harnessed in this paper [131]. Additionally, knowing the channel
state information at BSs is able to enhance the accuracy of beamforming
designs. When we consider a special case where a delay-sensitive near user
(the connected user) pairs with a delay-tolerant far user (the typical user),
the far user with SIC process may experience outage frequently because of
poor channel quality. By enhancing the channel quality of the far user, RISs
are exploited to improve the SIC success rate. Based on QoS-based NOMA,
the associated BS allocates more transmit power to the connected user than
the typical user and SIC is processed at the typical user?. Therefore, the
SINR for the SIC process at the typical user is given by

ach|ht1,xB htz,xB |27Dt(xb7 XR, XU)
atpb‘htl,xB th,xB ’2,Pt(xb7 XR, XU) + It,pz + 0-2,

Vt,81C = (4.6)

where

Itvpt = Pt Z Pb|ht1,xz ht2,xl|2pt(xfﬂ XR; XU), (4'7)

x7€P,\xB

and P, is the transmit power of BSs in each NOMA group and o2 is the
variance of additive white Gaussian noise (AWGN). The a; and a, are the
power allocation parameters for the typical user and the connected user,
respectively. Moreover, a. > a; and a. + a; = 1. When the transmitter
is at x, for the receiver k, h.x represents its Nakagami fading term with
an integer parameter m, [132]. Additionally, K = ¢ means the receiver is
the connected user and x = {t1,%2} means the two channels from the RIS
to the typical user. Additionally, we define the coefficients of Nakagami-m

distributions as m, for the connected user and {my,,my,} for the typical

“In this paper, we exploit fixed power allocation coefficients. The optimized power
allocation schemes will be considered in future works.
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user. Regarding the interference I; ,,, since the signal from the back of RISs
cannot pass through RISs, we assume p; € [0, 1] of the entire interference is
able to reach the receiver k. With the uniform deployment of BSs following
the PPP, if we consider the RIS splits the area into two equal sub-areas, we
have p; = 0.5.

After the SIC process, the typical user decodes its data. The decoding
SINR is expressed as

ath’htth htg,xB |2Pt(xb7 XR, XU)
Iip + 02

. (4.8)

Ve =

For the connected user, it directly decodes its messages by regarding
the partner’s signal as interference. Therefore, the decoding SINR for the

connected user is as follows

_ acPylhexp IQPC(XB7 Xc)
Ve

- L 5 (4.9)
ath|hc,xB’ PC(XBa Xc) +I.+o

where

L= > Pylhex ["Pe(xr,%c). (4.10)

X[E‘I)b\xB

It is worth noting that the connected user is interfered by all BSs ex-

cepting the associated BS.

4.2 Channel Model Approximation

In this section, we derive the expressions of the path loss model and angle
distributions, which are fundamental for analyzing the performance of RIS-

aided NOMA systems.

4.2.1 Small-scale Fading Approximation

First, we assume that the small-scale fading follows Nakagami-m fading

channels. The Nakagami-m fading channels indicate the LoS or NLoS chan-
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nels by adjusting the channel coefficient m. When we have m = 2, it reveals
the Rayleigh fading channels with all NLoS links. When we increase the
coefficient m, the LoS component gets stronger until m = oo as the ideal
LoS case. As we consider the RIS as linear materials, we have two indepen-
dent Nakagami-m fading channels for the RIS-aided link, i.e., hy, x,; as the
fading channel from the BS to the RIS, and hy, x,, as the channel from the
RIS to its aided user. Hence, the equivalent channel model is the product
of these two variables, denoted as hyx,; = hi xzhtyxs- In power domain,
the distribution of ]ht7xB|2 is needed for the following derivations, thus we
exploit the Matlab curve fitting tool to mimic the channel distribution [133].
We conclude that the distribution of |ht x,, ]2 can be mimicked as a Gamma
distribution with coefficient m; and b;. This approximated distribution is

presented as

L T
= — —— 4.11
f|ht,xB|2 (1') I (mt) b;nt Xp ( bt) ’ ( )

b
By ) = 100/

AT (4.12)

where we obtained m; = 1 and b; = 1 when we set m;, = my, = 2.

4.2.2 Path Loss Model

Since surfaces are always installed on the walls of buildings, adjusting angles
of surface physically may have constraints based on the shapes or directions
of the walls. In this scenario, we operate the surfaces as anomalous reflectors,
which is configured for reflecting waves towards a distinct direction of users.
Hence, the reflection angle of waves is able to be unequal to the incidence

angle.

Lemma 6. We regard surfaces as RISs rather than mirrors, thereby the
angle of incidence enables to be different from the angle of reflection. As
we consider the RU link as a strong LoS link, we are interested in an-
alyzing only reflections and thus ignore parasitic scattering [35]. Under

this case, we are able to obtain the phase-shifting parameter as © (I) =
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(sin (HBR(O)) — sin (ORU(O))) I + ¢o/k, where ¢g € [0,27) is a fixed phase
shift of the direction of a user and k = 27/\ is the wavenumber with the
wavelengh A\ [27]. Hence, the direction is altered to the typical user via
the phase shifters. Considered on the long-distance regions with directional

lights, the path loss model on RIS operations is expressed as

P/ & Chys (rBRO)TRU©) (4.13)

where C’Rm:ﬁ (cos (HBR(O)) + cos (HRU(O))), oy is the path loss exponent

of the typical user.

Proof. Substituting © (x) into W (z), it is simplified as ¥ (z) = rgpr(o) +
TRU(0) — % Since the BSs are assumed to emit cylindrical waves, we as-
sume that rg (z) ~ rQ(o) T qrsin (HQ(O)). Thus, the pass loss model is

approximated as

L at |2

PIIS ) (om0 ()%

x | (cos (9pr()) + cos (Oru))|”

exp <—jk (TBR(O) + rRU(0) — q;:))

and we obtain (4.13) via algebraic manipulations. O

2

% , (4.14)

4.2.3 Distance Distributions

Note that the users and BSs are settled via two independent HPPPs and
reflecting surfaces are uniformly deployed within the ball @(0, Ry) of the
typical user. Based on the MCP pattern of PCP models, locations are de-
fined that users are parent nodes obeying HPPP and surfaces are daughter
nodes within the clusters of RIS balls. Based on the aforementioned set-
tings, we derive the probability density functions (PDFs) of distances of the

corresponding cluster and other clusters for a typical user.
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4.2.3.1 The Corresponding Cluster of the Typical User

We focus on a typical user located at the center of the RIS ball area served
by uniformly distributed intelligent surfaces [31]. Thus, we are capable of
deriving the PDF of the distance from a surface to its targeted typical user,

denoted as rry, as

2z

fTRU (x> = RiiU (RL - x) ; (4.15)

where U (+) is the unit step function.

4.2.3.2 Other Clusters of the Typical User

Since the LoS links from BSs to the typical user are blocked, we only inves-
tigate the reflecting links from the BSs to the surfaces. Thus, based on the
null probability of a 2-D PPP within in the RIS ball area and order statis-
tics [74,134], the PDF of the distance between a RIS and its n'" nearest BS

is derived as

fropn (x,n) = 22" L exp (—77)\1,:32) ) (4.16)

4.2.4 Angle Distributions

Shown as Fig. 4.1, we denote a BS as node B, a RIS as node R, and a typical
user as node U to clarify the angles. With the aid of a chosen positive X-axis
that is parallel to the RIS, the angles are illustrated as ¥ = ZRUX, 1o =
/ZBRX and 6 = |71 — |1y — ¢1||. Notice that the angle of 9 is uniformly
distributed within (0, 27) based on the properties of HPPP. We additionally
observe that the angle of ¥; obeys uniform distribution in (0, 27) since the
RIS is uniformly distributed in the RIS ball. Based on %1 and 19 with the
same distributions, the CDF of |¢2 — 11| is derived as

Az — 72

47712’ (4.17)

F|¢2—¢1| (Z) =
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therefore, the PDF of the angle of |12 — /1] is derived as fjy, —y,| (2) = 2;;_22

With the respect to § = |m — |tb2 — 11]|, the CDF of the angle 6 is derived

as
X
Fy (2) = Figy ) (& +T) = Flyp gy (& = 7) = —, (4.18)

which is proved that the angle 6 obeys uniform distribution within (0, )
with the PDF as fp(z) = 1/7.

Recall that we denote the angles of incidence as fpp() and the angles
of reflection as Oy (o), thereby we are able to observe 0 = 0pg(0) + 0ru (o)
from Fig. 4.2. In the following, the angle analysis with respect to RISs is
investigated.

When the surfaces are designed as RISs, the angles of incidence and
reflection are unequal. We define the angles of incidence Opr@) = pab,
where p, € (0,1), thereby the angles of reflection is gy = (1 — pa)f.

Hence, the PDF's of the angles of incidence and reflection are derived as

1 ™
fosre (@) = palls (0, 5) : (4.19)
feRU(o) (z) = (1—1,061)7771‘ € (07 g) . (4.20)

Remark 10. As shown in Fig. 4.2, we note that the angles 11 and o are
uniform distributed in the range of [0,27]. Based on the derivations in this
subsection, we conclude that the BS-RIS-User angle is uniformly distributed
in [0, 7]. Hence, we are able to extend the conclusion that any angle formed

via three nodes of a PPP are uniformly distributed.

Lemma 7. Considered on an average case with a 2-D HPPP, the angles
are uniformly distributed. As communication distances are independent of
incidence and reflection angles, after considering the random spatial effect,

the path loss of RIS links in Lemma 6 is rewritten as

PS5 = Cs.p(rBrROTRUW0) (4.21)
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9 L2 sin(2pa)
where Crrg p = 1673 (W T Tpa—1252 4808 )

Proof. The average path loss with respect to angles is expressed as P/ 5=
E [C%,s] x (TBR(O)TRiU(o))_ata where E[-] is calculating the expectation. By

plugging (4.19) and (4.20), this lemma is proved. O

Under a vacuum scenario with the best channel environment as men-
tioned in [27], the path loss exponent of reflecting links o, = 1. For practical
scenarios, this path loss exponent a; should be larger than one. Therefore,
we consider «; > 1 in the rest of this work. The path loss exponent for

conventional models are defined as arp > 2.

Remark 11. We assume the distance between the BS to the typical user
as a fized distance, denoted as rfi; with TRy + TR,Uu©) = Drgiz. We
denote PR1S and PRT as the received power for RIS-aided channels and RF
channels, respectively. When RF channels and RIS-aided channels follow
the same kind of fading channels, we define the RIS gain as

E[PFIS] Chisp(rBrOTRU©O) 4 Chisp _ BL?

Bris = = — > —
E[PFF] Crrr D2CRrrY,  THa
(4.22)
where B, = 16D242'tRFTI'3 <7T+ I pjif%’;‘%?l%), D > 1 is an arbitrary positive

number, Crp = (ﬁ)z = w%(f—cc)Q is the intercept, ¢ = 3 x 10% m/s is
the speed of light, and f. is the bandwidth of users. Hence, the minimum
RIS gain is directly influenced by the length of RISs and the distance be-
tween the BS and the typical user. We conclude that deploying RISs at the

perpendicular bisector of the BU link results in the minimum RIS gain.

Remark 12. Compared to conventional far-field propagation model Pg{fﬁdd
= (T‘BR(O)TRZ,U(O))_O“CRF, the path loss model for linear materials has sev-
eral differences. 1) Different path loss intercept: With p, € (0, 1], we have

2 _ _L? sin(2pam) sL?  L? SR 1
CRisE = 165 <7r + 4pal_r112£318p2) € [3%2, W]7 which is higher than 1z
in far-field propagation model. 2) If RISs are near to the typical user, we
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2
approzimately derive Brrs ~ (LZC) , thus we can enlarge the length of RISs
to improve the path loss intercept. 3) As the channel model for linear mate-
rials is based on the Huygens-fresnel principle, it suits for both of near-field

and far field scenarios with broad application scenarios.

4.3 Coverage Performance Evaluation

When we pre-decide a fixed threshold rate, the communication performance
is guaranteed when the transmit rates are higher than the threshold. By
defining a fixed threshold to evaluate whether the QoS of a network is satis-
fied, we investigate the SINR coverage performance on our RIS-aided NOMA
networks based on the derived path loss expressions.

Since we exploit the typical user with SIC procedures and the messages of
the connected user are directly decoded, the coverage probability expressions

for the connected user and the typical use are expressed respectively as

P; = Pr {%,Slc >yl > A } : (4.23)

P =Pr {7 > 7§h} , (4.24)

where Pr{-} is the probability operation, sthlc is the threshold of SIC pro-
cedures, v = 2ftt/Bw _ 1 is the coverage threshold of the typical user with
threshold rate R; and bandwidth B,,, 7" = 9fe/Bw _ 1 is the threshold of

the connected user with threshold rate R..

4.3.1 Interference Analysis

Before evaluating the coverage performance of this network, we would first
derive the Laplace transform of interference, I; ,, and I., under two scenar-

ios.
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4.3.1.1 Interference Analysis of the Connected User

Since the connected user is not served by reflecting surfaces, the Laplace
transform of the interference for the connected user is expressed via conven-

tional wireless communication analysis [31] as

Co($)=E |exp [ = Y PClhuhns Prea™ || (4.25)

x7€®,\xp

Lemma 8. The Laplace transform of interference for the connected user is

derived as
2 2
Le(s)=exp|—1 |2F1 | ——,m;1——;—gs ) —1] ], (4.26)
Qe Qe
where o F (-, -;;+) is the hypergeometric function, ¢; = wA\yr2 and ¢ = %.
Proof. See Appendix B.1. O

4.3.1.2 Interference Analysis of the Typical User in RIS Scenario

With the aid of Lemma 7, the Laplace transform of the interference under

RIS scenarios is expressed as

2 2
PbCRIS,I|ht1,XI Pty x|

(TBR(I)TRU(I))%

[ft,RIS(S):E EXp | —pt Z

x7€P,\xp

(4.27)

Lemma 9. With the aid of RISs, the Laplace transform of interference for

the typical user is derived as

2 2
L r1s (5, 7BR(0)> TRU(®0)) = €XD <—<3 <2F1 <—a, m;l ——; —8§4> - 1>) )

t Qi
(4.28)

2
PbCRIs,E

_ 2 _
where ¢3 = 7T)\I’TBR(O) and ¢4 = MiTRU(0)"BR(0)

Proof. See Appendix B.2. O
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4.3.2 Coverage Analysis with RISs

In this subsection, the closed-form expressions of the coverage probabilities
for the typical user and the connected users are derived via Theorem 11-12

and Corollary 25-26.

4.3.2.1 Coverage Analysis of the Typical User with RISs

Note that the interference from the typical user is strived to be canceled
with the aid of SIC procedures. When the surfaces perform as RISs, based

on Lemma 7 and (4.23), the coverage probability is rewritten as

T (I, + 02)
P, = Pr{ |hyxy |2 > —2 _~ 2% 4.29
t {| t, B‘ PthRIS ( )

,yth ,yth
where T = max (%, L)
=Ygt @t
Theorem 11. We assume reflecting channels as Nakagami-m fading chan-

nels. With the aid of RISs, the approximated expression of coverage proba-

bility for the typical user is derived as

Rr oo Mt
P, %277)\1,/0 /0 > (=t (th>xe><p (—Bo (y) =)
n=1

X exp (—ﬁng) Az frn, (v) dy, (4.30)

—_g o g _ _npYo? _ 2 .1 2. nnX
where [y (z) =p12¢, 61_Pb012a15E’ Bo = wApa F1 ( o m;l— & —=1= ) and

my is the coefficient in Nakagami-m fading channels with unit mean values.
Proof. See Appendix B.3. O

Remark 13. When we analyze the performance with respect to the length of
RISs L, we simplify the expression of coverage probability based on Theorem

11 as

P, ~ exp <—Alg§’y)) Ay (x,y) . (4.31)
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where Ay (x,y) and As (z,y) are other items irrelevant to the length of RISs
L. Thus, we conclude that when we improve the length of RISs, the coverage
performance is enhanced. This is because the large RISs are able to absorb

more incident waves and reflect them to the users.
Corollary 25. Conditioned on a; = 2, we are capable to derive the closed-
form expression of the coverage probability for the typical user as

my

P, ~ %b > (=prtt (th) (BLR7+282) . (4.32)

n=1

Proof. When «; = 2, the coverage probability of the typical user is rewritten

RS e (e
P, %27r)\b/ / 1" ( )a:
0 (N — n

x exp (= (Bo (y) + B2) &%) dxfrpy o, () dy. (4.33)

as

With the aid of Gamma functions I'(1) = 1 and Eq. [2.3.18.2] in [127],
(4.33) is derived as

my my Ry,
P Y 0 () [ G0 ) 48 ) (43
n=1

and via several algebraic manipulations, the final expression is obtained. [
Corollary 26. Conditioned on oy = 4 in the derivation®, the closed-form

expression of the coverage probability for the typical user is derived via the

error function as

e K wm%)\wl—E? 2
P, ~ Z (—=1)"*! <mt> Z —— exp ( 62_4> Erfc (52_2> ,
o n QRL\/ﬁlzi 4[31:2- 2\/E:i

=1

(4.35)

>The scenario of a; = 4 means that the transmitting environment is complex, including
severe obstacles, obstructions, and absorption.
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[1]

1 .
where 7y = my(my!) ™, w;= cos (2271 ), P = % (w; + 1), w; = 7/K and

2K
Erfc(+) is the error function.

Proof. Based on Appendix B.3 when oy = 4, this corollary is proved via
substituting (4.15), Eq. [2.3.15.4] in [127] and Chebyshev-gauss quadrature
into (4.30). O

4.3.2.2 Coverage Analysis of the Connected User

Based on (4.24), we are capable of rewriting the coverage probability ex-

pression as

th 2
2 Ve (IC to )
P. =Pr {yhc,xB < e ey PO (- (4.36)

Theorem 12. The closed-form expression of coverage probability for the

connected users is derived as

Me

m
Pox ) (-1)" ( ;) exp (—pry — pare®) (4.37)

n=1

th 2

_ _ 2 1 2. nNcYe _ _ NNcYe O
where ,U1—7T>\b <2F1 < ae? m; 1 ae? m(ac—az’ygh)> 1) y 2= (ac—at‘yéh)PbC

and 7. = mc(m.!)” me with Nakagami-m fading coefficient m..

Proof. We exploit the Campbells theorem and Theorem 11 to derive (4.37).
O

Remark 14. When we analyze the performance with respect to the density

of BSs Ay, we simplify the expression of coverage probability as
]P)t %exp(—)\bB1 ((IZ,y))BQ (m,y), (438)

where B (z,y) and By (x,y) are other items irrelevant to the density of
BSs N\y. Hence, the expression reveals that when we improve the density of

BSs Ay, the coverage probability is reduced. This is because the distance of
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connected user has been fived and the density of BSs Ay only influence the

strength of interference from other BSs.

4.3.3 Asymptotic Coverage Probability for the Typical user

In this subsection, we evaluate the coverage performance of the typical user

when the half-length L — oc.

Corollary 27. Conditioned on L — oo, the asymptotic expression of cov-

erage probability for the typical user is derived as

P ~ - n+1< > ™™, 2TART (at + 2>
2D B @ra) \ 2
x Zt (—1)" <mt) f}w . (4.39)

n=1

By *

Proof. After substituting the asymptotic expression exp(—xz) = 1 — x into

the coverage probability expression, we are able to rewrite (4.30) as

Ry 2y my xexp ﬁgx)
2mb/ d/ Z< ) )4

2) o (%) mt ar+1 _ 2
2N i RL / < )x eXp( faz ), (4.40)

(_1)7(n+1)

and based on Eq. [2.3.18.2] in [127], we are able to obtain the final

results. O

Corollary 28. When the length of RISs are sufficiently large, we are capable

to derive an upper limit from Corollary 27 as

Por Y (- (T, (4.41)

n=1

which can increase the calculation efficiency to a large extent.

Remark 15. Based on Huygens-Fresnel principle, this paper considers a

one-dimensional (1-D) RIS [27] to evaluate the averaged performance. Con-
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stdering 1-D RISs instead of two-dimensional (2-D) RISs is to obtain tractable
and clear derivations for further evaluation, while the properties may not be
clearly reflected by exploiting the 2-D model as the complexity of derivations

s high. The constraints will be released in future works.

Remark 16. This paper considers the scenarios with fixed power alloca-
tion, which is to directly present the averaged long-term performance for the
whole network. We also believe that well-designed plower allocation algo-
rithms will improve the performance of RIS-aided systems. However, this
will enhance the complexity of derivations, while we still leave the space for

further investigation.

4.4 Ergodic Rate Evaluation

Compared with the coverage probability with a fixed rate threshold, the
achievable ergodic rate for the RIS-aided NOMA systems is opportunistically
altered via the channel conditions of users. In this subsection, the closed-
form expression of the ergodic rate for the typical user and the connected

users are derived in the following theorems and corollaries.

4.4.1 Ergodic Rate for the Typical User

We consider the typical user to exploit the SIC procedure. The failure SIC
procedure leads to the ergodic rate of the typical user always being zero.
Thus, with the aid of the expression of the coverage probability, we express

the ergodic rate expression of the typical user as

RIS th 1 < Py (Vtth) th
E[R"°] =E [logz (1 +7),7s10 > 7310} “ 2 ), Wd% , (4.42)
t

and the approximated and closed-form expressions are derived in the follow-

ing.

Theorem 13. With the aid of the coverage probability expression in The-

orem 11, the approximated expression of ergodic rates for the typical user
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is derived as

E [RFIS] = 21 Ay / /RL /°° o 2yz(—1)" my
In2R2 o, 142 n
X exp (—ﬁl () (y:n)o“> exp (—ﬁg (a) m2> dzrdydz
t
L2 /T /RL /°° S pye (e
ln 2R2 n

xlfﬁzexp< Br (T1) (yz)° >exp< Ba (T1) 2?) dxdydz, (4.43)

_ npY(2)0? _ ( g ide i) _ e
where (1 (T (2)) = PbC2ISE’ T (2) = max p Rl R T = ps———
and fs (2) = A Fy < ,m; 1 — Oét; m’tTTt(z)> This theorem is exploited

to easily understand the followmg categories, includes Corollary 29 and

Corollary 30 to make the derivations fluently.

Proof. When considering the threshold 7/" as a variable, the condition to
maintain the SIC orders as T (z) = max (%, z ) divides the expres-
sion into two items, such as v/* € [0,a;Y1] and " € [a;Y1,00]. Thus,
substituting the Laplace transform expressions of the interference caused by

other RU links, this theorem is clarified. ]

Remark 17. As Remark 13, derivations in Theorem 13 illustrate that

the ergodic rate of the typical user increases if we enhance the half-length of

RISs L.

Corollary 29. When fixing the path loss exponent of the typical user a;, =

2, the closed-form ergodic rate expression of the typical user is derived as
E [Rf%] _ T ft: (=)t ("
t 21In2 & n
Zw atTl (B1 (Y1) RE + 265 (1))
iy 2(1+%;)

st (5, (3) 1% 20, (3))
+§:%’ (@0 + 17 (1+2,) -
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2j—1
27

where Z; = “t;rl (wj+1), wj = cos( ), w; = 7w/J, B, = 21

Ty= COS (%7‘(’) and w, = 7/V.

Proof. Based on the closed-form expression of the coverage probability for
the typical user in Corollary 25, we are able to rewrite the ergodic rate

expression as

) U B1(Y (2)) R7+206 (T (2))
[ RIS 21D2Z +1< >/ 112 dz.

(4.45)

Based on the derivations in Theorem 13 and harnessing the Chebyshev-
Gauss quadrature, we are able to derive the closed-form ergodic rate expres-

sion for the typical user. O

Corollary 30. When targeting the typical user’s path loss exponent a; = 4,

we derive the closed-form ergodic rate expression of the typical user as

. 3 =2 _ =2
T a0 NG (e
= 2 \n)&= AR \/B1 (T1)Zi (1+2)

83 (11) > By (Y1)
P <451 (T1) =} brie (2 B1 (T1)53>

m il K V Tima My /1 — E2,/1 — 22
(—1) Me ag 112 Ap ; 2
D) 2D wie - -
n=1 i=1 v=1 RL 51 (%)Ez(l + :v)
2(2) ), (A
X exp Erfc (4.46)

where the coefficients are the same as Corollary 29.

Proof. Substituting the closed-form coverage probability expression from
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Corollary 26 into (4.42), the ergodic rate expression is calculated as

it 0 . =2
E [RRIS] :i Z (_1),1“ my i/ WyiT 2 )\b\/—uZ
t n2:= n)“~Jo 2R, \/B1(Y(2)Z(1+

o (BOE) N\, (B0 ),
(e o)Er) (Wal )d’ (47

and with the aid of Chebyshev-Gauss quadrature, the final expression is

derived. O

4.4.2 Ergodic Rate for the Connected User

Recall that the distance from the nearest BS to the connected user is fixed.
We also express the expression of ergodic rate via the coverage probability

expression as

1 P. (v
E [RHS] = E[log, (1 +7.)] = T3 / 1457”? dyth, (4.48)

and the approximated closed-form expression is derived via the following

theorem.

Theorem 14. Since we consider the RISs to enhance the channel envi-
ronments of the typical user, there is a high probability that the channel
conditions of the typical user are better than the connected users. Thus,
the connected user is allocated at the first stage of SIC orders to escape
from the SIC procedure. In this scenario, the ergodic rate of the connected

user is derived as

1 n c —
B [RES] =y 2 0 () LT 5
n=1 w=1
T
2(1 +QE )exp (—#1 (Bw) re — p2 (Zw) ), (4.49)

where Ty = —j, Bw = % (ww + 1), wy= cos (2%7171) and w, = 7/W.

Proof. Based on the conditions when deriving the coverage probability, we
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obtain that 4" < o¢. Therefore, the range of 7t is in [0, T3]. Based on
the coverage probability expression of the connected user, we express the

ergodic rate expression as

1 me . me To 1 N
E[RELS] =3 Z (—1) H( > /0 exp (—,ul (2) 12 — o (2) 7e C)dz,

ot n 1+ 2z

(4.50)
and utilizing Chebyshev-Gauss quadrature, the proof is accomplished. [

Remark 18. Based on the analytical procedure in Remark 14, we are able
to conclude that the ergodic rate of the connected user increases when the

density of BSs Ay is enhanced.

4.4.3 Asymptotic Ergodic Rate for the Typical User

In this subsection, we evaluate the coverage performance of the typical user
when L — oo holds. With the aid of the asymptotic expression of the
exponential functions, we derive the asymptotic coverage probability and

diversity gains.

Corollary 31. We assume the half-length of the RIS to infinity, denoted as
L — oco. With the aid of asymptotic expression, such as exp(—z) =1 —x

when z — 0, we derive the approximated expression of the ergodic rate as

2Ny, [ [Fr oo L my\ 2yx
o 2 [ S ()
[ t ]|L_) IDQR% 0 0 0 ;( ) n 1+Z
x (1= B1 (Y (2)) (yz)*) exp (—B2 (Y (2)) x2) dzdydz
1
=C) —Cof L2> , (4.51)
where C7 and C5 are constants and f (%) represents a function negatively

correlated to L2.

Proof. Substituting the asymptotic expression into the expression in The-

orem 13, we achieve the asymptotic expression. O
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Remark 19. When the condition L — oo holds, which means we have a

large RIS surface, we derive the slope to evaluate the performance as

= i L

AT e (D) (452)

Remark 20. Since the slope versus L is zero, which represents that when
we enhance the length of RISs, the performance would increase to an upper
limit eventually shown as Fig. 4.3. This is because enhancing L is directly
increases the path loss gain. Although the path loss gain of the typical user
would increase when we continuously enlarge the RISs, the interference from

other BSs would also be enhanced, which leads to an upper limitS.

0.95

0.9r

0.851

0.8

o
3

. = [2,5,10] dBm
0.7

Ergodic Rate

-A-Ergodic rate for the typical user with P, = 2 dBm 7
-&-Ergodic rate for the typical user with P, =5 dBm
—-FErgodic rate for the typical user with P, = 10 dBm|

4 1 1 1 1 1 1
0 %0 20 30 40 60 70 80 90

50
The half-length of RISs L (m)

Figure 4.3: Simulation results sorely: The ergodic rate versus the half-length
of the RIS L.

5We note that the path loss gain is in influenced by the distance between the BSs to
the typical user as well, resulting in the path loss gain of the interference is lower than
that of the associated BS. However, if we keep increasing the length of the RISs, there will
be a point that the strength of the interference catches up to the strength of the signals,
which causes an upper limit.
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Figure 4.4: Coverage probability versus transmit SNR with various density
of BSs \, = [1/(300%7),1/(600%7)]: a verification of Theorem 11 and
Theorem 12. This figure includes simulation results and analytical results.

4.5 Numerical Results

In this section, numerical results are indicated to validate analytical and
asymptotic expressions of coverage probability derived in the previous sec-
tions. We further accomplish the simulation results of the ergodic rate per-
formance, including analytical and asymptotic expressions. Several compar-

isons are proposed to compare the performance under several cases, such as

RIS-aided NOMA, RIS-aided OMA, and non-RIS-aided NOMA.

4.5.1 Simulation Results on Coverage Probability

In this subsection, numerical results validate analytical coverage probability
for the typical user (Theorem 11) and the connected user (Theorem 12).
Additionally, the asymptotic expressions via the length of RISs are validated

to match the simulation results in high length region. Without otherwise
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The connected user
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Figure 4.5: Coverage probability versus transmit SNR: a comparison among
conventional OMA, RIS-aided OMA and RIS-aided NOMA scenarios. This
figure only has simulation results to make this figure clear.

specification, we define the numerical settings as shown in the Table 6-A.

4.5.1.1 Validation of Results on Coverage Probability

The analytical coverage probability expressions of the typical user (Theorem
11) and the connected user (Theorem 12) are validated in Fig. 4.4. Ad-
ditionally, we compare the performance of several scenarios with different
density of BSs A\, in Fig. 4.4. The observation is that the typical user is
more sensitive than the connected user on coverage performance when the
density of BSs is changed. The reason is clarified in the following. Based on
the QoS-based SIC, the connected user considers the typical user’s signals
as interference. As the power level of the typical user’s signals is higher than
that of the interference from interfering BSs, the influence of enhancing the
density of interfering BSs for the connected user is limited. For the typi-

cal user, the interference from interfering BSs is enhanced by the RIS and
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Figure 4.6: Coverage probability versus transmit SNR with various half-
length of RISs L = [2,3,4] m and path loss exponents o = [2.5,3,4]. This
figure shows simulation results.

the connected user’s signals are removed by SIC. Thus, the density of BSs

directly influences the strength of interference for the typical user.

4.5.1.2 Performance Comparison

The performance among conventional OMA, RIS-aided OMA, and RIS-
aided OMA scenarios is compared in Fig. 4.5, which demonstrates that
the performance of NOMA users boosts considerably with the aid of RISs,
especially for the typical user. The enhancement of NOMA users are able
to be explained that 1) when assisted with RISs, the connected users enable
to avoid SIC procedures since the typical user with substantially improved
channel gains takes over the SIC procedures, thereby the connected user
would not experience outage scenarios caused by SIC failures; 2) with the
aid of RISs, superior channel gains of the typical user increase coverage

performance.
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Table 4-A: Network Parameters

The length of RIS L 4 m
The noise power 0? = —170+10log (f.)+ Ny = —90
dB

The bandwidth of the carrier f, 10 MHz
The noise figure from hardware Ny | 10 dB

The transmit power of users P, [0,40] dBm
The path loss exponents o, and oy | 3.3

The RIS ball radius Ry, 20 m

The density of BSs A Ay = 1/(300%7)

The coverage and SIC thresholds | 4 =4t =4 = 102

The Gamma distribution coeffi- | me, = my, = my, =2
cients

The power allocation coefficients a. = 0.6 and a; = 0.4

The distance between the connect- | ro = 200 m
ed user and BS

4.5.1.3 Outage Performance on Path Loss Exponents

Considering the length of RISs, Fig. 4.6 investigates the performance varied
by L and path loss exponents. Two observations are apparent to explain
that: 1) long lengths of RISs cause high performance since more recon-
figurable meta-material elements are involved and 2) enlarging path loss
exponents results in reduced performance as the relationship between the

path loss exponents and the coverage performance is a negative correlation.

4.5.1.4 OQOwutage Performance on the Length of RIS

In Fig. 4.7, we investigate the outage performance versus the length of RIS.
One observation is obtained that the coverage probability is enhanced when
the length of RISs increases. This is because that larger RISs integrate more
energy with the typical user. When we enlarge the radius of the RIS serving
area, the performance of the typical user is reduced as the averaged distance
from the typical user to its associated BS is enlarged, which leads to large

path loss.
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Figure 4.7: Coverage probability versus the half-length of RISs L m with
various radii of RIS serving area as Ry, = [10,15,30] m. Simulation results
are evaluated in this figure.

4.5.2 Simulation Results on Ergodic Rage

In this subsection, we validate analytical ergodic rate via numerical results
for the typical user (Theorem 13) and connected users (Theorem 14). We
note that the unit of ergodic rate is the bit per cell use (BPCU). We define
the numerical settings as the same as the sections on coverage probability

without otherwise specification.

4.5.2.1 Validation of Ergodic Rate for the Typical User

The ergodic rate performance with the unit BPCU versus the transmit SNR
Py/o? is indicated in Fig. 4.8. We observe that when we have dense BSs,
the performance of the typical user outperforms than users with small den-
sity. This is because a large density of BSs contributes to a short averaged

distance between the nearest BS and the typical user, which leads to better
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Figure 4.8: Ergodic rates (BPCU) versus transmit SNR with various density
values of BSs A\, = [1/(20027),1/(4007),1/(600?7)] for the typical user.
The analytical results are proved to fit the simulation results.

performance than small density situations.

4.5.2.2 Validation of Ergodic Rate for the connected User

We validated the analytical results of the ergodic rate for the connected
user via Fig. 4.9, which demonstrates the ergodic rate (BPCU) versus the
transmit SNR. Observed by this figure, we conclude that when we increase
the distance between the connected user and the nearest BS, the performance

goes worse as the long-distance leads to heavy path loss.

4.6 Conclusion

This paper has investigated the coverage probability and ergodic rate of RIS-
assisted NOMA frameworks, where the PCP principle has been invoked to
capture the spatial effects of NOMA users. The path loss models of RIS
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Figure 4.9: Ergodic rates (BPCU) versus transmit SNR with various dis-
tances between the connected user and the BS as r¢ = [50,75,100] m for
the connected user. The simulation results are presented.

reflecting links has been derived, which is correlated with the “product of
distances” model to conform with long-distance regions. The angle distri-
butions have been presented with a conclusion that the BS-RIS-User angles
obey uniform distributions in [0.7]. With the aid of the derived closed-form
expressions of coverage probabilities and numerical results, the performance
of conventional OMA, RIS-aided NOMA, and RIS-aided OMA scenarios has
been compared, which has shown that RISs enhance the performance of user-
s significantly. The asymptotic expressions of ergodic rates for the typical
user have illustrated that the performance has upper limits when enhanc-
ing the length of the RIS. The analysis of this paper has verified that two
applications of RISs in multi-cell NOMA networks are feasible, such that:
1) RISs are able to improve the channel conditions of blocked or far users;
2) RISs enable to alter the SIC order to maintain primary users avoiding

SIC procedures. For future works, we will consider more practical scenar-
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ios, i.e., the optimal power allocation methods, two dimensional RISs, other
stochastic geometry models. Additionally, we will evaluate the performance

of a user aided by more than two RISs.



Chapter 5

STAR-RIS-Aided NOMA
Networks

Since the conventional RISs only reflect signals, new blind areas behind RISs
may appear. Hence, this chapter investigates the performance of STAR-
10S-aided NOMA networks to achieve 360° connectivity. In this chapter,
three different channel models are presented and the outage performance of
STAR-IOS-aided NOMA systems is investigated. The main contributions

are summarized as follows:

e Three physical-layer channel models for STAR-IOS-aided networks are
proposed, including the CL model, the CF model, and the MFC model.
More specifically, the CF and CL models are exploited to analyze the
outage performance. It is concluded that the CL model is utilized
in the case with a large number of independent STAR-IOS elements,
while the CF model fits all conditions but needs different CF functions.
As these two models cannot achieve accurate diversity orders, the MFC
model is harnessed to evaluate asymptotic performance with diversity

gains.

e The CF model and the CL model are exploited to derive the closed-
form expressions of the outage probability for NOMA users under the
ES protocol. The analytical results indicate that the CF model per-
forms as a close lower bound of the simulation results while the CL

model is an upper bound.

104
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e With the aid of the ES, MS, and TS protocols, this chapter then derives
the asymptotic outage probability expressions for NOMA users based
on the MFC model. Then, the diversity orders for the three protocols
are evaluated. The analytical results indicate that the diversity orders

are equal to the active number of STAR-IOS elements.

e The analytical results by Monte Carlo simulations are verified. Nu-
merical results demonstrate that: 1) STAR-IOSs enhance the outage
performance of NOMA systems significantly and provide high flexibil-
ity for SIC orders; 2) the TS protocol has the best outage performance
but it only serves one user in each time block; and 3) with two users
served in the same resource block, the ES protocol outperforms the
MS protocol as the diversity gains of the ES protocol is larger than
that of the MS protocol.

5.1 System Model

A STAR-IOS-aided downlink NOMA network is considered, which includes
a fixed BS, a fixed STAR-IOS, and randomly deployed users (reflecting users
and transmitting users). It is considered that a reflecting user and a trans-
mitting user are paired in the same resource block with different power
levels. It is assumed that different NOMA pairs are allocated into orthog-
onal resource blocks, thereby inter-NOMA-cluster interference is ignored.
Additionally, the direct links for the two NOMA users are assumed to be
blocked. More specifically, for the reflecting user, the direct link is blocked
by obstacles, such as trees or buildings. Thus, only the reflecting links via
the STAR-IOS are considered for the reflecting user. For the transmitting
user, its location is behind the STAR-IOS substrates. As the STAR-IOS is
transparent for the signals of the transmitting user, the transmitting user
still receives refracted signals with the aid of the STAR-IOS, which is the
only approach for the transmitting user to receive signals. To sum up, the

BS first transmits signals to the STAR-IOS, followed by the radiation signals
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Figure 5.1: Illustration of the considered STAR-IOS-aided downlink NOMA
networks.

to the reflecting user and the transmitting user.

5.1.1 Theoretic Foundation of STAR-IOSs

The main difference between STAR-IOSs and conventional RISs is that
STAR-IOSs allow signals through themselves via refraction, which allows
independent reflecting and refracting beamforming for the two half-spaces
to achieve high flexibility [31,42,44]. Hence, the serving area of STAR-
I0Ss is enhanced from a half circle (for the conventional RISs) to a whole
circle area with the aid of simultaneous reflection and refraction. Define
the reflecting and refracting coefficients as R,, and T}, for the m** STAR-
1I0S element, respectively. The phase shift coefficients are considered as
two independent variables, denoted as gb%{l for the reflecting user and gb:,fr
for the transmitting user. Additionally, the STAR-IOS is assumed with M
elements satisfying 1 < m < M. Hence, the reflected and refracted sig-
nals of the m** STAR-IOS element are expressed as R, = \/ﬁ ejd’:'{l and
Ty = M ej‘ﬁ:’{r, respectively, where gbrmﬂ, Z{r € [0,27). Additionally, the

Z{C !is the energy coefficient for reflecting links and the ,B,Tq{f " is the energy

coefficient for transmitting links.

Based on the theories in [31,42], it is noted that the STAR-IOS-aid
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networks have three practical protocols to be exploited, namely the ES, MS,
and TS protocols. The detailed description and constraints are presented in

the following.

5.1.1.1 ES Protocol of STAR-IOSs

In terms of the ES protocol, all the STAR-IOS elements (M elements) simul-
taneously operate refraction and reflection modes, while the total radiation
energy is split into two parts. When assuming the STAR-IOSs are passive
with ignorable energy consumption, a constraint is presented based on the
aforementioned coefficients as \Rm|2 + |Tm]2 < 1. Hence, this protocol is
mathematically presented as Bﬁ{ Ly ,Bf,{c " <1 [44]. To achieve the best uti-
lization rate of STAR-IOS elements, let us assume 5:,{ s ﬁ;{ " =1 in the

following investigation [42].

5.1.1.2 MS Protocol of STAR-IOSs

For the MS protocol, no STAR-IOS element will simultaneously reflect and
refract signals. Instead, the STAR-IOS elements are partitioned into two
groups. More specifically, the first group of STAR-IOS elements is exploit-
ed to fully reflect signals for reflecting links, while the other group of the
STAR-IOS elements performs in the full refraction mode to be utilized in
transmitting links. It is assumed that M, s STAR-IOS elements are uti-
lized for the reflecting links and M, r,, STAR-IOS elements are exploited for
the transmitting links. Hence, with the best utilization of STAR-IOS el-
ements, the constraint of the MS protocol is mathematically presented as
M,y + M,y = M. For the M,y elements, the conditions hold, denoted
as fnf =1 and BZ;{[ " = 0, while for the M, s, elements, the mathematical

expressions are denoted as Bf,{c "'=0and 5,7;{ "=1.

5.1.1.3 TS Protocol of STAR-IOSs

When it comes to the TS protocol, the M elements are operated as the

full refraction mode or the full reflection mode in different coherent time
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slots. For time slots with refraction modes, the conditions are expressed as

7/l = 0 and ﬁf,{f " = 1, which means that all the M STAR-IOS elements
perform as full refraction mode. It is also noted as 5}}{ =1 and Bﬁ{[ "=0
for time slots with reflection modes where all the STAR-IOS elements fully
reflect signals. Let us define two time variation coefficients, namely A,
and A,y for the transmitting and reflecting links, respectively. Hence, the
constraint is mathematically expressed as Ay + A,y = 1 to present the

percentage of time allocation.

5.1.2 Deployment of Devices

This chapter considers a single-cell STAR-IOS-aided NOMA network. In
this case, the BS is deployed at the center of the cell. Since the STAR-IOSs
are always deployed at building facades, the positions of STAR-IOSs are
fixed and known by us. This chapter chooses one of them to investigate the
performance with the position denoted as xg. Then, let us assume that the
STAR-IOSs are deployed on tall buildings. Thus, the links between the BS
and the STAR-IOS elements are LoS links. For the users, the positions of
the reflecting user and the transmitting user are expressed as X,q and Xpfy,
respectively. Note that direct links from the BS to the reflecting users are
blocked by obstacles. Hence, the channel links are defined as three types: 1)
the link between the BS and the STAR-IOS as the BR link with the distance
dpr = ||xr]||, 2) the link between the STAR-IOS and the reflecting user as
the RU, s link with the distance drRé = ||lxr — Xral|, and 3) the link from
the STAR-IOS to the transmitting user as the RU, s, link with the distance
Ay = |xr — %ot .

It is assumed that users are uniformly distributed within the serving
area of the STAR-IOS. Without loss of generality, this chapter considers
that the serving area of the STAR-IOS is a circle with the radius R, denoted
as 0(0, R), where O(a,b) is an annulus with the inner radius ¢ and outer
radius b. Additionally, this area is split into two parts: 1) the half ball facing
the STAR-IOS as the reflecting area, namely B, ¢, and 2) the rest half ball
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behind the STAR-IOS as the refracting area, namely B, ¢,.. Let us randomly
choose a user from B, and a user from B, . as the NOMA pair. Hence,
the spatial effect of the chosen NOMA users is evaluated. In this case, the

PDFs of d%fé and d?wr are expressed as:

2z
fdrfl &B / / ) ——=drdf = ﬁ (5.1)

and

2
drfl 6[[)/ /0 Wd de_ R2 (52)

5.1.3 Signal Model

Based on the NOMA technique, the strong NOMA user in the NOMA pair
accomplishes the SIC procedure. As the STAR-IOS is able to adjust the
energy allocation coefficients 82" and 85" via the ES protocol, more en-
ergy is allocated for reflecting links. In practical application scenarios, to
ensure the links between the STAR-IOS and the users are LoS links, it is
assumed that the radius of STAR-IOS serving area R is not large. Thus, the
influence of path loss is not severe. Under this situation, let us find a pair
of energy allocation coefficients (Brf Fand Brf ") satisfying that the reflecting
user is always kept as the strong user. Therefore, the reflecting user operates
the SIC process. For the MS and TS protocol, this assumption is further
extended by allocating different numbers of active STAR-IOS elements or
time slots. Based on this assumption, the channel models are designed in

the following.

5.1.3.1 Small-Scale Fading Model

It is assumed that all the links in this model follow the Rician distribution.
The small-scale fading coefficients of the three types of links are denoted as
hpr,m for BR links, h;{é,m for RU, s links, and thT’m for RU,, links for
Vm € {1,2,---, M}. Hence, the PDF for the Rician distribution is expressed
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as:

fhprm (T) = fh;{flim () therUrm (z)
_ 2050 ep [~ (L4 )02 Iy RVEI+R:],  (53)

exp (k)

where k is the coefficient of the Rician distribution and Ip(z) is the Bessel
function. In this case, assume that the mean values and variances of all the
Rician channels are expressed as h = m 1FY ( 5,15 —k:) and n =1—
ﬁ[lﬂ (—%, 1; —k)]Q, where 1 Fy (+,-;-) is the confluent hypergeometric
function of the first kind.

The BR and RU,y links are combined as the reflecting link, namely
grl! for the m™ STAR-10S element. Additionally, the BR and RU,. s, links
are combined as the transmitting link, namely g’;,{ " for the m* STAR-1I0S
element. Based on the theoretic fundamental constraint of STAR-IOSs, the
small-scale fading model of the reflecting and transmitting links is expressed

as:

”fl‘ - )G @ (5.4)

T’f?"

’G rU®rerBR’ (5.5)

where we have a diagonal matrix for reflecting links, denoted as O.q =
diag [ ﬁ{ﬁej¢§ﬂ, Bﬁﬁej‘?%ﬂ, e \/@eﬁ’f\?] with diag [-] as a diagonal matrix
with its principal diagonal elements. The RIS matrix for transmitting links
is denoted as ©,q = diag { B{frej¢5fr, ﬁ;frej‘f’gr, e Bi/f[lej‘ﬁﬁ] as a diag-
onal matrix. It is defined that the channel gain for the reflecting links is ex-
pressed as a column vector, denoted as GRU = [h;{él, h%f(ljz, ‘e ,h}éf& M]

and the channel gain for the transmitting links is expressed as a colum-
n vector, denoted as GHY; = [herUTl,h%f,;Q, . h;{UTM}T, where [T is the
matrix transpose. Additionally, the channel gain from the BSs to the RISs

is expressed as a row vector, denoted as Gr = [hBR,1,hBR2, - s hBR M].
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5.1.3.2 STAR-IOS-Aided Path Loss Model

Define the path loss model of the three links via conventional wireless com-
munication models. Hence, the path loss expressions for BR, RU, s, and

RU,, links are respectively expressed as:

Per(xr) = Crllxr| " = Cprdgy, (5.6)
—Qt —Oout

P oen. i) = O pen =il | = o (ai) L 6)
- —«

P Gon ) = Ol [ =il | = ot () L 69

where the P expresses the path loss, {CBR,CEJZ,C%g} = (47ffc)2 are
reference-distance based intercepts for different links and the reference dis-
tance dgp = 1 m in this work, in which ¢ = 3 x 10® m/s is the speed of light
and f. is the used carrier frequency. Additionally, the «; is the path loss

exponent for users.

5.1.3.3 SINR Expressions

To ensure that the strong user (the reflecting user) has the SIC process,
more transmit power is allocated to the weak user (the transmitting user)
by the BS compared to the strong user. Hence, the SINR of the SIC process
for the reflecting user is given by

rfl

m

rfl)

2
I
ar frPtPBR(XR)P;z](CJ (xR Xpp) |9 ’

Vs1C = (5.9)

2 )
gﬁl) + 02

a, f1 PPR(XR) Py (XR, X3

where P, is the transmit power of the BS, o2 is the variance of AWGN, and
a,fr and a, g are transmit power allocation coefficient satisfying a, p,+a,p =
1 and a,f < aypp.

With the aid of SIC, the reflecting user removes the messages of the

transmitting user. Then, the reflecting user decodes its required messages.
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Hence, the SNR of the reflecting user is presented as:

rfl

Tfl) grd

2
ar i PPER(XR) P (X, X ‘

Ve = (5.10)

o2

When the other NOMA users’ messages are considered interference, the
transmitting user directly decodes its signal. Hence, the SINR of the trans-

mitting user is expressed as:

gnl” ’

gl

arpr PrPBR(XR) PR (x5, X30T)

Ve = (5.11)

5 .
ar ;1P PER(XR) Py (XR, X)) + o2

Based on the aforementioned SINR expressions, the first target is to

derive the STAR-IOS-aided channel models in the following section.

5.2 STAR-IOS-aided Channel Model Approxima-
tion

As the exact channel models of STAR-IOS-aided networks are complex, it
is important to derive approximated mathematical channel models that are
tractable for performance analysis. Hence, three approximated models for
different using conditions are presented, namely the CL model, the MFC
model, and the CF model. More specifically, the MFC model is used to
derive diversity orders. The CL model is suitable for large STAR-IOSs with
a large number of elements. For the CF model, it fits all using conditions
by adjusting the CF functions and parameters but exploring a suitable CF
function is a challenge. Detailed derivations and discussions are expressed

in the following subsections.

5.2.1 CL Model

When the channel gains of all the elements of STAR-IOSs are irrelevant,

the channel model of STAR-IOS-aided networks is expressed as the sum-
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mation of different variables. Hence, the CL theorem is an appropriate
mathematical tool to derive the approximated channel model. Although it
has the constraint that the STAR-IOS elements are large enough, the CL
model is one of the most popular models in recent works because of its great
tractability on derivations. Hence, in the case where quantities of uncorre-
lated channels are generated by different STAR-IOS elements, the CL model

is exploited to investigate the channel performance.

Lemma 10. Assume that the quantity of STAR-IOS elements M 1is large
and the channels for different STAR-10S elements are independent. For the
ES protocol and with the aid of the CL theorem, the PDF and CDF of the

CL model are derived as:

11
flopW)=———
m 2 277772({\/??
AN + )’
e | W)L [ S ) g
207c 26
and
1 el W —
F e (y) =5 | ef heg VT ) g [ P = v : (5.13)
o 207e) 2076

where Bzg is the mean value of |g;{c\ with rf € {rfr,rfl} representing
the transmitting links and the reflecting links, respectively. The 772({ is the
variance of \g:rﬂ Based on the properties of the expectation and the vari-
ance for independent variables, the following derivations are presented as
/325 = \/@MBQ and ngg = B yM (2B2n+n2). Additionally, the function

erf(-) is the error function.
Proof. See Appendix C.1. O

Remark 21. For the MS and TS protocols, the CL channel model expres-

stons are the same but the coefficients are different. More specifically, for
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the MS protocol, the following equations hold, denoted as BZ(J;,MS = M,,fﬁ2
and ngg’MS = M, (27L277 + 772) with rf € {rfr,rfl} for transmitting links
and reflecting links, respectively. For the TS model, the channel model coef-

ficients are expressed as BZ,TS = Mh? and nZiTS =M (2ﬁ2n + 7]2).

5.2.2 MFC Model

When analyzing the performance of a system, this chapter always consid-
ers the diversity orders to evaluate the performance in high SNR regions.
Although the CL model provides a well-matched channel model with closed-
form expressions, accurate diversity orders are not obtained since the high
SNR region is not a perfect match. Hence, exploiting the Laplace transform,

the accurate diversity orders are achieved by the MFC model.

Lemma 11. To investigate the diversity orders, the MFC method is utilized
to derive the STAR-IOS-aided channel model. Denote the Rician coefficient
of the BR links as k1 and that of the RU links as ko. Additionally, the ES
protocol is utilized in this theorem. In high SNR regions, the approximated

PDF and CDF expressions are derived as:

[0 (0,0)]M2M~1

0+ _
TP ps @ = 2B ™ (M 1)1 (5.14)
and
0+ I e (1) y
Fg:r{ 2,ES (1‘) - Q(BTf)MM (2M - 1)'1' ) (5.15)
where
o (t n) _ 4tfn+1\/%k1ik§[<1 + k]) (1 + kg)]t+1

(£)2(n!)? exp (s + k2)

M+ 2,2 + 2
2F1<

1 b}
x T 2t—|—2,t—n+2;t+n+2;1>, (5.16)
t+n+§

and oF (+,+;+;+) is the ordinary hypergeometric function. If consider all
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the channel links with the same Rician distribution with parameter k, the

4b=ntl /rE2 (14k) 2D (2n+2,2t+2)
("2 (n!)? exp(2k) t+n+3

parameter is further derived as o (t,n) =

xoFy (2t+2,t—n+3t+n+5;1).
Proof. See Appendix C.2. O

Corollary 32. For the MS protocol, the PDF and CDF of the MFC channel
model are expressed as:

M, -
f0+ (.CU) — [U (07 0)] foTf !
rf 2,MS 2 <2Mrf — 1)'

m

(5.17)

and

0,0)]Mf
v s ?) oM, ; (2M,; — DI (5.18)

m

where M, g, + M, ;y = M to fully utilize the STAR-IOS elements.
Additionally, for the TS protocol, the PDF and CDF of the MFC channel

model are derived as:

[ (0,0) 2

0+
= 5.19
fg:nf Q,TS (x) 2(2M—1)' ( )

and
0,0)™

POt _ _0QOF v 5.20
ad |’ s (=) oM (2M — 1)1° (5.20)
Proof. The proof is similar to Lemma 11. O

5.2.3 CF Model

The third approximated channel model is denoted as the CF model. The
Matlab CF tool is exploited to mimic the channel model as an extant dis-
tribution. More specifically, independent channels of different STAR-IOS
elements are considered. Thus, the CF model approximately mimics the

channel model as a Gamma distribution. In a word, the CF model has
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wider using conditions compared to the aforementioned two channel model-
s, while it has new challenges.

Compared to the MFC, accurate diversity gains cannot be obtained by
the CF model as the CF model does not match the high SNR regions well.
Hence, the MFC is still irreplaceable for diversity analysis.

Compared to the CL model, the CF model has pros and cons as follows.
The advantage of the CF model is that it suits using consitions and it is
tractable for further derivation, i.e., the STAR-IOS-aided networks with few
elements and multi-cell networks'. Additionally, it even fits the condition
when the STAR-IOS elements are influenced by each other with different CF
functions. However, the disadvantage is that the CF model does not include
detailed mathematical derivations, and exploring an accurate distribution
may be challenging in some specific cases. Moreover, it is hard to ensure the
possibility of finding the best CF function to make it more accurate than the
CL model. Hence, the solution may select different channel models based

on specific conditions but not advocate exploiting anyone.

Remark 22. Compared to the using conditions of three channel models,
including the CL, CF, and MFC models, the CL model fits the condition
with large-sized STAR-10Ss while the CF model is extended to all the using
conditions with different curve fitting functions. However, these two models
cannot obtain accurate diversity orders. Hence, we figure out the MFC model

to derive accurate diversity orders.

Lemma 12. Utilizing the CF tool, it indicates that the combined channel
2
‘gg‘ is able to be simulated as the Gamma distribution with the coefficients

a and B. Under the ES protocol, the PDF and CDF for the CF model are

'The CL model cannot match STAR-IOS-aided networks with few elements. Hence,
a channel model needs to be exploited with few STAR-IOS elements. Additionally, the
channel models are expected to have exponential functions, which are tractable for multi-
cell networks as the Laplace transform is always utilized to calculate the interference.
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expressed as:

xo ! T
fg;{" 2 (x) = T (5. 5° @) (BB exp <_W> (5.21)
and
_(v525)
IFHOE ) (5.22)

where 7 (+,-) is the incomplete Gamma function and T'(-) is the Gamma
function. Based on the mathematical tool, it is observed with o« = M and
B <M, e.g., a=30 and S = 22.46 with the number of STAR-10S elements
M = 30. The detailed values of the coefficient 5 should be further calculated
by the Matlab CF tools.

2
Proof. Because of ‘gm ‘ = 5rf< > hRUthRm) with rf € {rfl,rfr}
representing the reflecting and transmlttlng links, the CF tool is first utilized

to mimic the variable of |gm ® as a Gamma distribution. Hence, the PDF of

’r

2
|gﬁ fl is expressed as:
T

a);a exp <—Z> . (5.23)

2
Based on (5.23), the final PDF and CDF of )gﬁ{’ are then derived as
(5.21) and (5.22) in this theorem and this proof ends. O

Remark 23. For the MS and TS protocols, the CF model expressions are
the same as the expressions for the ES model, while the coefficients should be
changed. In detail, the MS protocol has the conditions, denoted as oo = M, s,
and a = M, g for the transmitting links and reflecting links, respectively.
Additionally, we have the coefficient B,y = 1 as no energy allocation is
included. For the TS model, the channel model coefficients are expressed
as o = M and B,y = 1. The coefficient 3 under the MS and TS protocols
should be further determined by the Matlab CF tools.
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5.2.4 Comparison

In this section, let us compare the accuracy and complexity of the three
channel models. For diversity analysis, since the CF model and the CL
model have changed the channel distributions and do not match the high
SNR regions well [135], the MFC model has more accurate diversity orders?.
Additionally, as the MFC model exploits the Taylor series to derive the
asymptotic expressions, the complexity of the MFC model is the lowest

among the three models.

1 74
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0.7¢ |
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L
QO 05+ ]
o
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Figure 5.2: A CDF comparison between the CF model and the CL model
with various numbers of STAR-IOS elements.

Then, the CDFs of the CL model and the CF model are compared. For
accuracy, Fig. 5.2 demonstrates that the CL model is more accurate than the
CF model. Thus, the CL model has more accurate outage performance than

the CF model. For the complexity, as the CF model mimics the STAR-IOS

2As the CL model and the CF model have changed the distributions for the STAR-
IOS channels, they cannot fit the high SNR regions well. The MFC derives the original
distribution of the IOS channels, thus it has accurate diversity orders.
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channel as a Gamma distribution, the current methods can be exploited to
evaluate the outage performance, especially for multi-cell networks. Hence,
the complexity of the CF model on performance analysis is lower than the
CL model.

To sum up, the CL model is exploited to obtain the best accuracy of
outage performance. Additionally, the CF model is harnessed to obtain
tractable derivations (especially for multi-cell networks). Moreover, the M-

FC model is utilized to obtain accurate diversity gains.

5.3 Outage Performance Analysis

In this section, the outage performance of the STAR-IOS-aided downlink
NOMA network is investigated. More specifically, let us exploit the CL
model and the CF model to calculate the approximated expressions of the
OP for the reflecting and transmitting users.

In the following, the ES protocol is utilized to calculate the approximated
OP via the CL model and the CF model. The outage performance of the
MS protocol and the TS protocol is investigated with the same approaches
of Theorem 15 to Theorem 18, while the details are omitted due to space
limitations.

Based on the NOMA technique, the definition expressions of the outage

probabilities of the reflecting and transmitting users are first expressed as:

]P)out,rfl (.T) =1-Pr {’YSIC > ’Yis};lca Yrfl > 'YtO}?t} (524)

and

]P)out,rfr (i) =Pr {’er'r < 'Y,?}?t} ) (525)

where fygf C is the threshold for the SIC process, fyf,?ft is the outage thresh-
old. The closed-form OP expressions are then calculated based on the three

aforementioned models as follows.
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5.3.1 CL Model

As the channel model has been calculated in Lemma 10, the CL model is
first utilized to calculate the approximated OP expressions of the reflecting
and transmitting users. Recall that the power allocation coefficients as a, s,
and a,y; for the transmitting user and reflecting user, respectively. Based
on the OP definitions, the following expressions are obtained, denoted as
]Poumﬂ () = 1 when a,p < ’ytb;llcarﬂ and ]Pout,rfr () = 1 when a,p <
YthQrf1-

Recall that more energy is allocated to the reflecting user by the STAR-
IOS elements than the transmitting user. Hence, the reflecting user performs
as the strong user. With the SIC process, the OP of the reflecting user is
evaluated in Theorem 15. Without the SIC process, the OP expression of

the transmitting user is derived in Theorem 16.

Theorem 15. Note that the OP expression is expressed as P ot (x) =11n
the case of a,fr < ’ytshlcarﬂ. In the case of a,fp, > fyf}foarﬂ, the closed-form

OP expression of the reflecting user is derived for the ES protocol as:

o0
A(-1)"
[
Pgut,rfl = Z ; PE]
n=0nly/m (2n + 1) (21725 )

2n+1 G A 5
X Z <2n ! : " ( o ) Tmaxd%tR ) 2
ar rfl |
r={1,3,- 2n+1} " > 12 P.CrCRy
(5.26)

"/SICO'2 ,youto.Z L
th fo——, b }, Yt is the outage threshold and
a'r‘f’rf'yth arfl QArfl

where T max = max{
(:“L) = 7“!(7’7:17’)!'

Proof. See Appendix C.3. O

Theorem 16. Note that the OP is evaluated as P, .. () = 1 with the
case of arpr < Venarfr. Under the condition with a, ¢ > Yinarp and with the

aid of the ES protocol, the closed-form OP expression of the transmitting
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user 1s derived as:

00 2n+1
4(-1)" 2n+1
]P)glut,rfr = Z 2n+1 Z r

n=0 pl\/7 (2n + 1) <2anT) S !

ar [— 2n+1—r r
R: (h’é{;r) Tod® 2
X T BI%TfT ) (527)
2 +2 PtCBRCRU
Vot

where Yo = Pp——

Proof. With the aid of (5.1) and the Taylor series of the error function,

following the process of Theorem 15, this OP of the transmitting user is

derived as:
prir 4 | Xedipeo .
P (z) = - /Rﬂf i (=" “ Pi.CprCRy
: =
out,rfr VTR? [ o n!(2n+1) Qnggr
2n+1
Brfr . Yodptnzot
2 i ) €4 P.CprCir ;
—— x.
\/> 2n + 1 2nrfr

(5.28)

and this theorem is proved based on the binomial theorem. O

5.3.2 CF Model

As the CL theorem only fits the condition when the STAR-IOS is large with
plenty of STAR-IOS elements. For those with few STAR-IOS elements, the
CL model is not accurate. Hence, let us consider the CF model to cope with
this problem. Additionally, the CF model can be exploited in multi-cell net-
works since it is able to mimic the multi-cell networks as distributions with
an exponential function to calculate the Laplace transform of interference.
Note that Pouwﬂ () = 1 when a,f, < *yf;fcarﬂ and ]P’wt’rfr () =1

when a, ¢, < vina,p. Hence, in the following theorems, the OP expressions
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of the reflecting and transmitting users are calculated, respectively, when
the OP is not constantly equal to one. The OP of the reflecting user is
evaluated in Theorem 17. Then, the same channel model is utilized to
investigate the outage performance of the transmitting user in Theorem

18.

Theorem 17. Consider the condition that all the channels through different
STAR-10S elements are independent. Based on the CF model with the ES
protocol, the STAR-10S channel is modelled as a Gamma distribution. In
the case of a,pr > 'yglfcarﬂ, the closed-form OP expression of the reflecting

user is derived as:

IP)Cf B 9 i (_1)nRat(a+n) Tmaxd%tR otn
wbrfl T () &l (a+n) log (@ +n) + 2]\ PCprCHlBpB)
(5.29)

Proof. See Appendix C.4. O

Theorem 18. Consider the same condition in Theorem 17 with inde-
pendent channels generated by the STAR-IOS elements. In the case of
arpr > YenQrpr and with the aid of the ES protocol, the closed-form OP

expression of the transmitting user is derived as:

[e.@] n (e o+ [e7ANC L]
pef _ 2 Z (-1) Yodyp Rt (atn)+2 .
out,rfr (a) R? o n!(a+n) PtCBRCgUTBTfr/B ar(a+mn)+2
(5.30)
Proof. The proof is similar to the Appendix C.4. O

5.4 Asymptotic Outage Performance and Diversi-

ty Analysis

Based on the analysis, it is noted that the two models, namely the CL model
and the CF model, match the OP perfectly when the transmit power is not
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too large, while the performance in high SNR regions is not matched well.
When the aforementioned two models are verified, it is found that the two
channel models perform as upper or lower limits when the transmit SNR
is high enough. This is because both the CL theorem and the CF tool
have changed the distribution of the STAR-IOS channels. Hence, accurate
diversity orders cannot be obtained. Instead, the upper or lower boundaries
of the accurate diversity orders are received. To obtain the accurate ones,
the MFC model is exploited to calculate the asymptotic expressions of the
OP for the NOMA users under three protocols, i.e., the ES, MS, and TS
protocols. Then, the asymptotic expressions are harnessed to derive and
compare the accurate diversity orders among the three protocols.

In the following, the asymptotic expressions are derived by the MFC
model based on the ES, MS and TS protocols, respectively, which are shown
in the theorems from Theorem 19 to Theorem 20 and the corollaries from
Corollary 33 to Corollary 36. The diversity orders of three protocols are
then compared by the corollaries from Corollary 37 to Corollary 40 and
the remarks from Remark 24 to Remark 26.

5.4.1 Asymptotic Analysis on the MFC Model

Based on the ES protocol, the closed-form asymptotic OP expressions for the
reflecting user and the transmitting user are derived in Theorem 19 and
Theorem 20, respectively. Then, the asymptotic outage expressions are
derived based on the MS and TS protocols by Corollary 33 and Corollary
36 in the following.

5.4.1.1 The Reflecting User

With the consideration of the ES, MS, and TS protocols, the asymptotic

expressions of the OP for the reflecting users are first derived in the following.

Theorem 19. Note that all the channels for different STAR-1IOS elements
are independent. Additionally, it is tractable to calculate that the outage

situation always happens for the case as apf, < ’ytshlcarﬂ. Under the ES
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protocol and considering a,p. > yﬁfcarﬂ, the closed-form asymptotic OP

expression for the transmitting user is derived as:

M
mf,ES [U (Oa 0)]MRatM Tmaxd%tR
outirfi (L) = —— ). (5:31)
M (M +2) (2M — 1)!(B, 1) \ BCprCH

Proof. Since the CDF of the STAR-IOS channel model has been derived
via the MFC method in Lemma 11, by substituting the CDF of the MFC

model into the equation (5.24), the integration is obtained as:

R T A%t o
pmhES (. :/ Fooo | —mxEBRY ) e ) de
out,rfl( ) 0 PtCBRCEJZ dRU( )

M Tmaxdat M R _a:M+1
___ [0(0,0)] ( BR / < dz. (5.32)
0

gnlt

M (2M — )8, p)" \ P.CrrCH R?
By calculating the integration fOR xaﬁﬂdx = %, the final expres-
sion is obtained. O

Corollary 33. For the MS protocol, the asymptotic OP expression is derived

as:
M1 poy M, o3 My g1
mf,MS (.’L‘) — [U (07 O)} R ik TmaXdBR (5 33)
out,r fl Mrﬂ (OdtMTfl + 2) (QMTfl — 1)! PtCBRC;{]g
Proof. The proof is similar to Theorem 19. O

Corollary 34. For the TS protocol, the closed-form asymptotic OP expres-

sion 18 derived as:

0.0 MRO“M T 4 M
out,r fl M (oM +2) 2M = 1)1\ pCprCt!

Proof. The proof is similar to Theorem 19. O
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5.4.1.2 The Transmitting User

Then, the asymptotic OP expressions of the transmitting user are derived

based on the ES, MS, and TS protocols in the following.

Theorem 20. Note that the OP for the transmitting user is constantly equal
to one when a, . < Yyparp. Hence, consider a,p. > Vinarp and derive the

closed-form asymptotic OP expression for the transmitting user as:

M poy M 3 M

mf,ES _ [G (07 0)] Rt TZdBR

P (x) = : - Lol (5:35)
M (oM +2) (2M — 1)!(B,5,)™ \ P.CprCrE

Proof. By substituting the CDF of the MFC model in Lemma 11 into
(5.25), the OP of the transmitting user is expressed as:

M
prres _ [0 (0,0)" Tl ) [P e o)
I (B )M M (2M — 1)\ P,CprCHT o B

and this integration can be easily calculated to obtain the final expression.

O]

Corollary 35. For the MS protocol, the asymptotic OP expression for the

transmitting user is derived as:

Mrfr
mf,MS (IE) — [O (07 0)]MTfTROétMrfr T2d%tR (5 37)
out,r fr Mrfr (atMrfr + 2) (2Mrfr — 1)' PtCBRCEJ;]T
Proof. The proof is similar to Theorem 20. O

Corollary 36. For the TS protocol, the asymptotic OP expression for the

transmitting user is derived as:

M pogM Qs M
P . () i 22n ) (5.39)
out,r fr M (atM + 2) (2M - ]-)' PtCBRC;ZJ;JT

Proof. As the proof has been provided in Theorem 20, the proof is omitted.
O
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5.4.2 Diversity Analysis

After deriving the asymptotic expressions for the ES, MS, and TS protocols,
the diversity orders for the reflecting user and the transmitting user are then

derived by the following remarks and corollaries.

5.4.2.1 The ES Protocol

The diversity orders of the reflecting and transmitting users are first ex-

pressed based on the ES protocol as follows.

Corollary 37. Denote the transmit SNR as py — o0o. For the ES protocol,
the accurate diversity order of the reflecting user is derived as:
ES
log [IP’ZZ;’;T 1 (Pt)]

dEs — — 1 = M. 5.39
T T BT Tog () (539

where py = P;/o?

Proof. As IP’Z;{’T 71 (pt) is expressed as PZL];EE (p) = Ap; M, where A is the

. L. . . log[Ap;M]
constant without p;. Hence, the limit is calculated as d,. ;; = — p}gnoo ~losla
= M and this proof ends. O

Corollary 38. Let us assume the transmit SNR as py — oo. For the ES
protocol, the accurate diversity order of the reflecting user is derived as:
ES
log [PZLL{,Tfr (pt)}

dES = — 1 = M. 5.40
rfr ptl—r>noo log (pt) ( )

Proof. The proof is similar to Corollary 37. O

Remark 24. As for the ES protocol, the diversity orders for the reflecting
and transmitting user are equal to M, which is the total number of the

STAR-IOS elements.
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5.4.2.2 The MS Protocol

The diversity orders of the reflecting and transmitting users based on the

MS protocol are then derived by the following remarks.

Corollary 39. Consider the transmit SNR as py — oo. For the MS protocol,
the accurate diversity orders of the NOMA users are derived as:
MS
log {PZZJ;T fl (Pt)]

dMp = — li =M, 5.41
rft P log (pt) rit (5.41)

and
log [Pm’;’MS (pt)}
. out,r fr
dMy = — 1 = M, . 5.42
rfr ptgnoo log (Pt) f ( )
Proof. The proof is similar to Corollary 37. O

Remark 25. As for the MS protocol, the diversity orders for the reflect-
ing and transmitting user are equal to M,¢, where rf € {rfl,rfr} for the

reflecting links and transmitting links, respectively. This value is the active

number of the STAR-IOS elements.

5.4.2.3 The TS Protocol

Additionally, the diversity orders of the reflecting and transmitting users

according to the TS protocol are derived.
Corollary 40. With the assumption of the transmit SNR, denoted as ps —
oo, the diversity order for the TS protocol is calculated as:

dif =dff. =M. (5.43)

which is the number of the total STAR-1I0S elements.

Remark 26. When the diversity orders of the three protocols are compared
in Table 5-A, it is concluded that the diversity order of users is equal to

the number of active STAR-1I0OS elements. For the ES and TS protocols,
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Table 5-A: Diversity orders for different STAR-IOS protocols.

Protocol The TS Protocol | The ES Protocol | The MS Protocol
Diversity Orders M M M,
10°®
107"
elements M = 20
310727 The number of 10S
S elements M = 30
© , -
9 10 75 Simulation results: Reflecting user
o « Simulation results: Transmitting user
Q107 -v-CL: Transmitting user with M = 20
fo = CF: Transmitting user with M = 20
8 _s|&-CL: Reflecting user with M = 20
107 4 CF: Reflecting user with M = 20
- CL: Transmitting user with M = 30
10781+ CF': Transmitting user with M = 30
+#-CL: Reflecting user with M = 30
_,|><CF': Reflecting user with M = 30

10100 102 104 106 108 110 112 114

Transmit SNR p, = P,/0? (dB)

Figure 5.3: Comparisons between the CF model and the CL model based
on the ES protocol.

all the STAR-IOS elements are fully activated, thereby the diversity order
is high. However, for the MS protocol, the active STAR-IOS elements are
split into two portions to be exploited to reflect or refract signals. Hence, the
diversity orders of the MS protocol generally cannot match the transmitting

and reflecting gain of the ES or TS protocol.

5.5 Numerical Results

This section presents the numerical results for the outage performance of
users. More specifically, the Monte Carlo simulations validate: 1) the ana-

lytical closed-form expressions based on the CL model and the CF model,
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The active IOS number M

Figure 5.4: OP v.s. the number of STAR-IOS elements with various STAR-
10S deployment radii.

and 2) the diversity orders based on the MFC model with three proto-
cols, namely the ES, MS, and TS protocols. Unless otherwise stated, the
numerical coefficient settings are defined as follows. The noise power is
0? = —170 + 10log (f.) + Ny = —90 dB, where Ny is 10 dB and the carrier
bandwidth f. is 10 MHz. The transmit power P, varies in [10,24] dBm. The
path loss exponent is oy = 2.4. The outage threshold and the SIC threshold
are equal as ’ytShI C = 'yf;jt =201

BS are a,¢ = 0.6 and a,; = 0.4. The ES coefficients for the ES protocol
are frfr = 0.3 and B, = 0.7. The distance from the BS to STAR-IOS is

— 1. The power allocation coefficients of the

dpr = 100 m. The other coefficients are varied and specifically defined in
the following paragraph.

In Fig. 5.3, let us further define the number of STAR-IOS elements as
M = {20,30} and the radius of STAR-IOS deployment area as R = 20
m. Then, the outage performance versus the transmit SNR p; = P;/o?

is investigated. Omne observation is that increasing the number of STAR-
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Figure 5.5: OP v.s. the transmit SNR for different channel models, including
the CF, CL, and MFC models.

10S elements is able to significantly increase the performance of NOMA
users, which is because a large number of STAR-IOS elements provide well-
integrated signals to enhance the channel quality.

In Fig. 5.4, the coefficients are defined that the number of STAR-IOS
elements varies in M = [10,30] and the radius of STAR-IOS deployment
area is chosen from R = {20,30} m. Hence, the outage performance versus
the number of STAR-IOS elements is evaluated. It is observed that reducing
the STAR-IOS deployment range enhances the performance as it reduces the
influence of path loss. Comparing Fig. 5.3 and Fig. 5.4, it is concluded that
the two channel models match the low SNR regions better than the high
SNR regions. Specifically, the CF model performs as a lower bound of the
simulation results while the CL model is an upper bound.

With the same settings of Fig. 5.5, let us compare the outage perfor-
mance of the ES, T'S, and MS protocols versus the transmit SNR in Fig. 5.6.
Additionally, the outage performance of the NOMA and OMA techniques
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Figure 5.6: OP versus the transmit SNR to compare the NOMA technique
and the OMA technique.

is compared in Fig. 5.6. One observation is that the TS protocol performs
the best but it cannot serve two users in the same resource block. To serve
two users in the same resource block, the ES protocol outperforms the MS
protocol as the ES protocol integrates more STAR-IOS elements for each

user to achieve higher diversity gains than the MS protocol.

5.6 Conclusions

This chapter has proposed three channel models of STAR-IOS channels and
evaluated the outage performance of a STAR-IOS-aided downlink NOMA
framework with randomly deployed users. More specifically, the CL model
and the CF model have been exploited to derive the closed-form OP expres-
sions and exploited the MFC model to derive the diversity gains under the
ES, MS, and TS protocols, respectively. The analytical results have revealed

that 1) the CL model has the closed-form expression as the manipulation
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Figure 5.7: OP versus the transmit SNR to compare different protocols,

including the ES, TS, and MS protocols.

of error functions; 2) the coefficients of the CF model have the relationship

with the number of STAR-IOS elements as o = M and 5 < M; and 3)

the diversity gains under three protocols are equal to the active number of
STAR-IOS elements. Numerical results have shown that: 1) STAR-IOSs
enhance the channel quality of its aided user; 2) the CL model and the CF

model perform as boundaries of the simulation results in high SNR regions;

3) the TS protocol has the best performance but it cannot serve two users

in the same resource block; and 4) the ES protocol outperforms the MS

protocols in the same resource block.



Chapter 6

Semi-Integrated Sensing and
Communication: From OMA

to NOMA

To consider a practical scenario having high BE, Semi-ISaC networks are
advocated, where the bandwidth is split into three portions, namely the
communication-only bandwidth, the radar-echo-only bandwidth, and the
ISaC bandwidth. Since the NOMA and ISaC concepts match each oth-
er harmoniously, this chapter commences by investigating an OMA-based
Semi-ISaC network first and then evolves it to a NOMA-based scenario. The

main contributions are summarized as follows:

e The novel philosophy of Semi-ISaC networks is proposed, where the
total bandwidth is split into three portions: the communication-only
bandwidth, the radar-echo-only bandwidth, and the ISaC bandwidth.
Both the OMA-based and the NOMA-based Semi-ISaC scenarios are
defined. Additionally, three parameters (semis Bsemi, and €semi) are

exploited for controlling the bandwidth of different scenarios.

e The performance of the OMA-based Semi-ISaC networks is evaluated.
As for communication signals, the closed-form expressions of the OP
and the ergodic rate are derived. As for radar echoes, the ergodic

REIR is characterized.

e The performance of NOMA-based Semi-ISaC networks is also investi-

133
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gated. This chapter considers two scenarios to clarify the deployment
of a pair of users. For each scenario, the closed-form expressions of the
OP for the communication signals (for both the communication trans-
mitter and the radar target) are first derived. Then, the ergodic rate
expressions of the communication signals are derived. The closed-form
analytical expressions of the ergodic REIR for the radar echo are also

calculated.

e The asymptotic performance of the NOMA-based Semi-ISaC networks
is evaluated. Based on the asymptotic expressions, this chapter gleans
some further insights. First, the asymptotic expressions of both the
OP and of the ergodic REIR are derived, followed by deriving both the
diversity orders of communication signals and the high-SNR slopes for
characterizing the radar echoes. As for the diversity orders, analytical
results indicate that the near user’s diversity order is m, which is
the parameter of Nakagami-m fading channels, while the far user’s
diversity gain is zero. As for the high-SNR slopes of the ergodic REIR,
it is observed that the high-SNR slope is related both to the radar’s
duty cycle and to the pulse duration during its transmission from the

BS to the radar target.

e Numerical results illustrate the following conclusions. 1) For the com-
munication signals, increasing the line-of-sight (LoS) component’s pow-
er enhances the outage performance. 2) For the radar echo, dense
pulses emerging from the BS enhance the performance of radars. 3)
The high-SNR slopes of the radar echo are also related to the radar’s

duty cycle and pulse duration, separately.
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Figure 6.1: Tllustration of the NOMA-based Semi-ISaC system.

6.1 System Model

This chapter focuses the attention on an uplink (UL) Semi-ISaC system?,
which includes a BS, a communication transmitter, and a radar target?.
The BS is equipped with an active, mono-static, pulsed radar that exploits
the intervals of pulses to detect the radar targets. A single-input-single-
output (SISO) model is considered. It is assumed that the radar target also
has communication functions, as exemplified by cars or UAVs. To design
the Semi-ISaC system, the total bandwidth B is split into three portions,
including the bandwidth for wireless communication (denoted as By ), the
bandwidth for ISaC (denoted as By), and the bandwidth for radar detection
(denoted as Br). Three coefficients, denoted as (asemi, Bsemis and €semi),

are defined for controlling the bandwidth of different scenarios as:

B = agemi B+ 6semiB + €semi B . (61)
—_—— —— Y——
Br By Bw

where Qgemi € [07 1]5 Bsemi € [Oa 1]7 €semi € [0, 1]5 and Asemyi +ﬂsemi + €semi =
1.

!The “uplink” means that the wireless communication users send signals to the BS.
The radar sensing pulses will still be sent by the BS, reflected by the radar target, and
finally received by the BS.

2This chapter assumes that the radar target passively reflects the pulses sent by the
BS to indicate the parameters of the radar target, such as range, cross-section, etc. For
further information, the radar targets will use the communication function to send signals
to the BS in the uplink channels.
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Before introducing the Semi-ISaC channel model, let us highlight the

assumptions as follows:

e 1) There is only one radar target located in the serving area of the BS.
Other radar targets are served by the BSs of other cells, and hence are

ignored in the analysis.

e 2) Based on prior observations, the BS is capable of accurately pre-
dicting and estimating the time delay of radar echoes to avoid syn-

chronization errors.

e 3) The range resolution of the radar system is sufficiently accurate for

avoiding the interference between two radar targets.

e 4) The range fluctuation is interpreted as a time-delay fluctuation

modeled by the Gaussian distribution [54].

e 5) The cross-section of the radar target is represented by a constant
parameter, denoted as orcg. The Doppler shift estimation is perfect

for the radar target in order to predict and correct the waveforms.

6.1.1 Frequency-Division (FD) ISaC, OMA-Based Semi-ISaC,
and NOMA-Based Semi-ISaC

This subsection presents the fundamental concepts and definitions of the
conventional (FD) ISaC, OMA-based Semi-ISaC, and NOMA-based Semi-
ISaC.

6.1.1.1 FD ISaC

The benchmark is the FD ISaC having the coefficients of agemi=0, Bsemi=1,
and €4em; =0. The total bandwidth B is exploited for the ISaC scenario. The

users are assigned to orthogonal resource blocks.

3This assumption is only used for the case when there are more than two radar targets
in the serving area of the BS. If there is only a single radar target in the serving area, this
assumption can be neglected.
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6.1.1.2 OMA-Based Semi-ISaC

The total bandwidth B is split into three portions with the constraints in Eq.
(6.1) as asemi € [0, 1], Bsemi € (0, 1], €semi € [0, 1], and asemi+ Bsemi+€semi =
1 (which means SBgemi # 0). In the ISaC bandwidth, SIC is utilized for
extracting the radar echo and communication signals from the superimposed
signals, while SIC is not utilized to support detecting multiple users with
same function. The following part of this chapter considers a two-user case,
namely the user A and B. As the radar-echo-only bandwidth (Bpg) has no
communication signal, OMA is used both in the ISaC bandwidth (By) and
in the communication-only bandwidth (By). Hence, By and By are further
divided into two OMA sub-bands for the two users, respectively. As shown
in Fig. 6.1. (e), the total bandwidth is finally divided into five parts,
including the radar-echo-only bandwidth Bpg, the ISaC bandwidth for user
A (B;/2), the ISaC bandwidth for user B (Bj/2), the communication-only
bandwidth for user A (By/2), and the communication-only bandwidth for
user B (By/2).

6.1.1.3 NOMA-Based Semi-ISaC

As indicated at the top of Fig. 6.1. (e), the total bandwidth is split into
three portions (By, By, and Bg) subject to the same coefficient constraints
as the OMA-based Semi-ISaC. However, the wireless communication in the
bandwidth By and By relies on NOMA instead of OMA. As exemplified by
a two-user case, the communication signals of the two users share the same
bandwidth instead of being split into two OMA sub-bands. Additionally, the
NOMA-based Semi-ISaC system has to activate SIC in the ISaC bandwidth
twice to obtain the radar detection information, while the OMA-based Semi-
ISaC scenario only once.

Since the deployment of users directly influence the SIC-based detection
orders, two specific deployment scenarios are considered: i) A near commu-
nication transmitter is paired with a far radar target, termed as Scenario-I;

and ii) A far communication transmitter is paired with a near radar target,
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referred to Scenario-II. In the following sections, the system performance

based on these two scenarios is evaluated.

6.1.2 Channel Model

This section provides the signal models of the radar target and the com-
munication transmitter in terms of the small-scale fading, the large-scale

fading, and the SIC orders.

6.1.2.1 Small-Scale Fading

The path loss model and small-scale fading model are defined in this sub-
section for both the radar and communication links. As the ISaC channel-
s are hosted in the mm-wave band, it is assumed that Nakagami-m fad-
ing is encountered both by the radar and communication channels [123].
The probability density function (PDF) can be expressed as S () =
{”(—nﬂ;)xm_l exp (—mz), with m being the Nakagami-m shape parameter and
its mean value being one. As seen in Fig. 6.1. (a)-(c), the subscript
i ={(r,d), (r,u),r, c} represents different small-scale channel gains, where
|hy.al® and |hy.,|* are those of the downlink (DL) transmission and the UL

echo of the radar target, |he|® is that of the transmitter’s UL communication

signal, and |h,,|2 is that of the radar target’s UL communication signal.

6.1.2.2 Large-Scale Fading

The path loss models of radar echoes are different from that of communi-
cation signals. Assume that the distance between the BS and the commu-
nication transmitter is d. and the distance between the BS and the radar
target is d,.. For the communication channels, the path loss model follows

the conventional model of

Pc (dc) - Gccc(dc)_ac7 (62)
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where a, is the path loss exponent of communication links, C, = ( 47ffc)
is associated with the reference distance of dg = 1 m, the speed of light is
c = 3 x 10% m/s, and the carrier frequency is f.. The antenna gain is valued
as G, = 1 for single-antenna systems.

This chapter uses different coefficients but presents the path loss function

of the radar echoes in the same form as in Eq. (6.2):
Py (dy) = G,Cr(dy) ", (6.3)

where «, is the path loss exponent of the radar echoes with a,, = 4 rep-

resenting the free-space scenario [123]. The parameter C, = onos)” g the

(4m)°
reference-distance-based intercept, A is the wavelength of the carrier, and
ORCS = % is associated with the target radar cross section, where S, is

the power density that is intercepted by the target and S; is the scattered
power density at the reference distance of dy = 1 m [123]. The antenna gain,

denoted as G, = 1, is also obtained for single-antenna scenarios.

6.1.3 SIC-Based Detection Orders for NOMA

The SIC processes of the conventional NOMA system and the NOMA-based
Semi-ISaC system are different. For the conventional NOMA system, the
BS only receives signals at two different power levels, when a two-user case
is considered, where the near user receives more power and is detected first
compared to the far user*. For the Semi-ISaC NOMA-based system under a
two-user case, the BS receives a superposition of various signal components,
including the communication signal from the radar target, the communica-
tion signal from the communication transmitter, and the radar echo reflected
by the radar target. As the BS is capable of estimating the radar echo, the
estimated radar echo can be subtracted from the superimposed signals to

reduce its interference inflicted upon other communication signals. Hence,

4 As fixed power allocation, the path loss has more dominant effects than the small-scale
fading, as the average performance is considered. Thus, this paper consider the near user
to be the strong user [126].
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the communication signals detected from the two users have higher power
levels and thus higher priority than the radar echo. As a consequence, it is
better to fix the SIC-based detection order of the radar echo to be the last.
For the two communication signals, the near user’s signal is detected first

and the far user’s signal is detected at the middle stage [54].

6.1.4 Signal Model

This chapter aim to support the communication function, but to also add
the sensing function into the ISaC system. Since communication signals
convey more data than radar pulses over a long period, the communication
signals will have high-priority SIC detection orders than the radar echoes.
In this case, let us fix the radar echo as the last stage of the SIC detection.
If the radar echo has a higher power level than those of the communication
signals, they will inflict excessive interference. Hence, a predicted radar echo
from the integrated signals is subtracted to ensure the radar echo’s power
level as the lowest [54]. In this model, both OMA and NOMA cases need
SIC to split the communication signals and radar pulses. Hence, for both
OMA and NOMA cases, subtracting the predicted radar echo may enhance
the SIC success rate and then enhance the performance.

Assume that the BS has known the pulse type that was sent to the radar
target and acquired prior observations to evaluate the predicted range of the
radar target’s position. If the radar pulses are regularly sent to the radar
target but broadcasting as a fixed frequency, the BS is able to calculate the
predicted radar echo based on the prior observations. Naturally, the uncer-
tainty in the positioning directly corresponds to time delay fluctuations in
radar systems [54]. As stated in the assumptions, the time delay fluctuation
7 obeys a Gaussian distribution with the variance of 02 = E [|7’ — Tpmﬂ,
where E[] is the expectation. Based on [54], the average power level of

the radar echo is derived by considering the uncertainty in the positioning
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decision as:
E ||z(t — ) — 2(t — Tpre) |*| = V2 BomiB 02, (6.4)

where the radar has the pulse for a flat spectral shape, denoted as v? =
(27)2/12. The variance 7 is the observation of the time delay for the radar
target and 7, is the predicted value of 7.

Since the SIC-based detection order of the radar echo is fixed to be the
last, a drawback has to be tolerated, namely that when the radar echo has a
high received power level, the ISaC system may face eroded performance, s-
ince the radar echo is regarded as interference for the communication signals
in the SIC step. To mitigate this, the predicted target range is exploited
to generate a predicted radar return and subtract it from the superimposed
signals [54]. Assume that the predicted radar echo is accurate enough for the
SIC process. By harnessing this approach, the performance of the commu-
nication system is improved. Hence, the received superimposed aggregate

signal v(t) is expressed as:

0 (t) = he/PoPe (do) () + hoe /P Pe (dy)y (1)

s Sr

+ by ghru/ PesPr (dy) [x (t —T) — 2 (t — Tpre)] +1(2) (6.5)

€r

where s. is the communication signal received from the UL communication
transmitter at the BS, s, represents the communication signal received from
the radar target at the BS, and e, is the radar echo reflected from the radar
target impinging at the BS. Additionally, P. and P, are the UL transmit
power of the communication transmitter and the radar target, respectively.
Moreover, Pgg is the DL transmit power of the BS used for radar detection.
Finally, n (t) represents the noise having a variance of 0 = kgTempBsemi B,
where kp is the Boltzmann constant and Tj,,, is the absolute temperature.

Based on the assumptions and derivations above, the signal models of

the OMA-based Semi-ISaC and NOMA-based Semi-ISaC are presented in
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Table 6-A: Notation of Parameters

P (de) = Ce(d) P (dy) = Cp(dy) "
p)
_ c _ oRrosA?
A _(<P4m;3>(d )72 BRei B20% 07 o
m r\dr Bfoi+o e echo
Q=T Er1 = 2T Bsemi By;"
o0 2 m
Q(m):%fx exp (—%) dy Cm =n!/(m!(n —m)!)
_PBSGrCr(d'r')iaT'YzﬁgemiBQU?— o
a1= a2

GcCe(de) ¢ _ GeCe(de)~ ¢

as = PBSGTCT’Y2ﬂ§emiB2U72' a :(dr)iac
1T GeCeldr) "e(dn)T 37 (do) =0
by = PpsGrCry ﬁsemiB oz ar = o2
! GeCeldy) ¢ >~ GeCe(dr) °°
2 (de) ™
b = g — b - < —
- el
_ m(ai+a2 __ m(b1 + b2
M="p" As =775
Ay = m(a;gj‘%) <VSIC]*;C13H- + 1) As = I”’Yszc(lil + b2)

A= 2 (a +as) (@—icpcbg + 1)

the following part. Additionally, the notations of parameters are also sum-

marized in TABLE 1.

6.1.4.1 Communication Signals for OMA-Based Semi-ISaC

The SINR expression of the communication transmitter and the radar target

is expressed as:

oma _ PPe(dy) |yl

= , (6.6)
! PpsP;, (d)|g:* + o2

where j € {c, r} represents for the communication transmitter and the radar

target, respectively. The channel fading parameter is denoted as:

1901 = 1Rl 72 Bemi B2 7. (6.7)
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6.1.4.2 Communication Signals for NOMA-Based Semi-ISaC in

Scenario-1

For Scenario-I, the communication transmitter is the near user, whose sig-
nals is detected first. Given the different power levels, the BS directly detects
the UL signal received from the communication transmitter by considering
both the communication signals and the radar echo of the radar target as in-
terference. Hence, the SINR of the communication transmitter is formulated

as:

Transmitter’s Communication Signals

—_——
PCpC (dc) ’hc|2

P,Pe(dy) [ * + PysPr () |g:> + 02

Radar Target’s Radar Echoes Noise
Communication Signals

T = (6.8)

By subtracting the signal of the communication transmitter from the
composite signal by the SIC remodulated process, the SINR of the commu-

nication signals for the radar target becomes:

Radar Target’s Communication Signals

—_——t
PP, (dy) |he)?
SePPe(de) [hel® + PosPr (d,) gr | + 02

SIC of Transmitter’s Radar Echoes Noise
Communication Signals

"= (6.9)

where 0 < ¢, < 1 represents the imperfect SIC while ¢, = 0 corresponds to
the perfect SIC.
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6.1.4.3 Communication Signals for NOMA-Based Semi-ISaC in

Scenario-II

For Scenario-II, the near user is the radar target. Thus, the BS firstly detects

the communication signals of the radar target, yielding an SINR of

Radar Targets’s Communication Signals

—
PP, (d,) ||
. P () || e (610)
Pcpc (dc)‘hc‘ +PBS7D'I“ (dT) |g7“‘ +\J _

Noise

Transmitter’s Radar Echoes
Communication Signals

Following the (perfect/imperfect) SIC process, the SINR of communica-

tion signals for the communication transmitter becomes:

Transmitter’s Communication Signals

Y
1 P:Pe (de) |he|*
Te = 5 5 5 (6.11)
gTPTPC (dr) |h7”| + PBSP’I“ (dr) |gr| +. 0
SIC of Rad; Targets’s Radar Echoes Noise

Communication Signals

where 0 < ¢, < 1 represents the imperfect SIC while ¢, = 0 corresponds to
the perfect SIC.

6.1.4.4 Radar Echoes for OMA and NOMA

Since this chapter aims to ensure the priority of communication signals, the
radar echo is simply left behind after the last SIC stage. With the aid of
SIC, the SNR is expressed as:

Radar Echoes

—_— N
echo PpsP; (d, 97‘2
qecho _ Prld)lol (o)
SePePe (dc) ‘hc’ + P Pe (dT) ‘h7”| +o

SIC of Communication Signals

For the equation above, both the NOMA and OMA cases associated with
perfect SIC have ¢. = 0 and ¢, = 0. The NOMA case with imperfect SIC
has 0 < ¢. <1 and 0 <. < 1. The OMA case with imperfect SIC has two
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combinations: 1) 0 < ¢. < 1 and ¢, = 0 for the communication transmitter’s
subchannel and 2) ¢. =0 and 0 < ¢, < 1 for the radar target’s subchannel.

Sections III to V will consider the ergodic REIR as the metric for char-
acterizing the performance of the radar detection system. This metric is

directly related to v derived above.

6.1.4.5 Perfect or Imperfect SIC

This chapter aims to first propose the Semi-ISaC network to enhance the
multi-functional connectivity, hence perfect SIC schemes are exploited to
investigate the performance of upper bounds (¢. = 0 and ¢, = 0). Based on
the derivations in Sections III to V, some insights are obtained to indicate
the properties of the Semi-ISaC network. As for the imperfect SIC scenarios,
a figure will be drawn in the simulation part to compare the performance
between the upper bounds and practical scenarios. The analytical derivation
and investigation of imperfect SIC cases can be extended by this model and

will be left for the future work due to the strict limitation of space.

6.2 Performance Evaluation for OMA-Based Semi-

ISaC

This section evaluates the OMA-based Semi-ISaC networks. Again, two
performance metrics are adopted, namely the OP and the ergodic rate, for
communication signals. Likewise, the ergodic REIR is adopted as the per-

formance metric for the radar echoes.

6.2.1 Performance Evaluation for Communication Signals

This subsection aims to investigate the performance of communication sig-

nals. Before that, the average interference strength is first evaluated.

Lemma 13. To simplify the expression of interference (radar echoes), let

us introduce the shorthand of Ir = PpsP (d;)|hyd 2|y |?42B%02. The
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expectation of interference is expressed as:
E [Ig] (dr) = PpsPr (d) 7 Brepi B o7 (6.13)

Proof. Given the definition of expectation and the distribution of Nakagami-

m fading channels, the expression of interference is presented as:

o\ 2
E (5] (d;) =PesPy (d) 1252 B0 (F”Zm)

X / "™ exp (—mzx) dm/ y"™ exp (—my)dy, (6.14)
0 0

and with the aid of Eq. [2.3.3.1] in [127], this lemma is proved. The detailed
proof is expressed in Section I of [136]. O

In the OMA-based Semi-ISaC network, the OP of the communication sig-
nals is defined as IF’?M A= Pr {nyOM A< ’ytOhM A}, given the threshold 'ytOhM A
The achieved rate is defined as R?MA = %logQ (1 + ’ijMA). Theorem 21
provides the closed-form expressions of both the OP and the ergodic rate

for communication signals in the OMA-based Semi-ISaC network.

Theorem 21. Upon introducing the subscript of j € {¢,r} for representing
the communication transmitter and the radar target, the expression of the

OP and that of the ergodic rate are derived respectively as:

ponra _ 7 (m i) (6.15)
’ I'(m) '
and
1 m—1
OMA __
R; T 92 Z exp () Er4x (), (6.16)
k=0
m - (dre 222 . 20,2 0.2 . .
where Q= (PssP (dpi;)ﬁzej’)’”B s ), ['(z) is the Gamma function, v(a,b)

is the incomplete Gamma function, and E,, (-) is the generalized exponential

integral.
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Proof. The OP is derived by exploiting the CDF of the Gamma distribution,

y(m,mx)

denoted as F; b |2 2 (x) = () Addltlonally, the ergodic rate is derived by

exploiting vy (m,t) = (m — 1)! — exp (—t) Z %tk, I'(—k,Q) = ElB’Z(Q),
k

and [;° 1+x exp (—bzr) = exp (b) xI'(a+1)T (—a,b), where I'(a,b) is the
incomplete Gamma function. The detailed proof is presented in Section II

of [136]. 0

6.2.2 Performance Evaluation for Radar Echoes

Again for radar echoes, the authors of [54] have proposed the REIR metric
to evaluate the performance of radar targets. The REIR is analogous to the
data information rate of the communications system. This is the calculated
estimation rate of the parameters (range, cross-section, etc.). A higher REIR
means better performance for radar detection. Let us represent a clear

relationship between the REIR and the SNR 75", presented as:

0 h
< echo )
Rest X 2T10g2 ( + QTBsesz’Y > (6 17)

2

echo __ PBS,PT(d’“)‘thd| |hT»“|272B§emi32072'
= )
o

where ¢ is the SNR for the radar echoes
of the radar target, T is the radar pulse duration, and ¢ is the radar’s duty
cycle. The ergodic REIR is then used for quantifying the average radar
estimation rate, which may be viewed as the dual counterpart of the data

information rate, presented as:
0 echo
Rest <E | =log (14 2T BuemiBE™) | (6.18)

The following expression shows the relationship between the REIR and
radar estimation. Note that the time-delay estimation is a basic range

measurement, denoted as o2 The REIR metric is characterized by the

T,est*

Cramér-Rao lower bound (CRLB) of the radar estimation (range measure-
2

ment) [137,138], denoted as 02 ., = 57— "=—ms. First, the definition of

T,est 2T Bsemi Bygeho
the REIR is Rest < % where H,  is the entropy of received signal,
it
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denoted as H;, = %logQ [2me (02 + UZ’eSt)}, H. . is the entropy of errors,

denoted as H.,, = %logQ [27760’2 ], and Ty = T'/0 represents the bits per

T,est
pulse repetition interval. Hence, the REIR can be derived by substituting
the CRLB into the definition equation. It is also concluded that the REIR

is strongly influenced by the radar’s time-delay estimation.

6.2.2.1 Equivalent Radar Channels

The radar channel may be considered as a pair of independent serially con-
catenated links, constituted by the DL channel spanning from the BS to
the radar target and the UL channel reflected from the radar target back to
the BS. Thus, the equivalent small-scale channel gain may be expressed by
\hmq\Q = \hr,d|2\hr7u\2. The distribution of |hf,«,eq]2 is first derived in Lemma

14 and the ergodic REIR is then given in Theorem 22.

Lemma 14. If the UL and DL channels are Nakagami-m fading channels,
the PDF and CDF of the equivalent channel gain is expressed as:

2m2m m—1
S (2) = Wz Ko (2my/z) (6.19)
and
21 2.1
Fip, o2 (2) ¢ (m$|m’m’°>, (6.20)

where K (-) is the modified Bessel function of the third kind and G’y (

o)

is the Meijer G function.

Proof. The above PDF and CDF are derived by the following equations
_ 1,20 (22 ] - mn (ap)\ _ mn (ap)+p T _m—1

s Ko@) = 3638 (% [y ) 20 (=[G ) = G (= [y ), o =

X G3Y (m2z |y dz = 2™ G2 (mzy ‘});{";m), and Eq.[2.3.6.7] in [127]. The

comprehensive proof is presented in Section III of [136]. O
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6.2.2.2 Ergodic REIR

Based on the equivalent channel distribution, the ergodic REIR of the radar
echoes will be derived in Theorem 22. This subsection will also exploit
Corollary 41 to evaluate the performance under the Rayleigh fading chan-

nels.

Theorem 22. For the analytical results of the radar echoes, the expressions

of the ergodic REIR are formulated as:

Qdar
1 ) >~ 1 G%% (mEri z in,m,O)
RV = 1 : dz, (6.21)
0

9T (2) Jo 2+l | (T (m))?

where 5,1 = 2T,BsemiB'yﬁCho.

Proof. With the aid of Lemma 14, this theorem is proved. The compre-
hensive proof is presented in Section IV of [136]. O

Corollary 41. Assuming that the radar channel experiences Raleigh fading,

the ergodic rate in Eq. (6.21) is simplified as:

ow 5 Oy —
R = mG% (dtriml 8,04) - (6.22)

Proof. This corollary is proved by exploiting Eq.[2.3.4.4] in [127] and the
Meijer G function. Detailed derivations are similar to those of Lemma 14.
The comprehensive proof is jointly presented in Section IV of [136] with
Theorem 22. O

6.3 Analytical Performance Evaluation for NOMA -
Based Semi-ISaC
In this section, the performance metrics are analyzed for NOMA-based Semi-

ISaC networks. The analytical results in this section will be useful for the

asymptotic analysis to obtain deep insights.
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6.3.1 Performance Analysis for Communication Signals in

Scenario-I

Recall that the communication transmitter is the near user and the radar
target is the far user in Scenario-I. The OP expressions for the NOMA users

in Scenario-I are given by:
Pl =Pr{y} <y} (6.23)
and
I_ I I
]P)'r =1-—Pr {r)/c > YSIC Yy > ’Yth} ) (624)

where Pr {A, B} is the probability that both 4 and B are true, vg;¢ is the
threshold of the SIC process, and 7y, is the threshold of communication
signal transmission in the NOMA-based Semi-ISaC scenario. If the OP is
lower than the threshold, the communication fails and vise versa.

In the following, the closed-form expressions of the OP and the ergodic
rate for a pair of NOMA users are given in Theorem 23-24 and Corollary

42-43.

Theorem 23. In Scenario-I of the NOMA-based Semi-ISaC scenario, the

OP expression of the communication transmitter is

MYth = m
I _1 o t th
P, =1 —exp < P, (a1 —I—a2)> pzz:o (m = 1)l
p r -
(a1 + a2)"(Pras)?
X Z C,l'(m+p—r) d pr— (6.25)
—0 Pé“ <'7thg:3pr + 1)
— PBSG"‘CT(dr)_aT’YQB\?emiBQO-Z — 0'2 — M
where a1 = RIS ) 02 = Gy BT (g and

= nl/(m!l(n —m)!).

Proof. See Appendix D.1. O
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Corollary 42. In Scenario-1, the ergodic rate of the communication trans-

mitter in the NOMA-based Semi-ISAC scenario is formulated as:

m—1 r—(1 k —r
pent _ L 5 zp:C’“Al PR (P )P
¢ In2 P (m = 1)lplPP"

p=0 r=0
~(m+p—r+k—1
T _
xI'(m+p—r) Z < i )
k=0
k
CLSPr
X (— P > exp (Al) r (p +k+ ].) E1+p+k (Al) s (626)
_ m(aitaz)
where A = o

Proof. By substituting the equation in Theorem 23 into the definition of

. A 1-PL
the ergodic rate, which is expressed as RS = ﬁ OOO ﬁz}fh)d%ha the

ergodic rate expression is given by

1 _
Rer,[ :i N L i or (al + GQ)T(PTCLS)p "
¢ In2 = (m—1)lpl &= "7 P?
* zP  [zasP. —(mp=r)
I — 1
xT'(m+p r)/o 1+x< P + )
X exp (—ﬂ;x (a1 + a2)> dx. (6.27)
Cc

The corollary can be proved by noting (1 4+ z) " = > ("H,z_l) (—=z)*, T (a,b) =
k=0

a—1
> 7(&;!1)!1);) x exp (—b), E, () = 2"T'(1 —n,z), and fooo —ffz exp (—br) =
p=0
exp (b)T'(a+ 1) T (—a,b). The detailed proof is given in Section V of [136].

O]

Theorem 24. In Scenario-I of NOMA-based Semi-ISaC, the OP of the
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radar target is given by

m—1 p _ r P
(a1 + a2 "(a3P;)" (mysic
B 3
p=u r=
P —(r+m)
« exp [~ MISIC (a1 4+ a2)\ (sicaslt: 1
P, P,
P,
W« T (4 m, 0" (a4 +as) (vsicasbr 1)), (6.28)
2 P.
ar 222 2.2
where ay = PSR T Lm0 and a5 = oo B
Proof. See Appendix D.2. O

Corollary 43. In Scenario-I, the ergodic rate expression for the communi-

cation signal of the radar target is derived as:

m—1 p

1 (a +a “"(azPy)" (mysic\”
er, ] _ — 1 2 3
Ry ~In2 Z ZC )ym ( P.

p=U r= rp‘

P —(7‘+m) r+m—1 A
X exp (_AIPYSIC> (FYSICa:i T + 1) 2

|
P. 2 T
X (r+m—1)lexp (A2) T (k+ 1) E1 4 (A2), (6.29)
where As = m(a;j%) (751%‘23PT + 1).
Proof. The proof is similar to that of Theorem 21. O

6.3.2 Performance Analysis for Communication Signals in

Scenario-11

This subsection evaluates both the OP and the ergodic rate of NOMA-based
Semi-ISaC in Scenario-II. Compared to Scenario-I, the SIC detection orders

are the opposite way round. Thus, the OP expressions become:

P = Pr {11 <} (6.30)
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and

P =1-Pr{y > ysic, v > v}, (6.31)

and the expressions of the OP and those of the ergodic rate are presented

by Theorem 25-26 and Corollary 44-45.

Theorem 25. For NOMA-based Semi-ISaC in Scenario-1I, the OP for the

communication signal of the radar target is formulated as:

1
pIl _ = G (m+ 1) <’m%h>p
r Z |
p=0 r= F( mTp PT

b b
% oxp <_m%h(PJ + 2))

P, (m+r)
x (by + bg)p_T(Pcbg)T<%hP b 1) : (6.32)

PpsGrCry° B2, 8207
where b; = G:CC'( PR by =

0'2 — (dc B
GoCe(@) and b3y = A=

Proof. By the accurate series expansion for the lower incomplete Gamma

function and the binomial theorem, the OP expression is formulated as:

m—1
L (myg\? myen (b1 + b2)
P15 2 _ ek 01 7+ 92)
" pzop!<Pr>eXp( P,

p
X Y Cp(by + ba)P " (Pebs)”
r=0

o P.b
X / z" exp (_TfW,g;gm) Sz (@) dz. (6.33)
0 T ]

Iz

Furthermore, according to Eq. [2.3.3.1] in [127], the final analytical
results are obtained. Additionally, the detailed proof is similar to that of
Theorem 23. O

Corollary 44. Let us define a parameter of A3 = m(blT:er). When the
NOMA-based Semi-ISaC network is considered in Scenario-II, the ergodic
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rate of the communication signal for the radar target is derived as:

o 1 > +r+k—1
B I (AN

(m+r)T(p+k+1)

ymrpl(by + bg) AL
P.bs

P.by)" | —

x (Pebs) 2

T

k
) exXp (A3) Ep+k+1 (A3) . (634)

Sketch of Proof: The proof is similar to that of Corollary 42.

Theorem 26. Recall that the NOMA-based Semi-ISaC network in Scenario-
II. For the communication signal of the communication transmitter, the OP

expression is formulated as:

m—1
1 P b b
1 (e (el £00)

=P "

p
X Y Cpbs + ba)’ " (Pebs) I, (6.35)
r=0

where I3 is given by

1 YsIC ~(mtr)
Iy = P.bs + 1
7T (m) m7"< P, 8t >
% T <m T Lt]’;m (a1 + a) <753’C P.bs + 1)) . (6.36)

Sketch of Proof: By exploiting the series expansion of the incomplete

Gamma function, the binomial theorem, and some equation manipulations,
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the OP of the communication transmitter in Scenario-11I is

m—1
1 P b b
ot 571 (Y o (e )

p=0 P!

p
X Y Cpbs + ba)" " (Pebs)"
r=0

X/voo x’“exp< ’JVDSICpng>f|h| (z)dz . (6.37)

%(aﬁ-az)

I3

Then, the final OP expression is derived by substituting Eq. [2.53.6.6]
from [127] into the expression as Eq. (6.37). The detailed proof is similar
to that of Theorem 24.

Corollary 45. For Scenario-11I, the ergodic rate expression of the commu-

nication signal for the communication transmitter is formulated as:

Rerntl mzlzp: C(Pebs)" AL exp (—As)
In2 pIT (m)m7(b; + bg)"

p=0 r=0
o« [1s1C ~(mir) mfl (m+r—1)!
Py kA4
k=0
X exp (A4) r (k + 1) Eriq (A4) , (638)

where Ay = 2 (a1 +az) (3 Pbs + 1) and Ay = "s1Cf502),

T

Sketch of Proof: The proof is similar to that of Corollary 42.

6.3.3 Analytical Performance Evaluation for Radar Echoes

As the radar echoes are simply left behind after the last SIC process, the
definition of ergodic REIR is the same as the OMA-based Semi-ISaC scenario
when the SIC processes are successful. That is, under a perfect SIC case,
the derivations of the ergodic REIR in the NOMA-based Semi-ISaC scenario
are the same as those in the OMA-based Semi-ISaC scenario in Theorem

21. Hence, the derivations are omitted here. To gain further insights, the
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closed-form asymptotic expressions of the ergodic REIR are derived and

evaluated in the next section.

6.4 Asymptotic Performance Evaluation for NOMA -
Based Semi-ISaC

This section investigates the asymptotic OP and the asymptotic ergodic
REIR for further evaluating the performance of the NOMA-based Semi-
ISaC system in the high-SNR region. The diversity orders of the OP (for
the communication signals) are presented as the insights in Remark 27-31.
This section additionally evaluates the high-SNR slopes of the ergodic REIR

(for the radar echoes) and summarizes them in Remark 32-33.

6.4.1 Asymptotic Outage Performance and Diversity Gains

for Communication Signals

Recall that two scenarios are considered, namely Scenario-I having a near
communication transmitter and a far radar target and Scenario-1I associated

with a far communication transmitter and a near radar target.

6.4.1.1 Diversity Evaluation in Scenario-I

Based on Theorem 23 and Theorem 24, the performance in the high-SNR
region is evaluated. Explicitly, the asymptotic series of the lower incomplete
Gamma function are exploited and only a single term is retained as the

following form of

o a+n a
v (a,b) =~ Z;)ﬁz!(lciﬁ—n) ~~ %. (6.39)

Then, by substituting Eq. (6.39) into the results of Theorem 23 and
Theorem 24, and following some further manipulations, the asymptotic

OP expressions are presented in Corollary 46 and Corollary 47.



Chapter 6. Semi-Integrated Sensing and Communication: From OMA to
NOMA 157

Corollary 46. For the communication signal of the communication trans-

mitter in Scenario-I, the asymptotic OP expression is

I [ Mth o r m—r (Pra3)TF (m =+ T’)
Pc,oo - < Pc > ; Cm(al + CLZ) T (m T 1) T (m) mr. (640)

Sketch of Proof: Upon Substituting Eq. (6.39) into the OP expression of

Theorem 23, the derivation is calculated as:

MYth " & r m—r (PTa3)T > r
Pg,oo :( Pz ) z_:ocm(a1+a2) F(m—l—l)/o " fin, 2 (x) dx.

(6.41)

With the aid of the PDF of the Gamma distribution, the integral is

derived as [;° x’”f‘h”g (x) dx = % o @™t lexp (—mzx) dx = 11:((2;;22

Then, after substituting the integral into the OP expression, this proof is

completed.

Remark 27. To evaluate the outage performance in the high-SNR region,
the diversity order of the communication transmitter in Scenario-I is ex-
pressed as:

Dl =~ fim 8 (Pecc)

6.42
¢ Pe—oo  log (Pe) (6.42)

Y

which is proved by li_>m % = m for a constant A independent of the
variable z. In the high-SNR region, the slope of the OP of the communica-

tion transmitter is m

Corollary 47. For the communication signal of the radar target in Scenario-

I, the asymptotic OP is formulated as:

pl - F 2<%h(a4+a5)>+<m’)’sm>m
7,00 |h7ﬂ‘ P’r Pc

LA (asP)'T (m +r, w>
m (al + QQ)T_mF (m n 1) T (m) v

X (6.43)

r=0
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Sketch of Proof: With the aid of Theorem 24, the OP expression is

formulated as:

Pl —p <'7th (a4+a5)> n <m7510>m
7,00 |h7,‘ Pr Pc

m (a3Pr)T f'(y)j_b(tgl+a5) :r'rflhr|2 (x) daj
T

r
m

: (6.44)

= (a1 +a2)" "I (m+1)

and based on the PDF of the Gamma distribution and the integral 11”(—:;)
X [eptagtas) 2™ "L exp (—ma)dz = WF (m-i-?“a %@)7 the fi-
P,

™
nal OP expression is derived.

Remark 28. For the high-SNR region in Scenario-I, based on the asymp-
totic expression of the radar target’s communication signal, the diversity

order for the radar target is derived as:

log (P} )

D} =~ li
Peoo log (P.)

T

=0, (6.45)

which is proved by ILm W = 0 with the constants A and B that
are independent of the variable . The OP of the radar target catches the

lower limit in the high-SNR region of Scenario-I.

6.4.1.2 Diversity Evaluation in Scenario-II

For Scenario-II of the NOMA-based Semi-ISaC network, based on the results
of Theorem 25 and Theorem 26, the asymptotic series expansion of Eq.
(6.39) is exploited for deriving the asymptotic OP. Thus, the asymptotic OP
of the communication transmitter and radar target are given by Corollary

48 and Corollary 49, respectively.

Corollary 48. In Scenario-II, the asymptotic OP expression of the com-
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munication transmitter is

m
I Vth mysic
e (B o) # ()

m (Pcbg)rr m—+r, MYth ((11 + ag)
S cr, <_ r ) . (6.46)
= (by +b2) " "T'(m+1)T (m)m"

Sketch of Proof: The proof is similar to that of Corollary 47.

Remark 29. In Scenario-II, the outage performance is evaluated in the
high-SNR region by assuming that the transmit power of the radar target
is infinity. Based on the Corollary 48, the diversity order of the commu-

nication transmitter is expressed as:

Y 1 Cr )

—_— = A7
Pr—oo log (Pr) 07 <6 )

indicating that the OP of the communication transmitter in Scneario-II has
a lower bound.

Corollary 49. In Scenario-1I, the asymptotic OP expression of the radar

target is derived as:

= (T5)" Y S ()

P, ;Cm(bl *b2) I'(m+1)T(m)m"

Sketch of Proof: The proof is similar to that of Corollary 46.

Remark 30. Under the same assumptions as in Remark 29, the asymptot-
ic expressions is exploited, yielding the diversity order of the communication

signal of the radar target in Scenario-II as:

DU~ — i 8 (Prex)

= 4
Pr—oo log (Py) i (6.49)

showing that the communication signal is directly influenced by the LoS com-

ponent m.
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Remark 31. For Nakagami-m fading channels, it is concluded that with a
strong LoS component (large m), large diversity gains are obtained, yield-
ing a Neal-Gaussian performance reminiscent of an asymptotically infinite

diversity order.

6.4.2 Asymptotic Ergodic REIR and High-SNR Slopes

By exploiting the asymptotic expansions of the lower incomplete Gamma
function and the generalized exponential integral, the asymptotic ergod-

ic REIR is derived for the radar target as v (m,t) = (m —1)! — exp (—t)

S ) (=2 (-2)"

k=0 k=0& k#n—1
n > 1, and E; (2) = —C, —In(z) + z, where C,, is the Euler constant and
¥ (n) is the Psi function. The asymptotic expression of the ergodic REIR
for radar target is given in Corollary 50. The high-SNR slopes are further

evaluated in Remark 32.

Corollary 50. Upon assuming that m is an integer denoted as m € Z, the

closed-form asymptotic expression of the ergodic REIR is derived as:

m m—1 m

om om

= M@ T ) T ; T (2)T (m) > (6:50)

where I, and I5 are formulated as:

I _di"T'(m—1) I'(m) <log (mfd?> O (m) _Cv>

:Tvlmm_Q mm ‘:‘T‘,l

—

N <md§"“>2f(m2) ~mdy" I'(m — 1)

= -2 = -1
=l m Zp1 m™m

x (log <mfdgr> — O (m—1) - CW> (6.51)

=l
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and

I :<_f?7'>k¢(k+1)r(m_k)

Sl klmm

m-l T(m—q) (—”édl)q ' (m— k) (_mg"r)’“

+ m— - m—k =
v q' (¢ — k)mm—4 mmFE) =1
Qdar
X <ln (mH t ) — O (1 — k)) . (6.52)
Sl
Proof. See Appendix D.3. O

With the aid of the derived asymptotic expressions, the high-SNR slope

of the radar target is evaluated. Conditioned on Ppg — oo, the high-SNR
Rl (Pps)

slope is defined as S = lim In(Pps)

Ppg—o0
Remark 32. Upon substituting the expression in Corollary 50 into the

high-SNR slope definition, the high-SNR slope is formulated as:
om™ I7 dm™ I8

. 2T In(2)T(m) . 2T n(2)T(m) o
= 1 e m) 1 =
S N (Pas) e T In(Ppg) | 2T (2)’

(6.53)

k
A ) —BIn(E)+D
which s proved by exploiting equations lim <PBS> IH(PZE)PBS) =B

Ppg—o0

k k
and lim <%> — (%> ln<ﬁ?5) +1 (}]3 y = 0, where A, B, C, and D
n(rBs

Ppg—soo M(PBS) In(Pps)
are constants that are independent of the variable Ppg.

Remark 33. The high-SNR slope is only influenced by the radar’s duty cycle

0 and the pulse duration T'. Additionally, the high-SNR slope is proportional
to 6/T.

6.5 Numerical Results

Numerical analysis is presented in this section, where the parameters are
set as: the distance of the near user is 800 meters and that of the far

user is 1300 meters, the bandwidth is B = 10 MHz, the noise power is
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o? = kv BsemiBTiemp With Tiemp = 724 K 5 the target rates of the wire-
less communications are Ro MA = RNO ma = 1 given the thresholds vy, =
2Rnonma — 1 for NOMA and ytOhMA = 2ftona — 1 for OMA, the threshold for
SIC is ys7c = 0.4, the carrier frequency is f. = 10° Hz, the speed of light
is ¢ = 3 x 10® m/s, the radar target’s cross section is crcs = 0.1, the pulse
duration is T' = 1 us, the path loss exponents are o, = 4.5 and a, = 2.5,
the radar’s duty cycle is § = 0.01, and the Nagakami coefficient is m = 3.
Define the average received SINR as E | P; |h;|? de;aj /o?| (dB) where the
subscript of j € {¢,r} represents the communication channels or the radar
detection channels. For the SIC settings, the perfect SIC is associated with
the parameters ¢. = 0 and ¢, = 0. The realistic imperfect SIC cases will be

investigated in future work.

6.5.1 From OMA-Based Semi-ISaC to NOMA-Based Semi-
ISaC

In Fig. 6.2, this section validates the OP and the ergodic rate (with the
unit as BPCU) expressions of the communication signals versus the received
power level (d = 800 meters) under the OMA-based Semi-ISaC scenario
(P = 20 dBm and Ppg = [5,30] dBm). It can be seen that the analytical
results are closely matched by the simulation results and there is no lower or
higher limit of the metrics. This is because the interference arising from the
radar signals is fixed and it is not increased when the OMA user’s transmit
power is increased. Fig. 6.3 investigates the performance interplay between
the radar detection and wireless communications for Bgem; € [0, 1] when the
conditions, including agem; = 0 and €gemi = 1 — Bsemi, hold. The transmit
power is set as 10 dBm for both the users and the BS. By comparing the
performance among conventional (FD) ISaC, OMA-based Semi-ISaC, and
NOMA-based Semi-ISaC networks, it is observed that Semi-ISaC has better

channel capacity than the conventional FD ISaC. The reason is that for

5The Tiemp includes the environment temperature (7. = 290 K) and antenna tem-
perature (7,). By considering the noise factor (F) as 2.495 dB, we can calculate
T, = (F — 1)T. =~ 434 K. Hence, the effective noise temperature is 724 K.
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Figure 6.2: The verification of the OP and the ergodic rate for the OMA-
based Semi-ISaC system.

Semi-ISaC, the radar and communication signals share the same resource
blocks in ISaC bandwidth with the aid of the SIC to obtain better BE than
that of the conventional FD ISaC. it is concluded that the NOMA-based
Semi-ISaC scenario has a higher capacity than the OMA-based Semi-ISaC
because the BE is further enhanced by the NOMA technique to share the
resources by multiple communication users. Additionally, the ergodic REIR
(for radar echoes) is zero with Bgemi = 0 because all the bandwidth is used for
wireless communication and no bandwidth is set aside for radar detection.
Thus, non-zero ergodic rates with zero ergodic RIER are obtained. Upon
considering Bsemi = 1, the ergodic REIR reaches the highest, while the
ergodic rate (for communication signals) cannot be reduced to zero. This
represents the ISaC scenario (not Semi-ISaC), where the total bandwidth is

utilized both for radar detection and for wireless communication.



Chapter 6. Semi-Integrated Sensing and Communication: From OMA to
NOMA 164

*Convenﬁonal ISaC
| <©-NOMA Semi-ISaC
'|+—OMA Semi-ISaC

—
[3)

Ergodic REIR (bit/s)

o
()

1.4
1.2 Boomi = 0
0 1 2 emi
0 L X 107 %/\; \hf
0 0.5 1 1.5 2 2.5 3
Ergodic Rate (bit/s) with B =10 MHz 447

Figure 6.3: A comparison among the conventional (FD) ISaC, OMA-based
Semi-ISaC, and NOMA-based Semi-ISaC.

6.5.2 OP for Communication Signals in NOMA-Based Semi-
ISaC

This part validates the analytical and asymptotic OP expressions of NOMA
users in Fig. 6.4 and Fig. 6.5 under Pgg = 10 dBm. Explicitly, in Fig. 6.4,
a close communication transmitter (d. = {500,800} meters) and a distant
radar target (d, = {800,1000} meters) are considered as Scenario-I (P, =
[5,35] dBm and P, = 20 dBm). By contrast, in Fig. 6.5, the Scenario-
IT of a distant communication transmitter (d. = {800,1000} meters) and
a close radar target (d, = {500,800} meters) is considered (P, = [5,35]
dBm and P, = 20 dBm). An observation is that the simulation results
closely match the analytical results and the diversity analysis matches the
OP performance in the high-SNR region. Additionally, a conclusion for both
scenarios is that upon increasing the near user’s received SNR, the OP of

both users will be reduced while the far user has an OP floor. The reason is
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Figure 6.4: Outage performance v.s. the received SNR of the communication
transmitter in Scenario-I.

that increasing the near user’s signal strength can enhance its received SNR
directly. Additionally, the interference of the near user is not increased,
hence resulting in the reduced OP. By contrast, it beneficially improves the
far user’s error rate of SIC by enhancing the near user’s received SNR, which
only improves the OP of the distant user to a lower limit. But once the SIC

process becomes perfect, the lower OP limit is reached.

6.5.3 Ergodic REIR for Radar Echoes in NOMA-Based Semi-
ISaC

In Fig. 6.6, the ergodic REIR of NOMA users is quantified. The analytical
results fit the simulation results well and the asymptotic results represen-
t the upper bound of the simulation results. Based on Remark 32, the
high-SNR slope is influenced by the ratio of the radar’s duty cycle to pulse
duration (/7). With the same settings of Fig. 6.3, Fig. 6.7 compares the
performance of NOMA-based Semi-ISaC networks both with and without
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Figure 6.5: Outage performance v.s. the received SNR of the radar target
in Scenario-II.

perfect SIC. The figure indicates that the perfect SIC scenario represents
the upper bounds compared to the imperfect SIC scenarios. With the inter-
ference left from the SIC process, both the ergodic rate of communication
signals and the ergodic REIR of radar sensing are lower than those metrics
with perfect SIC. This is because the SIC process will have errors in practical

scenarios, hence the signals might become erroneously detected.

6.6 Conclusions

This chapter has proposed the Semi-ISAC concept, where the total band-
width is split as the radar-echo-only bandwidth, the communication-only
bandwidth, and the ISaC bandwidth. A novel Semi-ISaC concept has been
evolved from OMA to NOMA. Then, the novel ergodic REIR metric have
been characterized for quantifying the average radar estimation rate. The

performance metrics have been derived, including the OP and the ergodic
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Figure 6.6: The ergodic REIR v.s. the received SNR of the BS with various
distance d,..

rate for the communication signals and the ergodic REIR for the radar e-
cho in the OMA-based Semi-ISaC scenario. In the NOMA-based Semi-ISaC
scenario, the analytical expressions of the OP and the ergodic rate for com-
munication signals have been derived. This chapter has also derived the
asymptotic OP along with the diversity gains attained for communication
signals and the analytical expressions of the ergodic REIR for the radar
echo, followed by the asymptotic ergodic REIR along with the high-SNR
slopes. The analysis has confirmed that: 1) The channel capacity of the
conventional ISaC is lower than that of Semi-ISaC. 2) NOMA-based Semi-
ISaC has better capacity than OMA-based Semi-ISsC; 3) The diversity gain
of the communication signal is determined by the power of the line-of-sight
component m; and 4) We can strike a flexible trad-off by balancing the radar
and communication signals upon jointly controlling the transmit power of

the BS, the radar’s duty cycle, and the pulse duration.
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with perfect SIC and imperfect SIC.



Chapter 7

Conclusions

This thesis investigates emerging technologies within NOMA networks for
6G wireless communications. Leveraging stochastic geometry models, it
comprehensively evaluates the average performance of systems by consider-
ing spatial effects. Starting from the main property of NOMA to improve
the connectivity of the system, this thesis has first investigated massive
connectivity for 6G mMTC networks. Instead of solely exploiting GF or
GB transmission, Semi-GF transmission has been examined in Chapter 3
to allow both GF and GB users in the same resource blocks to enhance
connectivity with low latency and high reliability. Particularly for latency-
sensitive and latency-tolerant user scenarios, respectively, to meet differen-
t requirements in application scenarios, a dynamic protocol for Semi-GF
transmission is proposed, enhancing the outage performance of the entire
system. Acquiring further connection, the ideal objective is to obtain full
coverage connectivity with no blind areas. Hence, this thesis has evaluated
the performance of RISs-aided NOMA networks in Chapter 4. A promis-
ing conclusion has been highlighted that it is capable of adjusting the SIC
orders of NOMA networks without sacrificing the other users’ performance
by exploiting RISs to enhance the target user’s channel condition or not.
This significantly enhances the application scope of NOMA and fulfills the
weakness in the NOMA concept, that is, NOMA has to sacrifice some users’
performance to achieve the enhancement of the sum rates. Instead of con-

ventional RISs with constraints on reflecting regions, STAR-IOSs allowed to

169
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simultaneously transmit and reflect signals truly achieve full coverage of the
physical space. With the investigation of STAR-IOS-aided NOMA networks
in Chapter 5, the massive connectivity based on spatial distinction, such as
LoS or NLoS, has expanded considerably as a 360° full coverage. To ex-
plore further increase of connectivity, we note that the incessant escalation
of wireless tele-traffic pushes the impending spectrum-crunch to be circum-
vented by the migration to mm-wave. Given the inevitable overlap between
sensing and wireless communications, this thesis has covered dual-functional
connectivity by investigating Semi-ISaC systems in Chapter 6. It is revealed
that the capacity region of Semi-ISaC is larger than both the conventional
I[SaC and the OMA case.

From voice talk to mMTC networks, from user selection to 360° full cov-
erage, and from sorely functional system to multi-functional transmission,
this thesis have covered plenties of contents to achieve massive connectivity.
However, more efforts are required to the next generation multiple access for
further enhancement of connectivity. The directions may includes jumping
over the power-domain with other possible multiple access schemes, while

let us leave some space for future work.
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Appendixes for Chapter 3

Appendix A.1

When 'VGB € [1, 0], the ergodic rate expression can be rewritten via inte-

grations as:

1 o0 RL RL
E
e ln2/ 1+t /

o0 Paptozy=® + ot
< F,w (™) Ve 10

I1

X faar (V) Ay fag, (2) dzdt, (A1)

where all the channels obey Rayleigh fading channels and fg,,. () = fi,,(2)
=2/ (R3).
With the aid of Eq. [3.194.1] in [127] and hypergeometric functions, I

can be expressed and derived as:

L — Re 2y11d _ Rfexp(—06at2%) <1 2+ a, 2 Ry >
2 = R2 Yy = 1 o 21471 3 ’ a
0 I (1 + E) Otz (1 + t) (67 Otz
(A.2)
The Chebyshev-Gauss quadrature can be defined as [~ 11 \/&d:c ~

Zij\il w; f (z;), where z; = cos (2121 71') and w; = 7/I. Substituting I into
(A.1) and harnessing the Chebyshev-Gauss quadrature, the final expressions
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of the ergodic rate are obtained for the GB user with 7(; ‘s € [1,00].

Appendix A.2

When 'Yng < 1, the integration expressions of ergodic rates can be expressed

as:

s [ [ [ )
asly “In2 1+t

/ % e (=¥ ()0 v defy o () dyf o (2) dzdt

Ry, Ry, PGF13y «
d
/ / /y eXp( AaBPapz~ “>f|hGF|2 (v) da

X fdc_;% (y) dyfdc—;% (2) d=. (A.3)

Denoted the first item of (A.3) as Is. For the first item, based on Eq.
[1.3.2.22] and Eq. [2.3.4.3] in [127], the ergodic rate expressions can be

derived as:

4 Ry rRp
P S -
’ 1n2)\GFR4L/O /0 yz81 (y,2) {® (1,82 (2))

— 03 (y) (1,202 (2)) — @ (04 (y, 2) , 62 (2))
+ 03 (y) @ (04 (y, 2) , 262 (2)) } dyd. (A.4)

Denote the second item of (A.3) as I. The equation I is derived as:

Ry Rp yz exp U (y,2,t) %)
/ dydz. (A.5)

Aer¥ (y, 2, 1)

Substituting (A.4) and (A.5) into (A.3) and utilizing the Chebyshev-

Gauss quadrature, the final closed-form expressions can be achieved.
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Appendix A.3

With the consideration of the SIC condition and the dynamic protocol, the

ergodic rate for the GF user can be expressed as:

E [Rgy] = /0 h /0 " /0 e /°° fdcfng()lficg (2)

Perygpry™™ + 0"
X exp (— Yy e m— Singe? () dedydzdt.  (A.6)

Based on Eq. [1.3.2.22] and Eq. [2.3.4.3] in [127], two integrals of (A.6)
can be derived. Then, utilizing the Chebyshev-Gauss quadratures in (A.6),
the final expressions can be derived. Hence, the expressions of the ergodic

rate for GF users are proved.
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Appendixes for Chapter 4

Appendix B.1

With the aid of the expansions of exponential functions and based on (4.25),

the Laplace transform of the interference for the connected user is expressed

as:
L.(s)=E |exp | — Z stC\thIPrc,[_O‘C
L x71€P,\xp
=E H exp(—stC|hc,xI|2ch*°‘“) . (B.1)
_x1€‘1>,v\xB ]

Based on the binomial expansion, we obtain a tight upper bound for the
normalized Gamma variables |h|*, denoted as P {|h|2 < x} = (1 —exp(—zn))",
where m is the coeflicient of Gamma distribution and n = m(m!)fi. Thus,

the equation (D.2) is approximately expressed as

L(s)=E| ] <1+W>m : (B.2)

x7€P,\xp

For some stochastic processes, the probability generating functional (PGFL)

are useful tools for dealing with sums and limits of random variables, which
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is expressed as

E [Hf(x)] _ exp —A/(l—f(:c))dx , (B.3)

zed R2

where ® is a PPP with density A and f(z) : R? — [0,1] is a real value

function. Then, we utilize PGFL to derive the Laplace transform as

L.(s)=exp (—QW)\b/TOO <1— <1+8be;:_ac> _m> rdr) , (B.4)

and via the integration
> —a\—N A? 2 2 s
1= (L sy™) ) ydy = - (o (-2, N1 = 55— ) = 1),
/A( (L+sy™) 7 )ydy = 5 (2B —— e
this lemma is proved.

Appendix B.2

With the aid of the properties of exponential functions such as exp (ab) =
exp (a) exp (b), the Laplace transform expressions of the interference from

other cells for the typical user can be expressed as:

’—2

Z —ptsBy| Ity x, s x,

L rrs(s) =E |exp i _
oo, Crisr(rerinTrRU)"

X1#XB
sP,C? o
—E| ]I <1+ PRIST at) . (B6)
x7€P,\xp Qm(TBR(I)TRU(I))

Based on the PGFL theorem, the Laplace transform (B.6) can be derived
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as:

o0 sP,C% o
Lt rrs(s) = exp (—27T/\b/ (1— <1+bRIS’Eat> ) :cdx) .
TBR(0) m (xTRU(O))

(B.7)

Exploiting the integration expressions in Appendix B.1, the Laplace

transform of the interference can be derived.

Appendix B.3

The Campbell’s theorem is expressed as E [ Sof (m)] =\ [ f(z)dxz, where
rzed R2

® is a PPP with density A\. Based on the Campbell’s theorem, the expres-

sions of the average interference for the connected user is derived as

°° 21\ P, Cr2 =%
MHZ%M/ POt gp= 2T O (B.8)

e — 2

Note that the normalized Gamma variables have a tight upper bound,
denoted as P [|h?| < z] < (1 — e~n)™ . Utilizing binomial expansions, the

expressions of coverage probability for the typical user can be expressed as:

- m nm Y1,
_ _q\n+l t tL1t,p
]P)tNZ( 1) ( n )ﬁt,RIS |: Pb'PtRIS :l Ele

_ nntTo'2
W] : (B.9)
n=1
and via substituting Lemma 7 and Lemma 9 into the equation above, the

theorem can be verified.
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Appendixes for Chapter 5

Appendix C.1

M 2
As ’gﬁ{ = Brf( > ththR,m) for rf € {rfl,rfr}, we exploit the
m=1 ’

’2
M
central limit theorem to derive the variable ‘ g,q ‘ = /Brs > h%fUmh BR,m-
m=1 ’

As we assume that independent Rician variables have the same mean and

. 7 . . T
variance, denoted as h and 7, we derive the mean and variance of ‘ gn{ ‘ as:

M
hij =E ( 9nl ) —E (\/ Brr Y thU,thR,m> = /By Mh® (C.1)
m=1
and
M —_
el = Var ( g ) = Var (\/ B Y herU,thR,m> = BueM (2h%n + 7?)
m=1

(C.2)

where E(-) and Var(-) are the expectation and variance of a certain variable.

Hence, the PDF of ‘ggf ) is expressed as:

Zrf 2
1 (l’ — heq>
fioo @) = ———exp | 2| (C3)
- 27r77£g 277;{
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2
The PDF of g;;{ is then derived as:
1 ) (voeict)
F a2 W) = pll B s Fexp | =
" 24/ 27Neq y Teq Teq
(C.4)

Finally, the CDF of the channel model is derived in Lemma 10 accord-

ing to the equation as:

e

() () oo

Appendix C.2

With the assumption that k1 and ks represent the Rician coefficients for the
BR links and RU links, respectively, the PDF expression of \hgfamh BR,m| 18

expressed as:

1 z
f|hrf hBR.ml () = /0 Ef|h;sz,m| (w) f\hBR,mI (E) dw. (C.6)

RUm

o0

Exploiting the series of the Bessel function as I,, [p] = > m (%) 28+U7

the function of is derived as:
f|h;ng,thR |

s

(2) = 4(1+4 k1) (1 + ko) 227+
N exp (k1) exp (k2)

o (k1 (1+ K1) = (k2 (1+ k)"
> tl!l“(t+1) ZO :!F(n—i—Ql)

f

rf
hRU,thRJn’

t=0

0 xtfnfl 2
X / 5 eXP [— (1 + k1) x] exp [— (1+ k2)
0

Z] dw.
T

(C.7)

Based on Eq. [2.3.16.1] in [127] and the formula calculation, the PDF is
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further derived as:

t+n
t+n+1zzktkt 1+k‘l ) (1 + ka)] 2 i
*(n!)® exp (k1 + k)

fh”‘f hBR ‘
) it m t=0 n=0

x Ky (22\/(1 k) (1t k:2)) , (C.8)

where K, (+) is the modified Bessel function of the second kind.
Based on (C.8), the Laplace transform expression of the above equation

is expressed as:

=

_4zzktkt +k:1 ) (1+ ko) 2+

Hom hBRm‘ ] == 2(nh)? exp (k1 + ko)

X /Oo 2" exp (—52) Ky <2x\/(1+k1)(1+k2)). (C.9)
0

Based on the M-fold convolution, let us express the Laplace transform

expression of the sum of combined channels of different STAR-IOS elements

Z ‘hRUthRWl’ as:
=1

M

m=1

L

] O~ {e [ @]} - €10

Using Eq. [2.16.6.3] in [127], the Laplace transform of I

TRfU thR,m‘ (CE)

is derived as:

d

sztkt (1+ ) (14 ko)) 2!

2(n!)? exp (k1 + k)

RUthR'm’ :|

t=0 n=0
<4‘/(1+k1)(1+kz)) nﬁ r(2n+2,2t+2>
<$+2\/(1+k‘1)(1+k2))2t+2 t+n+3

X

—2/(1+ k) (1+ kK
X oFy 2t+2t—n+—t+ +,8 \/ + k1) (1 + k2)
2 s +2/(1+ k) (1+ ko)

(C.11)
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With the assumption of s — oo, the following equation holds as:

1 2/ + k) (1 +k
oF 1 |2t +2,t—n+ —;t+n _|_§S \/ + 1(+ 2) .
2 2" s+ 2/(1+ k1) (1 + k2)

1
;t+n+2;1>. (C.12)

o Fy <2t+2,t—n+2

Hence, the Laplace transform is finally derived as:

’ [f ] Z L4ttt [(1 4 k) (14 Ko))' T
h;szthR,m‘ o (2 ()2 exp (k1 + ko)
p(2 22N e (oot St 21 ) @D
t+n+3 2 2
= o (t,n)s™HH2), (C.13)
t=0 n=0

Substituting (C.13) into (C.10), the Laplace transform expression of

M
21 |h%fU7mh BR,m| is derived as:
o

‘| [CREIPEC)S

o o0 M
= (Z Z o (t, n)s_(2t+2)> . (C.14)
We only keep the first item of the two Taylor series of the Bessel function

M
Z h’erU,m hBR,m

m=1

t=0 n=0

n (C.14), which means that two conditions, denoted as n = 0 and ¢ = 0,

are considered in (C.14). The inverse Laplace transform is utilized to obtain

M
the PDF of 3 |hidy, heRrm| as:
m=1 ’

e (ZZU M)M ()

mZ_thTRfU,thR,m t=0 n=0

:c—l[(a(o¢n5—2yw](x)

o (0,00 5
::£2§4__%J!x2ﬂf g (C.15)
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Additionally, we note the equation fx2 (z) = ﬁ [fx (WVx) + fx (—/2)].
We ignore the negative part of the aforementioned equation because of
M rf M rf .
Z hRU,thR:m Z hRU,thRvm is de-
m=1 m=1

rived as:

> 0. And then, the PDF of

[0 (0,0)]MzM~1
2(2M —1)!

o ) (z) = (C.16)

M f
> hRU thR,m
m=1 ’

2

2 M
Denote ‘gﬁ{‘ = Brf| 2o h;{UthR,m ,rf € {rfl,rfr}. Hence, based
m=1 ’

2
on the equation f,x (z) = |71|fX (%), the PDF and CDF of ‘gﬁ{‘ are derived

as the final expressions.

Appendix C.3

With the aid of the outage probability definition, the outage probability of

the reflecting user is expressed as

R
IP)out,rfl (SL‘) = /0 F

Substituting the CDF of the central limit model and (5.1) into (C.17),

rfl

Tmaxdat o
) (BRx> ot () de. (C.17)
am RU

PtCBRC;gJZ

we further derive the outage probability expression above as

zrfl Tmaxd%tRCCat
1 R heq + \/ P.CpRrCHy,
Pout,rfl (.’L‘) _}%2/ z | erf

0 \ 20t

ngl _ Tmaxd%tRx;t
P.CgrC
xerf 2 (C.18)
T
2775({

As the integration above cannot be derived, we utilize the Taylor series of
2

the error function erf (z) = 7 20 n!((gi):l)

2n+1

z to approximately calculate



Chapter C. Appendizes for Chapter 5 182

the outage probability. Hence, we derive the equation (C.19) as

o0 2n+1
4(-1)" 0+ 1
]P)out,rfl (.%') = Z 2n+1 Z ( r >

n=0nly/m(2n + 1) (277;{) 2 r={1,3, 2n+1}

_ 2n+1—r Tmaxdat 3 R %tr 4
(gt (i VPt ()
PtCBRCR]Z] 0 R

ar

agr
L
2
z dx - olir
2

R2

and after calculating the integration fOR we obtain the

2
+2°
final expressions.

Appendix C.4

Firstly, we substitute the CDF of the Gamma distribution, (5.22), into the
definition of the outage probability of the reflecting user, (5.24). Hence, we

obtain the integration as

2 R T maxd B rr®
Pouirr (x —/ zy | o, BR dzx. C.20
bt (@) I'(a) B2 Jo ( PtCBRC;g];JlBrfl/B (C20)

We then exploit the Taylor series the expand the incomplete Gamma

&0 noga+n
function as v (o, B) = > % In this way, we further calculate the

n=
equation above as the following

00 a+n
2 (-n" Tmaxdpp
IP)out,r l (.f) - ( T
/ r (a) R? 7;) n! (a + n) -PtCBRCRf(}/BTfl/B
R
X / gor(etn) gy (C.21)
0

Finally, we derive the integration fOR gor(atn)+l gy :% and ob-

tain the final answers.



Appendix D

Appendixes for Chapter 6

Appendix D.1

For deriving the closed-form OP expressions for the communication trans-

mitter, the probability expression should be manipulated as follows:

P£ =Pr {Vg < %h}

Pl 2 (de) ™% yuE[Ig] (d; 2
Pc(dc) N PchCc(dc) N

Upon substituting the expectation of interference in Lemma 13 and
rewriting the probability equation in form of integrals, the OP expression

is presented by exploiting the PDF and CDF of the Nakagami-m fading

channel as:
P! = /OO BRI <m7 m (Whprx(di)% o 2B [Ir] (dr) +_%h02))
o I'(m) P.(d.)~% P.G.Co(d,)
X in, 2 () dz. (D.2)

Since the CDF of the Nakagami-m fading channel (in power domain)
is a lower incomplete Gamma function, the accurate series expansion of

the incomplete Gamma function is exploited for reducing the complexity of

183
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derivation, which is expressed as:

v (a,b)=T"(a) —T'(a,b) =I"(a) —

where I' (a, b) is the upper incomplete Gamma function.
By substituting the above equation into Eq. (D.2), we obtain the further

streamlined expressions of

mY,

2 (ar + a2>) mgo | e @

(mayen)? myn Praz Pragz a1+ a2\”
- — dx. D4
X p exp P, x 2 + 2 x (D.4)

P! =1—exp (—

The former expression Eq. (D.4) is then formulated with the aid of the

Binomial theorem as:

p _
" myn)? Z cr (a1 + GQ);E)Prag)p "
C

00 P,
X / exp <—W:€> " f () dzx. (D.5)
0 c

We now exploit Eq. [2.3.3.1] of [127] to obtain Eq. (6.25). Then, the
proof is completed.
Appendix D.2

The OP for the radar target under the NOMA-based Semi-ISaC scenario is

expressed as the top of the next page, denoted as

azP.|h 2+a +a as + a
szlPr{|hc|2>7310 chialld ! 2,|hr|2>7%h( 1+ as) .

P, P,
(D.6)
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Substituting the CDF of the Nakagami-m fading channels into Eq. D.6,

the resultant probability expression can be further transformed as:

Pl =1 — /OO 1-— L vy {m msic (a3Pr|hr|2+a1 —|—a2>
" Yun(eatas) T (m) P

X i 2 (x) dx. (D.7)

By exploiting an accurate series expansion of the lower incomplete Gam-
ma function, and then further manipulating the equations, the OP expres-

sion is derived as:

m—1
1 (mysic\? mysic (a1 + az)
Pl =1 — il _
' ]; P! < P ) P,

p
x> Cplar+a)" " (asP)

r=0
= mysicazbPra
% /W;ﬁas) xp <pc x f|hT\2 (z)dx. (D.8)
I

Then we can derive I; based on Eq. [2.3.6.6] of [127], yielding:

—(r+m)
I = 1 vsicaz Py 1
I'(m)m~ P,
P,
« T (r+m, yenm (as + as) ((ysicasPr 1)), (D.9)
P, P,

Finally, upon substituting I; from Eq. (D.9) into the OP expression
of Eq. (D.8), we can obtain the closed-form expression Eq. (6.28). This

completes the proof.
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Appendix D.3

We first express the ergodic REIR with the aid of the following integrals as:

m—1 -\ k
5  (md)
Fest ~ kzo 2T In (2) /0 <Er,1x>
oo 1 (678 k
Y / exp (_Tdt Z) S dzfy, o (@) d (D.10)
0 .—17_’ | U

With the aid of Eq. [2.3.6.9] of [127], we have

m—1

R m S 5 /°° md\ ¥
LTI (2) Jy \ Bz

k=0

o
x U (k: + 1k, mt> f. 2 (x) d, (D.11)

Enlﬂf
and based on VU (a, a, z) = z! "% exp (2) E, (2), the expression above is further

formulated as

Sm™ 00 mdoér mdar
Roo ~ 1 t m—1 _ E t
et 2T1n(2)I‘(m)/0 < +Erlx>x exp (—ma) 1<Er1:r de

m—1
omm o e
om0 m B .
+ ; 2T In (2)p(m)/0 x exp (—mz) Eiyq <: >dx,

Pgsﬁoo

Is

md?r

k
Since we have Fjyq <;nd?7‘> ~ <_ E;!1m> <¢ (k+1)—In (ngf’")) _

PBs—>OO S 1T S, 1T
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md?r a
mz—l (*ﬁ)

=5 for k > 0. The equation Iy is further formulated as:

‘_.rylx
I
dOlT oo dOlT
+ n:t/ 22 exp (—max) By <T ¢ > dx . (D.13)
=r1 Jo = 1T

Based on the asymptotic expressions, respectively expressed as v (m,t) =

m—1 m—1)! _ s n—1

(m—1)l=exp (—t) > Pk B, (2) & L (0 (n) — n(2)- %
k=0 k=0& k#n—1

k
Xﬁ for n > 1, and Fy (2) = —Cy —In(2) + 2, I¢ and I7 are derived
as:
;" T'(m—1) TI'(m) m2dgr 0
Is = ST log =) @ (m) - C, (D.14)
and

(md?”)QF(m—Q) md> T (m — 1)
I7 =\ = m—2 = m—1
=l m Sl m
mdTY o
X | log [ — -V (m-1)-C, ). (D.15)
=l

Then, we can derive I5 of Eq. (D.12) by substituting the asymptotic

. der . . .
expressions of Fjiq (%), Finally, we can substitute Iy and I5 into
PBS—)OO "

(D.12) to obtain the final answer as Eq. (6.50).
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