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Abstract

To meet the increasing demand and the requirements for low latency and massive con-
nectivity, non-orthogonal multiple access (NOMA) has recently received significant
attention due to its potential of achieving enhanced user fairness, enlarged connec-
tions, reduced access latency, and facilitated diverse quality of service. In the mean-
while, cooperative communication has obtained a lot of attention because of its ability
to provide spatial diversity gain to mitigate fading, to extend coverage and to improve
the communication reliability. Therefore, cooperative non-orthogonal multiple access
(CNOMA) has attracted a great deal of attention since it is promising to further im-
prove the system efficiency and to achieve an ideal win-win situation for NOMA users.
This thesis investigates and proposes the CNOMA scheme from four perspectives for
high spectrum efficiency.

Firstly, we propose a half-duplex (HD) CNOMA scheme based on spectrum sens-
ing. In this scheme, a primary user (PU), i.e., a weak user, intends to communicate
with the base station with the assistance of a secondary user (SU), i.e., a strong user,
which works as a HD relay. In the meanwhile, the SU obtains an additional opportu-
nity to share the same spectrum band originally belonging to the PU by NOMA. This
scheme adopts spectrum sensing technique to identify spectrum holes, accordingly,
to choose an appropriate form of transmitted signals, avoid useless transmission, and
eventually obtain superior system capacity. We take the practical assumption of im-
perfect spectrum sensing into consideration and characterize the performance of our

proposed scheme. Closed-form expressions for outage probability, system through-



put in delay-limited transmission mode, ergodic rate, and system throughput in delay-
tolerant transmission mode are derived, with or without the direct link between the base
station and the PU. Simulation results are presented to further validate these closed-
form derivation expressions, verify the effectiveness of employing the spectrum sens-
ing technique, and illustrate the superior performance of the proposed HD CNOMA
scheme compared with two cooperative benchmarks.

Secondly, we investigate a full-duplex (FD) CNOMA scheme based on spectrum
sensing. In this scheme, PU communicates with the base station with the assistance
of SU which works as a FD relay. The proposed collaboration scheme adopts spec-
trum sensing to identify spectrum holes and accordingly avoid the waste of spectrum
hole resources. It enables PU and SU to share the licensed spectrum band of PU by
NOMA, which further increases the spectrum efficiency. By adopting FD mode, the
proposed FD CNOMA scheme not only achieves better system performance than HD
mode by receiving and transmitting simultaneously, but also overcomes inherent is-
sues of a conventional cognitive radio network. To characterize the performance of
the proposed scheme, expressions of exact and asymptotic ergodic rates and system
throughput are worked out. Accordingly, the high signal-to-noise ratio slopes for these
ergodic rates are further derived. Simulation results are presented to verify the cor-
rectness of all these derivation results and to illustrate the performance superiority of
FD CNOMA compared with other cooperative benchmarks in real-world scenarios in
terms of both ergodic rates and system throughput.

Thirdly, we present a three-stage relay selection strategy with dynamic power al-
location (TRSPA) for the above-proposed FD CNOMA scheme based on spectrum
sensing. Considering the higher priority of PU than SU, the relay selection objective is
to maximize the transmission data rate of the selected relay, i.e., SU, on the condition
that PU’s signal is successfully uploaded to the base station by precisely narrowing
down relay candidates step-by-step and dynamically allocating optimal power coeffi-

cients. Exact and asymptotic outage probabilities and ergodic rates are worked out.
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Accordingly, diversity orders and spatial multiplexing gains are derived. We further
exploit the impact of self-interference (SI) on TRSPA for FD CNOMA and then com-
pare its performance with TRSPA applied in other relaying modes, that is half-duplex
and orthogonal multiple access. Finally, simulation results are presented to reveal that:
(1) theoretical derivation results are correct; (i) TRSPA always outperforms other relay
selection strategies in terms of outage probability and ergodic rate; and (iii) TRSPA for
FD CNOMA 1n a real-world scenario achieves better performance than other relaying
modes in spite of the adverse effect of SI in FD mode.

Fourthly, we exploit a two-way relaying FD CNOMA scheme, where NOMA users
intend to exchange messages via a two-way FD relay. To characterize the potential per-
formance gain brought by this proposed FD CNOMA scheme, the outage probability
and ergodic rate are analyzed. Specifically, the closed-form expressions for the outage
probabilities, diversity orders, ergodic rates, and system throughputs in delay-limited
and delay-tolerant transmission modes are derived under the realistic assumption of
imperfect self-interference cancellation. Furthermore, to present the comprehensive
performance evaluation, both perfect and imperfect successive interference cancella-
tions (SICs) are taken into consideration. Simulations are performed to validate the
accuracy of the derivation results and to illustrate the outstanding performance of the
proposed scheme in low signal-to-noise ratio region compared with HD CNOMA sys-
tem and cooperative orthogonal multiple access system. Our results show that under
the conditions of both perfect and imperfect SICs, outage probability floors and ergodic
rate ceilings exist for the proposed FD CNOMA scheme due to the inter-user interfer-
ence among superimposed NOMA signals and the residual self-interference caused by

the imperfect self-interference cancellation.
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Chapter 1

Introduction

1.1 Background

The massive growth in mobile data traffic has become a significant concern for the
development of future wireless networks. In the year of 2017, there were about 8.4
billion device connections all over the world. According to [1], it has been predicted
that by the year of 2025, this number will exceed 75.4 billion. As forecasted in [2], a
simple incremental enhancement of the fourth-generation (4G) mobile networks will
not be able to satisfy such user demands in the near future. Therefore, a new generation
of mobile networks, i.e., the fifth-generation (5G), is emerging [3]. The vision of
5G wireless communications lies in providing very high data transmission rates, low
latency, manifold increase in base station (BS) capacity, significant improvement in
users’ perceived quality of service (QoS), enormous number of connected devices and
so on, compared to current 4G networks [3].

In order to achieve the above targets, non-orthogonal multiple access (NOMA) has
emerged as an innovative technology for larger data rates, higher BS capacity and more
connected devices [4] [5] [6]. NOMA utilizes superposition coding at the transmit-
ters and successive interference cancellation (SIC) at the receivers. According to [7],

NOMA is able to provide a significant performance gain compared with conventional
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CHAPTER 1. INTRODUCTION

orthogonal multiple access (OMA). The core of NOMA is to allow multiple users to
share the same time, frequency and code resource elements via different power levels.
At the transmitter side, signals from various users are superposed and the resulting
signal is then transmitted over the same channels in the same time slot. At the receiver
sides, SIC is utilized to detect the required signals. The basic idea of SIC [8] is that user
signals are successively decoded. After one user’s signal is decoded, it is subtracted
from the combined signal before the next user’s signal is decoded. So far, NOMA has
been studied extensively in the following references [9] [10] [11]. In [9], an uplink
power control scheme has been proposed in order to achieve diverse arrived power in a
NOMA system. Reference [10] has investigated the performance of NOMA in a cellu-
lar downlink scenario with randomly deployed users. Reference [11] has investigated
the application of simultaneous wireless information and power transfer (SWIPT) to
cooperative NOMA. A new cooperative multiple-input single-output SWIPT NOMA
protocol has been proposed, where a user with a strong channel condition acts as an
energy-harvesting relay by adopting power splitting scheme to help a user with a poor
channel condition.

In wireless networks, cooperative communication has gained a lot of attention
because of its ability to provide spatial diversity to mitigate fading [12], to extend
coverage and to improve the communication reliability [13]. Therefore, cooperative
nonorthogonal multiple access (CNOMA) has attracted a great deal of attention [14]
[15] [16] [17] [18] since it is promising to further improve the system efficiency in
terms of capacity [19] and it is capable of ensuring NOMA users to achieve their QoS
requirements [20] [21]. CNOMA has been first proposed in [17], where a near user
with strong channel conditions acts as a relay to help a far user which is suffering from
weak channel conditions. Such cooperation is particularly preferred by the weak user
when its QoS cannot be met by itself [20]. As to the near user, it obtains an additional
opportunity [19] [20] to access the spectrum band which originally belongs to the weak

user. In a word, the collaboration scheme achieves an ideal win-win situation.
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1.1. BACKGROUND

There are three types of CNOMA schemes which are respectively based on dif-
ferent relaying protocols, including decode-and-forward (DF) relaying, amplify-and-
forward (AF) relaying, and compress-and-forward (CF) relaying. In a DF relaying
system, the relay completely decodes its received signal, re-encode it and then send it
to the terminal equipment. In an AF relaying system, the relay directly amplifies its
received signal along with the embedded noise and then forwards them together to the
terminal receiver. In a CF relaying system, the relay compresses its overheard signal
and then transmits the resultant signal to the intended terminal receiver [22]. Authors
have introduced a multi-antenna AF relay to a CNOMA system to assist transmis-
sions from the BS to NOMA users in [23]. Performances of AF relaying CNOMA
systems under Nakagami-m fading channels with the consideration of perfect and im-
perfect evaluation of channel state information have been investigated in [24] and [25],
respectively. Authors of [26] has studied and proposed the relay selection strategy
for a AF relaying CNOMA system with multiple relays assisting the transmissions
from BS to users. Moreover, [27] has also investigated the relay selection problem
and proposed a two-stage relay selection strategy for a AF relaying CNOMA system.
The achieved diversity order is the same with the number of AF relays. As to DF
relaying CNOMA systems, authors of [27] and [28] have studied the two-stage relay
selection strategy as well, in order to obtain spatial diversity and thus better outage per-
formance. Reference [29] has employed multiple antennas at the DF relay and users
in a CNOMA scheme in order to increase the cell edge coverage. Full-duplex relaying
is definitely a significant topic for DF relaying CNOMA systems and researchers have
already achieved relevant achievements including [30] [31] [32] and [33]. Addition-
ally, simultaneous wireless information and power transfer has been introduced by DF
relaying CNOMA transmissions in [34] and [35]. While CF relaying CNOMA is still
far from being well studied. It has only been explored in [36] with relay broadcasting
channels and in [37] for a cognitive radio network. After comparison AF with DF,

we conclude that AF and DF have their distinct pros and cons. AF has relatively low
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CHAPTER 1. INTRODUCTION

complexity and is easy to implement, since it directly amplifies and forwards signals.
However, such simple linear processing only extends transmission scope in terms of
energy. While the relay is amplifying signals, noise level gets larger as well. Partial
transmit power of relay must be wasted, and the noise and distortion of signals are pro-
portionally amplified as well. DF overcomes the above drawbacks of AF. DF reduces
effects brought by noise during the second hop by completely decoding and then for-
warding signals. Transmission reliability is improved but computational complexity
is also increased. It is noted that when it comes to CNOMA systems with untrusted
relays, DF is not an advisable choice, since the untrusted relay must be prevented from
decoding and obtaining signal [38]. We then compare AF with CF. According to [39],
it is indicated that the achieved secrecy sum rate by AF is larger than CF. The imple-
mentation complexity of AF is lower. Furthermore, the theoretical secrecy analysis for
CF is too complex to hardly make any insightful conclusions.

It needs to be pointed out that we aim to improve the system efficiency in this
thesis, without regard to untrusted relays. Therefore, we employ DF for our consid-
ered CNOMA systems since it focuses more on system performance. To be specific,

‘CNOMA’ refers to DF relaying CNOMA in subsequent chapters.

1.2 Literature Review

1.2.1 CNOMA Inspired by Cognitive Radio

Cognitive radio (CR) has also become one of the promising key technologies in 5G
wireless communications to increase the spectrum efficiency [40]. The main ideas of
CR are (i) to allow the secondary user (SU) to share the licensed spectrum band with
the primary user (PU) on the condition that the QoS of PU is guaranteed, and (ii) to
utilize the spectrum resources more efficiently. The combination technique of CR and

CNOMA has recently attracted the researchers’ attention [20] [21] for higher capacity
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1.2. LITERATURE REVIEW

and better reliability. In fact, the treatises for investigating the potential benefits by
integrating the two promising technologies CR and CNOMA are still in their infancy.
Reference [20] has investigated the application of CNOMA to multicast cognitive ra-
dio networks. A dynamic CNOMA scheme has been proposed, where the multicast
secondary users serve as relays to improve the performance of both primary and sec-
ondary networks. As to [21], the authors focus on the scenario where the PU locates
far from the BS and the SUs seat closely to the BS. In such case, the QoS require-
ment of PU may not be met by the primary network itself due to PU’s poor channel
conditions or its limited transmission capability. The PU-SU collaboration achieves a
win-win situation since the PU grants the SUs an access to the licensed spectrum, in
exchange for the SUs improving PU’s performance by working as relays to help reach
the PU’s QoS requirement. It is noted that just like conventional CR networks, the PU

has higher priority than SUs.

In this thesis, we consider the weak and the strong users as a primary user and a

secondary user, respectively.

1.2.2 CNOMA and its Relay Selection Strategies

CNOMA research contributions mainly include two categories, namely, half-duplex
(HD) [20] [17] and full duplex (FD) [41] [42] [43] [44] [45] [46].

In a HD CNOMA system, the far user transmits its signals to the near user and
the BS in the first phase. And the near user decodes and forwards the message of
the far user in the second phase. In this way, the BS obtains two copies of signals,
one is from the far user and the other is from the near user. By combining these two
copies and leveraging the spatial diversity gains, the BS may improve the reliability
of the received signals. In particular, authors of [16] have investigated the applica-
tion of SWIPT to HD CNOMA. A new cooperative SWIPT HD NOMA protocol has

been proposed, where near NOMA users which are close to the source act as energy
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CHAPTER 1. INTRODUCTION

harvesting relays to help far NOMA users. A HD CNOMA transmission scheme has
been also proposed in [17]. It has assumed that users with better channel conditions
has prior information about the messages of other users. System performance is then
analyzed and an approach based on user pairing is proposed to reduce system complex-
ity. Reference [18] has proposed a two-stage relay selection strategy for HD CNOMA
networks with different QoS requirements at the users. In fact, relay selection (RS)
is one of the main focuses of a CNOMA scheme. To be specific, Ding et al. have
proposed a RS strategy for a HD CNOMA system to achieve the minimal overall out-
age probability [47]. Yang et al. have considered the unicast traffic where one BS
communicates with two mobile users with the aid of multiple dedicated relays [48].
Two kinds of RS strategies for HD CNOMA networks with decode-and-forward and
amplify-and-forward relaying protocols have been proposed, respectively. For a multi-
cast cognitive HD CNOMA system, Lv et al. have presented three different secondary
user scheduling strategies based on the available channel state information (CSI) to ex-
ploit the inherent spatial diversity [49]. Xu et al. have investigated optimal RS schemes
for HD CNOMA networks with multiple dedicated relays by adaptively ordering users
based on instantaneous CSI rather than quality of service requirements [50]. The re-
lated works [47] [48] [49] [50] have laid a solid foundation for the understanding of
RS strategies for HD CNOMA. But the improvement of reliability and capacity comes
at the price of resource utilization efficiency reduction due to the additional time re-
source cost during HD cooperation, which may offset the capacity gain promised by
cooperation communication.

On the other hand, FD mode [3] [51] is capable of overcoming the capacity loss in
HD CNOMA systems since FD wireless device transmits and receives simultaneously.
It is also noted that when a FD device is receiving signals, its transmitted signal is
regarded as self-interference (SI). Thanks to rapidly developing self-interference sup-
pression techniques [52] [53], they provide a strong possibility for the realization of the

advantages brought by the FD mode. Accordingly, researchers begin to focus on FD
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CNOMA schemes recently. A CNOMA scheme with FD relaying in multiuser single-
input single-output downlink systems is investigated in [41]. It assumes perfect SI can-
cellation, and theoretically obtains the achievable rate region. A FD device-to-device
(D2D)-aided CNOMA scheme is proposed in [42] to improve the performance of the
NOMA weak user in a NOMA user pair, where the NOMA weak user is helped by the
NOMA strong user with the capability of FD D2D communications. A FD CNOMA
system with dual users has been proposed in [43], where a dedicated FD relay assists
the information transmission to the user with weak channel condition. In [44], au-
thors have studied a NOMA system with cooperative FD relaying. They analytically
obtain the optimal power allocations with closed-form expressions at the BS and re-
lay to minimize the outage probability. Furthermore, authors of [45] and [46] have
proposed a CNOMA scheme where the user-relay selects different operation modes
between FD and HD so that the proposed scheme always achieves better performance
than cooperative orthogonal multiple access (COMA). We have learnt that there are
considerable research findings about RS strategies for HD CNOMA. But RS for FD
relaying CNOMA is far from being well studied. The only relevant finding is presented
in [54]. Yue et al. have investigated the impact of RS on the performance of CNOMA,
where relays are capable of working in either FD or HD mode [54]. In their proposed
RS scheme, on the condition of ensuring the data rate of distant user, they serve the

nearby user with data rate as large as possible for selecting a relay.

1.2.3 Two-Way Relay CNOMA

All of the above existing works on CNOMA are based on the one-way relay scheme,
where the messages are delivered in only one direction. As a further advance, the two-
way relay (TWR) technique introduced in [55] has attracted remarkable interest since
it is capable of boosting the spectral efficiency. The basic idea of TWR systems is to

exchange information between two nodes with the help of a relay.
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Generally speaking, in a bi-directional communication scenario, network coding
and multi-user detection (MUD) are two types of non-orthogonal technologies which
are used to increase spectrum efficiency. The primary purpose of the former technol-
ogy is to decode network-coded signals while the latter aims to recover individual sig-
nals. This thesis mainly studies the non-orthogonal technology of MUD, which means
‘NOMA’ in this thesis refers to MUD. As to network coding, [56] and [57] have first
proposed physical-layer network coding (PNC), which is a sub-field of network cod-
ing, to enhance the relay transmission performance by exploiting networking. Similar
to the DF protocol, PNC decodes signals from the overlapped signal by messages from
multiple transmitters and then generates the network-coded signal. In contrast, analog
network coding (ANC) has been first proposed by [58]. Similar to the AF protocol,
ANC simplifies the weighted sum signal from multiple transmitters and then directly
forwards it.

We next explain the concept of PNC in a typical two-way relay channel (TWRC).
Two vehicles A and B move towards a intersection. A road side unit R lies in the
intersection and works as a relay to assist them to exchange information X, and Xp.
Buildings or other physical obstacles at the corner lead to severe shadowing effects,
creating a non-line-of-sight scenario. There are two phases during PNC, namely up-
link and downlink transmissions. During the former phase, A and B send their signals
X, and X3, respectively, to R simultaneously. Their signals then overlap at R. Relay
R decodes X, and X from the overlapped signal and generates the output signal by
Xr = X4 ® X3, where @ refers to exclusive or (XOR). Afterwards, R broadcasts Xy
during the downlink phase. Finally, A and B obtains their own intended signal, namely
Xp and X,4, with the help of their self information. For example, A recovers its intended
signal by Xz = X4 ® Xg. The scheduling problem has been investigated and a medium
access control protocol named VPNC-MAC has been proposed by [59] and [60] in a
PNC-based vehicular ad-hoc network (VANET). The proposed scheme includes two

phases, namely the setup phase and the packet exchange phase, in order to guarantee
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the reliability and efficiency of periodic beacon broadcasting. Authors of [61] have
first considered the feasibility of PNC. According to [61], in a vehicle-to-everything
communication system, PNC undergoes at most a signal to interference and noise ra-
tio penalty of 3 dB even in the worst situation, compared with a traditional point-to-
point communication system. Orthogonal frequency division multiplexing (OFDM)
is commonly employed in the physical layer of IEEE 802.11 standard family. There
have already been many research works on OFDM-modulated PNC such as [62] [63]
and [64]. The synchronization problem has been carefully studied in [62] and [64]. Au-
thors of [63] has analyzed the performance of PNC with effects of frequency-selective
channels.

After comparing network coding and NOMA, we learn that both of them are used to
increase spectrum efficiency in a bi-communicational scenario. But according to [56],
the former is exploited in a TWRC where power levels of users are balanced. While
in a NOMA scheme, multiple users are served by the same time, frequency and code
resource element. Different power levels are allocated to these users to realize multiple
access. According to [65], the superiority of NOMA even becomes more significant as
channel state difference between different users gets larger. Therefore, the application
scenarios distinguish from each other. Network coding is more suitable to users with
balanced power levels while NOMA is applicable to a scenario with obvious power
difference. We focus on the latter in this thesis, where one user is farther away from
the relay than the other one.

According to [66], the application of TWR to FD CNOMA is a possible approach
to improve the spectral efficiency of systems. Although the researches have already
laid a solid foundation for the understanding of TWR technique [67] [68], the two-
way relay FD CNOMA systems where NOMA users want to exchange messages via
a FD relay are still far from being well understood. To the best of our knowledge,
only Zheng et al. [69] [70] have investigated two-way relay FD CNOMA systems.

Zheng et al. [69] have developed a two-way relay FD CNOMA network, in which
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a rate splitting scheme and a successive group decoding strategy are employed. But
the authors have not carried out any performance evaluation theoretically. Zheng et
al. [70] have focused on the secrecy considerations in a two-way relay FD CNOMA
network, in which two users exchange their NOMA signals via a trusted relay in the
presence of single and multiple eavesdroppers. However, in the performance evalua-
tion part, only the achievable ergodic rate has been analyzed. Zheng et al. [70] have
also lacked systematic performance evaluation metrics, i.e., outage probability, system
throughput and so on. Moreover, the above existing contributions about two-way relay
FD CNOMA systems are studied on the condition of perfect SIC (pSIC). In practical
scenarios, there still exist several potential implementation issues with the use of SIC
(i.e., complexity scaling and error propagation) [66]. More precisely, these unfavor-
able factors will lead to errors in decoding. Once an error occurs when carrying out
SIC, the NOMA systems will suffer from the residual interference signal (IS). Hence,
it is significant to examine the detrimental impacts of imperfect SIC (ipSIC) for FD
CNOMA systems. However, Zheng et al. [69] [70] fail to consider the situation of
ipSIC.

1.3 Research Motivation and Contribution

1.3.1 HD CNOMA Based on Spectrum Sensing

All relevant papers about HD CNOMA inspired by CR neglect the objectively existing
spectrum holes [71] [72], which means that the SUs will transmit the superimposed
NOMA signals made up of their received signals and their own signals even when
the PU does not exist and the received signals are nothing but noise. According to
[71], instead of keeping occupying the licensed spectrum band, the PU only requires
to transmit signals when it needs, and the licensed band will turn unoccupied if the

PU finishes transmission. Considering such fact, this thesis proposes a HD CNOMA
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scheme based on spectrum sensing [73] [74] [75], which adopts spectrum sensing to
identify the spectrum holes and thus it is capable of avoiding useless transmission
for better system performance. In brief, once the spectrum sensing results claim the
existence of the PU, SUs will transmit the superimposed NOMA signals consisting
of PU signals and their own signals. Otherwise, they will only transmit their own
signals. In this way, the system resources are adequately utilized for user signals but
not noise and thus useless transmission is avoided. To the best of our knowledge, in HD
CNOMA systems inspired by CR, this thesis is the first to consider spectrum holes, the
first to adopt spectrum sensing technique, and the first to present performance analysis
under imperfect spectrum sensing assumption.

In this thesis, we propose and investigate a user relaying HD CNOMA scheme,
which adopts spectrum sensing technique to identify spectrum holes, accordingly choose
an appropriate form of transmitted signals, avoid useless transmission, and eventually
obtain superior system performance. To characterize the performance of the proposed
HD CNOMA scheme, closed-form expressions of outage probability, system through-
put in delay-limited transmission mode, ergodic rate and system throughput in delay-
tolerant transmission mode are worked out. It is noted that the above derivation is
carried out under the practical assumption of imperfect spectrum sensing in real-world
networks. Finally, simulation results are presented to validate these derived closed-
form expressions and illustrate the superior performance of the proposed HD CNOMA
scheme to two cooperative benchmarks, in terms of system throughput.

The contributions of this part are summarized as follows.

(1) We propose a HD CNOMA scheme based on spectrum sensing, where the user
relay, i.e., the strong user, executes spectrum sensing to avoid useless transmission and
efficiently utilize the system resources for larger system throughput.

(2) Closed-form expressions of outage probability, ergodic rate and system through-
put in delay-limited and delay-tolerant transmission modes are derived under the prac-

tical assumption of imperfect spectrum sensing. Note that this thesis is the first to con-
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cern spectrum holes, to adopt spectrum sensing technique, and to present performance

analysis under imperfect spectrum sensing assumption in a HD CNOMA system.

(3) Simulation results are provided to verify the correctness of our derived expres-
sions and the effectiveness of adopting spectrum sensing technique in the proposed
scheme for better system performance. They also illustrate the following facts. The
proposed HD CNOMA scheme is always superior to the cooperative benchmarks, in
terms of system throughput both in delay-limited and in delay-tolerant transmission
modes under scenarios with or without direct link between the primary user and the
base station. Moreover, we learn that all of the involved cooperative access schemes,
including the proposed HD CNOMA and two other benchmarks, obtain larger through-
puts with direct link than without direct link. It is because the direct link offers addi-

tional possibility for signal transmission and thus provides spatial diversity gain.

1.3.2 FD CNOMA Based on Spectrum Sensing

The above-mentioned papers [41] [42] [43] [44] [45] [46] about FD CNOMA have
failed to notice the fact that the weak user can finish transmission at any moment. In-
stead of keeping the spectrum bands occupied all the time, many practical wireless
devices, such as Internet of Things (IoT) sensors, only transmit when they need to,
and the spectrum bands will turn to be unoccupied and idle when they finish transmis-
sion [76]. These idle spectrum bands are defined as spectrum holes in [71] and [72].
The existing FD schemes neglect the spectrum holes which means that strong users,
i.e., SUs, will forward their received signals even when weak users do not exist and
the received signals are nothing but interference and noise signals. In such cases, the
idle spectrum bands and the strong users’ transmit power are wasted. To solve this
problem, we adopt spectrum sensing to identify these spectrum holes. To be specific,
once a spectrum sensing result claims the existence of the weak user (i.e., PU), the

strong user (i.e., SU) will transmit a superimposed NOMA signal consisting of the two
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NOMA users’ signals. Otherwise, SU will transmit its own signal. In this way, spec-
trum holes are used for SU signal transmission but not for interference or noise signals.
Moreover, by sharing the same spectrum band in a NOMA way, PU and SU are ca-
pable of increasing the spectrum efficiency compared with PU completely occupying
the licensed spectrum band itself [77]. That is to say both idle and underutilized spec-
trum bands can be sufficiently utilized by the proposed FD CNOMA scheme based on
spectrum sensing.

We want to point out one more thing about the adopted FD mode; it not only pro-
vides better system performance than HD as mentioned above, but also overcomes the
following inherent drawbacks of conventional cognitive radio networks (CRNs). Tra-
ditionally, SUs adopt HD communication mode. Each time slot is divided into two
mini-slots, i.e., a sensing slot and a transmission slot. This conventional scheme has
the following critical drawbacks [78]. First, SUs cannot simultaneously sense spec-
trum bands and transmit data. They have to sense the bands only in sensing slots
and transmit signals merely in transmission slots. That is to say, SUs need to sacri-
fice a great proportion of time resource for robust spectrum detection performance.
Only a modest part of time is left for signal transmission, decreasing the transmission
capacity. Second, SUs cannot find out any changes about PUs’ statuses during data
transmission slots. Therefore, collision and interference may happen when PUs ap-
pear, and spectrum holes are wasted when PUs disappear. On the other hand, the FD
mode enables SUs to sense and transmit signals at the same time. So the above conflict
no longer exists. Time slots in our FD-CR scheme are not divided into separate sensing
and transmission slots. SU keeps sensing the licensed spectrum band all the time to
make sure that the presence and absence of PU can be identified immediately, without
worrying about transmission-time loss. Accordingly, problems such as spectrum hole
resource waste and collision between PU and SU are overcome. So our FD-CR scheme
improves the spectrum utilization efficiency and increases the system reliability.

In this thesis, we propose and investigate a FD CNOMA scheme based on spec-
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trum sensing, where a PU communicates with the BS under the assistance of an SU
which has the capability of spectrum sensing. Besides the win—win situation between
PU and SU, the proposed collaboration scheme provides the following benefits. First
of all, it adopts spectrum sensing to identify spectrum holes and accordingly avoid
the waste of spectrum hole resources. Second, it enables PU and SU to share the
licensed spectrum band by NOMA, which further increases the spectrum efficiency.
Third, the employed FD mode helps obtain better system performance, such as larger
capacity, and it also helps overcome the above-mentioned problems of conventional
CRNs. To characterize the performance of the proposed scheme, expressions of ex-
act and asymptotic ergodic rates are worked out. Corresponding high signal-to-noise
ratio (SNR) slopes for ergodic rates are further derived. We then analyze the system
throughput based on these obtained ergodic rates. It is noted that performance evalua-
tion in this thesis is analyzed under practical assumptions of imperfect SI cancellation
and imperfect spectrum sensing. Finally, simulation results are presented to validate
these derived expressions. They also illustrate that in practical scenarios, the proposed
FD CNOMA scheme achieves better performance than other cooperative benchmarks
in terms of both ergodic rates and system throughput.

The contributions of this part are summarized as follows.

(1) We propose a FD CNOMA scheme based on spectrum sensing, where the user-
relay (i.e., SU) helps the weak user (i.e., PU) to communicate with the BS. By adopting
the cooperative scheme, the spectrum sensing technology, the NOMA strategy, and the
FD transmission mode, the proposed FD CNOMA scheme not only sufficiently utilizes
both idle and underutilized spectrum resources, but also overcomes the commonly
existing issues of conventional CRNs. This is the first time that NOMA 1is applied to a
FD-CR system.

(2) Expressions of exact and asymptotic ergodic rates are derived under practical
assumptions of imperfect spectrum sensing and imperfect SI cancellation. For more

insights, we further work out their corresponding high-SNR slopes. In short, the high-
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SNR slope of SU is one while the high-SNR slope of PU is equal to the miss detec-
tion probability which is much smaller than SU. Furthermore, we obtain the system
throughput according to the derived ergodic rates.

(3) Simulation results are presented to verify the correctness of our derived expres-
sions and the effectiveness of adopting spectrum sensing in the proposed scheme. They
also illustrate the following facts. FD CNOMA always provides the largest ergodic rate
for the SU, compared with other cooperative benchmarks. It also offers the largest er-
godic rate to the PU in a real-world scenario where the residual SI has the same level
with the noise floor. As to the system throughput, the proposed FD CNOMA scheme

always outperforms other benchmarks.

1.3.3 Three-Stage Relay Selection Strategy With Dynamic Power

Allocation

By recalling existing RS strategies introduced in Section 1.2.2, we conclude that these
achievements have laid a solid foundation for the understanding of RS strategies for
HD CNOMA. In contrast, RS for FD relaying CNOMA is far from being well studied.
The only relevant finding is presented in [54], which, however, has the following two
drawbacks. Firstly, a fixed power allocation is used by [54]. Optimizing the power
allocation coeflicients based on CSI will further improve the performance of CNOMA
[49]. To the best of our knowledge, there are no existing works investigating a dynamic
power-allocation-based RS scheme for CNOMA networks with FD relays. Secondly,
the RS scheme presented in [54] is a centralized system. Channel estimation, relay
selection and relevant data processing are controlled and completed by the BS itself,
leading to a large demand of control signaling and system overhead.

Additionally, a general conclusion of research findings about CNOMA, such as
[54] [79] [80] and [81], is that FD relaying CNOMA is superior to HD-based CNOMA

in the low SNR region but not in the high SNR region due to effects of residual SI.
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However, this conclusion still lacks a clear and explicit guidance to choose which
relaying mode in practice. This is another focus of this part.

Motivated by the above consideration, we take a further step and propose a three-
stage RS strategy with dynamic power allocation (TRSPA) for the proposed FD CNOMA
scheme to overcome the two drawbacks of [54]. Due to the limited transmission capa-
bility [82] and the possible severe fading effect caused by physical obstacles or remote
cell-edge location, a PU can be regarded as the weak user and it needs the assistance
from other user relays, i.e., SUs. Many PUs such as real-time machine type communi-
cation devices are sensitive to time delay and they have the priority to access spectrum
bands [83] to satisfy their QoS requirements first. In contrast, SUs such as cellular user
relays are not sensitive to time delay, which makes them suitable to access a spectrum
band opportunistically when the QoS requirements of PUs are met. The purpose of
our proposed relay selection strategy TRSPA is to find out the best user relay to max-
imize the ergodic rate of that selected relay, i.e., SU, on the condition of guaranteeing
successful transmissions of the PU’s signal.

Different from [54] with fixed power allocations, power allocation coeflicients
adopted by our proposed TRSPA scheme are dynamically adjusted to optimal values
all the time, in order to maximize the ergodic rate of the selected user relay and to re-
alize successful transmissions of the PU’s signal. Furthermore, different from [54], the
system considered in our thesis is in fact a distributed system. Signal detection and de-
coding, power allocation, and relay selection are entirely completed by relays, instead
of the BS. The role of the BS in our considered system model is merely a receiver, but
not a controller. This kind of distributed system is more flexible and efficient with less
control signaling and system overhead compared with the centralized system presented
by [54]. Finally, we also reveal the practical impact of SI on TRSPA for FD CNOMA
in terms of outage probability and ergodic rate.

The major contributions of this part are summarized as follows.

(1) We investigate a three-stage RS strategy for the proposed FD CNOMA scheme
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based on spectrum sensing. With a dynamic power allocation method, TRSPA is
proved to achieve the optimal outage probability and on this basis, the largest ergodic
rate, among all possible RS strategies.

(2) We characterize the performance of TRSPA for FD CNOMA with imperfect SI
cancellation. We derive the closed-form expressions of outage probability and ergodic
rate. From the standpoint of practicality, relays are modelled as uniformly distributed.
Also, we confirm that the diversity order of the weak user is worked out to be zero
due to the effects of residual SI. The spatial multiplexing gain of strong user relay is
worked out to be one, which is its achievable maximum value.

(3) Different from the inexplicit conclusion of other works, we straightforwardly
reveal that even with the adverse effects of SI, FD CNOMA with reasonable SI suppres-
sion capabilities still achieves superior performance over HD CNOMA and COMA.
We confirm that FD is the most sensible choice when designing a TRSPA strategy in

reality.

1.3.4 Two-Way Relay FD CNOMA Scheme

Different from the existing works on one-way relay FD CNOMA schemes, a FD
CNOMA scheme is proposed in this thesis where NOMA users under FD mode need
to exchange messages with the assistance of a FD relaying node under decode-and-
forward protocol. The considered system model can be applied to relay-assisted bi-
directional transmission scenarios. Take the vehicular network inside an urban inter-
section area as an example, where vehicles move towards the intersection from dif-
ferent directions. Road intersections are always the traffic accident-prone locations.
Vehicles need to exchange their up-to-date safety information such as locations and
velocities to provide original data for the follow-up processing by particular vehicular
techniques to avoid traffic accidents. The severe shadowing effects caused by build-

ings or other physical obstacles at the road corner create a non-line-of-sight situation
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for such information exchange process. Therefore, a relay-assisted scheme is adopted.
Message exchange is executed under the assistance of a roadside unit which is located
at the road intersection. After proposing our two-way relay FD CNOMA scheme, we
present the comprehensive investigation with both pSIC and ipSIC under the realistic
assumption of imperfect self-interference cancellation, in terms of outage probabil-
ity, system throughput in delay-limited transmission mode, ergodic rate and system
throughput in delay-tolerant transmission mode.

The main contributions of this part are outlined as follows.

(1) We propose a CNOMA scheme where the relay and users operate in FD mode.
The users intend to exchange information via the relay. The realistic assumption of
imperfect self-interference cancellation and the situations of both pSIC and ipSIC are
considered.

(2) We derive the closed-form expressions of the analytical and asymptotic outage
probabilities in the proposed two-way relay FD CNOMA system with both pSIC and
ipSIC. Based on these results, we work out corresponding diversity orders. The system
throughput in delay-limited transmission mode is then accordingly derived. Due to the
impact of inter-user interference among superimposed NOMA signals and the resid-
ual self-interference caused from imperfect self-interference cancellation, the outage
probabilities for FD CNOMA converge to outage probability floors in the high SNR
regime. That is to say the diversity orders for outage probabilities are equal to zero.
We also learn that pSIC is incapable of overcoming the zero diversity order issue since
the inter-user interference is unavoidable.

(3) We derive the closed-form expressions for analytical and asymptotic ergodic
rates with pSIC and ipSIC. Accordingly, we obtain that the high SNR slopes for er-
godic rates of FD CNOMA are equal to zero. That is to say these ergodic rates con-
verge to their upper limits in high SNR region. We also derive the system throughput
in the delay-tolerant transmission mode. However, the use of pSIC is still incapable

of overcoming the zero slope issue of FD CNOMA in high SNR region due to the
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existence of residual self-interference.

(4) By presenting simulation results, we validate the derived closed-form expres-
sions and compare the performance of the proposed FD CNOMA system with the
benchmarks, i.e., the HD CNOMA system and the COMA system for bi-directional
communication. We conclude that FD CNOMA outperforms the benchmarks in terms
of outage probability, ergodic achievable rate and system throughput in low SNR re-
gion. The pSIC scheme is capable of improving the performance of FD CNOMA

compared to ipSIC.

1.4 Thesis Organization

The remainder of the thesis is organized as follows.

Chapter 2 proposes a HD CNOMA scheme based on spectrum sensing, where the
primary user intends to communicate with the base station by the assistance of the
secondary user. On the other hand, the secondary user can obtain an additional oppor-
tunity to access the spectrum band originally belonging to the primary user. Therefore,
a win—win situation is achieved by our collaboration scheme. When employing the
proposed scheme, the secondary user, i.e., the user relay, adopts the spectrum sensing
technique to perceive the surrounding wireless environment by identifying the spec-
trum holes. According to the sensing results, the secondary user will intelligently de-
termine its transmission signal form, eventually improving the overall system capacity.

Chapter 3 presents a FD CNOMA scheme based on spectrum sensing, where a pri-
mary user communicates with the base station under the assistance of a secondary user,
in order to sufficiently utilize both idle and underutilized spectrum resources. When the
PU does not exist, the SU identifies this idle licensed spectrum band by spectrum sens-
ing and occupies it so that the waste of spectrum hole resource is avoided. When the
PU exists, it allows the SU to share its spectrum band by NOMA to further increase

the spectrum efficiency. By adopting FD mode, the proposed FD CNOMA scheme
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not only achieves better system performance than half-duplex mode by receiving and
transmitting simultaneously, but also overcomes inherent issues of conventional CRNs.

Chapter 4 investigates the relay selection problem and proposes a three-stage re-
lay selection strategy with power allocation for the FD CNOMA scheme based on
spectrum sensing which is proposed in Chapter 3. Uniformly-distributed strong user
relays in the investigated scheme help a weak user communicates with the BS in an
efficient and reliable way. The proposed TRSPA strategy maximizes the transmission
data rate of the selected relay while ensuring successful transmissions for the weak
user by precisely narrowing down relay candidates step-by-step and dynamically allo-
cating optimal power coeflicients. We further exploit the impact of SI on TRSPA for
FD CNOMA and then compare its performance with TRSPA applied in other relaying
modes, that is half-duplex and orthogonal multiple access.

Chapter 5 exploits a novel two-way relay FD CNOMA system, where users intend
to exchange messages with the assistance of a decode-and-forward relay. To charac-
terize the potential performance gain brought by the proposed FD CNOMA scheme
based on a two-way relay, the outage probability and ergodic rate are analyzed. More-
over, to present the comprehensive performance evaluation, both perfect and imperfect
SICs are taken into consideration.

Chapter 6 summarizes our work and provides some future research directions.
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Chapter 2

Half-Duplex Cooperative NOMA

Based on Spectrum Sensing

2.1 Introduction

In this chapter, we propose a HD CNOMA scheme based on spectrum sensing and
then further evaluate its performance. To be specific, we first introduce the system
model of the considered HD relaying CNOMA scheme and then explain the signal
transmission process of our proposed HD CNOMA scheme. Afterwards, the closed-
form expressions for outage probability, ergodic rate and system throughput of this
scheme are derived. Finally, simulation results are presented to verify the correctness
of these derived expressions and to validate the superiority of our proposed scheme
in terms of system throughput both in delay-limited and in delay-tolerant transmission
modes under scenarios with or without direct link between the PU and the BS. Note that

for the sake of simplicity, “CNOMA” in this chapter specifically refer to HD CNOMA.
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Figure 2.1: System model.

2.2 System Model

We consider an uplink CNOMA system in Fig. 2.1, consisting of two users D; and D»,
and one BS. The far user D5, i.e., PU, communicates with the BS with the assistance
of the near user Dy, i.e., SU. The proposed scheme operates in a half-duplex mode, as
also assumed in [20,21]. Ay, h, and hy represent the channel coefficients of D; — BS,
D, — D; and D, — BS links. These wireless links are assumed to be independent
non-selective block Rayleigh fading channels and they are disturbed by additive white
Gaussian noise with the mean power of Ny. Q; (i € {0, 1, 2}) denote the mean values of
exponentially distributed random variables (RVs) |h1 1%, |ho)? and |hol?. x; and x, denote
the messages of the user-relay D; and the far user D,, and they are assumed to be

normalized unity power signals.

Under the hypothesis of the existence of PU, i.e., H;, D, transmits x, during the
first time slot. The SU D; executes spectrum sensing on its received signal. The

observation at D, is

Yp, = VPshaxs + np,, @2.1)

where np, denotes the noise signal and P; is the normalized transmission power of D;.

Therefore, the received signal to noise ratio (SNR) at D, to decode x; is

YD,-D, = |h2|2P, (2.2)
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where p = z—; is the transmit SNR. Specific spectrum sensing algorithm is not our
main focus, so the widely-used energy detection (ED) method is adopted. Note that
we consider the practical assumption of imperfect spectrum sensing, so even if the
PU exists, the sensing result may still mistakenly claim the inexistence of the PU. If
the sensing result precisely claims the existence of D, under H; which is defined as
situation E; in this chapter, D; will decode its received D,’s signal and transmit the

superimposed NOMA signal consisting of x; and x; to the BS in the second time slot.

The NOMA signal is

Yp, = VPraix) + \/P,azx,, (2.3)

where P, is the normalized transmission powers of D;. We assume that P, = P, to
simplify the derivation. a; and a, ! denote the power allocation coefficients of x; and

X2. a; +a, = 1. Then the received signal by the BS for the relaying link is

YBs = hlyi)l + ngs, (2.4)

where ngg is the noise signal at the BS. According to the NOMA principle, SIC is
adopted at the BS. The received signal to interference and noise ratio (SINR) at the BS

to decode x;, for the relaying link is

alhi*p

_ (2.5
ailhil’p + 1

YD>—BS,rel =

After decoding and then subtracting x, from the NOMA signal, the received SNR at

the BS to decode x; is

Ypiss = ailp. (2.6)

Otherwise, if miss detection happens and the sensing result claims the inexistence of

D, under H; which is defined as situation E, in this chapter, D; will spend its entire

'In CRNs, PU signal always has high priority to satisfy its QoS requirement. Therefore, we assume
that a, > a;, which is also adopted in [46, 84].
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power on its own message x;. Then the received SNR at the BS is

V/D]—>BS = |h1|2,0~ 2.7)

The above illustration is analyzed without the direct link. For the scenario with direct

link, the received SNR at the BS to decode x, for the direct link is

Yy ps.dir = 1hol*p. (2.8)

Upon maximal ratio combining (MRC) [42] over the two links during contiguous time

slots, the resulting SINR at the BS is

MRC
YD, = YD,—BS.dir t YD,—BS,rel- (2.9)

Note that SINR values can be worked out in the same way, under the hypothesis of the
inexistence of PU, i.e., Hy. To keep things simple, no more detailed similar statements
under H, are presented here. As above-mentioned, H, is divided into situations E; and
E,. Moreover, considering the imperfect spectrum sensing, H is divided into E5 and
E,. Ej is the situation when false alarm happens while E, means the sensing results
precisely claim the inexistence of D;.

Our proposed scheme can be applied to many practical application scenarios. For
example, D, can be a medical health sensor with low data transmission rate [85] which
immediately uploads its detected abnormal body-status-related data to the data fusion
center for instant responses. An Internet of Things sensor is usually sensitive to time
delay. It usually has un-rechargeable batteries [7] and thus limited transmission ca-
pability. Therefore, it needs the transmission assistance from other users. D; can be
a video user [85] with relatively large data transmission rate so additional spectrum
access opportunities are needed by them. A video user is not sensitive to time delay

SO opportunistic spectrum access is suitable to Dy. In a word, our win-win cooperative
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scheme is a smart choice for them. On the one hand, if D, is claimed to be absent
after spectrum sensing, the idle spectrum band will be used to transmit the broadband
user D;’s signal [77]. On the other hand, as mentioned above, the sensor D, usually
has low data transmission rate and thus the spectrum efficiency is quite low if it com-
pletely occupies the licensed spectrum band as in traditional OMA schemes. When
D, exists, it shares the licensed spectrum band with D; by NOMA in our proposed
scheme. Therefore, besides the signal transmission of D,, D, also transmits signals
by this spectrum band, increasing the overall system throughput and thus the system
efficiency [77]. That is why our proposed CNOMA scheme based on spectrum sensing

is capable of sufficiently utilizing both idle and underutilized spectrum bands.

2.3 Performance Analysis

In this performance analysis section, we respectively consider two types of transmis-
sion modes. They are the delay-limited transmission mode and the delay-tolerant
transmission mode [86]. Under the delay-limited transmission mode, each user has
a targeted data rate which is determined by its QoS requirement. The information of
each user is transmitted at a fixed data rate. Outage probability is an important metric
for performance evaluation when delay is limited. Delay-tolerant transmission refers
to the situation without any time delay constraints. Users’ targeted rates are allocated
opportunistically. In fact, the transmission data rates are determined according to these
users’ specific channel conditions. The codeword can be designed arbitrarily long,
which means it can span over all the fading states. It will be decoded when received
in its full length. Therefore, the user is capable of decoding messages correctly during
SIC. The performance metric for performance evaluation in this mode is ergodic rate.
So the ergodic rate should be calculated on the condition of successfully decoding [87]

during SIC.
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2.3.1 Scenario without Direct Link

2.3.1.1 Outage Probability

Outage Probability of D, under H,: First, for the situation £, the complementary
event of communication outage for D is that the BS can decode the messages of both
D, and Dy, so the outage probability is

PD1|H1’Pd (|h2|2) =1- (210)

1
Ly
Pr(Yp,—Bs.ret > $2.YD—ps > ¢1) = 1 —e O Hra,

where ¢, = 2281 —1 and ¢, = 22®2—1. R, and R, are the targeted data rates for x; and x,.

0 = max( 2 ﬂ). P, (|h2|2) refers to the detection probability at D, to detect

Hy,Py plaz—a12)’ pai

x, and it is a function of |,|>. Note that (2.10) is derived under the assumption that
a, > a ¢, *. For miss detection situation E,, transmission outage will happen as long
as the BS fails to decode x;. P, (|h2|2) =1-P, (lhzlz) represents the miss detection
probability. Therefore, the outage probability under E; is

P, | Hi. P, (1) 2.11)

14

= Pr('y/Dl—>BS < ¢1) =1l—-e v,

Based on (2.10) and (2.11), the outage probability of D; under the hypothesis of

H, is given by

Py [ Hi = [ (1P| 1.2, (1aF)| P, (12P)

+| Py | Hi P, (102P)]| P,y (122)) fi (1R2) dlal?
- (1 - e‘dleﬂm) [P i (0 dx

(1= ) (1= 7P 00 fi ().

(2.12)

where x denotes ||, fx (x) = fj, ¢ (|h2|2) represents the PDF of |h,|>. Now the key of

2Otherwise, Py, | Hy, P, (1ha?) = 1.

26



2.3. PERFORMANCE ANALYSIS

(2.12) is to calculate fooo P, (x) fx (x) dx. For the ease of the subsequent derivation, we
focus on a more general form, i.e., fg P, (x) fx (x)dx. According to the central limit

theorem, the detection probability for ED is given by

0™ (P]"*) V2/K - px

P =
() =0 V2/K (1 + px)

(2.13)

where K is the sampling number and P}’ is the preset false alarm probability. Q ()
denotes the Marqum Q-function. Furthermore, we expand the Q-function according
to the expansion formula (3.321.1) in [88], and then obtain the analytical result of

fg P;(x) fx (x)dx in (2.14), based on binomial expansion and the integral formula
' 0°!(P) VK1

(3.351.4) in [88], where A = pef, B = —ar U= ¢+ 1, p = leé and
C = 5 (r’:_!l.)!. Ei (-) denotes Exponential integral function.

00 - A 00 (—l)m(%)zwrl < 2m+1 .
2 Pa) feod= et = 5 min((<45) S
’ m=0

, ' 2.14
+ et c (- [k el Bi [(—1yZ B | o o @1
l_; 2m+1 2 (i-1)! ui=T J;O i=1)(i=2)@—j-1)

Note that numerically, fooo P;(x) fx (x)dx can be worked out by substituting ¢, = 0

into (2.14).

Outage Probability of D; under H,: Similar with the above subsection, outage

1 ¢

. -0 _14
probabilities under E5 and Eq are 1—e ™ "7 and 1—e 1 7. 6, Py = max(

) ﬂ)
plaz-ai¢2)’ par )

Then the outage probability under H is

P, | Ho

(2.15)
__1L ¢
= (1 _e "Hoff)Pji.” n (1 - e‘ﬂlwl) (1 - Pji’e).

Outage Probability of D, under H,: The complementary event of outage at D, un-

der E is that both D and BS can decode x,. So the communication outage probability

27



CHAPTER 2. HALF-DUPLEX COOPERATIVE NOMA BASED ON SPECTRUM
SENSING

of D, under E is
P, |H. P, (1)
=1 —Pr(¥p,op, > ¢2.VYDy—BS.rel > $2) (2.16)

1 )

=1- e_(‘TIW)Pr(lhzf >2).

Under E,, D; only transmits its own message so the outage probability of D, is P D2| H\,P, (|h2|2)

1. Accordingly, the outage probability of D, under H, is given by

[

Pp,|Hi =1~ e_(gi‘“z"‘“z'”“”)fg Py (x) fx (x)dx, (2.17)

where f;’ P, (x) fx (x) dx is obtained according to (2.14).
P
Outage Probability of D, under Hy: D, does not exist under the hypothesis of H.

2.3.1.2 Throughput in Delay-Limited Transmission Mode

Next, the delay-limited transmission mode is considered under the hypothesis of H,

which is in fact the combination hypothesis of H; and H,. Under H, like the real-

world systems, no one knows for sure whether D, is present or absent at the current

time slot and D, can transmit its signals at any moment. We assume that D, randomly

occupies the licensed spectrum or not with constant probabilities P (H;) and P (Hy), as

described in [89]. Then the system throughput without direct link is
R|H = (1= Py, | Ho) RiP (Ho)

(2.18)
+((1= Py, | Hi) Ry + (1= P, | H\)Ro) P (HY),

where P, | Hy, P, | H) and P, | H, are obtained from (2.15), (2.12) and (2.17).

2.3.1.3 Ergodic Rate

Ergodic Rate of D, under H;: When user’s rates are determined by their channel

conditions, the ergodic rate becomes an important metric for performance evaluation.
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Hence, the performance of the proposed CNOMA scheme is characterized in terms of

ergodic rates as shown below. First, we consider the ergodic rate of Dy under H;.

As above-stated, H; is divided into two situations £; and E,. For the situation E,
on the condition that the BS can decode x,, the achievable rate of D; at the BS can be
written as R, | H, P, (|h2|2) = 1log (1 + VD.—>BS)- Then the ergodic rate of D, under

E, is calculated as

E[RD1|H1,Pd (|h2|2)] =3E log(l +7D1—>BS}

v (2.19)
= 21112 j(‘)oo ﬁ (1 - FY(y))dya
where the CDF of ¥, i.e., Fy (y), is calculated as follows.
) 1y
Fy () =Pr(almfp<y)=1-¢mm. (2.20)
Substituting (2.20) into (2.19), we learn that the ergodic rate is written as
E[Ry,| Hy, Py (11:P)] = — f T L Ay, (2.21)
1 d 2In2 J, 1+vy

Based on the equation (3.352.4) in [88], we can obtain the ergodic rate of D; under

E, as follows.
E[Ry, | Hi. P, (InoF)]

o (2.22)
= 22 (_egmpEl (_Tmp))'

For situation E, where miss detection happens, D; only transmits its own message
x1. In this case, the received SNR at the BS to decode x;, i.e., y’DﬁBS, is calculated
as (2.7). Thus the achievable rate of D; at the BS, on the condition that the BS can

decode x, is written as R, | H,, P, (|h2|2) = %log(l + 7’2).—>Bs)- Then similar to the
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above derivation under E1, the ergodic rate under E, is expressed as

E[Ry | Hy. P, (1oP)] = 211 5 (—eoipEi (_Q%p)) (2.23)

Accordingly, the closed-form ergodic rate of D under the hypothesis of H; is cal-

culated as (2.24).

Ry, |H, |

|
= [ (E|Ry,| Hi. P, (1aP)| x P, (10al?) + E| Ry, | Hy. P,, (1al)| X P,, (1R2l)) £, (1ol dllal®

(et (k) o (e B () (1= a0 o
(2.24)

~ 2In

Still, numerically, fooo P;(x) fx (x)dx can be worked out by substituting ¢, = 0 into
(2.14).

Ergodic Rate of D, under H),: Under situation E3, D; mistakenly identifies the
received noise signal, i.e., np,, as D,’s message. Then similar with (2.22), on the

condition that the BS can decode the “mistaken x,”, the ergodic rate of D; can be

.
written as m ( eQI“IPEl(

o p)) Under E4, D; only transmits its own signal x; and

therefore similar to (2.23), its corresponding ergodic rate is 21n2 ( ¢®7 B (—QLW)) In

summary, under H,, the ergodic rate of D; under H, is given by

E|R, IHo]

( eﬁEi( Qlalp))Ppre

()1 27

Ergodic Rate of D, under H,: Under E;, since x, should be decoded at D; as

(2.25)

well as at the BS for SIC, the achievable rate of D, is written as R Dz| H\,P, (|h2|2) =

% log (1 + min (yYp,—p,, ¥p,—5s.r)) and the ergodic rate is given by E [RD2| Hy,P, (Ih2|2)] =
1Elog (1 + min YD,—Dy»YD,—Bs.rer))]. Obviously, it is difficult to obtain the CDF of

2 g 2 1 ) , y

min (Yp,—p,» Yp,—Bs.r1)- Considering the subsequent even more complicated derivation
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based on its CDF, we focus on the high SNR and present the high approximation of
E [RD2| H, P, (|h2|2)], just like [84], so that we may finally manage to derive a closed-
form expression for this ergodic rate to make the performance evaluation possible.
Considering gl_)rg YDyoon, = |h2|2p and 31_>r£10 YD,—BS rel = Z—f, we learn that the asymptotic

expression for ergodic rate of D, under E; in the high SNR region is
[ 1., 1)

. a
= 1E|log 1+m1n(|h2|2p, a—?) (2.26)

Y/
=53 I 1 (1= Fy ) dy'.

The CDF of Y’ is expressed as

Fy () =1-Pr(lhafp >y, 2 >y)

/ (2.27)
U ()P ),
I, y>0
where U (y) is unit step function as U (y') = . Substitute (2.27) into
0, v <0

(2.26) and we obtain the high SNR approximation of the ergodic rate for D, under E|,

as shown in (2.28).

E [R5)°2| H, P, (|h2|2)]

. , (2.28)
=mws ly iy (U2 =Y)Pr(iaf > 5))dy.

As to E,, the BS cannot decode x, since D; fails to detect and forward x,. Thus,

the ergodic rate expression of D, is E [R‘l’)°2| H,,P, (|h2|2)] =0.

In summary, the high SNR approximation of the ergodic rate for D, under H; is
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given by (2.29).

Q2 00
ER5 ]~ s k7 & (17 2o 0 ) ay
2 yl
a2 @2
a N
N 211}2 (_ \/g)jém %y/e 2 dy’.

Based on (3.352.1) in [88], we further calculate the asymptotic expression for ergodic

rate of D, under H; in the high SNR region as follows.

E[R3|H, | -
0 (-5 (B (a2 — o) i (o)

Ergodic Rate of D, under H,: This case needs not to be considered since D, does

(2.30)

not exist under such hypothesis.

2.3.1.4 Throughput in Delay-Tolerant Transmission Mode

In this subsection, the closed-form expression of system throughput in delay-tolerant
transmission mode under the hypothesis of H is presented. First, we consider the
hypothesis of H;. The throughput is determined by evaluating the ergodic rate. Using
(2.24) and (2.30), the asymptotic expression of system throughput under H; is given
by

R®|H, = E [RDI |H1] +E [R°D°2|H1] . (2.31)

As to the hypothesis Hy, by using (2.25), the system throughput under H, is given
by
R|Hy = E [RDI |H0] . (2.32)

Accordingly, the asymptotic expression of system throughput under H is expressed
as

R>?|H = (R°|H) P (H)) + (R,|Hy) P (Hy), (2.33)
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where R;°|H, and R,|H, are worked out based on (2.31) and (2.32).

2.3.2 Scenario with Direct Link

Direct link makes no difference under H,,. Therefore, here we only focus on hypothesis

H .

2.3.2.1 Outage Probability

Outage Probability of D; under H,;: Under E,, the complementary events of com-
munication outage at D, are explained as follows. If D, fails to decode x,, the BS
needs to decode that mistakenly decoded message by the SU, and to decode x;, only
via the relaying link. If D successfully decodes x,, the BS needs to decode x, after

MRC, and to decode x; as well. Then the outage probability under E; is (2.34),

P

Hy, P, (|h2|2) =1 = (Pr(¥p,p, < 2, YDy—BS rel > 2, YD, —Bs > P1)
+ Pr (7D2—>D1 > 2, YpRC > ¢, YD, s > ¢1)) =1-Pr (|h2|2P < ¢2)

alh |
> ¢, arlhiPp > ¢1) —Pr(|n,fp > ¢2)Pr(|ho|2p +—20P s g P > ¢1)
arlhi’p +1

D],dir

h 2
Pr( a2|21|P
ailhilp+1

J] J2

(2.34)

where after proper integral calculation, we learn that

-de
Ji = e & D (235)
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— K4 #2
= max (pal ? plaz—ai$)

where 6 ) With the help of Taylor expansion and the integral

D, dir

formula (3.351.4) in [88], we learn that J, is calculated as (2.36),

e i, T 2Ty
1t 11 o (—D)a
QLLeP —9*072*'@“17 (Q'l IP)
J2 = 1 aip =0 n!
ALk P26k T < T
n+2 p1n+1 . . n urlHrl - “gH _;271
X | (=D o (Ei(er) = Ei(@2)) + kEO =D~ || T€ s
(2.36)
- __® =% 1o =1 =1 = —p
where 7, = Sty 2T ap P T g M T g W2 T g 1= TP W and
02 = —p'u.
For situation E,, the outage probability is
2
PD],dir Hl’Pm (|h2| ) (2 37)

1 ¢

:Pr(y,D]—>BS <¢1):1—€ Qp

Based on (2.34) and (2.37), the outage probability of D; under H, is calculated as

91
p

P |H =1-¢5

D, dir
# (8 F =) [ Pa ) fi (0 (238)

+ (1 =)o) fdg Py (x) fx (x)dx.

Again, fg P, (x) fx (x) dx can be obtained from (2.14).

Outage Probability of D, under H,;: Under E;, the complementary events of outage
at D, are described as follows. D, successfully decodes x, and the BS also decodes x,

after MRC, or D fails to decode x, but the BS decodes x, merely via the direct link.
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Therefore,

PDz,dir Hi, P, (|h2|2)
=1- (Pr (?’D2—>DI > ¢, Vi€ > ¢2)

+Pr(yp,p, < 2,YD,5Bs.dir > $2))

(2.39)

1 ¢

= 1=Pr(|halp > ¢2) 'y = Pr(|aPp < d) e %7

Through similar calculation with the situation of D, under H; in Section 2.3.2.1, we

find that J'; = Pr (|h o + a“@"’l‘x - > ¢ ) is numerically equal to (2.36) after sub-

stituting 7, = ¢; = 0 into (2.36). Under E,, the outage probability is written as

)

P H\,P, (|h2|2) =Pr(yp,psair <¢2)=1—e€ %7,

D, dir

Accordingly, the outage probability of D, under H; is

P ir Hl
P ] (2.40)

e +( %7 )ﬁz Py (%) fx (0)dx.
fg P, (x) fx (x) dx is obtained according to (2.14).
2.3.2.2 Throughput in Delay-Limited Transmission Mode
The system throughput is given by

R, 4l H = (1 - PD1|H0)R1P(HO) + 1)

(1= Py, g H) Ry + (1= Py, | HY)Ry) P(HY)

H, are worked out based on (2.15), (2.38) and

where PDI|H0, PDl’dl-r H; and sz,d,-r

(2.40).

2.3.2.3 Ergodic Rate

Ergodic Rate of D, under H,: First, for the situation E, the achievable rate of D,

at the BS can be expressed as R, ,.|Hi,P, (|h2|2) = %log(l + 7’01—>Bs)- Then the
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ergodic rate of D; under E| is

E[R

prairl A1 P4 (|h2|2)] =1iE

T (2.42)

= 53 fooo ﬁy(l - Fy(y)dy,

where the CDF of ¥, i.e., Fy (y), is calculated as follows.

1y

Fy () = Pr(allPp <y) = 1 - o, (2.43)

Substituting (2.43) into (2.42), we learn that the ergodic rate is written as

1 1 _1x
Hl,Pd(|h2|2)]— f e ar ap y, (2.44)
0

E [RD“’" ~ 2In2

Based on (3.352.4) in [88], we can obtain the ergodic rate of D under E; as fol-

lows.

E [RDl,dir Hy, P, (|h2|2)]

1 (2.45)
- _1 Sap Bj (— =1
= 2in2 (_eg' : El( Qlalp))’

For situation E,, the achievable rate of D; at the BS, on the condition that the BS

Hy, P, (Iha) = $10g (1 + ¥}, _ s )- Then similar to

can decode x», is written as R D1 dir =3

the above derivation under E1, the ergodic rate under E, is

E [RD,,d,-r Hy, P, (|h2|2)] TS (—eﬂ'wEi(—L)) (2.46)

Accordingly, the closed-form ergodic rate of D under the hypothesis of H; is cal-
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culated as (2.47).

E [ D dtrlHl]

- fooo (E [RD1,dir Hy, P, (lhzlz)] XP,;(x) + E [RDl,dir Hy, P (|h2| )] X (1 - P (x))) Jx (x)dx

= s (e (i) st (B (7)) (1= 7Py 0 f o)
(2.47)

Still, numerically, fooo P;(x) fx (x)dx can be worked out by substituting ¢, = 0 into
(2.14).

Ergodic Rate of D, under H,: Under E;, x, should be decoded at D; as well as
Hy, P, (|hof) =
Hy, P, (1)) =
1E [log(l + min (yDﬁDl,y’L‘iRc))]. Still, we focus on the high SNR and present the

at the BS for SIC. Then the achievable rate of D, is written as R

Dz,dir

3 log (1 + min (7Dz—>D. , ngc)) and the ergodic rate is given by E [R

D, dir

high approximation of £ | R Hy, P, Iho|?) |, just like [84]. Considerin lim 0% =
ghapp J g Dy—D,

D dir

C _

|ho|*p and hm yMR = |hol* p+— the asymptotic expression for ergodic rate of D, under

E, in the hlgh SNR region is

E|R}

H, P, (|h2|2)]

Dy dir

. a
= 1E|log|1 + mm(|h2|2p, lholp + a—?) (2.48)

Zl
= 21112 fooo ﬁ (1-Fz(2))d7.

The CDF of Z’ is expressed as

Fz (&) =1=Pr(lafp > 2. lhlp+ 2 > 2)
—1- Pr(|h2|2 > Z—’) (2.49)

« (U(z O T ))

ap
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After substituting (2.49) into (2.48), we get the high SNR approximation of the ergodic

rate for D, under E|, as calculated in (2.50).

’ a)

H,, P (|h2| )] 21n2 o E Pr (|h2|2 > Z—,) (U (Z' - “—?) e_fTO(:?_Hm) + U(az _ Z')) dz

:211nZ (foo %e_&o(j_alp)ljr(mﬂ > )dz +ﬁ) 1+ Pr(lhzl > )dz)
(2.50)

E [RDD<> Jdir

As to E,, even though D, fails to detect x,, the BS could be capable of decoding x;

via the direct link. Thus, we obtain the ergodic rate expression of D, as follows.

E|R

D, dir

Hy, P, (1) = 715 ( ¢ Ei (—QLOP)) 2.51)

To summarise, the high SNR approximation of the ergodic rate for D, under H,

with direct link is given by (2.52).

E[R, 4 1H |

= [ (E|Ry, 00| His Py (102P)] % P, (10) + E[ Ry, 4 Hy,P (|h2|2)] o (112F)) e (1) il
= 5 a?ﬁe_ﬂo(p_aw)(f Pd(x)fX(x)dx)dz +505 b T (f Pd(x)fx(x)dx)dz

v (- QOPEl(——))( £ 1 = Pao) fi ()

- st s S e o+ JEar o e (- E)ee)

+ 35 ( ¢ Ei () ))(f0 (1= Py(x)) fx (x)dx)

2
1 [K Ql(az)f"" [ — 1 [K fz e
= — 7= 0\a1p RTINS p— 0 7’
21“2Q[ 2)6 o T+2° a2l V2, T

al

0 0,

+21}12( QopEl( ))(fo (1—Pd(x))fx(x)dx)

(2.52)
Based on (3.352.2) in [88], we further work out ®,; and ®, in (2.52), and then accord-

ingly obtain the following asymptotic expression for ergodic rate of D, under H; in the
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high SNR region.

E[ nglrlHl]
TR TR YO
2112Q( f)ln( +1) =g (1+ 45)

( CE)(fo ( Pd(x))fx(x)dX).

(2.53)
+

fooo P, (x) fx (x)dx is obtained from (2.14). Cg is the Euler constant.

2.3.2.4 Throughput in Delay-Tolerant Transmission Mode

First, we consider the hypothesis of H;. The throughput is determined by evaluating
the ergodic rate. Based on (2.47) and (2.53), the asymptotic expression of system

throughput under H; is given by

t dlr

|H = E Ry, 4,/ [Hi| + E|RS, |\ H | (2.54)
As to the hypothesis Hy, using (2.25), the system throughput under Hj is given by
R, ;i\Ho = E Ry, |Hy|. (2.55)

Accordingly, the asymptotic expression of system throughput under H is expressed

as

R H = (R 1H ) P (HY) + (R, g Ho) P (Ho). (2.56)

where R}, |H, and R, ,. |H, are worked out based on (2.54) and (2.55).

t,dir

2.4 Numerical Results

Numerical simulation results are presented to validate the derived closed-form expres-

sions in Section 2.3, verify the effectiveness of adopting spectrum sensing technique,
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Figure 2.2: System throughput in delay-limited transmission mode versus SNR under H without direct
link.

and further evaluate the achievable performance of the proposed CNOMA scheme.

Figure 2.2 plots the system throughput in delay-limited transmission mode for the
proposed scheme based on spectrum sensing, which is referred to as CNOMA-SS
(“SS” refers to spectrum sensing) in the simulation figures of this chapter, and two
benchmarks, i.e., the CNOMA scheme proposed in [17] and the conventional COMA
described in [84], versus SNR without direct link under /. Both benchmarks are car-
ried out in their uplink forms. To be specific, the communication process of COMA is
finished in three slots. The far user sends its message x; in the first slot. The near user
then decodes and forwards x, to the BS in the second slot. Finally, the near user sends
its own message x; to the BS. As to CNOMA, two slots are needed. In the first slot,
the far user sends x,. The near user then decodes x; and transmits the superimposed
NOMA signal consisting of x, and its own message x; to the BS in the second slot.
In fact, CNOMA which fails to consider the existing spectrum holes is equivalent to
CNOMA-SS when the false alarm probability is set to be 1. Without loss of generality,
we assume that the distance between the BS and D, is normalized to unity. Qg = 1,
Q, =d®¥and Q, = (1 —d)™“, where d denotes the normalised distance between the

BS and D, and « is the pathloss exponent. d = 0.3. @ = 2. As to other param-
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Figure 2.3: System throughput in delay-limited transmission mode versus SNR under H with direct
link.

eters, a; = 0.2, a = 0.8, Ry = 3 bit per channel use (BPCU) and R, = 1 BPCU.
P?re =0.1. K =30. P(H;) = 0.15 and P (Hy) = 0.85 [90]. The throughput analytical
results for CNOMA-SS are worked out according to (2.12), (2.15), (2.17) and (2.18).
Obviously, the analytical curve matches well with Monte Carlo simulation results, val-
idating the involved derivation results. Also, it is observed that CNOMA-SS achieves
higher throughput than CNOMA and COMA. To be specific, the system throughput of
the proposed CNOMA-SS scheme respectively exceeds the two benchmarks CNOMA
and COMA by 18.19% and 39.42% when SNR is 20 dB. This is because by spectrum
sensing, the user-relay D; is capable of identifying the spectrum holes. It does not
need to forward the received signals if D, is claimed to be absent. So useless trans-
mission is avoided. Overall, the system resources are utilized more efficiently and thus
the system throughput is improved compared with CNOMA and COMA. Then in fact,
such phenomenon verifies that by adopting spectrum sensing technique, the proposed

CNOMA-SS scheme is indeed able to make the system improve its capacity.

Figure 2.3 presents the system throughput in delay-limited transmission mode for
CNOMA-SS, CNOMA and COMA with direct link under H. The analytical curve
for CNOMA-SS is plotted based on (2.15), (2.38), (2.40) and (2.41). Well-matched
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Figure 2.4: System throughput in delay-tolerant transmission mode versus SNR under H without direct
link.
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Figure 2.5: System throughput in delay-tolerant transmission mode versus SNR under H with direct
link.

analytical results and simulation results validate our derived closed-form expressions.
Similarly, the achieved system throughput by CNOMA-SS is higher than two bench-
marks in the scenario with direct link. Compare Fig. 2.2 and Fig. 2.3, and we find that
each scheme obtains slightly larger throughput with direct link than without direct link.
This is because the direct link is able to provide spatial diversity by offering another

chance for signal transmission.

Figure 2.4 and Fig. 2.5 plot the simulated and asymptotic results of the system
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throughput in delay-tolerant transmission mode versus SNR under H, respectively
without or with the direct link. The asymptotic results of system throughput for the
proposed CNOMA-SS are respectively worked out based on (2.33) and (2.56). It is ob-
served from Fig. 2.4 and Fig. 2.5 that simulation curves approximate their correspond-
ing asymptotic curves very well. Therefore, the relevant throughput derivation results
are validated. In fact, according to (2.33) and (2.56), the system throughput should be
obtained on the basis of the calculation of corresponding ergodic rates. Thus the cor-
rectness of the closed-form expressions of ergodic rates is also verified by Fig. 2.4 and
Fig. 2.5. Moreover, it is shown that the CNOMA-SS scheme achieves larger system
throughput in delay-tolerant transmission mode than CNOMA and COMA, in both
of the scenarios with or without the direct link, verifying the effectiveness of adopt-
ing spectrum sensing in our proposed scheme. When SNR is 20 dB, the proposed
CNOMA-SS scheme respectively outperforms CNOMA and COMA in the scenario
without direct link in terms of system throughput by 23.9% and 32.84%. When the di-
rect link exists, CNOMA-SS respectively outperforms the two benchmarks by 22.31%
and 39.12%. After comparing Fig. 2.4 and Fig. 2.5, it is observed that each scheme
obtains larger throughput with direct link than without direct link, because of the ad-
ditional spatial diversity brought by the direct link when offering another chance for
signal transmission.

By comparing Figs. 2.2, 2.3 and Figs. 2.4, 2.5, we find out that the system through-
put under delay-limited transmission mode has an upper limit while the throughput
under delay-tolerant mode does not. The reason is presented as follows. In the delay-
limited mode, each user has a target data rate. The message of each user is sent at a
fixed rate. Therefore, the best situation with the largest system throughput is that out-
age probabilities of both users are approximately equal to 0. In such case, the system
throughput achieves its upper limit and it is equal to the sum of target rates of the two
users. As to the delay-tolerant mode, users’ target rates are allocated opportunistically

and the transmitted data rates are adaptively determined according to these users’ chan-

43



CHAPTER 2. HALF-DUPLEX COOPERATIVE NOMA BASED ON SPECTRUM
SENSING

nel conditions. As the SNR p becomes larger and larger, the received SNR and SINR
values at D and the BS increase as well based on (2.2), (2.5)-(2.9). Accordingly, the

values of corresponding ergodic rates get larger without any upper limit as p increases.

2.5 Summary

This chapter has proposed a HD CNOMA scheme based on spectrum sensing with
the ability of identifying the spectrum holes of a CNOMA system, to avoid useless
transmission, to adequately utilize the system resources and to eventually increase the
system throughput in both delay-limited and delay-tolerant transmission modes un-
der the scenarios with and without the direct link. To characterize the performance
of the proposed scheme, we derived the closed-form expressions of outage probabil-
ities and ergodic rates for two NOMA users with the practical assumption of imper-
fect spectrum sensing. Accordingly, the system throughput in the delay-limited and
delay-tolerant transmission modes was worked out. Based on the simulation results,
we validated these closed-form expressions, verified the effectiveness of employing
spectrum sensing for better system performance, and demonstrated that the proposed
scheme achieved larger throughput than two cooperative benchmarks, in both trans-
mission modes with and without the direct link. Furthermore, based on the simulation
results, we learned that all of the involved cooperative schemes obtained larger system
throughput with direct link than without it, since the direct link was able to provide
spatial diversity by offering additional opportunity for signal transmission.

In the next chapter, we look into a FD relaying CNOMA scheme which has the
potential to further increase the spectrum efficiency compared with HD mode, due to

the feature of simultaneously receiving and transmitting signals.
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Chapter 3

Full-Duplex Cooperative NOMA

Based on Spectrum Sensing

3.1 Introduction

In this chapter, we propose a FD CNOMA scheme based on spectrum sensing and
then further characterize its performance. To be specific, we first introduce the sys-
tem model of the considered FD relaying CNOMA scheme and then explain the signal
sensing and transmission process of our proposed FD CNOMA scheme. Afterwards,
expressions of ergodic rates are derived under practical assumptions of imperfect spec-
trum sensing and imperfect SI cancellation. For more insights, we work out their cor-
responding high-SNR slopes. Moreover, we obtain the system throughput according
to the derived ergodic rates. Finally, numerical simulations are performed to verify
the correctness of these derived expressions and to illustrate that the proposed FD
CNOMA scheme outperforms other benchmarks in terms of ergodic rate and system

throughput.
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3.2 System Model

We consider the FD relaying CNOMA scheme consisting of one BS and two users,
1.e., the SU D; and the PU D,. Figure 3.1 takes uplink as an example and presents the
studied system model. The far user D, from the BS intends to communicate with the
BS under the assistance of the near user-relay D;. D, is equipped with one transmit
antenna and one receive antenna, while BS and D, are respectively equipped with one
receive antenna and one transmit antenna. All wireless links among the BS, D; and
D, are assumed to be independent non-selective block Rayleigh fading channels and
they are disturbed by additive white Gaussian noise with the power of Ny. hy, h, and
ho denote the channel coefficients of D; — BS, D, — D; and D, — BS links, re-
spectively. The channel power gains \h 1%, |hol? and |ho|* are exponentially distributed
random variables with Q;, i € {0, 1,2}, referring to their mean values [45]. We as-
sume that an imperfect self-interference cancellation scheme is executed by D;. The
residual loop self-interference (LI) refers to the signals that are transmitted by a FD
user-relay and looped back to the receiver simultaneously. By self-interference sup-
pression techniques [52], [91] and [92], those LI signals can be suppressed to the same
level with noise floor [92,93]. Similar to previous works [44,94,95], we assume that
the LI signal x;; is zero-mean, additive and Gaussian. The assumption of a Gaussian
distribution might hold in reality because of the various sources of imperfections in the
cancellation process (based on the central limit theorem (CLT)). Meanwhile, similar
to [53,92,96], the variance of the Gaussian LI signal is €;,P,, where P, represents
the normalized transmit power of the user-relay D; and €;; is the LI cancellation co-
efficient. x; and x, denote the messages of Dy and D,. It is noted that x; and x, are

assumed to be normalized unity power signals, i.e., £ [x%] =E [x%] =1.

FD mode is adopted by the SU D, in our proposed FD CNOMA scheme. D re-
ceives and detects x, while simultaneously transmitting x; and x, (or only transmitting

X1). So on average, the entire communication process of FD CNOMA is finished in just
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Figure 3.1: System model.

Slot 1 2 3 4 5 6 7 8 9
Dy’ Traffic ON | OFF| ON | OFF| ON ON | OFF OFF | ON
Dy’ Sensing \\\MMM
‘%\/Iake Decision
Sensing Result E; E, | E; E, E, E, E, E; E,
Dy’ Transmission NOMA| x; [NOMA| x; |NomaA| x; x; |Noma|NOMA/ -

Figure 3.2: Sensing and transmission process of FD CNOMA.

one slot. By referring to the FD-CR scheme of D; in [97], we employ the sensing and
transmission process presented in Fig. 3.2. D; keeps sensing D,’s message all the time
in the entire time slots without dedicated sensing or transmission slots, and determines
whether the PU D, exists or not. Since FD mode is adopted, D, also keeps transmit-
ting all the time. If the spectrum sensing result claims the existence of D,, then D,
will decode D,’s message, and transmit x; and x, together as a superimposed NOMA
signal to the BS, as shown in the first slot of Fig. 3.2. Otherwise, if the sensing result
claims the non-existence of D,, D; will transmit its own message x; using full power,
as shown in the second slot. In this way, spectrum holes are identified and utilized
timely. When D, exists, the licensed spectrum band is shared by D, and D,, lead-
ing to larger spectrum efficiency than merely D, occupying it. The feature of sensing
and transmitting signals simultaneously overcomes the inherent issues of conventional

CRNs which are pointed out in Chapter 1. In this chapter, all derivations are discussed
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under two hypotheses: H; and H, i.e., with or without the existence of D,. H; and
H, can be divided into the following four situations. Under E;, D, does exist and is
sensed by D, such as the first slot in Fig. 3.2. Under miss detection situation E,, D,
does exist but D fails to sense it because of the possibly incorrect sensing results, such
as the sixth slot. Under false alarm situation E3, D, does not exist but D; mistakenly
believes it exists, such as the eighth slot. Under E4, D, does not exist and is not sensed

by Dy, such as the second slot.

Next we will present all involved SNR and signal to interference and noise ratio
(SINR) values for performance parameter derivation in Section 3.3. During the k-th

time slot, the observation at D; can be expressed as

. VPhyxs [k + xp [K] + np, [K],  H|
Vp, k] = 3.1
xpy [K] + np, [K], H
where x;; is the loop interference signal and np, is the noise signal. P represents the
normalized transmit power of D,. In the following analysis, we assume that P, = P;
to simplify the derivation process'. First, we consider the situation E;. The received
SINR at D, to decode x, is calculated as

FD  _ _Pp (3.2)

YD,-D; T Qupi1>

where p = 1%’) = 11:1_; is the transmit SNR. The superimposed NOMA signal transmitted

by D is written as

Yp, [kl = VP,a1x; [k] + VPaxx; [k - 7], (3.3)

where 7 denotes the processing delay at D; with an integer 7 > 1. Actually we take

7 = 1 as an example in Fig. 3.2. a; and a, denote the power allocation coefficients of

'A similar technique can be applied when P, # P;.
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x1 and x;. To stipulate better fairness between the two users, we assume that a, > a;
[45,46] on the premise of a; + a, = 1 based on the NOMA principle 2. Therefore, the

received signals at the BS for the relaying link equals

yas [k] = hlytDl [k] + nps [k], (3.4)

where npg is the noise signal at the BS. In the considered system shown in Fig. 3.1,
the relaying link arrives at the BS with a small processing time delay compared with
the direct link. In other words, there is some temporal separation between the signals
from D, to BS via the relaying link and the direct link. Therefore, these signals can be
appropriately co-phased and merged by using maximal ratio combining (MRC) [42].
To derive the theoretical results for FD relaying CNOMA system, we assume that
signals from D, to BS via the two paths are fully resolvable by the BS, as also assumed
in [42,45,46]. According to the NOMA principle, successive interference cancellation
(SIC) is adopted at the BS. The received SINR at the BS to decode x, only using the
relaying link is

FD _ _alhlp 35
7D2—>D1—>BS - ll1|h1|2/)+1' ( )

The received SNR at the BS to decode for the direct link is

fygf_qgg = |h0|2p- (36)

After MRC, the received SINR at the BS for decoding x, can be expressed as
[17,46]

FD.MRC _ _FD FD
Vb, =Yp,—8s T Yp,—D,—Bs"

(3.7

According to SIC, after detecting and then subtracting x, from the received signals, the

2See detailed power allocation coefficient calculation method in our published paper [98].

49



CHAPTER 3. FULL-DUPLEX COOPERATIVE NOMA BASED ON SPECTRUM
SENSING

BS needs to decode x; with the received SNR written as
YpPps = ailhilp. (3.8)

The SNR and SINR values under E,, E3 and E, can be worked out in a similar way

with situation Ej.

3.3 Performance Analysis

3.3.1 Ergodic Rate
3.3.1.1 Ergodic rate of D, under H,

Ergodic rate is defined under a delay-tolerant transmission mode where target data
transmission rates for users are set opportunistically. The codeword can span over all
the fading states if necessary by being designed arbitrarily long. Therefore, the premise
of ergodic rate calculation is that signals are successfully decoded [45,99]. Note that
each entire communication process of FD CNOMA is completed in one time slot but
HD CNOMA takes two. Referring to the ergodic rate expression of D; under situation
E, for the proposed HD CNOMA scheme by Chapter 2, as presented by (2.22), the
corresponding ergodic rate for our proposed FD CNOMA scheme in this chapter can

be derived in a similar way as

E[REP| Hy, PP (1P)] = o (e Ei (555 39

Qraip

where Pg D (lhzlz) refers to the detection probability at D, to detect x; and it is a function

of |hy/?. Ei(-) denotes Exponential integral function.

For situation E,, D only transmits x;. In a similar way with (2.23) in Chapter 2,
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the ergodic rate under E, is expressed as

E[RE?| . PP (1) = 5 (o7 (~oi) G.10

where PfP (Ihzlz) is the miss detection probability at D;. The notation R,” | H,, PtP (|h2|2)
denotes the achievable rate under H; when x, fails to be detected by D, and thus it is
corresponding to the situation E,.

By combining (3.9) and (3.10), we obtain the ergodic rate of D, under H; as shown

in (3.11),

E [Rg?|H1]
= [ (E[REP|Hy, PEP (1aP)| x PEP (1af?) + E|REP| Hy, PEP (1af?)| x PEP (1hal?)) £y, (1R2l?) dia
= ;" (E[REP| Hy, PEP (1aP)| x PEP (x) + E|REP| Hy, PEP (1ha?)| x (1 = PEP (x))) fir (x) dx

= b5 (—em B~k )) [ PP ) fe i + il (=em7Bi (=) ) (1= 7 PP (0 i ()
3.11)

where f, (|h2|2) denotes the PDF of |h,|* and x represents |hy)? to simplify the follow-

ing derivation. Next we focus on the key of (3.11), i.e., fooo PIP (%) fx (x)dx.

Theorem 1. fooo PEP (x) fx (x)dx can be worked out as

2m+1
. = r(y)
FD _ 1 A V2

J(; Pd (X) fX (x)dx -2 T ZO (m"H(2m+1)

m=

/4
2m+1 2m+1 2m+1-i 1o i-2 .
_ |K 1,-p i _ |K i|(_1\iP__Ei(=p) -p (=pY
X(( \/;) T A C2m+l( \/;) B (( D& te EO D=2~

i=

(3.12)
_ _ 2R VAR _ 1 Quptl
where A = peP, B = —r and p = o
Proof. See Appendix 3. O

Finally, substitute (3.12) into (3.11) and we obtain the ergodic rate of D; under H;,
ie., E[REPIH, |-
It is noted that expressions in this chapter are derived under the assumption of

imperfect spectrum sensing. This practical assumption is consistent with real-world
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systems. However, it makes the analysis very complicated. Therefore, we also present
derivation results under the assumption of perfect spectrum sensing (pSS) as corollaries

to simplify the expressions and to make it easier to understand our derivation process.

Corollary 1. Under pSS assumption, the detection probability is equal to one, and thus
H, is equivalent with E,. The ergodic rate (3.11) of D, is simplified into the ergodic
rate (3.9). So

E[REP o5 #1] = 15 (~em7Ei (- 55 (3.13)

3.3.1.2 Ergodic rate of D, under H,

In a similar way with (2.25) of Chapter 2, we get the following ergodic rate under H,.

Qiaip f

In2 (_e‘%"’Ei (—QLIP))(l _ p;Dapre).

Corollary 2. Under pSS assumption, the false alarm probability is equal to zero, and

E[REP Ho] = gt (e i (=) £ (3.14)
1

+

thus Hy is equivalent with E,. Then the ergodic rate (3.14) of D under Hy is simplified
into

E[RE? 5] Ho = i (~e7Ei (). (3.15)

10

3.3.1.3 Ergodic Rate of D, under H,

Under E;, the message x, is decoded at both D; and the BS. So the achievable rate of

D, is written as

REP| H,y, PEP (Ihaf?) (3.16)

= log (1 + min (702—>Dl’7’£§) MRC)) .

The ergodic rate is E [Rgﬂ Hy, PP (|h2|2)] =E [log (1 + min (7’02—@] , 711;? MRC))]. Ob-
viously, it is extremely difficult to work out the CDF of min (yD . Dl,ygf MRC) We
focus on the high SNR region and present the high approximation of ergodic rate,

just like [45]. In fact according to [100], ergodic rate performance in high SNR
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regime is particularly important since the system is degree-of-freedom limited in-

stead of power limited. Based on (3.2) and (3.7), we have lim 75‘; b = QLU|hz|2 and
p—)OO

lim ygf MRC = \holPp + Z—f Accordingly, the asymptotic ergodic rate of D, under E; in

p—)(X)

the high SNR region is

E[ R H. PP (1eF)

B (s @
= E|log| 1+ min|—, |ho|"p + — (3.17)
Qp; a

Y/
=m3hy my (1 -Fr(Day,

where the CDF of Y’ is expressed as

2
Fy(y)=1- Pr(% >y, |hol*p + 2> y’)
= 1-Pr(lhf > Q')

(Y

X (U (y/ — Z—f) e_%(7_%) +U (Z—f - }”)) ,

(3.18)

I, yv>0 . .

. Substitute (3.18) into
0, y<0
(3.17) and we obtain the following high SNR approximation of the ergodic rate for D,

where U (y) is unit step function as U (y') =

under E;.
E[ Ry Hy. PP (1P
=L fO‘X’ %V,Pr(lhzl2 > Quy')

1(y _a

(vl S v -y

- L
~ In2

a
+ L Pr( o > Quy’)dy’).

(3.19)

7

faj ﬁye_‘%(%_”%) Pr (Ihzl2 > QLI)") dy’
ap

As to E,, the BS should be capable of decoding x, via the direct link even though
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D, fails to detect x,. The corresponding ergodic rate expression of D, is

E[RP H1, PEP (1)) = 5 (~eEi (<)) (3.20)

After combining (3.19) and (3.20), the high SNR approximation of the ergodic rate

for D, under H; is obtained as shown in (3.21),

R

= [ (E[RE>| Hy, PIP (o) | x PP (Ihal?) + E | REP| Hy, PEP (|h2| )| x PP (1al*)) i (12) dlial®

(T R [ '
= IHZ(L; Ty (Luy P} (x)fx(x)dx)dy + ) 1+y’( o P, (X)fx(x)dx)dYJ
#iks (e B (<)) (1= 7 PR (0 i ()

(€]

(3.21)

where [ PiP (x) fy (x)dx is worked out by (3.12).

So the main focus now is to calculate ® in (3.21). Let fz, () = fgoz,y' PIP (x) fx (x) dx

and we have

LT s
= — P app dv’
m2 Jo 1+y fe, ) dy
| o ®r (3.22)
tig |, Tt 00
(O)]

Afterwards, we work out the expression of fg (y) as presented in (3.23) where u =

Q
Qu

o€ 2, according to a similar method with (3.12).

y’+1,p’:%—g’andA’—

2m+1

o oy, 5 -1r(%)
1

fE.v ()/’) = J;Zuy’ PFD (x) fX (x)dx = 2¢ “ : \f Z (m!))(2m+1) X

2m+1 o 2m+1 2m+1 l S
O'+D) K i i p’'Ei(= pu) =D/pu’
((_ ) Que - + Z C2m+1( \/7) B ((_1) G—1)! e 2 Z (- 1)(i—2)---(i—j—1)))
(3 23)

Nl
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Then according to Gaussian-Chebyshev quadrature formula in [101], we have

M=

0= X Fizas rma /e (£50) {1 -2 (3.24)

a12

1l
—

where N is a parameter to ensure a complexity-accuracy trade-off and z; = cos % 1)”.

%, (24) is obtained by substituting y’ = £ Z’“ into (3.23). Similarly, we then get
y y g y g

ai

N 7 1 1 —Qi(%_g)
= N1 ayp(z;+ aip
® =2 Nm2p,m ¢ I
=1 “1(51“) (325)
2ay 2a2 1 _ 2
X fE (al(z,+1)) ar (z+1)? \/ﬁ,
where fg, (—a é +1)) is worked out by substituting y* = - (2;11) into (3.23). Combining

(3.21), (3.22), (3.24) and (3.25) together, we eventually obtain the high SNR approxi-

mation of the ergodic rate of D, under H;.

Corollary 3. Under pSS assumption, H, is equivalent with E,. Then the ergodic rate

(3.21) of D, under H, is simplified into the ergodic rate (3.17) under E,. So we have

E[ RED-e ‘Hl] E[ RED ’Hl, ]

Dy,pSS Dy,pSS (326)
=5 b = (L= Fr () dy,
where CDF of Y' is
(3.27)

e—QizQuy' (U (y' _ Z_?) e_QLo(%_:TZP) +U (_ -y ))
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Substituting (3.27) into (3.26), we have

FD,co
E [RDMSS | Hl]
1w (] _(LQL,+Ll)y'
— Qy arp [ Q p d 4
m2"" " Ju THy° :
: (3.28)
Y
aQ
1 a 1 _LQ ’
+— Q5 Sy d ’ )
m2J, 1+y¢° @
)2)
According to (3.352.1) and (3.352.2) in [76], we obtain
1 1o )
Y) = —e% @ (=" Ei(—pju; — uy)), (3.29)
In2
| . .
Y, = 2t > (Ei (—poup — po) — Ei(—p2)) , (3.30)
where uy = uy = Z—T = QLZQLI + Qlo,% and p, = QLZQLI. Now we can work out

the ergodic rate E [Rgi p"; S ' H,

of D, under H by substituting (3.29) and (3.30) into
(3.28).

3.3.1.4 Ergodic Rate of D, under H,

This case needs not to be considered since D, does not exist under such hypothesis.

3.3.2 Spatial Multiplexing Gain

According to [102] and [103], the physical meaning of high SNR slope for ergodic rate

is spatial multiplexing gain. High SNR slope is defined as

S, = lim 2% (3.31)

psco logp ?

where E [R‘l’)"] is the high SNR approximation of the corresponding ergodic rate.
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3.3.2.1 Spatial Multiplexing Gain of D; under H,

Based on (3.11), when p — oo, by using Ei(—x) = In(x) + Cr where Cg is the Euler
constant and e™* ~ 1 — x, the asymptotic ergodic rate of D; under H; is

E[RFD°°|H1] = lim E[RFD|H1]

p—)oo

= ﬁ (— (1 + Qlalp) (ln aas T CE))
X [ PIP () fx (0dx (3.32)

+ﬁ( (1 + —) (ln— + CE))

x (1= [ PP (x) fx (x)dx).

QLI

Moreover, substituting hm p= into (3.12), we get

lim [ PP (x) fy (0dx = Q) (3.33)
p—)OO

where Q) is a function independent of p. Therefore, the asymptotic ergodic rate of D,

under H; is
E|R}P>|H,|
- 1“12 ( (1 + Qlalp)(ln Qiaip + CE)) Qi (3.34)
+E( (1 + —) (ln— + CE))(l - Q).

Substituting (3.34) into (3.31), we have

E FD‘”‘H]

S 51, = lim | =1, (335)

logp

According to [100] and [104], the maximum high SNR slope in a system with
m transmit antennas and » receive antennas is min (m,n). Therefore, regarding the

considered system of Section 3.2, the maximum high SNR slope of D is 1.

Remark 1. The high SNR slope of the ergodic rate for Dy under H, in the proposed

FD CNOMA scheme is 1, which is the achievable maximum value in the considered
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system.

Corollary 4. According to (3.13), when p — oo, the asymptotic ergodic rate of D,

under Hy in pSS case becomes

E [ lF)?po;S|H1] = L2 (_ ( Q11119) (ln Qaip + CE)) (3-36)
 E[rE ]
Substituting (3.36) into (3.31), we have SD PSS |H, = pll_{{)lo ~ logp =

3.3.2.2 Spatial Multiplexing Gain of D, under H,

Based on (3.14), when p — oo, the asymptotic ergodic rate of D; under H is

E[RLP™|Hy| = lim E | REP| Ho
pFD.pre

-5 (1 o) 1) 5
SO 1))+ €0),

Substituting (3.37) into (3.31), we have

FD,co

ElR H
STPIHo = lim o] = 1. (3.38)

logp

Remark 2. The high SNR slope of the ergodic rate for D under H, is also equal to 1,

which is the achievable maximum value in the considered system.

Corollary 5. According to (3.15), when p — oo, the asymptotic ergodic rate of D

under Hy with pSS is written as

00 1 1 1
o) = - gpllgg e e

FDoo
E[ Dy.pSS |H0]

logp

Substituting (3.39) into (3.31), we have SD pSSlHO = lim =1
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3.3.2.3 Spatial Multiplexing Gain of D, under H,

Based on (3.21) and (3.33), we learn that the asymptotic ergodic rate of D, under H,

can be further simplified as

E [Rgf""’|H1]

=0+ L (- (1+ L) (ngl + Ce)) (1 - Q).

Qop

(3.40)

By observing (3.22), (3.24) and (3.25), we find out that when p — oo, ® is independent

of p. After substituting (3.40) into (3.31), we learn that

FD,co

. HLEo ]
ngut[1 = ggg IOZT =1-0;. 3.41)

When p — oo, the detection performance of ED gets improved and the detection
probability P5P (Ihzlz) is usually quite large. Thus, when p — oo, the asymptotic

detection probability Q,> is close to 1. So we have the following remark.

Remark 3. The high SNR slope of the ergodic rate for D, is equal to the miss detection
probability which is much smaller than slopes of D due to the effects of residual LI

caused by imperfect interference cancellation.

Corollary 6. According to (3.28), when p — oo, the high SNR slope of the asymptotic

ergodic rate E [Rgi ;; s ' H 1] of D, under H, under pSS assumption is

FD . E[RZI;’;Z,S |H1] . Y
STP oolH) = lim —=——— = lim =1 = 0. (3.42)
2,D p—00 log p p—rco logp

3.3.2.4 Spatial Multiplexing Gain of D, under H,

This case needs not to be considered since D, does not exist under such hypothesis.

In fact, [ PEP (x) fi ()dx = E[PEP (o))
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3.3.3 Throughput
3.3.3.1 Hypothesis H,

Using (3.11) and (3.21), the asymptotic expression of system throughput for FD CNOMA

under H, is

RIP~|H, = E [Rg?lHl] +E [RFD’°°|H1] . (3.43)

D>

3.3.3.2 Hypothesis H,

Using (3.14), the system throughput under H is
RI?|Hy = E|REP|H, |. (3:44)

3.3.3.3 Hypothesis H

The hypothesis H is the combination of H, and Hy. Under H, we do not know whether
D, exists or not. D, randomly chooses to use its spectrum band for a particular time slot
with a constant probability [105]. Such a combined hypothesis is in fact more practical
in real-world networks. The asymptotic expression of system throughput under H is

expressed as

RIPS|3 = (RFP|H, ) P (H,) + (RFPIHo) P (Ho). (3.43)

where R'”*|H, and R'P|H, are worked out based on (3.43) and (3.44). P(H,) and

P (Hy) are a priori probabilities that D, uses and does not use its spectrum band [105].

3.4 Numerical Results

Numerical simulation results are presented in this section to verify the correctness of

derived exact and asymptotic expressions in Section 3.3, illustrate the effectiveness of
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Figure 3.3: Simulated ergodic rates versus transmit SNR under the hypothesis of H.

adopting spectrum sensing, and compare the achieved performance of our proposed
FD CNOMA scheme based on spectrum sensing with two cooperative benchmarks,
1.e., HD CNOMA presented in [17] and COMA described in [45]. Both of them work
in their uplink forms since we consider an uplink system as shown in Fig. 3.1 of this
chapter. In order to guarantee the comparison fairness and thus to make the comparison
convincing, we assume that user-relays of these benchmarks also have the capability of
spectrum sensing. Access procedures of these two benchmarks are basically the same
with our proposed FD CNOMA scheme, except that their user-relays work in HD mode
or OMA mode, respectively, during receiving, detecting, decoding and transmitting
signals. Without loss of generality, we assume that the distance between the BS and
D, is normalized to unity, i.e., Qo = 1. Q; = d™* and Q, = (1 — d)™* with d denoting
the normalized distance between the BS and the SU D,. « is the path-loss exponent.
P?D’p " and P?MA”’ " are used to denote the preset false alarm probabilities for HD
CNOMA and COMA during ED. Unless otherwise stated, the following values are
used in our simulations and analyses. d = 0.3, « = 2, a; = 0.2, a, = 0.8, K = 30,

N =20, Q;; = —10 dB, and P’;D’W = PfD’W = P?M"’P’e =0.1.

In Fig. 3.3, we compare the simulated ergodic rates of D, and D, in bits/s/Hz
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Figure 3.4: Simulated, asymptotic and exact ergodic rates versus transmit SNR of the strong user D
under the hypothesis of H;.

versus SNR of our proposed FD CNOMA scheme with benchmarks HD CNOMA
and COMA under H,. First of all, it is observed that the ergodic rate of D; for FD
CNOMAA is always larger than benchmarks, since its entire communication process is
completed in just one time slot, shorter than HD CNOMA and COMA. In this way, FD
CNOMA utilizes resources more efficiently and has the potential to provide a higher
transmission rate. As to D,, FD CNOMA also outperforms HD CNOMA and COMA
in the relatively low SNR region due to its short communication process duration.
However, when the SNR is very large, beyond 27 dB in this case, LI becomes the
dominating factor and limits FD CNOMA'’s ergodic rate until it is exceeded by HD
CNOMA and even COMA. Similar simulation results about such effects of LI on the

FD communication mode are also concluded in [45,46,99].

Figure 3.4 shows the simulated, asymptotic and exact ergodic rates of D; in a FD
CNOMA system versus SNR under H;. Exact results are worked out according to
(3.11), while asymptotic results are calculated by (3.34). It is observed that the exact
results match well with the Monte Carlo simulation results and the asymptotic curve

approximates with its corresponding exact curve closely at the high SNR region. So
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Figure 3.5: Simulated and asymptotic ergodic rates versus transmit SNR of the weak user D, under the
hypothesis of Hj.

the above derivation results are validated. Moreover, considering the following two
points (10 dB, 3.8 bits/s/Hz) and (20 dB, 7.1 bits/s/Hz) of the asymptotic curve of
FD CNOMA in Fig. 3.4, we learn that the slope equals 3.3/10 = 0.33, which matches
Remark 1, i.e., 0.33 - 101g2 = 1. The factor 101g2 appears between the actual slope
“0.33” in Fig. 3.4 and the derived high SNR slope “1” in (3.35), since the x-axis in

Fig. 3.4 is in dB while the denominator in (3.31) is in log ().

In Fig. 3.5, we present the simulated and asymptotic ergodic rates of D, under H,
versus SNR with different self-interference cancellation coefficients. The asymptotic
result of FD CNOMA is worked out based on (3.40). The simulation curve and the
corresponding asymptotic curve match each other very well, which validates (3.40).
In a similar way with Fig. 3.4, we learn that the high SNR slope of FD CNOMA
with Q;; = -5 dB in Fig. 3.5 is 0.022. Considering the parameter settings at the
beginning of this section, we have Q; = 0.9345 based on (3.12) and (3.33). Since
0.022 - 101g2 ~ 1 —0.9345, the derivation result in (3.41) and Remark 3 are both ver-
ified. It is also observed that as to a fixed transmit SNR p, a smaller self-interference

cancellation coefficient ;; leads to a larger achieved ergodic rate for D, because the
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intensity of residual LI in a FD CNOMA scheme is lower. On the other hand, as to
a fixed €y, as p increases, the power of LI gets larger as well. It gradually affects
FD CNOMA in a more obvious way. Eventually, the performance of FD CNOMA is
exceeded by HD CNOMA and COMA in high SNR region. This result is consistent
with Fig. 3.3. Therefore, the relationship between ;; and p determines whether FD
CNOMA is the best or not. The truth is that LI signal can be suppressed to the same
level with the noise floor according to [92,93] and [96]. Current self-interference sup-
pression techniques are capable of reducing the LI's power ;; P, to Ny, which means
Q= ﬁ In Fig. 3.5, (10 dB, 2.7 bits/s/Hz) and (5 dB, 1.7 bits/s/Hz) meet the above-
mentioned relationship between €2;; and p in real-world scenarios and they belong to
FD CNOMA curves respectively corresponding to ;; = —10 dB and Q;;, = -5 dB.
FD CNOMA performs the best and has the largest ergodic rate at these two points.
Therefore, FD CNOMA is already superior to HD CNOMA and COMA schemes with
existing self-interference suppression techniques. Given the rapid development of sup-
pression techniques, the superiority of FD CNOMA will be even more and more ob-
vious. The fact that real-world scenarios with available self-interference suppression
capability enable our FD CNOMA scheme to achieve the best performance greatly in-
creases its significance in practical applications. Considering the rapidly-developing
suppression techniques, our research on FD mode is necessary and meaningful.
Figure 3.6 shows the simulated, asymptotic and exact ergodic rates versus SNR
under Hy. The PU D, does not exist under H, and therefore all curves are about
D,. Exact and asymptotic results of FD CNOMA are calculated according to (3.14)
and (3.37). The well-matched exact and simulation curves and the well-approximated
exact and asymptotic curves in the high SNR region validate these expressions. The
performance of FD CNOMA always exceeds both benchmarks because of its shorter
communication process duration. High SNR slope of FD CNOMA can be worked
out according to Fig. 3.6, with the value of 0.33, verifying the calculation result in

(3.38) and Remark 2. Finally, comparing ergodic rate curves in Fig. 3.6 with their
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Figure 3.7: Simulated and asymptotic system throughput versus transmit SNR under the hypothesis of
H.
corresponding curves under H, in Fig. 3.4, we find out that D achieves a larger ergodic
rate under H, than H,. It is because under the hypothesis of non-existence of D,, D,
tends to utilize its full transmit power to send its own message instead of assigning a
large part of its power to send D,’s message.

Figure 3.7 plots the simulated and asymptotic results of the system throughput ver-

sus SNR under H. We assume that P (H;) = P (H,) = 0.5. The asymptotic result of
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system throughput for the proposed FD CNOMA scheme based on spectrum sensing
is worked out based on (3.45). Still, simulation curves approximate their correspond-
ing asymptotic curves very well. It is shown that FD CNOMA scheme achieves larger
throughput than HD CNOMA and COMA. Afterwards, we compare the achieved sys-
tem throughput with different preset false alarm probabilities and find out that for each
scheme, the achieved throughput when false alarm probability is 0.1 is larger than
when it is 1. If the false alarm probability is 1, spectrum sensing results will always
claim the existence of the PU D,, no matter whether D, actually exists or not. There-
fore, the user-relay D; will always allocate a portion of its transmit power to forward
its received signals even when D, does not exist and the received signals are nothing
but interference and noise signals, leading to the wastes of power and spectrum hole
resources. This is the reason why the achieved system throughput is smaller when
the false alarm probability is 1. In fact, spectrum sensing becomes invalid if the false
alarm probability is set to be 1. The comparison results of FD CNOMA curves with
different false alarm probabilities in Fig. 3.7 actually verify the effectiveness of spec-
trum sensing in our proposed scheme for precisely identifying and sufficiently utilizing

spectrum holes to increase the spectrum efficiency.

3.5 Summary

This chapter has proposed a FD CNOMA scheme based on spectrum sensing to suf-
ficiently utilize both idle and underutilized spectrum resources, where a PU uploads
messages to the BS with the assistance of a SU. By adopting the win-win collabora-
tion scheme, the spectrum sensing technology, the NOMA strategy, and the FD com-
munication mode, this FD CNOMA scheme achieves superior system performance in
terms of ergodic rates and system throughput. In the meanwhile, it overcomes the in-
herent issues of conventional CRNs. The performance of FD CNOMA is investigated

comprehensively. Exact and asymptotic expressions of ergodic rates have been de-
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rived under the practical assumptions of imperfect spectrum sensing and imperfect SI
cancellation. Corresponding high-SNR slopes of these ergodic rates are then worked
out. In short, the high-SNR slope of SU is one, but the high-SNR slope of PU is equal
to the miss detection probability which is much smaller than SU due to the effects of
the imperfectly canceled SI. Afterward, we obtain the system throughput based on the
worked out ergodic rates. According to the simulation results, these derivation expres-
sions have been validated and the effectiveness of spectrum sensing for better system
performance has been verified. Simulation results also demonstrate that the proposed
FD CNOMA scheme always outperforms HD CNOMA and COMA in terms of er-
godic rates and system throughput in the real-world scenario where the residual SI has
the same level with the noise floor.

In the next chapter, we focus on the relay selection problem for the above-proposed

FD CNOMA scheme.

Appendix 3: Proof of Theorem 1

We assume that SU adopts the widely-used energy detection spectrum sensing algo-
rithm, since it is efficient and simple to be implemented in hardware. Its test statistic
is

1 K
Z o, k] (3.46)
k:I

where K is the the sampling number. The binary hypothesis test model of yj, [k] is
given in (3.1). Neyman-Pearson hypothesis testing is adopted since a priori proba-
bilities are unknown in real-world scenarios. Therefore, detection threshold Af? of

PFD pre.

ED is determined by the preset false alarm probability According to the

. ) . k k
system model introduced in Section 3.2, we learn that RZ1L I VG (0,1). So

VNo+QriNop
2
k by . . . . .
(%) is subject to a chi-square distribution with 1-degree of freedom. Ac-
0+£2L1Nop

cording to CLT, the sum of statistically independent and identically distributed random
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K 2
variables Julltip, ) g approximately subject to a Gaussian distribution when K
k=1 \ VNo+QriNop

is large enough. Therefore, we obtain the following distribution of the test statistic

under H,.
2(No + Q;Nop)*
TpplHo ~ N (NO + QuNgp, 20 - ) ) (3.47)
Based on (3.47), the false alarm probability is
FD _ M)
™ = Q( K00 )" (3.48)
As above-illustrated, the detection threshold A is determined by PI;D”’ ", According
to (3.48), we have
2
AP =107 (PIPP) {[ = + 1|+ Qup) Ny, 3.49
(Q(f )\ 1|+ Qup) No (3.49)

where Q (-) denotes the Marcum Q-function and Q7! () refers to its inverse function.

Similarly, we obtain the following distribution of the test statistic under H;.

TpplH ~ N(No + QNop + pNolha |,

2(N0+QL,N015+pNO|h2|2)2 ) ' (3.50)
The detection probability is calculated as
PP () = o(“Hriniy ) (51
After substituting (3.49) into (3.51), we obtain
P (1) = o ) 332
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Substituting (3.52) into fooo PEP (x) fx (x)dx, we have

[ PIP (x) fx (x)dx
PFDPR)\/_(I-FQL[[)) —px e_&zx (353)
=) 0 VAR (+ Q09 +p%) o, dx.
Letz =
[~ PEP (%) fi (x) dx
(3.54)
Qp jp+1
_Af Q( % If)e_l “ ‘dz,
—1( pFD,pre
where A = pef, B = % and p = fiz QL’;’ *L for simplicity. Based on the

expansion formula (3.321.1) in [76], the Marcum Q-function is expanded as

2m+1
co (=1L (- K.,_g
Q(_ \/g * f) ) (gq(wmil) ) : (3-55)

m=0

Substituting (3.55) into (3.54), we obtain (3.58). After binomial expansion, ®;,, in

(3.56) is calculated as (3.57), where C! = l,(

(3.351.4) in [76], ©y >0y 1s written as (3.58).

o 1 - 1)m( )2m+1 o X B 2m+1 o 1
© rp _ A Qp _ 1 Qppt & _ & b _ 1 Lm+Z
b PiP G0 fx () dx = 2our1¢ 7 «f Z mh@meD) | 2 "3 ek

G)l,m
(3.56)
oo 2m+1 2m+1-i i 1 Qo+l
_ /K BY —o
®1,m—fl Z Clzm+1( 5) (?) ®ordz
2m+1 2m+1 2m+1-i 00 1 1 Qo+l
_ K 1 - K - - SHET, (3.57)
SN S N N g e
i= 1 <
©2,i(i>0)
Oniion = (1 EESD | op ST o 3.58
2,(>0) = ot T¢ §0 D21 (3.58)

Substituting (3.58) successively into (3.57) and (3.56), we eventually work out fooo PgD (%) fx (x)dx
as shown in (3.12). The proof is completed.
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Chapter 4

Three-Stage Relay Selection Strategy

With Dynamic Power Allocation

4.1 Introduction

In this chapter, we propose a three-stage relay selection strategy with dynamic power
allocation, i.e., TRSPA, which is applied to the FD CNOMA scheme proposed by
Chapter 3. During the first stage, each relay, i.e., SU, senses the spectrum band to de-
termine whether PU exists or not and then relays with positive sensing results further
decode PU’s signal. The second stage aims to further ensure the PU’s successful trans-
missions from remaining relay candidates to the BS. In the third stage, the best relay is
selected from remaining candidates and meanwhile, power allocation coefficients are
dynamically determined according to instantaneous channel state information to real-
ize the following optimization purpose of TRSPA. That is to find out the best relay to
maximize the ergodic rate of that selected relay on the condition of guaranteeing suc-
cessful transmissions of the PU’s signal. It is noted that relevant proofs are presented to
illustrate these power allocation coefficients are indeed the optimal results. Moreover,
to evaluate the performance of TRSPA, we present the performance evaluation results

of this proposed strategy in terms of outage probability and ergodic rate. Accordingly,

71



CHAPTER 4. THREE-STAGE RELAY SELECTION STRATEGY WITH
DYNAMIC POWER ALLOCATION

Figure 4.1: System model.

diversity orders and spatial multiplexing gains are derived. We further exploit the im-
pact of SI on TRSPA for FD CNOMA and then compare its performance with TRSPA
applied in other relaying modes, namely HD and OMA. Finally, numerical simulation
results are provided to validate theoretical derivation results and to illustrate the su-
perior performance of the proposed relay selection strategy compared to other relay

selection strategies and other relaying modes.

4.2 Network Model

4.2.1 Network Description

We consider a FD relaying CNOMA scenario consisting of one BS, K FD user re-
lays (D, with 1 < k < K) and one user (D;), in the uplink communication system
as shown in Fig. 4.1. & denotes the set of relays in the network. The relays are
equipped with two antennas, one for reception and one for transmission, while all
other nodes are equipped with a single antenna. Like [80] and [106], this chapter
assumes there does not exist any direct link between the BS and the weak user D,
because of D,’s limited transmission capability [82] and the severe shadowing effects
caused by physical obstacles. In such case, D, cannot upload signals to the BS all
by itself, which is the main reason why it requires the assistance of a selected relay

Dy (D14 € S) by our proposed relay selection strategy TRSPA in Section 4.2.3.1.
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User relays that are not selected will send their respective messages to the BS using
resource blocks other than the one occupied by D, and D, -, which is the same with
a traditional OMA scheme. Therefore, we only focus on the performance of D, and
D, ;- in this chapter. We assume that D, is located at the origin of a disc with a ra-
dius of Rp. K relays are uniformly distributed in that disc. Wireless links are assumed

to follow independent non-selective block Rayleigh fading [107-112] and are cor-

h
\/l+d‘ly,k

hyy = K__ [54], respectively, represent the channel coefficients of D;; — BS and

e
‘/1+r2,k

D, — Dy links, where d, , is the distance between D; and the BS, and ry is the

rupted by additive white Gaussian noise with a power value of Ny. h;; = and

distance between D, and D, ;. h and i’ are independent Rayleigh fading channel gains

and « represents the path loss exponent. We assume that d,, > ry; [54]. Moreover,

diy = \/d12>2,35 + 15, = 2dp, g1, 08 (6,), where dp, ps is the distance between D, and
the BS and 6, denotes the angle 2D, D, BS. For the sake of practicality, we assume
that residual loop self-interference (LI) exists at D; ;. The LI signal is assumed to be
additive Gaussian signal with zero mean [113] [114]. The assumption of a Gaussian
distribution might hold in reality because of the various sources of imperfections in
the cancellation process based on the central limit theorem. Moreover, the variance
of this Gaussian LI signal is ;;P, based on [115] and [116], where P, is the normal-
ized transmit power of each relay and €;; is its LI cancellation coefficient. x;; and
X, are messages transmitted by D;; and D,. In this chapter, we consider the case that
x1 and x, form a NOMA group, as the two-user NOMA case is reasonably followed
in [54] [49] [79-81] and [106]. Such case is also investigated in the Third Generation
Partnership Project. In fact, the subsequent analysis can be extended for a multiple-
user scenario by clustering.

To prepare for the proposal of TRSPA, we take an arbitrary user relay D, as an
example to describe how a user relay assists D, in the FD CNOMA scheme proposed
in Chapter 3. D, appears and disappears randomly. D, detects the received signal

and determines whether D, exists or not. If D ;’s detection result shows the existence
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of D, Dy will then try to decode x,. After D;; has successfully obtained x;, D
transmits a superimposed NOMA signal consisting of x, and x; to the BS. Based on
SIC [117], the BS will successively decode messages of D, and D; ;. Otherwise, if the
detection result claims D, does not exist, D, will directly transmit its own message

using full power. BS then directly decodes x; .

4.2.2 Signal Model

, _ , VPhy Xy [ + @y X0 [N+ np, [, H,y
The signal received by Dy is y;, [l] = )

@ Xk [l + np,, (1], Hy
where x;;; denotes the LI signal at Dy and np,, is the noise signal, during the [-th

time slot. P; is the normalized transmit power of D,. In the following analysis, we
assume that P, = P! [79-81,106]. H, and H, refer to the hypotheses that D, exists or
not, respectively. @ is an indicator variable, where @; = 1 denotes the relay working
in FD mode. For comparison, we will also study HD and OMA modes where @ = 0.
Recalling the FD CNOMA scheme illustrated in Section 4.2.1, if D, 4 claims the ex-
istence of D,, D ; will decode x, from its received signal with the signal-to-interference-
plus-noise ratio (SINR) of
sl 4.1

YDy=Dix = @1 Qrip+1

where ]% = ﬁ—; 2 p is the transmit SNR. We first consider the case that D, ; correctly
decodes D,. D transmits the superimposed NOMA signal y’Dl,k ] = \/mxl,k [+
\/%xz [/ — 7], where 7 represents the processing delay at D;; with an integer 7 >
1. a1, and a,; are power allocation coeflicients for x;; and x,, respectively, where
ax +ayx = 1. The received signal at the BS is yj [[] = thy’DLk [[]1+ ngs [I], where ngg
denotes the noise signal at the BS. Similar to [54] [47] and [49], D, and D, ; are sorted
based on their QoS priority during SIC. D, should access the spectrum band with a

high priority, as discussed in Chapter 1. Therefore, during SIC, the BS first decodes x,

IThis is assumed to simplify the derivation process. A similar technique can be applied when P, #
P;.
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with the SINR value of

_ az,k|h1.k|210 4.2
’}/Dz—>D1’k—>BS - al,kll’ll,klzp"'l. ( . )

After decoding x, and subtracting it from y}¢, the BS will decode x;; with a SNR

value of

2
YD —BS = a[,k|h1,k| 0. (4.3)

We then consider the case that D, fails to detect and obtain x,. It will directly send
its own message to the BS with full power so that the power resource is sufficiently
utilized. Under such condition, the received SNR value at the BS when it decodes x; 4
is given by

Iorens = [l . (4.4)

4.2.3 Relay Selection Strategy

In this subsection, both our proposed TRSPA strategy and other relay selection bench-
marks with various relaying modes are presented to prepare for subsequent compari-

son.

4.2.3.1 Three-Stage Relay Selection with Power Allocation (TRSPA)

In the first stage, all relays sense the spectrum band to determine whether D, exists
or not and then relays with positive sensing results further decode x,. Therefore, the
following subset S; (S| C S) is built.

S] :{Dl,ki 1Sk§K’
4.5)

Tepi = 4, log(l + )’Dz—>D1,k) 2 Rz}

2
where R, is the target data rate of x;; Tgpy = %Z,L:I (y;m [l]) represents the test
statistic of energy detection (ED) by D, ; L represents the sampling number; A is the

detection threshold of ED, which is determined by the preset false alarm probability
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P’ As stated in Chapter 3, FD CNOMA adopts the widely used ED, since it is

efficient and simple to be implemented in hardware.

In the second stage, we intend to find out all relays within S; which are able to
successfully forward x; to the BS. If the BS fails to decode x, even when a; ; = 0, then
the corresponding D, will by no means succeed. Therefore, we substitute a;; = 0
into (4.2) and get the maximum value of yp, .p,, s, 1.€., YD, ,—BS.MAX = |h1,k|2p.
As long as log (1 + |h1,k|2p) > Ry, Dy 1s likely to realize the successful transmission
of x,. In conclusion, the second stage is to build the following subset S, (S, C S)) to

enable the BS to decode x; correctly.

Sz = {Dl,k : Dl,k S 81, log(l + |h1’k|2p) > Rz} . (46)

For the third stage, we select the relay D, ;- by (4.7).

k"= arg max |h1,k|2 st. Dix €8s 4.7

ke(1,2, K}
According to [49], the relay with maximum |hl,k|2 can be found out by a virtual timer.
Each relay D, (D1, € S,) starts a virtual timer initiated by #, = #, exp (—|h1,k|2), where
fo is a constant. The timer of D;; with the best channel condition to the BS (i.e., the
selected relay D) ) will expire first. Then D ;- broadcasts a flag message signaling its
presence and other relays back off. Moreover, the optimal power allocation coefficient

is dynamically worked out based on CSI as shown in (4.8).

2
ay = JualeTe 4.8)

T I p1+1)

where T, = 2% — 1 is the target SNR when decoding x,. The purpose of our proposed
relay selection strategy TRSPA is to find out the best user relay in order to maximize

the ergodic rate of that selected relay on the condition of guaranteeing successful trans-
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missions of D;’s signal, which means x, is successfully decoded by the BS. Here we
claim that the power allocation coefficient given by (4.8) is optimal and relevant proofs
will be presented in Theorem 2 and Theorem 3 by illustrating (4.8) indeed enables
TRSPA to achieve that goal.

It is noted that if |S;| = 0 or |S,| = 0, where |S;| and |S,| refer to the sizes of S; and
S,, respectively, it is impossible for any relay to realize the successful transmission of
X,. Similar to the case of (4.4), relays will then directly transmit their own messages

with full power. In order to achieve the largest data transmission rate, the selected relay

is given by
k*= arg maxyp  ps s.t. D €S
ke{12--K) 4.9)
2
= arg max |h1,k| s.t. Dy € S.
ke{12-K}

Combining the above descriptions, the implementation procedure of our proposed
TRSPA strategy in a practical system can be illustrated as Table 4.1. Accordingly, only
CSI between the BS and relay nodes is required while CSI between relays and D is

not needed. Another conclusion is that the proposed TRSPA strategy is distributed.

Theorem 2. For a FD CNOMA scheme, the power allocation coefficient given by (4.8)

enables the proposed TRSPA strategy to minimize the outage probability of D,.

Proof. As above-stated, the premise is to ensure successful transmissions of D,’s sig-
nal. Therefore, in this proof, we aim to illustrate that with the power allocation coeffi-
cient given by (4.8), our proposed TRSPA scheme achieves the optimal outage perfor-
mance, i.e., the smallest outage probability of D,, among all possible relay selection
results with any possible power allocation coefficient. In order to illustrate the su-
periority of our proposed TRSPA scheme and the power allocation method (4.8), we
assume that the system may adopt any other relay selection strategy with any other
power allocation coefficient and consider it as the control group. By proving that the
outage performance of our proposed method is better than an arbitrary control group,

the superiority of our method could be validated.
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Table 4.1: Implementation of Three-Stage Relay Selection Strategy With Dynamic Power Allocation

Step | Implementation

According to practical service requirements, D, randomly appears and
disappears. No one knows beforehand for sure the spectrum resource
occupation situation. Each relay executes spectrum sensing to figure out

1 whether D, is transmitting signals to the BS or not at the present. As to
an arbitrary relay, if its sensing results claims the existence of D,, it will
then try to decode and finally obtain the signal x,. In other words, we
need to build the set S; (S; € S) based on (4.5).

The BS broadcasts a training signal to relay nodes. Based on the training
symbol, each relay node estimates 4, ;.

Each relay determines whether it belongs to the set S; or not. If it does,

3 this relay needs to further determine whether it belongs to S,, based on
(4.6), so that the set S, is built.

Each relay broadcasts a flag message ‘Success’ or Failure’ to other relays,
according to whether it belongs to S, or not.

According to the broadcasted messages, if the set S, is not empty, the
virtual timer process of each relay within this set will be started by setting

2 . . .
1, =ty exp (—|h],l| ), where 1, is a constant. According to (4.7), the initial

value of relay D ;-’s timer is the smallest and thus it will expire first.
Other relays in S, will back off. Power allocation coefficients adopted
by this relay are given by (4.8). D, - broadcasts a flag message ‘Optimal
relay’ signaling its presence. As soon as receiving this flag message,
other relays will stop their virtual timers. The relay selection process is
now completed.

On the other hand, if the set S, is empty according to the broadcasted
messages, D,’s signal transmission will be interrupted. In such case, in
order to sufficiently utilize system resources, the optimal relay selection
strategy is to find out the relay within the set S, which has the best channel
condition to the BS, as shown in (4.9). To be specific, each relay within

S starts a virtual timer initiated by ¢, = #; exp (—|h1,l| ) The initial value of

the relay in S, which has the largest |h1,1 2, 1s the smallest and thus it will
expire first. At this moment, this relay needs to broadcast a flag message
‘Optimal relay’ signaling its presence. As soon as receiving this flag
message, other relays will back off and stop their virtual timers. The relay
selection process is now completed.

To be specific, the control group is set as follows. An arbitrary relay D, ; with a
channel coeflicient of &, ; between itself and the BS is chosen by any other RS strategy

with power coeflicients a, ; and a, ;. If x; is successfully decoded by the BS with the
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dz,klhl.klzp

-— > T, must be true based on (4.2). We also learn that
“u}lhl,icl p+1

assistance of D, ;, then

“2.1}|hl,i<|zl’

5 > T,, we have
al,/?lhl,/}| p+1

IS1| # 0, since at least D, ; obtains x,. Moreover, based on

|/’ll,]“€|2p—T2
1+T2

2 ) 2 .
0< aly,;|h1’,;| p < , which means T, < |h1’,~<| p. Thus, D; € S, according to

(4.6) and we get |S;| # 0. Since |S;| # 0 and |S;| # 0, the selected relay by TRSPA

. 2 . o
1Isk* = arg max |h1,k| s.t. Dy € S, and the corresponding power coefficient is
ke(1,2,-,K)
|y |2/0—T2 a s | ar |2,0
a1y = ——>——— based on (4.7) and (4.8). In such case, yp,—,p, ;s = —F7——5— =
|1 e | p(14+T2) ’ ap g || o1

T,, which means x; can also be correctly decoded by the BS with the assistance of
the selected D, - by our proposed TRSPA strategy. In conclusion, as long as there
exists any RS strategy with any power allocation coefficient, which realizes successful
decoding, our proposed TRSPA will be capable of doing so as well. Therefore, our
proposed power allocation method (4.8) enables TRSPA to realize the smallest outage
probability among all possible relay selection strategies with any possible power al-
location coefficient. In other words, from the perspective of outage performance for
D,, the power allocation coefficient (4.8) is proved to be optimal, which completes the

proof. O

Theorem 3. The power allocation coefficient given by (4.8) enables the proposed
TRSPA to achieve the largest ergodic rate for the selected user relay when x, is suc-

cessfully decoded by the BS.

Proof. As above-stated, our purpose is to find out the best user relay to maximize its
ergodic rate on the condition of guaranteeing successful transmissions of D;’s signal.
Therefore, in this proof, we aim to illustrate that with the power allocation coeflicient
given by (4.8), our proposed TRSPA scheme achieves the largest ergodic rate for the
selected user relay when x; is successfully decoded by the BS.

We continue with the proof of Theorem 2. When x, is successfully decoded by

|h1,/'<|2P_T2 < |h'vk|i4Axp’T2
1+T> - 1+T» ?

a2 |2P

2
5— > T,. Therefore, al,;|h1,;| p <
“1,/2|h1,12| p+1 i g

the BS, we have

2 . s
where |h1,k| wax represents the largest channel power gain among all relays within

79



CHAPTER 4. THREE-STAGE RELAY SELECTION STRATEGY WITH
DYNAMIC POWER ALLOCATION

S, (|S,] # 0 based on Theorem 2). According to (4.7) and (4.8), the selected re-

|h1~k|?\/lAXp_T2

T Therefore,

lay by our proposed TRSPA strategy satisfies al,k*|h17k*|2p =

log(l + al’,;|h1’;|2p) < log(l + al,k*|h1,k* 2,o), i.e., ¥p, s < ¥Yp,.—ps- Thatis to say
our proposed power allocation method (4.8) enables TRSPA to realize the largest er-
godic rate of the selected relay among all possible relay selection strategies with any
possible power allocation coeflicient. In other words, from the perspective of ergodic

rate for the selected user relay, the power allocation coefficient (4.8) is proved to be

optimal, which completes the proof. O

In conclusion, the proposed power allocation coefficient (4.8) is proved to achieve
the optimal outage performance, on which basis, the largest ergodic rate, among all
possible methods. Considering the above-mentioned purpose of our relay selection
strategy, (4.8) indeed enables the proposed TRSPA to maximize the ergodic rate of the
selected relay on the condition of guaranteeing successful transmissions of D,’s signal.
Therefore, the power allocation coeflicient given by (4.8) is proved to be optimal.

However, superior performance may come along with the increase of implementa-
tion cost, since TRSPA requires all relay nodes to sense the existence of D,. It needs
to be first pointed out that the widely used energy detection is employed, because it
is simple and easy to be implemented in hardware with low computation complex-
ity. Additionally, spectrum sensing brings the following benefits. First, relays perform
spectrum sensing to identify idle spectrum resources so that they may obtain the addi-
tional opportunity to access the licensed spectrum band of D,. Second, relay candidate
set is narrowed after spectrum sensing so that the calculation complexity is decreased.
Third, CSI from D, to relays is no longer necessary for TRSPA. Corresponding training
signals and control channels are not necessary, either. To sum up, the low-complexity
energy detection to sense the existence of D, indeed leads to implementation cost to a
certain extent. Nevertheless, it also brings obvious advantages in the sufficient utiliza-

tion of wireless resources. On one side is the progressive data processing and operating
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speed, but on the other side is the limited and scarce communication resources. There-
fore, we believe that the implementation cost of energy detection is acceptable.

So far, we have explained our proposed TRSPA relay selection strategy. Next, other
relay selection benchmarks with various relaying modes will be presented to prepare

for subsequent comparison.

4.2.3.2 Max-Min Relay Selection

Based on [118], Max-Min relay selection strategy chooses the relay
* . 2 2
K\ jax—min = Arg max {mm [|h1,k| , |h2,k| ] : Dig € S}.
k

4.2.3.3 Single-Stage Relay Selection (SRS)

Based on [54], SRS strategy chooses the relay

|h2,k|2p )log[1+ a§§5|h1,k|2p ]

9

W1QL[p +1

kgrg = arg max { min log[l +
k af”,fs |/’l1’k|2p +1

SRS
1.k

SRS

where a;}°> and a;;” are the predefined power coefficients for the user relay and the

weak user.

4.2.3.4 Two-Stage Relay Selection (TRS)

According to the reference [47], TRS first builds a subset

2 2
h aTRSh W p
Srrs = Dl,k:1sk5K,1og1+ﬂJsz,1og[1+ 2 >Ry},

2
@ Qe + 1 alT,I]SS|h1,k| o+1

TRS
1,k

TRS

and A

where a are the predefined power coefficients. For comparison fairness,

we assume that relays in a TRS strategy also have the capability of spectrum sens-

k

ing. Then the second stage is to select a relay I within Srgg where K, =
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arg max {log(l + a]T’,fS|h1,k|2p) : Dy € STRS}.
A ,

4.2.3.5 HD CNOMA

The critical difference between the HD counterpart (i.e., HD CNOMA) and FD CNOMA

is whether user relays work in HD or FD relaying modes.

4.2.3.6 COMA

Inspired by [79], the COMA counterpart is improved as follows for comparison fair-
ness. In the first slot, the user relay determines whether D, exists or not by spectrum
sensing. If the detection result claims the existence of D,, the relay will decode x,
and then successively transmit x; ; and x, in the next two slots. Otherwise, it will only

transmit x; 4 in the next two slots.

4.3 Performance Analysis

4.3.1 Outage Probability
4.3.1.1 Outage Probability and Diversity Analysis of D, under H,

Denote ¢; as the event that all relays fail to detect and decode x, correctively. If there
exist some relays (e.g. j relays, 1 < j < K) successfully obtaining x,, we denote ¢, as
the event that none of them are capable of forwarding x;, to the BS. The outage event of

X, is then expressed as ¢ = ¢; U ¢,, and thus the outage probability of D, for TRSPA
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in a FD CNOMA scheme (i.e., TRSPA-FD) is

PIRSPAFD = Pr () + Pr (¢,) = Pr (S| = 0)

K K
+ 3 Pr(|Sal = 0/|S| = j) = (1 - PLP)

e , . . (4.10)
+ 3 C(PEPY (1= PEPY (1 - gEPY

= ((1-PrP)+ P2 (1= gi2))

where PP is the probability for an arbitrary relay to successfully detect and decode

x2; JEP represents the probability for the BS to correctly decode x, forwarded by an
d
arbitrary relay; and C}, = ],(KL_'J), PED and JP are formulated as

Pde = J(‘)oo PgD (x) Pr (7D2—>Dl.k > TZ)fX (x) dx

oo 4.11)
= Jeoue,, PyP (0 fx (x) dx
FD _
Sy~ =Pr (7D2—>DU€—>BS,MAX > Tz)
( g )T2 (4.12)
Dy ,BS

= Pr(|h1,k|2p > Tz) X e
where P} (x) is the detection probability of ED by D) to detect x,. It is a function

2, which is denoted as x. fx (x) is the probability density function

(PDF) of x.

Theorem 4. Pf f can be worked out as

PFD 4N Z ( \/1——’21(¢n —+ 1) e PnTZ) 2\/[5?_:
o N (- 1)w( )2‘1/ (413)
X Z Z WH2y+1) \/1——‘152 (¢ +1)c,e’®,,

S

20+1 20+1 2p+1-¢
_ e_p”(T +1) é‘
= (-8 & Czw( J4) @14

¢ [ (0P 'Ei- pat) | e . (=D pu®
XB ( 7Y p Z EDE2)Ew-1)
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o' (P}) V2IL+1
V2/L

171'). Ei (:) is the exponential integral function.

where B = ,u=T,+1, p, = ¢, Tt 4 (RTD(¢n+ 1))a and

P

¢, = cos (2’21&
Proof. See Appendix 4. O

Substituting J5 and PFP obtained from (4.12), (4.13) and (4.14) into (4.10), we

get the outage probability P7*PA=FP.

Corollary 7. On the basis of the derivation result (4.10) for TRSPA-FD, we make the
following changes to obtain the outage probabilities PLJ*"4~P and PIJ*PA~OMA of D,
for TRSPA-HD and TRSPA-OMA, which respectively refer to TRSPA working in HD
CNOMA and COMA schemes: i) substitute w, = 0 into (4.10) since HD CNOMA and
COMA are not affected by LI; and ii) change T, into ¢yps = 2*%2 — 1 and doyan =
23R — 1 which are the target SNRs during decoding x, in HD CNOMA and COMA
schemes, respectively, since each of their entire transmission processes finish in two or

three time slots based on Section 4.2.3.

We further analyze the diversity order for D, which is defined as

TRS PA-FD
(g )

dTRSPAFD — _ Jim 2 (4.15)
2 p—00 gp
) A o 1 .
When p — oo, we get lim J¥? = J7P* ~ 1 based on (4.12) and e 7 ~ 1 — é. With
p—)OO
. . . . . o A
lim 2Lt — 75, Q). we obtain the asymptotic value of PIP ie., lim PFP = Pf dD -
p—00 h pP—>00 h

PED. Given (4.10), the asymptotic outage probability of D, for TRSPA-FD is

K
lim PESPAr? 2 PRSP o (1 - pEB) (4.16)

Substituting (4.16) into (4.15), we learn that D,’s diversity order equals zero, i.e.,

le)fSPA—FD - 0.

Remark 4. The diversity order of TRSPA-FD is zero due to the effect of residual LI.

Therefore, a floor exists for D,’s outage probability.

84



4.3. PERFORMANCE ANALYSIS

As to TRSPA-HD, according to (4.11), its successful detecting and decoding prob-
ability P” when p — oo is approximated as P7>% = 31_)1‘1; ;;Tm PP (x) fx (x) dx,

where PP (x) is the detection probability of an arbitrary relay in a TRSPA-HD sys-
—1( ppre —ox
tem. gl_{g PS’D (x) = Q(%) = Q(— \/g) according to (4.40). Therefore,

HD,co - . HD,oo . 00 . ,
P is further written as P, = gl_)rg ﬁl—l/?,z fx(x)dx =1- l}l_{g Fx ("5';%2) Accord-

. . dup2\ : . . ¢upp (Rp a )22k
ing to (4.41), 31_{?0 FX(—p ) is approximated as gl_)rg = fo (1 + rz,k) 7

drz,k. Let

R = fORD (1 + r;k)ﬂdrz,k =1+ LR% and we get lim Fy (%) ~ lim R"%, Then

R +2 p—0o p—00
PAP™ = 1 — lim Fy (#22) ~ 1 - lim R%22, Based on (4.10), th i
T =1- pl_{?o X (T) ~ 1 - p1_>r£10 =, Based on (4.10), the asymptotic outage

probability of D, for TRSPA-HD when p — oo is

PRI = (1 oa - Rousa) () @)

Substituting (4.17) into (4.15), we get df5™~7P = K.

Similarly, we also work out the asymptotic outage probability of D, for TRSPA-
OMA:

PTRS PA=OMA.o
” K, \K (4.18)
- ((1 + dgz,BS)‘ﬁOMA,Z + R¢0MA,2) (ﬁ) .

Substituting (4.18) into (4.15), we learn that the diversity order for TRSPA-OMA

equals K.

Remark 5. Diversity orders of TRSPA for HD CNOMA and COMA schemes both

equal K.

4.3.1.2 Outage Probability and Diversity Analysis of D, under H,

D, does not exist herein.

4.3.2 Ergodic Rate
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4.3.2.1 Ergodic Rate and Spatial Multiplexing Gain of D, ;- under H,

The CDF Fy (y) of the received SNR (i.e., Y) at the BS when decoding x; - is a crit-
ical parameter when deriving D, ’s ergodic rate. We next work out Fy (y) in three

independent cases.

The first case E| ; refers to |S;| = j # 0 and |S,| = 0, which means none of the j
relays within S; could enable the BS to successfully decode x; even if they allocate all

power to x;. k* = arg max{|h1,k|2 : Dy € S} according to Section 4.2.3.1. Then the
k
received SINR at the BS to decode x; 4~ 1S ¥p, .- Bs | E\ ;= I?%X |h1,k|2p 2 Y| E, ;. Inthe
’ €.

second case E,; j when |Si| = j # 0 and |S,| =i # 0, k* = arg max {|h1,k|2 : Dig € 82}
k

2
according to (4.7) and a4 = Mﬁ according to (4.8). Then the received SINR
1,k*

. 2
value under E,;; at the BS to decode x;- is yle*_)BS|E2,i,j = max al,k|h1,k| p =
’ keS;

2
h -7, A . . .
max [naleT2 4 Y|Ey; . As to the third case E; when |S;| = 0, similar with E j,

k€S, 1+7T>

k* = arg max {|h1,k|2 : Dy € S} according to Section 4.2.3.1. Then the received SINR
k

A 2 A
under E3 at the BS to decode x; - is ¥p, k*—>BS|E3 = r?%x |h1’k| o= Y| E;.
’ €

Given the fact that the outage probability of a practical system is usually extremely
small to guarantee the reliability and robustness [83] [119], the CDF of Y can be for-

mulated as (4.19) by combining all these three cases.

Fy)= % Pr(Sil = j# 0, 1Sal = 0 Pr (9025 Er) < 9) + PrASi] = 0 Pr((F,,. 5| E3) < )

]Kl ;
+3 zlpr(lsll = j#0, 1Sol =i # 0)Pr((yp,cons| Eai) < ¥)
j=li=
, . . K K
= 3 (P (1= Pp) (a1 = ) ) - U

(1+7)y+T5 \*

cipipY(1-pip) (i ey (1 - J5D)j_i(1 I
i=1

+
M=

~.
Il
—_

(4.19)

The achievable rate of Dy - is RTRS*P A-FDIH, = log (1 +Y). Then the ergodic
rate under H, is E |[RISPFP|H, | = Elog(1+Y)] = &5 [7 15 (1 = Fy () dy [79]

[106]. According to ;" tLe (1 "dy = (”dDzBS)'SEl( (1+dy, 55)2) 1120]

D>,BS
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and (4.19), we have

E[RIT)ff*PA—Fpl Hl] = Ji+ o+ Jy (4.20)

where . _ _ .
h=ms 2 ci(Prr) (1 - Pr2) (1 - arY
fa

. 4.21)
8 (é] C?(—l)me(”df’zﬂs)'ﬂ"Ei( @))
K . o i
= s L uip) (1= pip)" S o)
—i (1 dgz,ss)(””z)m
x(1 - J57) Z Cr-1yre (4.22)
in(_M)
P
J3 = 1nz(1 - PFD)
X Z cr(=1)" (1+ DZBS) El(_(udf)zBS) ) (4.23)

Corollary 8. Based on (4.20) for TRSPA-FD, we make the following changes to obtain
the ergodic rate of TRSPA-HD: i) let @, = 0; ii) change T, into ¢yp, = 2*0 - 1;
and iii) rewrite (4.20) into E |RESPAHP|H, | = L(J) + 1, + J3). As to TRSPA-OMA,
besides assigning @, = 0, changing T, into ¢oyar = 2°% — 1, and rewriting (4.20)
into E [R;Sff*PA‘OMAIHl] = 2J, + 1J> + 3J5, J, also needs to be modified into Joya, as

(4.24),

Jomaz = 75 § (PSOdMA)j(l 3 PSOdMA)K—j
J - i P (1+d{l ) (4.24)
i=1 e

o

where the parameters PO} and J9M* are defined in a TRSPA-OMA scheme with the

same physical meanings as PP and JiP in (4.11) and (4.12).

Then we evaluate the slope of the ergodic rate curve in the high SNR region. Its
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physical meaning is spatial multiplexing gain [121]. It is defined as

. E[RERSPA FD'HI
| = lim

S TRS PA-FD |H 1
* p—00 ogp

(4.25)
Using Ei(—/l)) — In ﬁ + Cg where Cg is the Euler constant, the asymptotic ergodic
rate of D; - for TRSPA-FD when p — oo can be written as (4.26)-(4.29) according to
(4.20)-(4.23).

E[RlT)?f*PA—FD,wl Hl] S A Sy (4.26)

where Jy, J; and J; are approximated as J{°, J5° and J5” when p — oo, respectively.
J=0. (4.27)

e = Lz ij (PFD) (1 _PFD) Z C;.
x((1+dp, Bs) Z)J ; Ccr(=D" (4.28)

(143 (14, s Ja4T2Im Ja+T2m
[ 2 + CE) .

K ( (1+dg YBS)m ) (4.29)
X Y CR(=D)"|In"——"—+ Cg |

oo K
Accordingly, substituting (4.27), 11m log =y C (PF D) (1 — PE D) (Z cr(- l)mﬂ)
=1

m=1

and lim 2 = (1 —~ ng) Z Cm(—1)"" into (4.26), we work out the spatial multi-
m=1

p—00 logp

plexing gain in (4.30) for TRSPA-FD.

sprroim, = 3 cy(pig) (1~ pig)

; K (4.30)
x 3 Ccr-)™t+ (1-PEB) 3 Cp-1y™' =1
m=1 m=1

Similarly, we also obtain the spatial multiplexing gains S [**"~"#P|H, = 5 and

TRSPA-OMA| g _ 1
Sle |Hy = 3
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In a system with A, transmit antennas and A, receive antennas, the maximum spa-
tial multiplexing gain is min (A;, A;) [122]. Given the investigated system model in

Section 4.2.1, the maximum spatial multiplexing gain of D ;- is 1.

Remark 6. The spatial multiplexing gain for D, - in a TRSPA-FD system under H, is
1 and it is the achievable maximum value in the considered system. As to TRSPA-HD

and TRSPA-OMA, their spatial multiplexing gains are only % and %

4.3.2.2 Ergodic Rate and Spatial Multiplexing Gain of D, ;- under H,

Under H,, all relays cannot obtain D,’s message since D, does not exist. Accord-

. 2 .

ing to (4.9), k* = arg max {|h1,k| : Dy € S}. Then Dy ;’s data rate is Rgff*PA‘FDlHO =
A :

log (1 + 5’D1,k*—>BS) = log (1 + |h1,k*|2p). Therefore, the ergodic rate of Dy - is E [R;f)ff*PA‘FD|HO] =

= 5 | 15 (1= F5 (§) d$, where Fy (9) is the CDF of .

E [log|1 + max |h1,k|2p
A}\/—/
v 2 .

We know that Ff/ ()A)) = Pr (max |h1,k| p < 57) = (1 — (1+dD2 35) ) . The ergodic rate of
D . . TRS PA-FD X j (”dn B.S)Aj S
L& under Hj is thus written as E [R |Hy ] s fo 5 Z (—1) 2 dy.

According to [120], we further get

K .
E[RgRS*PA—FDlHO]:LZZ K(_l)]

X(_e(1+ s ) PEi (= (1 +d3 )2 ))

4.31)

Corollary 9. Ergodic rates of D, under Hy for TRSPA-HD and TRSPA-OMA are

written as B
E[RRE 10| = 3y % Ci=1) 432)
1dy, oo)! o - '
(- i (- (14 3,) )
K . ,
E [REIIQ;?*PA—OMAlHO] — 22 3 C;((_l)J
| = (4.33)

X (—e(“d‘ﬁz w)ig; (- (1+d, 4) é)) :
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We know that Ei (—%) ~ ln% +Crande ™ ~ 1 - /% when p — co. Based on (4.31),

the asymptotic ergodic rate of D, ;- under H, for TRSPA-FD is written as

R

Lk ; (1+d152.3s)j (4.34)
=15 .Zch(_l) In"——= + Cg|.
J:

P

Substituting (4.34) into (4.25), the spatial multiplexing gain of TRSPA-FD is worked
out to be 1, i.e., STF PP Hy = 1. Similarly, spatial multiplexing gains of TRSPA-

HD and TRSPA-OMA are 3 and 3, i.e., STE PP\ Hy = 5 and S[PA-OMA Hj = 2.

Remark 7. The spatial multiplexing gain for D+ in a TRSPA-FD system under H is
1 and it is the achievable maximum value of our considered system. As to TRSPA-HD

and TRSPA-OMA, their spatial multiplexing gains are only % and %

4.4 Performance Comparison

The above section already considers the impact of residual LI caused by the practical
assumption of imperfect self-interference cancellation. According to Remarks 4-7 and
research findings associated with CNOMA, FD CNOMA outperforms HD CNOMA
and COMA in the low SNR region. However, it gradually loses its advantage as SNR
increases, since LI gets stronger in the high SNR region. The intensity of LI seems
to be the dominant factor of performance comparison result. Motivated by this, we
further presents comparison results under the consideration of reasonable LI intensity
to explicitly answer the question which relaying mode the proposed TRSPA strategy

should choose in practice.

4.4.1 Outage Probability

The general comparison result of FD-relaying-related research works [79] [80] [81] is

that FD performs better than HD and OMA in the low SNR region but it will be out-
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performed in the high SNR region. It is of great practical significance to compare the
results of TRSPA-FD, TRSPA-HD and TRSPA-OMA with reasonable SI suppression

capabilities, especially in the high SNR region.

Based on [115] and [116], existing SI suppression techniques are able to reduce
the intensity of LI to the same level as noise floor, i.e., ;;P, = Ny. Substituting

QuP, = Ny into (4.11) and (4.40), when p — oo, PEP of TRSPA-FD is approximated

as
Pfd?fl):m)i = hm g PZ;D (x)fX (X) d-x
e (4.35)
~1-1i 2) — 1 — 1im R%2
< 1= lim Fy(52) = 1 - lim RE2.
The asymptotic outage probability of TRSPA-FD in (4.16) becomes
TRS PA—FD,oo _ o K/ \K
PRI ele = ((1+dg, ps) T2+ 2RTy) (3)". (4.36)

Substituting (4.36) into (4.15), the corresponding diversity order is worked out as

JTRSPA-FD li lg(P’T’?Z‘:;[Z? ’w)
“FD — _ |jjpy 22 )

D;, LI=noi P00 lgp

= K in a practical scenario. The outage probability
of TRSPA-FD therefore decreases at the same rate as TRSPA-HD and TRSPA-OMA
as p gets larger. Also, their performance comparison result will not fluctuate with the
change of p. The one with a better performance is always better. We next need to

further demonstrate that FD is the best one.

We define the outage performance gain of TRSPA-FD over TRSPA-HD as Ggp_pp =

TRS PA~FD,c0

-101g 1% According to (4.36) and (4.17), Grp, up is calculated as

Dy

(14, s Jr2+28T2)

Grp,up = —10K Ig ((1+dg2’85)¢HD,Z+R¢HD,2).

(4.37)

2
Since ¢pypor — 1> = (2R2 - 1) > 0 is true for any positive number R,, we have ¢gp, >
2T, > T,. Thus, Gpp, gp 1s positive, verifying that TRSPA-FD achieves a better outage

performance than TRSPA-HD. The outage performance gain of TRSPA-FD compared
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to TRSPA-OMA is

(145, 5 ro2RT2)

((1 +dj, gs )¢0MA,2+R¢0MA,2)

Grp, oma = —10K 1g

(4.38)

Since popaz > ¢upo > 2T, > T, Grp, oma Must be a positive constant.

Remark 8. Given reasonable SI suppression capabilities, TRSPA-FD always achieves
better outage performance than TRSPA-HD and TRSPA-OMA and it will never be
exceeded no matter how large the SNR is. Therefore, different from the general con-
clusion of other researchers, we confirm that FD is the outage-optimal choice when

designing a practical TRSPA system.

4.4.2 Ergodic Rate

We substitute Q;; P, = Ny into (4.27), (4.28) and (4.29). By using (4.35), they become

. Jj—i
K . i K—j J 1+d% T,
0 _ 00 _ 1 i ( pFD J _ pFD J i ( Dz,BS)
‘]1, Ll=noi ~— 0’ J2, LlI=noi ~ In2 Z] CK(Psd, LI=noi) X(l Psd, LI=noi) Zl C]( o
Jj= =

Lienoi = 0. Furthermore, we have

i (14, s J1+T20m
x 2 C'"(=1)"In + + Cg|and J3
m=1 ’

. J‘l)OLI:noi + JZOOLI:noi + ‘I3OOLI:n0i . = i a T2 K
Jim logy Y1 ) )

According to (4.25) and (4.26), the spatial multiplexing gain of D, - for TRSPA-FD

in practical scenarios is equal to 1, which is the same as Remark 6.

Remark 9. Given reasonable SI suppression capabilities of FD user relays, the spatial
multiplexing gain of TRSPA-FD still achieves 1, which is the same as Remark 6. It is
the maximum achievable value, and is larger than those of TRSPA-HD and TRSPA-

OMA.

However, there is only one concern about the superiority illustration of TRSPA-FD

in terms of ergodic rate. According to Section 4.4.1, TRSPA-HD and TRSPA-OMA
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always achieve worse outage performance than TRSPA-FD. Their user relays are more
likely to fail to obtain x,. So they tend to allocate more power to relays in order to fully
utilize the power resources according to the proposed TRSPA stated in Section 4.2.3.1.
In such cases, these benchmarks may achieve larger ergodic rates than TRSPA-FD,
however, at the cost of worse outage performance. As stated in Chapter 1, the trans-
missions of user relays’ messages are executed on the condition that D,’s QoS require-
ment is satisfied. Such a sacrifice of outage performance is not allowed. Moreover,
the ergodic rate comparison under unequal premises of outage probabilities is not fair.
Motivated by these, we next compare TRSPA-FD’s ergodic rate with the benchmarks

under the same constraint of predetermined outage performance requirement.

Given the preset outage performance requirement P, the outage probability ob-

out?

tained from (4.18) is directly set to be P..?. Then the required transmit SNR by TRSPA-

out

OMA is
prea = (1445, s +R) (2% - 1)/(13;;‘; . (4.39)

K
According to E [RLT)RS PA-OMA. 1] =

TRS PA—~OMA,
d(E[RDl,k* I ])
d(ozmr)

mined by R, and it increases with R,. Thus, we need to further work out the derivative

Preq

Cm(—1ym! ( (edgg)m | cE) the deriva-

tive function = % is obtained. We know from (4.39) that p,,, is deter-

out

function with respect to the independent variable R,. Let W = (1 +df e+ R) / (Pt 3

Then p,., can be written as W (23R2 - 1) based on (4.39). Accordingly, the derivative

d(logpmq)
d(R>)

~ 3. Therefore, under the

d(E[Rgllesl‘{fA—OMA |, J)

d(Ry)

of log p.., with respect to R, is approximated as

—><3_1

restriction of P!, E [RTRSP A-OMA g 1] rises at a rate of

out?

regarding R,.

As to TRSPA-FD, its SNR is p,., as well for comparison fairness. We substitute

QP =Nyand T, = (pW’ + 1)j —11into (4.27), (4.28) and (4.29). Then by using (4.35),
( D2 Bs)(pm[*'l)3

req

+ Cg | and

they become ‘]1 LI=noi =0, JSOLI =noi ln2 Z Ck ( l)m (1

. . I IS
= 0, respectively. Therefore, we get lim —+=r—2r=e
p—0 ogp

(S
+ J3, LI=noi

JOO

_2 :
3, LI=noi = £. According
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TRS PA~FD,co
|Hy

to (4.26), we learn that lim M = 2 in this case. E|RI®SPAFD g | in-
P00 log p 3 Dy g
d(E[RERSPA—FD,oolHl]) d(E[R{)RSI"A—FD.oolHl]) d(logp )
S s re o2 _ ..
LA o L ~ 2x3 =2. Similarly,

creases at a rate of

d(Ry) - d(1og preq) d(Ry)
. . ' d(E[RZ)RSfA—HD,oolHI]) |
as R, rises, the ergodic rate for TRSPA-HD rises at a rate of LZ( ) ~ X3 =

1

Noted that TRSPA-OMA’s outage probability is set to be P,.7 as shown in (4.39).
We learn from (4.37) and (4.38) that the outage probabilities for TRSPA-FD and
TRSPA-HD are actually smaller than that of TRSPA-OMA, i.e., P!, when they con-

sume the same transmit power p,.,. That is to say, all of these three schemes satisfy

the predetermined outage performance requirement. So we summarize Remark 10.

Remark 10. Under the same restriction of the preset outage performance requirement,
as R increases (i.e., the required SNR p,., gets larger correspondingly), the ergodic
rates of TRSPA-FD, TRSPA-HD and TRSPA-OMA increase at rates of 2, 1 and 1,

2

respectively.

In conclusion, on the premise that the outage performance requirement is guaran-
teed, TRSPA-FD’s ergodic rate rises the most rapidly in the high SNR region. Together
with its superior performance presented in subsequent simulation comparison where
SNR rises from a small value, we confirm that FD is always the ergodic-rate-optimal

choice for a TRSPA system, regardless of the value of SNR.

4.5 Numerical Results

We present numerical simulation results to 1) validate the derived expressions in Sec-
tion 4.3; i1) compare the performance of our proposed TRSPA with various benchmarks
introduced in Section 4.2.3, including Max-Min [118], SRS [54] and TRS [47], and
111) verify the superiority of TRSPA-FD over TRSPA-HD and TRSPA-OMA, where
TRSPA-FD, TRSPA-HD and TRSPA-OMA refer to the proposed TRSPA strategy
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==O-— TRSPA-OMA Sim
TRSPA-HD Sim
—f— TRSPA-FD Sim Q2 , =-10dB

TRS-FD Sim Q2 L1=»10dB
= A= Max-Min-FD Sim Q u=—lOdB
—¢ +SRS-FD Sim 2 u=—10dB
+ TRSPA-FD Sim Q u:—lSdB
TRS-FD Sim Q u:—lSdB
== ofde = Max-Min-FD Sim 2 = 15dB
=@~ SRS-FD Sim Q u=715dB
—se— TRSPA-FD Sim 2 , =20dB
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---4 «=: SRS-FD Sim 2 u=—20dB
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Transmit SNR pin dB

Figure 4.2: Simulated outage probabilities of D, versus transmit SNR for TRSPA-FD and benchmarks
with different ;s under the hypothesis of H;.
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TRSPA-HD Sim
TRSPA-HD Theo
O TRSPA-FD Sim Q , =-10dB

TRSPA-FD Theo Q2 , =-10dB

= — TRSPA-FD Outage Floor €2, =-10dB
<] TRSPA-FD Sim Q2 =-15dB

—}— TRSPA-FD Theo Q , =-15dB

" == === TRSPA-FD Outage Floor Q | =-15dB
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¢ —k— TRSPA-FD Theo Q | =-20dB

10-4 ......... TRSPA-FD Outage Floor ~-20dB
\ |

Outage Probability
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Transmit SNR pin dB

Figure 4.3: Exact and simulated outage probabilities of D, versus transmit SNR for TRSPA-FD and
benchmarks with different €;;s under the hypothesis of H;.

working in the FD CNOMA scheme proposed in Chapter 3, HD CNOMA [123] and
COMA [79] schemes, respectively. Unless otherwise stated, the simulation param-
eters are summarized as follows: a=2, Rp = 2 m, dp,gs = 10 m, N = 15 and

0.1 [113]; power coefficients of relays for benchmarks

K =2[54], L = 30 and P’;re

are aj* M = af”,fs = alT,’,fS 0.25 [47]; R, = 0.5 bit per channel user (BPCU) and
QL[ = —15 dB [79]
We compare the simulated outage performance of D, versus transmit SNR for the

proposed TRSPA-FD scheme with different {;;s and other benchmarks under H, in
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Fig. 4.2. Corresponding theoretical derivation results are presented in Fig. 4.3 to val-
idate the correctness. In Fig. 4.3, the exact results of TRSPA-FD, TRSPA-HD and
TRSPA-OMA are worked out based on (4.10) and Corollary 7, respectively. Outage
floor of TRSPA-FD is obtained from (4.16). The well-matched simulation and exact
results and the well-approximated simulation results and outage floors validate these
derived results. An outage floor for TRSPA-FD exists in Fig. 4.3 due to effects of resid-
ual LI in a FD relaying mode, verifying Remark 4. When it comes to the performance
comparison, it is observed from Fig. 4.2 that the proposed TRSPA strategy with proper
power allocation coefficients always achieves better outage performance than other RS
strategies, verifying Theorem 2. As to TRSPA applied to different relaying modes,
TRSPA-FD outperforms TRSPA-HD and TRSPA-OMA in the low SNR region, since
TRSPA-FD completes each transmission process of D, in one time slot while TRSPA-
HD and TRSPA-OMA, respectively, need two and three time slots. However, as SNR
gets larger, over 30 dB in the case of Q;; = —15 dB, the outage performance of
TRSPA-FD is outperformed by benchmarks, since the intensity of LI gradually be-
comes stronger, limiting the outage performance of FD mode. This conclusion is con-
sistent with those in [79], [80] and [81]. We also learn from Fig. 4.2 that a smaller LI
cancellation coefficient leads to a better outage performance.

According to [115] and [116], existing SI suppression techniques are capable of
reducing the intensity of LI to the same level as noise floor, which means Q;;P, = Nj.
Therefore, we will take a step further than existing works [79], [80] and [81]. We
compare the performance of TRSPA when applied to different relaying modes with
reasonable SI suppression capabilities. Fig. 4.4 compares the simulated outage perfor-
mance of TRSPA-FD with TRSPA-HD and TRSPA-OMA in such case, while Fig. 4.5
presents their simulated, exact and asymptotic values. Fig. 4.4 illustrates the supe-
rior performance of TRSPA-FD in practical scenarios regardless of the SNR being
high or low. The achieved diversity order of TRSPA-FD is equal to K in Fig. 4.4, in-

stead of zero. This observation verifies Remark 8 and is the most critical difference
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10
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Figure 4.4: Simulated outage probabilities of D, versus transmit SNR for TRSPA-FD with reasonable
SI suppression capabilities, TRSPA-HD and TRSPA-OMA with different relay numbers Ks under the
hypothesis of Hj.
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Figure 4.5: Simulated, exact and asymptotic outage probabilities of D, when K = 2 versus transmit
SNR for TRSPA-FD with reasonable SI suppression capabilities, TRSPA-HD and TRSPA-OMA under
the hypothesis of H;.

from Figs. 4.2 and 4.3. Also, the outage performance of TRSPA-FD is not limited
by any floor in practical scenarios. TRSPA-FD always achieves the best outage per-
formance throughout the entire SNR range. Additionally, we learn that more relays
lead to smaller outage probabilities due to higher diversity gains. Finally, the well-

approximated curves in Fig. 4.5 validate derivation results (4.17) (4.18) and (4.36).

Figure 4.6 presents the simulated ergodic rates of D, - for TRSPA-FD and other

benchmarks versus transmit SNR under H,. We assume that R, = 0.1 BPCU [54].
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Figure 4.6: Simulated ergodic rates of D, - versus transmit SNR for TRSPA and benchmarks under the
hypothesis of H;.
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Figure 4.7: Simulated, exact and asymptotic ergodic rates of D ;- versus transmit SNR for TRSPA and
benchmarks under the hypothesis of H;.

Their exact and asymptotic results are presented in Fig. 4.7 which are obtained from
(4.20), Corollary 8 and (4.26). Well-matched results validate these expressions. Using
the two points (40 dB, 5.64BPCU) and (50 dB, 8.96BPCU) on the asymptotic curve
of TRSPA-FD in Fig. 4.7, we can compute the slope which is 3.32/10 = 0.332. The
result verifies Remark 6 because 0.332x101g 2 = 1. When it comes to the performance
comparison, according to Fig. 4.6, the proposed TRSPA-FD scheme achieves a larger
ergodic rate for D, ;- compared with other RS strategies and relaying modes, because of
1) its dynamic power allocation method, and ii) its feature of allowing D ;- to transmit
all the time. We know that D, ;- has to wait for its turn in TRSPA-HD and TRSPA-

OMA schemes.
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Figure 4.8: Simulated ergodic rates of D - versus transmit SNR for TRSPA-FD with reasonable SI

suppression capabilities, TRSPA-HD and TRSPA-OMA with different relay numbers K's under the hy-
pothesis of H;.
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Figure 4.9: Simulated, exact and asymptotic ergodic rates of D when K = 2 versus transmit SNR

for TRSPA-FD with reasonable SI suppression capabilities, TRSPA-HD and TRSPA-OMA under the
hypothesis of H;.

We present the simulated ergodic rate results under different numbers of relays
for TRSPA-FD with reasonable SI suppression capabilities, TRSPA-HD and TRSPA-
OMA in Fig. 4.8. Fig. 4.9 further presents their exact and asymptotic curves. In a

similar method with Fig. 4.7, the slopes of the ergodic rate curves in Fig. 4.9 at the
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Figure 4.10: Simulated and exact outage probabilities of D, versus R, for TRSPA-FD with reasonable
SI suppression capabilities, TRSPA-HD and TRSPA-OMA constrained by the predetermined outage
performance requirement under the hypothesis of Hj.

high SNR region for TRSPA-FD, TRSPA-HD and TRSPA-OMA are found to be 1, %
and %, respectively. The results verify Remark 6 and Remark 9. When it comes to
performance comparison, we learn from Fig. 4.8 that K = 3 achieves a larger ergodic
rate than K = 2 due to a larger spatial diversity gain. It is observed that the ergodic
rate of TRSPA-FD with reasonable SI suppression capabilities is larger than those of
benchmarks due to simultaneously receiving and transmitting. However, there exists an
exception. By careful observation on Fig. 4.8, the ergodic rate of TRSPA-FD is found
to be slightly exceeded by that of TRSPA-OMA when the transmit SNR is 15 dB. Such
a phenomenon is already analyzed theoretically in Section 4.4. Based on Section 4.4,
TRSPA-OMA’s larger ergodic rate is obtained at the cost of worse outage performance.

For the sake of practicality and fairness, we will further compare their achieved ergodic

rates under the same outage performance requirement.

We compare TRSPA-FD with reasonable SI suppression capabilities, TRSPA-HD
and TRDPA-OMA in Figs. 4.10 and 4.11 under the same outage performance require-

ment P!, Assume that P,/ = 0.001 and dp, gs = 20 m. As R, increases, the required

out* out

transmit SNR by TRSPA-OMA is worked out based on (4.10) and Corollary 7 in a

req -

numerical method. Note that PL*5"-OM4 = P74 is used when working out that SNR
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Figure 4.11: Simulated and exact ergodic rates of D; - versus R, for TRSPA-FD with reasonable SI

suppression capabilities, TRSPA-HD and TRSPA-OMA constrained by the predetermined outage per-
formance requirement under the hypothesis of H;.

value to guarantee the outage performance requirement. With the same SNR value
for comparison fairness, we also plot the outage probability curves of TRSPA-FD and
TRSPA-HD in Fig. 4.10. As the x-axis increases from a small value, which implies that
the transmit SNR rises from small as well according to (4.39), TRSPA-FD achieves the
best outage performance. When R, continues to increase, TRSPA-FD continues to out-
perform other benchmarks. In summary, its outage probability is the lowest regardless

of the SNR being large or small. It is shown in Fig. 4.10 that the outage probabilities

req

of all schemes are no larger than P .

Therefore they indeed satisfy the preset QoS

requirement, which is the premise of the ergodic rate comparison in Fig. 4.11.

Under the outage probabilities shown in Fig. 4.10, we compare the achieved er-
godic rates of TRSPA-FD and benchmarks in Fig. 4.11. When R, increases (i.e., the
corresponding SNR increases) from a small value, TRSPA-FD achieves the largest er-
godic rate compared with benchmarks. As R, keeps increasing, the ergodic rate of
TRSPA-FD rises at a rate of 2, which is larger than those of TRSPA-HD and TRSPA-
OMA. The observation verifies Remark 10. Therefore, TRSPA-FD always achieves
the largest ergodic rate at all SNR values. Given the comparison results in Fig. 4.10,

we can conclude that TRSPA-FD always outperforms other benchmarks in terms of
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Figure 4.12: Simulated, exact and asymptotic ergodic rates of D 4. versus transmit SNR for TRSPA-FD
and various benchmarks under the hypothesis of Hy.

ergodic rate, regardless of the value of SNR, under the practical restriction of outage
performance requirement.

Figure 4.12 shows the ergodic rates of D - for TRSPA-FD and benchmarks under
H,. The exact and asymptotic values are worked out by (4.31)-(4.34). From Fig. 4.12,
we find that the slopes of ergodic rate curves for TRSPA-FD, TRSPA-HD and TRSPA-
OMA in the high SNR region are respectively 1, 3 and 3. These values verify Re-
mark 7. TRSPA-FD always obtains the largest ergodic rate under H, due to the benefit
of using FD mode. Moreover, all RS strategies achieve larger ergodic rates under H,
than H; (see Fig. 4.8). It is because D - transmits its signal using full power under H

but it allocates partial power to forward D,’s signal under H.

4.6 Summary

This chapter has proposed a power-allocation-based relay selection strategy TRSPA
for the FD CNOMA scheme based on spectrum sensing, where strong secondary user
relays assist a weak primary user to transmit signals to the BS. Owing to optimal
power allocations, TRSPA maximizes the ergodic rate of the selected SU relay on the

condition of PU’s successful transmissions. Uniform distribution has been employed
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for practically modelling the locations of relays. Exact and asymptotic expressions of
outage probability and ergodic rate have been worked out. Accordingly, the diversity
order is calculated to be zero, which means imperfectly cancelled LI severely restricts
the outage performance. The spatial multiplexing gain is calculated to be one, which
achieves its maximum achievable value. We then insightfully exploit the performance
of TRSPA for FD CNOMA with reasonable SI suppression capabilities, and compare
it with TRSPA-HD and TRSPA-OMA. It is concluded that FD relaying mode is both
outage optimal and ergodic-rate optimal for a practical TRSPA system. Finally, sim-
ulation results illustrate that our derivations are correct and that TRSPA is superior
to other relay selection strategies including Max-Min, SRS and TRS. Even though LI
impairs the advantages of the FD mode, current SI suppression techniques already en-
able TRSPA applied in the FD mode to achieve better performance than other relaying

modes, that is TRSPA-HD and TRSPA-OMA.

In the next chapter, we exploit a novel two-way relaying FD CNOMA scheme,
where users intend to exchange signals via a FD two-way relay. This scheme can be
considered as an extension of the proposed one-way relaying CNOMA schemes in the

previous three chapters.

Appendix 4: Proof of Theorem 4

On the condition of d; ; = \/dlzj + r%k - 2dD2 s T2 €08 (6p) and dyx > r,, as stated

2.BS
in Section 4.2.1, the distance between D, ; and the BS is approximated as the distance
between the BS and D», 1.e.,d;x = d Dy.BS [54]. According to the central limit theorem,

the detection probability P/” (x) is

0! (pl”") \/Z(l +@1Qr1p)—px
FD () — f /1L
Py () = O\ —itrmaupen o
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where Q () is the Marcum Q-function. Moreover, relays are uniformly distributed

within the disc around D,. Thus, the PDF of ry; is fz (r2x) = 21%. Given hy; = I
D

a b
\/1+r2‘k

the cumulative distribution function (CDF) of |h2,k|2 is expressed as
Fy() = [ (1 - e—(1+r£‘,k)x)2r_;>kdr2k, (4.41)
0 R T2

According to Gaussian-Chebyshev quadrature [124], Fx (x) is further calculated as

Fx () ~ & Y0 AT=@2(1 - ) (§, + 1), where ¢, = 1 + (%2 (¢, + 1)) and ¢, =

2n—1
2N

cos( 7r) [54]. N is the complexity-vs-accuracy tradeoff parameter. Therefore, the

PDF of || is
Sy )~ 22 200 A1 = 2 (dn + 1) cpe™. (4.42)
Substituting (4.40) and (4.42) into (4.11), the expression of Pf f can be obtained as

shown in (4.13) and (4.14) after tedious algebraic manipulations and integral calcula-

tions. The proof is completed.
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Chapter 5

Two-Way Relaying Full-Duplex
Cooperative NOMA Scheme

5.1 Introduction

In this chapter, we investigate a two-way relaying FD CNOMA scheme and then fur-
ther evaluate its performance. To be specific, we first introduce the system model of
the considered FD CNOMA scheme where two users exchange information via the
assistance of a two-way FD relay and then explain the signal transmission process of
our proposed two-way relaying FD CNOMA scheme. Afterwards, the closed-form
expressions for the outage probabilities, diversity orders, ergodic rates, and system
throughputs in delay-limited and delay-tolerant transmission modes are derived. It is
noted that, to present the comprehensive performance evaluation, both perfect and im-
perfect SICs are taken into consideration. Finally, simulation results are presented to
validate these derived closed-form expressions and to compare the performance of the
proposed FD CNOMA system with benchmarks, i.e., HD CNOMA and cooperative

OMA for bi-directional communication.
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Figure 5.1: FD CNOMA system model.

5.2 System Model

We consider a FD CNOMA system consisting of two users (D; and D,) and a dedi-
cated relay. We assume that D, is farther away from the relay than D, as shown in
Fig. 5.1. Like [125] and [126], this chapter assumes that no direct link exists between
the two users because of severe shadowing effects caused by physical obstacles. The
two users exchange information via the assistance of the dedicated relay. To enable
FD transmission, Dy, D, and the relay are individually equipped with one transmitting
antenna and one receiving antenna. As indicated in Chapter 1, one of the main motiva-
tions of this chapter is to present the comprehensive performance analysis. Therefore,
we choose the above-described scenario which is a general model. Then our derivation
approaches and corresponding remarks in this chapter will be of more reference sig-
nificance to better provide the theoretical foundation for future diversified application

systems.

We assume that all of the wireless links suffer from independent non-selective
block Rayleigh fading and are disturbed by additive white Gaussian noise (AWGN)
with mean power Ny. Denote hy,, h,i, hy, and h,, as the channel coefficients of the
following links, D; — relay, relay — D;, D, — relay and relay — D,. We also as-
sume that the corresponding channel power gains, i.e., |h1,|2, |71 |2, |h2r|2 and |hr2|2, are

exponentially distributed random variables with mean values Q,, k € {1r, rl, 2r, r2}
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[25, 26]. The channels are reciprocal, and thus we assume Q;, = Q,; = Q; and
Q,, = Q,, = Q,. Additionally, ipSIC at the relay and D, is considered in this chapter
to evaluate the impact of error propagation on FD CNOMA. According to [66], the
residual IS caused by ipSIC is modeled as a Rayleigh fading channel. g, and gp re-
spectively denote the IS channel coeflicients at the relay and D;. €, is the mean value
of |g,/* and |gp|*. Note that perfect channel state information of these links is available
for signal decoding. When the FD mode is employed, we assume that an imperfect
self-interference cancellation scheme is adopted at the users and the relay [16, 17] and
hence the residual loop self-interference (LI)! exists. We model the attenuations (/;;,,

hy;, and hy;) at Dy, D, and the relay caused by imperfect self-interference cancella-
tion as Rayleigh distributions with Q,; , ©Q;,, and Q;; being the mean values of |hul |2,

|hL,2|2 and |hu, 2 [127]. For simplicity, we assume that Q;;, = Q;;, = Q;; = Q2

We denote x; and x, as the normalized transmitted signals by D; and D, with
unity power, i.e., E [xﬂ =F [x%] = 1. The entire transmission process is divided into a
series of time slots. During the k-th time slot, D; and D, respectively transmit x; [k] and
x»[k] with the power of P while the relay transmits the superimposed NOMA signal
x,[k] with the power of P,. Note that efficient power control is capable of enhancing
the performance of the considered system, which is beyond the scope of this chapter.
Therefore, the signal received by the relay at the k-th time slot is given by y,[k] =
i \Psxi[K] + hop NPy xo[K] + x4 [K] + n,[k], where x;; [k] represents the LI signal and
n.[k] is a Gaussian noise signal with zero mean. Moreover, according to the NOMA
protocol, x,[k] is a weighted sum of x;[k] and x,[k] (a superimposed signal) with time
delay 7. That is to say x,[k] = VP,ax; [k — ]+ VP,a>x,[k — 7], where 7 is an integer
larger than or equal to 1, P,q; is the transmission power for the signal x;[k — 7] (i =

1,2), and a; + a, = 1 [128]. In particular, to ensure the fairness between D; and

'Loop self-interference represents the signal which is transmitted by a FD device such as a relay or
user equipment, and it is simultaneously looped back to the device’s receiver.

2When the mean square values are different, the derivation and analysis are similar but the expres-
sions become more complex.
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D,, a higher power should be allocated to the distant user D, who has worse channel
conditions. Hence, we assume that a; > a, which is also assumed in [19, 26-28]. In
this way, more power is allocated to x;. Note that the fixed power allocation coeflicients
for two NOMA users are considered. Relaxing this assumption will further improve
the performance of systems and should be concluded in our future work. Moreover,
the received signal at D; (i = 1,2) is given by yp.[k] = h,x,[k] + x1;,[k] + np,[k], where
xpy, [k] 1s the LI signal at D; and np,[k] denotes the AWGN signal. We assume that
the power values of the relay and the sources are equal to simplify the analysis, i.e.,

P, = P, = P. Such assumption is also made in [66] and [129].

Applying the NOMA protocol and SIC technique [13, 28], the relay first decodes
the transmitted signal x; by the nearby user which has better channel conditions. The

signal-to-interference-plus-noise ratio (SINR) at the relay equals

s,
Yoror = P 5.1)

2
lharp + hes,| o+ 1

where p = N% is defined as the common signal-to-noise ratio without fading [130].

After decoding x; and then subtracting x; from the received signal, x, is subsequently

decoded by the relay with a SINR value of

ho,Pp
YDyor = —— > (5.2)
elg o + || o+ 1

where € = 0 and & = 1 respectively denote the situations of pSIC and ipSIC.

In the superimposed signals yp, (i = 1,2) which are received by D; and D,, the
intensity of x; is higher than that of x, because a; > a,. Then x; will be directly

detected by D,, with a SINR value of

ho|*pa
YDyx; = | 2| P (53)

> .
ol pas + || p + 1
According to NOMA, SIC is adopted at D,. The component x; which has a SINR

value of

2
— |hr1| pa (54)

|hr1|2,0612 + |hL11 |2P +1

YDi,x

is first detected by D, and subtracted from yp, [k]. As to x,, it is then detected by D,
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with the SINR value of

Byl
_ |hn | pas (5.5)

elgolp + [ o+ 1

YD1 .x;

5.3 Performance Analysis

In this chapter, we consider two types of transmission modes, namely the delay-limited
and the delay-tolerant transmission modes [131]. In the former mode, each user has
a target data rate and the rate is determined by its QoS requirement. The message of
each user is sent at a fixed rate. Outage probability is an important metric for perfor-
mance evaluation. Delay-tolerant transmission refers to the situation where no time
delay constraints are imposed on the decoding period. Users’ target rates are allocated
opportunistically and the transmitted data rates are adaptively determined according
to these users’ channel conditions. The codeword can be designed arbitrarily long,
spanning over all of the fading states. Then it will be decoded until it is received in
full length. The user always decodes messages correctly during SIC. The metric for
performance evaluation in this mode is ergodic rate. Therefore, the ergodic rate should

be calculated on the condition of successful decoding during SIC.

5.3.1 Outage Probability
5.3.1.1 Outage Probability of the D; — relay — D, Link

Considering the NOMA protocol, the complementary event of outage communication
for the D; — relay — D, link can be described as follows. The relay successfully
detects x; and D, also successfully detects x;. R, denotes the target rate of this link
and T, = 22 — 1 is the corresponding target SNR. Then the probability of the comple-
mentary event is expressed as Pr (yp,, > T2, ¥p,, > T2), where Pr(:) represents the
probability function. It is noted whether the relay can successfully decode x, or not

after it decodes and subtracts x; has nothing to do with the outage probability for the
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D, — relay — D, link, since D, directly detects x;. It is the outage probability of the
D, — relay — D link that the decoding result of x;, by the relay really affects, which
we will discuss later. Based on (5.1) and (5.3), the outage probabilities with pSIC and
ipSIC for the D; — relay — D, link are the same with each other and they can be
written as

FD,pSIC FD,ipSIC
PpoPSIC = prDi

(5.6)
=1-Pr (7D1—>r >T5, YDy > T»).

Theorem 5. The closed-form expression for the outage probability of the Dy — relay —
D, link with pSIC/ipSIC in the proposed FD CNOMA scheme is
pFDpSIC _ PFD ipSIC _  _ __© Qa5 Qa-al) e—m (5.7)

D, - QT+ QpTr+Q T2Qp+Qo(a1—axT2)
FDpSIC PFD UpSIC -1

if ay > a,T,. Otherwise, P,

Proof. First, we note that yp,_,, > T, and yp, ,, > T, are independent events. Thus,

Pr (7D|—>r > Tz, YDyxy > TZ) (5 8)

=Pr (’}/Dl_,r > Tz) X Pr (’)/DQ,XI > T2) .

2
.|, respec-

Let I, represent Pr(yp,_, > T) and let x,y and z be |y, %,

tively.

= L (e fx D) fr D)1 Q) e = i e, (59)

Let I, represent Pr (yp, ., > T,). Also, x and y refer to |h,2|2 and |hL12 2, respectively.

Then
L a1>a2T2 J(‘) (f . n fX (x) dx)fy (y) dy

a=a372 " play-ayT7)

(5.10)
— D(a1—axT>)
T2Qu 1+ (a1 —axT?)

2
e rlaj-aTy)
Note that the first equality in (5.10) holds if a; > a,T,. Otherwise, I, equals 0. After
substituting (5.9) and (5.10) into ng PSIC szD PSIC — 1 1,1, (5.7) can be obtained.

O

For comparison, in this section we also show the derivation results of the CNOMA
system where HD devices (i.e., D, D, and relay) are adopted. Closed-form expres-

sions for HD CNOMA are obtained from similar procedures of FD CNOMA, and thus
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we directly present their eventual results as corollaries of corresponding derivation

results of FD CNOMA for simplicity.

Corollary 10. Defining the target SNR ¢, = 2% — 1 where R, is the target rate of
the D, — relay — D, link, the outage probability of this link for HD CNOMA with

pSIC/ipSIC is

HD,pSIC HD,ipSIC
PD P :PD p
2 2 5.11)
o [25) [ ( :
ST Iyl vy priereey

Qz¢2+Qle

HD.pSIC/ipSIC _ |

if a; > ax¢,. Otherwise, PD2

5.3.1.2 Outage Probability of the D, — relay — D; Link

The complementary event of outage for the D, — relay — D, link is explained as
follows. The relay first detects x; and then x, successfully, and D, also detects x; as
well as x, successfully. Denoting the target rate of the link as R; and defining the
corresponding target SNR as T} = 2% — 1, the probability of the complementary event
is expressed as Pr(yp,—, > T2, ¥p,—r > T1, ¥p,0, > T2, ¥p,.x, > T1). Therefore, the

outage probability of the D, — relay — D, link for FD CNOMA with ipSIC is

Png’ipSIc =1-Pr (7D1—>r > TZ, YD,—r > Tl’yDl,xl > TZ’ YD .x, > Tl) (512)

where € = 1.

Theorem 6. The closed-form expression of the outage probability for the D, — relay —

D link with ipSIC in the proposed FD CNOMA scheme is given by

. T _ 0 1979
proisic _ q _(_ Q0 o TR _ 1 L .00 &
D 0811 QQ1T1+Q M T1Tr+Q12 QQ109010 Q9QT1T2+1

1 Q -40
X (U(Q2 N Ql) Q1104 91+QLPQ26 i

1 05  -do-= -4 -5
TU@Q - DG gt " ™ HUQ-Q)gge ™ (1 —¢ "Qg)

[ [ 1
1 -5 5050 1 D _1p.06+1
+U(Q1 - Qz)(QLIQgQ4Q]Ie o p &0 1m0 50+, O

QQg 0406

(5.13)

— T - I — 1 1 — 1 1 — 91—
where Q1 = -2, Or = 20 Q3 = g + 57010 Ou = g + 5,000, 05 = =5

— 1 1 04 — _ I ] 1 _ 1 1
Os = O+t O = U+T)T, O3 = 5+ 5 + 5, D = g7 T ap
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Q10 = Q907 + QLU - le and Q1 = Qig + Qilep. U (x) = 1 when x > 0, or otherwise,

U(x) =0.
Proof. See Appendix 5. O

Corollary 11. Based on (5.13), for the special case € = 0, the outage probability of

the D, — relay — D link with pSIC in the proposed FD CNOMA scheme is

FD,pSIC
PDI
le) 00 _@_LQ_LB
_ 1 1322 e Q Q p  Q (514)
OrppQri+Qy Q1 QT +QQ A+
, 0
o) DT 1 eB—g—f’

T OrppQuitQ Q1+ QT T, AQy -1
— —_ l 4 — L —_— = = 4 = —l
where A = Ty(Ty+1), B= L(T\+ DT, A = &+ A(-g£-3) B = g1+

(_Ll — L) B and Orp = max (L L)

QD T Q) plar—axT2)’ pas

Corollary 12. Define ¢, = 2°F' — 1 where R, is the target rate of the D, — relay — D,

link. The outage probabilities in the HD CNOMA scheme with ipSIC and pSIC are

respectively
HD,ipSIC 1 —a-1g,-10HPy,
-1 - — 1P p=4
Pp, I - aaomgme
otD oliP ay(0fP-0fi?) oliP
X(U( 1P~ Q) grgme W +U(Q - S’D)(e‘ﬂl —e T mm o
U (oHP HD) __1 —*Qéw—QHD(Q)L")—QHD)L2
n ( _ )_e TG 2 )4
Q" ~ Q) ggm
(5.15)
o _$142 91
HDpSIC _ 1 _ _ Q ~a- 0D 05— G~ s 5.16
PD1 =1 Qz¢2+Qle : 1 1 ? (5.16)
HD _ ¢ HD _ 6 oHD _ 1 _ 1 & oHD _ 1 _ 1 HD _
where 07" = a2 T ey Q3 = o tTon Y% = ot Q1¢2’ s =

1 HD _ () o1
Q, + ¢ Q4 and Oyp = max (p(al—a2¢2)’ paz )

5.3.2 Diversity Analysis

For more insights, we analyze the diversity order as defined in (5.17), by investigating

the slope of the outage probability curves in the high SNR region.

FD.pSIC/ipSIC
logo Pp, PRI ©)

;i=1,2. (5.17)

FD,pSIC/ipSIC __
dD- - 1
i p—0 Og10P
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5.3.2.1 Diversity Order of the D, — relay — D, Link

Using (5.7) and e™* ~ 1 — x, it can be readily shown that

. FD,pSIC . FD,ipSIC
lim P """ = lim P, "
=1 - % Q) W(a1—arT)
D To+Qy QpTr+Q1 TrQp+Q0(a1—axT2)”

After substituting (5.18) into (5.17), we learn that the diversity orders of the D; —

relay — D, link with pSIC and ipSIC for FD CNOMA are zeros, i.e., dgf PSIC

JFPirsIc

Dy = 0. Therefore, no matter whether the SIC is perfect or not, the diversity

order of the D; — relay — D, link is always equal to zero. That is to say pSIC

cannot solve the zero diversity order issue. According to (5.1) and (5.3), we have

2
|hal”ay

lim Yb — [, 2
o |hr2|2€lz+|hL12|2

and lim y =
2 Dy,x
p— |h2,|2+|hur| p— 2H

. When p — oo, these SINR values
approximate to constants which are not related with p. Terms in their denominators
are corresponding to the inter-user interference among superimposed NOMA signals
and the residual LI caused by imperfect self-interference cancellation. Accordingly,
the outage probability of the proposed FD CNOMA in (5.6) could not keep decreasing
when p — oco. This means the effects of the increasing power are offset by these in-
terference signals since the interference power values also get larger. Adopting pSIC
or ipSIC makes no difference on the above analysis. Therefore based on (5.17), nei-

ther pSIC nor ipSIC can solve the zero diversity order issue caused by the inter-user

interference and the residual LI.

Based on (5.11), the asymptotic outage probability of D; — relay — D, for HD

CNOMA is

. . Q¢
lim pHPpSiclipsic _ _ 22292 5.19
pl—{g Dy Qgy +Q ( )

Similary, after substituting (5.19) into (5.17), we learn that the diversity orders with

HD.pSIC _ JHD,ipSIC
dy T =d) T =0,
D, D,

both pSIC and ipSIC are zeros, i.e.,
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5.3.2.2 Diversity Order of the D, — relay — D; Link

FD,ipSIC

Using (5.13), the asymptotic outage probability expression of P,

as p — oo is
shown in (5.20).

lim PFRrsIC _ 4 _( 1 Qi _ 1 1 )
poco D1 03Q11 Qe T1+Qe 0T Tr+01Qy QQ1 Q9010 Q9QeT1 T2 +1

_ 1 Q _ 1 0s 1 _ 1
X (U(QZ 00 a6, arop0 TU (G QZ)(QL1Q3 0:+0,0: T Q,0,0:01, QLIQgQ4Q6))'
(5.20)

After substituting (5.20) into (5.17), we have d;, "' = 0.

FD,pSIC

For the pSIC scheme, the asymptotic outage probability of P,

when p — oo
is worked out based on (5.14), as presented in (5.21).

. FD.pSIC
lim P, 7?7 = 1—

D
poeo T (5.21)
( Qi T 1 ) Q
ngL1T1+ngL1A+ngz Ql+QzT2 A’QLI—I HFDpQL1+Ql
After substituting (5.21) into (5.17), we have dng”’ 1€~ (. Therefore, the diversity

order of the D, — relay — D; link with pSIC or ipSIC is always equal to zero.
According to (5.1), (5.2), (5.4) and (5.5), we have lim yp,_,, = V”—"QZ, lim yp,,, =
p—00 hoeP+|hes|”" p—oo

I : _ |11y
n 2 llm 7D1,x1 - -

. B
—— : > and lim yp, ,, = — e - Thege SINR values
elg/*+|her, | p—oo 1 Paz+| e, | p—0

elgpP+|un [

approximate to constants which are not related with p wheln ;)l — oo. Terms in their
denominators are corresponding to the inter-user interference, the residual LI and the
residual IS caused by ipSIC. Accordingly, the outage probability of the proposed FD
CNOMA in (5.12) cannot keep decreasing when p — oco. Even if pSIC is adopted, the
above analysis still holds due to the unavoidable interference signals. Therefore based

on (5.17), pSIC and ipSIC make no differences on the zero diversity order issue caused

by the inter-user interference and the residual LI.

Based on (5.15) and (5.16), the asymptotic outage probabilities of the D, — relay —

D link with ipSIC and pSIC for HD CNOMA respectively equal

. HD,ipSIC _ | _ 1
lim Py, =1 - g, gmgmgm (5-22)
. HD,pSIC _ Q¢
l}l_)n; Py, = Sorra (5.23)

After substituting (5.22) and (5.23) into (5.17), we learn that the diversity orders for

114



5.3. PERFORMANCE ANALYSIS

HD CNOMA of the D, — relay — D, link with ipSIC and pSIC are zeros, i.e.,

HD,ipSIC _ ;HD,pSIC _
le = le =0.

Remark 11. The diversity orders of outage probabilities of both links with pSIC and
ipSIC for FD CNOMA and HD CNOMA are equal to zeros. Therefore, outage proba-
bility floors exist for these outage probability curves. Considering the NOMA protocol,
a node suffers from the interference from other signals when it first decodes the signal
with larger power. Such interference is defined as the inter-user interference in this
chapter. The use of pSIC is incapable of overcoming the zero diversity order issue

since the inter-user interference is unavoidable in a NOMA scheme.

5.3.3 Throughput in Delay-Limited Transmission Mode

The two users D and D, are supposed to receive information at target rates R; and R»,
respectively. Under the delay-limited transmission mode [30, 31], the system through-
put of our proposed FD CNOMA system is subject to the impact of outage. Thus, the
throughput of the proposed FD CNOMA system with pSIC and ipSIC can be written

as

FD,pSIC/ipSIC
R[ P /ip —

FD,pSIC/ipSIC FD,pSIC/ipSIC (524)
(1= PP ICIPSION Ry 4 (1 = )PP Ry

where PP C/P5IC and PRSP IC are obtained from (5.7), (5.13) and (5.14). Sim-

ilarly, the throughput for HD CNOMA with pSIC/ipSIC under the delay-limited trans-

mission mode is

HD,pSIC/ipSIC
R[ P /ip —

. _ (5.25)
(1 _ Pgl[),pSlC/lpSlC) Rl + (1 _ szD,pSlC/tpSIC) R2
where ng’p SICIPSIC and PZID”’ SICIPSIC are obtained from (5.11), (5.15) and (5.16).
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5.3.4 Ergodic Rate

5.3.4.1 Ergodic Rate of the D; — relay — D, Link

Based on (5.1) and (5.3), the ergodic rates of the D; — relay — D, link with pSIC
and ipSIC are the same. Since the signal x; should be detected both by the relay and
by D,, the achievable rates of the D; — relay — D, link in our FD CNOMA scheme

with both pSIC and ipSIC can be expressed as

REPPSIC = REPIPSIC — og (14 min (Yp,-rs YDy)) - (5.26)

Thus the corresponding ergodic achievable rates are given by

E [ RgzD,pSIC] —E [RgzD,ipSIC] _

(5.27)

E|log|1 + min (’)’Dl—wa')/Dz,xl)]:| - ﬁ fom %fz@dz
Z
where Z = min (yp, -, ¥p,.,) and Fz(z) denotes the CDF of Z. Obviously, it is diffi-

cult to work out Fz (z). Considering the subsequent even more complicated derivation

based on F (z) to derive E [Rgf’p SIClip SIC], similarly with [129], this chapter focuses

on the high SNR region and presents the high SNR approximation E [RFD’p SIC/ipS Ic’w].

D,

In this way, we manage to derive a closed-form expression for this ergodic rate to make

the performance evaluation possible.

. 2 . y 2
When p — oo, we have lim yp, _,, = —2 and lim yp, ,, = —22l4__ Thys,
p—)OO p—)oo

|, | hrol*az+|hes, |2

llm min (yD1—>ra yDstl)

p—)oo
hy, hyol
 min[ el ol 2)_ (5.28)
lho|” + |hL1, ol as + |hL12|
Y
Fy(y) =

P Iy, p lhalar (5.29)

- —t > —l > .
r(|h2r|2+|hu,|2 Y ) g haPar+|his, | Y

Theorem 7. The asymptotic ergodic achievable rate of the D, — relay — D, link with

116



5.3. PERFORMANCE ANALYSIS

pSIC/ipSIC for our FD CNOMA scheme in the high SNR region is given by

lim E[ FDpSIC/szIC] A E [RFD,pSIC/ipSIC,oo]

p—00 Dy
_ AL ai 1 _ B Qu—tlez) 5.30
= 2 ln(l + )+ 2 G0, I (1 T =00, (5.30)
1 N1 (1192 1 My a1 Qry
+lnm 1n(1+ )+]n29 ln(1+ azgl)
where A, = Q2o, B, = a1 QLI (Q-ar )
1= (Q1—Q2)(Q2—Q1 (L2} QLI)’ L= (QU—QQ)(QLIQI—alﬂg—azﬂlﬂz)(Qqu—alﬂLIQg—a2§2192)’
(a1Q11+a2Q1)Q% Q1 Q (a1Q+a2Q1)Q Q3
1‘41 1821 1+a2821)€27 L2180 anle: 1 142

Q=) (a1 Q0 +a2Q1 Q- Q112 )( Q- Q) (Q-Q)(a1B+aQ219:-QQ1 ) Q-Q)’

Proof. See Appendix 5. O

Corollary 13. The asymptotic ergodic achievable rate of the D, — relay — D, link

for HD CNOMA with pSIC/ipSIC in the high SNR region is given by

E [ RgD,pSIC,oo] -E [ RgD,ipSIc,oo]
2 2

A a a;Q
21221 (1 l) 21 2!2 1 (1 a;szf)
where A2 =0 —1Q2 and Bz = —QZI—QZI'

5.3.4.2 Ergodic Rate of the D, — relay — D, Link

In this subsection, we assume that both the relay and D, successfully detect x; accord-
ing to the inherent definition of ergodic rate at the beginning of this section. Then the

achievable rate of the D, — relay — D, link is
REP =1log (1 + min (Yp,—r, ¥Ypy.1)) - (5.32)
Theorem 8. The ergodic achievable rate of the D, — relay — D link for FD CNOMA

with ipSIC when € = 1 is given by
E|R)>™| = £ e Ei (—p)

Dy
—F“’“(Z) ‘”‘(&) 533
mae ™ Bi(—g u) — ze™ Ei(-giu (5-33)
_ﬂ Tﬂ S Qiap _ Fs g 2u Qiap
26 El( QL,/J) ma€ % "Ei(—gru
where Ei (-) represents the exponential integral function [132]. u = + 9_1;72 F, =
Q%“zg% 1 F, = Q%“ZQ%Q%I F3 —
W-Q (22— )(Quar-Q)(Qua-Q)’ (QLi—92)( QL —Q, D ) (Q1a3- ) (QUiQ1a2-Q, Q)
Q010 1 F, Qa0
Q= 7 (20, -Q1 0 ) (Q Q-0 ) (Q1a2- Q) = Qu-01a)©a- Qlaz)(Qzﬂu -0,0142)(Q QL -, Q1a2)
Qa0

and F5 = (Q QlaZ)(QZQ QUQIQZ)(Qz Qlaz)(nggaz—Qung).
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Proof. See Appendix 5. O

Corollary 14. For the special case € = 0, the ergodic rate of the D, — relay — D,

link with pSIC in the proposed FD CNOMA scheme is

FD,pSIC
E[RpP7]
= A e/JEl(—,u))+ln2( eaqul(_%u)) (5.34)
i (e )

a3 Q1) a3 Q1) _ aQ1Q)
woramoran B3 = Grmonoann 94 G = arame oy

where A; =

Corollary 15. The ergodic achievable rates of the D, — relay — D, link for HD

CNOMA with ipSIC and pSIC are respectively given by

E [Rng 7] = -5 e”E‘("“‘) (5.35)
Qa )
—2ﬁ2eﬂ “El( ) ( gl)zll)
E[Rg]’)"’“c] =- i (—4). (5.36)
_ QZaZQI Q aZQ _ Qzazﬂ]
where Fg = (CER =N F —(Q e Y0 and Fg =

(Q—Qua2)(@©0-Qia)’

5.3.5 Spatial Multiplexing Gain

According to Chapter 4, we evaluate the slope of the ergodic rate curve in the high
SNR region. Its physical meaning is spatial multiplexing gain. The slope of ergodic
rate for FD CNOMA in high SNR region is

E [RgiD,pSIC/ipSIC(p)]

FDpSIC/ipSIC & 1:
§EDPSICIPSIC & Jim

; 1=1,2. 5.37
D P log,p l -3

5.3.5.1 Spatial Multiplexing Gain of the D, — relay — D, Link

According to (5.30) and (5.37), we have S gi) PSICpSIC _ (. Similarly, we have

SHPISIC _ gHDINSIC _ 0 pased on (5.31).
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5.3.5.2 Spatial Multiplexing Gain of the D, — relay — D, Link

In the high SNR region where p is very large, u of (5.33) becomes very small. We apply
the approximation Ei(—v) = In(v) + Cg where v is very small to (5.33) and Cg is the
Euler constant [132]. Then on the basis of (5.33), the asymptotic ergodic achievable

rate with ipSIC of the D, — relay — D, link for FD CNOMA is given by
lim E [RFD szIC] A E [RFDJPSIC,OO]

s (0o + Ce) — 3 (In (2w + C)
ln2 (11’1( )+CE)_11;17_42(IH(%L1 )+CE)

— 55 (In(%2p) + Ci).
After substituting (5.38) into (5.37), we obtain
E RgD,ipSlC,oo(p)
i 50
p—c0 210 P (539)
=(F1+Fy+F3+ Fy+ Fs5)log10 = 0.
For the situation of pSIC, the asymptotic ergodic rate of the D, — relay — D, link

(5.38)

FD,ipSIC _
Sp,.

when p — oo for FD CNOMA is written as (5.40), according to (5.34).
lim E [RFD pSIC] L E [RFD,pSIC,oo]

D,

P00
Ang+Cp) _ BNCHEID+CE)  Con(g2)+Cr) 640
- In2 In2 In2 :
After substituting (5.40) into (5.37), we obtain
SEPASIC _ jimy )
o poo 10810F (5.41)
=00 (A3+B;+C3)=0

Similarly, asymptotic ergodic achievable rates for HD CNOMA with ipSIC and
pSIC in the high SNR region respectively equal

E [RgID,ipSIC,oo] — 2]n2 (In (u) + Cg)

(5.42)
21;2 (ln (%Z’u) + CE) (ll’l(Qlaz ) + CE)
E [Rng’pSIC’OO] = - (Ing + Ck). (5.43)
By substituting (5.42) and (5.43) into (5.37), we learn that
‘ 1
L (lnu+C In10
SngPSIC ~ 1im —simne+Ce)  In = 1.66. (5.45)

p—eo log,,p ~ 2In2
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FD.pSIC/ipSIC _ gFDpSIC _ ¢FDipSIC _
= =S, =

Remark 12. According to the calculation results S |, D,

0, the ergodic achievable rates of the D, — relay — D, and D, — relay — D links
for FD CNOMA converge to ergodic rate ceilings in the high SNR region due to the
residual LI and the inter-user interference. Also, pSIC is incapable of overcoming the
ergodic rate ceiling issue, since the realistic assumption of imperfect self-interference

cancellation is considered in this chapter and thus the residual LI always exists.

Remark 13. For the D, — relay — D, link in a HD CNOMA scheme with pSIC,
Ypyor = lhar?p and yp, ., = |h1|*pay which are both linear with p. According to (5.32),
the ergodic rate keeps getting larger as p increases. Thus compared with ipSIC, the

situation of pSIC overcomes the ergodic rate ceiling issue of the D, — relay — D,

link for HD CNOMA.

5.3.6 Throughput in Delay-Tolerant Transmission Mode

The system throughput of the FD CNOMA scheme in the delay-tolerant transmission
mode is determined by evaluating the ergodic rates. Based on (5.30), (5.33) and (5.34),

the throughput of the FD CNOMA scheme with pSIC/ipSIC is given by
RFD,pSIC/ipSIC —
t FD,pSIC/ipSIC FD,pSIC/ipSIC (5.46)
E|RpPPHCIIC| 4 [ Rp2TSICNSIC|
Similarly, the throughput in the delay-tolerant transmission mode of the HD CNOMA

system with pSIC/ipSIC is given by (5.47) based on (5.31), (5.35) and (5.36).
RHD-PSICIipSIC _
y =

HD,pSIC/ipSIC HD,pSIC/ipSIC (547)
E [RpPPHICIPSIC] 1 E|REDISICIPSIC]

5.4 Numerical Results

We compare the performance of our proposed FD CNOMA scheme with the bench-
marks, namely HD CNOMA and COMA, for bi-directional communication. In the

case of COMA, the entire information exchange process is divided into four time slots.
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Table 5.1: Simulation Parameters

Parameter Value
Distance between D, and relay d=0.3]129]
Target rate of the D, — relay — D, link R, =3 BPCU [129]
Target rate of the D; — relay — D, link R, =1 BPCU [129]

Q;; =-15dB [129],
Q, = -20dB [66]
Power allocation coeflicients a; = 0.8, a, = 0.2 [66]

Path-loss exponent a =4 [133]

Mean values of the LI and IS channel power gains

Both HD CNOMA and COMA systems are not affected by LI. In the following simu-
lation figures, “FD”, “HD” and “OMA” are used to denote the proposed FD CNOMA
scheme and the two benchmarks. Link #1 denotes the D; — relay — D, link and Link
#2 denotes the D, — relay — D, link. Without loss of generality, the D;—relay—D,
distance is normalized to unity. We then denote the D;—relay distance as d and the
relay—D, distance as 1 — d. We also assume that the mean values of channel power
gains Q;, = Q,; =Q; =d*and Qy, = Q,p, = Q, = (1 —d)™*, where « is the path-loss
exponent. Unless otherwise stated, all simulation parameters are summarized in Table

5.1.

5.4.1 Outage Probability

Figure 5.2 plots the analytical and simulated outage probabilities of the transmission
links (Link #1 and Link #2) with both pSIC and ipSIC versus the transmit SNR for our
proposed FD CNOMA system and HD CNOMA. As stated in the performance analysis
section, the outage probability of Link #1 is not affected by ipSIC. And the analytical
outage probabilities of the two links for FD CNOMA with pSIC and ipSIC are plotted
based on (5.7), (5.13) and (5.14), respectively. Those for the HD CNOMA scheme
with pSIC and ipSIC are plotted based on (5.11), (5.15) and (5.16), respectively. First,
all of the analytical and the simulated results match each other very closely. Second,

the FD CNOMA scheme always outperforms HD CNOMA in this experiment. On
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Link #1 FD Simulation pSIC/ipSIC
O Link #1 FD Analytical pSIC/ipSIC
= = = Link #2 FD Simulation pSIC
O Link #2 FD Analytical pSCI
Link #2 FD Simulation ipSIC

|
T

Link #2 FD Analytical ipSIC
+ Link #1 HD Simulation pSIC/ipSIC
A Link #1 HD Analytical pSIC/ipSIC
----- Link #2 HD Simulation pSIC
V Link #2 HD Analytical pSIC
Link #2 HD Simulation ipSIC

Outage Probability
)

Link #2 HD Analytical ipSIC

-20 0 20 40 60
Transmit SNR p in dB

Figure 5.2: Analytical and simulated outage probabilities of the two transmission links versus transmit
SNR (p) for the FD CNOMA system and the HD CNOMA system with pSIC/ipSIC.

the one hand, FD CNOMA suffers from LI but HD CNOMA does not. On the other
hand, the required SNR value corresponding to a given target rate is smaller for FD
CNOMA compared with HD CNOMA, since FD CNOMA only requires one time slot
to complete each information exchange process while HD CNOMA requires two. The
overall effect gives FD CNOMA an advantage over HD CNOMA in terms of outage
probability. Third, we learn that pSIC is capable of improving the outage performance

of FD CNOMA and HD CNOMA, compared with ipSIC.

Figure 5.3 plots the asymptotic outage probabilities and the simulated outage prob-
abilities of Link #1 and Link #2 with both pSIC and ipSIC for FD CNOMA and HD
CNOMA. Link #1 is still not affected by ipSIC. The asymptotic outage probabilities of
the two links for FD CNOMA with pSIC and ipSIC are plotted based on (5.18), (5.20)
and (5.21). Those in the HD CNOMA scheme with pSIC and ipSIC are plotted based
on (5.19), (5.22) and (5.23). We can observe that the asymptotic outage probabilities
closely match the simulated outage probabilities in the high SNR region. Also, outage
probability floors always exist in both links for both FD CNOMA and HD CNOMA

with pSIC and ipSIC. Therefore, the corresponding diversity orders are zeros. Such
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—O— Link #1 FD Simulation pSIC/ipSIC
Link #1 FD Asymptotic pSIC/ipSIC
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Link #2 FD Simulation ipSIC
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—A— Link #1 HD Simulation pSIC/ipSIC
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Link #2 HD Simulation ipSIC
Link #2 HD Asymptotic ipSIC
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Figure 5.3: Asymptotic and simulated outage probabilities of the two transmission links versus transmit
SNR (p) for the FD CNOMA system and the HD CNOMA system with pSIC/ipSIC.

phenomenon is caused by the following three factors, namely the residual interference
caused by 1pSIC, the residual LI in FD CNOMA systems caused by imperfect SIS
techniques and the inter-user interference. It is noted that even if the considered sys-
tem adopts HD CNOMA where LI does not exist, or it employs pSIC where residual
IS does not exist, the outage probability still has a floor since the inter-user interference

is unavoidable in NOMA.

Figure 5.4 plots the simulated outage probabilities of the two links for FD CNOMA,
HD CNOMA and COMA. Since 4 time slots are used, COMA requires the largest SNR
value to achieve the same target rate compared with HD CNOMA and FD CNOMA. In
the meanwhile, FD CNOMA requires the lowest SNR value and HD CNOMA requires
the second lowest. Figure 5.4 shows when the transmit SNR (p) is below 19 dB, the
effect of the above-explained different levels of “required SNR” dominates. Hence, FD
CNOMA obtains the lowest outage probability and HD CNOMA outperforms COMA.
When the transmit SNR becomes very large, the performance of HD CNOMA is lim-
ited by the inter-user interference, and that of FD CNOMA is limited by the inter-user

interference and LI. Under the condition of ipSIC, they are also limited by the residual
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10

== Link #1 FD Simulation pSIC/ipSIC
| =—B— Link #2 FD Simulation pSIC

Link #2 FD Simulation ipSIC
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Figure 5.4: Simulated outage probabilities of the two transmission links versus transmit SNR (p) for the
FD CNOMA system, HD CNOMA system, and COMA system with pSIC/ipSIC.

IS. Since COMA only suffers from the noise signal, its outage probability continues
to decrease as the transmit SNR increases. Eventually, COMA will outperform FD
CNOMA and HD CNOMA in the very high SNR region. Therefore, the outage per-
formance of FD CNOMA is exceeded by COMA in the high SNR region (beyond
19 dB).

It is noted that even though outage probability curves of the FD CNOMA system
in Fig. 5.4 have error floors, this does not mean FD CNOMA performs poorer than
COMA. As stated in the simulation section of Chapter 3, LI signal can be suppressed
to the same level with the noise floor according to [92, 93] and [96]. Current self-
interference suppression techniques are capable of reducing the LI's power Q,P, to
Ny, which means Q;; = ﬁ. In Fig. 5.4, (15 dB, 0.07) meets the above-mentioned rela-
tionship between €);; and p in real-world scenarios and it belongs to the FD CNOMA
curve corresponding to ;; = —15 dB. FD CNOMA performs the best and has the
lowest outage probability at this point. Therefore, in this experiment, FD CNOMA is
already superior to HD CNOMA and COMA with existing self-interference suppres-

sion techniques. Given the rapid development of suppression techniques, the superior-
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Figure 5.5: Simulated outage probabilities of the two transmission links versus transmit SNR (p) for the
FD CNOMA system in case of ipSIC with different values of R; and R,, where d = 0.2.
ity of FD CNOMA will be even more and more obvious.

Figure 5.5 presents the simulated outage probabilities of Link #1 and Link #2 with
ipSIC versus the transmit SNR for our proposed FD CNOMA system, where target
data transmission rates R, and R, are equal to 0.3 BPCU, 0.6 BPCU and 0.9 BPCU,
respectively. It can be observed that an error floor exists in each outage probability
curve for the FD CNOMA system. Another observation is that smaller target rate
leads to better outage performance for both transmission links. When the target rate is
smaller, it will be easier for the received SNR during decoding to be realized with a
relatively small transmit SNR, so the successful communication probability gets larger
and thus the outage probability gets smaller. The outage probability can be improved

by properly changing parameter settings.

5.4.2 System Throughput in Delay-Limited Transmission Mode

Figure 5.6 plots the system throughput with both pSIC and ipSIC under the delay-
limited transmission mode for FD CNOMA, HD CNOMA and COMA systems. For

125



CHAPTER 5. TWO-WAY RELAYING FULL-DUPLEX COOPERATIVE NOMA

4 : : =2
Dot ¥
3.57 /0‘-:’-'"‘—*“ FD Simulation pSIC Q =-15(dB
). SR imulation p =~ 15(dB)
3 % . T FD Analytical pSIC Qu=—15(dB)
~ 1 I 1
2 < ‘o R FD Simulation ipSIC ©, =-15(dB)
g I -
&; 25k n LA o A"J" IR SRRRRE Ao A ¢ FD Analytical ipSIC Qu:—15(dB)
= 2 non
ES R A 1 1 = = = FD Simulation ipSIC Qu=—10(dB)
<= S | x -
%D 2F /" R 4 O FD Analytical ipSIC Qu=—10(dB)
<] - -
E " 1 KA FD Simulation ipSIC Qu=—5(dB)
4 ’
£ 1.5¢ ; . v 1 A FD Analytical ipSIC Q =-5(dB)
g : A I" = % = HD Simulation pSIC
LI | W * V HD Analytical pSIC
/ K #»’ HD Simulation ipSIC
05 A v, | HD Analytical ipSIC
t[ /{,\ == OMA Simulation
f ’
Is

T w w

Transmit SNR p in dB

Figure 5.6: System throughput in the delay-limited transmission mode versus the transmit SNR.

FD CNOMA, the mean values of LI channel power gains are assumed as Q;; =
—-5,-10 and —-15 dB. The theoretical throughput values of the FD CNOMA system
and HD CNOMA system with pSIC and ipSIC are calculated based on (5.24) and
(5.25). We can observe that the analytical results closely match the simulation results.
Moreover, as SNR gradually increases from a small value, the system throughput val-
ues for FD CNOMA, HD CNOMA and COMA systems increase as well. In the low
SNR region (below 40 dB), FD CNOMA under both pSIC and ipSIC situations with
Q;; = —15 dB outperforms HD CNOMA and COMA systems due to its better outage
performance as illustrated in Fig. 5.4. All of the throughput values in the high SNR
region reach their steady states, which means they become constants and achieve indi-
vidual throughput ceilings. The final throughput of FD CNOMA is smaller than that of
COMA due to the outage probability floors as illustrated in Fig. 5.3. With smaller
and hence lower interference, higher ultimate throughput will be achieved in the high
SNR region just as expected. Therefore, it is important to design effective SIS tech-
niques for FD CNOMA. Finally, similarly with outage performance, pSIC will further

improve the system throughput compared with ipSIC.
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Figure 5.7: Analytical and simulated ergodic achievable rate versus transmit SNR with pSIC/ipSIC.

5.4.3 Ergodic Rate

Figure 5.7 plots the analytical and simulated ergodic achievable rates of the two trans-
mission links with both pSIC and ipSIC for our proposed FD CNOMA system and HD
CNOMA. The analytical ergodic rates of Link #2 for FD CNOMA and HD CNOMA
with pSIC and ipSIC are plotted based on (5.33), (5.34), (5.35) and (5.36), respectively.
The analytical ergodic rates of Link #1 have not been derived and hence they are not
plotted. It can be observed that all of the analytical and simulated results match each
other very closely. Also, the FD CNOMA scheme outperforms HD CNOMA in any
SNR region due to FD CNOMA’s less information exchange duration, except Link #2
under the situation of pSIC in the very high SNR region (beyond 36 dB). In such case,
the impacts of interference in the FD CNOMA system dominate and thus HD CNOMA
achieves the highest rate. It is noted that under the situation of ipSIC which is actu-
ally more practical in real-world systems, the proposed FD CNOMA always achieves
larger ergodic rates for both links than HD CNOMA, regardless of the SNR value. As

expected, pSIC still brings larger ergodic rates for both schemes compared with ipSIC.

Figure 5.8 plots the asymptotic and simulated ergodic achievable rates of the two
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Figure 5.8: Asymptotic and simulated ergodic achievable rate versus transmit SNR with pSIC/ipSIC.

transmission links. The asymptotic ergodic rates of the two links for FD CNOMA with
pSIC and ipSIC are plotted based on (5.30), (5.38) and (5.40). Those for HD CNOMA
with pSIC and ipSIC are plotted based on (5.31), (5.42) and (5.43). We can observe
that corresponding ergodic rates converge to their upper ceilings (asymptotic values)
in the following cases, namely Link #1 and Link #2 in the FD CNOMA scheme with
both pSIC and ipSIC, Link #1 in the HD CNOMA scheme with pSIC and ipSIC, and
Link #2 in the HD CNOMA scheme with ipSIC. The slopes of these curves in the high
SNR region are zeros. For Link #2 in the HD CNOMA scheme with pSIC, the ergodic
achievable rate keeps increasing in the high SNR region. That is to say pSIC is capable
of overcoming the issue of ergodic rate ceiling for Link #2 in the HD CNOMA scheme.
The reason is that both yp,_,, and yp, ,, are linear with p (see Remark 13). Considering
the two points (30, 5.48) and (60, 10.46) on the curve in the high SNR region, the slope
equals 4.98/30 = 0.166. This result matches the calculation result in (5.45). The factor
10 appears between these two values because the denominator in (5.45) is in log 10(-)

but the x-axis in Fig. 5.8 is in dB, i.e., 10 log().
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Figure 5.9: System throughput in the delay-tolerant transmission mode versus the transmit SNR.

5.4.4 System Throughput in Delay-Tolerant Transmission Mode

Figure 5.9 plots the system throughput with both pSIC and ipSIC under the delay-
tolerant transmission mode for FD CNOMA and HD CNOMA. The asymptotic through-
put values of the FD CNOMA and HD CNOMA systems with pSIC and ipSIC are
worked out based on (5.46) and (5.47), respectively. We can observe that the simula-
tion results closely approximate the asymptotic results in the high SNR region. As ex-
pected, pSIC brings larger system throughput for both FD CNOMA and HD CNOMA
compared with ipSIC. Basically speaking, the proposed FD CNOMA scheme always
achieves larger throughput except in the high SNR region (beyond 42 dB) with pSIC.
The system throughput is in fact the summation of ergodic rates for Link #1 and Link

#2, and thus the explanation and analysis can be found in Fig. 5.7 and Fig. 5.8.

FD CNOMA and HD CNOMA have been well compared hereinbefore. The major
target of Fig. 5.10 is to compare FD CNOMA with another benchmark, i.e., COMA,
in terms of ergodic rates for two transmission links and system throughput in the
delay-tolerant transmission mode. Simulation parameters are listed in Table 5.1. It

can be observed that the proposed FD CNOMA scheme achieves larger ergodic rates
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Figure 5.10: Ergodic rates and system throughput in the delay-tolerant transmission mode versus the
transmit SNR for FD CNOMA, HD CNOMA and COMA with ipSIC.

for both Link #1 and Link #2 and larger system throughput than COMA in the low
SNR region. However, the performance of FD CNOMA will be exceeded in the high
SNR region. As we know, LI signal can be suppressed to the same level with the
noise floor according to [92,93] and [96]. Current self-interference suppression tech-
niques are capable of reducing the LI's power Q;;P, to Ny, which means Q;; = /%.
In Fig. 5.10, (15 dB, 6.9 BPCU), (15 dB, 4.9 BPCU) and (15 dB, 2 BPCU) meet the
above-mentioned relationship between ;; and p in real-world scenarios and they be-
long to the FD CNOMA curves corresponding to ;; = —15 dB. In this experiment,
FD CNOMA performs the best and has the largest system throughput and largest er-
godic rates at these points. Therefore, by comparison, we conclude that FD CNOMA is

superior to COMA in real-world scenarios with practical self-interference suppression

capabilities in terms of ergodic rates and system throughput.
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5.5 Summary

This chapter has proposed a CNOMA system in which both the relay and the two
users (D and D,) operate in the FD mode. The users intend to exchange informa-
tion with the assistance of the relay. The performance of the proposed FD CNOMA
system with both pSIC and ipSIC has been investigated comprehensively. The closed-
form outage probability expressions of the two transmission links D;—relay— D, and
D,—relay—D,, and the expressions of the system throughput in the delay-limited
transmission mode have been derived. Based on these derivation results, we have
further pointed out that the diversity orders achieved by the two links are zeros due
to the inter-user interference among superimposed NOMA signals and the residual LI
caused by imperfect self-interference cancellation. Moreover, the closed-form ergodic
rate expressions of these links as well as the system throughput in delay-tolerant trans-
mission mode have been derived. By analyzing these ergodic rates with large SNR,
we have further pointed out that the rates will converge to upper bounds in the high
SNR region. In other words, the slopes of these rate curves are zeros in the high SNR
region. Our analytical results have been validated by computer simulations, and the
proposed FD CNOMA system is verified to outperform the benchmark systems in the
low SNR region. Finally, for FD CNOMA, our results indicate that pSIC is capable of
improving its system performance compared with ipSIC, but pSIC cannot overcome

the issues of outage probability floors or ergodic rate ceilings.

Appendix 5
Proof of Theorem 6

Denote J; as Pr (yp,—, > T2, ¥p,—r > T1) and J, as Pr(yp, r, > T2, ¥p,.x, > T1). Then

(5.12) is written as Pg?”"’ SIC — 1 - J1J,. Let x, y and z respectively represent |h,1|2,

|hul|2 and |gp|*. We have J, = Pr(& > T,, L2 > Tl). When a; > a,T>, J, is

paxx+py+1 pz+py+1
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equivalent to

B =Pr(x> s (pToy + Ty) x> Dz 4 Dy 4 1)

paz

=U@- 00 [ (f e‘WQZ“pQZ”Q”fY(y)dy)fz(odz
U0 oo ( Lt (oo S COd) fr 0y ) 2
FU@-0 (fo (o, fx @ dx) fy () dy) f2 (2) dz

(09

+U(Q1 - Qo) f%QIQ;fZ (fQ' a (prmezerQZ Jx () dx) fr () dy)fz (2)dz

_ 1 Q) _LQ2

- U(QZ - Ql) Q04 91+QgPQze o

FUQ1 - 00) gl g € O+ U1 - 00 e B (1-
1 2) 01,05 Qs5+Q,03 1 2 QL1Q3

9 1 9 1 1
_ 1 - 595011 _ 1 —oy 59506+, 04
+U (Ql Q2) (QLIQgQ4Q11 e’ QLIQgQ4Q6e b ’ '

plap

(5.48)
Otherwise, J, = 0. Let x,y, z and x, respectively represent |h1r|2, |h2,|2, |2.
Then
1
Ly
J(; (j(‘) (le Taxg+ Q72+ 507 (L‘li +Tz+ L h fr) dy) Jx (x) dx) fz @) dz)fX (Xg) dxg
08Q11 QQT1+Q QT Tr+Q1Q, Qr1Q1 09010 Q9 Qe T1T2+1 :
(5.49)

After substituting (5.48) and (5.49) into Pg? PSIC — 1 — J1J,, the proof is completed.

Proof of Theorem 7

Letz; = |ho)* and 2, = |hL12|2. Then we have
lhroPay Y22
Pr(lhrzlzaz+|huz|2 > y) PI‘(Z Z a- azy)
= (7 ([ @0 @) doa) U (2 - ) (5.50)
ay—ayy
_ (a1—axy)Q2
= U(% ) ahecim

2
| . Then we

We also let z;, 7, and z3 respectively represent \h, %,

have

Pr(% > y) = Pr(z > yz +y23) =

el +| B,

BT @) A1) fr, (22) d2a) fry (23) dza (5.51)

2

(Qz) +Qy )()’QL1+91)
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After substituting (5.51) and (5.50) into (5.29), we obtain the following CDF of

(a1—a2y)
Fy()=1-U(% —y) g
QZ
m

(5.52)

After combining (5.27) and (5.52), the ergodic rate with ipSIC/pSIC in the high SNR

region is
FD,pSIC,0] _ FD,ipSIC,00
E [RDz ] =E [RDz ]
1250 g 1
ln2 0 1+y _ZX (553)

Ay B Ny M, )
+ + + :
j(; ( I+y * (Qu—axQ)y+ai1Qy Qoy+Q YQ+Q dy

@ Ady = An (1+;‘—;),

Moreover, we further obtain the following calculation results. ln2 0“2 e
a _ 1 _ B Q-0 a _ LN
2 ﬁ) : Q- aZQZ)y+a1£22 Y = maan- 51,2921 (1 + = 2) and 5 ﬁ) : szmldy = o
xln(l + “‘QZ), ™ ﬁ) y9u+91 = anQ ln(l + “‘QLI’). Finally, by substituting the
above results into (5.53), we complete the proof.
Proof of Theorem 8
E[Rp71C] = E|log| 1+ min (yp,r. ¥, 5.)
v (5.54)
_ 1 (™ 1=Fy®
T2 Jo l+y} dy.
After applying (5.2) and (5.5) to Y, we have
o,
Fy(y):l—Pr[ - '2”’2 >y]
lg:"o +
(S
(5.5%)
bl
y Pr( lalpas J
lgnl"p + |hul| p+1

0,
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2
Let x = |hy]%, z = |hul| and x, = IgD|2. We have

@z:Pr( £ >y):Pr(x>ay—2xg+—Z+ y):

pre+pzrl o
B (s S ) £ @), (x) (5.56)
= Qu?—li—cglaz Qgil?zzlaze .

L L (5.57)

QLly + Q) ng + Q,

Combining (5.54), (5.55), (5.56) and (5.57), we obtain

FD,ipSIC Q. F
E [RDl lP ] n2 f() (1+) Q(LZIL){f(zzz + Qg;’+;22 (5 58)

QurFy + QuFs )—llydy
QL1}+Qlaz ng+Q|a2

Based on [132], we learn that — ln2 Ooo e e dy = — e“El( ,u), > fo - 92 e dy =
QL1
F o HR; (D2 Fs - F3 oo - _
_neﬂu El( o, ), 1n2f0 y+jTg e Mdy = —i5e ﬂg E1( ), 1n2fo y+%la2 e Mdy =
—fte L “El( Q‘“z )and lnzfo Y+QAa2 edy = -3 ”El( Q‘“Z ) After substi-

tuting the above results into (5.58), we complete the proof.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

As a potential key technology for future wireless networks, non-orthogonal multiple
access (NOMA) offers a higher data rate, a higher capacity and more device connec-
tions compared with orthogonal multiple access (OMA). Considering the inherent ad-
vantages of cooperative communication, including extending coverage and improving
the communication reliability, we study cooperative NOMA (CNOMA) schemes, i.e.,
half-duplex (HD) CNOMA and full-duplex (FD) CNOMA schemes in this thesis.
Firstly, we have proposed a HD CNOMA scheme based on spectrum sensing. The
proposed collaborative scheme provides the following benefits: i) it adopts spectrum
sensing to identify the spectrum holes for effective data transmission and accordingly
to avoid the waste of spectrum hole resources; ii) it enables primary user (PU) and
secondary user (SU) to share the licensed spectrum band by NOMA, which further
increases the spectrum efficiency. Closed-form expressions of outage probability, er-
godic rate and system throughput in delay-limited and delay-tolerant transmission
modes have been derived under the practical assumption of imperfect spectrum sens-
ing. Based on the simulation results, we have validated these closed-form expres-

sions, verified the effectiveness of employing spectrum sensing for better system per-
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formance, and demonstrated that the proposed HD CNOMA scheme achieving larger
throughput than benchmarks. Furthermore, all the schemes are shown to have obtained
larger system throughputs with direct link than without the direct link. It is because
the direct link is able to provide spatial diversity by offering additional opportunity for
signal transmission.

Secondly, we have proposed a FD CNOMA scheme based on spectrum sensing.
This proposed scheme not only possesses of the benefits of the aforementioned HD
CNOMA scheme, but also gains the advantages of employing the FD mode such as
larger capacity. Ergodic rates have been derived under the practical assumptions of
imperfect spectrum sensing and imperfect self-interference (SI) cancellation. High
signal-to-noise ratio (SNR) slopes of these ergodic rates are then worked out. The high-
SNR slope of SU is found to be unity while the high-SNR slope of PU equals the miss
detection probability and is much smaller than that of SU. We also derive the system
throughput based on the obtained ergodic rate expressions. Simulation results have
verified the theoretical derivations. They also demonstrate that the proposed scheme
always outperforms benchmarks in terms of ergodic rates and system throughput when
the residual SI is at the same level with the noise floor.

Thirdly, we have investigated a three-stage relay selection strategy with dynamic
power allocation (TRSPA) for the proposed FD CNOMA scheme based on spectrum
sensing. This strategy maximizes the ergodic rate of selected SU relay on the con-
dition of guaranteeing successful transmissions of the PU’s signal. In other words, it
improves the transmission effectiveness for SU on the condition that the PU’s signal
is transmitted reliably. Thus the overall spectrum efficiency is increased. To evaluate
the performance of TRSPA for the FD CNOMA scheme, we have derived the closed-
form expressions of outage probability and ergodic rate. Accordingly, the diversity
order is found to be zero, which means imperfectly cancelled loop self-interference
(LI) severely restricts the outage performance. The spatial multiplexing gain is found

to be unity, which is the maximum achievable value. We have also compared the re-
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sults of TRSPA-FD, TRSPA-HD and TRSPA-OMA under reasonable SI suppression
scenarios, especially in the high SNR region. It is concluded that FD relaying mode is
both outage optimal and ergodic-rate optimal for a practical TRSPA system. Finally,
simulation results have been used to verify our derivations and to show the superiority
of TRSPA over other relay selection strategies.

Fourthly, we have evaluated the performance of a two-way relaying FD CNOMA
scheme. The realistic assumption of imperfect self-interference cancellation and the
situations of both perfect successive interference cancellation (pSIC) and imperfect
successive interference cancellation (ipSIC) have been considered. The outage proba-
bilities of the two transmission links have been derived. Accordingly, we have shown
that the diversity orders achieved by the two links are zero due to the inter-user inter-
ference among superimposed NOMA signals and the residual LI caused by imperfect
self-interference cancellation. Moreover, the closed-form ergodic rate expressions of
these links as well as the system throughput in delay-tolerant transmission mode have
been derived. By analysing these ergodic rates at high SNR, we have shown that
the rates will converge to upper bounds in the high SNR region. In other words, the
slopes of these rate curves are zero at high SNR. Simulation results have been used
to validate the theoretical results and to compare the performance of the proposed
FD CNOMA system with benchmarks. We conclude that FD CNOMA outperforms
the benchmarks in terms of outage probability, ergodic achievable rate and system
throughput in low SNR region. The pSIC scheme is capable of improving the perfor-
mance of FD CNOMA compared to ipSIC, but pSIC cannot overcome the issues of

outage probability floors or ergodic rate ceilings.

6.2 Future Work

First, successive interference cancellation (SIC) has been assumed to be perfect through-

out our study in the CNOMA schemes in the thesis. In a practical scenario, implemen-
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tation issues of SIC such as complexity scaling and error propagation exist. These
unfavourable factors will lead to errors in SIC decoding. One future research direc-
tion is to evaluate the impact of imperfect SIC to the HD CNOMA and FD CNOMA
schemes.

Second, this thesis mainly assumes a two-user system in the study. It would be
interesting and probably challenging to extend the work to multiple users in future
studies.

Third, this thesis focuses on simple single-antenna NOMA systems. When multiple
antennas are employed together with the beamforming technology, resource utilization
efficiency can be further improved. This would be another future research direction.

Fourth, this thesis assumes that optimal coding, decoding, modulation and demod-
ulation technologies are adopted. In such an ideal situation, the derived system per-
formance parameters are the achievable best performance our proposed scheme could
ever obtain. The main contribution of this thesis is to analyze and derive the theoret-
ical upper boundary of our proposed scheme. Then compare it with existing schemes
to illustrate the potential advantages of our scheme and to indicate its research sig-
nificance and applicable value. From perfect to imperfect but practical scenarios, to
consider detailed technologies is definitely an important research topic in the future,
so that in such case our proposed scheme will become more complete and realizable
with more applicable significance. One of the most important scenarios of the next
generation Beyond 5G or 6G cellular systems is the extremely high mobility. In such
case, orthogonal time frequency space and orthogonal delay-Doppler division multi-
plexing are applicable. So in the future when we plan to study NOMA schemes in high

mobility scenarios, these two modulation methods can be incorporated.
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