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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

HSTNs 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 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 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) [1], 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,
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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 (CHSTNs) [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 [17]. 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 CHSTNs focused on the performance

analysis using underlay paradigm [18]-[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 (IQ)

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 [11]. Thus, exploiting this TWR technique into NOMA-
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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)1,

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:

� To assess the performance of overlay CHSTNs with multiple PUs.

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

AR protocol.

� To analyze the performance of NOMA-assisted overlay multiuser CHSTNs.

� To explore the performance of underlay CHSTNs with FD/HD C-NOMA

schemes under the ipSIC/pSIC situations.

� 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.
1Based 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 fading2

for the satellite links and Nakagami-m fading3 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:

� In Chapter 24, 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

2In 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.

� In Chapter 35, 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 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 HIs. 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.

� In Chapter 46, 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.

6The 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.

10



CHAPTER 1. INTRODUCTION

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.

� In Chapter 57, 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.

7The 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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� In Chapter 68, 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,” IEEE 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 [21], 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:

� 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.

� 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.

� 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 2.1, 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 2.4 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 (99K) 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

{Bk}Kk=1 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 → Bk, A → C, A → D, C → Bk, and C → D are represented by habk , hac, had,

hcbk , and hcd respectively. The effect of an additive white Gaussian noise (AWGN)

with mean zero and variance σ2 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 Bk) 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 xa (obeying

E[|xa|2] = 1) to Bk which is simultaneously being received by the secondary nodes

15
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C and D. Accordingly, the signals received at Bk, C, and D can be expressed as

yai =
√
Pahaixa + nai, (2.1)

where i ∈ {bk, c, d}, Pa denotes the transmission power at node A, and the term nai

represents the AWGN. During the second phase, the node C first uses the AF relay-

ing technique to forward the primary signal yac to node Bk, and at the same time,

it intends to transmit its information signal xc to node D. For this simultaneous

transmission, the node C uses some power allocation policy and splits its transmit

power Pc for superimposing the signals xc and yac to generate a combined signal

which can be given as

zc =
√
µPc

yac√
|yac|2

+
√

(1− µ)Pcxc, (2.2)

where µ ∈ (0,1) represents the power allocation factor. Thus, the signals received at

the respective nodes Bk and D, represented by ycbk and ycd , from C can be written

as

ycj = hcjzc + ncj, (2.3)

where j ∈ {bk, d} and ncj is the AWGN. As such, the E-E SNR at Bk via direct link

can be given as

Λabk = ηa|habk |2, (2.4)

whereas, via relay link, it can be expressed as

Λacbk =
µΛacΛcbk

(1− µ)ΛacΛcbk + Λac + Λcbk + 1
, (2.5)

where Λac = ηa|hac|2 with ηa = Pa
σ2 and Λcbk = ηc|hcbk |2 with ηc = Pc

σ2 . From (2.3),

it is apparent that the signal received at node D includes a component xa 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

Λacd =
(1− µ)Λcd(Λac + 1)

µΛcd + Λac + 1
, (2.6)

where Λcd = ηc|hcd|2.

2.2 Outage 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 γth, i.e.,

Pout(γth) = Pr
[
Λ < γth

]
. (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 → Bk) link. Further, we

assess the diversity order by deriving the asymptotic OP expression. Moreover,

we evaluate the effective value of power allocation factor µ 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 |hai|2, for i ∈ {bk, c, d}, can be

obtained as [4]

f|hai|2(x) = αi e
−βix

1F1 (mai; 1; δix) , x ≥ 0, (2.8)

where αi = (2[aimai/(2[aimai + Ωai))
mai/2[ai, βi = 1/2[ai, δi = Ωai/(2[ai)(2[aimai +

Ωai) with 2[ai and Ωai be the respective average powers of the multipath compo-

nents and line-of-sight (LoS), and mai denotes fading severity parameter. For the

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

1F1 (mai; 1; δix) in (2.8), and thereby, express the PDF of Λai = ηa|hai|2 as [5]

fΛai(x) = αi

mai−1∑
κ=0

ζ(κ)

(ηa)κ+1
xκe−(βi−δiηa

)x. (2.9)
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Herein, ζ(κ) = (−1)κ(1−mai)κδ
κ
i /(κ!)2. As such, the cumulative distribution func-

tion (CDF) FΛai(x) can be derived by performing the integration of the PDF in (2.9)

using [41, eq. 3.351.2] as

FΛai(x) = 1−αi
mai−1∑
κ=0

ζ(κ)

(ηa)κ+1

κ∑
p=0

κ!

p!

(
βi − δi
ηa

)−(κ+1−p)

xpe−(βi−δiηa
)x. (2.10)

Since we consider Nakagami-m fading channels for the terrestrial links of the

considered network, the channel gains |hcj|2, for j ∈ {bk, d}, are assumed to follow

the Gamma distribution with average power Ωcj and fading severity parameter mcj.

Hence, the PDF and CDF of Λcj = ηc|hcj|2 can be given, respectively, as

fΛcj(x) =

(
mcj

Ωcjηc

)mcj xmcj−1

Γ(mcj)
e
−

mcj
Ωcjηc

x
(2.11)

and

FΛcj(x) =
1

Γ(mcj)
Υ

(
mcj,

mcj

Ωcjηc
x

)
. (2.12)

Hereafter, we use Yac = |hac|2 and Ycbk = |hcbk |2 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 Rp is given by

PDST

out (Rp) = Pr

[
log2

(
1 + max

k∈{1,...,K}
Λabk

)
< Rp

]
, (2.13)

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

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

PDST

out (Rp) =
K∏
k=1

FΛabk
(γ′p), (2.14)
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where γ′p = 2Rp − 1. From here, the OP can be evaluated using (2.10). Further, to

obtain the asymptotic OP, (2.14) can be approximated at high SNR as

PDST

out (Rp) ≈
ηa→∞

[
αb
ηa
γ′p

]K
. (2.15)

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

of the fading severity parameter mab.

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 (2.4) 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 Rp can be expressed as

Pout(Rp) = Pr

[
1

2
log2

(
1 + max

k∈{1,...,K}
(Λabk + Λacbk)

)
< Rp

]
= Pr

[
max

k∈{1,...,K}
Λ(k) < γp

]
, (2.16)

where Λ(k) = Λabk + Λacbk and γp = 22Rp − 1. To solve (2.16) further, order statis-

tics can not be applied directly as in the earlier case. Since {Λ(k)}Kk=1 include a

common term Yac, this makes the random variables {Λ(k)}Kk=1 correlated. Hence, to

proceed further, we find the K-th order statistic, which is conditioned on Yac = u,

to represent

Pout(Rp) =

∫ ∞
0

[
FΛ(k)

(γp|u)
]K
fYac(u)du. (2.17)

Hereby, to solve (2.17), we need to evaluate the conditional CDF FΛ(k)
(γp|u), which

can be expressed as

FΛ(k)
(γp|u) = Pr

[
(Λabk + Λacbk) < γp|u

]
=

∫ γp

0

∫ γp−y

0

fΛacbk
(ϕ|u)fΛabk

(y)dϕdy.

(2.18)

Now, from (2.18), we first compute the CDF FΛacbk
(ϕ|u), which can be written as

FΛacbk
(ϕ|u) = Pr

[
Λacbk < ϕ|u

]
= 1− Pr

[
Λacbk > ϕ|u

]
. (2.19)
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To evaluate (2.19), we can represent the SNR expression for Λacbk from (2.5), after

some manipulations, as

Λacbk =
1(

1−µ
µ

)
+ 1

µΛacΛcbk
(Λac + Λcbk + 1

) . (2.20)

Further, (2.20) can be approximated at high SNR regime as

Λacbk ≈
1

ξ + 1
µ

(
1

Λac
+ 1

Λcbk

) , (2.21)

where ξ = 1−µ
µ
. Now, making use of the harmonic mean approximation for a mini-

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

Λacbk ≈
1

ξ + 1
µ

1
min(Λac, Λcbk )

. (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 2.4. Hereby, on inserting (2.22) into (2.19), and after performing some

manipulations, (2.19) can be modified as

FΛacbk
(ϕ|u) ≈ 1− Pr

[
µ

(
1

ϕ
− ξ
)

min(Λac,Λcbk)> 1|u
]
, (2.23)

which can be further expressed as

FΛacbk
(ϕ|u) ≈

 Pr
[
ς(ϕ) min(Λac,Λcbk) < 1|u

]
, for ξ < 1

ϕ
,

1, otherwise,
(2.24)

where ς(ϕ) = µ
(

1
ϕ
− ξ
)
. Consequently, the required CDF can be deduced as

FΛacbk
(ϕ|u) ≈

1, for ηaς(ϕ)u < 1,

Pr
[
ηcς(ϕ)Ycbk<1

]
, for ηaς(ϕ)u > 1.

(2.25)

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

FΛ(k)
(γp|u) ≈

M−1∑
i=0

{
FΛabk

(
i+ 1

M
γp

)
− FΛabk

(
i

M
γp

)}
FΛacbk

(
M − i
M

γp|u
)
.

(2.26)

Now, using (2.25) into (2.26) and thereby exploiting the result into (2.17), one can

find the OP expression Pout(Rp). It can be observed from (2.26) that FΛ(k)
(γp|u)

includes a series of FΛacbk

(
M−i
M
γp|u

)
that captures different values based on i-th

index and range of u from (2.25). Hence, for solving the integration in (2.17), we

consider the different ranges of u as

Pout(Rp) ≈
∫ 1/ηaς(γp/M)

0

[
FΛ(k)

(γp|u)
]K
fYac(u)du

+
M−1∑
j=1
M≥2

∫ 1/ηaς((j+1)γp/M)

1/ηaς(jγp/M)

[
FΛ(k)

(γp|u)
]K
fYac(u)du

+

∫ ∞
1/ηaς(γp)

[
FΛ(k)

(γp|u)
]K
fYac(u)du. (2.27)

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), Pout(Rp) in (2.27) can

be expressed as

Pout(Rp) ≈

[
M−1∑
i=0

{
FΛabk

(
i+ 1

M
γp

)
− FΛabk

(
i

M
γp

)}]K
FYac

(
1

ηaς
(

1
M
γp
))

+
M−1∑
j=1
M≥2

[
M−j−1∑
i=0

{
FΛabk

(
i+ 1

M
γp

)
− FΛabk

(
i

M
γp

)}

+
M−1∑
i=M−j

{
FΛabk

(
i+ 1

M
γp

)
−FΛabk

(
i

M
γp

)}
FYcbk

(
1

ηcς
(
M−i
M
γp
))]K

×

(
FYac

(
1

ηaς
(
j+1
M
γp
))−FYac( 1

ηaς
(
j
M
γp
)))

+

[
M−1∑
i=0

{
FΛabk

(
i+ 1

M
γp

)
− FΛabk

(
i

M
γp

)}
FYcbk

(
1

ηcς
(
M−i
M
γp
))]K

×

(
1− FYac

(
1

ηaς(γp)

))
. (2.28)

21



2.2. OUTAGE PERFORMANCE OF PRIMARY NETWORK

It is noteworthy that our derived OP expression is presented directly in terms of

the CDFs FΛabk(·) and FYij(·), for Yij ∈ {Yac, Ycbk}. 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 (ηa, ηc →

∞, with ηa
ηc

be a constant ratio), CDFs used in (2.10) and (2.12) can be approximated

[42] as

FΛai(x) ≈ αi
ηa
x and FΛcj(x) ≈ 1

Γ(mcj + 1)

(
mcjx

Ωcjηc

)mcj
. (2.29)

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

OP can be expressed as

P asy
out (Rp) ≈

[
M−1∑
i=0

{
αb
ηa

i+ 1

M
γp −

αb
ηa

i

M
γp

}]K
αc

ηaς(γp/M)

+
M−1∑
j=1
M≥2

[
M−j−1∑
i=0

{
αb
ηa

i+ 1

M
γp −

αb
ηa

i

M
γp

}
+

M−1∑
i=M−j

{
αb
ηa

i+ 1

M
γp −

αb
ηa

i

M
γp

}

× 1

Γ(mcb + 1)

(
mcb

Ωcbηcς
(
M−i
M
γp
))mcb

]K

×

(
αc

ηaς
(
j+1
M
γp
) − αc

ηaς
(
j
M
γp
))

+

[
M−1∑
i=0

{
αb
ηa

i+ 1

M
γp −

αb
ηa

i

M
γp

}
1

Γ(mcb + 1)

(
mcb

Ωcbηcς
(
M−i
M
γp
))mcb

]K

×

(
1− αc

ηaς(γp)

)
. (2.30)

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

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

satellite links.

2.2.4 Power Allocation factor µ for Spectrum Sharing

Regarding the power allocation strategy for the ST, we need to obtain an appro-

priate value of µ while satisfying the QoS criterion of the primary network. From
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(2.24), the condition ξ < 1
ϕ

can be re-expressed as ϕ < µ′, where µ′ = 1
ξ

or µ
1−µ .

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

the primary network can be calculated as γp
1+γp

< µ < 1. Relying on the imposed

QoS constraint, the ST can decide the effective value of µ 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 µ is obtained numerically depending on the

following condition [35]

Pout(Rp) ≤ PDST

out (Rp). (2.31)

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

wards the secondary network.

2.3 Outage Performance of Secondary Network

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

Pout(Rs) = Pr

[
1

2
log2(1 + Λacd) < Rs

]
, (2.32)

which can be expressed using (2.6) and performing some manipulations as

Pout(Rs) = Pr

[
µΛcd(Λac + 1)

µΛcd + Λac + 1
< µ′γs

]
, (2.33)

where γs = 22Rs − 1. Hereby, to evaluate the Pout(Rs), we first make use of the

bound XY
X+Y

< min(X, Y ) [44] to approximate (2.33) as

Pout(Rs) ≈ Pr
[

min(µΛcd,
(
Λac + 1)

)
< µ′γs

]
. (2.34)

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

applying the transformation of variables as

FΛac+1(x) =

 0, if x < 1,

FΛac(x− 1), if x ≥ 1.
(2.35)
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Since the CDF in (2.35) is not continuous for x ∈ [0,∞), the OP in (2.34) can be

expressed as

Pout(Rs) ≈


FµΛcd(µ

′γs), if γs <
1
µ′
,

FΛac(µ
′γs − 1) + FµΛcd(µ

′γs)

−FΛac(µ
′γs − 1)FµΛcd(µ

′γs), if γs ≥ 1
µ′
,

(2.36)

where the CDF of µΛcd can be determined using (2.12) as

FµΛcd(x) = FµΛcd

(
x

µ

)
=

1

Γ(mcd)
Υ

(
mcd,

mcd

Ωcdηcµ
x

)
. (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 (ηc →∞), using the

approximated CDF expressions given in (2.29), as

Pout(Rs) ≈



1
Γ(mcd+1)

(
mcdµ

′γs
Ωcdµηc

)mcd
, if γs <

1
µ′
,

αc
ηc

(µ′γs − 1) + 1
Γ(mcd+1)

(
mcdµ

′γs
Ωcdµηc

)mcd
−

[
αc
ηc

(µ′γs − 1)

× 1
Γ(mcd+1)

(
mcdµ

′γs
Ωcdµηc

)mcd]
, if γs ≥ 1

µ′
.

(2.38)

From (2.38), it can be inferred that the secondary network achieves a diversity order

of min(1,mcd) for the high rate requirements while, for the low rate requirements,

the diversity order can be decided mainly through parameter mcd.

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

Rp = 0.5 bps/Hz so that γ′p = 0.414, γp = 1, Ωcb = 1, mcb = 1, and ηa = ηc = η

as the SNR. The satellite links are subject to HS and AS with their parameters

as presented in TABLE 2.1 [45]. Further, we set M = 50 for making the relative

approximation error [43] negligible.

Fig. 2.2 demonstrates the OP versus SNR curves for primary network by setting

µ = 0.70. Particularly, analytical and asymptotic OP curves are drawn for HS and
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Table 2.1: Satellite Link Parameters [with i ∈ {b, c, d}].

Shadowing mai [ai Ωai

HS 2 0.063 0.0005
AS 5 0.251 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,mcbK) can be validated using the pertinent curves.

Fig. 2.3 depicts the desirable values of the spectrum sharing factor µ for the

considered network under HS and AS scenarios. Relying on the spectrum sharing
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Figure 2.3: OP versus µ 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 µ (say µ∗) at the

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

γp = 1, the acceptable limit of µ∗ is 0.5 < µ∗ < 1 which is based on the condition

γp
1+γp

< µ < 1. Thus, all the OP curves exhibit unity value for µ ≤ 0.5 and this
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could drive the system into outage. Moreover, for a given SNR, it can be observed

that µ∗ 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 µ∗ 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. 2.4 illustrates the OP versus SNR curves for the secondary network. Here,

we set two values µ = 0.75 and µ = 0.60, while Ωcd = 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., γs = 1, it can be seen that the diversity order is unity irrespective

of the fading parameter mcd. In contrast, at low rate requirement, i.e., γs = 0.3, the

diversity order solely depends on the fading severity parameter mcd. Moreover, one

can see the improvement in OP performance of secondary network while decreasing

the values of µ.

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.

27





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 [18] 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, I/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:

� 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.

� We comprehensively analyze AAF and ADF operations by deriving the OP

expressions of 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, RCC and DLC, and highlight

their impacts on the system performance. We also provide the tolerable limit

of HIs level for the given rate requirements.

� 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 3.3 analyzes the outage performance of the secondary network while

discussing the impact of ceiling effects into the system performance. Section 3.4 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 B1. 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

A

B

D

C

ST

PT

PR

SR

+𝑛𝑡𝑐

𝑥𝑐

𝑛𝑟𝑎𝑐

+

𝑛𝑟𝑎𝑏

𝑛𝑟𝑐𝑏

𝑛𝑟𝑐𝑑

𝑛𝑟𝑎𝑑

First Phase Transmissions

Second Phase Transmissions

Distortion Noises

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 hab, hac, and had, respectively.

The channel coefficients for terrestrial links C → B and C → D are denoted by hcb

and hcd, respectively, and are assumed to follow Nakagami-m fading. The AWGN

at all the receiving nodes is modeled as CN (0, σ2).

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

1In 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 xa, complying E[|xa|2] = 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 yab, yac, and yad, can be written as

yai =
√
Pahaixa + nrai + vai, (3.1)

where i ∈ {b, c, d}, Pa denotes the transmit power at A, nrai ∼ CN (0, λ2
raiPa|hai|2)

is the distortion noise induced in receive processing, with λrai being the level of

impairment measured experimentally as error vector magnitude (EVM)2, and vai is

AWGN term. As such, the resultant SNDRs at B and C via DS links can be given,

respectively, as

ΛDS

ab =
Λab

Λabλ2
rab + 1

(3.2)

and

ΛDS

ac =
Λac

Λacλ2
rac + 1

, (3.3)

where Λab = ηa|hab|2 and Λac = ηa|hac|2, with ηa = Pa
σ2 .

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 yac with a gain G and superimposes it with its own information signal xc to

generate a combined signal zAF
c . For this simultaneous transmission, ST node uses

an omnidirectional antenna and splits its power Pc such that the fraction µPc is used

to forward the signal yac while the remaining portion (1− µ)Pc of the power is used

to transmit the signal xc, where the factor µ ∈ (0,1) represents the power allocation

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

zAF

c =
√
µPcGyac +

√
(1− µ)Pcxc + ntc, (3.4)

2These EVMs can be defined as the ratio of distortion-to-signal magnitude, and can be obtained
as given in [55].
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where ntc ∼ CN (0, λ2
tcPc) denotes the distortion noise in relay transmit processing,

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

can be expressed as G =
√

1
Pa|hac|2+λ2

racPa|hac|2+σ2 . Thereafter, the respective received

signals at nodes B and D can be denoted by yAF
cb and yAF

cd , being represented as

yAF

cj = hcjz
AF

c + nrcj + vcj, (3.5)

where j ∈ {b, d}, nrcj ∼ CN (0, λ2
rcjPc|hcj|2) is the distortion noise in receive pro-

cessing, with λrcj being the level of impairment, and vcj is the AWGN term. Hence,

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

Λacb =
µΛacΛcb

τpΛacΛcb + εΛac + ωpΛcb + 1
, (3.6)

where Λcb = ηc|hcb|2 with ηc = Pc
σ2 , τp = (1 − µ) + µ(λ2

rcb + λ2
tc)(1 + λ2

rac) + λ2
rac,

ε = 1 + λ2
rac, and ωp = 1 +µ(λ2

tc + λ2
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

Λacd =
(1− µ)Λcd(εΛac + 1)

τsΛacΛcd + εΛac + ωsΛcd + 1
, (3.7)

where Λcd = ηc|hcd|2, τs = µλ2
rac + (1 − µ)(1 + λ2

rac)(λ
2
tc + λ2

rcd), and ωs = µ + (1−

µ)(λ2
tc + λ2

rcd).

DF Relaying

Herein, after the signal reception in first transmission phase, node C employs DF-

based relaying and attempts to decode the primary signal xa. If decoding is success-

ful, ST superimposes the decoded signal xa and xc to generate a combined signal

zDF
c . Thus, the signal transmitted by the ST node is given by

zDF

c =
√
µPcxa +

√
(1− µ)Pcxc + ntc. (3.8)

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

yDF
cb and yDF

cd , being represented as

yDF

cj = hcjz
DF

c + nrcj + vcj. (3.9)
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Further, the overall SNDR expressions at node B and D, based on (3.8) and (3.9),

can be expressed, respectively, as

Λep =
µΛcb

ρpΛcb + 1
(3.10)

and

Λes =
(1− µ)Λcd

ρsΛcd + 1
, (3.11)

where ρp = (1− µ) + µ(λ2
tc + λ2

rcb) and ρs = (1− µ)λ2
eq with λ2

eq = λ2
tc + λ2

rcd.

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 xa 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

Iab = log2 (1 + ΛDS

ab ) . (3.12)

If node B is able to successfully decode the information signal from node A, i.e., if

Iab ≥ Rp, where Rp is a target threshold rate, it sends an error-free one-bit feedback3

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

znoc

c =
√
Pcxc + ntc. (3.13)

3Hereby, it is assumed that the feedback/acknowledge time is negligible compared to the infor-
mation processing time [57], [58]. 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

ynoc

cd = hcdz
noc

c + nrcd + vcd. (3.14)

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

as

Λnoc

cd =
Λcd

Λcdλ2
eq + 1

. (3.15)

On the other hand, if B is unable to decode the signal from A in the first phase,

i.e., if Iab < Rp, 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 xa 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. 3.2. 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 3.2.2) and with spectrum sharing (in Section 3.2.3).

(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 γp. Hereby, the performance of the primary network solely

depends on the DST only (described in Section 3.2.4).

(iii) DLC- After the occurrence of the RCC phenomenon, as γp 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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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|2, i ∈ {b, c, d}, is given by [4], [5]

f|hai|2(x) = αi e
−βix

1F1 (mai; 1; δix) , x ≥ 0, (3.16)
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where αi = (2[aimai/(2[aimai + Ωai))
mai/2[ai, βi = 1/2[ai, δi = Ωai/(2[ai)(2[aimai +

Ωai), with Ωai and 2[ai being the respective average powers of the LoS and multipath

components, and mai 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 Λai = ηa|hai|2 can

be expressed as [5]

fΛai(x) = αi

mai−1∑
κ=0

ζ(κ)

(ηa)κ+1
xκe−(βi−δiηa

)x (3.17)

and

FΛai(x) = 1− αi
mai−1∑
κ=0

ζ(κ)

(ηa)κ+1

κ∑
p=0

κ!

p!

(
βi − δi
ηa

)−(κ+1−p)

xpe−(βi−δiηa
)x, (3.18)

where ζ(κ) = (−1)κ(1−mai)κδ
κ
i /(κ!)2.

Under Nakagami-m fading for the terrestrial links, the channel gain |hcj|2 is

assumed to follow the Gamma distribution with the respective PDF and CDF ex-

pressions of Λcj = ηc|hcj|2, j ∈ {b, d}, can be given by

fΛcj(x) =

(
mcj

Ωcjηc

)mcj xmcj−1

Γ(mcj)
e
−

mcj
Ωcjηc

x
(3.19)

and

FΛcj(x) =
1

Γ(mcj)
Υ

(
mcj,

mcj

Ωcjηc
x

)
, (3.20)

where Ωcj is the average power and mcj 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 Rp, the OP of primary network using DST only

can be given by

PDS

out(Rp) = Pr [log2 (1 + ΛDS

ab ) < Rp] . (3.21)
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Hereby, (3.21) can be re-expressed as

PDS

out(Rp) = Pr
[
ΛDS

ab < γ′p
]

= FΛDS
ab

(γ′p), (3.22)

where γ′p = 2Rp − 1. Now, the CDF in (3.22) can be expressed using (3.2) as

FΛDS
ab

(γ′p) = Pr

[
Λab <

γ′p
1− λ2

rabγ
′
p

]
. (3.23)

Further, FΛDS
ab

(γ′p) in (3.23) can be evaluated, depending upon the condition on the

threshold data rate γ′p, as

FΛDS
ab

(γ′p) =

 FΛab

(
γ′p

1−λ2
rabγ

′
p

)
, if γ′p <

1
λ2
rab
,

1, if γ′p ≥ 1
λ2
rab
.

(3.24)

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 Rp, OP of the primary network for AAF relaying can be expressed

as

P AF

out (Rp) = Pr
[
ΛDS

ab < γ′p, ΛDS

ab + Λacb < γp
]
, (3.25)

where γp = 22Rp − 1. Further, P AF
out (Rp) in (3.25) can be expressed as

P AF

out (Rp) = Pr
[
ΛDS

ab < min(γp − Λacb, γ
′
p)
]

= Pr
[
ΛDS

ab < γ′p, γ
′
p < γp − Λacb

]︸ ︷︷ ︸
I1

+ Pr
[
ΛDS

ab < γp − Λacb, γ
′
p ≥ γp − Λacb

]︸ ︷︷ ︸
I2

. (3.26)
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To derive the OP in (3.26), we need to evaluate the two probability terms I1 and

I2. We first obtain the probability term I1 as

I1 = Pr
[
ΛDS

ab < γ′p, Λacb < γp − γ′p)
]

= FΛDS
ab

(γ′p) FΛacb(γp − γ′p), (3.27)

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

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

1.

Theorem 1. The CDF FΛacb(x) under hybrid satellite-terrestrial fading channels of

OCHSTN can be given by

FΛacb(x) =

 ψ1(x), if x < µ
τp
,

1, if x ≥ µ
τp
,

(3.28)

where ψ1(x) is given as

ψ1(x) = 1− 2αc

mac−1∑
κ=0

κ∑
l=0

l∑
m=0

m+mcb−1∑
g=0

ζ(κ)

(ηa)κ+1

κ!

l!
M−(κ+1−l)Nmcb

1

Γ(mcb)

(
l

m

)

× e
−
(

(ωpM+Nε)x

θx

)(
Mεx2 +Mxθx

N

) g−l+1
2 xlωmp (εx)m+mcb−1−g

θm+mcb
x

×
(
m+mcb − 1

g

)
Kg−l+1

(
2

θx

√
(Mεx2 +Mxθx)N

)
, (3.29)

with θx = µ− τpx (for θx > 0, x < µ
τp

), M = βc−δc
ηa

, and N = mcb
Ωcbηc

.

Proof. See Appendix A. �

It should be pointed out that the condition x < µ
τp

in (3.28) makes the ST’s cooper-

ation helpful, otherwise the CDF FΛacb(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 (3.27), I1 can

be obtained.

Next, we evaluate the term I2 according to

I2 = Pr
[
Λacb < γp − ΛDS

ab , Λacb ≥ γp − γ′p)
]

=

∫ γp−y

γp−γ′p

∫ γp

0

fΛacb(x)fΛDS
ab

(y)dxdy,

(3.30)
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which can be further simplified as

I2 =

∫ γp

0

FΛacb(γp − y)fΛDS
ab

(y)dy −
∫ γp

0

FΛacb(γp − γ′p)fΛDS
ab

(y)dy. (3.31)

On using the expression of FΛacb(x) into (3.31), it is extremely hard to get a closed-

form solution for I2. Hence, using an L-step staircase approximation approach [43]

for the included triangular integral region in (3.31), I2 can be expressed as

I2 ≈
L−1∑
i=0

{
FΛDS

ab

(
i+ 1

L
γp

)
−FΛDS

ab

(
i

L
γp

)}
FΛacb

(
L− i
L

γp

)
−FΛacb(γp− γ′p)FΛDS

ab
(γp).

(3.32)

Finally, inserting I1 and I2 into (3.26), the analytical expression of P AF
out (Rp) can be

obtained. As such, depending upon the conditions on the threshold γp, P
AF
out (Rp)

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

� When γp <
µ
τp

,

P AF

out (Rp) , P1(Rp)

= FΛDS
ab

(γ′p)FΛacb(γp − γ′p)− FΛacb(γp − γ′p)FΛDS
ab

(γp)

+
L−1∑
i=0

{
FΛDS

ab

(
i+ 1

L
γp

)
− FΛDS

ab

(
i

L
γp

)}
FΛacb

(
L− i
L

γp

)
. (3.33)

� When µ
τp
≤ γp <

µ
τp

+ γ′p,

P AF

out (Rp) , P2(Rp)

= FΛDS
ab

(γ′p)FΛacb(γp − γ′p)− FΛacb(γp − γ′p)FΛDS
ab

(γp)

+
L−1∑
i=0

{
FΛDS

ab

(
i+ 1

L
γp

)
− FΛDS

ab

(
i

L
γp

)}
. (3.34)

� When µ
τp

+ γ′p ≤ γp <
1

λ2
rab

,

P AF

out (Rp) , P3(Rp)

= FΛDS
ab

(γ′p)− FΛDS
ab

(γp) +
L−1∑
i=0

{
FΛDS

ab

(
i+ 1

L
γp

)
− FΛDS

ab

(
i

L
γp

)}
. (3.35)
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� When γp ≥ 1
λ2
rab

,

P AF

out (Rp) = 1. (3.36)

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

can be expressed as

P AF

out (Rp) =



P1(Rp), if γp <
µ
τp
,

P2(Rp), if µ
τp
≤ γp <

µ
τp

+ γ′p,

P3(Rp), if µ
τp

+ γ′p ≤ γp <
1

λ2
rab
,

1, otherwise .

(3.37)

ADF relaying

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

as

PDF

out (Rp) = Pr
[
ΛDS

ab < γ′p, ΛDS

ac < γp
]

+ Pr
[
ΛDS

ab < γ′p, ΛDS

ac ≥ γp, ΛDS

ab + Λep < γp
]
,

(3.38)

which can be further expressed as

PDF

out (Rp) = FΛDS
ab

(γ′p)FΛDS
ac

(γp)︸ ︷︷ ︸
I3

+ F̄ΛDS
ac

(γp)Pr
[
ΛDS

ab < γ′p,Λ
DS

ab + Λep < γp
]︸ ︷︷ ︸

I4

, (3.39)

where F̄ΛDS
ac

(·) = 1 − FΛDS
ac

(·) denotes the complementary CDF. Hereby, solution of

(3.39) needs evaluation of two probability terms I3 and I4. For I3, it requires the

CDFs FΛDS
ab

(γ′p) and FΛDS
ac

(γp), which can be obtained by following the steps in Section

3.2.2. Further, I4 can be evaluated in a similar way as (3.26), and is expressed as

I4 ≈ Pr
[
ΛDS

ab < min(γp − Λep , γ
′
p)
]
F̄ΛDS

ac
(γp)

=

[
FΛDS

ab
(γ′p) FΛep (γp − γ′p) +

L−1∑
i=0

{
FΛDS

ab

(
i+ 1

L
γp

)
− FΛDS

ab

(
i

L
γp

)}

× FΛep

(
L− i
L

γp

)]
F̄ΛDS

ac
(γp). (3.40)
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To simplify (3.40), we need to evaluate the CDF FΛep (γp−γ′p) which can be expressed,

using (3.10), as

FΛep (x) =

 FΛcb

(
x

µ−ρpx

)
, if x < µ

ρp
,

1, if x ≥ µ
ρp
.

(3.41)

On inserting the expressions of FΛep (·), FΛDS
ab

(·), and F̄ΛDS
ac

(·) into (3.40), I4 can be

evaluated. Thus, on using the expressions for I3 and I4 into (3.39), PDF
out (Rp) can

be evaluated. Finally, considering λrab = λrac = λ (without loss of generality) and

applying the conditions on threshold γp, P
DF
out (Rp) can be expressed, using (3.24)

and (3.41), for the following cases:

� When γp <
µ
ρp

,

PDF

out (Rp) , P4(Rp)

=

[
FΛDS

ab
(γ′p)FΛep (γp − γ′p) +

L−1∑
i=0

{
FΛDS

ab

(
i+ 1

L
γp

)
− FΛDS

ab

(
i

L
γp

)}

× FΛep

(
L− i
L

γp

)]
F̄ΛDS

ac
(γp)

+ FΛDS
ab

(γ′p)FΛDS
ac

(γp). (3.42)

� When µ
ρp
≤ γp <

µ
ρp

+ γ′p,

PDF

out (Rp) , P5(Rp)

=

[
FΛDS

ab
(γ′p)FΛep (γp − γ′p) +

L−1∑
i=0

{
FΛDS

ab

(
i+ 1

L
γp

)
− FΛDS

ab

(
i

L
γp

)}]
F̄ΛDS

ac
(γp)

+ FΛDS
ab

(γ′p)FΛDS
ac

(γp). (3.43)

� When µ
ρp

+ γ′p ≤ γp <
1
λ2 ,

PDF

out (Rp) , P6(Rp)

=

[
FΛDS

ab
(γ′p) +

L−1∑
i=0

{
FΛDS

ab

(
i+ 1

L
γp

)
− FΛDS

ab

(
i

L
γp

)})]
F̄ΛDS

ac
(γp)

+ FΛDS
ab

(γ′p)FΛDS
ac

(γp). (3.44)
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� When γp ≥ 1
λ2 ,

PDF

out (Rp) = 1. (3.45)

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

can be expressed as

PDF

out (Rp) =



P4(Rp), if γp <
µ
ρp
,

P5(Rp), if µ
ρp
≤ γp <

µ
ρp

+ γ′p,

P6(Rp), if µ
ρp

+ γ′p ≤ γp <
1
λ2 ,

1, otherwise .

(3.46)

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 γp. 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 γp approaches

the thresholds µ
τp

+ γ′p and µ
ρp

+ γ′p 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 γp exceeds the thresholds 1
λ2
rab

and 1
λ2 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 HIs level for the given rate requirement while

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

desirable to have impairment level such that λ2
rab <

1
γp

and λ2 < 1
γp

.

3.2.5 A Guideline to Decide Power Allocation Factor µ

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 µ which in turn controls the power at ST to guarantee the QoS for the primary

network. Specifically, from (3.28) and (3.41), analyzing the conditions x < µ
τp

and

x < µ
ρp

, the allowable range of µ for a certain threshold γp can be calculated as
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γp(1+λ2
rac)

1+γp−(λ2
rcb+λ

2
tc)(1+λ2

rac)γp
< µ < 1 and γp

1+γp−γp(λ2
tc+λ

2
rcb)

< µ < 1 for AAF and ADF re-

laying, respectively. Note that a smaller value of µ 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 Rs, the OP of the secondary network for AAF relaying can

be written as

P AF

out (Rs) = Pr
[
ΛDS

ab ≥ γ′p, Λnoc

cd < γs
]

+ Pr
[
ΛDS

ab < γ′p, Λacd < γs
]
, (3.47)

where γs = 22Rs − 1. Further, P AF
out (Rs) in (3.47) can be expressed as

P AF

out (Rs) = F̄ΛDS
ab

(γ′p) F
noc

Λcd
(γs) + FΛDS

ab
(γ′p) FΛacd(γs). (3.48)

Hereby, we first evaluate FΛacd(·) as given in the following theorem.

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

can be given by

FΛacd(x) =

 ψ2(x), if x < ε(1−µ)
τs

,

1, if x ≥ ε(1−µ)
τs

,
(3.49)

where ψ2(x) is given as

ψ2(x) = 1− 2αc

mac−1∑
κ=0

κ∑
l=0

l∑
m=0

m+mcd−1∑
g=0

ζ(κ)

(ηa)κ+1

κ!

l!

xl−m(φ1x)
m(εx)m+mcd−1−g

(φ2x)m+mcd

×
(
l

m

)(
m+mcd − 1

g

)
Nmcde

−
(
Mφ1x+Nεx

φ2x

)(
Mφ1xεx+Mxφ2x

N

) g−l+1
2

× 1

Γ(mcd)
M−(κ+1−l)Kg−l+1

(
2

φ2x

√
(Mφ1xεx+Mxφ2x)N

)
, (3.50)

with φ1x = ωsx − (1 − µ) (for φ1x ≥ 0, x ≥ 1−µ
ωs

), φ2x = ε(1 − µ) − τsx ( for

φ2x > 0, x < ε(1−µ)
τs

), and N = mcd
Ωcdηc

.
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Proof. By following the similar steps as used to derive (3.29) in Appendix A, 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
(
γs ≥ 1−µ

ωs

)
.

Next, F noc
Λcd

(x) can be evaluated using (3.15) as

F noc

Λcd
(x) =

 FΛcd

(
x

1−λ2
eq x

)
, if x < 1

λ2
eq
,

1, if x ≥ 1
λ2

eq
.

(3.51)

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 γs, the OP of the secondary network for ADF relaying can

be written as

PDF

out (Rs) = Pr
[
ΛDS

ab ≥ γ′p, Λnoc

cd < γs
]

+ Pr
[
ΛDS

ab < γ′p, ΛDS

ac < γs, Λnoc

cd < γs
]

+ Pr
[
ΛDS

ab < γ′p, ΛDS

ac ≥ γs, Λes < γs
]
. (3.52)

We can express PDF
out (Rs) in (3.52) as

PDF

out (Rs) = F̄ΛDS
ab

(γ′p)F
noc

Λcd
(γs) + FΛDS

ab
(γ′p)FΛDS

ac
(γs)F

noc

Λcd
(γs)

+ FΛDS
ab

(γ′p)F̄ΛDS
ac

(γs)FΛes (γs). (3.53)

As such, evaluating (3.53) requires the CDF FΛes (γs) which can be written, using

(3.11), as

FΛes (x) =

 FΛcd

(
x

1−µ−ρsx

)
, if x < 1−µ

ρs
,

1, if x ≥ 1−µ
ρs
,

(3.54)

which can be further simplified, on substituting the value of ρs, as

FΛes (x) =

 FΛcd

(
x

1−µ−ρsx

)
, if x < 1

λ2
eq
,

1, if x ≥ 1
λ2

eq
.

(3.55)

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

required OP can be evaluated.

46



CHAPTER 3. IMPACT OF HARDWARE IMPERFECTION IN
OVERLAY COGNITIVE HYBRID SATELLITE-TERRESTRIAL
NETWORKS WITH ADAPTIVE RELAYING PROTOCOL

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 γs. This can be observed from (3.51) and (3.55) for AAF and

ADF relaying, respectively. For instance, when γs ≥ 1
λ2

eq
, the secondary communi-

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-

lating mathematically the HIs level for a given data rate as λ2
eq < 1

γs
.

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 γp ≥ µ
τp

+ γ′p, while DLC arises when γp ≥ 1
λ2
rab

.

Whereas, for ADF, [from (3.46)], it can be seen that RCC occurs when γp ≥ µ
ρp

+γ′p,

while DLC occurs when γp ≥ 1
λ2 . 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

i.e., λrac = λrab = λrcb = λrcd = λtc = λ = 0.2 and µ = 0.87. For this set of values,

RCC occurs for AAF relaying when γp > (3.58 + γ′p) ≈ (5.53 + γ′p) dB, whereas for

ADF, it occurs when γp > (4.35 + γ′p) ≈ (6.38 + γ′p) dB. Hence, ADF relaying is

more robust and resilient against the HIs as it can support higher data rate than

its AAF counterpart. As such, for a given threshold data rate γp, 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 γp for primary network (a) AF; (b)
DF.

ing the two cases of AR protocol based relaying i.e., AAF and ADF. Herein, we set

mcb = mcd = 2, Ωcb = Ωcd = 1, λrac = λrab = λrcb = λrcd = λtc = λ as the level of HIs,

and ηa = ηc = η as the SNR. The shadowed-Rician fading parameters for the satel-

lite links are considered under HS and AS [45] as (mai, [ai,Ωai = 2, 0.063, 0.0005) and

(mai, [ai,Ωai = 5, 0.251, 0.279), i ∈ {b, c, d}, respectively. We set L = 50 in Section

3.2.3 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. 3.3 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., γp = 1 and γp = 3.

For this, we set λ = 0.2 and depending upon the values of γp and λ, we have

appropriately chosen the values of µ 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 γp = 3.

Herein, we plot the analytical curves for two distinct level of impairments i.e., λ = 0.1

and λ = 0.2. For comparison purposes, we also plot the curves for OCHSTN having

ideal hardware set-up i.e., λ = 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 γp. Herein, to plot the various curves, we set SNR to 30 dB and the values of λ

to 0 and 0.2. Further, we choose the value of µ as 0.87 while satisfying the condi-

tions on µ, as mentioned in Section 3.2.5 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 γp increases. When

the threshold approaches γp = µ
τp

+ γ′p [refer to (3.37)] and γp = µ
ρp

+ γ′p [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 γp 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 µ < 1, this is denoted as

RCC (µ). Moreover, one can note the relative increment of γ′p 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 HIs,

we specifically plot the curves for the high rate requirements, γs ≥ 1−µ
ωs

(please

refer to Theorem 2), and set the values as γs = 1 and γs = 3. Further, we set

λ = 0.2 and based on the values of threshold γs = γp and λ, we appropriately

choose the respective values of µ for AAF and ADF relaying schemes. From the

graph, one can note that the outage performance due to HIs degrades as value of γs

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 γs = 3.

Herein, we consider two distinct level of impairments i.e., λ = 0.1, λ = 0.2 and,
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for comparison purposes, we also plot the curves for ideal hardware set-up (λ =

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. 3.8 illustrates the outage performance of the secondary network against the

threshold γs. Herein, to plot the various curves, we set SNR to 30 dB and the values

of λ to 0 and 0.2. Further, we choose the value of µ 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 γs

increases. Referring to the case of AF relaying, when γs ≥ ε(1−µ)
τs

[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.,

γs ≥ 1
λ2

eq
[from (3.51)]. Whereas, for DF relaying, the ceiling effect takes place for

both FR-based and AR-based schemes when γs ≥ 1
λ2

eq
. .

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.
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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:

� 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.

� 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.

� 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 4.2, we analyze

the performance of the primary network by deriving the expressions of the OP for

NOMA users. Section 4.3 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

{Bk}Kk=1 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 Bk
1. For

1A typical scenario for OMCSTN may comprise of source A representing a GEO satellite and
nodes Bk 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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Figure 4.1: OMCSTN system model.

the subsequent analysis, we consider that the users B1 and B2 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 {Bk}2
k=1. 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 → Bk, A → C, and A → D follow shadowed-Rician fading and are represented

by habk , hac, and had, respectively. Whereas, channel coefficients for terrestrial links

C → Bk and C→D are denoted as hcbk and had, respectively, and are subject to

Nakagami-m fading. AWGN with mean zero and variance σ2, 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 → Bk) links, i.e., |hab1|2 ≤ |hab2 |2 [24],

[59].

The overall communication follows the two-phase transmission scheme. In the

first phase, satelliteA broadcasts a superposing signal xa =
√
ρPaxb1+

√
(1− ρ)Paxb2

to Bk which is also being overheard by the secondary nodes C and D, where

ρ ∈ (0.5, 1) denotes the power allocation factor corresponding to user B1, xbk repre-

sents the unit-energy information signal for user Bk, and Pa be the transmit power

at A. Accordingly, the received signals at Bk, C, and D, denoted by yabk , yac, and
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yad, respectively, can be given as

yai = hai(
√
ρPaxb1 +

√
(1− ρ)Paxb2) + vai, (4.1)

where i ∈ {bk, c, d} and vai be the AWGN variable. In the second phase, node C

employs the AF-based relaying operation and superimposes the signals xc and yac

to generate a combined signal. For this simultaneous transmission, ST node splits

its power Pc such that the fraction µPc is used to forward the primary signal yac to

node Bk, while the remaining portion (1 − µ)Pc of the power is used to transmit

its own information signal xc to node D, where the factor µ ∈ (0, 1) represents the

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

by

zc =
√
µPc

yac√
|yac|2

+
√

(1− µ)Pcxc. (4.2)

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

ycbk and ycd, represented by

ycj = hcjzc + vcj, (4.3)

where j ∈ {bk, d} and vcj 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 B1 through DS link is given by

ΛDS

ab1
=

ρΛab1

(1− ρ)Λab1 + 1
, (4.4)

where Λab1 = ηa|hab1 |2 with ηa = Pa
σ2 . Now, user B2 decodes the information of user

B1 based on the principle of SIC, and hence, the decoding SINR at user B2 can be

expressed as

ΛDS

ab2→b1 =
ρΛab2

(1− ρ)Λab2 + 1
, (4.5)

where Λab2 = ηa|hab2|2. Based on above decoding SINR, user B2 subtracts the

information of user B1 to decode its own information. Consequently, SINR at user
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B2 can be given as

ΛDS

ab2
= (1− ρ)Λab2 . (4.6)

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

nodes2 as

Λacb1 =
ε1µΛacΛcb1

τ1ΛacΛcb1 + Λac + Λcb1 + 1
, (4.7)

Λacb2→b1 =
ε1µΛacΛcb2

τ1ΛacΛcb2 + Λac + Λcb2 + 1
, (4.8)

Λacb2 =
ε2µΛacΛcb2

τ2ΛacΛcb2 + Λac + Λcb2 + 1
, (4.9)

where τ1 = (1−µ)+(1−ρ)µ, τ2 = 1−µ, ε1 = ρ, ε2 = 1−ρ, Λac = ηa|hac|2, and Λcbk

= ηc|hcbk |2 with ηc = Pc
σ2 . From (4.1), 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

Λacd =
(1− µ)Λcd(Λac + 1)

µΛcd + Λac + 1
, (4.10)

where Λcd = ηc|hcd|2.

4.2 Outage Performance of Primary Network

In this section, we analyze the performance of the primary network by explicitly

deriving the OP expressions for user B1 and user B2 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 Λai = ηa|hai|2, i ∈ {bk, c, d}, can be expressed respectively as [18], [25]

fΛai(x) = αi

mai−1∑
κ=0

ζ(κ)

(ηa)κ+1
xκe−(βi−δiηa

)x (4.11)

2Note 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 B2 is located nearer to ST than B1, the same ordering can be
maintained. It has also been followed for a basic cooperative relaying system in [65].
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and

FΛai(x) = 1− αi
mai−1∑
κ=0

ζ(κ)

(ηa)κ+1

κ∑
p=0

κ!

p!

(
βi − δi
ηa

)−(κ+1−p)

xpe−(βi−δiηa
)x, (4.12)

with αi = (2[aimai/(2[aimai + Ωai))
mai/2[ai, βi = 1/2[ai, δi = Ωai/(2[ai)(2[aimai +

Ωai), where 2[ai is the average power of multipath component, Ωai be the average

power of LoS component, mai is the integer-valued fading severity parameter, and

ζ(κ) = (−1)κ(1−mai)κδ
κ
i /(κ!)2.

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

PDF and CDF of Λcj = ηc|hcj|2, j ∈ {bk, d}, can be given by

fΛcj(x) =

(
mcj

Ωcjηc

)mcj xmcj−1

Γ(mcj)
e
−

mcj
Ωcjηc

x
(4.13)

and

FΛcj(x) =
1

Γ(mcj)
Υ

(
mcj,

mcj

Ωcjηc
x

)
, (4.14)

where Ωcj is the average power, mcj be the fading severity.

4.2.2 Exact Outage Probability Analysis

User B1

For a target rate Rp, the OP of user B1 for the OMCSTN can be expressed with

the utilization of MRC by making use of (4.4) and (4.7) as

Pout→B1(Rp) = Pr

[
1

2
log2

(
1 + ΛDS

ab1
+ Λacb1

)
< Rp

]
= Pr

[(
ΛDS

ab1
+ Λacb1

)
< γp

]
, (4.15)

where γp = 22Rp − 1. Hereby, (4.15) can be re-expressed as

Pout→B1(Rp) =

∫ γp

0

FΛacb1
(γp − y)fΛDS

ab1
(y)dy. (4.16)

Now, to evaluate (4.16), we require the CDF FΛacb1
(·), which is derived as follows in

Lemma 1.

Lemma 1. The CDF FΛacbk
(x) under hybrid satellite-terrestrial channels can be
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given by

FΛacbk
(x) =

 1, if x ≥ εk
τk
µ,

ψk(x), if x < εk
τk
µ,

(4.17)

where ψk(x) is given as

ψk(x) = 1− 2αc

mac−1∑
κ=0

κ∑
l=0

l∑
m=0

m+mcbk−1∑
g=0

ζ(κ)

(ηa)κ+1

κ!

l!
M−(κ+1−l) N

mcbk

Γ(mcbk)

×
(
m+mcbk − 1

g

)
e
−
(

(M+N)x
θkx

)
(x)m+mcbk+l−1−g

θ
m+mcbk
kx

(
l

m

)

×
(
Mx2 +Mxθkx

N

) g−l+1
2

Kg−l+1

(
2

θkx

√
(Mx2 +Mxθkx)N

)
, (4.18)

with θkx = εkµ− τkx (for θkx > 0, x < εk
τk
µ), M = βc−δc

ηa
, N =

mcbk
Ωcbkηc

.

Proof. See Appendix B. �

Now, on inserting (4.18) with k = 1 into (4.17), FΛacb1
(·) can be evaluated at x = γp.

It should be pointed out that the condition x < εk
τk
µ in (4.17) makes the ST’s

cooperation helpful, otherwise CDF takes on unity value. Hence, we bring off the

performance analysis for the condition x < εk
τk
µ . On using the expression for

FΛacb1
(γp − 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

Pout→B1(Rp) ≈
I−1∑
i=0

{
FΛDS

ab1

(
i+ 1

I
γp

)
− FΛDS

ab1

(
i

I
γp

)}
FΛacb1

(
I − i
I

γp

)
. (4.19)

To evaluate (4.19), we first derive the CDF of ΛDS
ab1

using (4.4) as

FΛDS
ab1

(x) = FΛab1

(
x

ρ− (1− ρ)x

)
. (4.20)

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 B1.
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User B2

For a target rate Rp, OP for user B2 while employing the MRC scheme can be

expressed as

Pout→B2(Rp) = 1− Pr
[
(ΛDS

ab2→b1 + Λacb2→b1) ≥ γp, (ΛDS

ab2
+ Λacb2) ≥ γp

]
. (4.21)

Following the similar steps in evaluating the OP for user B1, we can calculate OP

for user B2 as

Pout→B2(Rp) ≈ 1−

[
1−

I−1∑
i=0

{
FΛDS

ab2→b1

(
i+ 1

I
γp

)
− FΛDS

ab2→b1

(
i

I
γp

)}

× FΛacb2→b1

(
I − i
I

γp

)]

×

[
1−

I−1∑
i=0

{
FΛDS

ab2

(
i+ 1

I
γp

)
− FΛDS

ab2

(
i

I
γp

)}
FΛacb2

(
I − i
I

γp

)]
.

(4.22)

To proceed, we need the expressions of CDFs FΛacb2
(·), FΛacb2→b1

(·), FΛDS
ab2→b1

(·), and

FΛDS
ab2

(·). First, on inserting (4.18) with k = 2 into (4.17), FΛacb2
(·) can be deduced.

However, FΛacb2→b1
(·) follows the similar expression as FΛacb1

(·) while replacing the

terms mcb1 and Ωcb1 with mcb2 and Ωcb2 , respectively. Further, FΛDS
ab2→b1

(·) follows

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

corresponding to user B2. Furthermore, FΛDS
ab2

(·) can be expressed using (4.6) as

FΛDS
ab2

(x) = FΛab2

(
x

1− ρ

)
, (4.23)

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 B2.

4.2.3 Asymptotic Outage Probability Analysis

To get further insights, we provide the asymptotic OP expressions corresponding to

users B1 and B2 at a high SNR (ηa, ηc → ∞, with ηa
ηc

be a constant ratio), which

are given below in Theorem 3.

Theorem 3. The OP expressions in (4.19) and (4.22) can be approximated at high
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SNR, respectively, as

P asy
out→B1

(Rp) ≈
I−1∑
i=0

αb1γp
Iηa(ρ− (1− ρ)γp)

[
αc(I − i)γp
Iηaθ1 I−i

I
γp

+
1

Γ(mcb1 +1)

(
mcb1(I − i)γp
Ωcb1ηcIθ1 I−i

I
γp

)mcb1
]

(4.24)

and

P asy
out→B2

(Rp) ≈ 1−

[
1−

I−1∑
i=0

αb2γp
Iηa(ρ− (1− ρ)γp)

(
αc(I − i)γp
Iηaθ1 I−i

I
γp

+
1

Γ(mcb2 + 1)

(
mcb2(I − i)γp
Ωcb2ηcIθ1 I−i

I
γp

)mcb2
)]

×

[
1−

I−1∑
i=0

αb2γp
Iηa(1− ρ)

(
αc(I − i)γp
Iηaθ2 I−i

I
γp

+
1

Γ(mcb2 + 1)

(
mcb2(I − i)γp
Ωcb2ηcIθ2 I−i

I
γp

)mcb2
)]

.

(4.25)

Proof. See Appendix C. �

Remark 4.1 : From (4.24) and (4.25), it can be found that the primary satellite

network can achieve a diversity order of 1 + min(1,mcbk) for each user, which is

independent of the fading parameter mai of the satellite link. Note that this diversity

order is higher than that obtained as min(1,mcb) 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 µ while fulfilling the QoS criteria for the primary network. From (4.17),

exploring the condition x < εk
τk
µ, the allowable range of µ for a certain threshold γp

can be calculated as γp
ρ−(1−ρ)γp+γp

< µ < 1 and γp
(1−ρ)+γp

< µ < 1 for users B1 and B2,

respectively. Thus, the effective range of µ for the relay cooperation, satisfying the

QoS criterion for both users, is max
(

γp
ρ−(1−ρ)γp+γp

, γp
(1−ρ)+γp

)
< µ < 1. Consequently,

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

the primary network in OMCSTN lies below or equal to that of the DST scheme

[35] (without spectrum sharing), as illustrated numerically in Section 4.4.
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4.3 Outage Performance of Secondary Network

For a given target rate Rs, the OP of the secondary network can be written as

Pout(Rs) = Pr

[
1

2
log2(1 + Λacd) < Rs

]
= Pr [Λacd < γs] , (4.26)

where γs = 22Rs − 1. Hereby, Pout(Rs) can be evaluated through the CDF FΛacd(x)

at x = gammas as given in Lemma 2.

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

given by

FΛacd(x) = 1− 2αc

mac−1∑
κ=0

κ∑
l=0

l∑
m=0

m+mcd−1∑
g=0

ζ(κ)

(ηa)κ+1

κ!

l!

1

Γ(mcd)
M−(κ+1−l)Nmcd

(
l

m

)

× xl−m(φx)
m(x)m+mcd−1−g

(1− µ)m+mcd
e−(Mφx+Nx

1−µ )
(
Mφxx+ Mx(1− µ)

N

) g−l+1
2

×
(
m+mcd − 1

g

)
Kg−l+1

(
2

(1− µ)

√
(Mφxx+ Mx(1− µ))N

)
,

(4.27)

with φx = µx− (1− µ), M = βc−δc
ηa

, and N = mcd
Ωcdηc

.

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 φx ≥ 0, x ≥ 1−µ
µ

) at x = γs. Moreover, by following the similar steps

as in Appendix C, one can derive the diversity order of min(1,mcd) 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 mcbk = 2, Ωcbk = Ωcd = 1, ηa = ηc = η as the transmit SNR, and Rp = Rs =

0.5 so that γ′p = 0.414, γp = 1, γs = 1. The shadowed-Rician fading parameters for

the satellite links are considered under HS and AS as (mai, [ai,Ωai = 2, 0.063, 0.0005)

and (mai, [ai,Ωai = 5, 0.251, 0.279), i ∈ {bk, c, d}, respectively [45]. We set I = 50

in (4.19), (4.22), (4.24), and (4.25) to significantly reduce the approximation error

[43].
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Figure 4.2: OP versus ρ and µ curves for primary network.

Fig. 4.2 depicts the outage performance of the primary network against two

crucial parameters i.e., power allocation factor ρ and the spectrum sharing parameter

µ. From the OP versus ρ curves, we can see that the OP decreases for user B1 and

increases for user B2 as the value of ρ increases. However, outage performance

improves for both users when satellite links are subject to AS. One can readily

choose the appropriate value of ρ as 0.67. Consequently, the effective range of µ for

the relay cooperation can be deduced as max(0.746, 0.751) < µ < 1, as mentioned

in Section 4.2.4. Under this range of µ, we draw the curves for the OP versus µ

for calculating the critical value of µ 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 µ for spectrum sharing as max(0.82, 0.86), while satisfying the

QoS for both PUs.

Fig. 4.3 exhibits the OP curves against SNR for the primary network under the

setting ρ = 0.67 and µ = 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

65



4.4. NUMERICAL AND SIMULATION RESULTS

0 5 10 15 20 25 30

10
−4

10
−3

10
−2

10
−1

10
0

SNR (dB)

O
u
ta
g
e
P
ro
b
a
b
il
it
y

 

 

DST only (B1)

DST only (B2)

Analysis, NOMA (B1)

Analysis, NOMA (B2)

Asymptotic

Sim., NOMA (B1)

Sim., TDMA (B1)

Sim., NOMA (B2)

Sim., TDMA (B2)

ρ = 0.67 µ= 0.86

Figure 4.3: OP versus SNR curves for primary network.

0 5 10 15 20 25 30
10

−3

10
−2

10
−1

10
0

SNR (dB)

O
u
ta
g
e
P
ro
b
a
b
il
it
y

 

 

Analysis, µ= 0.86

Analysis, µ= 0.92

Asymptotic

Sim., mcd = 1

Sim., mcd = 3

17 18

10
−0.3

10
−0.2

 

 

17 18 19

10
−1

 

 

AS

HS

ρ = 0.67

Figure 4.4: OP versus SNR curves for secondary network.

66



CHAPTER 4. NOMA-ASSISTED OVERLAY MULTIUSER COGNITIVE
HYBRID SATELLITE-TERRESTRIAL NETWORKS

performance for the user B1, as more power is allocated towards B1 through a larger

value of ρ. 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,mcbk) from the pertinent curves.

Fig. 4.4 depicts the OP curves against SNR for the secondary network for various

values of µ and mcd, 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 µ = 0.86, as it

provides more power allocation for the secondary network. Further, diversity order

ofmin(1,mcd) 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 5

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 [13]. 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., [74]) 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

70



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

� 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.

� 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.

� 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.

� 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 5.5

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) {Bl}Ll=1, whereas the secondary network consists of a ST node C with its
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PT

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

A

ST

SR
C

PRs

SR

𝑔𝑎𝑑𝑝

B1

BL

𝐵𝑙

LI

𝐷𝑝

𝐷𝑞

Figure 5.1: UCHSTN system model with transmission links (→) and interference
links (99K).

corresponding SRs Dp and Dq which are deployed based on the C-NOMA scheme1.

We assume that the direct link between secondary source C and its receiver Dq 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 Dq does

not have a reliable direct communication link with the source C. Therefore, the

user Dp acts as a DF relay to decode and forward the information of user Dq. As

mentioned earlier, Dp works in FD mode, thus, to perform its operation, node Dp

is equipped with two antennas2 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 nodes3. 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 → Bl,

A → Dp, and A → Dq are denoted as gabl , gadp , and gadq , respectively, and are

subject to shadowed-Rician fading. Whereas, the terrestrial links C → Dp, C → Bl,

1In 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 Dp

and far-away user Dq [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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Dp → Dp, Dp → Dq, and Dp → Bl undergo independent Nakagami-m fading dis-

tributions, and channel coefficients corresponding to them are represented by hcdp ,

hcbl , hdpdp , hdpdq , and hdpbl , respectively. All the receiving nodes are assumed to be

inflicted by the AWGN i.e., modelled as CN (0, σ2).

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 |gaj|2, j ∈ {bl, dp, dq}, can be given as

[24]-[27]

f|gaj |2(x) = αj e−βjx 1F1 (maj; 1; δjx) , x ≥ 0, (5.1)

with αj = (2[ajmaj/(2[ajmaj + Ωaj))
maj/2[aj, βj = 1/2[aj, δj = Ωaj/(2[aj)(2[ajmaj +

Ωaj), where 2[aj is the average power of multipath component, Ωaj be the average

power of LoS component, and maj is the fading severity parameter.

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

tern, etc., the scaling parameter4 of the satellite links
√
Qj, j ∈ {bl, dp, dq}, can be

given as [80]

√
Qj =

c
√
Gj(ϕj)Gj

4πfdaj
√
KBTB

, (5.2)

with c being the speed of light, f is the carrier frequency, daj ≈ 35786 km is the

distance between the satellite A and the user j, KB = 1.38 × 10−23 J/◦K be the

Boltzman constant, T being the receiver noise temperature, and B is the carrier

bandwidth. Besides, Gj is the antenna gain at user j, whereas Gj(ϕj) is the satellite

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

approximately given as [81]

Gj(ϕj) = Gmax

(
J1(uj)

2uj
+ 36

J3(uj)

u3
j

)2

, (5.3)

with uj = 2.07123
sinϕj

sinϕj3dB
, while Gmax represents the maximal beam gain. ϕj is the

4It 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 ϕj3dB be the

3-dB angle.

Hereby, simplifying the term 1F1 (maj; 1; δjx) in (5.1) and considering η̃a = ηaQj,

where ηa = Pa
σ2 with Pa being the transmit power through satellite A, one can

express the PDF of Λaj = η̃a|gaj|2, for the arbitrary integer values of the fading

severity parameters, as [4], [5]

fΛaj(x) = αj

maj−1∑
κ=0

ξj(κ)

(η̃a)κ+1
xκe

−
(
βj−δj
η̃a

)
x
, (5.4)

where ξj(κ) = (−1)κ(1 − maj)κδ
κ
j /(κ!)2. Now, carrying out the integration of the

PDF in (5.4) using [41, eq. 3.351.2], the CDF FΛaj(x) can be obtained as

FΛaj(x) = 1− αj
maj−1∑
κ=0

κ∑
p=0

ξj(κ)

(η̃a)κ+1

κ!

p!

(
βj − δj
η̃a

)−(κ+1−p)

xpe
−
(
βj−δj
η̃a

)
x
. (5.5)

Since the terrestrial links are subject to Nakagami-m fading, the respective PDF and

CDF of Λij = ηi|hij|2, for i ∈ {c} with j ∈ {bl, dp} and i ∈ {dp} with j ∈ {bl, dp, dq},

can be given as

fΛij(x) =

(
mij

Ωijηi

)mij xmij−1

Γ(mij)
e
−

mij
Ωijηi

x
(5.6)

and

FΛij(x) =
1

Γ(mij)
Υ

(
mij,

mij

Ωijηi
x

)
, (5.7)

where Ωij is the average power and mij be the fading severity parameter.

5.1.3 Signal Model

During the k-th time slot, SU source node C broadcasts a superposing signal xc[k] =
√
ρPcxdp [k]+

√
(1− ρ)Pcxdq [k] towards its receiving nodesDp andDq with xdp [k] and

xdq [k] represent the unit-energy information signals for user Dp and Dq, respectively,

Pc being the transmit power through node C, and ρ ∈ (0, 1) denotes the power

allocation factor corresponding to user Dp. However, for performing the adequate

NOMA operation, relatively more power is allocated towards the weak user, and

thus, ρ becomes limited to (0, 0.5) [76].
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WhenDp operates in FD mode, an imperfect self-interference cancellation scheme

is assumed to be executed [82], leading to a residual LI at Dp, whose channel hdpdp

is subject to Nakagami-m fading5, as mentioned earlier. Hereby, Dp 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 Dp can be expressed as

ydp [k] = hcdpxc[k] + hdpdp

√
ωPdpxLI[k − τ ] +

√
PaQdpgadpxa[k] + vdp [k], (5.8)

where Pdp is the transmit power through node Dp, vdp [k] is the AWGN variable,

xLI[k − τ ] is the unit energy LI signal, where τ being the processing delay at node

Dp, with an integer τ ≥ 1 and k ≥ τ . Further, ω = 1 and ω = 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 allocation6 for the SUs (i.e., Pc and Pdp) will be executed based

on satisfying the QoS constraint at the PRs in terms of OP, as explained later in

Section 5.2.

Now, based on the NOMA principle, SIC is performed by the strong user Dp for

decoding the signal of weak user Dq. Thus, the received SINR at Dp to decode the

information xdq can be given as

Λdp→dq =
(1− ρ)Λcdp

ρΛcdp + ωΛdpdp + Λadp + 1
, (5.9)

where Λcdp = ηc|hcdp |2 with ηc = Pc
σ2 , Λdpdp = ηdp|hdpdp |2 with ηdp =

Pdp
σ2 , and Λadp =

η̃a|gadp |2.

Afterwards, user Dp decodes its own signal xdp by removing xdq from xc. 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-

5In 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., [18], [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 Dp

can be obtained as

Λdp =
ρΛcdp

ς(1− ρ)ΛDp + ωΛdpdp + Λadp + 1
, (5.10)

where ς = 0 and ς = 1 refer to the respective situations of pSIC and ipSIC, ΛDp =

ηc|hDp |2 with hDp is the residual IS channel coefficient at node Dp, and is subject to

Nakagami-m fading [87] with its respective fading severity parameter and average

channel power gain as mDp and ΩDp .

Hereafter, user Dp invokes DF relaying protocol, and decodes and forwards the

signal xdq to user Dq, thus, a processing delay τ is introduced. Accordingly, during

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

ydq [k] =
√
Pdphdpdqxdq [k − τ ] +

√
PaQdqgadqxa[k] + vdq [k], (5.11)

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

Dp (relay) can be expressed as

Λdq =
Λdpdq

Λadq + 1
, (5.12)

where Λdpdq = ηdp|hdpdq |2 and Λadq = η̃a|gadq |2.

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 xa[k] (with E[|xa[k]|2] = 1) towards its L PRs. Accordingly, the received signal

77



5.2. PRIMARY OUTAGE CONSTRAINT BASED SUS’ TRANSMIT
POWER CALCULATION

at node Bl can be given as

ybl [k] =
√
PaQblgablxa[k] +

√
Pchcblxc[k] +

√
Pdphdpblxdq [k − τ ] + vbl [k], (5.13)

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

be expressed as

ΛPri
bl

=
Λabl

Λcbl + Λdpbl + 1
, (5.14)

where Λabl = η̃a|gabl |2, Λcbl = ηc|hcbl |2, and Λdpbl = ηdp |hdpbl |2.

As stated earlier, in UCHSTN, the secondary nodes C and Dp have to satisfy

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

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

outage constraint ζth. Therefore, for a given target rate Rp, the OP of the primary

link A→ Bl can be expressed using (5.14) as

PPri
out,l(Rp) = Pr

[
log2

(
1 + ΛPri

bl

)
< Rp

]
≤ ζth, (5.15)

which can be re-written as

PPri
out,l(Rp) = Pr

[
ΛPri
bl

< γp
]
≤ ζth, (5.16)

where γp = 2Rp − 1. Hereby, we calculate the overall primary OP by using the

selection7 criteria for the best satellite user based on maximizing ΛPri
bl

as

PPri
out(Rp) = Pr

[
max

l∈{1,...,L}
ΛPri
bl

< γp

]
≤ ζth, (5.17)

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

7The 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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[80]

PPri
out(Rp) =

L∏
l=1

FΛPri
bl

(γp) ≤ ζth. (5.18)

Now, (5.18) can be further solved while assuming equal power Pdp = Pc (and thereby

ηdp = ηc) [91], as follows in Theorem 4.

Theorem 4. The OP of primary satellite network under the FD C-NOMA scheme

can be expressed using (5.18) as

PPri
out (Rp) =

L∏
l=1

(
1−

mabl−1∑
κ=0

κ∑
m=0

m∑
v=0

m−v∑
g=0

αbl
ξbl(κ)

(η̃a)κ+1

κ!

m!

Γ(v +mcbl)

Γ(mcbl)

(
m

v

)(
m− v
g

)

× e
−
(
γp

βbl
−δbl
η̃a

)(
γp
βbl − δbl
η̃a

+
mcbl

Ωcblηc

)−(v+mcbl) Γ(g +mdpbl)

Γ(mdpbl)

×
(
γp
βbl − δbl
η̃a

+
mdpbl

Ωdpblηc

)−(g+mdpbl)
(
βbl − δbl
η̃a

)−(κ+1−m)

× γmp
(
mcbl

Ωcblηc

)mcbl ( mdpbl

Ωdpblηc

)mdpbl )
≤ ζth. (5.19)

Proof. See Appendix D. �

Now, for a given ζth, the transmit SNR ηc (involving transmit power Pc) 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 Bl under the HD C-NOMA scheme

can be given during the k-th time slot as

ybl [k] =
√
PaQblgablxa[k] +

√
Pchcblxc[k] + vbl [k]. (5.20)

As such, using (5.20), the SINR at node Bl can be expressed as

ΛPri
bl

=
Λabl

Λcbl + 1
. (5.21)

Hereby, using similar steps as in FD C-NOMA scheme, the overall primary OP for

a given target rate Rp can be evaluated using (5.21) into (5.18), as given in Lemma

3.
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Lemma 3. The OP of primary satellite network under the HD C-NOMA scheme

can be expressed using (5.18) and (5.21) as

PPri
out (Rp) =

L∏
l=1

(
1−

mabl−1∑
κ=0

κ∑
v=0

v∑
g=0

αbl
ξbl(κ)

(η̃a)κ+1

κ!

v!

Γ(v − g +mcbl)

Γ(mcbl)

(
v

g

)

×
(
γp
βbl − δbl
η̃a

+
mcbl

Ωcblηc

)−(v−g+mcbl)
(
βbl − δbl
η̃a

)−(κ+1−v)

× γvpe
−
(
γp

βbl
−δbl
η̃a

)(
mcbl

Ωcblηc

)mcbl )
≤ ζth. (5.22)

Proof. Proof of Lemma 3 can be followed using the similar steps as for Theorem 4

in Appendix D. �

Now, for a given ζth, by evaluating the expression in (5.22) with respect to ηc similar

to (5.19), the transmit SNR ηc can be calculated numerically at node C. Likewise,

one can assess the transmit SNR ηdp at node Dp, while following the expression in

(5.22) by replacing the terms mcbl ,Ωcbl , and ηc with mdpbl ,Ωdpbl , and ηdp , respectively.

Remark 5.1 : The above-stated transmit power calculations require only the

average channel gains of the link from itself to PRs, i.e., C → Bl and Dp → Bl.

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 (5.19) and (5.22), which allows the SUs’ transmit powers to be

increased numerically under the fixed values of ζth. 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 Dp. 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 Dp

or user Dq are unable to decode their respective signals. To successfully detect xdp ,

user Dp should decode both xdq and xdp signals. On the other hand, to successfully

detect xdq at user Dq, xdq should be decoded at both Dp and Dq nodes. Accordingly,

the OP of the secondary network for the given SINR thresholds γdp and γdq can be

appraised as

P Sec

out = 1− Pr
[
Λdp→dq ≥ γdq ,Λdp ≥ γdp ,Λdq ≥ γdq

]
. (5.23)

Since Λdq is independent from both Λdp→dq and Λdp , (5.23) can be re-expressed as

P Sec

out = 1− Pr
[
Λdp→dq ≥ γdq ,Λdp ≥ γdp

]︸ ︷︷ ︸
χ1

Pr
[
Λdq ≥ γdq

]︸ ︷︷ ︸
χ2

, (5.24)

wherein for FD mode, γdq = γFD
dq

= 2Rdq−1 and γdp = γFD
dp

= 2Rdp−1, with Rdq and

Rdp are the target rates to detect the signals xdq and xdp , respectively. Similarly, for

HD mode, γdq = γHD
dq

= 22Rdq−1, γdp = γHD
dp

= 22Rdp−1. Hereby, following (5.24), the

final expression of P Sec
out 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

P Sec

out =



P FD-ipSIC

out = 1− χFD-ipSIC

1 χFD
2 , for FD-ipSIC,

P FD-pSIC

out = 1− χFD-pSIC

1 χFD
2 , for FD-pSIC,

P HD-ipSIC

out = 1− χHD-ipSIC

1 χHD
2 , for HD-ipSIC,

P HD-pSIC

out = 1− χHD-pSIC

1 χHD
2 , for HD-pSIC,

(5.25)

where χFD-pSIC

1 =

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

m−g∑
u=0

QFD

m,g,κ,u, χHD-pSIC

1 =

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

QHD

m,g,κ,
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with the respective expressions for the other involved terms can be given as in (5.26)

and (5.27). And, the corresponding expressions for χFD
2 and χHD

2 can be readily ob-

tained from (5.28) on substituting χ2 = χFD
2 with γdq = γFD

dq
and χ2 = χHD

2 with

γdq = γHD
dq

.

Proof. See Appendix E. �

χFD-ipSIC

1 =

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

m−g∑
u=0

m−g−u∑
v=0

(
mcdpγ

FD
dp

Ωcdpηcρ
+

mDp

ΩDpηc(1− ρ)

)−(v+mDp)

×QFD

m,g,κ,u

(
m− g − u

v

)
Γ
(
v + mDp

)
Γ(mDp)

(
mDp

ΩDpηc(1− ρ)

)mDp

,

with QFD

m,g,κ,u =

(
mcdpγ

FD
dp

Ωcdpηcρ

)m
(κ+ u)!

m!

(
m

g

)(
mdpdp

Ωdpdpηdp

)mdpdp

αdp

×
ξdp(κ)

(η̃a)κ+1
e
−
(

mcdp
γFD
dp

Ωcdp
ηcρ

)(
mcdpγ

FD
dp

Ωcdpηcρ
+

mdpdp

Ωdpdpηdp

)−(g+mdpdp )

×
(
m− g
u

)
Γ(g + mdpdp)

Γ(mdpdp)

(
mcdpγ

FD
dp

Ωcdpηcρ
+
βdp − δdp

η̃a

)−(κ+u+1)

. (5.26)

χHD-ipSIC

1 =

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

m−g∑
v=0

QHD

m,g,κ

(
mDp

ΩDpηc(1− ρ)

)mDp
(
m− g
v

)

×
Γ(v + mDp)

Γ(mDp)

(
mcdpγ

HD
dp

Ωcdpηcρ
+

mDp

ΩDpηc(1− ρ)

)−(v+mDp )

,

with QHD

m,g,κ =

(
mcdpγ

HD
dp

Ωcdpηcρ

)m
(g + κ)!

m!

(
m

g

)
αdp

ξdp(κ)

(η̃a)κ+1

×
(

mcdpγ
HD
dp

Ωcdpηcρ
+
βdp − δdp

η̃a

)−(g+κ+1)

e
−
(

mcdp
γHD
dp

Ωcdp
ηcρ

)
. (5.27)

χ2 = 1−
madq−1∑
κ=0

αdq
ξdq(κ)κ!

(βdq − δdq)κ+1
+

mdpdq−1∑
m=0

m∑
g=0

madq−1∑
κ=0

(
mdpdqγdq
Ωdpdqηc

)m
(g + k)!

m!

×
(

mdpdqγdq
Ωdpdqηc

+
βdq − δdq

η̃a

)−(g+κ+1)

×
(
m

g

)
αdq

ξdq(κ)

(η̃a)κ+1
e
−
(

mdpdq
γdq

Ωdpdq
ηc

)
. (5.28)

82



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 (ηc, ηdp → ∞, with ηc
ηdp

be a constant ratio) to calculate the

achievable diversity orders for the various cases with the help of Lemma 4 as given

below.

Lemma 4. Referring to (5.25), the asymptotic OP expressions of secondary network

(say it P Sec
out,asy) for various cases under the hybrid satellite-terrestrial channels can

be given in (5.29)-(5.32).

Proof. See Appendix F. �

P FD-ipSIC

out,asy =

[mcdp∑
m=0

mcdp−m∑
g=0

madp−1∑
κ=0

mcdp−m−g∑
t=0

ϕFD

m,g,κ

(
mcdp −m− g

t

)
Γ(t+ mDp)

Γ(mDp)

×

{
η̃a
g

(
mcdpγ

FD
dp

Ωcdpηcρ

)mcdp
(

Ωdpdpηdp
mdpdp

)m(ΩDpηc(1−ρ)

mDp

)t}]

+

[mdpdq∑
m=0

madq−1∑
κ=0

ψm,κ

{
η̃a
m

(
mdpdqγ

FD
dq

Ωdpdqηc

)mdpdq
}]

,

with ϕFD

m,g,κ =
(g + κ)!

mcdp !

(
mcdp

m

)
Γ(m+ mdpdp)

Γ(mdpdp)
αdp

ξdp(κ)

(βdp − δdp)g+κ+1

(
mcdp −m

g

)
,

ψm,κ =
(m+ κ)!

mdpdq !

(
mdpdq

m

)
αdq

ξdq(κ)

(βdq − δdq)m+κ+1
. (5.29)

P FD-pSIC

out,asy =

[mcdp∑
m=0

mcdp−m∑
g=0

madp−1∑
κ=0

ϕFD

m,g,κ

{
η̃a
g

(
mcdpγ

FD
dp

Ωcdpηcρ

)mcdp
(

Ωdpdpηdp
mdpdp

)m}]

+

[mdpdq∑
m=0

madq−1∑
κ=0

ψm,κ

{
η̃a
m

(
mdpdqγ

FD
dq

Ωdpdqηc

)mdpdq
}]

. (5.30)
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P HD-ipSIC

out,asy =

[mcdp∑
m=0

mcdp−m∑
g=0

madp−1∑
κ=0

ϕHD

m,κ

Γ(g + mDp)

Γ(mDp)

(
mcdp −m

g

)

×

{
η̃a
m

(
mcdpγ

HD
dp

Ωcdpηcρ

)mcdp
(

ΩDpηc(1− ρ)

mDp

)g}]

+

[mdpdq∑
m=0

madq−1∑
κ=0

ψm,κ

{
η̃a
m

(
mdpdqγ

HD
dq

Ωdpdqηc

)mdpdq
}]

,

with ϕHD

m,κ =
(m+ κ)!

mcdp !

(
mcdp

m

)
αdp

ξdp(κ)

(βdp − δdp)m+κ+1
. (5.31)

P HD-pSIC

out,asy =

[mcdp∑
m=0

madp−1∑
κ=0

ϕHD

m,κ

{
η̃a
m

(
mcdpγ

HD
dp

Ωcdpηcρ

)mcdp
}]

+

[mdpdq∑
m=0

madq−1∑
κ=0

ψm,κ

{
η̃a
m

(
mdpdqγ

HD
dq

Ωdpdqηc

)mdpdq
}]

. (5.32)

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

can assess the diversity orders for FD-ipSIC and FD-pSIC as min(0,mdpdq), i.e., zero.

Similarly, in (5.31), 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 1
ηc

and finally tells the diversity order. On the contrary, for the case of HD-pSIC in

(5.32), the achievable diversity order is min(mcdp ,mdpdq).

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

Cesr = Cdp + Cdq , (5.33)

where Cdp and Cdq are the respective ergodic rates for user Dp and Dq.
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Evaluation of Cdp

Relying on the condition that Dp can detect xdq , the realizable ergodic rate of user

Dp can be expressed [77], [92] as Cdp = E
[
log2

(
1 + Λdp

)]
. Accordingly, the ergodic

rate for user Dp can be evaluated with the help of Theorem 6 as follows:

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

the hybrid satellite-terrestrial channels can be given as

Cdp =



CFD-ipSIC

dp
, for FD-ipSIC,

CFD-pSIC

dp
, for FD-pSIC,

CHD-ipSIC

dp
, for HD-ipSIC,

CHD-pSIC

dp
, for HD-pSIC,

(5.34)

with the respective expressions for the involved cases can be given in (5.35)-(5.38),

wherein, for FD mode, we substitute λ = 1 owing to the single phase of transmission,

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

transmission.Proof. See Appendix G. �

CFD-ipSIC

dp
=

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

m−g∑
u=0

m−g−u∑
v=0

MFD

m,g,κ,u

(
ΩDpηc(1−ρ)

mDp

)v
1

Γ(mDp)

(
m−g−u

v

)

×

(∫ ∞
0

θme
−
(

mcdp
θ

Ωcdp
ηcρ

)
G1,1

1,1

θ
∣∣∣∣∣∣

0

0

G1,1
1,1

mcdpΩdpdpηdp
mdpdpΩcdpηcρ

θ

∣∣∣∣∣∣
1−g −mdpdp

0


×G1,1

1,1

 mcdp η̃a

Ωcdpηcρ(βdp−δdp)
θ

∣∣∣∣∣∣
−κ−u

0

G1,1
1,1

mcdpΩDpηc(1−ρ)

mDpΩcdpηcρ
θ

∣∣∣∣∣∣
1−v−mDp

0

 dθ),
with MFD

m,g,κ,u =
1

λ ln 2

(
mcdp

Ωcdpηcρ

)m
1

m!

(
m

g

)
1

Γ(mdpdp)
αdp

ξdp(κ)

(η̃a)κ+1

×
(

Ωdpdpηdp
mdpdp

)g (βdp − δdp
η̃a

)−(κ+u+1)(
m− g
u

)
. (5.35)

CFD-pSIC

dp
=

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

m−g∑
u=0

MFD

m,g,κ,u

(∫ ∞
0

θme
−
(

mcdp
θ

Ωcdp
ηcρ

)
G1,1

1,1

θ
∣∣∣∣∣∣

0

0


×G1,1

1,1

 mcdp η̃a

Ωcdpηcρ(βdp − δdp)
θ

∣∣∣∣∣∣
−κ− u

0

G1,1
1,1

mcdpΩdpdpηdp
mdpdpΩcdpηcρ

θ

∣∣∣∣∣∣
1− g −mdpdp

0

 dθ).
(5.36)
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CHD-ipSIC

dp
=

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

m−g∑
v=0

MHD

m,g,κ

1

Γ(mDp)

(
ΩDpηc(1− ρ)

mDp

)v(
m− g
v

)

×

(∫ ∞
0

θme
−
(

mcdp
θ

Ωcdp
ηcρ

)
G1,1

1,1

θ
∣∣∣∣∣∣

0

0

G1,1
1,1

mcdpΩDpηc(1− ρ)

mDpΩcdpηcρ
θ

∣∣∣∣∣∣
1− v −mdp

0


×G1,1

1,1

 mcdp η̃a

Ωcdpηcρ(βdp − δdp)
θ

∣∣∣∣∣∣
−κ− g

0

 dθ),
with MHD

m,g,κ =
1

λ ln 2

(
mcdp

Ωcdpηcρ

)m
1

m!

(
m

g

)
αdp

ξdp(κ)

(η̃a)κ+1

(
βdp − δdp

η̃a

)−(κ+g+1)

. (5.37)

CHD-pSIC

dp
=

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

MHD

m,g,κ

(
Ωcdpηcρ

mcdp

)m+1

G1,1,1,1,1
1,[1:1],0,[1:1]


η̃a

βdp
−δdp

Ωcdp
ηcρ

mcdp

∣∣∣∣∣∣∣∣∣∣∣∣∣

(1 +m), 1

(−g − k); 0

−−

0; 0


,

(5.38)

where G1,N,N1,M,M1

1,[A:C],0,[B:D][·|·] 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 Cdq

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

be evaluated as

Cdq = min
[
E
[
log2

(
1 + Λdp→dq

)]︸ ︷︷ ︸
Ψ1

, E
[
log2

(
1 + Λdq

)]︸ ︷︷ ︸
Ψ2

]
. (5.39)

Starting with the evaluation of Ψ1, it can be written as

Ψ1 =
1

λ ln 2
E
[
ln

(
1 +

(1− ρ)ηc|hcdp|2

ρηc|hcdp|2 + ωηdp|hdpdp |2 + η̃a|gadp |2 + 1

)]
, (5.40)
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which can be further simplified as

Ψ1 =
1

λ ln 2

[
E
[
ln
(
1 + η̃a|gadp |2 + ηc|hcdp |2 + ωηdp|hdpdp |2

)]︸ ︷︷ ︸
φ1

− E
[
ln
(
1 + η̃a|gadp|2 + ρηc|hcdp |2 + ωηdp |hdpdp |2

)]︸ ︷︷ ︸
φ2

]
. (5.41)

Hereby, we first evaluate the term φ2. Since φ2 includes two different fading dis-

tributions, the closed-form solution for φ2 seems to be mathematically intractable.

Thus, we approximate φ2 based on the results provided in [42], [96] as

E [ln(1 + x)] ≈ ln (1 + E[x])− E[x2]− (E[x])2

2(1 + E[x])2
. (5.42)

Accordingly, φ2 can be given as in (5.43).

φ2 ≈ ln
(

1 + η̃aE
[
|gadp |2

]
+ρηcE

[
|hcdp |2

]
+ ωηdpE

[
|hdpdp |2

] )
+

(
η̃aE

[
|gadp |2

]
+ρηcE

[
|hcdp |2

]
+ωηdpE

[
|hdpdp|2

])2

2
(

1+η̃aE
[
|gadp |2

]
+ρηcE

[
|hcdp|2

]
+ωηdpE

[
|hdpdp |2

])2

−

η̃a
2E
[(
|gadp |2

)2
]

+ ρ2η2
cE
[(
|hcdp |2

)2
]

+ ω2η2
dp
E
[(
|hdpdp |2

)2
]

+ 2η̃aE
[
|gadp |2

]
ρηcE

[
|hcdp |2

]
+ 2ρηcE

[
|hcdp|2

]
ωηdpE

[
|hdpdp|2

]
+ 2η̃aE

[
|gadp |2

]
ωηdpE

[
|hdpdp |2

]
2
(

1 + η̃aE
[
|gadp |2

]
+ ρηcE

[
|hcdp |2

]
+ ωηdpE

[
|hdpdp|2

] )2 . (5.43)

However, to compute (5.43), it further requires the n-th order moments of |gadp|2,

|hcdp |2, and |hdpdp|2. As such, n-th order moments of w, w ∈ {|gadp |2, |hcdp|2, |hdpdp|2},

can be expressed as

E [wn] =

∫ ∞
0

ynfw(y)dy. (5.44)

Thus, for w = |gadp|2, substituting (5.1) into (5.44) and expanding 1F1

(
madp ; 1; δdpx

)
in terms of Meijer-G functions via [41, eq. 9.34.8] as

1F1

(
madp ; 1; δdpx

)
=

1

Γ(madp)
G1,1

1,2

−δdpy
∣∣∣∣∣∣

1−madp

0, 0

 , (5.45)

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

E
[
|gadp |2n

]
=

αdp
Γ(madp)β

n+1
dp

G1,2
2,2

− δdp
βdp

∣∣∣∣∣∣
−n, 1−madp

0, 0

 . (5.46)

Similar to (5.46), one can evaluate the n-th order moments for w = |hcdp |2 and w =

|hdpdp|2 by substituting (5.6) into (5.44), and simplifying the resultant expression

using [41, eq. 3.351.3] as

E
[
|hcdp|2n

]
=

(
Ωcdp

mcdp

)n Γ(n+ mcdp)

Γ(mcdp)
(5.47)

and

E
[
|hdpdp|2n

]
=

(
Ωdpdp

mdpdp

)n Γ(n+ mdpdp)

Γ(mdpdp)
. (5.48)

Now, substituting (5.46), (5.47), and (5.48) with n = 1, 2 into (5.43), one can obtain

the expression for φ2. Further, with ρ = 1, (5.43) leads to the expression for φ1.

Hereby, substituting φ1 and φ2 into (5.41), we obtain the expression of Ψ1. Next,

Ψ2 can be expressed using (5.12) as

Ψ2 =
1

λ ln 2
E

[
ln

(
1 +

ηdp|hdpdq |2

η̃a|gadq |2 + 1

)]
, (5.49)

which can be re-expressed as

Ψ2 =
1

λ ln 2

[
E
[

ln
(
1 + η̃a|gadq |2 + ηdp |hdpdq |2

)]︸ ︷︷ ︸
φ3

−E
[
ln
(
1 + η̃a|gadq |2

)]︸ ︷︷ ︸
φ4

]
. (5.50)

Hereby, we first evaluate the term φ3. Interestingly, φ3 can be deduced from (5.43)

while substituting ρ = 1, ω = 0, and replacing the indices c with dp and dp with dq.

Now, the remaining task is to assess φ4 which can be expressed as

φ4 = E
[
ln
(
1 + η̃a|gadq |2

)]
=

∫ ∞
0

ln(1 + η̃ay)f|gadq |2(y)dy. (5.51)
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Now, expanding ln(1 + η̃ay) in terms of Meijer-G function via [93, eq. 11] as

ln(1 + η̃ay) = G1,2
2,2

η̃ay
∣∣∣∣∣∣

1, 1

1, 0

 , (5.52)

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 φ4, which can be

simplified with the aid of [94, eq. 2.6.2] as

φ4 =
αdq

Γ(madq)βdq
G1,2,1,1,1

1,[2:1],0,[2:2]


η̃a
βdq

−
δdq
βdq

∣∣∣∣∣∣∣∣∣∣∣∣∣

1, 1

1, 1; 1−madq

−−

1, 0; 0, 0


. (5.53)

After, substituting φ3 and φ4 into (5.50), Ψ2 can be evaluated. Further, inserting

the expressions of Ψ1 and Ψ2 into (5.39), expression for Cdq can be obtained.

Corollary 5.1 : The ergodic rate for user Dq working under the FD and HD

modes can be evaluated while following the above steps by substituting ω = 1 and

ω = 0, respectively. Also, we substitute λ = 1 and λ = 2 for the FD mode and

HD mode, respectively, as per the preceding discussion. Moreover, the ergodic rates

remain the same for user Dq 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. (5.38) and (5.53). 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 Rs [97], by setting Rdp = Rdq = Rs, as

<` = (1− P Sec

out (Rs))Rs. (5.54)

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

<t = Cesr. (5.55)

From (5.54), 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 (5.55), 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 l 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 xdp and xdq , respectively, towards the node Dp, whereas during

the third time slot, Dp forwards the information xdq towards the node Dq using
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Table 5.1: Satellite Link Parameters [with j ∈ {b, dp, dq}]

Parameters Value
Orbit GEO

Carrier frequency f = 2 GHz
Carrier bandwidth B = 15 MHz

3-dB angle ϕj3dB = 0.8◦

Angle between user j and satellite beam centre ϕj = 0.2◦

Antenna gain of user j Gj = 4 dB
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,Dp, Dq, 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 Ωij of the channel gain is calculated by Ωij = d−ϑij for i ∈ {c} with

j ∈ {b, dp} and i ∈ {dp} with j ∈ {b, dp, dq}, dij is the normalized distance between

nodes i and j, and ϑ = 4 [99] be the path-loss exponent. We set the various

system parameters, unless otherwise specified, as Rp = 0.5 bps/Hz, Rdp = Rdq = 1

bps/Hz as the target rates, mcdp = {1, 3}, mDp = {1, 3}, mdpdp = 2, mdpdq = 2,

mcb = 1, mdpb = 1, with me , {mcdp ,mDp ,mdpdq}, as the fading severity parameters,

ΩDp = 0.01 [70] and Ωdpdp = 0.1 [92] as the respective mean values of the IS and

LI channel power gains, ρ = 0.3 [25] as the NOMA-based power allocation factor,

and σ2 = 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, [aj,Ωaj = 2, 0.063, 0.0005) and (maj, [aj,Ωaj = 5, 0.251, 0.279), j ∈ {b, dp, dq}.

Fig. 5.2 illuminates the OP curves for primary network against the primary SNR

ηa. This figure analyzes the transmit power allocation for the SUs. For this, we set

ηc = ηdp = 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., C and Dp. The

outage performance improves further while considering the case of multiple PRs

[refer to (5.19) and (5.22)] and AS scenario. Such improvements in the outage

performance allow more SUs’ powers for transmissions for a predefined primary

outage constraint ζth. As an illustration, let us consider the case of AS scenario

under the setting ζth = 10−2 and ηa = 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 ηa.

numerical values of calculated transmit powers (ηc = ηdp) 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 ζth under the setting ηa = 30 dB. The analytical and asymptotic curves

for the OP of the secondary network for various cases are drawn according to (5.25)

and (5.29)-(5.32), respectively. We can observe that the asymptotic curves are

well aligned with analytical and simulated curves in the high regime of ζth. 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 Dp, 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 ζth

(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(mcdp ,mdpdq) 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. 5.4 depicts the OP versus primary interference power ηa curves while con-

sidering the HS and AS sets of scenarios. For this, we set ζth = 0.3. From the figure,
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Figure 5.4: OP of the secondary network against the primary interference power ηa.

under HS scenario, one can note that at the lower values of ηa, 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 ηa when satellite links are subject to

AS. Further, at the higher values of ηa, an outage floor appears in the performance,

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

Fig. 5.5 illustrates the ESR curves against the primary outage constraint ζth

under the setting ηa = 30 dB. The exact analytical curves for the ESR are plotted

according to (5.33) 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 ζth (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.
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Figure 5.5: ESR of the secondary network against the primary outage constraint
ζth.

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. 5.6 demonstrates the ESR curves against the primary interference power ηa

under both HS and AS scenarios. For this, we set ζth = 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 ηa. More importantly, this point disappears when satellite links undergo

AS. Further, there comes an ESR ceiling in the curves at higher values of ηa. This

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

Fig. 5.7 depicts the throughput curves against the primary outage constraint ζth

under the setting ηa as 30 dB. Herein, the analytical curves are drawn for the two

specific transmission scenarios i.e., delay-limited and delay-tolerant, according to

(5.54) and (5.55), 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 ζth, 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 [11]. 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:

� 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.

� 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.

� 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 IUI. Nevertheless,

the performance under CA TWR-NOMA scheme is notably improved as com-

pared to CF TWR-NOMA scheme, owing to the reduced IUI 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 6.2, the transmit powers at SUs are calculated to sat-

isfy the QoS criterion at the best selected PR among K PRs. In Section 6.3 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 6.5, and finally, Section 6.6 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. 6.1 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 figure1, 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) {Bk}Kk=1, whereas the secondary network

consists of two SU nodes Dp and Dq exchanging their information with the aid of

a half-duplex DF-based secondary relay node C. We assume that Dp lies closer to

the relay with better channel conditions and the direct link between nodes Dp and

Dq is masked due to severe shadowing, blocking, etc. [103]. It is further assumed

that all the network nodes are equipped with a single antenna device2. 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 → Bk, A → Dp, A → C, and

A → Dq are denoted as gabk , gadp , gac, and gadq , respectively, and are subject to

shadowed-Rician fading. Whereas, the terrestrial links Dp → C, C → Dp, Dq → C,

C → Dq, Dp → Bk, C → Bk, and Dq → Bk undergo independent Nakagami-m

fading distributions, and channel coefficients corresponding to them are represented

by hdpc, hcdp , hdqc, hcdq , hdpbk , hcbk , and hdqbk , respectively. All the receiving nodes

are assumed to be inflicted by the AWGN i.e., modelled as CN (0, σ2).

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 |gaj|2, j ∈ {bk, dp, c, dq}, can be given as

[24]-[27]

f|gaj |2(x) = αj e−βjx 1F1 (maj; 1; δjx) , x ≥ 0, (6.1)

with αj = (2[ajmaj/(2[ajmaj + Ωaj))
maj/2[aj, βj = 1/2[aj, δj = Ωaj/(2[aj)(2[ajmaj +

Ωaj), where 2[aj is the average power of multipath component, Ωaj be the average

power of LoS component, and maj is the fading severity parameter.

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

1In a practical situation, primary source A represents a GEO satellite and nodes {Bk}Kk=1 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 parameter3 of the satellite links
√
Qj, j ∈ {bk, dp, c, dq}, can

be given as [80]

√
Qj =

c
√
Gj(ϕj)Gj

4πfdaj
√
KBTBc

, (6.2)

with c being the speed of light, f is the carrier frequency, daj ≈ 35786 km is the dis-

tance between satellite A and the user j, KB = 1.38× 10−23 J/◦K be the Boltzman

constant, T being the receiver noise temperature, and Bc is the carrier bandwidth.

Besides, Gj is the antenna gain at user j, whereas Gj(ϕj) is the satellite beam gain

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

mately given by [81]

Gj(ϕj) = Gmax

(
J1(uj)

2uj
+ 36

J3(uj)

u3
j

)2

, (6.3)

with uj = 2.07123
sinϕj

sinϕj3dB
. Gmax represents the maximal beam gain, ϕj is the angle

between user j and beam centre with respect to the satellite, and ϕj3dB be the 3-dB

angle.

Hereby, simplifying the term 1F1 (maj; 1; δjx) in (6.1) and considering η̃a = ηaQj,

where ηa = Pa
σ2 , with Pa being the transmit power through satellite A, one can

3It 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 Λaj = η̃a|gaj|2, for the arbitrary integer values of the fading

severity parameters, as [4], [5]

fΛaj(x) = αj

maj−1∑
κ=0

ξj(κ)

(η̃a)κ+1
xκe

−
(
βj−δj
η̃a

)
x
, (6.4)

where ξj(κ) = (−1)κ(1 − maj)κδ
κ
j /(κ!)2. Now, carrying out the integration of the

PDF in (6.4) using [41, eq. 3.351.2], the CDF FΛaj(x) can be obtained as

FΛaj(x) = 1− αj
maj−1∑
κ=0

κ∑
p=0

ξj(κ)

(η̃a)κ+1

κ!

p!

(
βj − δj
η̃a

)−(κ+1−p)

xpe
−
(
βj−δj
η̃a

)
x
. (6.5)

Since the terrestrial links are subject to Nakagami-m fading, the respective PDF

and CDF of Λij = ηi|hij|2, for i, j ∈ {bk, dp, c, dq} (with i 6= j, i 6∈ {bk}) and for

i ∈ {dp}, j 6∈ {dq}, and vice-versa, can be given as

fΛij(x) =

(
mij

Ωijηi

)mij xmij−1

Γ(mij)
e
−

mij
Ωijηi

x
(6.6)

and

FΛij(x) =
1

Γ(mij)
Υ

(
mij,

mij

Ωijηi
x

)
, (6.7)

where Ωij is the average power and mij 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 Dp

and Dq transmit their respective signals xdp and xdq , complying with unit-energy(
E[|xdp |2] = 1,E[|xdq |2] = 1

)
, towards the relay node C. Accordingly, the received

signal at node C can be represented as

yc = ω1

√
Pdphdpcxdp + ω2

√
Pdqhdqcxdq +

√
PaQcgacxa + vc, (6.8)

where Pdp and Pdq are the transmit powers through node Dp and Dq, respectively, vc

be the AWGN variable, and ω1 and ω2 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 [103] to first decode the transmitted signal xdp by
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the nearby NOMA user which has better channel conditions. Thus, the SINR at

relay can be given as

ΛDp→C =
ω1Λdpc

ω2 Λdqc︸︷︷︸
IUI

+Λac + 1
, (6.9)

where Λdpc = ηdp |hdpc|2 with ηdp =
Pdp
σ2 , Λdqc = ηdq |hdqc|2 with ηdq =

Pdq
σ2 , and

Λac = η̃a|gac|2. Afterwards, relay decodes the signal xdq by removing xdp 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

ΛDq→C =
ω2Λdqc

ω1ΛC + Λac + 1
, (6.10)

where ΛC = ηdp |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 mC and ΩC .

During the second transmission phase, SU relay node C broadcasts the super-

posing signal xc =
√

(1− ρ)Pcxdp +
√
ρPcxdq towards the receiving nodes Dp and

Dq with Pc being the transmit power through node C and ρ ∈ (0, 1) denotes the

NOMA-based power allocation factor corresponding to signal xdq or the desired

signal of nearby NOMA user Dp. Further, for performing the adequate NOMA

operation, relatively more power is allocated towards the signal xdp or the desired

signal of distant user Dq who has worse channel conditions, and thus, ρ becomes

limited to (0, 0.5) [103]. Hereby, the received signal at node Di, i ∈ {p, q}, can be

expressed as

ydi = hcdixc +
√
PaQdigadixa + vdi , (6.11)

with vdi be the AWGN variable. Then user Dq will directly decode its desired signal

xdp with an SINR as

ΛDq ,xdp
=

(1− ρ)Λcdq

ρΛcdq + Λadq + 1
, (6.12)
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where Λcdq = ηc|hcdq |2 with ηc = Pc
σ2 and Λadq = η̃a|gadq |2. It is worthwhile to

mention that the transmit power allocation4 for the SUs (i.e., Pdp , Pc and Pdq) 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 Dp. Thus, the received

SINR at Dp to decode the signal xdp can be given as

ΛDp,xdp
=

(1− ρ)Λcdp

ρΛcdp + Λadp + 1
, (6.13)

with Λcdp = ηc|hcdp |2 and Λadp = η̃a|gadp |2. Afterwards, user Dp decodes its desired

signal xdq by removing xdp 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 Dp to decode the signal xdq can be obtained as

ΛDp,xdq
=

ρΛcdp

(1− ρ)ΛDp + Λadp + 1
, (6.14)

where ΛDp = ηc|hDp |2 with hDp is the residual IS channel coefficient at node Dp, and

is subject to Nakagami-m fading with its respective fading severity parameter and

average channel power gain as mDp and ΩDp .

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 Dp and Dq as Fdp , {1, 2, ..., Ndp} and Fdq , {1, 2, ..., Ndq}, respec-

tively. Following the Zipf distribution for the content popularity model [105], the i-th(
i ∈ Fdp

)
and j-th

(
j ∈ Fdq

)
files with popularity profiles fi and fj satisfy

Ndp∑
i=1

fi = 1

and

Ndq∑
j=1

fj = 1, respectively. Further, relying on the statistical property of Zipf

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 [106]

fi =
i−θdp

Ndp∑
m=1

m−θdp

and fj =
j−θdq

Ndq∑
m=1

m−θdq

, (6.15)

where θdp and θdq (with θdp , θdq > 0) are the Zipf distribution parameters correspond

to the content files of user Dp and user Dq, respectively. The larger values of θdp

and θdq 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 <

Ndp +Ndq) files with C = Cdp + Cdq , Cdp and Cdq are the cache sizes corresponding

to store the contents of NOMA users Dp and Dq, 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 Dp and Dq. 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

ω1 and ω2 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; ω1 = 0, ω2 = 0.

Scenario (b): The relay has cached the desired file of user Dq but has had a cache

miss for user Dp, no transmission is required from user Dp to relay; ω1 = 0, ω2 = 1.

Scenario (c): The relay has had a cache miss for user Dq but has cached the

desired file of user Dp, no transmission is required from user Dq to relay; ω1 = 1,

ω2 = 0.

Scenario (d): The relay has had cache misses for both users, transmissions are

required from both the users to relay; ω1 = 1, ω2 = 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 ω1 and ω2
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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 I

During the first transmission phase of CF TWR-NOMA scheme, the primary satel-

lite source A broadcasts a unit energy signal xa (with E[|xa|2] = 1) towards its K

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

ybk =
√
PaQbkgabkxa +

√
Pdphdpbkxdp +

√
Pdqhdqbkxdq + vbk , (6.16)

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

be expressed as

ΛPri
bk

=
Λabk

Λdpbk + Λdqbk + 1
, (6.17)

where Λabk = η̃a|gabk |2, Λdpbk = ηdp|hdpbk |2, and Λdqbk = ηdq |hdqbk |2.

As stated earlier, in CHSTN, the secondary nodes Dp and Dq have to satisfy the

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

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

constraint ζth. Therefore, for a given target rate Rp, the OP of the primary link
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A→ Bk can be written using (6.17) as

PPri
out,k(Rp) = Pr

[
log2(1 + ΛPri

bk
) < Rp

]
≤ ζth, (6.18)

which can be re-written as

PPri
out,k(Rp) = Pr

[
ΛPri
bk

< γp
]
≤ ζth, (6.19)

where γp = 2Rp − 1. Hereby, we calculate the overall primary OP by using the

selection criteria for the best satellite user based on maximizing ΛPri
bk

as

PPri
out(Rp) = Pr

[
max

k∈{1,...,K}
ΛPri
bk

< γp

]
≤ ζth, (6.20)

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

as

PPri
out(Rp) =

K∏
k=1

FΛPri
bk

(γp) ≤ ζth. (6.21)

Now, (6.21) can be further solved while assuming equal power Pdq = Pdp (and

thereby ηdq = ηdp) [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 (6.21) as

PPri
out (Rp) =

K∏
k=1

(
1−

mabk−1∑
κ=0

κ∑
m=0

m∑
v=0

m−v∑
g=0

αbk
ξbk(κ)

(η̃a)κ+1

κ!

m!

Γ(v +mdpbk)

Γ(mdpbk)

(
m− v
g

)

× e
−
(
γp

βbk
−δbk
η̃a

)(
γp
βbk − δbk

η̃a
+

mdpbk

Ωdpbkηdp

)−(v+mdpbk) Γ(g +mdqbk)

Γ(mdqbk)

×
(
γp
βbk − δbk

η̃a
+

mdqbk

Ωdqbkηdp

)−(g+mdqbk)
(

mdpbk

Ωdpbkηdp

)mdpbk (m
v

)
× γmp

(
βbk − δbk

η̃a

)−(κ+1−m)( mdqbk

Ωdqbkηdp

)mdqbk )
≤ ζth. (6.22)

Proof. See Appendix H. �

Now, for a given ζth, the transmit SNR ηdp (involving transmit power Pdp) can be

calculated numerically by evaluating the expression in (6.22) with respect to ηdp

using any computing software like MATHEMATICA or MAPLE.
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Case II

Similar to (6.16), the received signal at node Bk during the second transmission

phase of CF TWR-NOMA scheme can be given as

ybk =
√
PaQbkgabkxa +

√
Pchcbkxc + vbk . (6.23)

As such, using (6.23), the SINR at node Bk can be expressed as

ΛPri
bk

=
Λabk

Λcbk + 1
. (6.24)

Hereby, using similar steps as in Case I, the overall primary OP for a given target

rate Rp can be evaluated using (6.24) into (6.21) as given in Lemma 5.

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

PPri
out (Rp) =

K∏
k=1

(
1−

mabk−1∑
κ=0

κ∑
v=0

v∑
g=0

αbk
ξbk(κ)

(η̃a)κ+1

κ!

v!

Γ(v − g +mcbk)

Γ(mcbk)

×
(
v

g

)
γvpe

−
(
γp

βbk
−δbk
η̃a

)(
γp
βbk − δbk

η̃a
+

mcbk

Ωcbkηc

)−(v−g+mcbk)

×
(
βbk − δbk

η̃a

)−(κ+1−v)(
mcbk

Ωcbkηc

)mcbk )
≤ ζth. (6.25)

Proof. Proof of Lemma 5 can be followed using the similar steps as for Theorem 7

in Appendix H. �

Now, for a given ζth, by evaluating the expression in (6.25) with respect to ηc similar

to (6.22), the transmit SNR ηc 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 Dq and Dp in

Scenario (b) and Scenario (c) can be calculated as in Case II, by replacing the

terms mcbk ,Ωcbk , and ηc with mdqbk , Ωdqbk , and ηdq and with mdpbk , Ωdpbk , and ηdp ,
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respectively. However, the transmit powers through NOMA users in Scenario (d)

can be calculated similar to the Case I.

Remark 6.1 : The above-stated transmit power calculations require only the

average channel gains of the link from itself to PRs, i.e., Dp → Bk, C → Bk,

and Dq → Bk. 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 (6.22) and (6.25), which allows the SUs’ transmit powers to be

increased numerically under the fixed values of ζth. 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 Dp and Dq.

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 Dp → C → Dq link and

Dq → C → Dp 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 Dq is unable to decode the signal xdp . It is noteworthy that decoding
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of the signal xdq at the relay has nothing to do with the OP of the Link #1, as user

Dq directly detects the signal xdp . Accordingly, the OP of the Link #1 for a given

SINR threshold γdq can be appraised as

P Link #1, CF

out = 1− Pr
[
ΛDp→C ≥ γdq , ΛDq ,xdp

≥ γdq
]

= 1− Pr
[
ΛDp→C ≥ γdq

]︸ ︷︷ ︸
χ1

Pr
[
ΛDq ,xdp

≥ γdq
]︸ ︷︷ ︸

χ2

, (6.26)

where γdq = 22Rdq−1, with Rdq being the target rate of the Link #1. Hereby, the

final expression of P Link #1, CF

out can be provided with the help of Theorem 8 as given

below.

Theorem 8. The expression P Link #1, CF

out in (6.26) requires the evaluations of the

probability terms χ1 and χ2 under the hybrid satellite-terrestrial channels, which

can be provided as in (6.27) and (6.28), respectively, with T1 =
γdq

(1−ρ)−ργdq
.

χ1 =

mdpc−1∑
m=0

m∑
g=0

mac−1∑
κ=0

m−g∑
v=0

(
mdpcγdq
Ωdpcηdp

)m
(g + κ)!

m!
αc

ξc(κ)

(η̃a)κ+1

×
(
m

g

)
e
−
(
mdpc

γdq
Ωdpc

ηdp

)(
mdqc

Ωdqcηdq

)mdqc Γ(v +mdqc)

Γ(mdqc)

(
m− g
v

)
×
(
mdpcγdq
Ωdpcηdp

+
βc − δc
η̃a

)−(g+κ+1)(mdpcγdq
Ωdpcηdp

+
mdqc

Ωdqcηdq

)−(v+mdqc)

. (6.27)

χ2 =

mcdq−1∑
m=0

m∑
g=0

madq−1∑
κ=0

(
mcdqT1

Ωcdqηc

)m
(g + κ)!

m!

(
m

g

)
αdq

×
ξdq(κ)

(η̃a)κ+1

(
mcdqT1

Ωcdqηc
+
βdq − δdq

η̃a

)−(g+κ+1)

e
−
(
mcdq

T1

Ωcdq
ηc

)
. (6.28)

Proof. See Appendix I. �

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 xdp as well as the signal xdq , and then

user Dp should also be able to decode both the signals xdp and xdq . Thus, the prob-

ability of the complementary event can be expressed as Pr
[
ΛDp→C ≥ γdq , ΛDq→C ≥

γdp , ΛDp,xdp
≥ γdq , ΛDp,xdq

≥ γdp
]
, where γdp = 22Rdp−1 is the SINR threshold with
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Rdp being the target rate of the Link #2. Thus, the OP of the Link #2 can be

formulated as

P Link #2, CF

out = 1− Pr
[
ΛDp→C ≥ γdq , ΛDq→C ≥ γdp ,ΛDp,xdp

≥ γdq , ΛDp,xdq
≥ γdp

]
= 1− Pr

[
ΛDp→C ≥ γdq , ΛDq→C ≥ γdp

]︸ ︷︷ ︸
J1

Pr
[
ΛDp,xdp

≥ γdq , ΛDp,xdq
≥ γdp

]︸ ︷︷ ︸
J2

.

(6.29)

Hereby, the final expression of P Link #2, CF

out can be provided with the help of Theorem

9 as given below.

Theorem 9. The expression P Link #2, CF

out in (6.29) needs the computations of the

probability terms J1 (with J1 = ϕ1−ϕ2) and J2 under the hybrid satellite-terrestrial

channels, which can be presented in (6.30)-(6.32). Therein, T2 = γdq(1 + γdp),

T3 = γdpγdq , and M =
mdpc

Ωdpcηdp
+

mdqc

Ωdqcηdqγdq
.

ϕ1 =

mdqc−1∑
m=0

mdpc−1∑
g=0

g∑
u=0

m∑
v=0

mac−1∑
κ=0

m−v∑
s=0

g−u∑
q=0

(
mdqcγdp
Ωdqcηdq

)m( mdpc

Ωdpcηdp

)g (
mC

ΩCηdp

)mC
× (u+ v + κ)!

m! g!

(
g

u

)(
g − u
q

)(
mdqcγdp
Ωdqcηdq

+
mdpcT3

Ωdpcηdp
+

mC

ΩCηdp

)−(s+q+mC)

×
(
m− v
s

)(
m

v

)(
m− g
v

)
αc

ξc(κ)

(η̃a)κ+1
e
−
(
mdqc

γdp
Ωdqc

ηdq

)
e
−
(
mdpc

T2

Ωdpc
ηdp

)
Γ(s+ q +mC)

Γ(mC)

× T g2
(
T3

T2

)q (
βc − δc
η̃a

+
mdqcγdp
Ωdqcηdq

+
mdpcT2

Ωdpcηdp

)−(u+v+κ+1)

. (6.30)

ϕ2 =

mdqc−1∑
m=0

m∑
g=0

m−g∑
v=0

g+mdpc−1∑
u=0

mac−1∑
κ=0

u∑
s=0

u−s∑
q=0

(
mdqc

Ωdqcηdq

)m( mdpc

Ωdpcηdp

)mdpc
(−1)m−g

×
(

mC

ΩCηdp

)mC (v + κ+ s)!

m! u!

(
u− s
q

)(
1

γdq

)g (
MT3 +

mC

ΩCηdp

)−(q+mC)

×
(
m

g

)(
m− g
v

)(
u

s

)
αc

ξc(κ)

(η̃a)κ+1

Γ(q +mC)Γ(g +mdqc)

Γ(mC)Γ(mdqc)
T u2

(
T3

T2

)q
× e

(
mdqc

Ωdqc
ηdq

)
e−(MT2)

(
βc − δc
η̃a

−
mdqc

Ωdqcηdq
+MT2

)−(v+κ+s+1)

. (6.31)
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J2 =

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

m−g∑
u=0

(
mcdpγdp
Ωcdpηcρ

)m( mDp

ΩDpηc

)mDp (g + κ)!

m!

(
m

g

)

×
(
mDp

ΩDpηc
+
mcdpγdp(1− ρ)

Ωcdpηcρ

)−(u+mDp )(βdp − δdp
η̃a

+
mcdpγdp
Ωcdpηcρ

)−(g+κ+1)

×
(
m− g
u

)
(1− ρ)uαdp

ξdp(κ)

(η̃a)κ+1

Γ(u+mDp)

Γ(mDp)
e
−
(
mcdp

γdp
Ωcdp

ηcρ

)
. (6.32)

Proof. See Appendix J. �

Asymptotic Outage Probability Analysis

For attaining more insights, we approximate the derived OP expressions in (6.26)

and (6.29) at a high SNR region (ηdp , ηc, ηdq → ∞, with
ηdp
ηc

, ηc
ηdq

, and
ηdq
ηdp

are the

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 (6.26), the asymptotic OP expression for the Link #1

(say it P Link #1, CF

out, asy ) under the hybrid satellite-terrestrial channels can be given as

P Link #1, CF

out, asy = χ̄1 + χ̄2, with χ̄1 and χ̄2 are the respective approximated expressions

at the high SNR against the complementary events of χ1 and χ2, as given in (6.33)

and (6.34), respectively.

χ̄1 =

mdpc∑
m=0

mdpc−m∑
g=0

mac−1∑
κ=0

(
mdpc

m

)(
mdpc −m

g

)(
mdpcγdq
Ωdpcηdp

)mdpc
× Γ(g + κ+ 1)

Γ(mdpc + 1)

Γ(m+mdqc)

Γ(mdqc)

αcξc(κ)η̃a
g

(βc − δc)g+κ+1

(
Ωdqcηdq
mdqc

)m
. (6.33)

χ̄2 =

mcdq∑
m=0

madq−1∑
κ=0

(
mcdq

m

)(
mcdqT1

Ωcdq

)mcdq Γ(m+ κ+ 1)

Γ(mcdq + 1)
αdq

ξdq(κ)η̃a
m

(βdq − δdq)m+κ+1

(
1

ηc

)mcdq
.

(6.34)
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Proof. See Appendix K. �

Remark 6.3 : In (6.33), substituting m = mdpc, one can assess the diversity

order for the Link #1 as min(0,mcdq), i.e., zero, owing to the IUI. 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 1
ηc

and finally tells the diversity order.

Similarly, for (6.29), on can attain a zero diversity order theoretically for the Link

#2 due to the presence of IUI.

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 6.3.1, 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 Rdq and Rdp [97], respectively, as

<CF = (1− P Link #1, CF

out )Rdq + (1− P Link #2, CF

out )Rdp . (6.35)

From (6.35), one can observe that the maximum achievable throughput of the sec-

ondary network is Rdq+Rdp , which could be attained when P Link #1, CF

out and P Link #2, CF

out

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

Si to destination node Sj is given by

Tij =
L

Bs log2 (1 + Λij)
=

B̃s
loge (1 + Λij)

, (6.36)

115



6.4. PERFORMANCE EVALUATION UNDER THE CA TWR-NOMA
SCHEME

where L is the length of the packet, Bs be the channel bandwidth, and B̃s = L loge(2)
Bs .

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 Dp can successfully detect

signal xdp , the average E-E transmission times for sending the packets through Link

#1 and Link #2 can be provided as

T Link #1, CF = τ1 + τ2 (6.37)

and

T Link #2, CF = τ3 + τ4, (6.38)

where τ1 = E[Tdpc] = B̃s
E[loge(1+ΛDp→C)]

, τ2 = E[Tcdq ] = B̃s

E
[
loge

(
1+ΛDq,xdp

)] , τ3 =

E[Tdqc] = B̃s
E[loge(1+ΛDq→C)]

, and τ4 = E[Tcdp ] = B̃s

E
[
loge

(
1+ΛDp,xdq

)] . Computation of

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 6.1, 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:

P Link #1, CA

out = P Link #1, (a)

out

Cdp∑
i=1

fi

Cdq∑
j=1

fj + P Link #1, (b)

out

Cdp∑
i=1

fi

Ndq∑
j=Cdq+1

fj

+ P Link #1, (c)

out

Ndp∑
i=Cdp+1

fi

Cdq∑
j=1

fj + P Link #1, (d)

out

Ndp∑
i=Cdp+1

fi

Ndq∑
j=Cdq+1

fj, (6.39)

where P Link #1, (a)

out = 1− Pr
[
ΛDq ,xdp

≥ γ′dq
]︸ ︷︷ ︸

χ3

with γ′dq = 2Rdq − 1, P Link #1, (b)

out = 1− χ2,

P Link #1, (c)

out = 1 − Pr
[
ΛDp→C ≥ γdq

]︸ ︷︷ ︸
χno-IUI

1

χ2, and P Link #1, (d)

out = P Link #1, CF

out . As such, χ3

can be referred from (6.28) while substituting T1 =
γ′dq

(1−ρ)−ργ′dq
. Next, χno-IUI

1 can be

acquired as

χno-IUI

1 =

mdpc−1∑
m=0

m∑
g=0

mac−1∑
κ=0

(
mdpcγdq
Ωdpcηdp

)m
(g + κ)!

m!
αc

ξc(κ)

(η̃a)κ+1

×
(

mdpcγdq
Ωdpcηdp

+
βc − δc
η̃a

)−(g+κ+1)(
m

g

)
e
−
(

mdpc
γdq

Ωdpc
ηdp

)
. (6.40)

Exact Outage Probability Analysis of the Link #2

P Link #2, CA

out =P Link #2, (a)

out

Cdp∑
i=1

fi

Cdq∑
j=1

fj +P Link #2, (b)

out

Cdp∑
i=1

fi

Ndq∑
j=Cdq+1

fj

+ P Link #2, (c)

out

Ndp∑
i=Cdp+1

fi

Cdq∑
j=1

fj + P Link #2, (d)

out

Ndp∑
i=Cdp+1

fi

Ndq∑
j=Cdq+1

fj, (6.41)

where P Link #2, (a)

out = 1−Pr
[
ΛDp,xdp

≥ γ′dq ,ΛDp,xdq
≥ γ′dp

]︸ ︷︷ ︸
J3

with γ′dp = 2Rdp−1, P Link #2, (b)

out =

1 − Pr
[
ΛDq→C ≥ γdp

]︸ ︷︷ ︸
Jno-IUI

4

J2, P Link #2, (c)

out = 1 − Pr
[
ΛDp→C ≥ γdq

]︸ ︷︷ ︸
χno-IUI

1

J2, and P Link #2, (d)

out =

P Link #2, CF

out . As such, J3 can be referred from (6.32) while replacing γdp with γ′dp .

Next, Jno-IUI
4 can be obtained as

Jno-IUI

4 =

mdqc−1∑
m=0

m∑
g=0

mac−1∑
κ=0

(
mdqcγdp
Ωdqcηdq

)m
(g + κ)!

m!
αc

ξc(κ)

(η̃a)κ+1

×
(

mdqcγdp
Ωdqcηdq

+
βc − δc
η̃a

)−(g+κ+1)(
m

g

)
e
−
(

mdqc
γdp

Ωdqc
ηdq

)
. (6.42)
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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 Link #1, (a)

out, asy

can be referred from (6.34) while substituting T1 =
γ′dq

(1−ρ)−ργ′dq
. Next, P Link #1, (b)

out, asy = χ̄2,

P Link #1, (c)

out, asy = χno-IUI
1 + χ̄2 with χno-IUI

1 is given below, whereas P Link #1, (d)

out, asy = P Link #1, CF

out, asy ,

χno-IUI
1 =

mdpc∑
m=0

mac−1∑
κ=0

(
mdpc

m

)(
mdpcγdq
Ωdpcηdp

)mdpc Γ(m+κ+1)

Γ(mdpc + 1)

αcξc(κ)η̃a
m

(βc − δc)m+κ+1
. (6.43)

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

<CA = (1− P Link #1, CA

out )Rdq + (1− P Link #2, CA

out )Rdp . (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

T Link #1, CA = τ2

Cdp∑
i=1

fi

Cdq∑
j=1

fj + (τ2 + τ3)

Cdp∑
i=1

fi

Ndq∑
j=Cdq+1

fj

+ (τ1+τ2)

Ndp∑
i=Cdp+1

fi

Cdq∑
j=1

fj + (τ1+τ2)

Ndp∑
i=Cdp+1

fi

Ndq∑
j=Cdq+1

fj (6.45)

and

T Link #2, CA = τ4

Cdp∑
i=1

fi

Cdq∑
j=1

fj + (τ3 + τ4)

Cdp∑
i=1

fi

Ndq∑
j=Cdq+1

fj

+ (τ1+τ4)

Ndp∑
i=Cdp+1

fi

Cdq∑
j=1

fj + (τ3+τ4)

Ndp∑
i=Cdp+1

fi

Ndq∑
j=Cdq+1

fj. (6.46)
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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, Dp, C, and

Dq 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 Ωij of the channel gain

is calculated by Ωij = d−ϑij for i, j ∈ {b, dp, c, dq} (with i 6= j, i 6∈ {b}) and for

i ∈ {dp}, j 6∈ {dq}, and vice-versa, dij is the normalized distance between nodes i

and j, and ϑ = 4 be the path-loss exponent. We set the various system parame-

ters, unless otherwise specified, as Rp = 0.5 bps/Hz and Rdp = Rdq = 0.5 bps/Hz

as the target rates, mdpc = mcdp = 2, mdqc = mcdq = 1, mDp = mC = 2, and

mdpb = mcb = mdqb = 2 as the fading severity parameters, ΩDp = ΩC = 0.01 [92] as

the mean values of the IS channel power gain, ρ = 0.3 [25] as the NOMA-based power

allocation factor, and σ2 = 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 (maj, [aj,Ωaj = 2, 0.063, 0.0005) and (maj, [aj,Ωaj = 5, 0.251, 0.279),

j ∈ {b, dp, c, dq}. Next, the parameters related to considered caching scheme are set

as Ndp = Ndq = 200 as the sizes of content catalogs, θdp = θdq = θ = 2 as the Zipf

distribution parameters, and Cdp = Cdq = 20 as the cache sizes.

Fig. 6.2 illuminates the transmit power allocation for the SUs against the various

values of primary outage constraint ζth and primary interference power ηa. 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 ζth and

ηa 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, dp, dq}]

Parameters Value
Orbit GEO

Carrier frequency f = 2 GHz
Carrier bandwidth Bc = 15 MHz

3-dB angle ϕj3dB = 0.8◦

Angle between user j and satellite beam centre ϕj = 0.2◦

Antenna gain of user j Gj = 4 dB
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 ζth; (b) interference power ηa.

I allows simultaneous transmissions from both the nodes Dp and Dq. The transmit

power increases further while considering the case of multiple PRs [refer to (6.22)

and (6.25)] 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 ζth = 10−2 and ηa = 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. 6.3 exhibits the analytical and asymptotic OP curves for the secondary

network under the CF/CA TWR-NOMA schemes against the primary outage con-

straint ζth with setting ηa 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 ζth

(a) HS; (b) AS.

well aligned with analytical and simulated curves in the high regime of ζth. 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 xdp or the desired signal of distant

user Dq 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 IUI

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. 6.4 depicts the OP versus primary interference power ηa curves while con-

sidering the HS and the AS sets of scenarios. For this, we set ζth = 0.3. From the

figure, under HS scenario, one can note that at the lower values of ηa, 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 ηa.

point relatively vanishes at the early stage of ηa when satellite links are subject to

AS. Further, at the higher values of ηa, 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

ζth under the setting ηa 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 ζth increases,

but saturates at the higher values of ζth. As such, at the higher values of ζth, 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. 6.3, 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. 6.6 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 ζth increases. It further decreases while considering the case of multiple PRs.

Fig. 6.7 illuminates the impacts of Zipf distribution parameter θ and cache size

on the outage performance of the Link #2. Subsequently, in Fig. 6.7 (a), the impact

of various cache sizes on the outage performance for a fixed value of θ 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 θ increases. The

higher value of θ 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.

124



CHAPTER 6. CACHE-FREE/CACHE-AIDED TWR-NOMA IN
UNDERLAY COGNITIVE HYBRID SATELLITE-TERRESTRIAL
NETWORKS

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 IUI 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 IUI. 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 7

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 HIs 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 HIs. 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 IUI 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 FΛacb(x)=Pr
[
Λacb < x

]
is expressed, using (3.6), as

FΛacb(x) = Pr

[
µΛacΛcb

τpΛacΛcb + εΛac + ωpΛcb + 1
< x

]
= Pr

[
Λac <

x(1 + ωpΛcb)

θxΛcb − εx

]
,

(A.1)

which can be further evaluated as

FΛacb(x) = 1−
∫ ∞
εx
θx

F̄Λac

(
x(1 + ωpy)

θxy − εx

)
fΛcb(y)dy. (A.2)

With θx > 0, we exploit (3.18) and (3.19) into (A.2), and then simplify using

binomial expansion [41, eq. 1.111] to obtain FΛacb(x) as given in (3.28) with

ψ1(x) = 1− αc
mac−1∑
κ=0

κ∑
l=0

l∑
m=0

m+mcb−1∑
g=0

ζ(κ)

(ηa)κ+1

κ!

l!
M−(κ+1−l) N

mcb

Γ(mcb)

xlωmp (εx)m+mcb−1−g

θm+mcb
x

×
(
l

m

)(
m+ mcb − 1

g

)
e
−
(

(ωpM+Nε)x

θx

) ∫ ∞
0

t(g−l+1)−1e
−
(
Mεx2

θx
+Mx

t
− N
θx
t

)
dt.

(A.3)

Now, on simplifying the integration in (A.3) using [41, eq. 3.471.9], one can arrive

at (3.29) which completes the proof.
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APPENDIX B

DERIVATION OF (4.18)

The CDF FΛacbk
(x) = Pr

[
Λacbk < x

]
can be expressed using (4.7) or (4.9) in a

generalized form as

FΛacbk
(x) = Pr

[
Λac <

x(1 + Λcbk)

θkxΛcbk − x

]
, (B.1)

which can be further evaluated as

FΛacbk
(x) = 1−

∫ ∞
x
θkx

F̄Λac

(
x(1 + y)

θkxy − x

)
fΛcbk

(y)dy. (B.2)

Now, exploiting (4.12) and (4.13) into (B.2), and simplifying using binomial expan-

sion [41, eq. 1.111], we obtain

ψk(x) = 1− αc
mac−1∑
κ=0

κ∑
l=0

l∑
m=0

m+mcbk−1∑
g=0

ζ(κ)

(ηa)κ+1

κ!

l!
M−(κ+1−l)Nmcbk

× (x)m+l+mcbk−1−g

θ
m+mcbk
kx

(
l

m

)(
m+ mcbk − 1

g

)
1

Γ(mcbk)

× e
−
(

(M+N)x
θkx

) ∫ ∞
0

t(g−l+1)−1e
−

 Mx2

θkx
+Mx

t
− N
θkx

t


dt. (B.3)

Now, solving the integral in (B.3) using [41, eq. 3.471.9], one can arrive at (4.18).
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APPENDIX C

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 XY
X+Y

< min(X, Y ) [45] to represent

Λacbk <
µ

τk + 1
min(Λcbk ,Λac)

. (C.1)

Hence, the corresponding CDF can be expressed as

FΛacbk
(x) ' FΛac

( x

θkx

)
+ FΛcbk

( x

θkx

)
. (C.2)

At high SNR the respective CDFs used in (4.12) and (4.14) can be approximated as

FΛai(x)≈ αi
ηa
x and FΛcj(x)≈ 1

Γ(mcj+1)

(mcjx

Ωcjηc

)mcj
. (C.3)

Consequently, (C.2) can be represented as

FΛacbk
(x) ' αcx

ηaθkx
+

1

Γ(mcbk + 1)

( mcbkx

Ωcbkηcθkx

)mcbk
. (C.4)

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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APPENDIX D

DERIVATION OF (5.19)

On using (5.14) into (5.16), Pr
[
Λpri
bl
< γp

]
can be expressed as

Pr
[
ΛPri
bl

< γp
]

= Pr

[
Λabl

Λcbl + Λdpbl + 1
< γp

]
, (D.1)

which can be re-expressed as

Pr
[
ΛPri
bl

< γp
]

= 1−
∫ ∞

0

(∫ ∞
0

(∫ ∞
γp(y+z+1)

fΛabl
(x)dx

)
fΛcbl

(y)dy

)
fΛdpbl

(z)dz. (D.2)

Now, on substituting the PDFs fΛabl
(x) and fΛcbl

(y) corresponding to the satellite

and terrestrial links, respectively from (5.4) and (5.6), 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

Pr
[
ΛPri
bl

< γp
]

= 1−
mabl−1∑
κ=0

κ∑
m=0

m∑
v=0

αbl
ξbl(κ)

(η̃a)κ+1

κ!

m!

1

Γ(mcbl)

(
mcbl

Ωcblηc

)mcbl

×
(
βbl − δbl
η̃a

)−(κ+1−m)

γmp e
−
(
γp

βbl
−δbl
η̃a

)(
m

v

)
×

(∫ ∞
0

yv+mcbl−1e
−
(
γp

βbl
−δbl
η̃a

+
mcbl

Ωcbl
ηc

)
y
dy

)

×

(∫ ∞
0

(z + 1)m−ve
−
(
γpz

βbl
−δbl
η̃a

)
fΛdpbl

(z)dz

)
. (D.3)

Hereby, substituting the PDF expression of fΛdpbl
(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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APPENDIX D. DERIVATION OF (5.19)

using (5.18), one can get the desired OP expression of the primary satellite network

for a given primary outage constraint ζth under the FD C-NOMA scheme, as given

in (5.19).
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APPENDIX E

DERIVATION OF (5.25)

Referring to (5.24), χ1 can be written for the case of FD-ipSIC using (5.9) and (5.10)

as

χFD-ipSIC

1 = Pr
[
Λcdp ≥ T1(Λdpdp + Λadp + 1),

Λcdp ≥ T2(Λdpdp + Λadp + ΛDp + 1)
]
, (E.1)

where T1 =
γFD
dq

(1−ρ)−ργFD
dq

and T2 =
γFD
dp

ρ
. Subsequently, (E.1) can be evaluated as

χFD-ipSIC

1 = U(T1 − T2)

∫ ∞
1
T3

(∫ T3w−1

0

(∫ ∞
T3w−z−1

(∫ ∞
T1(y+z+1)

fΛcdp
(x)dx

)
fΛdpdp

(y)dy

)
fΛadp

(z)dz

)
fΛDp

(w)dw

+ U(T1 − T2)

∫ ∞
1
T3

(∫ T3w−1

0

(∫ T3w−z−1

0

(∫ ∞
T2(y+z+w+1)

fΛcdp
(x)dx

)
fΛdpdp

(y)dy

)
fΛadp

(z)dz

)
fΛDp

(w)dw

+ U(T2 − T1)

∫ ∞
0

(∫ ∞
0

(∫ ∞
0

(∫ ∞
T2(y+z+w+1)

fΛcdp
(x)dx

)
fΛdpdp

(y)dy

)
fΛadp

(z)dz

)
fΛDp

(w)dw,

(E.2)

where T3 = T2

T1−T2
and U(x) is unit-step function whose value is 1, when x > 0, and

0 otherwise. Nevertheless, for the feasible range of ρ, T2 > T1, thus, (E.2) can be
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APPENDIX E. DERIVATION OF (5.25)

simplified as

χFD-ipSIC

1 =

∫ ∞
0

(∫ ∞
0

(∫ ∞
0

(∫ ∞
T2(y+z+w+1)

fΛcdp
(x)dx

)
fΛdpdp

(y)dy

)
fΛadp

(z)dz

)
fΛDp

(w)dw. (E.3)

Hereby, the final expression of χFD-ipSIC

1 can be derived as in (5.26), using [41, eqs.

(3.351.2) and (3.351.3)] and binomial expansion [41, eq. 1.111]. Similarly, the

expression of χHD-ipSIC

1 can be evaluated as in (5.27). Now, we proceed to obtain the

expression of χ2 as follows:

Referring to (5.24), χ2 can be expressed using (5.12) as

χ2 = 1− Pr

[
Λdpdq

Λadq + 1
< γdq

]
, (E.4)

which can be re-expressed as

χ2 = 1−
∫ ∞

0

(∫ γdq (z+1)

0

fΛdpdq
(x)dx

)
fΛadq

(z)dz. (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 χ2 as

in (5.28).
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APPENDIX F

DERIVATIONS OF (5.29)-(5.32)

Referring to (5.24), χ1 can be re-expressed for the case of FD-ipSIC using (E.3) as

χFD-ipSIC

1 = 1−
∫ ∞

0

(∫ ∞
0

(∫ ∞
0

(∫ T2(y+z+w+1)

0

fΛcdp
(x)dx

)
fΛdpdp

(y)dy

)
fΛadp

(z)dz

)
fΛDp

(w)dw. (F.1)

Now, substituting (E.5) (with γdq = γFD
dq

) and (F.1) into (5.24), the asymptotic OP

expression of secondary network for the FD-ipSIC can be represented as

P FD-ipSIC

out,asy =

∫ ∞
0

(∫ ∞
0

(∫ ∞
0

(∫ T2(y+z+w+1)

0

fΛcdp
(x)dx

)
fΛdpdp

(y)dy

)
fΛadp

(z)dz

)
fΛDp

(w)dw

+

∫ ∞
0

(∫ γFD
dq

(z+1)

0

fΛdpdq
(x)dx

)
fΛadq

(z)dz, (F.2)

where the product term leading to a higher order is neglected. Hereby, inserting

the involved PDF expressions in (F.2), and then simplifying the integral expression

in [41, eq. (3.351.1)] while making use of the series expansion of Υ(α, x) [41, eq.

8.354.1] as

Υ(α, x) = xα
∞∑
ε=0

(−1)εxε

ε!(α + ε)
'
x→0

xα

α
, (F.3)

one can earn the expression of P FD-ipSIC

out,asy as in (5.29) using the similar steps as for

Theorem 5. 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 Dp can be expressed using (5.10) as

Cdp =
1

λ
E

[
log2

(
1 +

(
ρΛcdp

ς(1− ρ)ΛDp + ωΛdpdp + Λadp + 1

)
︸ ︷︷ ︸

Θ

)]

=
1

λ ln 2

∫ ∞
0

1− FΘ(θ)

1 + θ
dθ. (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 ω = 0 and ς = 0 in (G.1). Thus,

the involved CDF term FΘ(θ) can be calculated as

FΘ(θ) = Pr

[
ρΛcdp

Λadp + 1
< θ

]
= 1−

∫ ∞
0

(∫ ∞
θ
ρ

(z+1)

fΛcdp
(x)dx

)
fΛadp

(z)dz. (G.2)

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 FΘ(θ) can

be computed. Consequently, inserting this CDF expression into (G.1), ergodic rate

for user Dp under HD-pSIC case can be expressed as

CHD-pSIC

dp
=

mcdp−1∑
m=0

m∑
g=0

madp−1∑
κ=0

1

λ ln 2

(
mcdp

Ωcdpηcρ

)m
(g + κ)!

m!

(
m

g

)
αdp

×
ξdp(κ)

(η̃a)κ+1

(
βdp − δdp

η̃a

)−(g+κ+1) ∫ ∞
0

θme
−
(

mcdp
θ

Ωcdp
ηcρ

)

×
(

1 +
mcdp η̃a

Ωcdpηcρ(βdp − δdp)
θ

)−(g+κ+1)

(1 + θ)−1dθ. (G.3)

139



Now, expanding the last two terms inside the integral in terms of Meijer-G function

via [93, eq. 10] as

(1 + x)α =
1

Γ(−α)
G1,1

1,1

x
∣∣∣∣∣∣
α + 1

0

 , (G.4)

and then solving the integral using [94, eq. (2.6.2)], one can get the expression for

CHD-pSIC

dp
as in (5.38). Likewise, one can derive the ergodic rate expressions of user

Dp for the other involved cases in (5.34).
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APPENDIX H

DERIVATION OF (6.22)

On using (6.17) into (6.19), Pr
[
Λpri
bk
< γp

]
can be expressed as

Pr
[
ΛPri
bk

< γp
]

= Pr

[
Λabk

Λdpbk + Λdqbk + 1
< γp

]
, (H.1)

which can be further evaluated as

Pr
[
ΛPri
bk
<γp

]
=1−

∫ ∞
0

(∫ ∞
0

(∫ ∞
γp(y+z+1)

fΛabk
(x)dx

)
fΛdpbk

(y)dy

)
fΛdqbk

(z)dz. (H.2)

Now, on inserting the PDFs fΛabk
(x) and fΛdpbk

(y) corresponding to the satellite and

terrestrial links, respectively from (6.4) and (6.6), and further solving the associated

integral w.r.t. x in (H.2) using [41, eq. 3.351.2] and binomial expansion [41, eq.

1.111], we obtain

Pr
[
ΛPri
bk

< γp
]

= 1−
mabk−1∑
κ=0

κ∑
m=0

m∑
v=0

αbk
ξbk(κ)

(η̃a)κ+1

(
βbk − δbk

η̃a

)−(κ+1−m)

× κ!

m!

1

Γ(mdpbk)
γmp e

−
(
γp

βbk
−δbk
η̃a

)(
mdpbk

Ωdpbkηdp

)mdpbk

×
(
m

v

)(∫ ∞
0

yv+mdpbk−1e
−
(
γp

βbk
−δbk
η̃a

+
mdpbk

Ωdpbk
ηdp

)
y
dy

)

×

(∫ ∞
0

(z + 1)m−ve
−
(
γpz

βbk
−δbk
η̃a

)
fΛdqbk

(z)dz

)
. (H.3)

Hereby, substituting the PDF fΛdqbk
(z) using (6.6), 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 ζth under the Case I, as given in (6.22).
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APPENDIX I

DERIVATIONS OF (6.27) AND (6.28)

Referring to (6.26), it requires the evaluations of the terms χ1 and χ2. As such, χ1

can be written using (6.9) as

χ1 = Pr

[
Λdpc

Λdqc + Λac + 1
≥ γdq

]
. (I.1)

Subsequently, (I.1) can be solved as

χ1 =

∫ ∞
0

(∫ ∞
0

(∫ ∞
γdq (y+z+1)

fΛdpc
(x)dx

)
fΛac(y)dy

)
fΛdqc

(z)dz. (I.2)

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 χ1 can be

derived as in (6.27). Next, using the above similar steps, one can acquire the desired

expression of χ2 as in (6.28).
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APPENDIX J

DERIVATIONS OF (6.30)-(6.32)

Referring to (6.29), P Link #2, CF

out requires the calculations of J1 and J2. As such, J1

can be represented using (6.9) and (6.10) as

J1 = Pr

[
Λdpc

Λdqc + Λac + 1
≥ γdq ,

Λdqc

ΛC + Λac + 1
≥ γdp

]
, (J.1)

which can be re-expressed as

J1 = Pr

[
Λdqc ≥ γdp (ΛC + Λac + 1) ,Λdqc <

Λdpc

γdq
− Λac − 1

]
. (J.2)

Hereby, (J.2) can be evaluated as

J1 =

∫ ∞
0

(∫ ∞
0

(∫ ∞
T3w+T2z+T2

(∫ y
γdq
−z−1

γdp (w+z+1)

fΛdqc
(x)dx

)
fΛdpc

(y)dy

)
fΛac(z)dz

)
fΛC (w)dw.

(J.3)

Now, (J.3) can be simplified using (6.7) as J1 = ϕ1 − ϕ2, with ϕ1 and ϕ2 can be

written as

ϕ1 =

∫ ∞
0

(∫ ∞
0

(∫ ∞
T3w+T2z+T2

Υ

(
mdqc,

mdqc

Ωdqcηdq

(
y

γdq
− z − 1

))
fΛdpc

(y)dy

)
fΛac(z)dz

)
fΛC (w)dw (J.4)
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and

ϕ2 =

∫ ∞
0

(∫ ∞
0

(∫ ∞
T3w+T2z+T2

Υ

(
mdqc,

mdqc

Ωdqcηdq

(
γdp(w + z + 1)

))
fΛdpc

(y)dy

)
fΛac(z)dz

)
fΛC (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 ϕ1 and ϕ2 as

provided in (6.30) and (6.31), respectively.

Next, J2 can be written using (6.13) and (6.14) as

J2 = Pr
[
Λcdp ≥ T1(Λadp + 1),Λcdp ≥ T4((1− ρ)ΛDp + Λadp + 1)

]
, (J.6)

where T4 =
γdp
ρ

. Subsequently, (J.6) can be computed as

J2 = U(T1 − T4)

∫ ∞
1
T5

(∫ ∞
T5w−1

(∫ ∞
T1(z+1)

fΛcdp
(x)dx

)
fΛadp

(z)dz

)
fΛDp

(w)dw

+ U(T1 − T4)

∫ ∞
1
T5

(∫ T5w−1

0

(∫ ∞
T4((1−ρ)w+z+1)

fΛcdp
(x)dx

)
fΛadp

(z)dz

)
fΛDp

(w)dw

+ U(T4 − T1)

∫ ∞
0

(∫ ∞
0

(∫ ∞
T4((1−ρ)w+z+1)

fΛcdp
(x)dx

)
fΛadp

(z)dz

)
fΛDp

(w)dw,

(J.7)

where T5 = T4(1−ρ)
T1−T4

and U(x) is unit-step function whose value is 1, when x > 0, and

0 otherwise. Nevertheless, for the feasible range of ρ, T4 > T1, thus, (J.7) can be

simplified as

J2 =

∫ ∞
0

(∫ ∞
0

(∫ ∞
T4((1−ρ)w+z+1)

fΛcdp
(x)dx

)
fΛadp

(z)dz

)
fΛDp

(w)dw. (J.8)

Hereby, substituting the associated PDF expressions and using [41, eqs. (3.351.2)

and (3.351.3)], and binomial expansion [41, eq. 1.111], the final expression of J2 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 Link #1, CF

out = 1−
(

1− Pr
[
ΛDp→C < γdq

]) (
1− Pr

[
ΛDq ,xdp

< γdq
])
, (K.1)

which can be approximated as

P Link #1, CF

out, asy = Pr
[
ΛDp→C < γdq

]︸ ︷︷ ︸
χ̄1

+ Pr
[
ΛDq ,xdp

< γdq
]︸ ︷︷ ︸

χ̄2

, (K.2)

where the product terms leading to a higher order are neglected. Hereby, χ̄1 and χ̄2

can be evaluated using (6.9) and (6.12), respectively, as

χ̄1 =

∫ ∞
0

(∫ ∞
0

(∫ γdq (y+z+1)

0

fΛdpc
(x)dx

)
fΛac(y)dy

)
fΛdqc

(z)dz (K.3)

and χ̄2 =

∫ ∞
0

(∫ T1(y+1)

0

fΛcdq
(x)dx

)
fΛadq

(y)dy. (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 Υ(α, x) [41, eq. 8.354.1] as

Υ(α, x) = xα
∞∑
ε=0

(−1)εxε

ε!(α + ε)
'
x→0

xα

α
, (K.5)

one can earn the expressions of χ̄1 and χ̄2, and subsequently the expression for

P Link #1

out, asy.
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