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ABSTRACT

The explosion of mobile applications and their integration in various aspects of
everyday life necessitates the deployment of modern wireless systems that can handle
such exponentially rising data traffic. High-speed broadband access, high capacity,
low signal latency, long battery lifetime, wide coverage, etc., are the most important
requirements to be considered for deploying the next-generation communication net-
works. In this regard, hybrid satellite-terrestrial networks (HSTNs) have emanated
as a promising and prevalent infrastructure for future wireless networks owing to
their capability of providing high throughput with ubiquitous coverage. In HSTNs,
satellite communication and terrestrial networks are incorporated to enable their po-
tential applications in the field of navigation, disaster relief, and broadcasting. The
performance of HSTNs can be further enhanced while exploiting the cooperative
communication techniques using amplify-and-forward (AF) and decode-and-forward
(DF) based relaying protocols, which may extend the satellite coverage especially in
the unpopulated and suburban areas. However, the static allocation of the frequency
spectrum in traditional ways in HSTNs does not meet the requirements of future
wireless networks. As such, in HSTNs, the spectral resources allocated to satellites
get underutilized, whereas terrestrial spectral resources are becoming overutilized
day by day due to the escalating growth in mobile data traffic. This eventually
necessitates the efficient utilization of limited spectral resources. In this context,
integrating the cognitive radio approach using underlay and overlay paradigms in
HSTNSs has become an efficient way of improving the spectrum utilization efficiency.
This evokes a propitious architecture referred to as cognitive HSTN (CHSTN), which
allows the simultaneous data transmissions of both primary satellite network and
secondary terrestrial network over the same frequency band, subject to satisfying
the quality-of-service (QoS) constraint at the primary user (PU). With such QoS
restrictions from the PUs, it becomes challenging to improve the performance of sec-
ondary network. To address the design objectives of the future wireless networks,
this thesis comprehensively investigates the performance of CHSTNs under the ap-
propriately modelled shadowed-Rician fading for the satellite links and Nakagami-m
fading for the terrestrial links, by exploring the various spectral-efficient schemes.

Firstly, we consider an overlay multiuser hybrid satellite-terrestrial spectrum

sharing (OMHSTSS) system. Herein, we exploit both direct and relay links from



a primary satellite source to multiple terrestrial users with the coexistence of a
secondary transmitter-receiver pair on the ground. Based on an overlay approach,
the secondary transmitter (ST) provides an AF-based relay cooperation to the pri-
mary satellite network that employs opportunistic scheduling of multiple users. The
underlying user scheduling strategy is based on satisfying the criterion of minimal
outage probability (OP) for the primary network, and eventually, exploring more op-
portunities of the spectrum sharing for the secondary terrestrial network. To assess
the performance of this analytical framework, we proficiently derive the exact and
asymptotic closed-form expressions of the OP for primary and secondary networks,
and further highlight the corresponding achievable diversity orders. Consequently,
it can be inferred that the achievable diversity order of the primary network directly
depends on the number of PUs. We also discuss the power allocation policy to

explore more opportunities for the secondary spectrum access.

Then, we analyze the performance of an overlay CHSTN (OCHSTN) consisting
of a primary satellite source-receiver pair and a secondary transmitter-receiver pair
on the ground while taking into account the practical hardware impairments (HIs)
at the user devices. Herein, we manifest analytically that, for the higher data rates,
the HIs invoke ceiling effects which reprehensibly cap the fundamental capacity of
the system. To mitigate the effect of HIs, we propose an adaptive relaying (AR)
protocol for both AF and DF operations and compare its performance with the com-
petitive fixed relaying (FR) schemes. The proposed AR protocol efficiently utilizes
the available spectrum resources to enhance the system performance. Hereby, we
comprehensively analyze AR-based AF (AAF) and AR-based DF (ADF) operations
by deriving the OP expressions for primary and secondary networks in the presence
of HIs. We showcase that the ADF relaying is more robust and resilient to HIs when
compared with AAF relaying. Further, based on the derived OP expressions for the
primary network, we identify two important ceiling effects, namely, relay coopera-
tion ceiling (RCC) and direct link ceiling (DLC), and highlight their impacts on the
system performance. We also provide the tolerable limit of HIs level for the given

rate requirements.

Next, we investigate the performance of an overlay multiuser cognitive satellite-
terrestrial network (OMCSTN) comprising a primary satellite source with its mul-

tiple terrestrial receivers and a secondary transmitter-receiver pair on the ground.
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Herein, the primary satellite source employs a non-orthogonal multiple access (NOMA)
scheme to simultaneously serve its all users, while the ST assists the primary com-
munication through cooperative relaying technique in exchange for spectrum access.
For this overall set-up, we obtain the closed-form expressions of the OP for primary
satellite network and secondary terrestrial network by adopting pertinent heteroge-
neous fading models. Also, we examine the asymptotic outage behaviour at a high
signal-to-noise ratio (SNR) for the primary and secondary networks, and thereby
calculate the achievable diversity orders. A comparison with benchmark orthogonal
multiple access (OMA) scheme reveals that the proposed NOMA-assisted OMCSTN
provides remarkable performance improvement while utilizing the spectrum resource

efficiently.

Further, different from the overlay approach employed in the aforementioned
works, we consider an underlay paradigm in the subsequent research works. Hereby,
we investigate the performance of an underlay CHSTN (UCHSTN) comprising a
primary satellite source with its multiple terrestrial primary receivers (PRs) and a
ST with its pre-paired users that are deployed on the ground based on a cooperative-
NOMA (C-NOMA) scheme. Herein, the nearby NOMA user works in full-duplex
(FD) mode while employing a DF relaying strategy for improving the performance
of the far-away NOMA user. Importantly, we consider the realistic assumptions of
FD-based loop self-interference and NOMA-based imperfect successive interference
cancellation (SIC). By exploiting the mutual interference between primary and sec-
ondary networks, we analyze the performance of the secondary network in terms of
OP, ergodic sum rate, and throughput. Further, to perform a more comprehensive
analysis, both perfect SIC (pSIC) and imperfect SIC (ipSIC) situations are taken
into account for the FD mode and the benchmark half-duplex (HD) mode for com-
parison purposes. Also, we examine the asymptotic OP behaviour at a high SNR
to assess the achievable diversity orders. Our results manifest that FD C-NOMA
outperforms HD C-NOMA for the case of ipSIC, whereas for the case of pSIC, HD
C-NOMA can outperform FD C-NOMA in the high SNR regime.

Lastly, we explore the performance of an underlay CHSTN constituting a pri-
mary satellite source with its multiple terrestrial PRs and two NOMA secondary
terrestrial users exchanging their information with the help of a HD DF-based sec-

ondary relay. We demonstrate there exists an inevitable inter-user interference (IUI)
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due to the NOMA scheme, which poses a detrimental impact on the performance
of the secondary network. Hence, to achieve the improved performance and sub-
sequently the low latency requirements, the wireless content caching is employed,
whereby the relay can store the most popular contents of both the NOMA users.
Hereby, exploiting the mutual interference between primary and secondary networks,
and the realistic assumption of NOMA-based ipSIC, we analyze the performance of
CHSTN for the schemes viz., cache-free (CF) two-way relaying (TWR) NOMA and
cache-aided (CA) TWR-NOMA, in terms of OP, throughput, and average trans-
mission time. Also, we examine the asymptotic OP behaviour at a high SNR to
assess the achievable diversity orders. We manifest that zero diversity order re-
sults for both the schemes due to unavoidable TUI. However, one can visualize the
remarkable performance improvements for CA TWR-NOMA scheme over its CF
TWR-~-NOMA counterpart, owing to the reduced IUI and the efficient utilization of
available spectrum resources.

Above all, this thesis addresses various technical aspects for realization of CHSTNs
and eventually provides useful insights into the practical system design. All the the-
oretical developments, proposed schemes, and strategies hereunder are primarily
aimed at improving the spectral efficiency and reliability of the CHSTNs for their

possible applications in the future wireless networks.
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CHAPTER 1

INTRODUCTION

The explosion of mobile applications and their integration in various aspects of ev-
eryday life necessitates the deployment of modern wireless systems that can handle
such exponentially rising data traffic. We have already witnessed the evolution
of communication technology from first-generation (1G) to fourth-generation (4G).
High-speed broadband access, high capacity, low signal latency, long battery life-
time, wide coverage, etc., are the most important requirements to be considered
for deploying the next-generation communication networks. In this regard, satellite
communication systems have earned significant consideration due to their advan-
tage of providing wide radio coverage. As such, one satellite may cover an area of
thousands of kilometers in radius and efficiently provide signal coverage at a lower
cost. Albeit, terrestrial networks can provide high-speed data services at a low
cost. Thus, satellite and terrestrial networks can be coalesced to harvest the ben-
efits of both the systems. Such hybrid networks, commonly referred to as hybrid
satellite-terrestrial networks (HSTNs) [I], have been identified as an efficient solu-
tion to compete with the high data rate and wide coverage requirements. HSTNs
have emanated as a promising and prevalent infrastructure for the future wireless
networks owing to their capability of providing high throughput with ubiquitous
coverage. In HSTNs, satellite communication and terrestrial networks are incorpo-
rated to enable their potential applications in the field of navigation, disaster relief,
and broadcasting, especially in the unpopulated and suburban areas [2]. However,
a masking effect may arise due to the presence of obstacles and shadowing between
the satellite and terrestrial user, which devastates the system performance of HSTNs

[3]. To combat this masking effect and further enhance the coverage and reliability,

1



1.1. COGNITIVE RADIO

numerous research studies have been coordinated towards such networks while ex-
ploiting the cooperative communication techniques using amplify-and-forward (AF)
and decode-and-forward (DF) based relaying protocols [4]-[6].

A HSTN has been extensively used in Digital Video Broadcast-Satellite Hand-
held (DVB-SH) [7] standard using a geostationary earth orbit (GEO) satellite at S
frequency band. However, the operational frequency band depends on various ap-
plication scenarios and service requirements (like broadcasting, navigation, personal
mobile communication, disaster or emergency scenario, etc.) across different coun-
tries. Moreover, there is an increasing interest and involvement in third-generation
partnership project (3GPP) working group, from the satellite communication indus-
try, for an integrated satellite and terrestrial network infrastructure in the context
of fifth-generation (5G). In essence, the newest 3GPP Releases under 5G develop-
ment provide a promising opportunity to integrate space components with terrestrial
networks. Thereby, the coexistence and cooperation between these networks would
greatly benefit the 5G and beyond 5G (B5G) wireless communications.

Nevertheless, the static allocation of the frequency spectrum in traditional ways
in HSTNs does not meet the requirements of future wireless networks. As such, in
HSTNs, the spectral resources allocated to satellites get underutilized, whereas ter-
restrial spectral resources are becoming overutilized day by day due to the escalating
growth in mobile data traffic. This eventually necessitates the efficient utilization of
limited spectral resources. Therefore, for such a hybrid system, it is crucial to find
out the efficient ways to share the resources of space-based networks with terres-
trial networks. To realize the spectral-efficient design of HSTNs, we focus on four

key-enabling technologies which are briefly described as follows:

1.1 Cognitive Radio

Cognitive radio (CR) technology has been proposed for mitigating the spectrum
scarcity problems in wireless communication systems. In CR networks, unlicensed
secondary users (SUs) are benefited by sharing the spectrum with licensed primary
users (PUs) network, provided that such spectrum sharing does not deteriorate the
quality-of-service (QoS) of the primary network [8]. There are three main paradigms

for spectrum sharing, namely, interweave, underlay, and overlay [9].
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Interweave Approach: In interweave approach, the SUs opportunistically ac-
cess the unoccupied spectrum (also known as white spaces) of PUs without causing
any interference to their transmission. The major disadvantage of this approach
is that the SUs are required to sense the spectrum hole before transmission, and
therefore, is highly sensitive to the primary traffic behavior and spectrum sensing
errors. This approach may not be suitable for dense networks due to the lack of
availability of spectrum holes.

Underlay Approach: In underlay approach, SUs can share the spectrum with
PUs by satisfying the interference power criterion (also called interference temper-
ature limit) toward the PUs. In contrast to the interweave model, the underlay
model has the advantage that the SUs can directly occupy licensed spectrum with-
out considering the behavior of the PUs’ traffic patterns. However, the SUs need
to obtain the channel state information (CSI) of the pertaining links towards PUs
for controlling their transmission power. Owing to the constrained power at SUs, in
this paradigm, improving the performance of SUs is critical and challenging.

Overlay Approach: In this approach, SUs may be allowed to transmit over
the spectrum owned by the PUs in exchange for cooperation to the PUs’ signals
transmission on a priority basis. Thereby, in contrast to underlay model, the over-
lay paradigm does not pose stringent transmit power restrictions to the SUs.

To this end, integrating the CR approach in HSTNs has become an efficient way
of improving the spectrum utilization efficiency. This evokes a propitious architec-
ture referred to as cognitive HSTNs (CHSTNSs) [10], which allows the simultaneous
data transmissions of both primary satellite network and secondary terrestrial net-
work over the same frequency band, subject to satisfying the QoS constraint at the

PU.

1.2 Cooperative Relaying

Cooperative relaying has been reckoned as an effectual approach to counteract the
effect of multipath fading in wireless communications. It can be widely classified

into two categories viz., fixed relaying (FR) and adaptive relaying (AR).

1.2.1 Fixed Relaying

In this relaying, the distribution of the channel resources between source and relay is

performed in a fixed manner. Although such protocols are easy to implement, they
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have the disadvantage of low bandwidth efficiency. FR includes commonly adopted
AF and DF protocols.

Amplify-and-Forward Relaying: In AF relaying protocol, the relay simply
amplifies the signal received from its source and transmits it further to the des-
tination. Here, amplification is done essentially to combat the effect of the fading
between the source and relay channel. This protocol has the main drawback of noise
amplification by the relay. However, reduced hardware complexity is advantageous
over its DF counterpart.

Decode-and-Forward Relaying: DF relaying is also known as regenerative
relaying. In DF relaying protocol, relay decodes the signal received from its source,
then re-encodes it and transmits to the destination. While doing this, there is a
chance of an error propagation owing to the decoding and forwarding the incorrect
signal by the relay, making the decoding process meaningless. One possible way to

reduce this error is error correction codes, whereas another solution is AR.

1.2.2 Adaptive Relaying

AR includes an incremental relaying protocol which relies upon the limited feedback
from the destination. In this, cooperative node adaptively performs the relaying
operation based on the decoding of the signal through direct link. Specifically,
depending on the success/failure of the signal via direct transmission, the relaying
cooperation is invoked. And, once the cooperation is triggered, its operation becomes
similar to the FR. Hereby, firstly, the source node transmits its information to
the destination as well as to the relay node. Then, if destination node is able to
successfully decode the information signal from the source node, it sends an error-free
one-bit feedback to the cooperative node indicating that the relaying cooperation is
not needed. But if, it is not, then the feedback requests that the relay forwards the
received signal from the source. AR is found to be more spectral-efficient compared
to FR.

Depending on the data flow direction, relaying operation can be further catego-

rized into one-way relaying (OWR) and two-way relaying (TWR).

1.2.3 One-Way Relaying

In this relaying protocol, the messages are transmitted in only one direction, i.e.,

from the source to relay or user destination. Consequently, two orthogonal time slots
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are needed to deliver the one message between the source and destination, owing to
the half-duplex (HD) operation of the nodes. Thus, the bi-directional information
exchange between source and user destination would need four time phases which

makes OWR relatively less spectral-efficient compared with TWR.
1.2.4 Two-Way Relaying

To ameliorate further the spectral efficiency loss in OWR, TWR technique is in-
troduced [11], where two nodes exchange their information with the aid of a relay
by employing AF or DF strategy as discussed above in this section. TWR protocol

utilizes either two or three time phases for the bi-directional information exchange.

1.3 Non-Orthogonal Multiple Access

Future wireless networks have to effectively satisfy the needs of high spectral effi-
ciency and massive connectivity. In this respect, the non-orthogonal multiple access
(NOMA) [12] has been viewed as one of the most promising technologies for future
wireless networks. The basic concept of NOMA is to serve the multiple users simul-
taneously at the transmitter side by superposing and providing different power levels
to them in the same time/frequency resources. Then the desired signals are decoded
at the receiver while employing the successive interference cancellation (SIC) tech-
nique. In the mean time, the cooperative relaying technique has been introduced
into the original NOMA scheme to obtain a spatial diversity gain for the far-away
NOMA user with worse link quality, referred to as cooperative NOMA (C-NOMA)
[13]. Herein, the nearby NOMA user with better link quality detects the informa-
tion of far-away NOMA user and further acts as a relay to forward that information
during the cooperation phase. In such a way, the far-away user receives two copies
of its desired signals, i.e., one from the base station (BS) and the other from the
signal forwarded by the nearby user. By merging these two copies and grasping the
advantages of spatial diversity gains, one can realize the improvement in reliability

of the far-away NOMA user.

1.4 Wireless Caching

Recently, wireless caching is being explored for addressing the demands of growing

capacity for rich multimedia traffic in the 5G and beyond cellular networks [14].
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The main idea of caching is to store the popular contents nearer to the users by
storing them into the router, relay, etc., during the off-peak traffic periods which
is commonly referred to as the cache placement phase. During the delivery phase,
the users can directly access their contents from there rather than fetching via
transmissions from the source networks [15]. This results in reduced latency and

subsequently the increased spectral efficiency [16].

1.5 Motivation and Objectives

In this section, we present the motivation and objectives behind the research work

in this thesis.

1.5.1 Motivation

Spectral efficiency, seamless data connectivity, wide coverage, etc., are the important
design objectives for future wireless networks, i.e., 5G and B5G [I7]. To improve the
spectral efficiency, CR is a promising technology which can eliminate the spectrum
under-utilization problem. Thus, the integration of CR approach into HSTNs can
make a remarkable improvement in the performance of next-generation wireless net-
works. Since the majority of existing works on CHSTNSs focused on the performance
analysis using underlay paradigm [I8]-[20], the authors in [21] have considered the
overlay scenario by considering multiple secondary relays, however, by assuming sin-
gle PU. Nevertheless, future satellite communication systems are required to satisfy
a large number of PUs by providing high information transfer rate at a reasonable
cost and QoS. Moreover, the multi-user architecture has been incorporated in a
number of standards like IEEE 802.11s and IEEE 802.16j [22]. Further, the incor-
poration of a more spectral-efficient scheme viz., AR, has also been overlooked in the
literature. Also, they have assumed an ideal hardware transceiver for the spectrum
sharing network nodes. Note that, in practice, the radio-frequency (RF) transceivers
may experience hardware distortions due to phase noises, in-quadrature phase (1Q)
imbalances, and amplifier non-linearities [23]. These distortions may cause a delete-
rious impact on the performance of CHSTNs owing to the involvement of low-cost
user devices. This is prominent in overlay spectrum sharing scheme because the
secondary transceiver requires the use of inexpensive hardware components in order

to keep the expenditures manageable for operators. Even though the effect of the
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hardware distortions can be partially mitigated through appropriate calibration or
compensation techniques, there remains a residual distortion. Therefore, it is rea-
sonable to analyze the impact of hardware imperfection on overlay CHSTNs with

AR protocol.

On another front, future wireless networks have to meet the demands of high
data rate and a huge number of users effectively. In this respect, the conventional
orthogonal multiple access (OMA) scheme in CHSTNs can not accomplish such
requirements owing to its limitation of serving one user at a time, and thus, the
available spectrum resource in CHSTNS is still underutilized. Although the NOMA
scheme has gained a great interest in conjunction with CHSTNs, but mostly by
considering the underlay spectrum sharing approach [24]. Different from this, the
authors in [25] have employed the overlay approach in their work. However, they

have considered only a single PU with no direct satellite (DS) communication.

Since the overlay approach employs sophisticated signal processing and coding
techniques, the underlay approach is favoured and broadly utilized owing to its sim-
plicity in implementation. Nevertheless, in underlay, the coverage and capacity of
the secondary network remain limited due to the SU’s transmit power constraints.
Therefore, the amalgamation of C-NOMA scheme into CHSTNs can remarkably
ameliorate the performance against the stipulated transmit power constraints on
the SUs. But this improvement in the performance of CHSTNs requires additional
bandwidth costs for the system owing to HD relaying, which may offset the per-
formance gain guaranteed by cooperative communication. To further improve the
performance of CHSTNs, it is important to consider the C-NOMA scheme with
full-duplex (FD) relaying mode. To this end, most of the existing works in CHSTNs
are based on the conventional NOMA scheme and are conjectured the subsistence
of perfect SIC (pSIC) [24]-]27]. However, in practice, the NOMA technique causes
many implementation issues, such as complexity scaling and error propagation [28].
Consequently, these critical factors will lead to an error in decoding, causing residual
interference signal (IS), which may pose limitations on the capacity of the CHSTNs.
Thus, it becomes essential to investigate the deleterious impacts of imperfect SIC

(ipSIC) on CHSTNs with FD C-NOMA scheme.

Further, the TWR technique is deemed more spectral-efficient when compared

with its OWR counterpart [I1]. Thus, exploiting this TWR technique into NOMA-

7



1.5. MOTIVATION AND OBJECTIVES

based CHSTNs can further enlarge the coverage and capacity of the secondary net-
work [29]. However, as such, there exists an inevitable inter-user interference (IUI)T]
which postures a detrimental impact on the performance of the secondary network.
Hereby, integrating the caching technique in TWR-NOMA-based CHSTN will not
only mitigate this IUI significantly but also reduce the average end-to-end (E-E)
transmission times. As such, both the NOMA users can now retrieve their contents
from the relay based on the availability of desired contents. In this context, most of
the existing works on NOMA-based CHSTNs are relied on the OWR networks and
have not considered the potential attributes of wireless caching. Also, they have
taken into account the unrealistic assumption of pSIC with no residual interference
incurred. Thus, it would be significant to investigate the detrimental impacts of
ipSIC on CHSTNs with both cache-free (CF) and cache-aided (CA) TWR-NOMA

schemes.

1.5.2 Objectives

The aforementioned research voids have motivated us to achieve the following ob-

jectives towards the design of future wireless networks:
e To assess the performance of overlay CHSTNs with multiple PUs.

e To investigate the performance of hardware-impaired overlay CHSTNs with

AR protocol.
e To analyze the performance of NOMA-assisted overlay multiuser CHSTNs.

e To explore the performance of underlay CHSTNs with FD/HD C-NOMA
schemes under the ipSIC/pSIC situations.

e To characterize the performance of underlay CHSTNs with CF/CA TWR-
NOMA schemes under the realistic assumption of ipSIC.

With above-stated objectives, this thesis presents the comprehensive performance
analysis of CHSTNs over generalized fading channels. We address the various tech-
nical aspects of CHSTNs through exhaustive mathematical analysis and highlight

important guidelines towards the design of futuristic wireless networks.

!Based on the NOMA protocol, a node experiences interference from the other signals when it
first tries to decode the signal with larger power. Such interference is referred to as IUI.
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1.6 Thesis Outline and Contributions

Given the importance of efficiently utilizing the available spectrum for HSTNs,
we aim to comprehensively analyze the performance of CHSTNs by using various
spectral-efficient schemes under the appropriately modelled shadowed-Rician fadingP]
for the satellite links and Nakagami-m fading’| for the terrestrial links. Throughout
this thesis, we adopt these hybrid fading channels for performance analysis. The
current chapter introduces the reader to the background of the work, outlines the
research objectives and their motivation, and discusses various technologies involved
in this thesis work. The main contributions from the other chapters are summarized

as follows:

e In Chapter Qﬂ, we investigate the outage performance of an overlay multiuser
hybrid satellite-terrestrial spectrum sharing (OMHSTSS) system. Herein, we
exploit both direct and relay links from a primary satellite source to multi-
ple terrestrial users with the coexistence of a secondary transmitter-receiver
pair on the ground. Based on an overlay approach, the secondary transmitter
(ST) provides an AF-based relay cooperation to the primary satellite net-
work that employs opportunistic scheduling of multiple users. The underlying
user scheduling strategy is based on satisfying the criterion of minimal out-
age probability (OP) for the primary network, and eventually, exploring more
opportunities of the spectrum sharing for the secondary terrestrial network.
To assess the performance of this analytical framework, we proficiently derive
the closed-form expressions of the OP for primary and secondary networks.
Hereby, we discuss the power allocation policy to explore more opportuni-
ties for the secondary spectrum access. We further assess the asymptotic OP
behaviour at a high signal-to-noise ratio (SNR) to delve into the diversity per-

formance of primary and secondary networks. Consequently, it can be inferred

?In general, the shadowed-Rician fading model observes the statistical characterizations of the
satellite channels accurately [30]. Further, for analyzing the system performance of CHSTNs,
this model gives rise to a computationally efficient tool as compared with other satellite channel
models like Loo’s model [31], and hence, widely explored in the literature (see [18]-[21], [24]-[27],
and references cited therein).

3Nakagami-m fading is a generalized model which captures a variety of fading scenarios of
terrestrial wireless channels and incorporates the well-known Rayleigh fading as a unique case [32].

4The contributions of this chapter are presented in the following paper:

1. V. Singh, S. Solanki, and P. K. Upadhyay, “Cognitive relaying cooperation in satellite-
terrestrial systems with multiuser diversity,” IEEE Access, vol. 6, pp. 65539-65547, Oct.
2018.
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that the achievable diversity order of the primary network directly depends on
the number of PUs. Finally, we validate our theoretical developments using

Monte Carlo simulations.

e In Chapter m, we analyze the performance of an overlay CHSTN (OCHSTN)
consisting of a primary satellite source-receiver pair and a secondary transmitter-
receiver pair on the ground while taking into account the practical hardware
impairments (HIs) at the user devices. Herein, we manifest analytically that,
for the higher data rates, the Hls invoke ceiling effects which reprehensibly
cap the fundamental capacity of the system. To mitigate the effect of Hls,
we propose an AR protocol for both AF and DF operations and compare
its performance with the competitive FR schemes. The proposed AR proto-
col efficiently utilizes the available spectrum resources to enhance the system
performance. Hereby, we comprehensively analyze AR-based AF (AAF) and
AR-based DF (ADF) operations by deriving the OP expressions of the primary
and secondary networks in the presence of Hls. We showcase that the ADF
relaying is more robust and resilient to HIs when compared with AAF relay-
ing. Further, based on the derived OP expressions for the primary network, we
identify two important ceiling effects, namely, relay cooperation ceiling (RCC)
and direct link ceiling (DLC), and highlight their impacts on the system per-
formance. We also provide the tolerable limit of HIs level for the given rate

requirements.

e In Chapter@ we investigate the performance of an overlay multiuser cognitive
satellite-terrestrial network (OMCSTN) comprising a primary satellite source

with its multiple terrestrial receivers and a secondary transmitter-receiver pair

5The contributions of this chapter are presented in the following papers:

1. V. Singh, S. Solanki, P. K. Upadhyay, D. B. da Costa, and J. M. Moualeu, “Impact of
hardware impairments on cognitive satellite-terrestrial relaying with a direct link,”in Proc.
IEEE 17th Annual Consumer Communications & Networking Conference (CCNC), Las Ve-
gas, USA, Jan. 2020, pp. 1-6.

2. V. Singh, S. Solanki, P. K. Upadhyay, D. B. da Costa, and J. M. Moualeu, “Performance
analysis of hardware-impaired overlay cognitive satellite-terrestrial networks with adaptive
relaying protocol,” IEEE Systems Journal, vol. 1, no. 15, pp. 192-203, Mar. 2021.

8The contributions of this chapter are presented in the following paper:

1. V. Singh, P. K. Upadhyay, and M. Lin, “On the performance of NOMA-assisted overlay mul-
tiuser cognitive satellite-terrestrial networks,” IEEE Wireless Communication Letters, vol. 9,
no. 5, pp. 638-642, May 2020.
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on the ground. Herein, the primary satellite source employs a NOMA scheme
to simultaneously serve its all users, while the ST assists the primary com-
munication through cooperative relaying technique in exchange for spectrum
access. For this overall set-up, we obtain the closed-form expressions of the OP
for primary satellite network and secondary terrestrial network by adopting
pertinent heterogeneous fading models. Also, we examine the asymptotic out-
age behaviour at a high SNR for primary and secondary networks, and thereby
calculate the achievable diversity orders. A comparison with benchmark OMA
scheme reveals that proposed NOMA-assisted OMCSTN provides remarkable

performance improvement while utilizing the spectrum resource efficiently.

e In Chapter @, we investigate the performance of an underlay CHSTN (UCH-
STN) comprising a primary satellite source with its multiple terrestrial primary
receivers (PRs) and a ST with its pre-paired users that are deployed on the
ground based on a C-NOMA scheme. Herein, the nearby NOMA user works
in FD mode while employing a DF relaying strategy for improving the per-
formance of the far-away NOMA user. Importantly, we consider the realistic
assumptions of FD-based loop self-interference (LI) and NOMA-based ipSIC.
By exploiting the mutual interference between primary and secondary net-
works, we analyze the performance of the secondary network in terms of OP,
ergodic sum rate (ESR), and throughput. Further, to perform a more compre-
hensive analysis, both pSIC and ipSIC situations are taken into account for
the FD mode and the benchmark HD mode for comparison purposes. Also, we
examine the asymptotic OP behaviour at a high SNR to assess the achievable
diversity orders. Our results manifest that FD C-NOMA outperforms HD C-
NOMA for the case of ipSIC, whereas for the case of pSIC, HD C-NOMA can
outperform FD C-NOMA in the high SNR regime.

"The contributions of this chapter are presented in the following papers:

1. V. Singh, V. Bankey, and P. K. Upadhyay “Underlay cognitive hybrid satellite-terrestrial net-
works with cooperative-NOMA,”in Proc. IEEE Wireless Communications and Networking
Conference (WCNC), Seoul, South Korea, May 2020, pp. 1-6.

2. V. Singh and P. K. Upadhyay, “Exploiting FD/HD cooperative-NOMA in underlay cognitive
hybrid satellite-terrestrial networks,” IEEE Transactions on Cognitive Communication and
Networking, Jun. 2021, doi:10.1109/TCCN.2021.3089164.
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e In Chapter , we explore the performance of an underlay CHSTN constitut-
ing a primary satellite source with its multiple terrestrial PRs and two NOMA
secondary terrestrial users exchanging their information with the help of a
HD DF-based secondary relay. We demonstrate there exists an inevitable IUI
due to the NOMA scheme, which poses a detrimental impact on the perfor-
mance of the secondary network. Hence, to achieve the improved performance
and subsequently the low latency requirements, the wireless content caching
is employed, whereby the relay can store the most popular contents of both
the NOMA users. Hereby, exploiting the mutual interference between primary
and secondary networks, and the realistic assumption of NOMA-based ipSIC,
we analyze the performance of CHSTN for the schemes viz., CF TWR-NOMA
and CA TWR-~-NOMA, in terms of OP, throughput, and average transmission
time. Also, we examine the asymptotic OP behaviour at a high SNR to assess
the achievable diversity orders. We manifest that zero diversity order results
for both the schemes due to unavoidable IUI. However, one can visualize the
remarkable performance improvements for CA TWR-NOMA scheme over its
CF TWR-~-NOMA counterpart, owing to the reduced IUI and the efficient uti-

lization of available spectrum resources.

Finally, in Chapter [7, we draw the conclusions from the work in this thesis and
provide the possible future directions. Besides, the proofs of useful theorems/lemmas

are relegated into the appendices.

8The contributions of this chapter are presented in the following paper:

1. V. Singh and P. K. Upadhyay, “Exploiting cache-free/cache-aided TWR-NOMA in cognitive
hybrid satellite-terrestrial networks,” IEEFE Transactions on Vehicular Technology, under
review.
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CHAPTER 2

OVERLAY MULTIUSER COGNITIVE HYBRID
SATELLITE-TERRESTRIAL NETWORKS

HSTNs have received significant research interest over the past few years. This is
owing to their providing obliquities coverage and uninterrupted data connectivity.
On the other hand, CR technology has been appeared as a prominent solution for
alleviating the spectrum under-utilization problem in HSTNs [33]. Thus far, the
majority of existing works on CHSTNs have focused on the performance analysis
using underlay paradigm [18]-[20]. Particularly, in an underlay model [34], the power
at the SU is constrained to satisfy the interference power criterion towards the PU.
Whereas, in an overlay model, the SU helps in the transmission of the PU’s signal on
a priority basis through cooperative relaying, and in return, it gets an opportunity
for spectrum access [35]. Therefore, overlay model does not impose tight restriction
on transmit power of the SU. In this regard, various aspects of cooperative and
cognitive HSTNs have been considered in [36]. In [2I], authors have considered the
overlay scenario by considering multiple secondary relays, however, by assuming sin-
gle PU. Nevertheless, future satellite communication systems are required to satisfy
a large number of PUs by providing high information transfer rate at a reasonable
cost and QoS. Although few works have examined the multiuser spectrum shar-
ing schemes [37]-[40], they are intended for terrestrial systems under homogeneous
Nakagami-m or Rayleigh fading channels. However, for a hybrid satellite-terrestrial
system, performance analysis of such multiuser spectrum sharing schemes over het-
erogeneous fading channels has not been done so far. It is worth pointing that
such analysis postures new mathematical intricacies because of complicated channel
modelling and optimal scheduling of multiple PUs with involved correlation due to

a common satellite-relay link.
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Inspired by the above discussion, in this chapter, we examine an overlay mul-
tiuser hybrid satellite-terrestrial spectrum sharing (OMHSTSS) system. Herein, we
consider a downlink communication scenario where a primary satellite communicates
with one of the best selected terrestrial users with the cooperation of a secondary
network comprising a single transmitter-receiver pair on the ground. The ST can
act as an AF relay for the primary satellite communications and share the spec-
trum for its own transmission. Relying on the overlay paradigm, the ST splits its
power in such a way that some of its available power is used to relay the signal from
the satellite and the rest is used to transmit its own signal. Particularly, our main

contributions can be outlined as follows:

e We propose an OMHSTSS system where opportunistic selection criterion for
the best satellite user is designed by exploiting both the direct and relay links
in an optimal manner. The underlying PU selection strategy is based on sat-
isfying the criterion of minimal OP for the primary network, and eventually,
getting an opportunity for secondary spectrum access. For this, we first char-

acterize the E-E SNRs over the hybrid channels.

e By considering the shadowed-Rician fading model for the satellite links and
the Nakagami-m fading model for the terrestrial links, we proficiently derive
the closed-form expressions of the OP for the primary and secondary networks.
Hereby, we discuss the power allocation policy to explore more opportunities

for the secondary spectrum access.

e We further derive the asymptotic behaviour of the OP expressions to delve into
the diversity performance of the primary and secondary networks. In addition,
we consider both heavy shadowing (HS) and average shadowing (AS) scenarios

for the satellite links to provide more insight into the system performance.

The rest of this chapter is organized as follows. In Section we elaborate the
OMHSTSS system by deriving the E-E SNRs over hybrid channels. We characterize
the hybrid channels and analyze the outage performance of the primary network in
Section[2.2] The performance of the secondary network is investigated in Section[2.3
Section illustrates the numerical and simulation results, and finally, summary of

the chapter is presented in Section [2.5
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Figure 2.1: OMHSTSS system model. Ist phase (—) & IInd phase (--») transmis-
sions.

2.1 System Descriptions

As illustrated in Fig. [2.1] we consider an OMHSTSS system wherein a primary
satellite network and a secondary terrestrial network coexist over the same spec-
trum. Primary satellite A wants to communicate with one out of other K PUs
{By}<, and the ST node C'is seeking the spectrum access opportunities to estab-
lish the communication with its intended secondary receiver (SR) D. Hereby, ST
employs AF-based relay cooperation towards assisting the primary transmission,
and in exchange, it can share the spectrum with primary satellite source to transmit
its own signal to node D. The channel coefficients corresponding to the various links
A— By, A—-C, A— D, C — By, and C' = D are represented by hap,, hac, Pad,
heo,, and heq respectively. The effect of an additive white Gaussian noise (AWGN)
with mean zero and variance o is considered at all the receiving nodes.

Hereby, with the aid of an AF relay cooperation, the E-E communication occurs
in two time phases. For this, a PU is appropriately selected (say By) based on some
criterion which will be disclosed in the subsequent section. During the first phase
of the information transfer, satellite A transmits an information signal x, (obeying

E[|z,]?] = 1) to By which is simultaneously being received by the secondary nodes
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C and D. Accordingly, the signals received at By, C, and D can be expressed as

Yai = V Pahaixa + Nai, (21)

where i € {by, ¢, d}, P, denotes the transmission power at node A, and the term n,;
represents the AWGN. During the second phase, the node C first uses the AF relay-
ing technique to forward the primary signal y,. to node Bg, and at the same time,
it intends to transmit its information signal z. to node D. For this simultaneous
transmission, the node C' uses some power allocation policy and splits its transmit
power P, for superimposing the signals x. and y,. to generate a combined signal

which can be given as

Yac
2e = \/ WP, B ++/ (1 —p)P.a, (2.2)

|yac

where 1 € (0,1) represents the power allocation factor. Thus, the signals received at
the respective nodes By, and D, represented by v, and y.q , from C' can be written

as
Yej = hcjzc + Ny, (23>

where j € {by, d} and n.; is the AWGN. As such, the E-E SNR at By, via direct link

can be given as

Aabk = 77a|habk|27 (2'4)

whereas, via relay link, it can be expressed as

HA/\acAcb;C
(1 - ,U)AacAcbk + Aac + Acbk + 17

Aoer, = (2.5)

where Aye = 1a|hac|* with n, = % and Aw, = 1c|hep, |* With 1. = %. From 1}
it is apparent that the signal received at node D includes a component x, from
primary signal which creates an interference for the SR. This interference can be
further successfully cancelled out by considering an assumption that the primary

signal received at node D in the first transmission phase is decoded properly [35].
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Thus, the E-E SNR at D can be expressed as

(1 - M)ACd(Aac + 1)

Aac -
! NAcd + Aac + 1

, (2.6)

where Acg = ne|heal®

2.2 QOutage Performance of Primary Network

When the achievable rates of the users are decided by their QoS, the OP is an
essential measure for analyzing the performance. It can be defined as the probability

that instantaneous SNR at receiver falls below a certain threshold ~, i.e.,

Pouwt(Vn) = PT[A < %h}- (2.7)

In this section, we analyze the performance of the primary network by deriving
analytical expressions for OP. We examine the OP with or without spectrum sharing
while considering the existence of a potential direct (A — By) link. Further, we
assess the diversity order by deriving the asymptotic OP expression. Moreover,
we evaluate the effective value of power allocation factor p for spectrum sharing
between primary and secondary networks. For subsequent performance analysis, we

first characterize the statistics for underlying hybrid channels.

2.2.1 Statistical Characterizations for Channels

Considering the shadowed-Rician fading for the pertinent satellite links, the prob-
ability density function (PDF) of the channel gains |hy|?, for i € {by,c,d}, can be
obtained as [4]

Jihai2(T) = e T B (mgis 1;0,2) , x>0, (2.8)

where o; = (206i4i/ (204iMai + Qai)) ™ /200, Bi = 1/2bai, 6; = Qai/ (20ai) (20aima; +
Qq;) with 2b,; and €,; be the respective average powers of the multipath compo-
nents and line-of-sight (LoS), and m,; denotes fading severity parameter. For the

arbitrary integer value of the fading severity parameters, we first simplify the term

11 (mei; 15 6;x) in (2.8)), and thereby, express the PDF of Ay = 1, |ha|* as [5]

rude) = 32 ot () 0.9)
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Herein, ((k) = (—1)"(1 — mq;) 05 /(k!)?. As such, the cumulative distribution func-
tion (CDF) Fy,,(x) can be derived by performing the integration of the PDF in ([2.9))
using [41), eq. 3.351.2] as

Mai—1 K o\ —(kH+1-p) s
Fp,(z)=1—-q Z ¢(r) ZK—: (ﬂl 61) wre (Pt)e (2.10)

K+1
k=0 (77(1) +

Since we consider Nakagami-m fading channels for the terrestrial links of the
considered network, the channel gains |h.;|?, for j € {by,d}, are assumed to follow
the Gamma distribution with average power €).; and fading severity parameter m.;.

Hence, the PDF and CDF of A.; = 7.|h.j|* can be given, respectively, as

Mej ) i gMej =l _ Mo

Pl = <chnc Cng)® (2.11)

and

1 Mei
Fy ()= =——"-7 mc-,ix) : 2.12
Ac]( ) F(mcj) ( J ch,r’c ( )

Hereafter, we use Y. = |h.|* and Y, = |ha,|* for notational simplicity. Also, as
in previous works [5], [42], we follow independent and identically distributed (i.i.d.)
channels towards the multiple PUs by considering that they are clustered relatively
close together. Thus, for convenience, we omit the index k from all the notations of

the pertaining channel parameters in the succeeding sections.

2.2.2 Direct Satellite Transmission Only

Let us consider the case of DS transmission (DST) only where a best user is being

selected. In this case, the OP of primary network for a threshold rate R, is given by
PY(R,) = Pr [log2 (1 + i nlaaXK} Aabk) < Rp} , (2.13)

where to minimize the OP, we have used the selection criteria based on maximizing

Au,. As such, (2.13)) can be further expressed as

K
PfustT<Rp) = H FAabk (71/9)7 (2'14)
k=1
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where v, = 2 — 1. From here, the OP can be evaluated using 1} Further, to
obtain the asymptotic OP, (2.14) can be approximated at high SNR as

PRI(R,) ~ [—wpr. (2.15)

It can be clearly seen from (2.15)) that the achievable diversity order is K irrespective

of the fading severity parameter m,.

2.2.3 Spectrum Sharing with DST

Let us now consider the case when spectrum sharing is allowed and the DST also
exists. Hereby, we utilize the maximal-ratio combining (MRC) between and
(2.5) with best PU selection. The best PU will be selected based on minimizing
the OP of the primary network. Consequently, the OP for primary network in
OMHSTSS system for a threshold rate Iz, can be expressed as

ke{l,...,.K}

1
P,w(R,) = Pr lélogQ (1 + max  (Au, + Aacbk)) <R,

=P A 2.1
r LE%aX (k) < vp] , ( 6)

where Ay = Aap, + Aaer, and 7, = 22 — 1. To solve (2.16)) further, order statis-
tics can not be applied directly as in the earlier case. Since {Ag)}ie; include a
common term Y., this makes the random variables {A()}f, correlated. Hence, to
proceed further, we find the K-th order statistic, which is conditioned on Y,. = u,

to represent

Poe(By) = / " [, ()] e () (2.17)

Hereby, to solve (2.17), we need to evaluate the conditional CDF Fy , (7,|u), which

can be expressed as

Yp Yp—Y
Fr gy (vplu) = Pr[(Aap, + Aacs,) < plu] = / / Fhaer, (P1U) frg,, (y)dpdy.
0 0

(2.18)
Now, from (2.18)), we first compute the CDF Fy,, (p|u), which can be written as
F ey, (plu) = Pr [Ager, < @lu] =1 —Pr[Age, > ¢lu]. (2.19)
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To evaluate (2.19)), we can represent the SNR expression for A, from (2.5)), after

some manipulations, as

1
Noehy, = 7= - . (2.20)
() + mmag (Aae + Ay, +1)
Further, (2.20) can be approximated at high SNR regime as
A ! (2.21)
ach, = 1/ 1 1 ’ .
' £ + I_L (Aac + Acbk )

where & = 1%‘ Now, making use of the harmonic mean approximation for a mini-

mum of two positive numbers [42], (2.21]) can be written as

1

~ 1 1
5 + /_'L min(Allcz Acbk)

/xacb;C

(2.22)

Note that although the approximation in (2.22]) is based on a high SNR assumption,

it leads to quite accurate results in entire range of operating SNR as illustrated

in Section Hereby, on inserting (2.22)) into (2.19)), and after performing some
manipulations, (2.19) can be modified as

1
F ey, (plu) = 1 —Pr [u(— - é) min(Age, A, ) > 1ul, (2.23)
' ¥
which can be further expressed as

Pr [((go) min(Age, Aep,) < Hu],for §< %07

F e, (lu) = (2.24)

1, otherwise,

where ¢(¢) = ,u(é — f). Consequently, the required CDF can be deduced as

L, for nes(p)u <1,

FAacbk (()0|u) ~ (225)

Pr [ncg(go)chk< 1}, for n.s(p)u > 1.

Even utilizing the above CDF expression in ([2.18)), it is still troublesome to obtain a
closed-form solution. Therefore, with the help of a M-step staircase approximation

approach [43] for the involved triangular integral region in ([2.18]), the conditional
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CDF can be expressed as

M—-1 .
1+ 1 M —1
FA(k) W/p‘u % Z { Aaby, ( VP) — Iy Aapy, (M’YP) }F acbk( M ’Yp’u)'
=0

(2.26)

Now, using ([2.25)) into (2.26)) and thereby exploiting the result into (2.17)), one can
find the OP expression Pou(Rp). It can be observed from (2.26) that Fi, (7,[u)

includes a series of Fj,,, (MM”yp\u) that captures different values based on i-th

index and range of u from ( - Hence, for solving the integration in (2.17)), we

consider the different ranges of u as

1o /M) «
Pon(R,) ~ / [Fag (1l0)]  fro (u) s

M—-1 1 /nas((G+1)7p/M

>
; 1/nas(ivp/M)
ir>2

/ [Fr s, ()] fra (). (2.27)

/mas(p)

) K
[FAw) ('Yplu)} fr,.(w)du

As it can be notified from (2.27)) that each integral component is having different

region of u for which the integrands will not remain same, it must be evaluated

carefully. Hereby, invoking the result from (2.25) and (2.26]), Pou(R,) in can

be expressed as

iy i+ 1 i " 1
pain= [ (e (512 e ()} ()
i=0 s\ M M TlaS (ﬁ%)
M—j—1 . .
1+ 1 7
e (5 i)
=0

N i+ 1 i 1 "
+ {FAa (—%) —Fh, (—Vp) }FYC (T)]
i=M—j A\ M M "\ s ( M 710)
1

A
8 (1 . (nactvp)) ) >
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It is noteworthy that our derived OP expression is presented directly in terms of
the CDFs Fya, (-) and Fy,,(-), for Yi; € {Ya, Y, }. Therefore, our analytical model
is generalized and can be used for various fading scenarios. For the considered
shadowed-Rician fading for satellite links and Nakagami-m fading for terrestrial

links, we insert the CDF expressions from ([2.10]) and (2.12)) into (2.28) to obtain the

desired OP expression.

Now, one can derive the expression of asymptotic OP for the primary network to
provide insight on the achievable diversity order. In the high SNR regime (7,, 7. —
00, with Z—‘C’ be a constant ratio), CDFs used in 1) and 1} can be approximated
[42] as

Q; 1 me;z\
Fj,.(x) = =z and F) ,(z) = < = ) : 2.29
(@)~ - () Fimg + 1) \ 2. (2.29)

On inserting the above approximated CDF expressions into (2.28)), an asymptotic

OP can be expressed as

L (api+l p 1 ’ &
Pasy R~ _b_ . _b_ e
o (F) [Z{n T mw}] s (/M)

M1 Mo abz+1 op 1 M api+1 ap 1
Z Vi 7 Yo~ 37 Ve T Z — 7 Vo~ 7 0p
na M Na M na M

3
= i=M—j
M>2

mep K
o 1 Mep
T(me + 1) \ Qapnes (M727)

Q. O
' (na (Zly) M(ﬁ%))
abz + 1 op 1 1 Mep me
2;{ Mo EW”}N%H) (chnc<( e vp)) ]

X (1 — 77a§(07p)>. (2.30)

From ([2.30]), it can be inferred that the diversity order of the primary network is

K + min(1, muK) and it does not depend on the fading severity parameters of the

satellite links.

2.2.4 Power Allocation factor i for Spectrum Sharing
Regarding the power allocation strategy for the ST, we need to obtain an appro-

priate value of p while satisfying the QoS criterion of the primary network. From
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1} the condition £ < i can be re-expressed as ¢ < ', where y' = % or ﬁ

Hereby, for a certain threshold ~,, the allowable range of power allocation factor of

Tp
14+vp

the primary network can be calculated as < i < 1. Relying on the imposed
QoS constraint, the ST can decide the effective value of yu so that the OP of pri-
mary network in OMHSTSS system lies below or at most equal to that for DST
only scheme. Accordingly, the value of i is obtained numerically depending on the
following condition [35]

Pout(R,) < PRE(R,). (2.31)

out

Moreover, a lesser value of u can provide more spectrum sharing opportunities to-

wards the secondary network.

2.3 Outage Performance of Secondary Network

Considering a threshold rate R, the OP of the secondary network can be given by

1
Py (Rs) = Pr [510g2(1 + Asca) < Rs |, (2.32)
which can be expressed using (2.6) and performing some manipulations as
/v‘Acd(Aac + 1) /
Pou Rs =Pr < s, 2.33
1(Rs) P (2.33)

where v, = 2% — 1. Hereby, to evaluate the P, (R;), we first make use of the

bound )g(—ﬁg, < min(X,Y) [44] to approximate l} as

Poui(Rs) =~ Pr[min(,uAcd, (Aac + 1)) < ,u’fys}. (2.34)

The evaluation of (2.34) requires the CDF of A,.+1, which can be obtained by

applying the transformation of variables as

0, if v <1,
Fiper1(z) = (2.35)
Fp.(r—1), if z > 1.
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Since the CDF in (22.35]) is not continuous for x € [0,00), the OP in (2.34) can be

expressed as

FMAcd (HI'YS): if Vs < i’
POHt(RS) ~ FAac (M/")/S - 1) + FNAcd(ILL,ﬂyS) (236>
_FAac (/’l‘/fys - ]‘>F/—"Acd (II’L,fYS)’ lf "}/s Z i’

where the CDF of uA.4 can be determined using (2.12) as
x 1 Mg

F = F —_ — T cdy . 237

uea () = Flun, < M) T (m it Mfﬁ) (2.37)

Note that our derived OP expression for secondary network is also generalized as in

the earlier case of primary network. To further delve into the system performance,
we evaluate the asymptotic OP expression at high SNR regime (7. — o0), using the
approximated CDF expressions given in (2.29), as

( 1 Medtt Vs > Med lf < 1
F(mcd+1) Qeapne ’ Vs w'
Qe 1 Mgt Vs Med
e = 1)+ e ()
POUt(Rs> ~ (238)

ac(a
- 5(#% 1)

1 megn'ys ) if v, >4
Xr(mcd+1) Qeapne ) ys = ‘17

\

From ([2.38]), it can be inferred that the secondary network achieves a diversity order
of min(1,m.q) for the high rate requirements while, for the low rate requirements,

the diversity order can be decided mainly through parameter m.4.

2.4 Numerical and Simulation Results

In this section, numerical and simulation results are presented to elucidate the effect
of important parameters on the performance of OMHSTSS system. For this, we set
R, = 0.5 bps/Hz so that v, = 0.414, 7, = 1, Qy = 1, mg, = 1, and 1, = 1. = 7
as the SNR. The satellite links are subject to HS and AS with their parameters
as presented in TABLE [45]. Further, we set M = 50 for making the relative
approximation error [43] negligible.

Fig. demonstrates the OP versus SNR curves for primary network by setting
i = 0.70. Particularly, analytical and asymptotic OP curves are drawn for HS and

24



CHAPTER 2. OVERLAY MULTIUSER COGNITIVE HYBRID
SATELLITE-TERRESTRIAL NETWORKS

Table 2.1: Satellite Link Parameters [with ¢ € {b, ¢, d}|.

Shadowing mg D Qui
HS 2 0.063 0.0005
AS 5 0251 0.279
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Figure 2.2: OP versus SNR curves for primary network (a) Under HS; (b) Under
AS.

AS scenarios, and by seeing the curves, it can be inferred that both the curves are
well matched with the exact simulation results at medium to high SNR regime.
For the comparison purpose, the OP curves for the DST scheme are also plotted.
Hereby, it can be verified that considered OMHSTSS can outperform the DST only
scheme, especially in mid-to-high SNR regimes. Since OMHSTSS requires two times
more bandwidth as required in DST scheme, the target SNR threshold (for a fixed
value of target rate) relatively increases for the OMHSTSS system, which degrades
its performance in the low SNR regime. However, one can manifest the diversity
advantage in the mid-to-high SNR regime, and accordingly, OMHSTSS outperforms
the DST scheme without spectrum sharing. Further, it can be notified that outage
performance is significantly improved due to exploitation of diversity by considering
the case of multiuser scheduling. Moreover, the resulting diversity order of K +
min(1, myK) can be validated using the pertinent curves.

Fig. depicts the desirable values of the spectrum sharing factor p for the

considered network under HS and AS scenarios. Relying on the spectrum sharing
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Figure 2.3: OP versus p curves for primary network (a) Under HS; (b) Under AS.
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Figure 2.4: OP versus SNR curves for secondary network.
condition given in Section [2.2.4] we obtain the critical value of p (say p*) at the

intersecting points between the curves of OMHSTSS and DST only schemes. For

7p = 1, the acceptable limit of p* is 0.5 < p* < 1 which is based on the condition

11’; - <p< 1. Thus, all the OP curves exhibit unity value for g < 0.5 and this
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could drive the system into outage. Moreover, for a given SNR, it can be observed
that p* increases with an increase of K. This is owing to the better performance
of DST only scheme as compared to OMHSTSS in a low SNR regime. However, as
SNR increases, one can realize the decrease in the values of p* which suggests that
the spectrum sharing is possible for these cases. On the contrary, it improves the
outage performance of the secondary network by providing more power for spectrum
access.

Fig. illustrates the OP versus SNR curves for the secondary network. Here,
we set two values 4 = 0.75 and pu = 0.60, while €2.; = 1, to obtain the analytical
and asymptotic curves using the derived OP expressions from Section 2.3} One can
clearly observe that the analytical and asymptotic curves are in agreement with
the exact simulation results in the medium to high SNR regime. Analyzing the
respective curves, one can also verify the diversity order. For instance, at high rate
requirement i.e., v = 1, it can be seen that the diversity order is unity irrespective
of the fading parameter m.4. In contrast, at low rate requirement, i.e., v, = 0.3, the
diversity order solely depends on the fading severity parameter m.y. Moreover, one
can see the improvement in OP performance of secondary network while decreasing

the values of pu.

2.5 Summary

In this chapter, we have analyzed the performance of an OMHSTSS system in which
a secondary terrestrial network competes for spectrum access with a primary satel-
lite network. Unlike other existing works, we have considered the multiuser downlink
scenario where opportunistic selection criterion for the best satellite user is designed
by exploiting both the direct and the relay links in an optimal manner. We assessed
the overall system’s performance by deriving the closed-form expressions of outage
probability for both primary and secondary networks and highlighting the corre-
sponding achievable diversity orders. We also provided useful insights on power
splitting factor to explore additional spectrum sharing opportunities towards the

secondary network.
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CHAPTER 3

IMPACT OF HARDWARE IMPERFECTION IN

OVERLAY COGNITIVE HYBRID
SATELLITE-TERRESTRIAL NETWORKS WITH
ADAPTIVE RELAYING PROTOCOL

HSTNs have emerged as an attractive way of achieving high throughput with a
broad coverage area. In HSTNs, satellite communications and terrestrial networks
are integrated to provide useful services in broadcasting, navigation, and disaster
relief. Recently, CR technology has become prominent for HSTNs to improve the
spectrum utilization efficiency [10], [46]. Various research works have been con-
ducted for such wireless networks, namely CHSTNs, by using two prevalent spec-
trum sharing approaches viz., underlay [18], [47], [48] and overlay [21]. Particularly,
the authors in [I§] analyzed the performance of the secondary terrestrial network
under a stringent interference temperature constraint imposed by the primary satel-
lite user. A robust secure beamforming issue of 5G cellular system operating at
millimeter-wave frequency, while coexisting with a primary satellite network was
studied in [47]. The authors in [48] investigated the secure communication of the
CHSTN with software-defined architecture, where a gateway is acting as a control
center to provide an advantage of the resource allocation for the wireless systems.
As such, in above-mentioned works, the interference management between primary
and secondary networks would be a major concern to maintain the QoS of the pri-
mary system. On this front, the authors in [21] studied an overlay model in which
the terrestrial SUs can get the spectrum access by providing relay cooperation to
the primary satellite communication on a priority basis. Such an overlay approach

offers a promising solution for CHSTNs, as it can facilitate the network connec-
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tivity through inherent cooperative relaying, especially when the primary DS link
gets blocked due to the masking effect. So far, the overlay model for CHSTNs has
not been explored fully and the existing works are relied upon the traditional FR
strategy which compels the secondary transceiver to relay the primary signal even
when the primary DS link is strong enough.

Moreover, the aforementioned works on CHSTNs have assumed an ideal hard-
ware transceiver for the spectrum sharing network nodes. Note that, in practice,
the RF transceivers may experience hardware distortions due to phase noises, 1/Q
imbalances, and amplifier non-linearities [23], [49], [50]. These distortions may cause
a deleterious impact on the performance of CHSTNs owing to the involvement of
low-cost user devices. This is prominent in overlay spectrum sharing scheme because
the secondary transceiver requires the use of inexpensive hardware components in
order to keep the expenditures manageable for operators. Even though the effect of
the hardware distortions can be partially mitigated through appropriate calibration
or compensation techniques, there still remains a residual distortion [23]. This has
been treated as an aggregate effect from many HIs and modeled by an additive dis-
tortion noise in [49]. Although few recent works [51], [52] have studied the impact of
such HIs on the performance of CHSTNs, they focussed particularly on the underlay
spectrum sharing scheme.

Fueled by the above discussion, in this chapter, we analyze the performance of
an overlay CHSTN (OCHSTN) by employing an AR protocol while considering that
all the user nodes in the network are inflicted by HIs. Specifically, we consider a
downlink communication scenario where a secondary terrestrial network seeks the
spectrum access opportunities in exchange for the cooperation towards the primary
satellite network. The proposed AR protocol invokes secondary relay cooperation
adaptively, relying upon the limited feedback mechanism from the PU. Thereby, it
efficiently utilizes the available degrees-of-freedom to improve the OCHSTN perfor-
mance even in the presence of HIs. Note that the performance analysis of such a
system postures new mathematical intricacies because of the involved joint effects
of overlay paradigm’s sophisticated signal processing and hardware distortions over
a heterogeneous fading channel environment. In summary, the major contributions

of the chapter are given as follows:

e We propose an AR protocol for the OCHSTN and compare its performance
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with the traditional FR protocol. We observe that the proposed AR protocol

can substantially improve the network performance over the FR protocol and
hence can be more useful in practice, especially, to counteract on the effects

of HIs.

e We comprehensively analyze AAF and ADF operations by deriving the OP
expressions of primary and secondary networks in the presence of Hls. We
showcase that the ADF relaying is more robust and resilient to HIs when

compared with AAF relaying.

e Further, based on the derived OP expressions for the primary network, we
identify two important ceiling effects, namely, RCC and DLC, and highlight
their impacts on the system performance. We also provide the tolerable limit

of Hls level for the given rate requirements.

e Based on the overlay approach, we provide guidelines to decide the value of

power allocation factor for the effective secondary network cooperation.

The rest of the chapter is structured as follows. In Section [3.1] we illustrate
the system model and derive the E-E signal-to-noise-and-distortion ratios (SNDRs)
over heterogeneous fading channels. In Section [3.2] we analyze the performance of
primary network by deriving the expressions of the OP for AAF and ADF strate-
gies. Section analyzes the outage performance of the secondary network while
discussing the impact of ceiling effects into the system performance. Section in-
vestigates the robustness of AAF and ADF relaying against the HIs. Numerical and
simulations results are depicted in Section [3.5] and finally, summary of the chapter
is presented in Section [3.6]

3.1 System Descriptions

In this section, we describe the considered system model while deriving the E-E
SNDR expressions for the AF and DF relaying. Moreover, we discuss in detail the
proposed AR protocol for the considered system.

3.1.1 System Model
As shown in Fig. 3.1 we consider an OCHSTN where a terrestrial ST node C

seeks access to the spectrum of primary satellite system in order to communicate

with its own SR node D. However, ST is allowed to access the spectrum based
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on the condition that it should assist the primary transmission between satellite
A and its terrestrial user Bl We assume that a DS link exists between nodes A

and B. All the network nodes are assumed to be equipped with a single antenna

PT — First Phase Transmissions
(. » Second Phase Transmissions

A

—.» Distortion Noises

ST
PR
nm_.@ '
------------ O
x I
CC Nycp B

Nyca

PT: Primary Transmitter; PR: Primary Receiver
ST: Secondary Transmitter; SR: Secondary Receiver

Figure 3.1: OCHSTN System model.

device. Further, all the user devices are assumed to have less-expensive (low-quality)
transceiver components, and hence, they are more prone to HIs. Herein, we consider
two schemes of secondary cooperation, i.e., AF-based and DF-based relaying at the
ST node C to forward the primary’s data by employing an AR protocol. The various
channel coefficients pertaining to the satellite links A - B, A — C, and A — D
follow shadowed-Rician fading and are represented by hep, hae, and hqg, respectively.
The channel coefficients for terrestrial links C' — B and C' — D are denoted by hg,
and h.g, respectively, and are assumed to follow Nakagami-m fading. The AWGN

at all the receiving nodes is modeled as CN (0, o?).

3.1.2 SNDR Formulation

The overall communication in the considered OCHSTN follows a two-phase trans-

mission process based on the proposed AR protocol. In the first phase, satellite A

Tn a practical scenario, source A may represent a GEO satellite and node B could be a hand-
held device as incorporated in DVB-SH service (in S-band) [7], whereas the secondary nodes C' and
D can represent femtocell users who generally do not have a dedicated spectrum for their commu-
nication [53]. Another prospective scenario may comprise a S/C band satellite system coexisting
with secondary network representing a TV transmitter-receiver pair (in UHF/S band) [54]. In a
futuristic system model, ST (relay) could be a low-power repeater which is located at the rooftop
of a building or on an unmanned aerial vehicle in order to achieve coverage in urban areas where
the satellite range is infeasible.
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broadcasts an information signal x,, complying E[|z,|*] = 1, to B which is also being

overheard by the secondary nodes C' and D. Accordingly, the respective received

signals at B, C, and D, denoted by Yup, Yae, and yqq, can be written as

Yai = V Pahaixa + Nprai + Vass (31)

where i € {b,c,d}, P, denotes the transmit power at A, n,q; ~ CN(0, A2, Py|hai|?)
is the distortion noise induced in receive processing, with \,,; being the level of
impairment measured experimentally as error vector magnitude (EVM)EL and v,; is
AWGN term. As such, the resultant SNDRs at B and C' via DS links can be given,

respectively, as

Aap
AP = — 2 3.2
and
AU/C
Ape = w1 (3.3)
where Ay, = 70| hap|* and Age = 10| hc|?, with g, = L.

In what follows, we describe the two relaying operations and thereby obtain the

corresponding expressions to SNDR.

AF Relaying

In the second phase of information exchange, node C' amplifies the received primary
signal y,. with a gain G and superimposes it with its own information signal x. to
generate a combined signal z2". For this simultaneous transmission, ST node uses
an omnidirectional antenna and splits its power P, such that the fraction u P, is used
to forward the signal y,. while the remaining portion (1 — u)P. of the power is used
to transmit the signal x., where the factor u € (0,1) represents the power allocation

parameter. Thus, the signal transmitted by the ST node is given by

Z?F =V ,Uchyac + (1 - ,u)chc + Ne, (34)

2These EVMs can be defined as the ratio of distortion-to-signal magnitude, and can be obtained
as given in [53].
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where ny. ~ CN(0,\2.P,.) denotes the distortion noise in relay transmit processing,

with A\ being the level of impairment. For amplification, the variable gain [56]

can be expressed as G = \/ TR /\$alc Piha Pt Thereafter, the respective received

signals at nodes B and D can be denoted by y3" and 2], being represented as
y?jF = thZ?F + Ny + Vejy (35)

where j € {b,d}, ny; ~ CN(0,\};Pe|he;|?) is the distortion noise in receive pro-
cessing, with A,.; being the level of impairment, and v.; is the AWGN term. Hence,

the SNDR at node B, via the relay link, can be expressed as

AacAc
Age = Flac e , (3.6)
TpAacAcb + €Aac + prcb +1
Where ACb - 770|th‘ Wlth nc = 0-27 = (1 - ) + M(Arcb + A?c)(l + )\72“ac) + )\12"(107

e=1+\2

rac?

and w, = 14 p(A% + /\rcb) From (3.1)), it is clear that D overhears the
primary signal in the first phase. As such, it may utilize this overheard signal to
cancel the primary’s interfering signal in the second phase [35]. Consequently, the

E-E SNDR at D is obtained as

1— 1) Agy(eAg, + 1
Aacd - ( H,) d(E * ) ) (37>
7—s/\ac/\cd + 5Aac + wsAcd + 1
Where ACd - 77C|h0d| - M/\rac ( )(1 + /\%ac)()‘Q + /\rcd> and Ws = M + (1 -

)()\L?C + Arcd)

DF Relaying

Herein, after the signal reception in first transmission phase, node C' employs DF-
based relaying and attempts to decode the primary signal x,. If decoding is success-
ful, ST superimposes the decoded signal x, and z. to generate a combined signal

zPF. Thus, the signal transmitted by the ST node is given by

2" =\ Py + /(1 — p) Pz, + ny. (3.8)

C

Hereafter, the respective received signals at nodes B and D from C' can be given by

yo and y.; , being represented as

y?jp = hejzl" 4 Nypej + Veje (3.9)
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Further, the overall SNDR expressions at node B and D, based on and ,

can be expressed, respectively, as

,UAcb
A =" 1
o= (3.10)
and
- I Acd
Ae. = (,OA—)H (3.11)

where p, = (1 — p) + (A2 + A2,) and p, = (1 — p)A%, with A2, = A2, + A2

rch eq red®

3.1.3 Proposed Adaptive Relaying Protocol

In this protocol, cooperative node C' adaptively performs the relaying operation
based on the decoding of the primary signal x, at node B in the first phase of
transmission. Specifically, depending on the success/failure of the direct primary’s
transmission (A — B), the relaying cooperation from C'is invoked. For this, the

mutual information of the DST can be written as
Ty =log, (1 4+ ALY . (3.12)

If node B is able to successfully decode the information signal from node A, i.e., if
Ly > Ry, where R, is a target threshold rate, it sends an error-free one-bit feedbacl«ﬂ
to the cooperative node C' indicating that the relaying cooperation is not needed.
For this case, all the available power at ST can be utilized for the information
transmission to its intended receiver D. Thereby, the performance of secondary

network can be enhanced.

In the case of no cooperation, the signal transmitted by the ST node can be

given by

20°¢ = \/ Pore 4 nye. (3.13)

3Hereby, it is assumed that the feedback/acknowledge time is negligible compared to the infor-
mation processing time [57], [68]. Note that such feedback is to be sent on a separate low-bandwidth
error-free channel and hence incurs negligible delay.
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The signal thus received at node D from C' can be given as

yzgc - hch:;IOC + Nyed + Ved- (314)

Hereby, using (3.13]) and (3.14), E-E SNDR expression at node D can be expressed

as

noc __ ACd

= —". 3.15
cd Acd)\zeq +1 ( )

On the other hand, if B is unable to decode the signal from A in the first phase,
ie., if Z,, < R,, it sends a negative feedback to C'. Thus, the cooperation from
ST is invoked and further information exchange operation follows either AF or DF
relaying protocol. Moreover, for DF relaying, if the primary signal z, could not
be decoded at ST after the first transmission phase, ST can utilize all its available

power to transmit the information to its own intended receiver. Hence, E-E SNDR

expression at node D can be given by (3.15)).

For the subsequent analysis, we refer the AR protocol based AF and DF relaying
as AAF and ADF relaying, respectively. The proposed AR protocol can also be
illustrated with the help of a flowchart as shown in Fig. 3.2l Some important terms
used in the flowchart are explained as follows:

(i) DST- It is described for two feasible cases i.e., without spectrum sharing (in
Section and with spectrum sharing (in Section .

(ii) RCC- RCC effect is said to occur in the system when the relay ceases to
cooperate with the primary communication due to undesired constraints on the
threshold data rate «,. Hereby, the performance of the primary network solely
depends on the DST only (described in Section .

(iii) DLC- After the occurrence of the RCC phenomenon, as 7, exceeds some

threshold, the overall primary system goes into outage and this phenomenon is

referred to as DLC (described in Section [3.2.4)).

Remark 3.1: The above proposed AR protocol may cost slightly more system
expenses than FR. This can be, primarily, owing to the fact that the proposed
AR protocol requires a limited feedback mechanism which, in turn, may induce
slightly higher complexity. However, it is worthwhile to note that the benefits offered

(as witnessed by the numerical results) by this scheme far outweigh its limitations
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PT transmits X, during the first phase

SR ST PR

No relay cooperation needed; ST allocates all Yes Yes PT stays silent during
its available power for its own transmission the second phase

ADF relaying

ST transmits the signal Z:OC towards

Check for ADF whether X,
is decoded at ST

SR during the second phase

Yes
SR decodes its signal X, ¢
ST follows ADF relaying and transmits ST follows AAF relaying and transmits
Successful . DF . . AF .
transmission the sng‘w phase the signal z,_" during the second phase
Is ceiling No | SR PR SR PR
effect? ;
e o
A A 4 h 4
SR decodes its PR applies MRC and
signal X, decodes X,

Signal in outage

Successful

transmission Successful

H transmission

Signal in outage

Successful
transmission

Signal in outage

Figure 3.2: Flow chart for the proposed AR protocol.

and, therefore, AR protocol may be useful primarily for the applications where
performance of the system is more important than the cost constraints. On the
other hand, FR is a simpler scheme and may be preferable for the applications

where cost of the system is of paramount importance.

3.2 Outage Performance of Primary Network

In this section, we derive the expressions for the OP of primary network for both
AAF and ADF relaying strategies while considering the presence of a DS (A — B)
link. Further, we consider two cases of DST i.e., with or without spectrum sharing.

For this, we first present the statistics of the underlying fading channels.

3.2.1 Statistical Characterization for Channels
Considering the satellite links under the shadowed-Rician fading model, the PDF of

|hai|?, i € {b,c,d}, is given by [4], [B]

Jihai2 () = g e P By (Mg 1;6x) , x>0, (3.16)

37



3.2. OUTAGE PERFORMANCE OF PRIMARY NETWORK

where a; = (204 Mai/ (20aiMai + Qi)™ /2045, Bi = 1/2044, 6 = Qai/ (2Dai) (200iMai +
Q4i), with Q,; and 2b,; being the respective average powers of the LoS and multipath
components, and my; is the fading severity parameter. For analytical tractability, we

consider the integer value of the fading severity parameter [45], [52] in the subsequent

analysis. As such, the respective PDF and CDF expressions of Ay = 14|has|* can
be expressed as [5]
maﬂ.*l C(K’/) 8:—5;
Fhai(z) = i wre (B ) (3.17)

and

Mgi—1 K Y —(k+1-p) S
Fa()=1-a; 3 1 24!(@ 51) we () (3.8)

where (k) = (=1)"(1 = mai)s07 / (1!)*.

Under Nakagami-m fading for the terrestrial links, the channel gain |h.;|* is
assumed to follow the Gamma distribution with the respective PDF and CDF ex-
pressions of A.; = n.|he;|%, j € {b,d}, can be given by

Me; ) R

fch (:B) = (chnc F(ch)e Qejne (3.19)

and

1 Mej
Fp (z) = T mej, =—= 2
@) = oy T (e, 3:20)

where (), is the average power and m.; be the fading severity parameter.

3.2.2 DST with no Spectrum Sharing

Here, we consider that DST provides communication through the DS link only i.e.,
without allowing for the spectrum sharing. Basically, we analyze this scheme as a
benchmark to compare with the performance of the considered OCHSTN. As such,
considering a pre-defined target rate R,, the OP of primary network using DST only
can be given by

P (R,) = Prllog, (1+A%) < R,)]. (3.21)

out
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Hereby, (3.21)) can be re-expressed as

PR3 (Ry) = Pr[AZ} < 9] = Fags (), (322

out

where ~;, = 2f» — 1. Now, the CDF in (3.22)) can be expressed using ‘) as

,y/
FAans (")/2/7) = Pr |iAab < TZ’%QI)%} . (323)

Further, F ADS (7,) in 1} can be evaluated, depending upon the condition on the
threshold data rate ,, as

FAa < ’YEII) /)7 lf 7/ < 51 y
Fuos (7)) = PN N (3.24)
a . ! 1
L, if v, > 52—

rab

Thus, on invoking (3.18)) into (3.24]), the required OP can be computed.

3.2.3 DST with Spectrum Sharing

Enabling spectrum sharing in HSTNs has two main benefits. First, it provides
network coverage even when the DS link is disrupted due to obstacles and shadowing,
and second, it can accommodate additional SUs to improve the spectral efficiency.
Herein, we analyze the performance of DST with spectrum sharing for OCHSTN
considering AAF and ADF relaying schemes as follows:

AAF relaying
For a target rate R,, OP of the primary network for AAF relaying can be expressed

as

Phi (R,) =Pr[AY <7, A%+ Aagy < %), (3.25)

out

where ~y, = 22 — 1. Further, PA" (R,) in (3.25)) can be expressed as

out

Py (Rp) = Pr [AanS < min(y, — Aach, 'Y;;)}

out

=Pr [AanS < ’7;), ’71/3 < Vp — Aacb}
I

+ Pr [AGDE < Yp — Naeb, 7]') > Y — Aacb} ) (3.26)

J/

-

1P
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To derive the OP in (3.26)), we need to evaluate the two probability terms I; and
I,. We first obtain the probability term I; as

Il =Pr [Agbs < 7;;7 Aacb <% — 7;;)] = FAEbS (71/9) FAacb (7;0 - 7;,7)a (327)

where the last equality results from the statistical independence between the two

events. Now, to evaluate (3.27)), the required Fj__, (-) is derived as follows in Theorem

M

Theorem 1. The CDF Fy, ,(x) under hybrid satellite-terrestrial fading channels of
OCHSTN can be given by

) (@), ife<t,
FAacb(ZE) = 1’ fo > _& (328)

I mtme—1 C(K) Kl o1t arm 1 l
bi(e)=1-20 > Y Y o N ) (m)

—(Lephteve) (M6x2 + Mx@x) = alwy(ex)m =19
X e Oz
N 9;”+me
b — 1 2
X <m * TZ ’ )ICng (Q—\/(Mesaz:2 + Mx&m)N> , (3.29)

with 0, = 1 — Tpx (f0r9m>0,x<%),M:'B—;C, and N = g

cb Ne’

Proof. See Appendix [A] [

It should be pointed out that the condition z < % in ([3.28) makes the ST’s cooper-
ation helpful, otherwise the CDF Fj_, (x) takes on unity value. This phenomenon

is referred to as RCC, and hereby, the performance of the primary network solely

depends on the DST scheme. After substituting (3.24)) and (3.28]) into ), I; can
be obtained.

Next, we evaluate the term I, according to
To—Y
T = Pr[Aes < % — A, Auop > 7 — 11)] / / P () fans () ddy,
Tp—
(3.30)
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which can be further simplified as

Tp Tp
I = / E e (Y0 = y) faps (y)dy — / Fap (00 — 1) Faps (y)dy. (3.31)
0 0

On using the expression of Fj_, (z) into (3.31)), it is extremely hard to get a closed-
form solution for I5. Hence, using an L-step staircase approximation approach [43]

for the included triangular integral region in (3.31]), I can be expressed as

L1 . . ;
7+ 1 7 L—1
e 3 A () = (50) v (7 0) - Frsor i
i=0
(3.32)

Finally, inserting [; and I, into (3.26]), the analytical expression of Pa% (R,) can be
obtained. As such, depending upon the conditions on the threshold ~,, Pai (R,)

can be expressed, using (3.24]) and (3.28]), for the following cases:

©
e When v, < -

P (Rp) = Pl(Rp)

out

= FAEI)S (VL)FAacb (fyp - P)/]/?) - FAacb (7;0 - ’y]/))FA]anS (Pyp)

L-1 . . .
1+ 1 ? L—1
+ E {FAans (T%) - FAanS (ZVp) }FAacb (T%)' (3.33)

=0
o When £ <) < £ +1,

P (Rp) = P2(Rp)

out

= FAEbS (7;>FAacb (7}7 - 7;) - FAacb (VP - ’71/7)FAanS (/VP)

L1 . .
1+ 1 7
+ E {FAEE ( I 7p> - FAg)bS (z’Yp) } (3.34)
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e When v, > A%,

rab

PA(R,) = 1. (3.36)

out

Hereby, based on the above cases, the OP of the primary network for AAF relaying

can be expressed as

Pl(Rp)a lf ’717 < %7
Py(R,), if £ <, < £ +4,
Po (Rp) = 2(7%) o L Vpl (3.37)
Py(Ry), if 2% << wo
1, otherwise .

ADF relaying

For a target rate R, the OP of the primary network for ADF relaying can be written

as

Pyt (Ry) = Pr[Agy <, Age <] + Pr[AG <, AZS >, Agp + A, <),
(3.38)

which can be further expressed as

o (RBp) = Fans (7)) Faps () + Faps () Pr[AZ < 7, A + Ae, <], (3.39)

13 I4

where Fpps(-) = 1 — Fyps(-) denotes the complementary CDF. Hereby, solution of
(13.39) needs evaluation of two probability terms I3 and I,. For I3, it requires the
CDF's Fjps(v;,) and Fpps(7,), which can be obtained by following the steps in Section
3.2.2, Further, I, can be evaluated in a similar way as (3.26]), and is expressed as

_[4 ~ Pr [A(I;g < min(’yp - A6p7 Vp)

Fivs (7). (3.40)
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To simplify @D, we need to evaluate the CDF Fj_ (7,—7,) which can be expressed,

using (310), as

P (3255) if o < L,
Fy,, (z) = (3.41)

1, if v > £,
Pp

On inserting the expressions of Fj, (-), Fyos(+), and Fyps(+) into (3.40), I, can be
evaluated. Thus, on using the expressions for I3 and I into (3.39), PLi (R,) can
be evaluated. Finally, considering Aoy = Aroe = A (without loss of generality) and
applying the conditions on threshold ~,, PY% (R,) can be expressed, using

out
and (3.41)), for the following cases:

e When v, < i,

Py (By) = Py(R,)

out

L—1
1+ 1
= | Faos (7,) Fa., (v — ) + {FAanS (T’Yp> — Fips <Z’Yp> }
=0

+ Fyos (7,) Faps (). (3.42)

i i /
. Whenggvp<z+vp,

Py (By) = P5(Ry)

out

(e =+ 3 {Pee ()~ P (50) | P
=0

+ Fyos (7,) Faps (9p)- (3.43)
e When i+7;§7p< 3

Py (Ry) = Ps(R,

= | Faos(7,) + S {FADS (izl’yp> — Fjps (Z vp) }) Fps (1)

=0
+ Fyos (7,) Faps (7). (3.44)
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e When v, > %,

PP (R,) = 1. (3.45)

out

Hence, based on the above cases, the OP of the primary network for ADF relaying

can be expressed as

P4(Rp)7 lf% < %7
Ps(R,), if £ <~y < £ 449,
pre (i) =4 o) w S5 (3.46)
B(R,), £+ <a,< b
1, otherwise .

3.2.4 Ceiling Effects

In this subsection, we specifically discuss the two types of ceiling effects, viz., RCC
and DLC which are induced by the HIs. The RCC effect is said to occur in the
system when the relay ceases to cooperate with the primary communication due to

undesired constraints on the threshold data rate ,. RCC can be observed from

(3.37) and (3.46)), wherein, the first and second terms account for both relay cooper-

ation and DST, and the third term arises from the DST. Thus, when +, approaches
the thresholds £+~ and % + 7, for AAF and ADF relaying, respectively, relay
cooperation ceases and the performance of the primary network thereafter, solely
depends on the DST scheme. Further, as v, exceeds the thresholds ﬁ and % for
AAF and ADF relaying, respectively, the overall primary system goes into outage
and this phenomenon is referred to as DLC. Hereby, based on these observations,

one can define the tolerable limit of Hls level for the given rate requirement while

designing a practical OCHSTN. For instance, from (3.37) and (3.46)), it would be

1

desirable to have impairment level such that A2, < -~ and A% < .
P P

3.2.5 A Guideline to Decide Power Allocation Factor p

To fulfill the QoS criteria for the primary network, it becomes important to select
a power allocation strategy for ST. For this, we have to acquire a suitable value
of p which in turn controls the power at ST to guarantee the QoS for the primary

network. Specifically, from 1’ and |} analyzing the conditions = < % and

r < %, the allowable range of ;v for a certain threshold 7, can be calculated as
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'Yp(l+)"rac) Yp
Ty 02 ) (L, < < 1 and Ty 0r iy <K< 1 for AAF and ADF re-

laying, respectively. Note that a smaller value of i can provide more power allocation

for the secondary network and hence ascertain more spectrum sharing opportunities.

3.3 Outage Performance of Secondary Network

In this section, we derive the expressions of the OP for the secondary network under

both AAF and ADF relaying schemes.

3.3.1 AAF Relaying

For a given target rate Ry, the OP of the secondary network for AAF relaying can

be written as

Phi (Ry) =Pr[Ay >, Abgs <] +Pr[AY <), Naca < 7s), (3.47)

out

where v, = 2% — 1. Further, P2F (R,) in (3.47) can be expressed as

out
Pt (Rs) = Fyps (1) F2(7s) + Faos (7,) Faq(75)- (3.48)

Hereby, we first evaluate Fy,_ (-) as given in the following theorem.

Theorem 2. The CDF F)y,,,(x) under hybrid satellite-terrestrial channels of OCHSTN

can be given by

’(ﬁg(ﬁ(]), Zfl' < 6(17_—7#),
FAacd(x) = ° (349)
1, fo 2 6(17_—_”)’
where y(x) is given as
Mac—1 K I m+meq—1 I—m m e —1—
((k) wlal™™(gr)™ (cx)mHmea !0
¢2(:p):1—2acz Z e L
k=0 =0 m=0 g=0 (ma)*1 1! (oy)mHmea
g—l+1
y ) m—+ meg — 1 N e_(M%gINEz) M¢piex + Mxo, 2
m g N
1 ~(kt1-1) 2
X T d>M Kg-141 ¢—2\/ (M@0 + Mxg,)N |, (3.50)

with ¢1x = WsT — (1 - :U’) (fOT ¢lz > O,x > 1;;“)) ¢2a¢ = 5(1 - M) — TsX (fOT’

e(1— c
G2 > 0,0 < 1) and N = et
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Proof. By following the similar steps as used to derive (3.29)) in Appendix , one

can obtain the required results. [ |

Note that, to show a significant effect of HIs, (3.50)) is especially derived for high

data rate requirements (fys > )

Ws

Next, F*(x) can be evaluated using ([3.15] as

FAcd<—1_;§ ) if o < 1,
Fi (x) = b _ ;q (3.51)
1, if & > =
eq

Thus, on inserting the associated CDF expressions in (3.48)), the required OP can

be evaluated.

3.3.2 ADF Relaying
For a given target rate v,, the OP of the secondary network for ADF relaying can

be written as

B (Ry) = Pr[A%y >, Aty <] + Pr[A <y, AS <, Aly <]

out

+ Pr[AL <7, A2 >, Ae, <) (3.52)
We can express Pt (R) in (3.52) as

Poi (Bs) = Faos (9,) 3% (vs) + Faps (9,)Faps (7:) FR25 (7:)

+ Fpos (v,) Faps () Fa., (75)- (3.53)

As such, evaluating (3.53) requires the CDF F)j__(vs) which can be written, using
(3-11), as

Fy (—%—), if v < =2,

Fy, (x) = Aed ( 1‘“")3"”) ps (3.54)
1, if ¢ > 1=

Ps
which can be further simplified, on substituting the value of p;, as

Py (—2—), if v < 2,

Fi, (x) = (=) Nea (3.55)
1, if 2> 5.

€q

Finally, inserting the associated CDF expressions along with (3.55)) into (3.53)), the

required OP can be evaluated.
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3.3.3 Ceiling Effect

For the secondary network, the ceiling effect comes into existence when ST can not

transmit the data towards its destination node D due to undesired constraints on

the threshold rate 7s. This can be observed from (3.51)) and (3.55) for AAF and

ADF relaying, respectively. For instance, when ~, > /\%, the secondary communi-
eq
cation goes into outage and this corresponds to the ceiling effect for the secondary

network. Based on this observation, one can design a practical OCHSTN by calcu-

1

lating mathematically the Hls level for a given data rate as )\26(1 <

3.4 AAF Relaying versus ADF Relaying Against
HIs

We now investigate the robustness of AAF relaying and ADF relaying against the
HIs. As elaborated in the previous sections, HIs can potentially limit the fundamen-
tal capacity of a system beyond a certain target rate. For AAF, [from (3.37))], one
can notice that RCC occurs when v, > % + 1, while DLC arises when =, > %@b
Whereas, for ADF, [from (3.46))], it can be seen that RCC occurs when ~, > ﬁ + 7,
while DLC occurs when ~, > /\—12 After carefully observing these limits, one can infer
that the ADF can support slightly higher data rate than the AAF till occurrence of
the first ceiling effect. To exemplify this, let us consider the case of equal HIs level
ie, Mae = Neab = Meeb = Aped = Mie = A = 0.2 and o = 0.87. For this set of values,
RCC occurs for AAF relaying when 7, > (3.58 + ;) = (5.53 + ;) dB, whereas for
ADF, it occurs when 7, > (4.35 + ;) =~ (6.38 +,) dB. Hence, ADF relaying is
more robust and resilient against the Hls as it can support higher data rate than
its AAF counterpart. As such, for a given threshold data rate v,, the ADF relaying
may provide a better outage performance than the AAF under the same level of
impairments. In addition, the performance of the secondary network would also be

improved for the case of ADF relaying as demonstrated via numerical results in the

next section.

3.5 Numerical and Simulation Results

In this section, we perform numerical illustrations for the considered OCHSTN and
validate our derived analytical results through Monte-Carlo simulations. We obtain

the curves corresponding to the mathematical analysis for OCHSTN while consider-
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Figure 3.3: OP versus SNR curves with different ~, for primary network (a) AF; (b)
DF.

ing the two cases of AR protocol based relaying i.e., AAF and ADF. Herein, we set
Mep = Meqg = 2, Ly = Qe = 1, Mae = Arab = Areb = Ared = Aie = A as the level of Hls,
and 1, = n. = n as the SNR. The shadowed-Rician fading parameters for the satel-
lite links are considered under HS and AS [45] as (mq;, bai, Q4 = 2,0.063,0.0005) and
(Mais Daiy Qas = 5,0.251,0.279), i € {b,c,d}, respectively. We set L = 50 in Section
to significantly reduce the approximation error [43]. For comparison purposes,
we also obtain the curves for the competitive FR scheme using Monte-Carlo simula-
tions. Further, Fig. includes the curves for both HS and AS scenarios, whereas,
the rest of the figures are specifically drawn for the AS scenario.

Fig. [3.3] exhibits the OP curves against SNR for primary network. Herein, we
plot the analytical curves for two distinct values of threshold i.e., 7, = 1 and ~, = 3.
For this, we set A = 0.2 and depending upon the values of 7, and A, we have
appropriately chosen the values of u for the AAF and ADF relaying schemes based on
spectrum sharing conditions given in Section|3.2.5, From the graph, one can see that
the analytical curves are well aligned with the exact simulation results in the entire
SNR regime. We observe that, for the higher values of threshold, HIs degrade the
performance of the primary network significantly. However, its impact is relatively
less while adopting AR protocol. We can clearly see that the proposed AR protocol
provides better outage performance than the FR scheme. For further comparison,

the OP curves for the benchmark DST scheme (without spectrum sharing) are also
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Figure 3.4: OP versus SNR curves with different level of HIs for primary network
(a) AF; (b) DF.

plotted. Hereby, one can observe the improvements in outage performance for the
considered OCHSTN as compared to DST only scheme, especially in mid-to-high
regime of SNR. Moreover, one can also visualize the relatively better performance
when satellite links are subject to AS than their HS counterpart.
Fig.|3.4|illustrates the OP curves against SNR for the primary network for -, = 3.
Herein, we plot the analytical curves for two distinct level of impairmentsi.e., A = 0.1
and A = 0.2. For comparison purposes, we also plot the curves for OCHSTN having
ideal hardware set-up i.e., A = 0. From the pertinent curves, it can be observed
that as the level of impairments increases, performance of the FR protocol deviates
more from the ideal system as compared with AR protocol. However, this deviation
is relatively less for the FR-based DF scheme than the FR-based AF scheme.
Fig.|3.5|demonstrates the performance of the primary network against the thresh-
old 7,. Herein, to plot the various curves, we set SNR to 30 dB and the values of A
to 0 and 0.2. Further, we choose the value of i as 0.87 while satisfying the condi-
tions on x, as mentioned in Section for some values of the threshold (including
both ideal and hardware impaired curves). Hereby, it can be clearly seen from the
graph that the curves with HIs deviate from the ideal one as 7, increases. When
the threshold approaches v, = % + 1, [refer to ] and v, = o+ 7, [refer to
(3.46)] for AAF and ADF relaying, respectively, the RCC effect (denoted as RCC

(HIs)) occurs which could cause the relay cooperation ineffectual, and thereby, the
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Figure 3.5: OP versus =, curves for primary network (a) AF; (b) DF.

performance of the primary network solely depends on the DST scheme. Interest-
ingly, the RCC effect can also be seen for the ideal curves, however, at relatively
higher values of threshold due to violation of the condition p < 1, this is denoted as
RCC (p). Moreover, one can note the relative increment of +;, in RCC threshold for
the curves following AR protocol. Thus, the proposed protocol can satisfy the QoS

requirements at higher data rates than its FR counterpart.

Fig. [3.6] exhibits the performance of secondary network against SNR based on
the derived OP expression in Section [3.3] To show the significant impact of Hls,
we specifically plot the curves for the high rate requirements, v, > 1;—“ (please
refer to Theorem , and set the values as 75 = 1 and v, = 3. Further, we set
A = 0.2 and based on the values of threshold 7, = 7, and A\, we appropriately
choose the respective values of pu for AAF and ADF relaying schemes. From the
graph, one can note that the outage performance due to HIs degrades as value of ~,
increases. However, this degradation is dominant in the FR-based scheme than its
AR counterpart. Moreover, the performance of the secondary network is improved

significantly for the case of ADF relaying.

Fig.[3.7]depicts the OP curves against SNR for the secondary network for v, = 3.

Herein, we consider two distinct level of impairments i.e., A = 0.1, A = 0.2 and,
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Figure 3.8: OP versus v, curves for secondary network (a) AF; (b) DF.

for comparison purposes, we also plot the curves for ideal hardware set-up (A =
0). From the graph, one can visualize that the curves following the FR protocol
deviate more from the ideal curve than the AR protocol as the level of impairments
increases. However, this deviation is very less for both ADF relaying and FR-based
DF schemes.

Fig. [3.§ illustrates the outage performance of the secondary network against the
threshold 5. Herein, to plot the various curves, we set SNR to 30 dB and the values
of A to 0 and 0.2. Further, we choose the value of p as 0.87, similar to that in
Fig.[3.5 It can be clearly seen that curves with HIs deviate from the ideal one as v,

increases. Referring to the case of AF relaying, when ~, > @ [from ([3.49))], the

ceiling effect occurs for the curves following the FR protocol. However, for the curves

following the AR protocol, the ceiling effect occurs at higher value of thresholds i.e.,

Vs > /\QL [from (3.51])]. Whereas, for DF relaying, the ceiling effect takes place for

both FR-based and AR-based schemes when ~, > /\QL )

3.6 Summary

In this chapter, we investigated the performance of an OCHSTN while taking into

account the practical HIs at the terrestrial user nodes. Considering the detrimental
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impact of HIs on the system performance, we proposed an AR protocol for both

AF and DF operations, referred to as AAF and ADF respectively. For comparison
purposes, we also considered the conventional FR-based AF and DF schemes. Fur-
ther, for the AR-based analytical framework, OP expressions for the primary and
secondary networks are derived over hybrid satellite-terrestrial channels. Hereby,
we identified two ceiling effects for the primary network, namely RCC and DLC,
invoked due to HIs. These effects were shown to be existent at higher values of
target rate. It is found that once the RCC effect occurs, the performance of the
primary network solely relies on the DST scheme. However, as the target data rate
further increases, the DLC effect occurs which finally causes the system outage.
Above all, a comparison between AR and FR protocols reveals that AR can sup-
port relatively higher data rates and can compensate the impact of HIs significantly.
It is also revealed that the ADF relaying is more resilient and robust as compared
with all other schemes (i.e, FR-based AF and DF, and AAF). In addition, the per-

formance of the secondary network is greatly improved for ADF relaying strategy.

23






CHAPTER 4

NOMA-ASSISTED OVERLAY MULTIUSER COGNITIVE
HYBRID SATELLITE-TERRESTRIAL NETWORKS

Next-generation communication systems have to satisfy the demands of high data
rates and a massive number of users efficiently. In this respect, the majority of
works on CHSTNs, as discussed in previous chapters, consider the OMA scheme
to serve multiple users, and thereby, only one user can be served at a time, and
thus, the available spectrum resource in CHSTNs is still underutilized. Therefore, a
NOMA scheme [59] has been exploited, which has the ability to serve multiple users
in the same time/frequency resources. For this, it superimposes multiple signals in
the power domain in transmitter side and uses the concept of SIC at receiver to
de-multiplex the superimposed signals [60].

Recently, the NOMA scheme gained great interest in conjunction with satellite
communication systems [61], [24], [25]. A general overview of the applications of
NOMA scheme for the various satellite architectures was presented in [61]. In par-
ticular, the authors in [24] investigated the outage performance for the NOMA-based
CHSTNs by considering the underlay spectrum sharing approach. Noting that, in
an underlay scenario, the performance of the secondary user is limited, especially
when it lies in the proximity of the PU. Motivated by this, the authors in [25] con-
sidered an overlay approach in their work. However, they have considered only a
single PU with no direct DS communication.

Different from [25], in this chapter, we consider an overlay scenario that inte-
grates the secondary terrestrial relay cooperation to primary DS communication in
order to achieve a diversity gain for the primary network. Moreover, we consider
the case of NOMA-assisted multiple PRs, while explicitly illustrating the spectrum

sharing condition, which is the basis for any overlay spectrum sharing based sys-
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tem. It is worth pointing that such analysis postures new mathematical intricacies
because of the involved joint effects of the overlay paradigm’s sophisticated signal
processing and multiple PRs. In a nutshell, our main contributions in this letter can

be summarized as follows:

e We quantify the performance of a NOMA-assisted overlay multiuser cognitive
satellite-terrestrial network (OMCSTN) in terms of OP of the primary and
secondary networks by considering the pertinent heterogeneous fading models,
and thereafter, compare its performance with the benchmark time-division

multiple access (TDMA) and DS based schemes.

e We further explore the asymptotic outage performance for primary and sec-
ondary networks at a high SNR, and then derive their corresponding achievable

diversity orders.

e Moreover, we investigate the impact of NOMA-based power allocation factor,
for superimposing the PRs’ signals, on the performance of the OMCSTN sys-
tem. Based on this, we further provide a guideline to estimate the effective

value of the spectrum sharing parameter.

The remainder of the chapter is structured as follows. In Section [4.1] we elab-
orate the proposed system model and derive the E-E signal-to-interference-plus-
noise ratios (SINRs) over heterogeneous fading channels. In Section we analyze
the performance of the primary network by deriving the expressions of the OP for
NOMA users. Section investigates the outage performance of the secondary net-
work. Numerical and simulations results are provided in Section 4.4 and finally,

summary of the chapter is presented in Section [4.5]

4.1 System Descriptions

As depicted in Fig. 4.1 we consider an OMCSTN where a primary satellite source
A (termed as primary transmitter (PT)) wants to communicate with its K PRs
{B,}£ | simultaneously by exploiting the NOMA scheme. Herein, ST node C' can
enjoy the access of licensed band of PU to communicate with a SR node D if ST

assists the primary transmission between satellite A and terrestrial users Bkﬂ For

LA typical scenario for OMCSTN may comprise of source A representing a GEO satellite and
nodes By could be handheld devices as incorporated in DVB-SH service (in S-band) [62], whereas
the secondary nodes C' and D can represent femtocell users who do not have a dedicated spectrum
for their communication [53].
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habk

PT: Primary Transmitter; PR: Primary Receiver
ST: Secondary Transmitter; SR: Secondary Receiver

Figure 4.1: OMCSTN system model.

the subsequent analysis, we consider that the users By and By form a NOMA group,
as the two-user NOMA case is reasonably followed in literature [25], [63] and is also
adopted in 3GPP. Nevertheless, our analysis can be extended for any two users’
pair in the cluster [64]. Moreover, we assume that DS links exist between nodes
A and {By}?_,. Further, the secondary node C' applies an AF protocol to forward
the primary’s data. The various channel coefficients pertaining to the satellite links
A — By, A— C,and A — D follow shadowed-Rician fading and are represented
by hap,, Pac, and hqq, respectively. Whereas, channel coefficients for terrestrial links
C — By and C—D are denoted as hg, and heq, respectively, and are subject to
Nakagami-m fading. AWGN with mean zero and variance o2, is assumed to inflict
all the receiving nodes.

Without loss of generality, PRs are ordered in terms of strong/weak users by
their effective channel gains of the DS (A — By) links, i.e., |hap,|? < |ha,|? [24],
[59].

The overall communication follows the two-phase transmission scheme. In the
first phase, satellite A broadcasts a superposing signal z, = /pP,xp,++/(1 — p) Pys,
to Bj which is also being overheard by the secondary nodes C' and D, where
p € (0.5,1) denotes the power allocation factor corresponding to user By, 3, repre-
sents the unit-energy information signal for user By, and P, be the transmit power

at A. Accordingly, the received signals at By, C, and D, denoted by Yap, . Yac, and
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Yad, TESpectively, can be given as

Yai = hai( V pPaZEbl + (1 - p)Pabe) + Vais (41)

where i € {by,c,d} and v, be the AWGN variable. In the second phase, node C'
employs the AF-based relaying operation and superimposes the signals x. and .
to generate a combined signal. For this simultaneous transmission, ST node splits
its power P, such that the fraction uP. is used to forward the primary signal y,. to
node By, while the remaining portion (1 — u)P,. of the power is used to transmit
its own information signal z. to node D, where the factor p € (0,1) represents the

spectrum sharing parameter. Thus, the signal transmitted by the ST node is given

by

2. = \/ WP, Yac ; + V(1 —p)P.x.. (4.2)

|Yac

Hereby, the respective received signals at nodes By and D from C can be given as

Yeb, and yq, represented by
Yej = hchc + Vejs (43)

where j € {by, d} and v.; is the AWGN term. According to NOMA principle, the user
with worse channel condition can decode its signal directly. Hence, the equivalent

SINR at user B; through DS link is given by

DS _ pAan,
ab (1 - p)Aabl + 1’

(4.4)

where Ay, = Na|hap, |? With 1, = %. Now, user By decodes the information of user
By based on the principle of SIC, and hence, the decoding SINR at user By can be

expressed as

DS pAap,
= 4.5
aba—by (1 . p)Aabg + 1’ ( )

where Agp, = 7a|hay,|?. Based on above decoding SINR, user B, subtracts the

information of user B; to decode its own information. Consequently, SINR at user
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Bs can be given as

Ay, = (1= p)Aap,. (4.6)

abs T

Similar to (4.4)), (4.5)), and (4.6)), we can express the SINRs via relay link at respective
noded? as

o €1 ,U/AacAcbl
AaCbl B 7—1AacAcb1 + Aac + Acb1 + 1’ (47)
glﬂAacAcbz
Age = , 4.8
b2 TlAacAcbz + Aac + Acbz + 1 ( )
Aacbg = 6QIU/AGCACb2 (49)

7—2AacAcb2 + Aac + Ach + 1’

where 7y = (1—p)+(1—p)p, o = 1—p, €1 = p, €2 = 1 — p, Nue = Nalhael?, and Ay,
= Ne|hep, |? With 1. = %. From , it is observed that D overhears the primary
signal in the first time slot. As such, it may utilize this overheard signal to cancel
the interference term created at node D during the signal reception in the second

time slot [35]. Consequently, the E-E SNR at D is obtained as

- M)Acd(Aac + 1)
NAcd + Aac +1

A(ZCd = (1 y (410)

where Ay = 1c|hedl?.

4.2 QOutage Performance of Primary Network

In this section, we analyze the performance of the primary network by explicitly
deriving the OP expressions for user By and user By with the involvement of both
DS and relay links. To proceed, we first present the statistical characterizations of

the underlying hybrid fading channels.

4.2.1 Statistical Characterizations for Fading Channels
Considering the satellite links under the shadowed-Rician fading model, the PDF

and CDF of Ay = 14|hail?, i@ € {bk,c,d}, can be expressed respectively as [18], [25]

NSl (ah),
Shas@) = @i Z (na)”“x e \ T (4.11)

k=0

?Note that, for the primary system, the satellite has access to the ordering of the two pre-
paired NOMA users (PRs) based on DS channel conditions only and not on the secondary relaying
links. However, assuming that user Bs is located nearer to ST than B;, the same ordering can be
maintained. It has also been followed for a basic cooperative relaying system in [65].
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and

Mai—1 K —(k+1-p)
¢(r) ! (@' - 5¢) —(&iti)e
Fp,.(z)=1—q; —— )y — aPe \Tma )T (4.12)
;(na)““ ; pPL\ M

with o; = (204iMai/ (20aiMai + Qai))™ /2bais Bi = 1/204i, 0i = Qaif (204i) (2045 Mai +
Q4;), where 2b,; is the average power of multipath component, €,; be the average
power of LoS component, m,; is the integer-valued fading severity parameter, and
(k) = (=1)"(1 = mai) 05 / (K1)

Since we consider Nakagami-m fading for the terrestrial links, the corresponding

PDF and CDF of A.; = n.|he;|?, 7 € {bk,d}, can be given by

Mos Mej xmcj—l Mgy .
fag () = (i) g (4.13)
J chnc F(mcj)
and
Fr () ! T( Mej ) (4.14)
A; \T) = Mey, T, :
7 F(mcj) J chnc

where (), is the average power, m.; be the fading severity.

4.2.2 Exact Outage Probability Analysis

User B;

For a target rate R,, the OP of user B; for the OMCSTN can be expressed with
the utilization of MRC by making use of (4.4)) and as

1
Pouip, (Ry) = Pr {51053;2 (1+ AL + Agery) < R,

=Pr [(AL + Nact) <% s (4.15)
where 7, = 22f» — 1. Hereby, (4.15]) can be re-expressed as

Tp
Pout%Bl (Rp) = / FAacb1 (7[) - y)fADS <y>dy (416>
0

Now, to evaluate (4.16)), we require the CDF Fj,, (-), which is derived as follows in

Lemma [T1

Lemma 1. The CDF Fy,,, (x) under hybrid satellite-terrestrial channels can be
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given by
]" fo > f—_k:u7
FAacbk ('T) - . * (4]‘7)
wk(l‘)7 fo < EM?
where Yy () is given as
Mac—1 K m+m€bk

() =1-2a, Y ZZ 3 ) ALy N

k=0 [=0 m=0  g=0 (1) 1! [(mep, )
(z

% (m + Meehy, — 1> ¢ ((1\/1+N)ac> )mJchkaflfg < I )

g m+mep, m

ekx

g—Il+1
Max? + Mz, \ 2 2
X ( N b ) ]Cg—l-i-l (5\/(1\41‘2 + M"Eekm)N) s (418)

with Or, = eppt — Tx (for Ope > 0,2 < i_zlu)’ M= ﬁcn e N — meb,:l
C k c

Proof. See Appendix [B] [

Now, on inserting (4.18) with & = 1 into ; i, (+) can be evaluated at x = 7,
It should be pointed out that the condition =z < i—’;u in 1' makes the ST’s
cooperation helpful, otherwise CDF takes on unity value. Hence, we bring off the

performance analysis for the condition = < i—’;

i . On using the expression for
FA o, (7 — y) in (4.16]), it is yet observed to be extremely hard to get a closed-
form solution. Hence, using an I-step staircase approximation approach [43] for the

included triangular integral region in (4.16]), the OP can be written as

I—-1 . . .
1+ 1 ) I—1
Pout—p, (Bp) & {FAanSl ( 7 %) — Faps (f%) }FAacbl (T%) (4.19)
=0

To evaluate (4.19)), we first derive the CDF of Ay using (4.4) as

Fyos (z) = Fi,, (#) (4.20)

aby 1 — p)x

Then, on using (4.12)) into (4.20]) and the resulting CDF expression along with (4.17)

into (4.19)), one can compute the OP for user Bj.
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User B,

For a target rate R,, OP for user B, while employing the MRC scheme can be

expressed as
Pout—>B2<Rp) =1-Pr [(Ac?bsgabl + Aacb2—>b1) > V> (Agbsg + Aacbz) > 7}7} : (421>

Following the similar steps in evaluating the OP for user By, we can calculate OP

for user B, as

-1 . .
1+ 1 1
Fousm(Bp) =1 - [1 e {F (—I ”p) s, (7%) }

-1 , ; '
1+ 1 l -1
a5 ) (55)

(4.22)

To proceed, we need the expressions of CDFs Fy_, (+), Fa,.,, ,, ("), llfj/\alabswb1 (+), and

(+) can be deduced.

Fyps (-). First, on inserting (4.18) with & = 2 into (4.17), Fi\
ab2

acbg

However, F) follows the similar expression as I}, () while replacing the

acbz—)bl(‘)

terms mg, and Qg, with my, and Qg,, respectively. Further, FADE b() follows
abo—01

the similar expression as given in (4.20)) while inserting the channel parameters

corresponding to user B. Furthermore, Fjps (+) can be expressed using 1) as
ab2

xXr
Fags (o) = P, (1) (1.23)

which can be readily evaluated using (4.12)). Then, on inserting above CDF expres-
sions into (4.22), one can calculate the required OP for user Bs.

4.2.3 Asymptotic Outage Probability Analysis

To get further insights, we provide the asymptotic OP expressions corresponding to
users By and B, at a high SNR (n,,7. — oo, with :]’—‘Z be a constant ratio), which

are given below in Theorem [3]

Theorem 3. The OP expressions in (4.19) and (4.29) can be approzimated at high
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SNR, respectively, as

-1 )
us QY a.(I —1i)y,
Pouy R ~ 1/p P
tﬁBl( p) ; Ina 1— p)pr) [ I'f]cﬂl%%

mcbl
1 Mep, (1 — 1)
+ 4.24
T(1mep, +1) (Qd,lncml%p (4.24)

and
-1 .
posy (R O‘bz/yp ac(] - Z)'Yp
out— Ba P IT}a p)’Yp) Ina61¥vp
+ 1 Mep, (I - Z)”yp et
F(mcbz —+ 1) 9652770191%%
% |1 = «— by Vp ac(I - Z)’Yp
— 11, (1—p) Inaezz;z%
. Meb,
+ 1 MMy (I - Z)’Vp ’
C(mep, + 1) chQHCIHQ%% .
(4.25)
Proof. See Appendix [C] [

Remark 4.1: From and , it can be found that the primary satellite
network can achieve a diversity order of 1 + min(1, my,) for each user, which is
independent of the fading parameter m,; of the satellite link. Note that this diversity
order is higher than that obtained as min(1, my) in [25].

4.2.4 A Guideline to Decide Spectrum Sharing Parameter

With respect to the power allocation strategy for ST, we have to acquire a suitable
value of p while fulfilling the QoS criteria for the primary network. From (4.17)),
exploring the condition z < i—: i, the allowable range of i for a certain threshold 7,

can be calculated as ——2—— < u < 1 and

—(=p) T < pu < 1 for users By and B,

(1- p)+7
respectively. Thus, the effective range of u for the relay cooperation, satisfying the

p
1- p)7p+”/p’ (1=p)+p

ST can decide the critical value of p for the spectrum sharing such that the OP of

QoS criterion for both users, is max < — > < pu < 1. Consequently,

the primary network in OMCSTN lies below or equal to that of the DST scheme
[35] (without spectrum sharing), as illustrated numerically in Section 4.4l
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4.3. OUTAGE PERFORMANCE OF SECONDARY NETWORK

4.3 QOutage Performance of Secondary Network

For a given target rate R, the OP of the secondary network can be written as
1
P, (Rs) = Pr §log2(1 + Aued) < Rs| = Pr[Auea < 74, (4.26)

where v, = 228 — 1. Hereby, P,y (Rs) can be evaluated through the CDF Fy,_,(z)

at © = gamma, as given in Lemma 2]

Lemma 2. The CDF F\, (x) under hybrid satellite-terrestrial channels can be

given by
Frna(t) = 1 — 20 Mee & zl:mi:d ' 1 MR+ =D N e [
Aacd - Cc fi-‘r]. l' F(m d) m
k=0 [=0 m=0 g=0
T (@) ()T () (M + Mar(1— )
(& K
(1 — p)mtmea N
m-+ meg — 1 2
X ( g ’ >’Cg—l+1 (m V (Mg, + Mz (1 — M))N>,

(4.27)

with (bz = ur — (1 — /jj); M = /867;5c7 and N = m::;c

Proof. The proof of (4.27)) follows the similar steps as for (4.18]) in Appendix [B|and
hence it is skipped here for brevity. [ |

Remark 4.2: Note that (4.27) is specifically derived for the high rate require-
ments (i.e., for ¢, > 0,2 > 177“) at © = ~,. Moreover, by following the similar steps
as in Appendix[C] one can derive the diversity order of min(1, m.) for the secondary

network.

4.4 Numerical and Simulation Results

In this section, we present numerical results for the considered OMCSTN. For this,
we set mey, = 2, Qop, = Qg = 1, 9y = 1. = 1 as the transmit SNR, and R, = R, =
0.5 so that 7, = 0.414,v, = 1,7, = 1. The shadowed-Rician fading parameters for
the satellite links are considered under HS and AS as (my;, 0o, Qa; = 2,0.063,0.0005)
and (Mg, bai, Qo = 5,0.251,0.279), i € {bg, ¢, d}, respectively [45]. We set I = 50
in (4.19), (4.22), (4.24)), and to significantly reduce the approximation error
[43].
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Figure 4.2: OP versus p and p curves for primary network.

Fig. depicts the outage performance of the primary network against two
crucial parameters i.e., power allocation factor p and the spectrum sharing parameter
w. From the OP versus p curves, we can see that the OP decreases for user B; and
increases for user B, as the value of p increases. However, outage performance
improves for both users when satellite links are subject to AS. One can readily
choose the appropriate value of p as 0.67. Consequently, the effective range of u for
the relay cooperation can be deduced as max(0.746,0.751) < p < 1, as mentioned
in Section [4.2.4] Under this range of u, we draw the curves for the OP versus p
for calculating the critical value of p for spectrum sharing. For this, we assume DS
links to undergo HS whereas the A—C' link to AS. From the graph, one can note
the critical value of p for spectrum sharing as max(0.82,0.86), while satisfying the

QoS for both PUs.

Fig. exhibits the OP curves against SNR for the primary network under the
setting p = 0.67 and p = 0.86. First, we can verify that analytical and asymp-
totic curves are well aligned with the exact simulation results. For the comparison
purposes, we have also shown the simulation curves for the TDMA scheme, and
thereby, we illuminate the significant performance improvement of the primary net-

work through proposed NOMA scheme. One can also visualize the relatively better
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performance for the user By, as more power is allocated towards By through a larger
value of p. Further, for comparison, the simulation curves for the DST scheme (with-
out spectrum sharing) are also plotted. One can readily verify the diversity order of
1 + min(1, my, ) from the pertinent curves.

Fig. depicts the OP curves against SNR for the secondary network for various
values of 1 and m,4, under both HS and AS scenarios. We can see that the analytical
and asymptotic curves are well aligned to the exact simulation results. One can
also realize the relative improvements in outage performance for p = 0.86, as it
provides more power allocation for the secondary network. Further, diversity order
ofmin(l, mqq) can be verified from the various curves. Moreover, outage performance

improves when satellite link is subject to AS as compared to HS scenario.

4.5 Summary

We investigated the performance of an OMCSTN wherein a secondary terrestrial
network enjoys the access to spectrum with a primary satellite network in exchange
for relay cooperation. Different from the existing works, we have considered the mul-
tiple PRs assisted through NOMA scheme for the performance evaluation. Above
all, a comparison with benchmark schemes revealed that proposed NOMA-assisted
OMCSTN provides remarkable performance improvement while utilizing the spec-

trum resource efficiently.
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CHAPTER b

FULL-DUPLEX/HALF-DUPLEX COOPERATIVE-NOMA
IN UNDERLAY COGNITIVE HYBRID
SATELLITE-TERRESTRIAL NETWORKS

In the previous chapters, we considered the overlay spectrum sharing approach for
the analytical frameworks. Since the overlay approach employs sophisticated signal
processing and coding techniques, the underlay approach is favoured and broadly
utilized owing to its simplicity in implementation. Nevertheless, in underlay, the
coverage and capacity of the secondary network remain limited due to the SU’s

transmit power constraints.

Future wireless networks have to meet the demands of high data rate and a huge
number of users effectively. In this regard, the NOMA [64] has been regarded as one
of the most promising techniques for the next-generation wireless networks, where
the multiple users are served simultaneously based on the power domain in same
time/frequency resources, providing higher spectral efficiency. Recently, the NOMA
scheme has gained a great interest in conjunction with CHSTNs using underlay [24]
and overlay [25]-[27] paradigms. In particular, authors in [24] derived the expression
of ergodic capacity for the NOMA-based CHSTN. In [25] and [26], the authors
evaluated the OP expressions for both primary and secondary networks using AF
and DF based relaying protocols, respectively. Besides, authors in [27] analyzed a
Vickrey auction-based secondary relay selection in NOMA-assisted overlay CHSTNs.

Meanwhile, the cooperative relaying technique has been introduced into the orig-
inal NOMA scheme to obtain a spatial diversity gain for the far-away NOMA user
with worse link quality, referred to as C-NOMA [I3]. Therefore, the amalgama-
tion of C-NOMA scheme into CHSTNs can remarkably ameliorate the performance
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against the stipulated transmit power constraints on the SUs. As such, it becomes
favourable and reasonable to integrate the relaying technique into CR [34], [66] with-
out deploying the extra relay nodes. But this improvement in the performance of
CHSTNs requires additional bandwidth costs for the system owing to HD relaying,

which may offset the performance gain guaranteed by cooperative communication.

To further improve the performance of CHSTNs, in this chapter, we focus on the
C-NOMA scheme with FD relaying mode. Since in FD mode, the signal reception
and transmission occur concurrently in the same frequency band, it suffers from a
LI [67], [68] owing to its co-channel transmission. However, the effect of LI can
be suppressed due to the advancement of antenna and signal processing technolo-
gies [69], which provides a solid chance for the realization of advantages brought
by the FD mode, making CHSTNs more spectrally efficient. To this end, most of
the existing works in CHSTNs are based on the conventional NOMA scheme and
are conjectured the subsistence of pSIC [24]-[27]. However, in practice, the NOMA
technique causes many implementation issues, such as complexity scaling and er-
ror propagation [28], [70], [71]. Consequently, these critical factors will lead to an
error in decoding, causing residual IS, which may pose limitations on the capacity
of the CHSTNs. Thus, it becomes essential to investigate the deleterious impacts
of ipSIC on CHSTNs with FD C-NOMA scheme. Albeit few works have examined
the system performance while integrating the C-NOMA scheme with HD relaying
mode into their system model, they are particularly deliberated for the case of basic
HSTNs [72], [73]. To the best of authors’ knowledge, no work has yet looked into the
comprehensive performance analysis of CHSTNs or even terrestrial underlay CRs
(e.g., [r4]) with FD/HD C-NOMA schemes under the impacts of both ipSIC and
pSIC situations. It is worth pointing that analyzing the performance by considering
various topics at the same time postures new mathematical intricacies because of
the involved complicated hybrid channel modelling and multiple random variables
(multiple integrals). Also, there is a lack of thorough performance analysis in terms
of OP, ESR, and throughput. Note that such analyses are important for perceiv-
ing the repercussion of ipSIC/pSIC on CHSTNs with FD/HD C-NOMA schemes
and to realize the implementation of such networks in the 5G and beyond wireless

environments.

Impelled by the above discussion, in this chapter, we analyze the performance
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of an underlay CHSTN (UCHSTN) comprising a primary satellite source with its

multiple terrestrial PRs and a ST with its two pre-paired users that are deployed
on the ground based on the C-NOMA scheme. Herein, the nearby NOMA-strong
user works in FD mode while employing the DF relaying strategy for improving the
performance of the far-away NOMA-weak user. It is important to note that in CR
scenario, both primary and secondary networks are allowed to transmit over the
same frequency band, thus, we consider their mutual interference over each other
[75]. Also, we perform a more comprehensive analysis of UCHSTN while taking into
account the situations of ipSIC and pSIC for both the FD C-NOMA scheme and
the benchmark HD C-NOMA scheme for comparison purposes, represented as FD-
ipSIC, FD-pSIC, HD-ipSIC, and HD-pSIC, respectively. The major contributions

of the chapter are emphasized as follows:

e For the proposed UCHSTN, we first derive the OP expressions of the primary
satellite network for a predefined outage constraint at one of the opportunis-
tically selected PR among L PRs under the FD/HD C-NOMA schemes. This
facilitates the transmit power allocation for the SUs based on satisfying the
QoS constraint at the PRs in terms of OP. Hereby, we illustrate that multiple
PRs manifest the advantages of improved primary OP, which allows allocation

of more transmit powers for the SUs.

e Based on the SUs’ transmit powers, we investigate the performance of the
secondary terrestrial network while deriving the analytical expressions of OP
and ESR for the FD C-NOMA scheme, under the appropriately modelled
shadowed-Rician fading for the satellite links and Nakagami-m fading for the
terrestrial links. For this, the situations of both ipSIC and pSIC are taken into
account. Further, for comparison purposes, the performance of benchmark HD
C-NOMA scheme is analyzed under both situations. Also, a performance com-

parison is carried out through simulations in anticipation to the conventional

OMA scheme.

e Further, to provide more insights, the asymptotic OP expressions are derived
at a high SNR, and the corresponding diversity orders are obtained for the
various cases. We demonstrate that zero diversity order results for the cases

of FD-ipSIC, FD-pSIC, and HD-ipSIC, due to LI and/or residual IS. However,
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the performance in case of HD-pSIC is notably improved at high SNR due to

a non-zero diversity order.

e Relying on the derived OP and ESR expressions, we also investigate the
throughput performance for the two specific transmission scenarios i.e., delay-
limited and delay-tolerant, respectively. Hereby, we illustrate that for the case
of ipSIC, the FD C-NOMA scheme offers higher throughput than the HD C-
NOMA scheme in the entire regime of SNRs. However, for the case of pSIC,
the HD C-NOMA can provide higher throughput than its FD C-NOMA coun-
terpart at high SNR region. Also, FD/HD C-NOMA schemes present higher
throughput than the OMA scheme under ipSIC/pSIC situations in the low
SNR regime. On the contrary, in the high SNR regime, the OMA scheme
can outperform the FD C-NOMA under ipSIC/pSIC and HD C-NOMA under
ipSIC. Moreover, the delay-tolerant transmission scenario has a remarkably

higher throughput than the delay-limited scenario.

The rest of the chapter is ordered as follows. In Section [5.1] the system model
of UCHSTN is framed while deriving the expressions for SINRs over heterogeneous
fading channels. In Section [5.2] the transmit powers at SUs are calculated for both
FD C-NOMA and HD C-NOMA schemes numerically to satisfy the QoS criterion at
the best selected PR among L PRs. In Section [5.3] we investigate the performance
of the secondary terrestrial network by analyzing the OP, ESR, and throughput.
Numerical and simulation results are presented in Section [5.4] Finally, Section

summarizes the chapter.

5.1 System Descriptions

This section first provides a detailed description of the considered system model
and thereafter characterizes the pertinent hybrid channel model, followed by the
derivation of SINR expressions for NOMA users.

5.1.1 System Model
As illustrated in Fig. [5.1) we consider an UCHSTN where a secondary terrestrial

network shares the spectrum with the primary satellite network. The primary net-
work comprises a satellite source (PT) A with its intended L multiple destinations

(PRs) {B;}F,, whereas the secondary network consists of a ST node C with its
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PT: Primary Transmitter; PR: Primary Receiver
ST: Secondary Transmitter; SR: Secondary Receiver

Figure 5.1: UCHSTN system model with transmission links (—) and interference
links (--»).

corresponding SRs D, and D, which are deployed based on the C-NOMA schemﬂ.
We assume that the direct link between secondary source C' and its receiver D, is
masked due to severe shadowing, blocking, etc. [76], [77]. It could be possible in
highly shadowed regions like shopping malls, tunnels, etc., where the user D, does
not have a reliable direct communication link with the source C. Therefore, the
user D, acts as a DF relay to decode and forward the information of user D,. As
mentioned earlier, D, works in FD mode, thus, to perform its operation, node D,
is equipped with two antennaﬂ i.e., one for the signal reception and other for the
signal transmission. However, rest of the network nodes are assumed to be the single
antenna nodesﬂ All the channels are assumed to follow block fading so that they
remain unchanged for a block duration but may change independently in the next
block transmission. The various channel coefficients for the satellite links A — B,
A — D,, and A — D, are denoted as gap,, Gad,, and gaq,, respectively, and are

subject to shadowed-Rician fading. Whereas, the terrestrial links C' — D, C — By,

In a practical situation, primary source A represents a GEO satellite and nodes {Bl}lL=1 may
constitute the handheld devices as integrated in the DVB-SH service (in S-band) [7]. Whereas,
the secondary source C' could be a femtocell BS underlying in a macrocell with its nearby user D,
and far-away user D, [53].

2The relay equipped with two separate antennas is always helpful not only for FD mode due to
LI suppression but also for the HD mode which gets benefitted from it owing to the adjustment of
antenna configuration separately in two directions [78§].

3For applications that combine Internet-of-Things (IoT) with cellular networks, sensors and/or
devices in the future massive machine-type communication networks are generally equipped with
a single antenna [79].
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D, - D,, D, — Dy, and D, — B; undergo independent Nakagami-m fading dis-
tributions, and channel coefficients corresponding to them are represented by hcq,,
hevy, haya,, Nayd,, and hg,,, respectively. All the receiving nodes are assumed to be
inflicted by the AWGN i.e., modelled as CN(0, 0?).

For the subsequent system description, we first mark the statistics of the under-

lying hybrid fading channels.

5.1.2 Channel Model

For the satellite links, a widely adopted shadowed-Rician fading model is considered.
Accordingly, the PDF of the channel gains |g,;|?, j € {bi,dp,d,}, can be given as
[24]-[27]

figas 2 () = 0 € P71 Fy (mgj5 15 652) , @ >0, (5.1)

with aj = (200;1a;/ (20a;1a; +Qaz)) ™ /2005, B = 1/2baj, 05 = Qaj/(20a;) (20a;ma; +
Q,;), where 2b,; is the average power of multipath component, €2,; be the average
power of LoS component, and m,; is the fading severity parameter.

Considering the numerous practical effects, such as free-space loss, antenna pat-
tern, etc., the scaling paramete of the satellite links \/@, j € {b,d,,d,}, can be

given as [80]

c\/Gj(p;)G
VO = i VR (5:2)

with ¢ being the speed of light, f is the carrier frequency, d,; ~ 35786 km is the
distance between the satellite A and the user j, K = 1.38 x 107%* J/°K be the
Boltzman constant, 7' being the receiver noise temperature, and B is the carrier
bandwidth. Besides, G; is the antenna gain at user j, whereas G,(y;) is the satellite
beam gain based on both satellite beam pattern and position of the user j, and

approximately given as [81]

Gx%>=amm(*W”+aekW”), (53)

, 3
2u, u;

with u; = 2.07 12235;122‘;?('1 —, while Gyax represents the maximal beam gain. ¢; is the

4Tt is noteworthy that the GEO satellite is positioned at a very large distance from the ground,
i.e., 35786 km, and the beamwidth of satellite antenna pattern is of the order of less than 1°. Thus,
it is reasonable to consider the equal scaling parameters for all the terrestrial users.
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angle between user j and beam centre with respect to the satellite, and ¢;3qg be the

3-dB angle.

Hereby, simplifying the term £} (mg;; 1; ;) in (5.1)) and considering 7, = 17,Q);,
where 7, = % with P, being the transmit power through satellite A, one can
express the PDF of A,; = 7.|g4;]?, for the arbitrary integer values of the fading

severity parameters, as [4], [5]

Mgj—1
(k) . (8%,
Froo = > himhare (R 54
k=0 (na)
where &(k) = (—=1)"(1 — mq;)07/(k!)?. Now, carrying out the integration of the
PDF in (5.4) using [41], eq. 3.351.2], the CDF Fj_ () can be obtained as

m,
aj — ﬂj,(;.

—(r+1-p)
By, (@) =1- Z Z i ;~:+1 (ﬁ] ; : ) xl)g(#)x. (5.5)

nOpO Nla

Since the terrestrial links are subject to Nakagami-m fading, the respective PDF and
CDF of Ay; = nilhj|?, for i € {c} with j € {b;,d,} and i € {d,} with j € {b,d,,d,},

can be given as

my; Y o™il
() S () (5.6)
and
Fi,.(2) 1 T( g ) (5.7)
Aij x - =~ mi‘) —'T ) *
L' (my;) 7 Qi

where ();; is the average power and m;; be the fading severity parameter.

5.1.3 Signal Model

During the k-th time slot, SU source node C' broadcasts a superposing signal z.[k| =
VpPexq,[k]4++/(1 — p)P.xq, [k] towards its receiving nodes D,, and D, with x4, [k] and
x4, k] represent the unit-energy information signals for user D, and Dy, respectively,
P. being the transmit power through node C, and p € (0,1) denotes the power
allocation factor corresponding to user D,. However, for performing the adequate
NOMA operation, relatively more power is allocated towards the weak user, and

thus, p becomes limited to (0, 0.5) [76].

75



5.1. SYSTEM DESCRIPTIONS

When D, operates in FD mode, an imperfect self-interference cancellation scheme
is assumed to be executed [82], leading to a residual LI at D,,, whose channel ha,a,
is subject to Nakagami-m fabdingﬁ7 as mentioned earlier. Hereby, D, simultaneously
receives the superposed signal from secondary source C', LI signal due to FD relay-
ing, and interference signal from primary satellite source. Accordingly, the resultant

signal at D, can be expressed as

Yd, k] = hcdpl’c[/f] + hdpdp\/wpdpﬂfm[k — 7]+ \/ Pa@dpgadp%[k] + V4, k], (5.8)

where P;, is the transmit power through node D,, vy [k] is the AWGN variable,
x|k — 7] is the unit energy LI signal, where 7 being the processing delay at node
D,, with an integer 7 > 1 and k& > 7. Further, w = 1 and w = 0 denote the
respective cases of FD and HD relaying modes. Note that in HD mode, the overall
transmission occurs in two phases [72], [73]. It is worthwhile to mention that the
transmit power allocationﬂ for the SUs (i.e., P, and P,,) will be executed based
on satisfying the QoS constraint at the PRs in terms of OP, as explained later in
Section [0.21

Now, based on the NOMA principle, SIC is performed by the strong user D, for
decoding the signal of weak user D,. Thus, the received SINR at D, to decode the

information x4, can be given as

(1 B p)ACdp
pAca, +wWAga, + Nag, +17

Ngysa, = (5.9)

where Acq, = 77C|hcdp|2 with 7, = %, Agya, = 77dp|hd,,dp|2 with 7, = %7 and Ayq, =
ﬁé|gadp|2-

Afterwards, user D, decodes its own signal x4, by removing x4, from z.. How-
ever, owing to the decoding error and hardware imperfections, the SIC could be

imperfect in realistic conditions [86]. Thereby, we consider that a residual interfer-

5Tn general, the PDF of magnitude of the LI channel coefficient depends on the type of cancella-
tion/isolation techniques used to mitigate the self-interference [83]. Based on the experiment-driven
results reported in many papers, when strong passive suppression is employed, the LoS component
is efficiently suppressed, and the LI channel can be regarded as Rayleigh-fading channel. As a
generalization, we consider here a Nakagami-m fading distribution corresponding to LI channel
[84].

6The transmit power calculations for SUs in various previous works, e.g., [I8], [20], [66], [84] are
relied upon satisfying the instantaneous interference threshold criterion at the PRs, which finally
requires the knowledge of instantaneous channel gains of the links between SUs and PUs. However,
in a practical situations, channels may subject to fast fading due to high mobility, thus it becomes
hard to get the instantaneous channel gains [75], [85].
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ence exists, leading to an ipSIC term. Thus, after the ipSIC, the SINR at node D,

can be obtained as

A
Ay = PLed,,

= 5.10
P §(1 — p)ADp + wAdpdp + Aadp + 17 ( )

where ¢ = 0 and ¢ = 1 refer to the respective situations of pSIC and ipSIC, Ap, =
Ne|h D,,’Q with hp, is the residual IS channel coefficient at node D), and is subject to
Nakagami-m fading [87] with its respective fading severity parameter and average

channel power gain as mp, and p, .

Hereafter, user D, invokes DF relaying protocol, and decodes and forwards the
signal x4, to user Dy, thus, a processing delay 7 is introduced. Accordingly, during

the k-th time slot, the received signal at D, can be represented as

ydq [kﬁ] = Pdphdpdqxdq [/{? — T} + \/Panqgadqxa[k] + qu [k], (511)

where vg, [k] is the AWGN variable. Hereby, the received SINR at D, through node

D, (relay) can be expressed as

(5.12)

where Ag a, = Na,|ha,q,|* and Aga, = 7a|Gad, |-

5.2 Primary Outage Constraint Based SUs’ Trans-

mit Power Calculation

In this section, we derive the OP expressions of the primary satellite network for a
predefined outage constraint at the best selected PR among L PRs under the FD/HD
C-NOMA schemes. Importantly, these analyses help in solving the transmit power
allocation problem for the SUs based on the average channel gains of the link from

itself to PRs.

5.2.1 FD C-NOMA Scheme

During the k-th time slot, the primary satellite source A broadcasts a unit energy

signal x,[k] (with E[|z,[k]|?] = 1) towards its L PRs. Accordingly, the received signal
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at node B; can be given as

Yy, UC] = 1/ Palegablea[k'] + \/ Pchcblfbc[k’] + Pdphdpblxdq [k‘ - T] + Uy, [k’], (513)

where vy, [k] is the AWGN variable. As such, using (5.13)), the SINR at node B, can

be expressed as

Pri _ Aap,
b Ay, +ANapp, + 17

(5.14)

where Aabl = %‘gabl ’2, Acbl = nc‘hcbl ’27 and Adpbl = Udp\hdpb, ’2-

As stated earlier, in UCHSTN, the secondary nodes C' and D, have to satisfy
the QoS criterion at node B; while tuning their transmit powers. To quantify this
QoS criterion, the OP of primary transmission should be kept below a predefined

outage constraint (. Therefore, for a given target rate R, the OP of the primary

link A — B; can be expressed using ((5.14)) as

P?;{,(Rp) = Pr[log, (1 + A}flri) < Ry] < G, (5.15)

[e)

which can be re-written as

O

Bt y(Ry) = Pr[Ap™ < ] < Gun, (5.16)

where v, = 2f%» — 1. Hereby, we calculate the overall primary OP by using the

selectionﬂ criteria for the best satellite user based on maximizing A}:lri as

Bi(R,) = Pr Jhax AT < fyp] < Gns (5.17)

which can be re-expressed while applying order statistics for L independent PRs as

"The source satellite A needs to be informed about the index of the selected user through a
reverse feeder link [88]. However, it would be intricate to acquire the perfect feedback at satellite
A due to long distance, propagation delay, atmospheric attenuation, etc. [89]. Similar to our work,
majority of the earlier works on HSTNs have relied on assumptions of perfect CSI and/or perfect
feedback for a benchmark performance analysis, e.g., [20], [80]. Although work in [90] has dealt
with the issue of CSI acquisition in HSTNs, the analysis of feedback delay and outdated CSI over
the satellite links still remains a challenging research problem.
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[30]

L
P&T(Rp) = HFAEH(’YP) < Gen- (5.18)
-1
Now, (5.18) can be further solved while assuming equal power P;, = P, (and thereby
Na, = 1) [91], as follows in Theorem

Theorem 4. The OP of primary satellite network under the FD C-NOMA scheme
can be expressed using as

[ E LRSS ()0)

By, —9d —(v+me
% e_ ('Yp blﬁa i (’ypﬂbl - 6bl mcbl > ( bl) F(g + mdpbl)

— +
MNa chz e r (mdpbz )
/Bbl - 5bl mdpbl a (g+mdpbl ) ﬁbl - 51)1 7(H+lim)
x (==t + P 20
Na dpby Me Na
. My, Meb, M, My,
X — —r < (. 5.19
T ( Qep,Ne ) ( Qb Me ) < Gon ( )
Proof. See Appendix [D] [

Now, for a given (g, the transmit SNR 7. (involving transmit power P.) can be
calculated numerically by evaluating the expression in (5.19) using any computing
software like MATHEMATICA or MAPLE.

5.2.2 HD C-NOMA Scheme
Similar to ([5.13]), the received signal at node B; under the HD C-NOMA scheme

can be given during the k-th time slot as
Un K] = / PaQb, Gab, Tal k] + / Pehenxe[k] 4 vp, [K]. (5.20)
As such, using ((5.20]), the SINR at node B; can be expressed as

. A b
PO\ — 5.21
b Acbl + 1 ( )

Hereby, using similar steps as in FD C-NOMA scheme, the overall primary OP for
a given target rate R, can be evaluated using (5.21)) into (5.18)), as given in Lemma
Bl
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Lemma 3. The OP of primary satellite network under the HD C-NOMA scheme

can be expressed using and as

Pm L Maby 1 & (k) KIT(v—g+me,)
P (Ry) = H L= Z Z Z “+1 ol I'(mey,) (g)

=1 k=0 v=0 g=0

x (”}/pﬁbl : 61)1 n Mep, >(’Ug+mcbl) (51)[ _ 5[)[) (k+1-v)

Na QCban Na
(. P ) Mep,
o (7 ey < 5.9
X Tp€ (chlnc) ) = Cth' ( : )

Proof. Proof of Lemma [3] can be followed using the similar steps as for Theorem [

in Appendix [D] [

Now, for a given (iy,, by evaluating the expression in with respect to 7. similar
to , the transmit SNR 7. can be calculated numerically at node C'. Likewise,
one can assess the transmit SNR 7y, at node D,, while following the expression in
by replacing the terms m,, Qe , and 0. with mg,, Q4.p,, and ng,, respectively.
Remark 5.1: The above-stated transmit power calculations require only the
average channel gains of the link from itself to PRs, ie., C — B; and D, — B;.
Average channel gains are relatively more stable and can save the feedback channel
resources [34], [75], [85] as compared with instantaneous channel gains. Moreover,
the average channel gains have more realistic significance, as their knowledge can
be acquired by using the frequency of the radio waves, transmission distance, etc.
Remark 5.2: Impact of multiple PRs can be realized in the form of improved
primary OP from and , which allows the SUs’ transmit powers to be
increased numerically under the fixed values of (;;,. Moreover, the transmit powers
calculated for SUs under the HD C-NOMA scheme are relatively more as compared
to the FD C-NOMA scheme, as the FD mode allows simultaneous transmissions from
both nodes C and D,. Its implications will be further elaborated in the Numerical

Results and Discussion section.

5.3 Performance Evaluation

In this section, we analyze the performance of the secondary terrestrial network while
deriving the analytical expressions of OP, ESR, and throughput for the various cases
viz., FD-ipSIC, FD-pSIC, HD-ipSIC, and HD-pSIC. In addition, we investigate the
outage performance at a high SNR, and thereby calculate the achievable diversity
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orders for the respective cases.

5.3.1 Outage Probability Analysis

To characterize the outage behaviour of the secondary network, we derive the exact

and asymptotic OP expressions as follows:

Exact Outage Probability Analysis

To start with, we define that secondary network goes into outage when either user D,
or user D, are unable to decode their respective signals. To successfully detect x4,
user D), should decode both x4, and x4, signals. On the other hand, to successfully
detect x4, at user Dy, x4, should be decoded at both D, and D, nodes. Accordingly,
the OP of the secondary network for the given SINR thresholds 74, and 74, can be
appraised as

Psec =1-—Pr [Adpﬁdq Z ’)/dq, Adp Z ’}/dp, Adq 2 ’}/dq} . (523)

out T

Since A4, is independent from both Ay 4, and Ag,, (5.23)) can be re-expressed as

Pt =1—Pr [Adp%dq > Vg Na, > ’de} f’l" [Adq > ’ydq}, (5.24)

7

g

X1 X2

wherein for FD mode, v4, = 75;3 = 2fa, 71 and Va, = 755 = 281 with R4, and
Rg, are the target rates to detect the signals x4, and z4,, respectively. Similarly, for
HD mode, vq, = 74> = 2°fa™1, 4y, = 44> = 22471, Hereby, following (5.24), the

final expression of P can be provided with the help of Theorem [5| as given below.

Theorem 5. Depending on the various cases, the OP of the secondary network

under the hybrid satellite-terrestrial channels can be given as

(

prp-nsic _ 1 _ Xll’FD-ipslcng’ for FD-ipSIC,

out

Prorste =1 — x (PP EP . for FD-pSIC,

out

P = (5.25)
HD-ipSIC __ HD-ipSIC, HD .
Pout =1- X1 X2 fOT’ HD—ZPS]Ou
HD-pSIC HD-pSIC.. HD
L Pout =1- X1 X2 s fO’f’ HD-pS]O,
mcdp_l m Inadp_1 m—g mcdp_l m ma,dp_l
FD-pSIC __ FD HD-pSIC ___ HD
Y,Uhe/r'e Xl - E Qm,gmj,u? Xl - : : m,g,K’
m=0 ¢g=0 k=0 u=0 m=0 ¢g=0 k=0
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with the respective expressions for the other involved terms can be given as in
and . And, the corresponding expressions for x5° and x5° can be readily ob-
tained from on substituting xo = x3° with va, = 74, and X2 = Xx3" with
Vdy = V. -

q

Proof. See Appendix [E] [

) ~(v+mp, )

-1
m=0 ¢g=0 k=0 u=0 Cdpncp

FD-ipSIC zm: mz:g ng:u ( m‘fdp’ygz? Mp,
X -1 = +
! =0 Q QDp/r]C(]‘ - p)
b m-—gqg—u F(v—l—mDp) ( mp, >mDp
p) ’

X m R,u
9 v I'(mp,) Qp,ne(1
Med,, Y, " (k —|— u m, Mdpdp
s () 52 ()
cdpnc/) dpdpTld,
cd d — m,
gdp P ncz; > cdp ,ydp mdpdp (!;H’ dpdp)
H+le 0 + Q)
Cdp 77C10 dp dp Tldp

" (m - g) I'(g + mq,q,) <mcdﬂd: N Ba, — 5dp>—(n+u+1) (5.26)
u F<mdpdp) QCdpnCp /f’Va . '

mp

Medp =1 Mady =1 m—g mp, m—g
HD-ipSIC HD P
e - S (i) (")
> 2 v\ 1= 7) ]

I'(v+ mDp) ( cdp’ngD mp, )_(U+mDP)
X + ,
L(mp,) \ Qea,nep  Qp,ne(1—p)

me !
with Q) . = < % ) (g + %) (m) adp—fgp(ﬂ)l
Qea, Nep m!  \g (7a)"*
e, g, \ 0 ()
cdyp - T\ eayner
x ( o _ ) e \ @) (5.27)
cdpncp na
Madg—1 Mdydg—1 4 Madg—1
&q (I{)l{! (md doYd, ) (g+k)'
X2 = 11— d 2 —+ plq Idq
2 a2 2 2 ()
y (mdpdﬂdq Ba, - 5dq>—(g+n+1)
dedqnc Ta
_ [ MdpdqTdgq
g (1a)"



CHAPTER 5. FULL-DUPLEX/HALF-DUPLEX
COOPERATIVE-NOMA IN UNDERLAY COGNITIVE HYBRID
SATELLITE-TERRESTRIAL NETWORKS

Asymptotic Outage Probability Analysis

For attaining more insights, we approximate the derived OP expression in ([5.25)
at a high SNR region (7,74, — oo, with nﬂd_ be a constant ratio) to calculate the

achievable diversity orders for the various cases with the help of Lemma [ as given

below.

Lemma 4. Referring to , the asymptotic OP expressions of secondary network

(say it Py .,) for various cases under the hybrid satellite-terrestrial channels can

be given in (5.29)-(5.59).

Proof. See Appendix [F] [

Med,, Medy, —TM Mady, —1 Med —m—g
PFD»ipSIC < - Zp pz SOFD (mcdp —m — g) F(t + mDp)
out,as m,g,k —_—
’ m=0 g¢g=0 k=0 t=0 ! t F(mDp)
Mme, m t
X 779 (mcdp,ygl?) " (dedpndp) (QDpnC(l_p))
chp Nep Md,d, mp,
Mdydg Madg —1 FDN Mg g
~m [ MdpdyVa pea
+ ,lvbm,n Na (—q> 5
m=0 k=0 { Qd?’dqnc

F(mdpdp) dp (de _ 5dp)g+n+1 g

Wlth SOFD - (g H>' (mCdp) F(m i mdpdp)a 5dp</£) (mcdp - m) )
d

(m+ k) (my a4, (K)
wm,n = P ag ! . 5.29
My, m " (Ba, — a,)mHrt (5.29)
Medy Medp —M Madp —1 FD \ Med m
o f McdyVq P Qaya,Ma
PFDt-pSICZ [Z Z ZSDFD {779( P p) ( pdp p) }]
out,asy m,g,k ) 1a
m=0 g=0 =0 QCdpnCp mdpdp
Mdpdg Madg—1 FD\ Mdpd
. md d ")/ Peq
+ Ve la" (—p L ) : (5.30)
m=0 k=0 dedqnc
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e T(mp,) 9

y . (mcdp,yng)mcdp (QDpnc(l _ ,0))9
e Qed, 1ep mp,

mcdp mcdp —m madp_l
PHD ipSIC _ [ 2 : SDHD F(g + mDp) (mcdp - m)
m=0

Mdpdg Madg—1 HD \ Mdpd
o [ MdpdyVd P
+ ¢m,n na <—q) )
m=0 ; { Qaya,ne
. m+ k)| mcd) €0 (8)
with ¢, > = (m+r)! " a L . 5.31
¥ , mcdp' m dp (de _ 6dp)m+n+1 ( )

Medp Madp — HD\ Med
Med, Vg P
PQI-]IJD gslc _ ( p Idp )
t,asy [Z Z 90 { chﬂ]cﬂ
Mdpdq Madg — HD\ Mdyd
e [ MdpdyVa P
Z Z zbmﬁ{ o (—Q ) H (5.32)
dpdyTe

Remark 5.3: In (5.29) and (5.30]), substituting m = m,, into the first terms, one

can assess the diversity orders for FD-ipSIC and FD-pSIC as min(0, mg,q,), i.e., zero.
Similarly, in , substituting m = 0 into the first term, diversity order of zero
can be achieved. We are doing such kind of substitutions to observe the dominant
terms at high SNR region, which is reflected by the minimum power raised to n_lc

and finally tells the diversity order. On the contrary, for the case of HD-pSIC in
(-32), the achievable diversity order is min(meq,, Mma,d,)-

5.3.2 Ergodic Sum Rate Analysis

When the achievable rates of the users are decided by their channel conditions,
ESR is an important measure for investigating the performance. ESR is defined as
the expected value of E-E mutual information [42]. For the considered secondary

network, it can be represented as
C(esr - C’dp + qu7 (533)

where Cy, and Cg, are the respective ergodic rates for user D, and D,.
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Evaluation of Cy,

Relying on the condition that D, can detect zg4,, the realizable ergodic rate of user
D, can be expressed [77], [92] as Cyq, = E [log, (14 Ag,)]. Accordingly, the ergodic

rate for user D, can be evaluated with the help of Theorem [6] as follows:

Theorem 6. Depending on the various cases, the ergodic rate for user D, under

the hybrid satellite-terrestrial channels can be given as

.

CC’;:'”’S’C, for FD-ipSIC,
Ccyrrse) for FD-pSIC,
Cdp o HD-ipSIC . (5'34)
Cdp , for HD-ipSIC,
\ Cpr psIc. for HD-pSIC,

with the respective expressions for the involved cases can be given in —,
wherein, for FD mode, we substitute A = 1 owing to the single phase of transmission,

and for HD mode, we consider A = 2 due to the requirements of two phases of

PrgsssoRppendix [C [

mcdp*1 m madp*1 m—gm—g—u v
; Qp,n(lI=p)\ 1 (m—g—u
Cpme= 320 Y Y S M (P (M
P

[e%e] _ cdp 0 my, Q ]_—g — Mg, d
X (/ gMe (chpncp)Gii 0 G%,l dp dpdpndpg pUp
0

0 N maya, Qed, Nep 0
Med. Mo —K—u Meq. p.Ne(1— l1—v—mp
e Ll 0 gt | Meds D, el1=P) "lag),
7 Qea,nep(Ba,—0a,) | S mp, Qea,nep 0

) ]_ Med m 1 m ]- gd (Kl)
th M = . — =
Wi Mm,g,n,u Aln 2 <chp7]cp) m! (g) F(mdpdp) Xd, (1a)" 1L

0 g _4 —(k+u+1) .
" < dpdpﬁdp> <5dp - d,,) (m 9> _ (5.35)
Md,d, TNa u

TJ’Lcdp—l m madp—l m—g 00 ( mcdpg ) 0
FD-pSIC FD m . \ Qcd,ncp 1,1
Cd,, = E Mok / 0"e P Gy |0
m=0 g¢g=0 k=0 u=0 0 0
Med, e —hk—u Med, Vapa, N, , | L= 9~ Mdyd,
x Gy s Gy | ——=r=rg do |.
| Qed,nep(Ba, — 0a,,) 0 | maya, Qed,Nep 0
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Med, —1 m  Mad _1mfg v
C;IpD—ipSIC _ . Z 2 MHE: | 1 (QDpnc(l — p)) (m - g)

mDp (%

oo _( Medp? 0 — 1—v—m,
x| [ ome (Qedﬁcp)eiﬁ 0| |Gl m”dpQDgan(l o)y "
0 0 mp,3icd, e 0

N g
% G Medyla 0 do |,
b chpﬂcp(ﬁdp - 5dp) 0
. 1 Mea, \ 1 (m €4, (K) ([ Ba, — 0, \ T
th HD P . P L4 L . .
with Moo = 32 <chpmp) m) (g) AL Ta (5.37)

Meap =1 m Madp—1 m+1 Na — g — k)
CHD—pSIC _ HD chpﬁcﬂ Gl’l’l’l’l By —3dy ( g k)v 0
B Meg 1,[1:1],0,[1:1] | Qeapmer 5
Cap

7Tlcdp _——

(5.38)

where Giﬁ]g]é\ﬁé\%w] be the Meijer-G function with two variables [94]. Although

the ergodic rate expressions in (5.35)), (5.36)), and (5.37)) are presented in one-integral

form, it can be efficiently computed using symbolic software like Mathematica or
Maple and consumes much less time than the computer simulation approach. More-
over, the derived ergodic rate expression in (5.38|) carries Meijer’s G-function of two

variables which can be quantified using the approach as given in [95], Table II].

Evaluation of Cy,

Using the SINR expressions in (5.9) and (5.12)), the ergodic rate for user D, [72] can

be evaluated as

Ca, =min | E [log, (1+ A, a,)], E[logs (14 A4)] |. (5.39)
7y T,

Starting with the evaluation of ¥y, it can be written as

E [m (1 + (= P)1el e, | )} . (5.40)

pnC’thpP + wndp‘hdpdpP _'_ ,ﬁ;«‘gadpp + 1

1
U, =
17 AIn2
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which can be further simplified as

\111 - []E: [ln (1 + ﬁ:l|gadp|2 + 770|th17|2 + wndp|hdpdpl2)l
o
—E [In (1 + %alGaa, |” + pnclhca,|” + wng, | ha,a,|?)] } : (5.41)
62

Aln2

Hereby, we first evaluate the term ¢5. Since ¢ includes two different fading dis-
tributions, the closed-form solution for ¢, seems to be mathematically intractable.
Thus, we approximate ¢, based on the results provided in [42], [96] as

Efz?] — (E[x])?
ES (542)

Eln(l+2z)] ~In(1+E[z]) —
Accordingly, ¢ can be given as in ((5.43).

62~ (14 7E [[gaa, 7+ 0 [hea, ] + w1, B [1haya, ] )
(e (1900, 2+ P TPty 2] i [ 1))

2(1+%E [19ad, 1] + 1B [[hea, 2] +wna, B [Ihdpdp|2}>2

T7E [ (1900,)°] + P202E [(1heq12)7] + w20 B [ (1B, )’

+ 200 [19aa, |?] p1eE [|hea, |*]
+ 20ncE [|heay|?] wna, B [[haya, |*] + 206K [|gad, |*] wna, E [|haya,|*]

2
2(1+ TE [|gag, 2] + peE [Jhea, 2] + w1, E [[haya, 7] )

+

(5.43)

However, to compute (5.43), it further requires the n-th order moments of |g,q, 2,
|he,|?, and |hq,q,|?. As such, n-th order moments of w, w € {|gaa, |*, |hca,|?, |Paya, |}

can be expressed as
Ew"] = / y" fuw(y)dy. (5.44)
0

Thus, for w = |gaq,|?, substituting 1D into 1) and expanding F} (madp; 1; 6dpx)
in terms of Meijer-G functions via [41], eq. 9.34.8] as
1 I Mad,

Fy (meq,;1;0q,x) = Gy | =6 , 5.45
! 1( dp dp ) I'(Maq,) b2 %Y 0,0 ( )

and then simplifying the resultant expression in (5.44) with the help of [41], eq.
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9.813.1], we get

Qd, G172 5dp - 1- Mady

2n
E Ugadp| ] = W 2,2 —57 0.0

(5.46)

Similar to (5.46]), one can evaluate the n-th order moments for w = |heq, |* and w =

|ha,q,|* by substituting (5.6) into (5.44), and simplifying the resultant expression
using [41l eq. 3.351.3] as

Qea, \" T(n+ meq,)
E [|hea, | :( ) L 5.47
U dp‘ ] Med, F(mcdp> ( )
and
Qa,d )nr(n+mdd)
E[|h 2“:( el 5.48
U dpdp| j| mdpdp F(mdpdp) ( )

Now, substituting (5.46), (5.47]), and ((5.48) with n = 1,2 into ([5.43)), one can obtain
the expression for ¢,. Further, with p = 1, (5.43)) leads to the expression for ¢;.

Hereby, substituting ¢; and ¢9 into (5.41]), we obtain the expression of ¥;. Next,
U, can be expressed using (5.12)) as

\IIQ_

_/\IHZE

, (5.49)

h 2
(14 bl
na|gadq| +1
which can be re-expressed as

\PQ:

| B[ (1 + g, + 1, oy, )] ~E [ (1 +algaa, )] |- (5:50)

—~~ —~~

@3 ¢4

Hereby, we first evaluate the term ¢3. Interestingly, ¢3 can be deduced from ([5.43|)
while substituting p = 1, w = 0, and replacing the indices ¢ with d, and d, with d,,.

Now, the remaining task is to assess ¢, which can be expressed as

61 = E [In (1 + Mlgea,P)] = / n(1+ 7g) e p )y (5.50)
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Now, expanding In(1 + 7,y) in terms of Meijer-G function via [93] eq. 11| as

In(1+ May) = G35 |y : (5.52)
1,0
and then expanding (5.1) in the form of Meijer-G function via [41, eq. 9.34.8]
and substituting with (5.52)) into ((5.51)), we get the expression of ¢4, which can be
simplified with the aid of [94] eq. 2.6.2] as

1,1
o 1,1:1—m,
Qg 1,2,1,1,1 Bq » adq
b1 =G5 . ; (5.53)
F(madq)ﬁdq 1,[2:1],0,[2:2] _% L
i 1,0;0,0 |

After, substituting ¢3 and ¢4 into , U, can be evaluated. Further, inserting
the expressions of ¥; and ¥y into , expression for Cy, can be obtained.

Corollary 5.1: The ergodic rate for user D, working under the FD and HD
modes can be evaluated while following the above steps by substituting w = 1 and
w = 0, respectively. Also, we substitute A = 1 and A = 2 for the FD mode and
HD mode, respectively, as per the preceding discussion. Moreover, the ergodic rates
remain the same for user D, under both ipSIC and pSIC situations.

Remark 5.4: Since Meijer-G function with two variables is not available in
standard mathematical packages, we refer the algorithm in [95] Table II] an efficient
Mathematica implementation of this function in order to give numerical results
based on eqs. and . With this implementation, ESR can be evaluated
fast and accurately. This computability, therefore, can be helpful to discuss the
insightful results in comparison to respective Monte Carlo simulation outcomes in
the Numerical Results section. However, it will require the increased implementation

cost for executing the algorithm.

5.3.3 Throughput Analysis

The throughput is a key performance measure to characterize the spectrum utiliza-
tion. It can be defined as the target rate that can be accomplished successfully by
the secondary network over hybrid fading channels. Relying on the results derived

in Sub-sections [5.3.1] and [5.3.2] we obtain here the expressions of throughput for the
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delay-limited and delay-tolerant transmission scenarios, respectively, as follows:

Delay-Limited Transmission Scenario
In this scenario, the throughput can be obtained by evaluating the OP for a fixed
transmission rate R, [97], by setting Ry, = Rq, = R, as

R = (1 — P> (R,)) R,. (5.54)

out

Delay-Tolerant Transmission Scenario

In this scenario, the throughput can be obtained by evaluating the ESR at any rate
less than or equal to the evaluated ESR [98] as

R = Cor. (5.55)

From , one can observe that the maximum achievable throughput of the sec-
ondary network for the delay-limited scenario is Rs, which could be attained for
the HD-pSIC case at high SNR region, as the OP approaches to zero. Whereas
from , the maximum achievable throughput for the delay-tolerant scenario de-
pends on the evaluated ESR, and thus, possess higher value than the delay-limited

scenario, as illustrated through numerical results in the next section.

5.4 Numerical and Simulation Results

In this section, we carry out numerical analysis for the considered UCHSTN under
the C-NOMA scheme and endorse our derived theoretical results through Monte-
Carlo simulations. We plot the curves using analytical expressions for the earlier
discussed cases i.e., FD-ipSIC, FD-pSIC, HD-ipSIC, and HD-pSIC. Also, for drawing
the various analytical curves, we adopt i.i.d. channels towards the multiple PRs,
while considering that they are clustered relatively close together [45], [42]. Thus,
for convenience, we drop the index [ from all the notations of the pertaining channel
parameters in this section. Further, for comparison purposes, simulation curves for
the conventional OMA scheme are also drawn, which requires three time slots to
execute its operation. During the first and second time slots, node C' transmits
the information z4, and x4, respectively, towards the node D,, whereas during

the third time slot, D, forwards the information x4, towards the node D, using
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Table 5.1: Satellite Link Parameters [with j € {0,d,, d,}|

Parameters Value
Orbit GEO
Carrier frequency f=2GHz
Carrier bandwidth B =15 MHz
3-dB angle ¥Pj3dB = 0.8°
Angle between user j and satellite beam centre p; = 0.2°
Antenna gain of user j G;=4dB
Maximal beam gain Gmax = 48 dB
Receiver noise temperature T =300° K

the DF relaying strategy. Table [5.1] enlists some parameters related to the satellite
links [80]. To get the numerical results, we adopt a two-dimensional (2-D) network
layout [21], where the network nodes C, D, D,,, and B are located at the coordinates
(0,0), (0.5,—0.5), (1,0), and (2, 1), respectively. Acquiring the path-loss model, the
parameter €);; of the channel gain is calculated by €);; = di_j’9 for i € {c} with
j€{b,d,} and i € {d,} with j € {b,d,,d,}, d;; is the normalized distance between
nodes i and j, and ¥ = 4 [99] be the path-loss exponent. We set the various
system parameters, unless otherwise specified, as R, = 0.5 bps/Hz, Ry, = R4, = 1
bps/Hz as the target rates, meq, = {1,3}, mp, = {1,3}, m4,q, = 2, Ma,a, = 2,
mey = 1, mgp = 1, with m, = {mea,, mp,, mq,q,}, as the fading severity parameters,
Qp, = 0.01 [70] and 4,4, = 0.1 [92] as the respective mean values of the IS and
LI channel power gains, p = 0.3 [25] as the NOMA-based power allocation factor,
and 0% = 1 as the noise variance. The various satellite links are considered under
HS and AS with their corresponding shadowed-Rician fading parameters [45] as
(Maj, Paj, Qaj = 2,0.063,0.0005) and (my;, ey, Q45 = 5,0.251,0.279), j € {b,d,, d,}.

Fig. illuminates the OP curves for primary network against the primary SNR
Nq. This figure analyzes the transmit power allocation for the SUs. For this, we set
Ne = N4, = 15 dB. From the figure, one can visualize the performance improvements
in outage curves for HD C-NOMA scheme over FD C-NOMA scheme as the FD
mode allows simultaneous transmissions from both the SUs i.e., ¢' and D,. The
outage performance improves further while considering the case of multiple PRs
[refer to and (5.22)] and AS scenario. Such improvements in the outage
performance allow more SUs’ powers for transmissions for a predefined primary
outage constraint (y,. As an illustration, let us consider the case of AS scenario

under the setting ¢, = 1072 and 7, = 30 dB. For this set of values, the corresponding
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Figure 5.2: OP of the primary network against the primary SNR 7,,.

numerical values of calculated transmit powers (1. = 1y,) for SUs for L = 1 under
the FD C-NOMA scheme and HD C-NOMA scheme are 10.9 dB and 12.94 dB.
Now, considering L = 3 for the same set of values, the respective numerical values
of calculated transmit powers for SUs under the FD C-NOMA scheme and HD
C-NOMA scheme increase to 24.2 dB and 27.38 dB.

Fig.|[5.3|exhibits the OP curves for secondary network against the primary outage
constraint (i, under the setting 1, = 30 dB. The analytical and asymptotic curves
for the OP of the secondary network for various cases are drawn according to (5.25|)
and —, respectively. We can observe that the asymptotic curves are
well aligned with analytical and simulated curves in the high regime of (. FD C-
NOMA scheme outperforms HD C-NOMA scheme for the case of ipSIC in the entire
SNR regime. Although the transmit powers calculated for SUs under the HD C-
NOMA are relatively more as compared to the FD C-NOMA, as the FD mode allows
simultaneous transmissions from both nodes C' and D,, the impacts of IS and/or LI
channel power gain become dominant at high SNR regime for both FD C-NOMA
and HD C-NOMA schemes, and thus, making the corresponding diversity orders as
zero. Hence, their performance comparisons are primarily done on the requirement

of transmission bandwidth, which is two times more for HD C-NOMA scheme as
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Figure 5.3: OP of the secondary network against the primary outage constraint (i,
(a) HS; (b) AS.

required in FD C-NOMA scheme. Consequently, the target SINR threshold (for a
fixed value of target rate) relatively increases for the HD C-NOMA scheme, which
degrades its performance in the entire SNR regime. On the contrary, for the case
of pSIC, FD C-NOMA outperforms HD C-NOMA in the low SNR regime only. As
such, in the high SNR regime, the impact of LI becomes dominant for the case
of FD C-NOMA, which finally degrades its outage performance while causing the
corresponding diversity order as zero. Nevertheless, for the case of HD C-NOMA,
one can verify the achievable diversity order of min(mcq,, mq,q,) from the pertinent
curves. Hence, the superiority of FD C-NOMA is not apparent with the impact of
LI increasing at high SNR regime. With the above reasoning, one can also visualize
that under ipSIC/pSIC situations, the FD/HD C-NOMA schemes illuminate the
better outage performance than the OMA scheme in the low SNR regime. On
the contrary, in the high SNR regime, the OMA scheme can outperform the FD
C-NOMA under ipSIC/pSIC and HD C-NOMA under ipSIC. Further, there are
significant improvements in the OP curves pertaining to all the possible cases while
considering multiple PRs as it allows more SUs’ powers for transmissions. Also, the
performance relatively improves for the same set of parameters when satellite links
are subject to AS (as in Fig. [5.3|(b)) than its HS counterpart (as in Fig. [5.3{(a)).
Fig. depicts the OP versus primary interference power 7, curves while con-
sidering the HS and AS sets of scenarios. For this, we set (i, = 0.3. From the figure,
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Figure 5.4: OP of the secondary network against the primary interference power 7,.

under HS scenario, one can note that at the lower values of 7,, a cut-off point exists
below which the secondary network remains in the outage. This is primarily due
to the more stringent QoS requirements from the PRs. Nevertheless, this cut-off
point relatively vanishes at the early stage of 7, when satellite links are subject to
AS. Further, at the higher values of 7,, an outage floor appears in the performance,

owing to the dominance of the interference from the primary satellite.

Fig. p.5 illustrates the ESR curves against the primary outage constraint (g,
under the setting n, = 30 dB. The exact analytical curves for the ESR are plotted
according to for the various cases. From the figure, one can envisage the
notable ESR performance improvements for the HD-pSIC case as compared to all
other cases at higher values of (g, (high SNR region). This is primarily due to the
impacts of LI and/or IS channel power gains which become dominant at high regime
of SNR for all the cases, except HD-pSIC. Similar to the reasoning in Fig. [5.3], one
can also visualize that under ipSIC/pSIC situations, the FD/HD C-NOMA schemes
depict relatively higher values of ESR than the OMA scheme in the low SNR regime.
On the contrary, in the high SNR regime, the OMA scheme can provide a higher
value of ESR than the FD C-NOMA under ipSIC/pSIC and HD C-NOMA under
ipSIC. Further, the ESR value increases while considering the case of multiple PRs.

94



CHAPTER 5. FULL-DUPLEX/HALF-DUPLEX
COOPERATIVE-NOMA IN UNDERLAY COGNITIVE HYBRID
SATELLITE-TERRESTRIAL NETWORKS

(a) HS (b) AS
8 T T T T 8 T T T
Analytical, FD-ipSIC ,
------- Analytical, FD-pSIC A
7| = = — Analytical, HD-ipSIC y, 7F a 4
————— Analytical, HD-pSIC PAN e

@ Simulation, FD-ipSIC |~

: i %
6} 0 Simulation, FD-pSIC s
@© Simulation, HD-ipSIC }
A Simulation, HD-pSIC |’
|| — =X — Simulation, OMA

Ergodic Sum Rate (bps/Hz)
N

0 1 1 1 1 0 L 1 1 1
0.005 0.2 0.4 0.6 0.7 0.005 0.2 0.4 0.6 0.7
Cth Cth

Figure 5.5: ESR of the secondary network against the primary outage constraint

Gn-

Moreover, one can note the higher value of ESR when satellite links are subject to
AS (as in Fig. |5.5(b)) than its HS counterpart (as in Fig. [5.5(a)) for the same set

of parameters.

Fig. demonstrates the ESR curves against the primary interference power 7,
under both HS and AS scenarios. For this, we set (i, = 0.3. From the figure, under
HS scenario, one can note that there exists a cut-off point below which the ESR
remains zero, owing to more stringent QoS requirements from the PRs at the lower
values of n,. More importantly, this point disappears when satellite links undergo
AS. Further, there comes an ESR ceiling in the curves at higher values of 7,. This

is primarily due to the dominance of interference from the primary satellite.

Fig. depicts the throughput curves against the primary outage constraint (g
under the setting 1, as 30 dB. Herein, the analytical curves are drawn for the two
specific transmission scenarios i.e., delay-limited and delay-tolerant, according to
and , respectively. From the figure, it can be seen that the throughput
for the delay-tolerant scenario is higher than the delay-limited scenario. As such,
in delay-limited scenario, the OP approaches to some lower constant value or zero

value at higher values of (i, and hence, the throughput is only determined by the
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fixed transmission rate of the secondary network. On the contrary, the throughput

in delay-tolerant scenario depends on the evaluated ESR.

5.5 Summary

We investigated the performance of an UCHSTN wherein a secondary terrestrial
network shares the spectrum with primary satellite network to communicate with
intended receivers that are deployed based on the C-NOMA scheme. Considering
the mutual interference between the primary and secondary networks, the transmit
powers at SUs were calculated for a predefined primary outage constraint at the best
selected PR among L PRs under the FD/HD C-NOMA schemes. Based on these
calculated powers, we further quantified the performance of the secondary network
by analyzing the OP, ESR, and throughput. Also, for the comprehensive evaluation,
both pSIC and ipSIC situations were taken into account for the FD mode and the
benchmark HD mode for comparison purposes. Our studies reveal that multiple PRs
manifest the advantage of improved performance towards the secondary network.
Further, it is illustrated that the outage performance corresponding to HD-pSIC
case is notably improved at high SNR region over all the discussed cases, caused
by a non-zero diversity order. Above all, the conclusions can be drawn that for
the case of ipSIC, the FD C-NOMA scheme outperforms the HD C-NOMA scheme
in the entire regime of SNRs. However, for the case of pSIC, the performance of
HD C-NOMA scheme is remarkably ameliorated at high SNR in contrast to the FD
C-NOMA scheme.
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CHAPTER 6

CACHE-FREE/CACHE-AIDED TWR-NOMA IN
UNDERLAY COGNITIVE HYBRID
SATELLITE-TERRESTRIAL NETWORKS

So far, we have analyzed the performance of CHSTNs by considering the various
spectral-efficient schemes in the past chapters, for instance, multiuser scenario, AR
protocol, NOMA, FD C-NOMA, however, by employing the OWR technique in their
analytical frameworks. As such, TWR technique is deemed more spectral-efficient
when compared with its OWR counterpart [I1]. Whereas, NOMA has been viewed
as one of the most promising technologies for future wireless networks to satisfy the
needs of high spectral efficiency and massive connectivity. Thus, exploiting the TWR
technique into NOMA-based CHSTNs can further enlarge the coverage and capacity
of the secondary network [29]. On another front, wireless caching is being explored
for addressing the demands of growing capacity for rich multimedia traffic in the 5G
and beyond cellular networks [14]. This results in reduced latency and subsequently
increased spectral efficiency [16]. Hence, integrating the caching technique further
in TWR-NOMA-based CHSTN will not only mitigate the IUI significantly but also

reduce the OP and average E-E transmission times.

To this end, most of the existing works on NOMA-based CHSTNs [24]-[27], [100]
are relied on the OWR networks and have not considered the potential attributes
of wireless caching. Also, they have conjectured the subsistence of pSIC with no
residual interference incurred. However, in practice, there is SIC error prorogation
in the NOMA technique due to imperfect decoding and many implementations is-
sues, such as complexity scaling [28], which may pose limitations on the capacity of

the CHSTNs. Thus, it would be significant to investigate the deleterious impacts of
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ipSIC on CHSTNs with both cache-free (CF) and cache-aided (CA) TWR-NOMA
schemes. Albeit few works have examined the system performance while incorporat-
ing the wireless caching into their system model, they are particularly intended for
the case of basic HSTNs [101], [102]. To the best of our knowledge, no work has yet
been reported on the performance analysis of CHSTNs with CF/CA TWR-NOMA
schemes under the impact of ipSIC. It is worth pointing that analyzing the perfor-
mance by considering various topics at the same time postures new mathematical
intricacies because of the involved complicated hybrid channel modelling and mul-
tiple random variables (multiple integrals). Note that such analysis is important
for perceiving the repercussion of ipSIC on CHSTNs with CF/CA TWR-NOMA
schemes and to realize the implementation of such networks in the 5G and beyond
wireless environments.

In light of the above discussion, in this chapter, we analyze the performance of an
underlay CHSTN comprising a primary satellite source with its multiple terrestrial
PRs and two NOMA secondary terrestrial users exchanging their information with
the help of a half-duplex DF-based secondary relay. It is important to note that in
CR scenario, both primary and secondary networks are allowed to transmit over the
same frequency band, thus, we consider their mutual interference over each other
[18], [75]. Further, we demonstrate that there exists an IUI which may cause a
detrimental impact on the performance of the secondary network. Consequently, to
achieve the improved performance and subsequently the low latency requirements,
the wireless content caching is employed, whereby the relay can store the most
popular contents of both the NOMA users. In summary, the major contributions of

the chapter are emphasized as follows:

e For the considered CHSTN, we first derive the OP expression of the primary
satellite network for a predefined outage constraint at one of the opportunisti-
cally selected PR among K PRs. This facilitates the transmit power allocation
for the SUs based on satisfying the QoS constraint at the PRs in terms of OP.
Hereby, we illustrate that multiple PRs manifest the advantages of improved

primary OP, which allows allocation of more transmit powers for the SUs.

e Based on the SUs’ transmit powers and considering the realistic assumption
of ipSIC, we investigate the performance of the secondary terrestrial network

under the CF/CA TWR-NOMA schemes while deriving the analytical expres-
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sions of OP, throughput, and average E-E transmission times, under the appro-

priately modelled shadowed-Rician fading for the satellite links and Nakagami-

m fading for the terrestrial links.

e Further, to provide more insights, the asymptotic OP expressions are derived
at a high SNR, and the corresponding diversity orders are obtained for the CF
TWR-NOMA and CA TWR-NOMA schemes. We demonstrate that zero di-
versity order results for both the schemes due to inevitable ITUI. Nevertheless,
the performance under CA TWR-NOMA scheme is notably improved as com-
pared to CF TWR-NOMA scheme, owing to the reduced TUI and the efficient

utilization of available spectrum resources.

The rest of the chapter is ordered as follows. In Section [6.1] the system model
of CHSTN is framed while deriving the expressions for SINRs over heterogeneous
fading channels. The caching scheme against the CA TWR-NOMA scheme is also
elaborated here. In Section the transmit powers at SUs are calculated to sat-
isfy the QoS criterion at the best selected PR among K PRs. In Section and
Section [6.4] we investigate the performance of the secondary terrestrial network by
analyzing the OP, throughput, and average E-E transmission times under the CF
TWR-NOMA and CA TWR-NOMA schemes, respectively. Numerical and simu-
lation results are presented in Section and finally, Section summarizes the
chapter.

6.1 System Descriptions

This section first provides a detailed description of the proposed CHSTN system
model, pertinent hybrid channel model, and thereafter derives the SINR expressions
at the various nodes for the communication purpose, followed by elaborating the

caching scheme.

6.1.1 System Model

Herein, we first discuss the system model for CHSTN under the proposed CF TWR-
NOMA scheme. Although the Fig. is drawn with respect to the CA TWR-
NOMA scheme, the same figure can be applicable for its CF counterpart while
excluding some of the link/parts such as caching phase, cache content, and content

storages and replacing adaptive transmission (Tx) link with Tx link. As illustrated
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in the ﬁgureﬂ a secondary terrestrial network shares the spectrum with the primary
satellite network. The primary network comprises a satellite source A with its
intended K multiple destinations (PRs) {By}+_,, whereas the secondary network
consists of two SU nodes D, and D, exchanging their information with the aid of
a half-duplex DF-based secondary relay node C'. We assume that D, lies closer to
the relay with better channel conditions and the direct link between nodes D,, and
D, is masked due to severe shadowing, blocking, etc. [103]. It is further assumed
that all the network nodes are equipped with a single antenna deviceﬂ. All the
channels are assumed to follow block fading so that they remain unchanged for a
block duration but may change independently in the next block transmission. The
various channel coefficients for the satellite links A — By, A — D,, A — C, and
A — D, are denoted as gap,; Jad, Jac: and gaq,, respectively, and are subject to
shadowed-Rician fading. Whereas, the terrestrial links D, = C, C' — D,, D, — C,
¢ —- D,, D, = By, C = By, and D, — Bj, undergo independent Nakagami-m
fading distributions, and channel coefficients corresponding to them are represented
by haye, Ped,, Nayes Pedys Naybys Peb,, and hq,p, , respectively. All the receiving nodes
are assumed to be inflicted by the AWGN i.e., modelled as CN(0, 0?).

For the subsequent system description, we first mark the statistics of the under-

lying hybrid fading channels.

6.1.2 Channel Model

For the satellite links, a widely adopted shadowed-Rician fading model is considered.
Accordingly, the PDF of the channel gains |g,;|?, j € {bk,d,, ¢, d,}, can be given as
[24]-[27]

figas 2 (@) = aj ™1y (g3 13852) > 0, (6.1)

with aj = (20a;1a;/ (20a;1a; +Qag)) ™ /2005, B = 1/2baj, 65 = Qaj/(20a;) (20a;ma; +
,5), where 2b,; is the average power of multipath component, €2,; be the average
power of LoS component, and m,; is the fading severity parameter.

Considering the numerous practical effects, such as free-space loss, antenna pat-

'In a practical situation, primary source A represents a GEO satellite and nodes {Bk}szl may
constitute the handheld devices as integrated in the DVB-SH service (in S-band) [7]. Whereas,
the SU nodes could be the femtocell users underlying in a macrocell [53]. In another scenario, SUs
can represent a general device-to-device (D2D) communication system.

2For applications that combine IoT with cellular networks, sensors and/or devices in the future
massive machine-type communication networks are generally equipped with a single antenna [79].
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Figure 6.1: CHSTN system model.

tern, etc., the scaling paramete of the satellite links \/Q;, j € {bx,d,,c,d,}, can
be given as [80]

()G
oz fdajm (6:2)

with ¢ being the speed of light, f is the carrier frequency, d,; ~ 35786 km is the dis-
tance between satellite A and the user j, Kp = 1.38 x 1072 J/°K be the Boltzman
constant, T" being the receiver noise temperature, and B, is the carrier bandwidth.
Besides, G is the antenna gain at user j, whereas G;(y;) is the satellite beam gain

based on both the satellite beam pattern and position of the user j, and approxi-

mately given by [81]

Gy(3) = G (Jl(“j) +36J3(§fj)) | (6.3

2u, us

with u; = 2. 07125—551212"1l . Gimax Tepresents the maximal beam gain, p; is the angle

between user j and beam centre with respect to the satellite, and ¢;3qp be the 3-dB
angle.

Hereby, simplifying the term £} (mg;; 1;0;2) in (6.1)) and considering 7, = 1,Q);,

where n, = %, with P, being the transmit power through satellite A, one can

3Tt is noteworthy that the GEO satellite is positioned at a very large distance from the ground,
i.e., 35786 km, and the beamwidth of satellite antenna pattern is of the order of less than 1°. Thus,
it is reasonable to consider the equal scaling parameters for all the terrestrial users.
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express the PDF of A,; = 7.|gs;]?, for the arbitrary integer values of the fading

severity parameters, as [4], [5]

e (C7)r, (6.4)

where &(k) = (—=1)"(1 — mq;)07/(k!)?. Now, carrying out the integration of the
PDF in (6.4) using [41], eq. 3.351.2], the CDF Fj_, () can be obtained as

maj—1 g —(k+1—p) s
E(k) K (B — 8\ TP sy,
Phofa) =1=0; 3 Z(ﬁfﬁlp " re (P (69
k=0 p=0 ‘¢ ' e

Since the terrestrial links are subject to Nakagami-m fading, the respective PDF
and CDF of A;; = n;|hy;|?, for i, j € {by,dp,c,d,} (with i # j, i & {by}) and for

i €{d,}, j & {d,}, and vice-versa, can be given as

mi; ) R

Iu (@) = (Qz’jm NG o (6.6)

and

1 m,.
Fi — T i Y .
00 = g T (0 ) (67

where ();; is the average power and m;; be the fading severity parameter.

6.1.3 Signal Model

The overall communication in the considered CHSTN occurs in two transmission
phases based on the CF TWR-NOMA scheme. During the first phase, nodes D,
and D, transmit their respective signals x4, and x4, complying with unit-energy
(E[|za,?] = 1,E[|zq,|*] = 1), towards the relay node C. Accordingly, the received

signal at node C' can be represented as
Ye = W1 Pdphdpcxdp + w2 qu hdqcqu + Pangacxa + Ve, (68)

where Py, and Py, are the transmit powers through node D, and D, respectively, v,
be the AWGN variable, and w; and wy are the multiplying coefficients whose values
are one under the CF TWR-NOMA scheme. Hereby, based on the NOMA protocol,
relay employs the SIC technique [I03] to first decode the transmitted signal x4, by
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the nearby NOMA user which has better channel conditions. Thus, the SINR at

relay can be given as

wlAd c
A = 2 , 6.9
P iy Ny A e + 1 (6.9)
~—
U1
where Ay = na,|ha,c|? with 74, = —F, Age = Na,|ha,c|? with 74, = —3*, and

Nac = Talgac|?. Afterwards, relay decodes the signal x4, by removing x4, from the
received signal. However, owing to the decoding error and hardware imperfections,
the SIC could be imperfect in realistic conditions. Thereby, we consider that a
residual interference exists, leading to an ipSIC term. Thus, after the ipSIC, the

SINR at relay can be obtained as

WQAdqc
wihe + Age +17

Ap,~c = (6.10)

where A¢ = 77dp|hc|2 with hc is the residual IS channel coefficient at node C, and
is subject to Nakagami-m fading [87] with its respective fading severity parameter

and average channel power gain as mg and Q¢.

During the second transmission phase, SU relay node C' broadcasts the super-
posing signal z. = /(1 — p)P.xg, + /pP.x4, towards the receiving nodes D, and
D, with P. being the transmit power through node C' and p € (0,1) denotes the
NOMA-based power allocation factor corresponding to signal x4, or the desired
signal of nearby NOMA user D,. Further, for performing the adequate NOMA
operation, relatively more power is allocated towards the signal xq, or the desired
signal of distant user D, who has worse channel conditions, and thus, p becomes
limited to (0,0.5) [103]. Hereby, the received signal at node D;, i € {p,q}, can be

expressed as

Ya, = hcdi$c + Panigadixa + Vd; (611)

with v4, be the AWGN variable. Then user D, will directly decode its desired signal
rq, with an SINR as

— (1 - p)Aqu
,OAcdq + Aadq + 1’

(6.12)

quxdp
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where Acq, = ne|heq,|* with 7. = % and Agg, = 7Nalgaq,|*. It is worthwhile to

mention that the transmit power allocationﬂ for the SUs (i.e., Py,, P, and Fy,) will
be executed based on satisfying the QoS constraint at the PRs in terms of OP, as

explained later in Section |6.2
Now, based on the NOMA principle, SIC is performed at D,. Thus, the received
SINR at D, to decode the signal 24, can be given as

(1 - p>ACdp

= 1
pAcdp + Aadp + 1’ <6 3>

Dp7xdp

with Acg, = Nelheq,|* and Aog, = Ta|gaa, |- Afterwards, user D, decodes its desired
signal x4, by removing 4, from the received signal. Similar to (6.9), it will be
subject to residual interference, leading to the ipSIC term. Thus, after the ipSIC,
the SINR at node D, to decode the signal x4, can be obtained as

pAcdp

Ap . = , 6.14
Dy, dq (1 _p>ADp +Aadp +1 ( )

where Ap, = nelh D, | with h p, is the residual IS channel coefficient at node D, and
is subject to Nakagami-m fading with its respective fading severity parameter and

average channel power gain as mp, and {1p,.

6.1.4 Caching Scheme

Herein, we discuss the caching strategy under the proposed CA TWR-NOMA scheme.
As depicted in Fig. [6.1] we denote the library of content files corresponding to
NOMA users D, and D, as Fy, 2 11,2, ..., Ng,} and Fy, = {1,2,..., Ny, }, respec-
tively. Following the Zipf distribution for the content popularity model [105], the i-th

Na,
(z’ € de) and j-th (j € qu) files with popularity profiles f; and f; satisfy Z fi=1

i=1
Na,

and Z f; = 1, respectively. Further, relying on the statistical property of Zipf
j=1

distribution, the probability of requesting the i-th and j-th most popular files can

4The transmit power calculations for SUs in various previous works, e.g., [18], [20], [24], [104]
are relied upon satisfying the instantaneous interference threshold criterion at the PRs, which
finally requires the knowledge of instantaneous channel gains of the links between SUs and PUs.
However, in a practical situations, channels may subject to fast fading due to high mobility, thus
it becomes hard to get the instantaneous channel gains [75], [85].
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be given, respectively, as [100]

T nd j 6.15
fim e amd fy = (6.15)
St Yw
m=1 m=1

where 0y, and 6, (with Oa,, 04, > 0) are the Zipf distribution parameters correspond
to the content files of user D, and user D, respectively. The larger values of 6,
and 6, express to request on the most popular content file(s), whereas the smaller

values intend to the more uniform content requests.

Assume that relay has local storage (cache) capacity that can cache up to C (C <
Ny, + qu) files with C = Cg, + C4,, Cy, and Cgy, are the cache sizes corresponding
to store the contents of NOMA users D, and D,, respectively. Further, without
loss of generality, most popular content (MPC) based caching scheme is considered,
whereby during the caching phase, the relay can store the most popular content
files of users D, and D,. It is further assumed that the caching phase has already
been taken place to consider the next stage i.e., requesting phase. Hereby, NOMA
users send the request to relay for exchange their information with each other.
Accordingly, based on the available contents, the relay decides whether to fetch the
desired contents from the NOMA users or to transmit directly from the relay itself.
Corresponding to this, adaptive Tx links are shown from NOMA users to relay node
C, as in Fig. [6.1] Further, depending on the content files of NOMA users cached
by the relay, one of the following four scenarios can occur associated with values of
wi and wsy as follows:

Scenario (a): The relay has cached desired files of both the NOMA users, no
transmission is required from any of the users to relay; w; = 0, ws = 0.

Scenario (b): The relay has cached the desired file of user D, but has had a cache
miss for user D,, no transmission is required from user D, to relay; w; = 0, wy = 1.
Scenario (c): The relay has had a cache miss for user D, but has cached the
desired file of user D,, no transmission is required from user D, to relay; w; = 1,
wy = 0.

Scenario (d): The relay has had cache misses for both users, transmissions are
required from both the users to relay; w; =1, ws = 1.

Hereby, referring to the eqs. (6.8)-(6.14), one can write the SINR expressions for

the above-mentioned scenarios on substituting with associated values of w; and wy

107



6.2. PRIMARY OUTAGE CONSTRAINT BASED SUS” TRANSMIT
POWER CALCULATION

under the CA TWR-NOMA scheme. Also, from these modified equations, one can
observe that the IUI can be significantly reduced based on the contents cached at

the relay. Nevertheless, the impact of this will better be illustrated in Section [6.5]

6.2 Primary Outage Constraint Based SUs’ Trans-

mit Power Calculation

In this section, we derive the OP expressions of the primary satellite network for
a predefined outage constraint at the best selected PR among K PRs under the
CF/CA TWR-NOMA schemes. Importantly, these analyses help in solving the
transmit power allocation problem for the SUs based on the average channel gains

of the link from itself to PRs.

6.2.1 CF TWR-NOMA Scheme
Since the overall communication under CF TWR-NOMA scheme takes place in two
consecutive time phases, we calculate the transmit powers for SUs during both the

phases separately, denoted as “Case I” and “Case II” as follows:

Case 1
During the first transmission phase of CF TWR-NOMA scheme, the primary satel-
lite source A broadcasts a unit energy signal z, (with E[|x,|?] = 1) towards its K

PRs. Accordingly, the received signal at node By can be given as

Yo, = v PaQbkgabkxa + Pdphdpbkxdp + quhdqbkxdq + V., <616)

where vy, is the AWGN variable. As such, using (6.16)), the SINR at node By can

be expressed as

. A,
At = - (6.17)

B Aayp, + Mgy, +17

where Aabk = 7’7;|gabk|27 Adpbk = 77dp|h'dpbk|27 and Adqbk = 77€lq|h"9itzbk|2'
As stated earlier, in CHSTN, the secondary nodes D, and D, have to satisfy the

QoS criterion at node By while tuning their transmit powers. To quantify this QoS

criterion, the OP of primary transmission should be kept below a predefined outage

constraint (y,. Therefore, for a given target rate R,, the OP of the primary link
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A — By, can be written using (6.17) as

Pl (Ry) = Prllogy (14 A" < R,| <, (6.18)
which can be re-written as
Pift{k(Rp) = Pr[All:,:i < 717} < Gths (6.19)

where 7, = 2f» — 1. Hereby, we calculate the overall primary OP by using the

selection criteria for the best satellite user based on maximizing Afkri as

Poi(By) = Pr|| max  AJT<9,] < G (6.20)

which can be represented while applying order statistics for K independent PRs [80]

as

K
P(EE(RP) = H FAE;(’VP) < Geh- (6.21)

k=1
Now, (6.21) can be further solved while assuming equal power P;, = P, (and

thereby 74, = 74,) [91], as follows in Theorem [7}

Theorem 7. The OP of primary satellite network after the first transmission phase

of CF TWR-NOMA scheme can be expressed using as

Pri s RN b (£) ! T(v4+maue,) (m—v
poutmp):n(l_ IDSHIP BIIN-CL e o (")

. 6*(’7176%7;%) (7 Bbk _ 5bk N M, by >_(’U+mdpbk) F(g+mdqbk)
P Qb M4, ['(ma,s,)

" (’y 51% _5bk N M, by )_(9+mdqbk) ( My )mdpbk (m)
P TTa qubkﬁdp debkndp v

_ —(/i-‘rl—’fﬂ) mdqbk
XY (—&k = 51”“) (—mdqb’“ ) ) < Gin. (6.22)

Qa M4,

Proof. See Appendix [H] [

Now, for a given (g, the transmit SNR 7,4, (involving transmit power F; ) can be
calculated numerically by evaluating the expression in ((6.22)) with respect to 74,

using any computing software like MATHEMATICA or MAPLE.
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Case 11

Similar to (6.16)), the received signal at node Bj during the second transmission

phase of CF TWR-NOMA scheme can be given as

bk = \/ P&Qbkgabk$a _'_ V Pchfcbkxc + vbk' (623>

As such, using (6.23)), the SINR at node By, can be expressed as

: A
Pri ab
A= (6.24)

Hereby, using similar steps as in Case I, the overall primary OP for a given target

rate R, can be evaluated using (6.24]) into (6.21)) as given in Lemma .

Lemma 5. The OP of primary satellite network after the second transmission phase

of CF TWR-NOMA scheme can be expressed using (6.21]) and (6.24)as

K Map, —
y f ! F( — g+ me )
Py (Ry) = H (1 - Z Z Z bk w) L S‘ : F(fncb:)n :

k=1 k=0 v=0 g=0

_((~, Pon %tk —(v=g+mep,)
X (U) Tp€ (% a ) (’y O — Oy, e ) k
g

Na QCbk Te

By, — 5bk)_(ﬁ+1_v) ( Mt )md”“
“ — < o 6.25
( Na chknc - Cth ( )

Proof. Proof of Lemma [5] can be followed using the similar steps as for Theorem [7]

in Appendix [H] [

Now, for a given (iy,, by evaluating the expression in ((6.25) with respect to 7. similar

to (6.22), the transmit SNR 7. can be calculated numerically at node C.

6.2.2 CA TWR-NOMA Scheme

As discussed in CA TWR-NOMA scheme, four scenarios can occur depending on
the content files of NOMA users cached by the relay. Thereby, the transmit power
through relay node C' in all the scenarios can be calculated similar to the Case
II. Similarly, the respective transmit powers through NOMA users D, and D, in
Scenario (b) and Scenario (¢) can be calculated as in Case II, by replacing the

terms mep, , Qe , and 0. with mg s, , Qap,, and g, and with mg, , Q4p,, and 7g4,,
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respectively. However, the transmit powers through NOMA users in Scenario (d)

can be calculated similar to the Case L.

Remark 6.1: The above-stated transmit power calculations require only the
average channel gains of the link from itself to PRs, ie., D, — By, C — B,
and D, — Bj. Average channel gains are relatively more stable and can save
the feedback channel resources [75], [85] as compared with instantaneous channel
gains. Moreover, the average channel gains have more realistic significance, as their
knowledge can be acquired by using the frequency of the radio waves, transmission
distance, etc.

Remark 6.2: Impact of multiple PRs can be realized in the form of improved
primary OP from and (6.25)), which allows the SUs’ transmit powers to be
increased numerically under the fixed values of (y,. Moreover, the transmit powers
calculated for SUs under the Case I are relatively less as compared to the Case II,
as the Case I allows simultaneous transmissions from both the nodes D, and D,.

Its implications will be further elaborated in Section [6.5]

6.3 Performance Evaluation Under the CF TWR-
NOMA Scheme

In this section, we analyze the performance of the secondary terrestrial network
under the CF TWR-NOMA scheme while deriving the analytical expressions of OP,
throughput, and average E-E transmission times for the D, — C — D, link and
D, — C — D, link, denoted as “Link #1” and “Link #2,” respectively. Also, we
investigate the outage performance at a high SNR, and thereby assess the achievable

diversity orders for both the links.

6.3.1 Outage Probability Analysis

When the achievable rates of the users are decided by their QoS, the OP is an
essential measure for analyzing the performance. Thus, to characterize the out-
age behaviour of the secondary network, we derive the exact and asymptotic OP

expressions for the Link #1 and Link #2 as follows:

Exact Outage Probability Analysis of the Link #1

To start with, we define that the Link #1 goes into the outage when either relay

node C or user D, is unable to decode the signal z4,. It is noteworthy that decoding
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of the signal x4, at the relay has nothing to do with the OP of the Link #1, as user
D, directly detects the signal xq4,. Accordingly, the OP of the Link #1 for a given

SINR threshold 74, can be appraised as

Pt * " =1 =Pr[Ap, 0 > Y4y Apyag, > Va,]
=1-—Pr [ADP—>C 2 ")/dq] Pr |:ADq zg, = ’qu:| (626)
Xt M

where vy, = 22Ra, =1 with R4, being the target rate of the Link #1. Hereby, the

PLmk #1, CF
out

final expression of can be provided with the help of Theorem |8 as given

below.

Theorem 8. The expression PLi*#0 " in requires the evaluations of the

out

probability terms x1 and xo under the hybrid satellite-terrestrial channels, which

Ydq

can be provided as in (6.27) and (6.28), respectively, with T} = T
q

Mape=1 m mec—1m—g Ma,eVa, \ - (94 K)!  &(k
we S SIS (s, S

Q
m=0 g¢g=0 k=0 v=0 dpcndp

MdpcVdg Mdge —
y (m) ()( My ) “e T(v + mg,.) (m g)
g Qa,eNa, I'(ma,c) v

mdpcf)/dq BC _ (Sc 7(9+“+1) mdpc’}/dq mdqc 7(v+mdq¢:)
X + —= + . (6.27)
decﬁdp Na decﬁd,, qucﬁdq
Medg—1 4y Madg— m
dq dq mcqul (g + KZ)‘ m
Q ' s
m=0 g¢g=0 k=0 qunc m: 9
_ (g+K+1)  [(™MedgTr
< (e fa—i) P () o
K cdq'r]c Na
Proof. See Appendix [l [

Exact Outage Probability Analysis of the Link #2

Herein, we define the complementary event of the outage for the Link #2. For this,
the relay node C' should decode the signal x4, as well as the signal x4, and then
user D, should also be able to decode both the signals x4, and x4,. Thus, the prob-
ability of the complementary event can be expressed as Pr[A Dp—C = Vdy» MADysc =

Yy ADP,% > YVdy» AD%WQ > ydp}, where 4, = 22Ray=1 i3 the SINR threshold with
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Rg, being the target rate of the Link #2. Thus, the OP of the Link #2 can be

formulated as

PR =1 —Pr[Ap, ¢ > 7a,, Ap,—c = V4, Ap, g, = Vg ADywa, = Va, |

=1-—"Pr[Ap,.c > Ya,, Ap,~c > 7a,| Pr [ADp,a;dp > Ydgr ADpwa, 2 Va,] -

IS I
(6.29)
Hereby, the final expression of Pr:“#* " can be provided with the help of Theorem

9] as given below.

Theorem 9. The expression PL3 72" ip needs the computations of the

probability terms Jy (with J; = @1 — ps) and Jo under the hybrid satellite-terrestrial
channels, which can be presented in -. Therein, Ty = ~q,(1 + va,),

mdpc mdqc
Qapendy, — QdgeNdgVdg

T3 = 4,74, and M =

g m Mge—1m—v g—u m g mc
mdqc’de) ( My ) ( mo )
Y1 =
Sy 23 () (o) (o
(u+v+ k) (g g— u) Md,cVd, N mg,. T N me )_(S+q+m0)
Qa,ena,  Qayena,  Qomna,

mg. e mq. T
(m N g) o SC(KJ) ei<%) ei(ﬂdczl?pc"di) F(S ta+ mc)

v ) () I'(mc)
q . —(utv+rK+1)
% Té] (g) <6€ _ 50 + mdqc,ydp + mdchQ) ) (630)
T, Ma Qa,ena,  Qayena,

q m m—g9tMpelm,—1 u u—s m m m mg e
dgc d,c p _
= i %" —1)ym—9
SDQ Z v -0 (qucndq ) (decndp ) ( )
me ! — 1 \?¢ —(g+mc)
" ( me ) (v+kK+s (u s> (_) (./\/ng—i— me )
Qc'f]dp m! u! q Vd, andp
" (m) (m . 9) (u) o, er) Tlat mo)l(g + maye) o, (g)q
g/\ v J\s) ‘() T(me)l(mage) 2\

Mdge . —(v+r+s+1)
X e(ﬂdq;’dq) e*(MT2) <ﬁc — 50 — My + MTQ)

(6.31)
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mcdp - Mad,

in: p»~Llm—g (mcdpfydp)m < mp, )Tnpp (g+/€)'(m)
m=0 g¢g=0 k=0 u=0 Qed, Nep QD7,77c m) g

—(u+mp,) —(g+r+1)
X ( M, + mCdeydp(l — p)) r (ﬁdp — 94, + mCdp%lp) !

QDP Ne chp Nep 77(;, chp Nep
m—g 64, () Dl +mp,) —(eits)
X 1—p)a - ELe \edplel /) 6.32
N R s (0:32)
Proof. See Appendix [J] [

Asymptotic Outage Probability Analysis

For attaining more insights, we approximate the derived OP expressions in ({6.206))

and (6.29) at a high SNR region (14,7, 74, — 00, With My Me and M are the

Ne ? Mdg Ndp

constant ratios) to calculate the achievable diversity orders for the Link #1 and Link
#2, respectively with the help of Lemma [6] as given below. Although we have tried
our best to present the asymptotic results for both the links, the result corresponding
to the Link #2 is not leading to a straightforward diversity order result, so we
omitted it from the chapter. Nevertheless, we have included the asymptotic curves

for the Link #2 as well later in the Numerical Results section.

Lemma 6. Referring to , the asymptotic OP expression for the Link #1

(say it Py 70 ") under the hybrid satellite-terrestrial channels can be given as

Pt 7o = X1+ Xo, with X1 and X3 are the respective approzimated expressions

at the high SNR against the complementary events of x1 and x2, as given in
and , respectively.

mdpc mdpc m

X1 = Z S mil <mdpc) (mdpc —m) (M) Miye

= S = g Qa,cMa,

0
X P(g + K+ 1) (m + mdqc) O‘cfe(’%y]a qucndq "
P(ma,e +1)  Tlma,e) (B =007+

(6.33)

Md,c

3 () (Y et (1)
cd I‘(Tncdq + 1) o (5dq - 6dq)m+n+1 Ml ‘

(6.34)
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Proof. See Appendix [K] [

Remark 6.3: In (6.33), substituting m = my,., one can assess the diversity
order for the Link #1 as min(0, mcq, ), i.e., zero, owing to the IUL. We are doing such
kind of substitutions to observe the dominant terms at high SNR region, which is
reflected by the minimum power raised to ni and finally tells the diversity order.
Similarly, for , on can attain a zero diversity order theoretically for the Link

#2 due to the presence of TUI.

6.3.2 Throughput Analysis

The throughput is key performance measure to characterize the spectrum utiliza-
tion. It can be defined as the target rate that can be accomplished successfully by
the secondary network over hybrid fading channels. Relying on the results derived
in Section we obtain here the expression of throughput for the secondary ter-
restrial network as follows:

The throughput can be obtained by evaluating the OP for the Link #1 and Link
#2 at the fixed transmission rates of Ry, and Ry, [97], respectively, as

?RCF — (1 . PLink #1, CF) qu + (1 o PLink #2, CF) Rd

out out D

(6.35)

From (6.35]), one can observe that the maximum achievable throughput of the sec-

Link #1, CF
P

PLink #2, CF
out

and P}

ondary network is Rq, + Rg,, which could be attained when

approach zero.

6.3.3 Average End-to-End Transmission Time

In the next-generation wireless networks, minimizing the network latency is con-
sidered to be the prime design objectives while deploying the networks in practice.
Thus, we focus here to estimate the average E-E transmission times for sending the
packets through Link #1 and Link #2. According to the third Shannon theorem,
the transmission time varies inversely proportional to the transmission rate of the
channel [107]. Hence, the time taken in transferring a packet from the source node

S; to destination node S; is given by

- L B
~ Bylogy (1+Ay)  log. (1+Ay)

T, (6.36)
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where L is the length of the packet, B, be the channel bandwidth, and 25’: = Lloge(z).

s

Further, it is assumed that the transmitted packet reaches the destination success-
fully before time-out. Also, the feedback/acknowledgement time is assumed to be

negligible as compared to the packet transmission time [57].

Relying on the condition that both relay and user D, can successfully detect
signal x4, the average E-E transmission times for sending the packets through Link

#1 and Link #2 can be provided as

TLink #1, CF _ 1 + T (637)
and
TLink #2, CF _ T3 —+ T4, (638)
where 71 = E[T,.] = L. n = E[Ta,] = o e
P E[10g5<1+ADp~>C)] ’ ! E[bge (1+ADq’Idp):| 7
E[T.] = B, and 7, = E[T.)] = B . Computation of

S
E[log, (14+Ap,c)|’ E[logc (1+App,qu)]
these terms is quite cumbersome to derive the closed-form expressions for (6.37))

and (6.38)). Consequently, we evaluate them through Monte-Carlo simulations.

6.4 Performance Evaluation Under the CA TWR-
NOMA Scheme

In this section, we analyze the performance of the secondary terrestrial network
under the CA TWR-NOMA scheme in terms of performance measures as discussed
in Section[6.3] Since Section[6.3|has already made the solid foundation corresponding
to the various performance measures, we present here the discussion against CA

TWR-NOMA scheme more in abstract form.

6.4.1 Outage Probability Analysis

Exact Outage Probability Analysis of the Link #1

As discussed in Section based on the contents cached at the relay, four scenarios
are possible. Consequently, the OP associated with content file in each scenario relies

on the popularity profile. Thus, the overall OP will be the sum of OP weighted by
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their popularity profiles in each scenario as follows:

Cay Cq,q Ca, Ng,

Link #1, CA __ Link #1, (a) Link #1, (b)
Fout = Fout > LY fi+ P d fi >
i=1 J=1

i=1  j=Cg,+1

Ndp (qu Ndp qu
Link #1, (c Link #1, (d
_'_Pout i § fl E fj+Pout @ § fl E fj7 (639)
i:(cdp—i-l 7=1 i:Cdp"Fl j:((:dq+1

where PXm<#5 ) — 1 _ Py [ADq,mdp > yélq} with V&q = QRag 1 phme#b ) — 1 X2,

out out
>
~
X3
Link #1, (¢) __ Link #1, (d) __ pLink #1, CF
P =1—Pr [ADP_@ > ydq} X2, and P3¢ = P} . As such, xs
NS o
Xrllg_,IUI

!
Vdg no-1UT

can be referred from (|6.28) while substituting 77 = i

—¢ _ Next can be
1=p)=prg, » X1

acquired as

S g+ &lr)
no-TUT __ Z (mdpcfydq) (g + /f)' e\

Qo=
decndp m! (na)’ﬁ_l

_ —(g+r+1) _( Idpcd
y (mdpcf)/dq + Be — 66) (m) e (Qd:C"dz ) . (640)
decndp Na 9

Exact Outage Probability Analysis of the Link #2

(Cdp qu Cdp qu

Link #2, CA __ pLink #2, (a) Link #2, (b)
Pout _Pout § fl E fj +Pout § fl § fj
=1 j=1

i=1  j=Cq,+1

Na, Cq, N, N,
Link #2, (c) Link #2, (d)
+Pout E fl E fj+Pout E fz E fj’ (641)
i:(Cdp+1 Jj=1 i:(Cdp+l jZ(qu+].

Link #2, (a) __ / / . __ oR Link #2, (b) __
where P, =1-Pr [ADMdP > fydq,ADqu > fydp] with fy&p =281 P =

out out
J3
Link #2, (c) __ Link #2, (d) __
1—Pr [AanC > fydp} Ja, P =1-—Pr [ADpﬁC > ’ydq] Jo, and P =
JZO—IUI X?ofIUI

Py #2CF - Ag such, J3 can be referred from 1) while replacing a4, with 7, .

Next, J;'" can be obtained as

myq, c_l m mac_]- m
Jroul _ q Z (mdqc%{p> (g+ k) &(k)
4 = v
m=0 g=0 k=0 qucndq m! (na) +
_ _(g"’_’i—"_l) _ mdqc’ydp
X (mdqc,}ﬂp -+ 66 po 50) (m) e (qucndq ) . (642)
qucﬂdq Na g
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Asymptotic Outage Probability Analysis
Herein, we approximate (6.39) at a high SNR region to get the asymptotic OP

expression for the Link #1 under the CA TWR-NOMA scheme. Accordingly, all
the involved OP terms have to be approximated at the high SNR. As such, P %1 )

out, asy
Ta
. . . Link b —
can be referred from ([6.34)) while substituting 77 = T Next, P :;, ® =\,
dq
Link #1, _ T no-IUl < no-IUI : Link #1, (d) __ Link #1, CF
Pout. asy = X1+ X2 with xj™ is given below, whereas P2 ™ = Pout asy >

Mdpe mge—1 M e .

= 3 () (e Tt a0
m=0 k=0 m decndp F(mdpc + 1) (ﬁc — 5C)m+n+1

Hereby, substituting all the involved approximated OP terms into (6.39)), one can

assess the diversity order for the Link #1 as zero. Similarly, for (6.41]), on can attain
a zero diversity order theoretically for the Link #2.

6.4.2 Throughput Analysis

Relying on the results derived in Section [6.4.1] we obtain here the expression of
throughput for the secondary terrestrial network as

§RCA (1 o PLmk #1, CA) qu _|_ (1 o PLmk #2, CA) Rd

out out D"

(6.44)

6.4.3 Average End-to-End Transmission Time

The average E-E transmission times for Link #1 and Link #2 can be expressed as
sum of the transmission times weighted by their popularity profiles in each scenario,

respectively, as

Ca, Ca, Cq, N,
Link #1, CA __
T —TQZfiij (72 +73) Zfz Z fi
=1 j=1 j=Cay+1
Ng, Cqq Ng, Nq,
t(ntm) D Y firmtn) X 3 fi (649)
= (Cdp—l—l j=1 = (Cdp—l—l j= qu+1
and
Ca, Cq, Cap N,
TLink #2, CA =1 Z fz § f] 7_3 + T4 Z fz Z f]
i=1  j=1 i=1  j=Cgq,+1
7'1—|-T4 E fZij T3+7'4 E fz Z fj- (646)
1= (Cdp—‘rl 7j=1 —Cdp“"l j= qu-'rl
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As discussed in previous section, we calculate the above average E-E transmission

times through Monte-Carlo simulations.

6.5 Numerical and Simulation Results

In this section, we carry out numerical analysis for the considered CHSTN under the
CF/CA TWR-NOMA schemes and endorse our derived theoretical results through
Monte-Carlo simulations. For drawing the various analytical curves, we follow i.i.d.
channels towards the multiple PRs, while considering that they are clustered rel-
atively close together [42], [45]. Thus, for convenience, we drop the index k from
all the notations of the pertaining channel parameters in this section. Table |6.1
enlists some parameters related to the satellite links [80]. To get the numerical
results, we adopt a 2-D network layout, where the network nodes B, D,, C, and
D, are located at the coordinates (2,1), (—0.3,0.5), (0,0), and (0.7,0.5), respec-
tively. Acquiring the path-loss model [99], the parameter €2;; of the channel gain
is calculated by Q;; = di_j19 for i, j € {b,d,,c,d,} (withi#j, i ¢ {b}) and for
i€ {d,}, j & {d,}, and vice-versa, d;; is the normalized distance between nodes ¢
and j, and ¥ = 4 be the path-loss exponent. We set the various system parame-
ters, unless otherwise specified, as R, = 0.5 bps/Hz and Ry, = Rq, = 0.5 bps/Hz
as the target rates, mg,. = Meq, = 2, Mye = Meq, = 1, mp, = mc = 2, and
Ma,b = My = Mg,y = 2 as the fading severity parameters, Qp, = Q¢ = 0.01 [92] as
the mean values of the IS channel power gain, p = 0.3 [25] as the NOMA-based power
allocation factor, and 02 = 1 as the noise variance. The various satellite links are
considered under HS and AS with their corresponding shadowed-Rician fading pa-
rameters [45] as (mq;, 0aj, 45 = 2,0.063,0.0005) and (my;, baj, Qaj = 5,0.251,0.279),
j € {b,dy,c,d,}. Next, the parameters related to considered caching scheme are set
as Ng, = Ng, = 200 as the sizes of content catalogs, 04, = 04, = 6 = 2 as the Zipf

distribution parameters, and Cy, = Cy, = 20 as the cache sizes.

Fig. illuminates the transmit power allocation for the SUs against the various
values of primary outage constraint (;, and primary interference power 7,. For this,
we consider two cases viz., Case I and Case II, as discussed in Section [6.2] From the
figure, one can visualize that the transmit power increases as the values of (i, and
7, increase against their predefined values. Moreover, the transmit powers allocated

for SUs under the Case I are relatively less as compared to the Case II, as the Case
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Table 6.1: Satellite Link Parameters [with j € {b, c,d,, d,}]

Parameters Value
Orbit GEO
Carrier frequency f=2GHz
Carrier bandwidth B. = 15 MHz
3-dB angle ¥Pj3dB = 0.8°
Angle between user j and satellite beam centre p; = 0.2°
Antenna gain of user j G;=4dB
Maximal beam gain Gmax = 48 dB
Receiver noise temperature T = 300° K
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Figure 6.2: Transmit power allocation for the SUs against the primary (a) outage
constraint (g; (b) interference power 7,.

I allows simultaneous transmissions from both the nodes D, and D,. The transmit
power increases further while considering the case of multiple PRs [refer to
and ] and AS scenario. Such increments in transmit power happen owing to
the improved primary outage performance. As an illustration, let us consider the
AS scenario under the setting (;, = 1072 and 7, = 30 dB. For this set of values,
the corresponding numerical values of calculated transmit powers for SUs for K =1
under the Case I and Case II are 10.9 dB and 12.94 dB. Now, considering K = 3
for the same set of values, the respective numerical values of calculated transmit
powers for SUs under the Case I and Case II increase to 24.2 dB and 27.38 dB.
Fig. exhibits the analytical and asymptotic OP curves for the secondary
network under the CF/CA TWR-NOMA schemes against the primary outage con-

straint (), with setting n, as 30 dB. We can observe that the asymptotic curves are
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Figure 6.3: OP of the secondary network against the primary outage constraint (i,
(a) HS; (b) AS.

well aligned with analytical and simulated curves in the high regime of (. One
can further visualize the relatively better outage performance for the Link #1 as
compared to the Link #2 under the CF TWR-NOMA scheme. It is primarily due
to the more power allocation towards the signal x4, or the desired signal of distant
user D, and the absence of any ipSIC effect. However, the results are contradic-
tory under the CA TWR-NOMA scheme, owing to the involvement of the various
other parameters/factors while deriving the OP expression. Also, one can notice a
remarkable performance enhancement under the CA TWR-NOMA scheme over the
CF TWR-~-NOMA scheme, as the prior one efficiently utilizes the available spectrum
resources based on the contents cached at the relay, and thus, the impact of TUI
is significantly reduced. Further, there are notable improvements in the OP curves
pertaining to both the schemes while considering multiple PRs as it allows more SUs’
powers for transmissions. Furthermore, the performance relatively improves for the
same set of parameters when satellite links are subject to AS (as in Fig.[6.3{(b)) than
its HS counterpart (as in Fig.[6.3(a)).

Fig. depicts the OP versus primary interference power 7, curves while con-
sidering the HS and the AS sets of scenarios. For this, we set (i, = 0.3. From the
figure, under HS scenario, one can note that at the lower values of 7,, a cut-off point
exists below which the secondary network remains in the outage. This is primarily

due to the more stringent QoS requirements from the PRs. Nevertheless, this cut-off
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Figure 6.4: OP of the secondary network against the primary interference power 7,,.

point relatively vanishes at the early stage of 7, when satellite links are subject to
AS. Further, at the higher values of 7,, an outage floor appears in the performance,

owing to the dominance of the interference from the primary satellite.

Fig. [6.5] illustrates the throughput curves against the primary outage constraint
(tn under the setting 7, as 30 dB. From the figure, it can be seen that the throughput
for the CF/CA TWR-NOMA schemes initially increase as the value of (), increases,
but saturates at the higher values of (;;,. As such, at the higher values of (i, the OP
saturates at some lower constant value, and hence, the throughput is only determined
by the fixed transmission rates of both the links in the secondary network. Based
on the reasoning presented in the description of Fig. the throughput of the
secondary network under the CA TWR-NOMA scheme is notably high than its CF
counterpart. Also, the impact of multiple PRs can be seen in the form of increased

throughput.

Fig. demonstrates and compares the average E-E transmission times for send-
ing the packets through Link #1 and Link #2 under the proposed CF/CA TWR-
NOMA schemes. For this, we assume the channel bandwidth and packet length as

Bs =1 MHz and L = 10240 bits, respectively. From the figure, it can be visualized
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Figure 6.7: Impacts of caching parameters on the outage performance (a) Cache
size; (b) Zipf distribution parameter.

that the transmission time under the CA TWR-NOMA scheme is relatively less
than the transmission time under the CF TWR-NOMA scheme, as the prior one
efficiently utilizes the available spectrum resources based on the contents cached at
the relay. For instance, under the Scenario (a), only one time slot is required to
exchange the information between NOMA users, which reduces the overall trans-
mission time significantly. The transmission time gradually decreases as the value

of (i, increases. It further decreases while considering the case of multiple PRs.

Fig. [6.7] illuminates the impacts of Zipf distribution parameter 6 and cache size
on the outage performance of the Link #2. Subsequently, in Fig. (a), the impact
of various cache sizes on the outage performance for a fixed value of 0 is illustrated.
Hereby, one can observe that the outage performance improves while increasing the
value of cache size, as most of the time, both NOMA users can retrieve their contents
from the relay itself. Consequently, the available spectrum resources will be utilized
more efficiently, and the outage performance will be ameliorated accordingly. In
Fig. |6.7] (b), the outage performance improves as the value of 6 increases. The
higher value of # implies that both NOMA users will request the lower-index files
with high popularity, which can be easily stored in the relay with limited cache

capacity during the off-peak traffic period.
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6.6 Summary

We investigated the performance of an underlay CHSTN wherein a secondary terres-
trial network shares the spectrum with the primary satellite network for exchanging
the information between two NOMA users with the aid of a half-duplex DF-based
secondary relay. It is demonstrated further there exists an inevitable TUI causing
detrimental impacts on the performance of the secondary network. Consequently,
to improve the performance and subsequently the low latency requirements, we ex-
ploited the wireless content caching, whereby the relay can store the most popular
contents of both the NOMA users. Considering the mutual interference between the
primary and secondary networks, the transmit powers at SUs were calculated for a
predefined primary outage constraint at the best selected PR among K PRs. Based
on these calculated powers and considering the realistic assumption of ipSIC, we
further quantified the performance of the secondary network by analyzing the OP,
throughput, and average E-E transmissions times under the CF/CA TWR-NOMA
schemes. Our studies revealed that multiple PRs manifest the advantage of im-
proved performance towards the secondary network. It is also illustrated from the
asymptotic OP analysis that a zero diversity order results for both the proposed
schemes due to unavoidable TUI. Nevertheless, the performance corresponding to
CA TWR-NOMA scheme is notably improved over its CF TWR-NOMA counter-
part, owing to the reduced IUI and the efficient utilization of available spectrum

resources.
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CHAPTER [

CONCLUSIONS AND FUTURE WORKS

In this chapter, we present the conclusions derived from the work in this thesis and

provide the possible directions for the future works.

7.1 Conclusions

This thesis presented a comprehensive performance analysis of CHSTNs with various
spectral-efficient schemes. The primary objective of the thesis was to provide various
system designs for future networks which can efficiently utilize the precious spectrum
resources. Firstly, we analyzed the performance of CHSTNs in which a secondary
terrestrial network competes for spectrum access with the primary satellite network.
Therein, a multiuser downlink scenario for the CHSTNs was explored where oppor-
tunistic selection criterion for the best satellite user is designed by exploiting both
direct and relay links in an optimal manner. In addition, we provided useful insights
on the power splitting factor to explore additional spectrum sharing opportunities
towards the secondary network. Then, we investigated the performance of CHSTNs
while taking into account the practical Hls at the terrestrial user nodes. Considering
the detrimental impact of HIs on the system performance, we proposed an AR pro-
tocol for both AF and DF operations. The proposed AR protocol invokes secondary
relay cooperation adaptively, relying upon the limited feedback mechanism from the
PU. Thereby, it efficiently utilizes the available degrees-of-freedom to improve the
performance of CHSTN even in the presence of Hls. Next, different from the above
discussed works, we considered the multiple PRs assisted through NOMA scheme
for the performance evaluation. Thereby, a comparison with the benchmark OMA
scheme reveals that the proposed NOMA-assisted CHSTN provides remarkable per-

formance improvement while utilizing the spectrum resource efficiently. Further, we
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investigated the performance of an underlay CHSTN wherein a secondary terrestrial
network shares the spectrum with the primary satellite network to communicate with
intended receivers that are deployed based on the C-NOMA scheme. Our studies
reveal that multiple PRs manifest the advantage of improved performance towards
the secondary network. Additionally, it is illustrated that the outage performance
corresponding to HD-pSIC case is notably improved at high SNR region over all the
discussed cases, caused by a non-zero diversity order. Moreover, the conclusions can
be drawn that for the case of ipSIC, the FD C-NOMA scheme outperforms the HD
C-NOMA scheme in the entire regime of SNRs, however, for the case of pSIC, the
performance of HD C-NOMA scheme is remarkably ameliorated at a high SNR in
contrast to the FD C-NOMA scheme. Lastly, we explored the performance of an
underlay CHSTN wherein a secondary terrestrial network shares the spectrum with
the primary satellite network for exchanging the information between two NOMA
users with the aid of a HD DF-based secondary relay. To mitigate the impact of
inevitable TUT in such TWR-NOMA based CHSTN, the wireless content caching
was exploited, which provides a remarkable performance improvement for CHSTN,
owing to the efficient utilization of available spectrum resources.

In essence, we have comprehensively investigated the performance of CHSTNs to
offer useful insights into the practical design. We have proposed various schemes and
strategies which can improve the spectral efficiency and reliability of the CHSTNs

and eventually facilitate their deployment for the next-generation wireless systems.

7.2 Future Works

With emerging 5G communication, there are many open problems related to the
topics of this thesis that could be treated in future research. Some future prospects
for the research work are given in the sequel.

Since spectrum efficiency is key objective for future networks, their analysis
has gained significant research attention. To further increase the spectral efficiency
and throughput of the CHSTNs, exploiting multiple-input-multiple-output (MIMO)
technology while deploying a multi-antenna satellite with multi-user configuration
can be viewed as an important direction. In MIMO systems, multiple antennas are
employed at the transceiver nodes to provide a high data rate.

In addition, due to the coexistence of PUs and SUs together, the CHSTNs are
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susceptible to security threats. Consequently, it would be important and interesting
to develop the strategies for the physical layer security of the CHSTNs. Dealing
with security breaches is of paramount importance and one of the main challenges
in designing the 5G networks.

On another front, reconfigurable intelligent surface (RIS) is a promising technol-
ogy to enhance the coverage and performance of wireless networks. The rate and en-
ergy efficiency of wireless channels can be improved by deploying software-controlled
metasurfaces to reflect signals from the source to the destination, especially when
the direct path is weak. As such, the disruptive RIS concept of controlling the prop-
agation channels via software provides attractive performance gains to the commu-
nication networks, including higher data rates, improved user fairness, etc. With
these potential attributes, of course, analyzing the performance of CHSTNs using
RIS is welcome as a new future research direction.

Further, with the recent advances in deep learning architectures/algorithms and
open-source artificial intelligence (AI)/machine learning (ML) tools, the application
of AI/ML in wireless networks including HSTNs is increasingly getting attention.
Therefore, the focus of future research can be to develop novel ML-assisted resource
management algorithms to address the challenges of multi-dimensional and large
search spaces, and evolving objectives and constraints.

Besides, in this thesis work, one can also study the resource allocation in CHSTNs
based on the optimization of the performance metrics. For instance, it would be
interesting and challenging to find the optimal values of overlay-based spectrum
sharing parameter and NOMA-based power allocation factor.

With the above mentioned prospects, the existing body of knowledge in the
design of CHSTNs can be further expanded.
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APPENDIX A

DERIVATION OF (3.29)

The CDF F,, ,(z)=Pr [Aacb < x] is expressed, using |) as

,uAacAcb

_ Py (1 + wpAep)
TpNaclep + ENge + wpAep + 1 a

AIZC
HacAcb — EX

FAacb(x) =Pr [

(A.1)

which can be further evaluated as

FAacb(I) =1- /Oo FAac (M) fAcb(y)dy‘ (AQ)

With 6, > 0, we exploit ( and into , and then simplify using
binomial expansion [41] eq. 1.111] to obtain F)_,(x) as given in (3.28) with

Mac—1 K mA+Mep— 1<‘ Nm(‘b xlwm(ex)m‘i’mcb*l*g

!
P(z) =1— Z Z Z n+1 l' (HH_Z)I‘(mcb) P o

k=0 [=0 m=0 g¢g=0

2
Mex 4+ Mz

x ( : ) (m e = 1> o () /OO t(g—l“)—le_( s ‘%t> dt.
0

m 9

(A.3)

Now, on simplifying the integration in (A.3]) using [41l, eq. 3.471.9], one can arrive
at (3.29) which completes the proof.
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DERIVATION OF (4.18)

The CDF FAacb () = Pr [Aacbk < a:] can be expressed using or in a

generalized form as

9[:(1 + Acbk)

B.1
ekxAcbk — X ( )

Y

FAacbk( ) = Pr [Aac

which can be further evaluated as

Fu,, (1) =1- / AL <M> Fa, (9)dy. (B.2)

€T

kx

Now, exploiting (4.12)) and (4.13)) into - and simplifying using binomial expan-
sion [41], eq. 1.111], we obtain

Mac—1 K 1 mtmep,
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Now, solving the integral in (B.3|) using [41, eq. 3.471.9], one can arrive at (4.18)).
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DERIVATIONS OF (4.24) AND (4.25)

To derive the asymptotic OP expression for primary network, we first approximate

the SINR expressions in (4.7) and (4.9)) by neglecting the unity term from denomi-

nator and using the fact )f—j;, < min(X,Y) [45] to represent

Aety, < g (C.1)
Tk + min(Acbk,Aac)

Hence, the corresponding CDF can be expressed as

Frsa (0) = Fuo. (5) + Fao, (5)- (C.2)

At high SNR the respective CDFs used in (4.12)) and (4.14) can be approximated as

1% 1 M T\ Med
F),.(x)~—x and Fy_(z)~ ( e ) : C.3
( ) Na ( ) F(mcj+1) QCan ( )

Consequently, (C.2) can be represented as

Qe 1 Mebp ™\ et
. e N ( b ) , C4
Aacbk( ) NaOkz F(mcbk + 1) chkncekff ( )

Now, on using (C.4)) into (4.19) and (4.22)), one can arrive at (4.24) and (4.25)),

respectively.
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DERIVATION OF (5.19)

On using into , Pr [Aflri < 7] can be expressed as

Pr [Agri < ”yp} =Pr

Aabl
< , D.1
Acbl +Adpbl 4 1 Vp] ( )

which can be re-expressed as

PefAf <) =1 Oo( / w( / O:) f <x>dm) fr, (y)dy) fan ()2 (D2)

Now, on substituting the PDFs f3,, () and fAa, (y) corresponding to the satellite
and terrestrial links, respectively from and , and further solving the asso-
ciated integral w.r.t. x in (D.2)) using [41], eq. 3.351.2] and binomial expansion [41]
eq. 1.111], we obtain

Mab; =1 m Meb
~ ARG 1 Mep !
PI' API‘I — l I
[ " - ’yp} 0 abl K+1 m' F(mcbl) chlnc
K= m= 'U:
—(k+1-m By, —0p
« b Oy, ) m _<%71% l) m
Yp € v
By, —y, by
gVt men 1 o \PTa g dy

% ( /0 (= 4 1y (7w ) fAdpbl(z)dz). (D.3)

Hereby, substituting the PDF expression of fa, , (z) into (D-3), then computing the

associated integrals using [41, eq. 3.351.3], and finally applying the order statistics
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using ([5.18)), one can get the desired OP expression of the primary satellite network
for a given primary outage constraint (;;, under the FD C-NOMA scheme, as given

in (5.19).
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DERIVATION OF (5.25)

Referring to (5.24)), x1 can be written for the case of FD-ipSIC using ((5.9) and ({5.10)

as

XIIJ‘D—ipSIC — Pr [Acdp >T) (Adpdp + Aadp + 1)7

Aca, > To(Naya, + Nag, +Ap, + 1)]7 (E.1)
FD FD
where T = (I_Z)dfqmdm and T, = %. Subsequently, (E.1) can be evaluated as
q

o) Tsw—1 e} [e)
XPI“D-ipSIC _ U(Tl — Tg)/ (/ (/ (/ f/\cdp (a:)das)
-8 0 Tyw—z—1 Ti(y+2+1)

Fan <y>dy) and,,<z>dz) Fip, (w)dus

o [T )

fAdpdpw)dy) andp<z>dz) fip, (w)du

VA VAR VAR

Fr <y>dy) andp<z>dz) fu, ()i
(E.2)

T>

77 and U(z) is unit-step function whose value is 1, when x > 0, and
1 2

where T35 =

0 otherwise. Nevertheless, for the feasible range of p, To > T, thus, (E.2) can be

136



APPENDIX E. DERIVATION OF (5.25)

simplified as

= () iy (i)
0 0 0 To (y+2z+w+1)

fAdpdp@)dy)andp(z)dz)fAD,,<w>dw. (E3)

FD-ipSIC

Hereby, the final expression of x; can be derived as in (5.26)), using [41], egs.
(3.351.2) and (3.351.3)] and binomial expansion [4I, eq. 1.111]. Similarly, the
HD-ipSIC

expression of x; can be evaluated as in (5.27). Now, we proceed to obtain the

expression of yo as follows:

Referring to ([5.24)), x2 can be expressed using (5.12]) as

=1-Pr
X2 Aadq +

A
% < ’ydq] 3 (E.4)

which can be re-expressed as

00 Vdg (2+1)
Xo=1-— /o (/0 Fiaya, (a:)dm) Fi s, (2)d2. (E.5)

Now, computing the associated integrals using [41], eqs. (3.351.1) and (3.351.3)] and
binomial expansion [41] eq. 1.111], one can acquire the desired expression of y, as

in (5.23).
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DERIVATIONS OF (5.29)-(5.32)

Referring to (5.24]), x1 can be re-expressed for the case of FD-ipSIC using (E.3) as

| 0o 00 o) Tz(y+2+w+1)
X};D—lpSIC -1 / (/ (/ (/ fAcdp (.T)dx)
0 0 0 0

Fhapa, (y)dy) Fhaa, (z)dz) fap, (w)dw. (F.1)

Now, substituting (E.5) (with 74, = 757) and (F.1) into (5.24), the asymptotic OP

expression of secondary network for the FD-ipSIC can be represented as

' 00 0o 00 T (y+z+w+1)
= [C([T([7() iy i)
0 0 0 0

fAdpdp (y)dy) andp (Z)dZ) fADP (w)dw

o0 Vg, (241)
+ /0 (/0 f/\dpdq (l‘)dl‘) andq (2)dz, (F.2)

where the product term leading to a higher order is neglected. Hereby, inserting
the involved PDF expressions in , and then simplifying the integral expression
in [41, eq. (3.351.1)] while making use of the series expansion of Y («,z) [41], eq.
8.354.1] as

T(,x) =z Z (=1)faf 2 (F.3)

—ella+ BDE=

PFD—ipSIC

one can earn the expression of out, asy

as in ((5.29) using the similar steps as for
Theorem [f] Similarly, the asymptotic OP expressions of the secondary network for

other discussed cases can be evaluated as in ({5.30))-(5.32)).
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APPENDIX G

DERIVATION OF (5.34)

The ergodic rate for user D, can be expressed using (5.10)) as

Cp = 2B 1og, (14 ( PAc, )
= — o)
@ A 82 C(l - P)ADP -+ WAdpdp + Aadp + 1
kY
1 [ 1-Fe(d)
B an/ 1+6 0. (G-1)

In particular, we consider the case of HD-pSIC and derive the corresponding ergodic

rate expression as in ([5.38]). For this, we substitute w = 0 and ¢ = 0 in (G.1]). Thus,
the involved CDF term Fg(f) can be calculated as

pAcd 0 0o
—r < =1- d dz. G.2
Aga, +1 ] /0 (é(zﬂ) facy (2) x) Ty (22 (G2)

Now, substituting the involved PDF expressions and simplifying using [41], eqs.
(3.351.2) and (3.351.3)] and binomial expansion [41} eq. 1.111], the CDF Fg(6) can

F@(Q) =Pr

be computed. Consequently, inserting this CDF expression into ((G.1)), ergodic rate

for user D, under HD-pSIC case can be expressed as

RN Mea, \ (9 + K)!
CHDpSIC_ Z Z Z an( d > (gm!/f) (?)Ozdp

m=0 ¢g=0 QCd NP
_ (g+r+1) o Medp?
o Lap() (ﬁdp da ) [ (mases)
(7a)"+1 Na 0
i~ (g+K+1)
x (1 t oo n?g;”j“_ - >9> (14 6)"1ds. (G.3)
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Now, expanding the last two terms inside the integral in terms of Meijer-G function

via [93] eq. 10] as

Gri |« : (G-4)

and then solving the integral using [94] eq. (2.6.2)], one can get the expression for
C;pD‘pSIC as in ((5.38)). Likewise, one can derive the ergodic rate expressions of user

D,, for the other involved cases in ([5.34)).
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APPENDIX H

DERIVATION OF (6.22)

On using 1) into 1 , Pr [AE}? < 7] can be expressed as

Pr[A)" < 7,] = Pr

Aab;C
H.1
Agp, + Nagp, +1 =7 ] (H.1)

which can be further evaluated as

Pe[Afr <) =1 ( / ( / Wl)anbk(@dx)fAdpbk@)dy)fAdqbk(z)dz. (H2)

Now, on inserting the PDFs f3,, (x) and Fray, (y) corresponding to the satellite and
terrestrial links, respectively from and , and further solving the associated
integral w.r.t. x in using [41, eq. 3.351.2] and binomial expansion [41] eq.
1.111], we obtain

[API‘I < —1— Z f: fbk (ﬁbk ) ()
by ’7p - abk ,€+1 ~

Na

By —6
' (i) M "
X ———— e —r
)" Q
dpby NN,

oo By, =% Mdyb
X <m) (/ ywmd”b’“*le_(% T ’“+debkidp)ydy)
v 0
& - (’sz ﬁbk:ébk )
X / (z4+1)"" " g, (R)d2 | (H.3)
0

Hereby, substituting the PDF f) dab (z) using , then computing the involved
integrals using |41} eq. 3.351.3], and finally applying the order statistics using (6.21),

one can get the desired OP expression of the primary satellite network for a given

primary outage constraint (i, under the Case I, as given in (/6.22)).
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APPENDIX |

DERIVATIONS OF (6.27) AND (6.28)

Referring to (6.26]), it requires the evaluations of the terms y; and 2. As such, x;
can be written using as

X1 =Pr

Ad c
z > ) 1.1
Aqu + Aac + 1~ ’qu] ( )

Subsequently, can be solved as

w=[T([7( / w() oo (000) o)) (. (02

Now, on inserting the involved PDF expressions and using [41) eqs. (3.351.2) and
(3.351.3)], and binomial expansion [41], eq. 1.111], the final expression of x; can be
derived as in ((6.27). Next, using the above similar steps, one can acquire the desired

expression of xs as in (6.28)).
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APPENDIX J

DERIVATIONS OF (6.30)-(6.32)

Referring to (6.29), Pyt #> " requires the calculations of J; and J,. As such, J;

out

can be represented using and (6.10) as

dpc

J1:P1"

> A> (J.1)
Aqu+Aac+1_7dq’ AC+Aac+1_7dp ’ .

which can be re-expressed as

J1:PI‘

Ag,e
Ngye > va, (Ac 4+ Nae + 1), Age < 7dp — Ao — 1] i (J.2)
dq

Hereby, (J.2)) can be evaluated as
0o 0o o ﬁfzfl
n=[UCL . ( Prag 51 ) s () ) (212 ) )
0 0 Tsw+T22+To\ J g4, (wtz+1)
(J.3)

Now, (J.3) can be simplified using (6.7)) as J; = @1 — @2, with ¢; and ¢, can be

written as

oo oo oo My y
- L CAE R O
(pl /0\ ( /0 ( Agw—&-TzZ—i—Tg ( dq qucndq 'qu o

anc<z>dz) fro () (1.4)
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and

oo 00 0 M, e
P2 = / / / T ma,c, O Ya, (w42 + 1) fAdpc(y)dy
0 0 Tsw—+Toz+Ts dgclld,

anc(z)dz) fae (w)dw. (J.5)

Hereby, exploiting the series expansion for the lower incomplete Gamma function
using [41], eq. 8.352.6], then inserting the involved PDF expressions, and using

similar steps as in Appendix [H] one can obtain the expressions for ¢; and ¢, as

provided in (6.30) and ((6.31]), respectively.
Next, J can be written using (6.13]) and (6.14)) as

Jy = Pr [Acdp > Ty (Mg, + 1), Mg, > Ti((1 = p)Ap, + Aug, + 1)}, (1.6)

where T = %. Subsequently, 1) can be computed as

Jo =U(Ty — Ty) /100 (/T“’_l </T°<(> o fAcdp (:z:)dx) andp(z)dz> I, (w)dw

Ts

00 Tsw—1 00
UM T /1 ( /0 ( /T4((1—p)w+z+1) Ty (x)dx) T, (z)dz) fan, ()i

Ts

(J.7)

where Ty = % and U(z) is unit-step function whose value is 1, when z > 0, and

0 otherwise. Nevertheless, for the feasible range of p, Ty > Ti, thus, (J.7) can be

simplified as

9 = N h b x)dx z)dz w)dw. .
J: /0 (/0 (L4((1P)w+z+l) fAcdp( ) >andp( ) )fADp( ) (J 8)

Hereby, substituting the associated PDF expressions and using [41l, eqs. (3.351.2)
and (3.351.3)], and binomial expansion [41 eq. 1.111], the final expression of J; can
be derived as in ([6.32)).
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APPENDIX K

DERIVATIONS OF (6.33) AND (6.34)

Referring to (6.26)), it can be re-expressed as
P;;;k #LCF _ 1 <1 — Pr [ADPHC < ")/dq:|) (1 — Pr [ADq,Idp < ")/dq]> , (Kl)

which can be approximated as

Poit: sy " = Pr[Ap, w0 < 74,] + Pr[Ap, ey, <, (K.2)

where the product terms leading to a higher order are neglected. Hereby, y; and x»

can be evaluated using and (6.12)), respectively, as

a= (T hon) nwn) e )

00 T1(y+1)
md = [T ([ o) s, (K.4)

Now, inserting the involved PDF expressions in (K.3|) and (K.4), and then simpli-
fying the integral expression in [41, eq. (3.351.1)] while making use of the series
expansion of Y(a, x) [41l, eq. 8.354.1] as

(e}

T(a,x):xazﬂ t

~ — K.5
—elate)emoa’ (K.5)

one can earn the expressions of y; and x», and subsequently the expression for

Link #1
Pout7 asy*
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