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ABSTRACT

Over the past few years, the wireless communication technologies have witnessed
the rapid evolution to enrich the quality of our day-to-day life. This evolution may
eventually necessitates the efficient utilization of limited spectral resources. In this
regard, cognitive radio technology has received tremendous research interest owing to
its capability for improving spectrum utilization efficiency in wireless networks. This
dynamic spectrum access technology enables the unlicensed secondary users (SUs)
to share the licensed spectrum of primary users (PUs) under certain constraints.
With such quality-of-service restrictions from the PUs, it becomes challenging to
improve the performance of SUs. For this, cooperative relaying techniques have
been integrated with the cognitive radio technology to improve the overall system
performance and reliability. Another important aspect of the future networks is
energy efficiency. On that front, the energy harvesting (EH) techniques have been
suggested for the design of energy-efficient wireless systems. To address the design
objectives of the future networks, this thesis comprehensively analyzes the perfor-
mance of relay-aided cognitive radio networks, referred to as cognitive relay networks
(CRNs), by exploring various spectral- and energy-efficient schemes.

Firstly, we consider a resource sharing CRN (RSCRN) with two-way PUs’ com-
munication. In this analytical system design, besides assisting the transmission of
SUs, the relay also provides an aid for the bi-directional PUs’ transmission. To
further enhance the performance of SUs, the secondary system employs an oppor-
tunistic user scheduling with multiple destinations. For the performance assessment
of this system, we derive novel closed-form expressions of outage and average error
probabilities considering Nakagami-m fading channels. Our results illustrate that,
leveraging two-way relaying for primary transmissions, the proposed RSCRN of-
fers higher spectral efficiency. Moreover, by exploiting inherent multiuser diversity,
reliability of SUs” communication can be significantly improved. We further inves-
tigate the performance of an underlay two-way CRN (TWCRN) with direct link in
the presence of PU’s interference. Hereby, we propose an adaptive link utilization
scheme (ALUS) that can exploit both direct and relay links with appropriate diver-
sity combining methods to improve the performance of SUs. For this system, we
derive tight closed-form expressions for the outage probability of secondary com-

munications for two different relaying strategies viz., fixed relaying and incremental



relaying. We also conduct asymptotic analysis to examine the diversity order of the
considered system. Our results reveal that the full diversity for secondary system
can be achieved as long as the primary interference remains limited, otherwise the
performance remarkably deteriorates.

Next, we analyze the performance of cognitive multi-relay network (CMRN) in
the presence of hardware and channel imperfections under different operating condi-
tions. Herein, we consider the hardware impairments (HIs) invoked by the non-ideal
secondary transceivers and residual interference originating from channel estimation
errors (CEEs). From our analysis, we find that the detrimental impact of HIs can
potentially cap the fundamental capacity of the system for the high-rate applica-
tions. We also observe that, due to CEEs, the system could not exploit the diversity,
resulting in irreducible outage floors. Based on our investigations, we provide useful
insights into the tolerable level of Hls for designing the practical systems. We also
compare the robustness of two classical relaying schemes, i.e., amplify-and-forward
and decode-and-forward, for the considered CMRN against Hls.

To improve the energy efficiency of cognitive radio networks, we employ a radio-
frequency based EH technique in CRNs. Specifically, we consider a non-linear EH-
based overlay CRN (EHCRN) where an energy-constrained secondary node acts as a
cooperative relay to assist the transmission of PU. In return for the benign coopera-
tion, the secondary node enjoys access to the PU’s spectrum for its own information
transfer. For this overall setup, we investigate the system performance by deriv-
ing the expressions for outage probability of the primary and secondary networks
over Rayleigh fading channels. Further, we attempt to harness the combined advan-
tages of multiuser diversity and cooperative diversity to improve the performance
of primary network. Thereafter, we propose an improved EH-based relaying scheme
which is shown to substantially enhance the performance of considered EHCRN.

Above all, this thesis addresses various technical aspects and challenges for re-
alization of CRNs and eventually provides useful insights into the practical system
design. All the theoretical developments, proposed schemes, and strategies hereun-
der are primarily aimed at improving the spectral efficiency, energy efficiency, and

reliability of the CRNs for their possible applications in the future networks.
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CHAPTER 1

INTRODUCTION

We have been witnessing the escalating growth in the mobile data traffic since
last decade. And this ever increasing traffic presumably grows 1000-fold by the
year 2020. Such proliferation may eventually necessitates the efficient utilization
of scarce spectrum resources for the fifth-generation (5G) and beyond wireless net-
works. Moreover, with the evolution of a large number of new applications, the
demand for spectrum is expected to rise even more in the forthcoming years. Owing
to the limited availability of radio spectrum and its rising demands, accommodating
new applications and users in the radio spectrum has become a challenging task
for regulatory bodies (Telecom Regulatory Authority of India (TRAI) in India).
These problems are not just because of increasing demands for the spectrum, but
also because of its inefficient utilization [I]. In fact, when spectrum is allocated
to users for different applications, it has been observed that a larger portion of the
assigned spectrum is used irregularly, i.e., some frequency bands in the spectrum are
unused| most of the time, some other frequency bands are occupied partially, and
the other remaining bands are used heavily. To counteract this problem, cognitive
radio technology has received tremendous research interest owing to its capability
for improving spectrum utilization efficiency in wireless networks [2]. This dynamic
spectrum access technology enables the unlicensed users, also called secondary users
(SUs), to share the spectrum licensed to primary users (PUs) as long as the quality
of service (QoS) requirements of PUs are not compromised.

In addition to the inefficient spectrum utilization problem, the inherited fading

in the wireless channel limits the service reliability and coverage of the wireless ap-

!The unused band at a particular time and specific geographic location is termed as spectrum
hole or white space.



1.1. COGNITIVE RADIO

plications. Therefore, it is difficult for the traditional point-to-point communication
system to ensure reliable transmission, wide coverage, and high throughput. To
overcome this problem, cooperative relaying [3] has been proposed as a potential
paradigm to mitigate the effects of fading.

On the other hand, due to exploding mobile traffic, the energy consumption of the
wireless networks is also rising. Due to increase in energy consumption, the emission
of green house gases also increases. Currently, the information and communication
technologies account for around 2-4% of the carbon footprint generated by human
activity. This trend is speculated to increase further in the forthcoming years. One
of the ways to reduce the power consumption is to efficiently use the available energy
resources. As such, the energy efficiency is one of the key aspects to be considered for
the deployment of future networks. Recently, energy harvesting (EH) technologies
have been emerged as a viable solution to improve the energy efficiency of wireless
networks and to increase the lifetime of network nodes. Energising the network nodes
via EH techniques has been regarded feasible, thanks to the low-power requirements
of electronics and smart devices. Moreover, the number of interconnected low-
power wireless devices is expected to rise many-fold by 2020 owing to the roll-out
of Internet-of-Things (IoT). Thus, powering these low-power devices through EH
techniques will drastically improve the energy efficiency of wireless networks.

To realize the spectral- and energy-efficient design of wireless networks, we focus

on three key-enabling technologies which are briefly described as follows:

1.1 Cognitive Radio

To counteract the spectrum under-utilization problem, cognitive radio technology
was introduced by Mitola [4]. This dynamic spectrum access technique allows the
SUs to share the spectrum licensed to PUs, while ensuring the QoS requirements
of PUs. In a cognitive radio network, the access to the licensed spectrum can be
provided by using three main paradigms, i.e., underlay, overlay, and interweave [5].

Underlay Approach: In underlay approach, cognitive or SUs use the radio
spectrum simultaneously with the PUs. Hereby, the SUs are allowed to share the
spectrum resources under strict interference constraints (also called interference tem-
perature limit) from the primary receiver. Underlay approach enjoys the flexibility
for the transmission at all time and is not necessarily be synchronized with the PUs.

However, the SUs need to obtain the channel state information (CSI) of the per-

2



CHAPTER 1. INTRODUCTION

taining 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 overlay approach, both PUs and SUs simultaneously
share the spectrum while improving or maintaining the transmission of the PUs by
using sophisticated and appropriate methods of cooperative communication, signal
processing and coding. For instance, spectrum sharing can be facilitated by incen-
tivizing PUs through the cooperation of SUs.

Interweave Approach: In this approach, SUs opportunistically utilize the
white spaces of spectrum for transmission without causing any interference to the
PUs communication. The major disadvantage of this approach is that the SUs are
required to sense the spectrum hole before transmission and, therefore, is highly sen-
sitive to the primary traffic behavior and spectrum sensing errors. This approach
may not be suitable for the dense networks due to the lack of availability of spectrum
holes.

For applying the cognitive radio techniques, IEEE 802.22 standard [6] has been
developed for wireless regional area networks using white spaces in TV spectrum.
In addition to IEEE 802.22, standard IEEE 802.11af [7] has also been introduced to

allow wireless local area network operation in TV white spaces.

1.2 Cooperative Relaying

Cooperative relaying has been regarded as an effective approach to combat the effect
of multi-path fading in wireless communications. It can be broadly classified into

two categories, viz., fixed relaying and adaptive relaying.

1.2.1 Fixed Relaying

In this, the channel resources are distributed between source and relay in a fixed
manner. Such protocols are easy to implement but they have drawback of low band-
width efficiency. Fixed relaying includes commonly adopted amplify-and-forward
(AF) and decode-and-forward (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 desti-

nation. Here, amplification is done essentially to combat the effect of the fading

3
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between the source and relay channel. In this process, the noise at the relay also get
amplified by the relay, which is main drawback of this protocol. 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
possibility that relay decodes the signal incorrectly and forwards it, resulting in an
error propagation. In such case, the decoding at the relay becomes meaningless.
Error correction codes are one way to reduce error in the decoded signals. Another

solution to the problem is adaptive relaying.

1.2.2 Adaptive Relaying

Adaptive relaying includes an incremental relaying protocol which relies upon the
limited feedback from the destination terminal. In this, the cooperation from the
relay is invoked only when the direct transmission fails. And, once the cooperation
is triggered, its operation becomes similar to the fixed relaying. Hereby, firstly,
the source node transmits its information to the destination as well as to the relay
node. Then, depending on the quality of the received direct link signal, receiver
node decides whether relaying transmission is required or not by sending a single-
bit feedback to the relay. If the source-destination signal-to-noise ratio (SNR) is
sufficiently high, the feedback indicates success of the direct transmission, and the
relay does nothing. Whereas, when it is not, then the feedback requests that the
relay forwards the received signal from the source. Adaptive relaying is found to be
more spectral-efficient compared to fixed relaying.

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

rized into one-way relaying and two-way relaying.
1.2.3 One-Way Relaying

Fig. presents a basic one-way relaying scheme wherein the information trans-
mission from S; to Sy is accomplished using the cooperation from a relay node R.
Hereby, the information transfer takes place in two orthogonal transmission phases
owing to the half-duplex operation of the nodes. Specifically, in first phase, S
transmits its information to S, and R. In second phase, relay forwards the received

information to Sy by employing any relaying protocol as discussed in Section [1.2]
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As the information flow from S; to S requires two time phases, the bi-directional
information exchange between S; and S5 would need four time phases which makes
one-way relaying relatively less spectral-efficient compared with two-way relaying.
Cooperative one-way relaying networks have already been adopted in modern wire-

less standards such as LTE and WiMAX (IEEE 802.16j [§], [9] and IEEE 802.16e

[10]).

—— | Phase e

...... [l Phase @»

Figure 1.1: One-way relaying.

1.2.4 Two-Way Relaying

Two-way relaying protocol utilizes either two or three time phases for the bi-directional
information exchange. There are two major protocols for two-way relaying, namely
two-phase multiple access broadcast (MABC) [11] and three-phase time division
broadcast (TDBC) [12]. In MABC protocol, as shown in Fig. [1.2] nodes S; and S,
communicate bi-directionally using a relay R in two successive time phases, namely

multiple access (MAC) and broadcast (BC). Note that, in MABC protocol, it is

Figure 1.2: MABC protocol.

not possible to exploit the available potential direct link due to half-duplex nature
of nodes. Therefore, MABC protocol poses critical concerns for the reliability and
performance of bi-directional systems. To exploit the available direct link, another
two-way relaying protocol called TDBC has been introduced. As shown in Fig. [1.3]
in TDBC protocol, the bi-directional information exchange takes place in three-time

phases.
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---- 1ll Phase @

Figure 1.3: TDBC protocol.

1.3 Radio-Frequency Energy Harvesting

Over the past few years, EH has emerged as a promising technology for the design

of energy-efficient systems. To this end, the simultaneous wireless information and

T
”a y Energy Harvesting Receiver
p_— /<
T RF to Baseband Baseband
N (t) (1-a)T Conversion Processing

Information Decoding Receiver

Figure 1.4: TS-based receiver architecture.

power transfer (SWIPT) scheme has been regarded as an effective approach to scav-
enge the energy from the ambient radio-frequency (RF) signals [I3]. The SWIPT
scheme is based on the fact that energy and information can be simultaneously car-
ried through RF signals. In this, the EH node gathers the transmitted energy (RF
radiation) and stores it in a battery by converting it into the direct current (DC)
using appropriate circuitry. However, it is difficult for a receiver to concurrently
process the information and harvest energy from the received RF signals. For this,
two practical receiver architectures viz., time-switching (T'S) and power-splitting
(PS), have been introduced. In the T'S-based receiver architecture, time is switched
between information processing (IP) and EH. While in the PS-based architecture,

a part of the received power is used for the EH and the remaining one for the IP.
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Jry(t) . :
A Energy Harvesting Receiver
N
@y
R R RF to Baseband Baseband
n(t) My(t) Conversion Processing

Information Decoding Receiver

Figure 1.5: PS-based receiver architecture.

1.4 Motivation and Objectives

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

in this thesis.

1.4.1 Motivation

Spectral efficiency and energy efficiency are two important design objectives for fu-
ture wireless networks, i.e., 5G and beyond [14]. To improve the spectral efficiency,
cognitive radio is a promising technology which can eliminate the spectrum under-
utilization problem. However, in the cognitive radio networks, SUs are allowed to
transmit under the various constraints which eventually limits their performance. In
addition, the interference from the transmissions of PUs is also detrimental for the
performance of SUs. As a consequence, enhancing the performance of SUs becomes
critical and challenging. In this direction, several efforts have been made in the
existing literature to improvise the performance of SUs. Among others, integration
of cooperative relaying techniques in the cognitive radio networks has been shown
to dramatically improve the performance of the SUs. Subsequently, such wireless
networks, namely cognitive relay networks (CRNs), have been extensively studied
in the literature considering either one-way or two-way relaying protocols [15]-[22].
Two-way relaying is deemed more spectral-efficient when compared with its one-way
counterpart [23]. As such, the majority of existing works have focused on allocation
of the available relay resources to secondary system only. Though few works have
considered the sharing of relay resources in CRNs, they employ less spectral-efficient
one-way relay functionality for the primary transmission [24]-[26]. In addition, the
exploitation of a potential direct link in two-way CRNs has been ignored which,
otherwise, could be useful for harnessing the benefits of cooperative diversity. Fur-

thermore, the incorporation of a more spectral-efficient scheme, viz., incremental

7
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relaying, has also been overlooked in the literature. Moreover, most of the existing
works on two-way CRNs have focused on obtaining instantaneous CSI pertaining
to the links between secondary transmitters and primary receivers to constrain the
SUs’ transmit power. However, acquiring instantaneous CSI is typically difficult and
may invoke additional complexity. In contrast, the average CSI seems more viable
as it can be determined using transmission distance, frequency of radio waves, etc.

On another front, most of the existing studies on CRNs assumed ideal hard-
ware at the network nodes for its performance analysis. However, in practice, RF
transceivers are inflicted with various hardware imperfections e.g., in-quadrature-
phase (IQ) imbalances, amplifier non-linearities, and phase noises [27]. Although
hardware impairments (HIs) are typically mitigated by using compensation algo-
rithms, the residual impairments always persist. As a result, a non-ideal transceiver
induces undesirable distortions in the transmitted and received signals which limit
the system capacity primarily in the high-rate applications. Besides HIs, the per-
formance of cooperative relay systems may also get impaired by imperfect CSI due
to channel estimation errors (CEEs) [28]. Therefore, it is important to analyze the
joint impact of these hardware and channel imperfections on the performance of
CRNs under various realistic scenarios.

The other design objective of energy efficiency is very important for the cogni-
tive radio networks. In this regard, cooperative relaying techniques have shown to
improve the energy efficiency of the wireless networks [29]. Therefore, CRNs can be
considered more energy-efficient compared with the conventional point-to-point cog-
nitive radio networks. To further ameliorate the energy efficiency of CRNs, various
efforts have been made in the literature to employ the EH techniques to power the
network nodes. As such, majority of the existing works focused on the performance
analysis of EH-based underlay CRNs [30]-[35]. Nevertheless, in underlay CRNs, SUs
have to limit their transmit power in compliance with the interference temperature
limit stipulated by the PUs. Consequently, the performance of the secondary sys-
tem is significantly affected. On the contrary, in the overlay CRNs, there is no such
restriction over the transmit power at the SUs. As such, very few works have em-
ployed the EH techniques in overlay CRNs for the performance assessment [36]-[41].
However, all these studies adopted the linear model of EH, but since the EH circuit

consists of various non-linear elements viz., capacitors, inductors, and diodes, the
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conventional linear model may not be appropriate to obtain the practical design

insights.
1.4.2 Objectives

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

jectives towards the design of future wireless networks:

e To explore the possibility of the resource sharing in two-way CRNs and then

to investigate the performance of the considered network.

e To devise the schemes for the two-way CRNs which can efficiently exploit the
available direct and relaying links for harnessing the benefits of cooperative

diversity.

e To analyze the joint impact of hardware and channel imperfections on the

performance of CRNs in realistic fading scenarios.

e To design and analyze the practical non-linear EH-based CRNs for their pos-

sible applications in the future networks.

With above-stated objectives, this thesis presents the comprehensive analysis of
CRNs while considering various realistic aspects to offer valuable design insights for

the possible applications of CRNs in the future networks.

1.5 Thesis Outline and Contributions

Given the importance of efficiently utilizing the available spectrum and energy re-
sources for wireless networks, we aim to comprehensively analyze the performance of
CRNs by using various spectral- and energy-efficient schemes. The current chapter
introduces the reader to the background of the work, outlines the research objectives
and their motivation, and discusses various technologies involved in this thesis work.

The main contributions from the other chapters are summarized as follows:

e In Chapter @, we investigate the performance of a resource sharing CRN

2The contributions of this chapter are presented in the following papers:

1. S. Solanki, P. K. Sharma, and P. K. Upadhyay, “Cognitive relay sharing for two-way pri-
mary transmissions under Nakagami-m fading channels,” in Proc. International Conference
on Signal Processing and Communications (SPCOM), Indian Institute of Science (IISc) Ban-
galore, India, June 2016.

2. S. Solanki and P. K. Upadhyay, “Performance analysis of cognitive relay sharing systems
with bi-directional primary transmissions under Nakagami-m fading,” IET Communications,
vol. 11, no. 8, pp. 1199-1206, June 2017.
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(RSCRN) wherein two PUs exchange the information bi-directionally. The
overall transmission in the considered RSCRN takes place using an AF-based
MABC protocol. Herein, besides assisting the transmission of SUs, the relay
also provides an aid for the bi-directional communication between PUs. In ad-
dition to that, the secondary system employs an opportunistic user scheduling
with multiple destinations to further ameliorate the performance of secondary
network. Here, by considering Nakagami-m fading channels, we derive novel
closed-form expressions of outage and average error probabilities for both pri-
mary and secondary systems. Based on the derived expressions of outage
probability, we also quantify the average system throughput. Our results il-
lustrate that, leveraging two-way relaying for primary transmissions, the pro-
posed RSCRN offers higher spectral efficiency. Moreover, by exploiting the
advantages of multiuser cooperation, reliability of SU communication can be
improved significantly. Finally, we validate our theoretical developments using

Monte Carlo simulations.

e In Chapter Eﬂ, we investigate the performance of an underlay two-way CRN
(TWCRN) with direct link using TDBC protocol in the presence of PU’s inter-
ference. Herein, relying on the practicability and low-complexity of statistical
CSI, the secondary transmissions are in compliance with the fading-averaged
interference constraints imposed by the primary receiver. We study an adap-
tive link utilization scheme (ALUS) that can exploit both direct and relay
links with appropriate diversity combining methods to improve the perfor-
mance of SUs. Based on ALUS, we evaluate and compare the performance of
two DF-based relaying strategies viz., fixed relaying and incremental relaying.
For this system framework, we derive the tight closed-form expressions for
the outage probability of secondary communications for both the considered
relaying strategies. We further conduct asymptotic high signal-to-interference-

plus-noise ratio (SINR) analysis to examine the achievable diversity order of

3The contributions of this chapter are presented in the following papers:

1. S. Solanki, P. K. Sharma, and P. K. Upadhyay, “Average interference-constrained cognitive
two-way relaying with efficient link utilization,” in Proc. IEEFE International Conference on
Communications (ICC), Kuala Lumpur, Malaysia, May 2016.

2. S. Solanki, P. K. Sharma, and P. K. Upadhyay, “Adaptive link utilization in two-way spec-
trum sharing relay systems under average interference-constraints,” IEEFE Systems Journal,
vol. 12, no. 4, pp. 3461-3472, Dec. 2018.
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the considered system. Our results reveal that the full diversity for secondary
system can be achieved as long as the primary interference remains limited,
otherwise the performance remarkably deteriorates. We demonstrate that the
incremental relaying outperforms fixed relaying in terms of expected spectral
efficiency and average transmission time and hence could be a promising can-

didate for deployment in future wireless systems.

e In Chapter m, we analyze the performance of cognitive multi-relay network
(CMRN) with a direct link under the joint impact of transceiver HIs and
CEEs. Hereby, we take into account the hardware distortions induced by
all the non-ideal secondary nodes and residual interference originating from
imperfect channel estimations. We comprehensively investigate the perfor-
mance of CMRN in presence of hardware and channel imperfections under
various operating conditions. Firstly, we consider an AF relaying based CRN
and investigate its performance by deriving a new closed-form expression for
the outage probability employing selection cooperation over independent and
non-identical Rayleigh fading channels. Next, we consider a DF relaying based
CRN and analyze its performance by evaluating the outage probability. Based
on our studies, we identify various ceiling effects and examine the deleterious
impact of these effects on the performance of CMRN. We find that detrimental
impact of HIs can potentially cap the fundamental capacity of the system, pri-
marily in the high-rate applications. Based on our examinations, we provide
some useful insights into the endurable level of HIs for designing the practical
systems with a given rate requirement. We highlight the importance of both
direct link and relaying link, and illustrate how one is essential in partially
compensating for the incurred performance loss caused due to ceiling effect of

the other.

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

1. S. Solanki, P. K. Sharma, P. K. Upadhyay, D. B. da Costa, P. S. Bithas, and A. G. Kanatas,
“Cognitive multi-relay networks with RF hardware impairments and channel estimation er-
rors,” in Proc. IEEE Global Communications Conference (GLOBECOM), Singapore, Dec.
2017.

2. S. Solanki, P. K. Upadhyay, D. B. da Costa, P. S. Bithas, A. G. Kanatas, and U. S. Dias,
“Joint impact of RF hardware impairments and channel estimation errors in spectrum sharing
multiple-relay networks,” IEEE Transactions on Communications, vol. 66, no. 9, pp. 3809-
3824, Sep. 2018.
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e In Chapter m, we analyze the effect of PUs’ interference on the performance of
CMRN in presence of transceiver HIs and CEEs. Herein, the transmit powers
at the SUs are adjusted in such a way that the stipulated QoS requirement
of the PUs is satisfied. The power allocation relies upon the average channel
gains which are relatively stable in contrast with instantaneous channel gains.
For performance assessment, we derive an exact closed-form expression for the
outage probability of system by employing selection cooperation between direct
and relaying links over Nakagami-m fading channels. Based on the derived
outage expressions, we elucidate various ceiling effects, viz., relay cooperation
ceiling (RCC), direct link ceiling (DLC), and overall system ceiling (OSC),
which are induced in the system due to presence of HIs. Our study shows
that the increased PUs’ interference and/or CEEs engenders an outage floor.
We also perform a comparative study to inspect the robustness of AF and DF

relaying schemes against the HIs.

e In Chapter |6P] we investigate the performance of a non-linear EH-based over-
lay CRN (EHCRN). Herein, an energy-constrained secondary node acts as a
cooperative relay to assist the transmission of PU. In return for the benign co-
operation, the secondary node enjoys access to the PU’s spectrum for its own
information transfer. Specifically, the secondary node first harvests the energy
from the received RF signal of primary transmitter during a dedicated EH
phase. In the subsequent information transfer phase, secondary node splits
the harvested power to forward the primary data as well as its own infor-
mation intended for another SU. Hereby, we investigate the performance of

EHRCN by deriving the expressions for the outage probability of the primary

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

1. S. Solanki, P. K. Upadhyay, D. B. da Costa, P. S. Bithas, and A. G. Kanatas, “Performance
analysis of cognitive relay networks with RF hardware impairments and CEEs in the pres-
ence of primary users’ interference,” IEEE Transactions on Cognitive Communications and
Networking, vol. 4, no. 2, pp. 406-421, June 2018.

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

1. S. Solanki, P. K. Upadhyay, D. B. da Costa, H. Ding, and J. M. Moualeu, “Non-linear
energy harvesting based cooperative spectrum sharing networks,” International Symposium
on Wireless Communication Systems (ISWCS), Oulu, Finland, Aug. 2019. (Invited paper)

2. S. Solanki, P. K. Upadhyay, D. B. da Costa, H. Ding, and J. M. Moualeu, “Performance analy-
sis of non-linear energy harvesting-based multiuser overlay spectrum sharing networks,” IEEE
Transactions on Wireless Communications, under review.

12



CHAPTER 1. INTRODUCTION

and secondary networks over Rayleigh fading channels. Further, we employ
a distributed user selection policy to select the best user amongst multiple
PUs in an effort to extract the benefits of multiuser diversity. We attempt
to harness the combined advantages of multiuser diversity and cooperative di-
versity to improve the performance of primary network. We also compare the
performance of considered non-linear model of EH with the widely adopted
linear model. We highlight the importance of direct link for the performance of
primary network. In addition to the inherent benefit of cooperative diversity,
we identify that when the cooperation from the secondary node ceases to exist
beyond a certain rate, the primary network can rely on the potential direct
links for its information transmission. Furthermore, we propose an improved
EH-based relaying scheme which is shown to substantially enhance the overall
performance of the EHCRN. For this study, we obtain various numerical and
simulation results to extract several useful insights and to validate our theo-
retical developments. From our performance assessment, we manifest that the
value of spectrum sharing factor is crucial and should be judiciously chosen
for harnessing the benefits of cooperative diversity. We also conclude that the
conventional linear model of EH can provide very misleading results for the

deployment of future networks.

Finally, in Chapter [7], we draw the conclusions from the work in this thesis and

provide the possible future directions.
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CHAPTER 2

RESOURCE SHARING COGNITIVE RELAY
NETWORKS WITH TWO-WAY PRIMARY
COMMUNICATIONS

Cognitive radio has acquired significant research interest over past few years. This
is owing to its capability to efficiently use the available spectrum resources in over-
crowded wireless networks. On another front, cooperative relaying has been estab-
lished as a potential paradigm to enhance the coverage and reliability of the wireless
systems [42]. Thus far, several relaying techniques have been studied in the literature
considering one-way relaying protocol [3], [43]-[45]. However, compared with one-
way relaying, two-way relaying schemes have potential to improve spectral efficiency
in bi-directional cognitive radio networks [23]. There are two major protocols for
two-way relaying networks, namely two-phase MABC [11] and three-phase TDBC
[46]. Recently, such relaying techniques have been incorporated to cognitive radio
networks to extract performance gains with efficient spectrum utilization in fading
environments. The performance of subsequent CRNs has been extensively analyzed
in the literature (e.g., see [15]-[22] and the references therein). However, majority of
these works have focused on allocation of the available relay resource to secondary

communication system only.

More recently, resource sharing CRN (RSCRN) have been studied in [24]-[26],
that permit a secondary relay to assist the primary as well as the secondary trans-
missions. Such kind of relaying infrastructure can be very useful essentially when the
direct link between two end-PUs is weak or absent (due to high shadowing or large
separation) and thereby the direct communication between them is inefficacious. As

such, performance analysis of RSCRN has been carried out using DF relaying in [24]
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and with AF relaying in [25] and [26]. Common to these works is that the primary
system supports only one-way communication. In [47], a multistage coding scheme
for two-way relaying based RSCRN has been studied. However, it is found that the
performance of underlay RSCRN supporting bi-directional primary communications
has not been yet investigated.

Motivated by the above discussion, in this chapter, we consider a RSCRN where
a secondary relay is being shared to facilitate two-way primary communications
using AF-based MABC protocol. Specifically, we consider a pair of PUs using
two-way relay functionality in conjunction with a secondary relay network having
multiple SU destinations. Hereby, with MABC protocol, two end-PUs communi-
cate bi-directionally with each other and a SU source communicates with a best
selected SU destination by using a common secondary relay. The direct links be-
tween SU source and SU destinations are also present. For this overall set-up, we
derive the closed-form expressions of outage probability and average error proba-
bility for both primary and secondary systems over Nakagami-m fading channels.
Furthermore, with the help of derived outage expressions, we quantify the average
system throughput to investigate the spectral efficiency of considered system. We
also compare the performance of the two-way primary system for proposed RSCRN
with a direct transmission scheme and present useful insights.

The rest of the chapter is organized as follows. In section 2.1, we present the
descriptions of RSCRN model and subsequently analyze the performance of primary
system by deriving the closed form expressions of outage probability and average
error probability in Section 2.2. Likewise, the performance analysis of secondary
system is carried out in Section 2.3. In Section 2.4, we quantify the average system
throughput offered by RSCRN to delve into the spectral efficiency of system. Nu-
merical and simulation results are provided in Section 2.5, and finally, summary of

the chapter is presented in Section 2.6.

2.1 System Descriptions

We consider an underlay RSCRN as shown in Fig. [2.I] where a SU source C;
transmits its signal to multiple SU destinations {Cy, }_, with the aid of a secondary
AF relay C,. and also via direct path. Besides, the relay C, facilitates bi-directional

communication between two PU transceivers T, and 7j. This primary system may
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Figure 2.1: System model for RSCRN.

correspond to a cellular scenario wherein a reliable direct link between base station
(T,) and mobile user (73) is not feasible. Further, we assume that T, and T} are
located far from the {Cy, }2_, so that the direct interference from PUs’ transmissions
at SU destinations is not present. Albeit, the interference constraints from 7, and
Ty, account for the amplifying gain of C,.. All the channels are assumed to be quasi-
static, reciprocal, and subject to independent Nakagami-m fading. We also assume
that perfect CSI is available at the nodes. Each transmitting node operates in half-
duplex mode. Let the channel between the primary transceiver 7T, and C.. be denoted
as h,.-, where ¢ € {a, b}. Similarly, the channels for the links C; — C,., Cs — Cy, , and
C, — Cy, are designated as hg., hsq, , and h,q, , respectively. All links are corrupted
by additive white Gaussian noise (AWGN) with mean zero and variance unity.
The overall communication in RSCRN takes place in two time phases using
MABC protocol. In the first phase, nodes T, and T}, transmit their respective signals

x, and x;, with equal power P, while C transmits its signal x. with power P, to the

relay node C,.. Thus, the received signal at the node C,. can be given as

Yr = \/ﬁharxa + \/ﬁhbrxb + v Pchsrxc + Ny, (21)

where E{|z,|*} = 1, for jy € {a, b, c}, and n, is the AWGN at C,.. Note that, in (2.1)),
the interference from secondary transmission is assumed to be large as compared to
the noise at C). and hence n, can be ignored for the subsequent performance analysis
of primary system. In the second phase, the relay first amplifies the combined signal
in (2.1) with a gain  and then broadcasts it to the nodes T,, T}, and Cy,. As a

result, the signals received at T, and T}, can be expressed, respectively, as
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Yo = Bhar(\/ﬁharwa + \/Fh/brxb + \/Fchsrxc) + Ng, (22)
Yp = ﬁhbr(\/ﬁh(wma + \/ﬁhbrmb + \/Fchsrxc) + Mg, (23)

where n, and n, are the AWGNSs at the respective nodes. On applying self-interference

cancellation, (2.2)) and (2.3 can be written as

ga - /ghar\/ﬁh’brxb + 5ha7" V Pchsrxc + Ng, (24)
gb - Bhbr\/ﬁharxa + Bhbr V Pchsrl’c + ng. (25)

Nevertheless, the interference caused by SU transmission to the PUs should not
exceed a predefined threshold (). Hereby, as in [25], we impose the constraints
E{(BvVP:herze)?} < Q/|har|? and E{(Bv/ Pehgrxe)?} < Q/|hyy|?. Consequently, the
variable gain 8 can be controlled as

Q

5 =
APc|hs7‘|2 max(|har]2, |h'b7"|2) '

(2.6)

On invoking S from ({2.6)) into (2.4) and (2.5)), the resulting instantaneous SINR at

T, and Ty can be expressed, respectively, as

— Qp|har’2|hbr|2
Q-Pc|h/ar’2|hsr‘2 + Pc|hsr|2 max(’har|27 |hbr|2)’

_ QP|hfbr|2’har‘2
QPC|h‘bT|2|hST|2 + Pc|h'sr|2 maX(|har|2a |hbr|2) ‘

Aba

(2.7)

Aab

(2.8)

In the secondary system, the SU source C's communicates with a selected SU desti-
nation Cy, via both the direct and the relay links. The received signals at Cy, via

the direct and relay links in first and second phases can be given, respectively, as

Ysd,, = V Pchsdnxc + ngg; (29)
Yrdw = Bhoa, /Py 4 Bhra, V Phapta + Bhya, NV Pty + Bheg,n, + 0l (2.10)

where ngz and ngnl) are the respective AWGNs at Cy,. From (2.10), one can observe

that the signal received via relay at Cy also contains PUs’ signal components. As
such, the interference caused by these PUs’ signals is detrimental for the performance
of secondary system. Therefore, relying on multiuser decoding [48], we consider that
these signals are successfully decoded at Cj, so that the PUs interference can be
cancelled out. Consequently, the SINRs via the direct link and the relay link (after

removing PUs interference) at Cy,, can be expressed, respectively, as
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Asa, = Pelhsa,|?, (2.11)

QPc’hrd |2’hsr’2
Ay = n . 2.12
" = Ollrar P Bl max (o P T ) (212)

For opportunistic scheduling, the best SU destination is considered to be selected
based on n* = argmax,cq1,. n3{Asd, }-

Hereafter, we use Yy, = |her|?, Yor = |herl?, Yar = |hsr|?, Yea, = |hsa,|?, and
Y4, = |hyq,|* for notational simplicity. Furthermore, we assume that all N desti-
nations are clustered together and thereby experience the same scale fading. Thus,
the channel gains Y,,, Y., Y, Yia,, and Y, are Gamma random variables (RVs)
with fading severity parameter mg,, my., Mg, Msq, and m,q, and average power
levels Q4r, Qpry Qg Qgq, and 2,4, respectively, for n = 1,..., N. The probability

density function (PDF) and cumulative distribution function (CDF) of a Gamma

m—1 _ mx

RV X with parameters m and  are given, respectively, by fx(x) = (%)m?(m) e
and Fy(z) = ﬁT(m, me).

2.2 Performance Analysis of Primary System

In this section, we conduct performance analysis for the primary system under

Nakagami-m fading.

2.2.1 Outage Probability

A two-way relay system is said to be in outage if either of the two end-to-end SINRs
falls below a certain threshold. Considering equal rate requirements at PUs, the
outage probability (OP) of the primary system for a given threshold -, can be

formulated as

Pt () = Pr[min(Agp, Apa) < Y], (2.13)

out

which can be re-written as

PE(vi) = Pr[Ape < Yin, Apa < Aap) + Pr[Auy < Yin, Aoy < Apal, (2.14)

out
g

~~ ~~
X5E (ven) Xb5 (ven)

where Ay, and A, are SINRs as given in (2.7) and (2.8) respectively. Hereby, to
compute the OP in (2.14), we need to obtain x r(v) and x50 (74n). Therefore, we

first derive X1 () in the following lemma.
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Lemma 1. The x5 () in (2.14)) is given by

Mar—1 Msr— 1

pm mbr +p+Q> ( Mgy >q(mbr) or
X! !
b () Z 2 P (me) \ Qo) \ Qs

p= q=0
_(mbr+p+Q)
Mgy Mar My Mgy
X 2.15
< Qar ) ( Qar * Qbr * er’?th) ’ ( )

where Yy, = %’yth (1 + %)

Proof. Based on the SINR in ({2.7]), one can observe that Ay, < Ay, assimilates with

Y, < Y,.. Hence, the XP“(%h) can be expressed as

: Yo
Yot () = Pr {Y > LY < Y| (2.16)
Yen
which (with involved dependence) can be evaluated as
ri = Y n
w) = [ e (L) B, G i 217)
0 .

wherein Fy (-) = 1— Fy () represents complementary CDF. Now, on substituting the
required CDFs and PDF, and utilizing the series form of gamma function [49, eq.
8.352.1], and performing the resulting integration (with the aid of [49, eq. 3.351.3]),
we can arrive at the same expression as in . [ |

PI‘I( Pr1<

Next, as done for x'rH(v4,) in Lemma |1 l the ;' (7vm) can be readily evaluated

and is equivalent to x ri(vy,) in (2.15) with indices {a,b} interchanged.

Finally, using x>r(vu) and x25(y4m), the OP for primary system Prfi(vy,) in

out
(2.14) can be computed. As such, based on (2.15]), one can observe that the perfor-
mance of primary system depends on the channel parameters of secondary Cs — C..
link. Thereby, it can be deduced that for lower values of €, i.e., when Cj is located

far away from C,., the performance of primary system improves. This is owing to

the decrease in interference power level from the SU source transmission.

2.2.2 Average Error Probability

The average error probability of the primary system for the considered RSCRN can
be evaluated using the CDF based method as follows [50]

pri=2 \f / exp 2 Ep ), (2.18)
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where a and 7n are the arbitrary constants evaluated based on the modulation
schemes, e.g., « = 2 and n = sm( ) for M-ary phase shift keying (M-PSK).
Here, F{"(x) is CDF of equivalent SINR Aeq = min(Agp, Apa), which can be directly
obtained from by replacing v, with z, and is given by

Fyoy(@) = Xap () + Xpa (2)- (2.19)

Following this, P in (2.18) can be written as

pri_ & \f / eXP L \Pi () 4+ & f / exp CXPUIL) P g, (2.20)

'PPrl 'PPr]

where 775; 1: is as derived in the following lemma.

Lemma 2. The P in is given by

Mar—1 mgr—1 mb mMyr m p
PPTi T ar
o Z [(m M' (Q ) (Q>

Mgy (mbﬁp) 1.2 1/2 =iy, 1 = 1 — g
X = G2,1 >
Q,, P, 77B 0

, (2.21)

where P, = % <1 + %), B = G (?;Z: + 73::>, and My, = My, + .

Proof. On inserting X fi(z) from (2.15) in (2.19) and obtained result into (2.18)),

Pfa " can be written as

Prl _ \/»Tnar—l mer—1 1 <mbr>mb7. (mm’)p ( Mgy )‘1
eab mbr)p'ql Qbr Qar erPc

—(mbr+p+q) 00, .(mpr+p—1/2) .
o Mar , Mor / x ) exp( nx)dx. (2.29)
Qar QbT‘ 0 (l‘ —|— B)(mb'r+p+q)

In order to compute the integral in (2.22), we express the integrand in term of

W can be expressed [51] eq.

Meijer’s G-function. In particular, the term
(z+B)

30] as follows

1 1
N = Gl {”f (2.23)

(z + B)morta  BriwetaD (i, + q) B

]-_mbr_q
0 .

Then, inserting (2.23)) in (2.22)) and integrating the result using [49, eq. 7.813.1], we
obtain the expression as given in (2.21)). [

Next, by following the same way as in Lemma , we can evaluate PEF;T in ([2.18))

which would be same as PP in (2.22) with indices {a,b} interchanged.
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Finally, plugging 7353 and 772 rbl into 1’ the average error probability P

can be evaluated.

2.3 Performance Analysis of Secondary System

In what follows, we carry out the performance analysis for the secondary system

under Nakagami-m fading.

2.3.1 Outage Probability

In the secondary system, the source Cy transmits its message to the best selected
SU destination Cy , through direct and relay links in successive time phases. With

selection cooperation at Cy ., the OP for a given threshold vy, is given by

P () = Prmax (Agg ., Ara ) < Y] = PrAsa . < Yin, Ava. < v,  (2.24)

out

which can be determined as

P (in) = [Fary, ()] Fara, (1in)- (2.25)

For evaluation of ({2.25)), we require the CDFs Fi_, (%) and Fi,, (yn). First, by
using (2.11)), Fa_, (74n) can be given as

Tth 1 MsdVth
Fi,, () =Py, (%) =t (msd, o L ) . (2.26)

Then, to derive Fy , (7) using (2.12)), we can represent

Q-Pc}/sryrdn
Q}/Tdn +Pc}/sr maX(Ym‘; YE)'I’

Fa., (i) :Pr[ < %h} , (2.27)

which can be re-expressed as

Fr,,, (7) = Pr { Qyiff;zfzzn - < Yens Yor < Y, T}
Xigz(i/th)
o [QY%PfPY;n < Yoh, Yar < Ybr} : (2.28)
\ X?SQ(rvth) .

Sec Sec

Hereby, to evaluate Fy , (74m) in (2.28), we need to obtain x7;°(ym) and XpeC(7Vin)-

Let us proceed to derive x5¢°(vy,) in the following lemma.
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Lemma 3. The function x5¢(vy) in is given by

Xap (V) = Xao(Yen) + Xap (Yen) (2.29)

where X, (vin) and X2, (va) are given, respectively, as

L Vimea=l) p omep 1 1 (mer 1) WYWECECTsr =l gy

1/+n p P

Xab fyth Z Z —e QsrPe
v=0 p=0 t=0 s=0 k=0 [=0 L'(mg )T (ma)

% Mgy e m o Myd™Yth P I;er 2 My : Meyr mar
er Pc QrdQ My Qbr Qar

p  Umsr Y sr a ~QST‘
X %_562kﬂsrr(mar)r(m5r + mar) (I/m ) W_%f i (~V ) ’ (230)

Qs 2 \ Ry
1 1 j(mbrfl) k k. .J Mar l
(=1)*Pwrw! (Mg Mpyr
and X2, (ym) = Z Z T I . o

_(mar+l)
_kmsry ar T
s [ Derih ) =R D (g 4+ 1) [ D 4 I , (2.31)
Qar Qbr

N

vy ~ v ~
with szzgg” My =Mgy—5—1, k= {arrgee=grall p=mg+mg+2p+2l—s—i—1

and Mg =Mg +p + 1.

Proof. From , we can see that the terms in x5¢(vy,) are dependent due to
existence of a common RV Y,,.. Therefore, we first obtain conditional expression

XSEC(%hD{W), conditioned on Y, =y, as

Pc’Yth:er

Sec t

Y ) =Pr [V, < ——ST0I25T I pry, <o, 9.32
Vo) =P Vo, < G Pr Yy < (232

which can be evaluated as

ec S Pcf)/thyw "Yth
Xsb (IYth |}/;1T) = Fybr (y)/’g‘FYTdﬁ (m st'r (w)dw + \F’YST Pc FYbr( )
Xéb(’y‘t;‘yar) Xib('YthD/ar)
(2.33)

n (2.33)), solving x2, (vin|Yar) with the use of involved CDF and PDF, and integrating

(with change of variable after applying binomial expansion [49, eq. 1.111]), we get

1( Y . 1 v(Mmra—1) p mer— 1)y chcmsr_l My Mgy Yen s+t
Xav(Ven|Yar) i, (Y Z Z Z Z (m Qs P.

vym, t msryg P %
o[ ] (M) (P e ( e (2s)

b

QrdQ
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Further, the term x2,(vin|Yar) in (2.33) can be obtained as

k(msr—1)

1 1
Xaw (vl Yar) = > D )M
k=0 n=

0
% myy ! MsrYth n e_(%-‘-%) (2 35>
S2br glsr}%: ‘ ‘

S
B
Il
=
o~
I

Now, by taking expectation of x!,(vin|Yar) and x2,(7in|Yar) over Yy, using its PDF,

one can obtain X! (vin) and X%, () as given in (2.30) and (2.31)), respectively.
Finally, with these, the x5¢¢(y4y,) in (2.29)) can be computed. |

Sec(

Next, by following Lemma |3} I the expression of x3°(y,) can be derived which

would be the same as obtained for x5¢¢(v,) in - 2.29)) with indices {a, b} interchanged.

Thus, with the use of x3¢°(y4,) and x3°°(y4) in (2.28) and substituting the result
alongwith (2.26]) into m, the OP of secondary system P5¢(v,,) can be finally

out

evaluated.

2.3.2 Average Error Probability

To derive the average error probability of secondary system, the CDF F E:f(x) cor-
responding to equivalent SINR Agq £ max (Asd, ., Ava,.) can be readily evaluated by

replacing ¢, with 2 in (2.25) and is given by
FY(z) = [Fa,, (2)]" Fa,,, (2): (2.36)

Here, Fy_, (v) can be obtained from (2.26) and Fy , (x) from (2.28)). With this, the

average error probability can be written as

ex
psec @ \f I p D 1y, (@] (o) da

’PScc

\/7/ exp [P, (@)] " X5 () de, (2.37)

J/

’pSec

€ba

where PES:; is as derived in the following lemma.
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Lemma 4. Integral 735;: m 18 given as

1 1 N v(mpg—1)v(msr—1) p(mp,—1) k(msq—1) vtk v ow k
Sec o n ( 1) M wnwgwt
DI IS >
v=0 p=0 k=0  1=0 n=0 s=0 t=0 ar
X (N> (mar - (mb'r)S ( mrd )l ( msr " k_(t+1/2)
k an Qbr QrdQ erpc <Mmbr mm)l
Qb Qar
ot 1-1,1-1
x Gy il ‘ . , (2.38)

“mpr Mar \ .
< Qbr + Qar) k

where t =t +1+n, l~:l—|—s+mar, andl}:—kgzd+—”&jr+n.

Proof. For deriving PS¢ we first need to obtain x5;°(x). From (2.28), the conditional

expression x5°(x|Y,,) conditioned on Y,, = y can be represented as

YiYs
Yi+Y;

oo (x|Yy,) = Pr { <xz|PrlY, <y, (2.39)

where Y] = Q% and Y, = P.Y,,. Using the fact that )f—fy < min(X,Y), we can

write

Pr {Yffi@ < z} ~ Pr[min(Y},Ys) < 2] = 1 — [1 — Fy, (2)][1 — Fy,(z)].  (2.40)

It is worth mentioning that such an upper bound can be treated as tight approxima-
tion over entire range of operating SNR. Further, substituting CDFs Fy, (z), Fy,(x)
in and obtained result in (2.39)) alongwith CDF of Y}, and then averaging
over Y,, with its PDF, we get

v(mpa—1) v(msr—1) p(mp,—1) (_]_>V+N v

1 1 Mar
ec wr 4 =~ Mar
@Y ) ()

v=0 pu=0 =0 n=0 5=0
l

VmgrT

s n l4+n ,—
mbr) ( Myq ) ( Mgy ) z e ferfe
. | (2.41)
(Qbr QrdQ erPc <erd1‘ + ump + M)l

Q:4Q Qpre Qar

On plugging (2.41)) in (2.37)), while representing the term in denominator with Mei-
jer’s G-function as done in (2.23)), and then performing the required integration, we
get PGS:C as given in 1} Similarly, PE;C can be obtained by interchanging indices

b

{a,b} in Pesflf Finally, using Pesflf and PS¢ the average error probability can be

€pa ’

evaluated from ([2.37)). [ |
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24. AVERAGE SYSTEM THROUGHPUT

From the preceding analysis, we can infer that although the performance of
secondary system depends on the parameters of primary channels, it is greatly in-
fluenced by the direct Cs — Cy, channel parameters and number of SU destinations

N due to the exploitation of multiuser diversity.

2.4 Average System Throughput

In this section, we evaluate another important performance metric called average
system throughput [52], [53] to characterize the mean spectral efficiency of the con-
sidered system. Herein, we consider Rp and Rs as the target data rates of the pri-
mary and secondary systems respectively. As the complete transmission of RSCRN
takes place in two time phases, the overall system throughput R+ can be represented

as

R . R
Ry = [1=Poie)] + 57 [1 - P 0s)] (242)

with 7p = 2%7 — 1 and g = 2?%s — 1. Here, the overall throughput R+ for the
RSCRN can be readily obtained by substituting PYt(vp) and P5¢(vg) from (2.14)

out out
and (22.25]), respectively, into (2.42)).

2.5 Numerical and Simulation Results

In this section, we present the numerical and simulation results to validate our
theoretical analysis for considered RSCRN. For this, we consider a two-dimensional
(z,y) topology, whereby the primary network nodes T, and T}, are located at (0,0.5)
and (1,0.5) respectively. Whereas, the secondary nodes Cy, Cy , and C, are placed
at (0,0), (1,0), and (0.5, d), respectively. We set v, = 0 dB, P. = 5 dB, and assume
d;; as the distance between corresponding links so that 2;; = di_j4.

In Fig. 2.2] we plot the OP curves for primary system versus power P under
different fading parameters (mg,., my-), and relay locations. We also set ) = 5
dB and mg. = 2. First, we found that the analytical curves are in perfect match
with the simulation results. From various curves, it is apparent that the outage
performance of two-way primary system improves as fading parameters (mg,., mp,)
increase from (2,2) to (3,3). Further, we examine the impact of relay position d
on the performance of primary system. Clearly, the performance of primary system
degrades as d changes from 0.5 to 0.4. This is due to the increase in interference

power level at the PU terminals since the relay moves closer to the SU transmitter
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Cs. On the contrary, performance of primary system improves when relay moves

away from C i.e., when d increases.

Outage Probability
=
) o
o

[N
o

1
o

10 ¢
107 Analysis, (mg, myr) = (2,2)
- = = Analysis, (mg, my) = (3,3)
. @ Simulation
10 ‘ ‘ ‘ ‘
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Figure 2.2: Outage probability of primary system with varying d and fading param-
eters.
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Figure 2.3: Outage probability of primary system with or without relay sharing.
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To investigate the effectiveness of the proposed RSCRN, we also compare the
performance of primary system with bi-directional direct transmissions (DT) only
(i.e., without relay sharing) in Fig.[2.3] Herein, we obtain the outage performance
of DT only through simulations by assuming (mg, {24) as the parameters for direct
channel between 7T, and T,. By setting (,;, = 1, we plot OP curves of DT only
for the cases my = 1 and my = 3. Comparing the curve for my, = 1 with
(Mars mir) = (1,2) and @ = 5 dB at fixed relay location d = 0.8, we can see that the
considered RSCRN outperforms DT only in terms of primary system performance.
However, the performance of former improves significantly when relay links become
better i.e., (Mg, mp-) = (2,2). Note that, depending upon the relay location d, there
may be instances where the performance of RSCRN is poorer than the DT only (e.g.,
refer the case for d = 0.5 when mg, = 3, (Mg, mp-) = (3,3)). Importantly, even for
such cases, the performance of RSCRN can be made better if the relay location is

chosen appropriately i.e., d = 0.7.

Average Error Probability

Analysis, (mg,, my,) = (2,2)
[|—-—- Analysis (mq,, ) = (3,3)
@ Simulation
10.5 T T L L
0 5 10 15 20 25

P (dB)

Figure 2.4: Average error probability of primary system for BPSK with varying d
and fading parameters.

Fig. 2.4 shows the average error probability curves versus P for primary system
considering BPSK modulation. Setting P. = () = 10 dB, it is apparent that the

error performance improves as the fading severity reduces. Also, as expected, the
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Figure 2.5: Outage probability of secondary system with various fading parameters.

variation in d affects the performance significantly. As the relay moves away from
the SU source (i.e., as the value of d increases), the interference from SU signal

weakens and thereby the error performance improves.

In Fig. 2.5 we investigate the outage performance of secondary system for the
proposed RSCRN model. Setting (mg,, my,) = (2,1) and N = 4, we plot OP curves
against ) for various fading parameters (mgq, my., m.q). We can see that the simu-
lation results are perfectly matching with the analytical curves. From these curves,
one can observe that the outage performance of secondary system improves with the
increase of parameters (mgq, Mg, m,q). This is expected because of the improved
fading conditions of the direct and/or relaying paths. More importantly, referring
the cases (Mg, Mg, Mrq) = (3,1,2) and (3,2, 1), we infer that the performance of
secondary system is dominated by the fading condition of the first hop (Cs—C, link)
as compared to the second hop (C,—Cy, link). Furthermore, at high @, secondary

system performance appears to be saturated, as SU transmit power P. is kept fixed.

Fig. [2.6] illustrates the impact of relay location d and number of SU destinations
N on the performance of secondary system. Here, it can be observed that the

performance of secondary system improves as d changes from 0.7 to 0.5 (or 0.3).
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Figure 2.6: Outage probability of secondary system with varying d and V.

This is attributed to the fact that as the relay shifts near to the SU terminals (i.e.,
Cs and Cy,), the attenuation due to path loss lessens. Moreover, the secondary
system performance improves notably with the increase of N. This could be due to
the exploitation of multiuser diversity in the secondary system.

In Fig.[2.7], we plot the average error probability curves versus () for the secondary
system. With (mg,., mp-) = (1, 1), we investigate the error performance with various
fading parameters for BPSK modulation. From the curves, it is apparent that for
lower values of @), the error performance remains unchanged for the same m,;. While
the performance improves at high () with better channel conditions. Furthermore,
increase in N also aids in the performance because of multiuser scheduling.

Fig. demonstrates the average throughput offered by RSCRN against Q.
Here, we set P; = 10 dB, P = 15 dB, and m;; = 3, where i € {a,b,s,r}, j € {r,d}
and i # j. By assuming Rp = Rs = R7/2, it can be seen from the respective
curves that when the target rate is kept low as Ry = 1 bps/Hz, the achievable
rate of RSCRN rapidly approaches the target rate. While for the higher target rate
such as R+ = 3 bps/Hz, the average throughput is limited for lower values of Q.
However, as the value of () increases, the average throughput offered by RSCRN
tends to approach the target rate.
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Figure 2.7: Average error probability of secondary system for BPSK with various
fading parameters.
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2.6. SUMMARY

2.6 Summary

In this chapter, we analyzed the performance of a RSCRN with bi-directional pri-
mary communications employing AF-based MABC protocol. We derived the closed-
form expressions of outage probability and average error probability for both primary
and secondary systems under Nakagami-m fading channels. We have also investi-
gated the average system throughput offered by the RSCRN. Our results illustrated
that, leveraging with two-way primary communications, the proposed RSCRN of-
fers higher spectral efficiency. Moreover, by exploiting the advantages of multiuser
cooperation, reliability of SU communication is also improved significantly. Finally,

we validated our theoretical developments using Monte Carlo simulations.

32



CHAPTER 3

ADAPTIVE LINK UTILIZATION FOR COGNITIVE
TWO-WAY RELAY NETWORKS

The wireless mobile data traffic is assumed to increase 1000-fold by the year 2020,
which inevitably necessitates the efficient utilization of available scarce spectrum
resources for 5G and beyond wireless networks [54]. To this end, the concept of
spectrum sharing with cognitive radio has been envisioned as a promising technol-
ogy to alleviate the problem of spectrum scarcity [2]. This hierarchical dynamic
spectrum access technique enables the SUs to share the spectrum concurrently with
the PUs without deteriorating the QoS of PUs. In a cognitive radio network, access
to the licensed spectrum can be facilitated by using underlay, overlay, and inter-
weave approaches [5]. To realize this in underlay spectrum sharing approach, the
transmission power of SU is strictly constrained to avoid any harmful interference
to the PU [55]. Moreover, the interference from primary transmissions to the SU
can cause significant degradation in its performance. It would thus be implausible
for the SUs to maintain their own QoS under spectrum sharing conditions. For
this reason, cooperative relaying techniques [3] have been applied to such systems
and shown to provide notable performance improvement over fading channels [56].
While various works investigated the performance of underlay CRNs using tradi-
tional AF [57], [22] and DF [58], [59] relaying protocols, they have neglected the
primary transmitter’s interference on the secondary communications. The impact
of PU’s interference on the performance of SUs has been considered in [60], [61]. As
such, few works have considered incremental relaying [62]-[65] over conventional AF
and DF relaying in the context of cognitive radio networks. Albeit, most of these
works have focused on obtaining instantaneous CSI pertaining to the links between

secondary transmitters and primary receivers to constrain the SUs’ transmit power.
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However, acquiring this instantaneous CSI is typically difficult and may invoke ad-
ditional complexity. In contrast, the average CSI seems more viable as it can be
determined using transmission distance, frequency of radio waves, etc. With regards
to this, the authors in [56], [66], [67] have considered fading-averaged interference
constraints at the primary receiver.

On another front, two-way CRNs (TWCRNs) have been studied extensively
in the literature that exploits network coding techniques to further improve the
spectral efficiency [43], [68]. Mainly two protocols have been considered for such
TWCRNSs, namely two-phase MABC [11] and three-phase TDBC [69], [12], that
offer higher spectral efficiency than the conventional one-way relaying counterparts.
These protocols are integrated with traditional AF and DF-based relay process-
ing for bi-directional communications in TWCRNs. Nevertheless, MABC protocol
needs to satisfy more pronounced interference constraints in anticipation with the
simultaneous transmissions from two sources, and thereby poses an impediment to
its application in underlay TWCRNs. On the contrary, the TDBC protocol seems to
be more viable for such networks since it avoids simultaneous transmissions at the
two sources. More importantly, TDBC can make use of the direct link which could
help attaining the required QoS for SUs. Although some recent works have studied
the performance of underlay TWCRNs using DF-based TDBC [70], [71] and MABC
[72] in Rayleigh fading, they have ignored the utilization of direct link that can
potentially improve the performance of SUs without incurring any additional costs.
Despite a quantum of works on overlay models [73]-[75], the literature considering
underlay TWCRNs with exploitation of a direct link remain scarce. For instance,
more recent works have considered underlay models with focus on utilizing either an
idle PU [76] or full-duplex radios [77] for two-way relaying in the absence of direct
link.

Aiming to ensure QoS of the SUs, in this chapter, we investigate the perfor-
mance of a TDBC protocol in underlay TWCRNs by considering the joint effects
of direct and relay links in the presence of both PU’s interference and constraints.
Specifically, we consider two DF-based relaying strategies viz., fixed relaying and in-
cremental relaying, and compare their performances in terms of important metrics to
provide useful insights for the design of 5G and beyond wireless networks. We pro-

pose an adaptive link utilization scheme (ALUS) that can exploit either a direct link
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or relay link or both by making use of appropriate diversity combining techniques to
improve the performance of underlay TWCRNs employing TDBC protocol. Based
on ALUS, we derive closed-form expressions for the outage probability of both DF-
based fixed and incremental relaying strategies over generalized Nakagami-m fading
channels. We then simplify the obtained expressions in the high-SINR regime to
investigate into the achievable diversity orders of the considered system. To further
investigate the SUs performance, we conduct a comparative study between the two
relaying strategies in terms of expected spectral efficiency and average transmission
time. As the incremental relaying makes an efficient use of the degrees of freedom of
the channel by exploiting the limited feedback from the destination, it shows supe-
rior performance over fixed one towards the deployment in 5G and beyond wireless
networks.

The rest of the chapter is organized as follows. In Section 3.1, we present the
descriptions of TWCRN. In Section 3.2, we analyze the performance of secondary
system for DF-based fixed relaying by deriving the closed-form expression of out-
age probability, its approximation at high SINR, and expected spectral efficiency.
Likewise, the performance analysis is carried out in Section 3.3 for the case of in-
cremental relaying. In Section 3.4, we quantify the average end-to-end transmission
time for both fixed and incremental relaying. Numerical and simulation results are
provided in Section 3.5, and finally, summary of the chapter is presented in Section

3.6.

3.1 System Descriptions

As shown in Fig. , we consider an underlay TWCRNEL wherein secondary sources
S, and S, exchange their messages with the help of a secondary relayP| S, employing
a TDBC protocol. The nodes T, and 7}, represent primary transmitter and primary
receiver, respectivelyﬂ. Herein, we consider that the secondary nodes S,, S,, and S,

are inflicted by the interference from primary transmitter 7T,.. Albeit, the primary

!The considered TWCRN may find potential applications in 5G cellular systems wherein the
QoS for SUs is also anticipated. For instance, the SUs may correspond to the femtocell users
underlaying in a macrocell [70].

2Since the femotocell SUs generally have low power and shorter transmission distance, their
coverage can be extended by employing a relay S,..

3Specifically, PUs T, and T, may represent a base station and a mobile user, respectively, in a
macrocell having the licensed spectrum. Whereas, SUs S, and S; can represent a general device-to-
device communication system. Moreover, large number of sensors and/or devices in the IoT and in
the future massive machine-type communication networks [9], [54] can exchange information using
the spectrum sharing technique.
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——> Transmission Link

= => Interference Link

Figure 3.1: System model for TWCRN with direct link.

receiver T, imposes interference constraints on the transmission powers at the nodes
Sa, Sy, and S,. FEach transmitting node operates in half-duplex mode. All the
channels are assumed to follow block fading so as they remain constant during a
packet transmission but changes independently during the next packet transmission
[70], [71]. Let the channels between the transceivers S, and S, are denoted by h,,,
where 12,7 € {a,r,b} and ¢ # j. Similarly, the channels from S, to PU receiver T,
are denoted as h,,. And, the channels from 7, to S, are represented as h,. All links
are assumed to undergo independent Nakagami-m fading and the thermal noise at
each receiver is modeled as AWGN variables with mean zero and variance N,,.
With TDBC protocol, the bi-directional message exchange between S, and S,
takes place in three time phases. In the first phase, S, transmits its signal x, with

power P,, and the signals received at S, and S, are given, respectively, by

yél) =/ Phapre + / P.hapr, + nl()l) (3.1a)
and y,(,I) = /P, horte + \/ P.heyxe + ng), (3.1b)

where x. and P, represent respectively the primary transmit signal and power at
T,., and nl(,l) and n" represent the respective AWGNSs at S, and S,. In the second
phase, S, transmits its signal z;, with power P,, and hence the signals received at S,

and S, are given, respectively, by
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yéﬂ) =/ BPyhpoty + \/ Pohegxe + nflll) (3.2a)
and y"" = \/Pyhp,ay + \/ Poherwe + nlY, (3.2b)

where n{™ and n{™ are AWGNs at the respective nodes. As stated before, to
limit the interference at primary receiver 7}, the transmit power at S, and S, are
constrained as P, = B and P, = Bhy ) respectively, where () denotes the
maximum tolerable interference at 7;,. Consequently, the resultant SINR via direct

link at S, and S, (in first and second phases) can be given, respectively, by

Vab = Aglhos (3.3a)
" = Elhap?) (Ml 1)
)‘Q|hba|2
d Ve = , 3.3h
A = E ) O hea £ 1) (3.8b)

where \g = N% and A\, = %. Further, the SINR at S, in the first and second phases

can be given, respectively, as
_ )‘Q|har|2
T (g ) (clr 4 1)
)‘Q|hb7’|2
(1ep]?) (Aclher|* + 1)

(3.4a)

and v, = T (3.4b)

In what follows, we discuss the relaying strategies with ALUS for the bi-directional
communication in underlay TWCRN.

3.1.1 DF-based Fixed Relaying

In fixed relaying transmission, the relay first attempts to decode the received signals
broadcasted from transceiver nodes S, and S, in first and second phases. After
decoding, it forwards the signal to the respective destinations in an attempt to
achieve diversity. Let Ry be the target rate for successful decoding and D(r) be the
associated successful decoding set for any or both of the signals x, and x; at S,.

The successful decoding set D(r) can be represented as

D(r)={i€{a,b}:Z; > Rr}, (3.5)

with Z;, as the mutual information given by

1
A 3 logy (1 + 7ir) (3.6)

where the pre-log factor 1/3 accounts for the three-phase transmission process.

Then, for the case D(r) # {@}, the relay broadcasts a processed signal z, with
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power P, = m in the third phase. Hereby, x,.€{x,, 2} when either z, or z; is
decoded successfully and z,€{x,®x;,} when both the signals are decoded success-
fully at S.. Hence, the signals received at S, and S, in the third phase are given,
respectively, by

ZUL(IIH) = Phpoxy + A/ Pohegxo + ngm) (3.7a)
and yl(;HI) =V Prhrb$r + \V Pch/cbxc + nl()IH), (37b)

where n((lm) and n,()m) represent the AWGNSs at the respective nodes in the third

phase. Thus, the resulting SINRs at S, and 9, in the third phase are given, respec-

tively, by
)‘Q|h7”a|2
Yra = (38&)
E(|hrp|?) (Aclheal® + 1)
2
and v, = E Aglfirs| (3.8b)

(1rp ) (Nl sl + 1)

The corresponding mutual information can be given as Z,, = %10g2 (1 +7ra) and

- % log, (1 + 7). While the mutual information at the nodes via direct link are

given as
1
Iab = g 10g2 (1 + '7ab) (39&)
1
and T, = 3 logsy (1 + Yea) - (3.9b)

Note that, for D(r) = {@}, the relay S, cannot decode any of the signals and no
data is further broadcasted. Next, we describe the DF-based incremental relaying

strategy.

3.1.2 DF-based Incremental Relaying

Incremental relaying is an efficient way to substantially aid to the performance of
TWCRN. It exploits the limited feedback from the destination terminal to dramat-
ically improve the spectral efficiency [3]. In this, the cooperation from the relay
is invoked only when the direct transmission fails. And, once the cooperation is
triggered, its operation becomes similar to the fixed relaying. Hereby, firstly, nodes
S, and S, transmit signals to their respective destinations as well as to the relay
node S, in first two consecutive time slots. Then, depending on the quality of the
received direct link signals, corresponding receiver nodes S, and S, decide whether

relaying transmission is required or not by sending a feedback to the relay. For
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deciding the success/failure of the direct communications, their mutual information

can be defined as

Ty, = logy (1 + Yap) (3.10a)

and  Z¢ = log, (1 + Yba) - (3.10Db)

For instance, considering the signal reception at node Sy, if the mutual information
exceeds the one-sided target transmission rate Ry i.e., Z¢% > Ry, S, provides a
positive acknowledgment to S, by sending a single bit indicating the success of the
direct transmission. In such a case, relaying transmission is not needed. Otherwise,
a negative acknowledgment is given and the relay .S, forwards the processed signal
x, in the subsequent time slot. In the next subsection, we present the detailed
discussion on the processing at the nodes S, and S, to retrieve their respective

intended signals.

3.1.3 Proposed Adaptive Link Utilization Scheme (ALUS)

Herein, we discuss the ALUSﬂ for bi-directional exchange of messages between the
secondary nodes in TWCRNs. As noted earlier, based on the decoding of signals
received in the first two phases, the relay S, transmits different signals in the third
phase. There are four possible scenarios at S,: (i) only z, is decoded, (ii) only z}
is decoded, (iii) both z, and z;, are decoded, and (iv) neither z, nor x; is decoded.
Consequently, the signals received at S, and S, would also depend on these decoding
scenarios. To retrieve their desired messages, S, and S, can perform an appropriate
combining over the received direct link and relay link signalsﬂ As such, for the case
when relay successfully decodes the signal either from S, or Sy, the corresponding
receiver employs maximal ratio combining (MRC) on the two received copies viz.,
direct and relaying link signals. When the relay successfully decodes the signal from
both S, and Sy, relay combines the decoded symbols using bitwise xor operation.
In such case, the relay link signal and direct link signal are different due to use of
network coding hence MRC can not be applied at the nodes S, and S,. In fact, they

can adopt selection combining (SC) to select best available signal among the direct

4The scheme is named adaptive as it exploits both direct and relay links in an adaptive man-
ner depending on the decoding at the relay, and is, thereby, helpful essentially in deploying the
appropriate diversity combining receiver at the destination nodes.

5The occurrence of a particular scenario is assumed to be conveyed to the nodes S, and S, via
a simple medium-access control messages [73] in order to facilitate the appropriate combining of
signals.
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and relay links. For the case when relay is unable to decode any of the signals from
S, or Sy, the corresponding receivers still have availability of the direct link signals.

We summarize the ALUS in Algorithm
Algorithm 1 : ALUS

Relay S, receives the signals from S, and S in first two time phases
for D(r) # {@} do
if =, = z, then
Sy performs MRC on the two received signals viz., direct link and relay link
signals. Whereas, S, retrieves the message from direct link signal only
else if z, = z; then
Sy selects the available direct link signal. Whereas, S, performs MRC on the
direct link and the relay link signal components
else if z, = z, ® x;, then
S, and S, adopt SC on the direct and relay links signal
end if
end for
for D(r) = {@} do
Both S, and S, extract their messages from available direct link signals
end for

Although the ALUS utilizes three time phases, it would improve the system per-
formance with the exploitation of direct link, as illustrated in subsequent sections.

It is worth remarking that the ALUS can offer a low complexity implementation
than the two-phase MABC owing to use of time division multiplexing. In fact, the
proposed scheme allows the relay S, to receive signals from S, and S, in successive
phases and thereby easing out the decoding process, especially in the presence of in-
terference [75]. This is in contrast to the two-phase MABC scheme [11], wherein the
signals are received simultaneously under a multi-access scenario. Furthermore, the

implementation of ALUS remains same for both the DF-based relaying strategies.

3.2 Performance Analysis of Fixed Relaying

In this section, we conduct performance analysis for fixed relaying with ALUS under
Nakagami-m fading. For subsequent analysis, we use g, = |hu|?, With u,v €
{a,r,b,p,c} and u # v for notational simplicity. As such, g,, follows Gamma
distribution with severity parameter m,, and fading power €2,,. Its PDF and CDF

are given, respectively, by

]_ muv M —1 —Muvz
= M Quv 3.11
1 Myp 2
and Fguv (Z) = WT (mm,, Q—uv) . (3].2)
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3.2.1 Outage Probability Evaluation

An outage event is said to occur in the system when the instantaneous SINR at any
SU receiver falls below a specified threshold 74, where vy, = 23®7 — 1. Therefore,

based on the ALUS, the outage probability at S, can be formulated as

Post (i) = Pr [Yab < Yens Yar < Yen] +Pr[vap + 0 < Y Yar = Yo Vor < Y

PER () PER ()
—|—FI' [max<7aba 71“1)) < Yths Yar 2 Ythy Vor Z ’Yth]j (313)
PSF(P;?(r%h)

wherein the three terms are followed from Algorithm [I] Clearly, to derive the
PER(44n) in (3.13), we need to evaluate the three probabilities PER(vin), Pitne (Vin)
and PLE(yn). On invoking the SINR expressions from (3.3) and (3.4), one can

represent PER(viy,) as

ap Yab a;
PSE(%h) Pr >\ —— tha)\ pdar

- < 3.14

Y

where /\an = E(/\g—‘jp), X = Agap +1and Y = A.g.r + 1. As the two events in (3.14

are independent, we can express

o o T
PoRGa) = [ [ P (O ) e (Gt ) o) frl)dndy. (319
0 0 Q Q

Since X is a linear transformation of g4, its PDF fx(z) can be determined under

Nakagami-m fading as

f ( ) (g_i)mcb (l' o 1>mcb—1 _mg\b(g—l) 3 16)
= cieh .
T XD (ma) \ A ‘ (
Similarly, the PDF fy(y) can be obtained and given by replacing X, x, my, and Qg
with Y, y, m., and Q. respectively in (3.16)). On simplifying fx(-) and fy(-) using
binomial expansion [49, eq. 1.111] and using the results along with the required

CDFs into (3.15)), and after manipulating, we obtain

oo Meb— 1 o Mep
_]_)mcb n 1€ch>\c m b Mep m b’yth
P Cmcb—l( < c ) T( N " ‘ ) .
b / / " L(mep)(map)  \QapAe Mab Qab/\pr z
mer—1 _Mer
__Mcb g4 cr _ (—1)mcr—8_169cr)\c Mer Mer mar”}’th ey
X QepAe Cmc'r 1 ( ) T( ars ) S chkcyd d ‘
e b ; S F(mcr)r(mar) ch)\c m QarAapy ye xdy

(3.17)
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Finally, on applying the series form of Y(a,x) [49, eq. 8.352.1] into (3.17)), and
subsequently simplifying the result with the aid of [49, eqs. 0.314, 3.351.2], we get

the expression of PER () as

Mep—1mer—1 1 t(map—1) 1 2(maer—1) CL) wszcb 1Cmun—1 (
e

PDL Yn) = Z Z Z Z vmcqb)%(mcr) Qzl,fi’ﬁrn?f;c)

s=0 t=0 v=0 =0 ¢=0
Meyp b [ Mer \™er (MapVth\Y [ MarVth tmabf}/th My —v
X ap ap ap +
ch/\c ch)\ ab>\ ar)\ Qab)\Q ch)\c

Zmar/Yth ) ( tmab’}/th Mep ) ( ~ UMgar7th Mer )
F r 3.18
8 ( Qav)\ap ch>\c ab)\ap cb)‘c > Qar)\gzp * ch)\c , ( )

where K = myg+me, +t+1—n—s—2, 0=n+v+1,5§ =s+q-+ 1, and the

coefficients wj, for 0 < I < jy(m, — 1), can be calculated recursively (with g, = 7)

as w) = (g0)?, wi = 3(e1), wj( 1y = (Emg—1)s Wi = = lqzl[q] — 1+ qleqwi_, for

2<1<m,—1,and wj = la Zfl_l[qj —1 +q]€qw{_q for m, <1 < 3(m,— 1), with

My € {Map, Mar }. Next, the PER «(vin) in (3.13)) is derived in following lemma.

Lemma 5. The probability Pifs () is given by

_ 1 _r1 /11
Pirnc(vim) ~ 5<17 3’ ’Yth) + :<§7 1; ’Yth) - :<2 27%h) (3.19)

where Z(a, 5;v) is given by

Mer—1mar—1 1 p(mp,—1) B w,ucmgr—l m Mer
E (o, B;vm) = © (a, B; i) eherre (—1) M === ( < )
s=0 ¢=0 ; r=0 qlr(mcr) QCT}\C
% <maT7th)q(mbT7th T(mar’yth + HIMpr Y th + Mer )—lj
Qardg ) N AE ) \QardG  QAd Qe
~ Mar7th HIMpr Y th Mer
X F( : o + + ) (3.20)
Qardg U Qarde

with s =me —s—1,=q+r+s+1, Xg:]E);JQ , )\Ig:—’\Q and O («, B; i)

s given by

t(mabfl) k mrbfl)

1 1
mept+t+k—n— 1 kpmep—1 _ 6@ i
’yth § E E ( 1) ¢ Wy Cn € ebe
F mcb) p

n=0 t=0 ov=0 k=0

o (e e mapaym \ mrbﬁwh tMapYen +/€mq~b5%h L e ~(ntvtptD)
ch)\c Qab)\%p Qrb)\TQp QabAan Qrb)\TQp ch)\c

*B

tmaba’yth kmrbﬁfyth Mep
x T’ 1 : 3.21
(n o b - , Qab)\?gp Qrb)\g) * ch>\c ( )
Proof. Proof is relegated to Appendix [A] |
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Likewise, we can express the term PEE () in (3.13) as
Psc (i) =Pr [)\ap%l(b<%h,>\r ¥ < aQ Y > tha)\b Ry >’Yth} (3.22)

Applying the conditioning approach similar to the previous ones, (3.22) can be

further represented as

Yth® YthT
7Dsc %h / / gab\X (W) Fgrb|X (ﬁ)
Q Q

X Py <”;2py ) Fy, v (7;23 ) fx (@) fy (y)dady. (3.23)
Q@ Q

On inserting the expressions of involved CDFs and PDF's in ([3.23)), and simplifying

the result, P& (74n) can be obtained as

Mer—1 Mar—1 mpr—1 m Mer Mary q
Mer— cr cr ar |th

Ps&t (ven) =O(L, 15 7in) Z Z Z wp C tedert (Q )\) (Q A“p)
— cr/\c ar”'\Q)

—q
MprYth MarYth | Mbr7Vth Mer ~ Mar7th MprVth Mer
X th n (g, Darith n . (3.24

<wg) (QWAQP QN QA) (q D SV QA) (324

with § =m. —s—1,§=q+r+ s+ 1, and the function O(«, f; %h) is the same as

given in (3.21]). Thus, by invoking (3.18)), (3.19), and (3.24) into (3.13), a closed-form

expression for the outage probability of fixed relaying strategy is obtained.

3.2.2 High-SINR Analysis of the Outage Probability

To gain better insight, we simplify the previously derived outage probability expres-
sion for asymptotic high-SINR regime (Ag — 00). For this, we first make use of the
series expansion of Y(a, x) [49, eq. 8.354.1] as

[e o]

T(a,z) = :L'O‘z; % =~ ‘%a (3.25)

into (3.17)), and then evaluate the resulting integral to obtain the probability PER (y4,)
at high SINR as

Mep—1 mer—1 Mer

_1)mcb+mc7‘ s—n— 26( cb)‘CJch'r)\c)
,PFR<’)/ h) ~ Cmcb lcmcr 1 (
e n=0 ; F(mCT)F(mcb)F(mab + 1)F(mar + 1)

% maanplyth ab marQap’Yth ar Mep Meb~Mab My Mer ~Mar
Qab Qm" ch)\c ch )\c
~ Mep - Mer 1
P g )b (s : 3.26
8 (m ’ ch)\c) <m ch>\c> /\Qmab+mar ( )

where mg, = mgy +n+ 1, Mg, = Mg, + s + 1.
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Next, to express the probability Pite(vin) at high-SINR, we can asymptotically

represent ([3.19)) as

1 1 11
P&Ec(’Yth)’i‘I’(li;%h)—i-\If(Q L; ’Yth) \I’(Q 5 ’Yth) (3.27)

where U(a, 5;vm) can be obtained, by applying (3.25) into (3.19)) and simplifying

subsequently, as

m
Mer—1 Mep—1 Cmcb 1Cmcr_1( 1>mcb+mcr_n_5_2 ( Cb)\c+QTZrC§c)

ﬁ P)/th Z Z F mcb mab —+ 1)F(mrb + 1)F<mcr)r(mb7‘ + 1>

s=0 n=0

o [ Matap@en e By \ ™ ma T (e Qi \ ™
Q&b Qrb ch)\c Qbr
e\ . Mep ~ Moy 1
U\ map, =—— | T - . 3.28
. ( QCT)\C ) <m ’ QCb)\C ) (mb QC?" )\c ) )\Qmab+mrb+mbT ( )

where my, = mg, + myp +n + 1 and my, = my, + s+ 1.

As done for P{ Rt (vin), applying the similar procedure to (3.23)), the term PER (vin,)

at high-SINR can be obtained as

Meb—1 eb—1 w—n—1 Mab
C:Lnb (—1)mb n mcbc (maanp’yth) “

Qo
Psé (in) = ; (o) D (0 + DT (1 & 1) b o

merrprth et Mep b= Mat ~ Mep 1
Thrb>rpjth T ( g, . (3.29
% ( Qrb ) (ch)\c) Mab QCb)\c )\Qmab‘f'mrb ( )

where my, = mg, + mep +n + 1.

Thus, by using (3.26)), (3.27) and ([3.29) into (3.13)), the asymptotic outage prob-

ability expression is reached. With this, one can infer that the achievable diversity

order is Mgy, + min(mg., m,p). Note that, at high-SINR, PR (v) does not con-
tribute towards quantifying the coding and diversity gains of the system.

3.2.3 Expected Spectral Efficiency

In this subsection, we evaluate another performance metric called expected spectral
efficiency [3] for the considered scheme. With fixed relaying, the overall transmission
takes place in three time phases and hence the expected spectral efficiency for one-

sided transmission can be expressed as

R = ST (1~ PE )] (3.30)

out

One can readily compute the RE™ in (3.30) by substituting PS5 (y4,) from (13).

out
However, at a high-SINR, Ay — oo, the expected spectral efficiency approaches to

FR ~, RT
Rt~ T
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3.3 Performance Analysis of Incremental Relaying
In this section, we derive the outage probability, its high-SINR approximation, and
expected spectral efficiency for incremental relaying strategy under Nakagami-m
fading.

3.3.1 Outage Probability Evaluation

Based on our proposed ALUS, the outage probability for incremental relaying at Sy

can be formulated as

P(I)Et Prlya < ’Y?m Var < ’YthlJrfl"[%b T Vrb < Vth; Yab < ”th, Yar = Vehs Vor < ’Ythl

+ Pr[max<ryab7 rYrb) < Yths Vab < f)/éihv Yar Z “thy Yor Z 'Ythla (331)

where 73 = 2*7 — 1 and all three terms are followed from the Algorithm . Ap-
parently, the probability Pht in (3.31)) is similar to PER in and hence can
directly be obtained from by replacing the term mg;yn with mawtdh.

Next, the probability Py is derived in following lemma.

Lemma 6. The probability P, . in m is given as follows

mep—1 1 t(mab 1 1 kmrb 1

cb

2 E: E: E mb+t+kn1 kmz,lgx

PMRC[ Fm ¢ v pcn° € ebe
=0 t=0 =0 k= b)

o e "My, MrbYih tmayy g n kEmyYin UL ~lnutpt)
ch/\c Qab)\g)p Q’/‘b)\g) Qa,b/\ap QrbATp ch)\

) mep—1 1 t(map—1) v mypt+ov’—1

d
e, kmrb%h Meb

Qab )\(ép QrbAg cb/\

e e ienG” e S LA < Meb >me AN
()T (mep) <tmabAZf mm>l+1 AQ QepAc AQ

xF(n—HJ—l—p—i—l,

Qab)\an Qrb

v m —Mpp
Mab mep\ [ M | M ym - My My Ven
ot T {1, T
: (m) (m) [(%Ac i mmg’) (m " Qe mm;)

myp+v' —1—1 O\ Meptv —1-1 5 d —Mpp
N L [ Y Mep n MypYth n tMapYy,
N7 N Qre ' QT QD

~ Mep mrbffth tmabfygh E(la 17 7fyth)
x I' [ M, - a 3.32
(m ’ ch)\c + Qrb>\c§ * Qab)\Qp 6( ) 77th) ( )
where Vi, = (Vo — ¥E) and My = mp +v+n — 1.
Proof. Proof is relegated to the Appendix [B] [ |
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From (3.31)), the probability P is given as

)\ap YGab

7Dsc =Pr [)\ap gab <Vth, >\r

X X <A DI > i, AT >%h]. (3.33)

Y Ly
As 73 < v, the integral form of (3.33)) can be expressed as

sc—/ / / aj o (W0 Fy1x (%) (3.34)

= Y\&= Yy
X Fg,ly (%) Fo, v (%) [x (@) fy (y)dzdy.
Q Q

Evaluating the required integration, after some involved manipulations, yields the

result in (3.35))
Mer—1Magr—1mpr—1mep—1 t(mabfl) 1 k(mrbil) (_1)§+mcb+t+k—’n 1

LS DI 3D D WD et

vl Wy p n
=0 2=0 r=0 n —~ = gl (mep) T (mer)

=0 0 k
b m m Mep m Mer m q m T m d v
Cmcr 16 a bc)\c + QP:;\"C ( cb ) ( cr ) ( ar Vth ) ( brYth > ( abVth )
a a
ch)\c ch >\c Qar)\Qp Qbr )\lg Qab)\Qp

% <mrb7th > b (marfyth Mpr7th Mer > —d (tmablygh + kmrb’}/th Mep ) "

T a a T +
Qrb)\(;f Qar)\Qp Qbr/\zgp ch)\c Qab)\Qp Qrb/\é) ch)\c
_ MaYen | MerYen | Mer _tmaY, |, FMesyn | Me
x I’ r 3.35
(q7 Qar)\(é)p * Qbr)\lg * QC’I’AC) (n, QabAan * Qrb)\g * ch/\c ’ ( )

where n =n+v+p+ 1.
Finally, adding together all the probabilities Phy, Pic, and P, closed-form

expression of outage probability PR in (3.31) for incremental relaying can be eval-

uated.

3.3.2 High-SINR Analysis of Outage Probability

For simplifying the derived outage expressions, we make use of result given in (3.25]).
Consequently, PE¢ at high-SINR, Ao — 00, regime is obtained and can directly be
expressed by replacing mqyy, with mawgh in . As such, the probability Pl{/lf‘RC
at high-SINR can be, asymptotically, represented as

Mer—1 Mep—1

MRC_ Z Z cbc/l{c"'g”::gc C:anbf]-cgncrfl(_1>mcb+MCr*n7572 maanp’YSh Mab
=0 n—0 F(mcb)F(mab + 1)F(m7«b + 1) Qab

% merrp (’Yth - ’th) e 1 Mep et at merbp’Yth o
Qrb F(mcr)r(mbr+1) ch/\c Qbr
Mer er e ~ Mep ~ Mer 1
F aby ~ F ) . 336
X (ch)\c) (m b ch>\c) (mb ch)\c) )\Qmab‘f‘mrb"rmbr ( )
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Likewise, asymptotic approximation of P is evaluated, expression for which
can be directly obtained by replacing mg i, with mepyd, in . Thus, by adding
PEY, Pitaes and PEE, the probability PR in at high-SINR regime for DF-
based incremental relaying can be evaluated. Note that, the diversity order of the

incremental relaying remains same as that of fixed relaying.

3.3.3 Expected Spectral Efficiency

For incremental relaying, depending upon the success of direct transmission, the
overall communication takes place in either two or three time phases. Hence, the

expected spectral efficiency [52], [78] for one-sided transmission can be quantified as
IR __ d RT d
RS = RrPriya > vl + TPrhab < Yiml- (3.37)

Here, we can evaluate Pr[y,, > 73] using (3.3) as

J Map—1mep—1 . mep m b,ygih v (_1)mcb7n71 m b Mep
P a > = Cl'v ™ efanre - a :
[ Yab = Vin) Z Z n €7eb <Qab/\Qp> VID (M) (ch)\c>

v=0 n=0

o (et e _(n+v+1)r Ly, Pt e (3.38)
n v .
Qab)\an ch)\c ’ Qab)\aép ch)\c 7

whereas Pr[yy < 5] = 1 — Prlye > 74]- In (3.37), the first term arises when the
direct transmission is successful and hence the overall bi-directional communication
occurs in two time phases only. Whereas, the second term corresponds to the un-
successful direct transmission and three-phase bi-directional communication. It is
important to note that, at a high-SINR, Ay — o0, the expected spectral efficiency
of incremental relaying approaches to R.* ~ Ry, which is three-fold as compared

to that of fixed relaying.
3.4 Average End-to-End Transmission Time

For practical deployment of future generation wireless networks, one of the main
design objectives is to reduce the network latency. For this, herein, we attempt
to estimate the end-to-end (e2e) transmission time for a packet to reach the in-
tended destination, which may be useful for designing the wireless network with the
anticipated latency requirements. As per the third Shannon theorem, the transmis-

sion time is inversely proportional to the transmission rate of the channel [79], [80].
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Hence, the time taken by a packet to reach the destination node S; after leaving the

source S; is given by

_ L B B
Y Blogy(1+7i;)  log. (14 7))’

(3.39)

where L is the length of the packet, B is the channel bandwidth, and B=(L log,(2))/B.
Further, we assume that the transmitted packet reaches the destination successfully
before time-out. Moreover, the transmission time and processing delay of feed-
back/acknowledgment message are assumed negligible as compared to the packet
transmission time [81], [82]. Based on these, the average e2e transmission time for

the two relaying strategies can be obtained as follows.

3.4.1 Fixed Relaying

For fixed relaying strategy, the average e2e transmission time for a packet to reach

Sy from S, can be computed as
oy = E(Tar) + E(Ter) + E(Trp), (3.40)

where T, Tor, and T, can be obtained using . Here, since the transmission
takes place in three time phases, the average e2e transmission time is predominantly
depends on the relaying path.

3.4.2 Incremental Relaying

For incremental relaying, the average e2e transmission time for a packet to reach S,

from S, can be formulated as
Sy = E(Tao)Privas > 7] + [E(Tar) + E(Tr) + E(To0)] Prlya < 7], (341)

where Pr[y,, > 73] is given by (3.38), Pr[ys < 73] = 1 — Prlya > 78], and the
E(7;;) can be expressed as

E(T;) = /0 " fy (), (3.42)

where fr (x) is PDF of 7;;. Note that, using (3.42), it is cumbersome to derive
the closed-form expressions for (3.40) and (3.41). Hence, we compute them with
simulation and based on that we compare the average e2e transmission times of the

two relaying strategies in the next section.
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3.5 Numerical and Simulation Results

In this section, we perform numerical investigations of the considered TWCRNSs
using both the fixed and incremental relaying strategies with ALUS. We adopt a
two-dimensional (z,y) network topology, where the nodes T, T},, S,, S, and S} are
located at (0,0.5), (1,0.5), (0,0), (0.5,d), and (1,0), respectively. Following path-
loss model, we set (2, = D, where D, is the distance between two arbitrary nodes

with path loss exponent a equals to 4. Further, we set R+ = 1/2 bps/Hz, N, = 1,

d =0, and (me, Mer, my) = (1,1, 1) unless otherwise specified.
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Figure 3.2: Outage performance comparison for different schemes.

Comparison of Proposed Scheme with Existing Schemes

In this subsection, we compare the performance of the proposed scheme with the
existing schemes in the literature. Firstly, we consider the work of Zhang et al.
[71] as benchmark for the comparison. As their study is based on Rayleigh fading
channels, we set all the Nakagami-m fading parameters for our system as m,, = 1,
where u,v € {¢,p,a,r,b}. For comparison purpose, all the other parameters are
kept same and given as A\, = P, =2dB, N, =1, w, =1, Ry =1/3, and M = 1.
With this, Fig. establishes the SUs’ outage performance comparison between
the proposed scheme and the benchmark scheme. It is evident from the respective

curves that the proposed scheme significantly outperforms the benchmark scheme.
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Moreover, the performance gap between the two schemes expands even further for
the incremental relaying strategy. Next, we compare the proposed scheme with an-
other benchmark scheme studied in [72]. We illustrate the user outage performance
comparison between the proposed scheme and two-phase MABC protocol in [72].
For this, we fix Rap = Rpr = Rrp = R =1/3, 02 =1, a = 0.5, and I;;, = Q.
It can be manifestly observed from Fig. that proposed scheme performs better
than its two-phase counterpart, even though the interference from PU is absent in
the study of [72].

In essence, it is inferred that the proposed ALUS scheme outperforms both the
existing benchmark schemes viz., three-phase TDBC [71] and two-phase MABC [72]
due to the appropriate usage of available direct link. As such, the proposed scheme
harvests the benefits of cooperative diversity for TWCRNs which was overlooked in

the existing literature.

T T
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=
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T 1 1
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/\Q (dB)
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Figure 3.3: Outage performance for various fading parameters.

Outage Performance Evaluation

In Fig. 3.3 we plot the outage probability curves of both the DF-based relaying
strategies versus \g for various fading severity parameters keeping primary trans-
mit power fixed (A. = 2 dB). Apparently, the analytical curves are in well agreement
with the exact simulation results. The asymptotic curves are also found corrobo-

ratory with the exact results in the high-SINR regime. From these curves, it can
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be observed that, for the same set of parameters, incremental relaying performs
better than the fixed relaying. However, the performance gap between the two re-
laying strategies tends to grow as the direct link parameter m,;, increases. Moreover,
one can clearly visualize the achievable diversity order of the considered system as
Map + Min(mg,, m,p). Further, the relative performance gain with a better quality
of direct link channel (i.e., with a higher value of my;) justifies its importance for

the considered cognitive two-way relay system.

Outage Probability

Moaby Mar, Mrp=2,1,2

107 Analytic (Fixed relaying) . L E
—-—- Analytic (Incremental relaying) <, < .
-------- Asymptotic EL;A RO\
@  Simulation N
10.6 T I L% oL : 3
0 5 10 15 20 25 30
Ag (dB)

Figure 3.4: Outage performance for various relay locations with A\, = 5 dB.

In Fig. 3.4 we depict the impact of relay location on the outage performance of
the two relaying strategies. With relay positioned at (0.5, d), if d changes from 0.5 to
0.3 or 0.1 i.e., the relay S, is moved away from the primary transmitter and receiver,
the outage probability of both fixed and incremental relaying decrease. This is due
to the relaxed interference constraints from primary receiver and lessen interference
from primary transmitter.

Fig. 3.5 and Fig. [3.6] illustrate the impact of the primary transmit power A. on
the outage performance of the considered system for fixed relaying and incremental
relaying respectively. Here, curves are drawn for various values of A, and channel
parameters (Mgp, Mar, Mpr). 1t can be seen that the outage performance degrades
as \. increases. However, the performance is shown to improve clearly when A,

decreases from 4 dB to 2 dB (see the curves for mgy,, mg,, my = 3,2,3). It follows
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from these figures that the system diversity gain could be extracted for a small

primary interference power.

T T

T
— Mty Mgy, My = 2; 27 1
——— My Mgy My = 3, 1,2
— = Mapy My, My = 3,2, 3
........ Asymptotic

@ Simulation

Outage Probability

A (dB)

Figure 3.5: Outage performance of fixed relaying for various values of ..
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Figure 3.6: Outage performance of incremental relaying for various values of A.

In Fig. and Fig. [3.8] we plot the outage probability curves for different
levels of Ag/A.. It can be observed that when primary interference power level

A is low ie., Ag/A. is 25 dB, the system can exploit diversity gain effectively
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Figure 3.7: Outage performance of fixed relaying for different levels of A\g/A..

10

(see Map, Mar, mp-=2,1,1 or 2,2,2). However, for high interference power level
(Ag/A:=15 dB), an outage floor phenomenon occurs at high-SINR. Importantly, the
system coding gain is still affected by the channel/system parameters (as implied
by the shift of the curves), but the relative improvement in performance remains

marginal. Hence, PU’s interference is critical for the SUs to maintain their QoS

requirements.
0 T T T T '
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Figure 3.8: Outage performance of incremental relaying for different Ag/\. levels.
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Figure 3.9: Expected spectral efficiency against Ag.

Expected Spectral Efficiency

In Fig. [3.9, we demonstrate the expected spectral efficiency achievable by the two
considered relaying strategies. It is apparent that the incremental relaying dra-
matically improves the spectral efficiency. For instance, when the target rate is

R+ = 1 bps/Hz, the maximum expected spectral efficiency offered by fixed relaying

Rt

approaches to =

~ 0.33. In contrast, the maximum expected spectral efficiency
offered by incremental relaying approaches the target rate R+. Thus, it can be con-
cluded that incremental relaying is more spectrally efficient than traditional fixed
relaying for TWCRNSs, and hence may be preferred for deployment in future 5G and
beyond wireless networks.

Average End-to-End Transmission Time

In Fig. [3.10, we depict and compare the average e2e transmission times for the two
considered relaying strategies. We assume that the system bandwidth is B = 1
MHz and packet length is L = 4096 bits. It can be manifestly observed from the
curves that transmission time for incremental relaying is less as compared with fixed
relaying. This is due to the fact that when direct transmission is successful, incre-
mental relaying utilizes only two time slots and thereby reducing the transmission
time significantly. Moreover, increasing the primary transmit power \. eventually
increases the transmission time due to degradation in the SINR as can be witnessed

from ((3.39).
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Figure 3.10: Average end-to-end transmission time against Ag.

3.6 Summary
In this chapter, we conducted performance analysis for an underlay TWCRN with a

direct link by employing a TDBC protocol in the presence of primary interference.
An adaptive link utilization scheme is proposed to exploit both the direct and the
relay links. Based on the proposed link utilization scheme, we derived the tight
closed-form expressions of outage probability for two different DF-based relaying
strategies, viz., fixed relaying and incremental relaying under Nakagami-m fading.
It is shown that the incremental relaying performs better than the fixed relaying for
the same set of system parameters. Moreover, the performance gap between the two
relaying strategies increases as the quality of direct link improves. Furthermore, with
the help of simulation results, we disclosed that the proposed scheme outperforms
the existing two-phase and three-phase benchmark transmission schemes in terms
of the outage probability. To attain further insight, we carried out the analysis to
high-SINR regime, and examined the impact of system parameters on the perfor-
mance gain. Our results revealed that the full diversity for secondary system can be
achieved as long as the primary interference remains limited, otherwise the perfor-
mance remarkably deteriorates. Above all, we demonstrated that the incremental
relaying outperforms fixed relaying in terms of expected spectral efficiency and av-
erage transmission time and hence could be a promising candidate for deployment

in future wireless systems.
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CHAPTER 4

IMPACT OF HARDWARE AND CHANNEL
IMPERFECTIONS IN COGNITIVE RELAY NETWORKS

In the recent past, CRNs have been extensively studied by employing AF- or DF-
based relay cooperation in order to enhance the system’s performance (e.g., see
[83]-[87] and references cited therein). However, most of the existing studies on
CRNs have presented performance analysis by assuming ideal hardware for the net-
work nodes.

In practice, RF transceivers are afflicted with several hardware imperfections
such as IQ) imbalances, amplifier non-linearities, and phase noise [27], [8§-[91]. As
a result, a non-ideal transceiver induces undesirable distortions in the transmit-
ted and received signals which limit the system capacity primarily in the high-rate
applications. To this end, various works have analyzed the impact of hardware
imperfections on the performance of cognitive radio networks [92]-[98]. Specifically,
authors in [92] studied the effects of non-ideal RF chain on the cyclo-stationary spec-
trum sensing. In [93], the impact of RF imperfections on the sensing performance of
an energy detector and a cyclo-stationarity detector has been examined. The effect
of IQQ imbalance on the blind spectrum sensing for overlay cognitive radio networks
was investigated in [04]. Authors in [95] considered the spectrum sensing problem
in orthogonal frequency-division multiplexing-based cognitive radio networks under
IQ imbalance. In [96], an energy detection based spectrum sensing has been studied
for both single-channel and multi-channel direct-conversion receiver scenarios im-
paired by IQ imbalance. Authors in [97] and [98] examined the impact of hardware
imperfections on the spectrum sensing in half-duplex and full duplex networks, re-
spectively. Some other works have analyzed the performance of CRNs considering

hardware impairments (HIs) [99]-[104]. For instance, the performance analysis of
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full-duplex cooperative cognitive radio in presence of transmit imperfections was
reported in [99]. Authors in [100] have studied CRNs with HIs, but with a single
relay and without a direct link. In [I0I], the performance of underlay cognitive
relaying system has been investigated using multiple antennas with HIs under the
assumption of no direct link. Authors in [I02] examined partial relay selection pro-
tocols in underlay cognitive radio under impact of HIs. In [103], the performance of
underlay spectrum sharing network has been analyzed in presence of HIs, whereas
the study in [104] considered the HIs only at the relay node and not on the source
and destination nodes. Nonetheless, all these works considered perfect CSI for all
the links. Besides HIs, the performance of cooperative relay systems may also get
impaired by imperfect CSI due to channel estimation errors (CEEs) [28]. CRNs
with imperfect CSI for ideal hardware were analyzed in [105] and [106]. Recently,
the authors in [I07] and [I0§] have studied the joint impact of Hls and CEEs, but
not in the context of spectrum sharing networks.

Motivated by the aforementioned facts, in this chapter, we investigate the perfor-
mance of CRNs considering both AF and DF relaying schemes with direct link under
the joint impact of two practical and detrimental imperfections, called transceiver
HIs and CEEs. Herein, we consider the hardware distortions induced by all the non-
ideal secondary nodes and residual interference originating from imperfect channel
estimations.

In the sequel, we first present the signal model in Section 4.1 that incorporates
HIs and CEEs and will be utilized for the subsequent analysis in the chapter. Next,
we analyze the joint impact of Hls and CEEs on the performance of AF relaying

based CRNs in Section 4.2 and on the DF relaying based CRNs in Section 4.3.

4.1 Signal Model with HIs and CEEs

In this section, we describe the signal model that takes into account both HIs and
CEEs. For this, let h,, be the channel coefficient between two arbitrary nodes
and 7, which is assumed to follow CN(0,€,,). Then, considering minimum mean-
square error (MMSE) channel estimation model, we have h,, = sz—l—eh”, where Bm
is the estimate for the channel h,, and e, is the estimation error which follows
CN(0,02,), where 02, =E{|h,|*} ~E{|h,[*} implies the quality of estimation and

is chosen appropriately based on the estimation schemes [28]. Further, we assume

that ﬁ” and ey, are mutually independent. This assumption is valid for MMSE
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~

estimator wherein the estimate and error are orthogonal. Hence, we have h,, ~

CN(0,9,,), where Q,,=Q,, — 02, . Further, referring to HIs model in [88], let z, be

671‘7 :

the transmitted signal over the channel h,,, then the signal at the receiving node

199

can be expressed as
Yy = (hw + ehzg)(ms + ntz) + 0ty (4-1)

= (]AZZJ + 6}“])1'3 + ilzgntz + €hyy Tt + Try +V]’

vV
effective distortion noise
NS >

Vv
overall effective noise

where v, ~CN(0,Np) denotes AWGN, n, ~CN (0,53, Ps) and 1., ~ CN(0, H%PS(VLZ]P—F

o2, )) represent distortion noisesﬂ at the transmitter and receiver, respectively, with

e,

P, = E{|zs]*}. All these noises are assumed to be independent from each other.
Hereby, the parameters ky,, k., > 0 quantify the level of impairments and are mea-
sured experimentally as error vector magnitudes (EVMS)H From (4.1)), it can be
observed that the true distribution of overall effective noise is not Gaussian since it
involves the terms having product of two complex Gaussian random variables. How-
ever, for a given channel realization, the term ilzmm can be assumed to be complex
Gaussian distributed [88]. Further, by considering the small levels of estimation

error and hardware impairments in practical scenarios, the distribution of ey, 7, can

also be tightly approximated as CN (0, PsxZo?

1 eng

) [109]. Consequently, the overall
effective noise can be treated as complex Gaussian. As such, from (4.1]), we can
write the aggregate power of the effective distortion noise at the receiver, for a given

channel realization, as

E{l(illj + 6hu)ntl + T]TJP} = PS(|i1U|2 + 0-2,1])(’%?2 + sz)' (42)

Using (4.2), we can write the equivalent expression of (4.1]) as
Yy = (hy + en,)(zs +1m0y) + v,

= (}Azjw + en,, ) s + ﬁw”m + €n,, My + vy, (4.3)

Vv
overall effective noise

where 7,, ~ CN(0, 7, Ps) represents the equivalent distortion noise which accounts

for the HIs at both the transmitter and the receiver nodes, such that s, , = /K% + K2

!The fundamental difference between distortion noise (due to HIs) and thermal noise lies in a
fact that unlike thermal noise, distortion noise power is proportional to the signal power and the
instantaneous channel gain.

2These EVMs can be defined as the ratio of distortion-to-signal magnitude, and can be obtained
as given in [I10].
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As discussed above, the overall effective noise in (4.3)) can be assumed to be complex
Gaussian distributed where the distribution of ey, 7, , is approximated as CN (0, P, /4127 ]aiw).
Hereafter, without loss of generality, we use the characterization in (4.3)) for the sub-

sequent analysis.

4.2 Cognitive AF Multi-Relay Networks with RF
HIs and CEEs

In this section, we analyze the performance of an AF relaying based cognitive multi-
relay network (CMRN) under the joint impact of HIs and CEEs. Based on the model
presented in Section [£.1} we derive a new closed-form outage probability expression
of the considered system by considering imperfect CSI for all links and Hls at all
secondary nodes over independent and non-identically distributed (i.ni.d.) Rayleigh
fading channels. We also derive an asymptotic outage expression to examine the
system diversity order. Moreover, we identify the key parameters influencing the

system performance and present important insights.

4.2.1 System Descriptions
As shown in Fig. we consider a CMRN where one secondary source .S commu-

nicates with one secondary destination D using the cooperation of K secondary AF
relays { R, }X_, in the presence of a primary receiver T},. It is assumed that a direct
link between S and D also exists. The intuitive reason for this assumption is as
follows. In underlay spectrum sharing networks, the power at the SU transmitter
is a random quantity due to which sustaining the QoS of SUs becomes challenging.
To circumvent this, the relays are employed even for the shorter communication
distance between source and destination nodes. Hence, the presence of a direct link
can not be overlooked in such networks.

In 5G cellular systems, the SUs may correspond to the femtocell users underlay-
ing in a macrocell [76], [IT1]. Further, as in many earlier works [87], [112], [113], we
assume that the primary transmitter is located far away from the secondary nodes
such that its interference on secondary receivers can be ignored. This is a widely
adopted assumption in underlay paradigm and could be applicable in the scenar-
ios where the femtocell SU receivers are situated beyond the coverage of macrocell
PU transmitter. Another practical example for such scenarios is when primary and

secondary networks are owned and controlled by the same operator so that the
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interference at the SUs can be limited.

Herein, all the secondary nodes (i.e., S, D, and R,,) are afflicted with HIs. Like
most of the previous works [100]-[104], we assume the hardware at the PU to be
idealﬂ. Further, all the channels are assumed to follow block fading so that they
remain constant during a packet transmission but changes independently during the
next packet transmission [70], [71]. The channels h,, between any two arbitrary nodes
1 and 7 are subject to independent and non-identically distributed Rayleigh fading.

In this analytical framework, the overall secondary communication takes place in

-------------------- > Transmission Link
’ X

/ L e > Interference Link

Figure 4.1: System model for CMRN.

two phases. In first phase, S transmits its signal x, (satisfying E{|z,|?} = P,) to D
and all the relays. Consequently, the received signal at D and at the relay R,, can

be given, respectively, by

A~

Va1 = (hsa + en,,)(Ts + Ns.a) + Vaa (4.4)

and y,,, = (l/:l'srm + €h”m)($s + nS,rm) + Vr,s (4.5)

where 754 ~ CN(0, s 4P;) and 1, ~ CN(0,x2, P,) are distortion noises. And,
vg1 and v, represent AWGN variables at the respective nodes. During second

phase, R, first amplifies the received signal y,. ~with a variable gain G given by

P,
G = . m : (4.6)
P3|h'87"m ’2(]‘ + H?ﬂ"m) + Pso-g757'7n(1 + K;gyrnL) + NO

3Since our present study primarily focuses on the performance evaluation of SUs, the analysis
of PUs with HIs can be treated as problems for future research works.
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where P, is transmit power at R,,, and then forwards it to D. Consequently, the

signal received (after amplification) at D is given as

~

Ya2 = (Prpa + en, ) (GYr + Nrm.d) + Va2, (4.7)

where 7,, 4 ~ CN(0, nfm’dP

T™m

) represents distortion noise with P, = E{|Gy,. |*},
and vg2 is AWGN at D in second phase. Further, in an underlay scenario with
HIs and CEEs, to limit the interference power at primary receiver 7, below a pre-
determined threshold (), the instantaneous powers at S and R,, are constrained
as B{|(hsp + en,,) (25 + ms)*} < Q and E{|(hrp + en,,,, ) (G0, + 1)} < Q
respectively, where 7, ~ CN(0, 57, P;) and 1y, ~ CN(0,5, P,

Tm

) are the distor-

tion noises induced in transmit processing at S and R,, respectively. As a result,

— Q — Q ;
we have Py = o e A4 P = G e, e,y Herebys it has
been assumed that the maximum transmit power at S and R,, is large enough and
hence can be neglected to meet the interference constraint at 7, [I14]. Thus, from
(4.4), the resulting signal-to-noise-and-distortion ratio (SNDR) at D via direct link

transmission of first phase can be given by

Qlﬁsd|2
A = Pesl (4.8)
sd — = .
|hsd|2“{id@ + Jg’sdtg(1+Hz,d)+ag,sp(1+ﬁ’%s) + (1 + I{'/2 )’
Foen |2 Ren |2 ts
|Puspl Fuspl

where o = /Ny SNR. Further, using (4.8) with an estimation error variance as
decreasing function of SNR, i.e., 07, = 1/0 [28], [106], we can write

Qlflsd|2
|hsp|?

4 ed 4§,

VAISPP

Aea = , (4.9)

o2 ylhsal?
|Rsp|?

where o g = (1 + K2 ,) + (14 £7)/0 and 6, = 1 + &7,. Now, using (4.5, (4.6), and
(4.7), SNDR at D via relay link transmission of second phase can be obtained as

Q2|Bsrm |2|ﬁTm,d|2
-~ ~ -~ -~ -~ -~ -~ -~ )
a1,m ‘hrmd|2+a2>m |hsrp |2 |Pr,al? +O‘3,7n|hrmd|2|h8p|2 +a47m|hsrm |2 +O‘5,m|hsrm |2|hrmp|2 +6,m

(4.10)

m=

— 2 2 2 2 2 2
where X1,m = Q'%s,rm + Kis + QK’rm,d(l + ’%s,rm) + /{rm,d(]' + K’ts)’
— 2,2 2,.2 2
a2,m =0 /ﬁ}57rm + Y K’rnhd(l + "is,rm)7

a3m = 0k7, + 0k7 G(1+ K7),
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aum = o1+ k2, ) +or? J(1+k2, V+(1+K2, )1 +5E ),

asm = o(1+r5, N1+5KE ),

Ag,m = Oé?,mlil8p|2+O‘8,mmrmp‘2+a9,m|ﬁrmp|2VA’Sp’Q‘i_O‘lO,m’

arm = (L+k5) + k2 o(L+K3) + (1+w5) (1 + k7, )/ o,

asm = (L+ k3, J(L+rE )+ (L+rE) (L +53, )/ o,

agm = (1+ k) (1 + k7, ),

arom = (L+ k2, VH(L+RE) o+ k2 J(L+k7, )+h7 (14K 0
+(+ 63, )+ kG ) o+ (1 + kL)L + K, )/ 0

Among all the available relays, the best relay can be selected opportunistically as

m* = arg mgaXK{Am}. (4.11)

-----

Herein, we assume that the selection process is executed in a controller unit where
all information about channel estimates are gathered and conveyed to the relays
through feedback.

The channel gains |h,,|? and |h,,|? follow exponential distribution with mean €,

and Q,, = Q,, — o2

67217

respectively, where © € {s,7,},7 € {d,rmm,p}, and © # 3. In
general, the PDF and CDF for exponential random variable V' with mean {2 are

given by fy(v) = %e_% and Fy (v) = 1 — e™ @, respectively.

4.2.2 QOutage Performance

In this section, we conduct outage performance analysis of the considered CMRN.
With the application of selection combining on the destination D, the outage prob-

ability for a given threshold =, can be defined as

Pout(7in) = Pr [max{Asq, A+ } < Yin] - (4.12)

As apparent from (4.8)) and (4.10]), Ay and A, are dependent owing to the existence
of a common random variable \ﬁsp\Q. Hence, we first evaluate the conditional outage

probability, conditioned on W = |hy,|?, as

Yth [ Vth

Pout(%th)Z/O ; Faa W) fn, . (0IW)dudv=Fy , (W) E,.. (W) (4.13)

Then, the unconditional Py (ven) is obtained, by averaging over W, as

Pout(%h) = /0°° Pout(’yth|W>fW(w)dw- (4-14)

63



4.2. COGNITIVE AF MULTI-RELAY NETWORKS WITH RF HIs AND
CEEs

Evaluation of (4.14)) requires CDFs F , (7| W) and Fy, . (7 |W') which are obtained
as follows. Using (4.9), we can write

P)/th(as,d + dsw)

F W) = Pr[Ay < v |[W] = Pr||hol? <
Asa (Ven|W) [Asa < Yen|W] |Psal ol — "2 )

Vth (s d+dsw)

— o Qsa0(-52 nn) 2
_ ) 1-e A for g, < 1/KZ 4, (4.15)

1, otherwise.

For evaluating Fiy . (7n|W), we apply order statistics based on (4.11]) to write

Fp e (| W) = H Fp,, (i W), (4.16)

m=1
where Fj, (7u|W) can be obtained as

Fy, (yl) = Pr{An < 7l W). (4.17)

For notational simplicity in subsequent analysis, we assume |hy,. [2 = X, |y, 42 =
Y, and |h,, o> = Z. Also, as followed in [70], for similar hardware of relays, we
denote k2, = K2, K. 4= K4 Ki. = Kp, and @im = o (where 7 € {1,...,10}).
With this, we can represent , using , as

(1Y + aswY + ap) ’W}
Y (0% — mne2) — vin(ou + as2)

Fy,, (v|W)=Pr | X <

B V(e w), for yin < (4.18)

1, otherwise,

where U(7y4p,, w) is given by

[ Y1y + azwy + ag) )
U (yip, w)= F z2)dydz, (4.19
Otn, w) /ZZO /yzg(z) X (Q(QQ ) — (s + as2) fy W) f2(2)dy (4.19)

with £(z) = 2@{@atess) - gupgtituting the required CDF and PDFs into (4.19) and

(e®—vna2)

performing the required integration with the aid of [49] eq. 3.324], we obtain (after

some involved manipulations)

o0 _(_mnlegtagw) o venlegtasz)
e \Zorm(@®—mnnez)  pa(e? =)

U (yen, w) =1 —/

z=0

% \/C(Z)(QQ - ’YthOZ?)Kl ( <(Z) ) fz<2)d2, (420>

0% — YthO2
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where ((z) = 2 <7°}‘(a4+0‘5z) +a6> and /C;(-) denotes the first-order modified

Qsrom 02 —7tha2
bessel function of the second kind [49, eq. 8.432.6]. However, it would be very
difficult to solve (4.20) in a closed-form, we make use of the fact Ki(x) ~ 1/z as in

[115], and evaluate the resultant expression to obtain W(y,, w) as

N —1
Yth (o fagw) Jth 4 ) 9]
- - +3 - Q5Ythd by,
qj(%ha w) ~1l—e (QSTm(Q he2) | Qpp,a(e® —gpan) 1+ # . (4_21)
0 — Vth@2

Note that such approximation leads to very tight results in broad SNR region, as
illustrated in Section [4.2.4 Consequently, on using (4.17), (4.18), ([.21)) in (4.16)
and the result along with in , we get Pout(ven|W). Finally, substituting
the so obtained Pout(1n|W) and PDF fi (w) in and then evaluating the

resultant integral, the outage probability of CMRN is obtained as

1
2 2 2 2
K’SaT+Nr,d+NSqT’€r,d

— < Yh < 1/’£§d7 (4'22)
r,d ’

P1, for v <
,Pout('%;h) ~ 7)2, fOI‘

1
2 2 2
"is,r—i_ﬁr,d—’—ns,r’{

1, otherwise,

in which the component P; is given by

1 1 niYeh o1 "Vt

1 1 p
- Z Z Z E n+zz 1Mie ~ L= |:QST'L'(92_O‘2’Yth)+Qrid(92—a2'~/th)

=0 n1=0n2=0 ni=0

K Q ks __ Mith%sd
% H 1 + _ a5’yth TP e Qsdg(lfmz’d'yth)
{2 )

i=1 md(@z — 027%th

K -1
A 10sYth N Yeh O3
x |14 Q,, & +§ o , (4.23)
L sdQ( li&d’yth) i=1 Sbsry (Q 042’7th>

and the component Ps is given as

1 nYth%s,d

732 _ Z(_l)ne Qsde(l—f@z,dwh)

n=0

(4.24)

A —1

0582

| W;h .
Qsa0(1 — K3 g7in)

Herein, the component P; accounts for the selection cooperation between both direct
and relay links. While P, arises from the transmission via direct link only, that is,
without cooperation from the relay. From (4.22)), it is important to observe that

HIs impose undesirable constraints on ~, which in turn cause ceiling effects in the

system. When ~y, > — ! 7 the relay ceases to cooperate the transmission

HS’T+H2 R
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and hence the system relies only on the transmission from direct link. This effect is
called relay cooperation ceiling (RCC) [104]. Whereas, for v, > 1/k3 4, the direct
transmission also fails, and as a result, overall system goes into outage, which is
referred hereby as overall system ceiling (OSC). This is clearly reflected by the fact
that probability term in evaluates to unity for vy > 1/ /@id. Note that, as
K2, K g+ K2 kpg > K2 4, RCC always appears before OSC. Altogether, it is worth
remarking that HIs are deleterious for system performance and hence it is important

to take them into consideration while designing the practical systems for high-rate

applications.

4.2.3 Asymptotic Outage Performance

In this section, we derive asymptotic outage expression in the high-SNR regime
(0 — 00). Herein, without losing generality, we assume independent and identically
distributed channels, i.e., Qg., = Qg Qo = g, Ly = Ly Vm o€ {1, K}
Also, for attaining better insights, we assume that x2, = k7, = w2, = x*. For
deriving outage probability at high-SNR regime, we need to simplify the CDFs
Fa.,(vn|W) and Fy_. (7n|W). For this, we first obtain Fa_,(vn|W), by using

along with the fact that e™ ~ 1 — z for small z, as

Yen(1++2) Yendsw
Qggo(1—k2 Qgg0(1—k2
FAsd(’Yth’W): a0(1—k27n) ao(1—r2y
1, otherwise.

, for v < 1/K2,
o for o<1/ (4.25)

Next, at high-SNR, (4.21]) can be approximated by

~ —1
th (21 +agw) th® a
w(%h; ’l,U) ~ 1 — ei(91:19(11—%?)51)+Qrd9’zlh_ﬁiha1)) 1 + ~ a4’7thQ7“p ) (426>
02,q(1 — Yenay)

where a; = 2k 4+ K%, Gy = k5 + K2(1 + K2), a3 = 1+ ay, as = (1 + £*)(1 + K2,).

Now, using (1 +2) ' ~1—z and e ~ 1 — z for small z, (4.26) can be written as

B Yen (@1 + agw) Vth@3 ) (1 B @4’YthQrp )

V(Y w) =1 — [ 1—= N — A _
er@(l - ’Ytha1> Qrd@(l - ’Ythal) QQrd(]- - ’ythal)
(4.27)

Further, inserting (4.27)) in (4.18]) and the so obtained result in (4.16)), we get

[0 (yen, w)]™, for v < mv

FAm* </Yth|W) ~ (428)

1, otherwise .
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Finally, using (4.25]) and - in ( - and obtained result in (4.14]), and then after

integrating the resultant expression, we get the outage probability at asymptotic

limit as

N\ K
Pasy1 <5> , for yn < m,

Pout (Vin) Pasy2 ( ) for - 2+ r < Y < 1/K2, (4.29)

1, otherwise ,

where Pygy1 and Pigyo are given, respectively, by

K ~ K=
B K YenQ1 Yen (@3 + @482;p)
Pasyl - Z (T) ((2 ( — + = —

=0 I —%na1)  Qra(l — ynar)

1+ K2)riQr 8(r + 1)1Qr ! 7 '
% <7th( K )’I“ sp_i_fytfl (T ) sp ) (A Tth@2 )) (430)

Qs (1 - H27th) Qsd(1 - HQPYth) er(l - Vthal

(4.31)

1+ k2 5,0
and Pasy2 _ AIYth( + K ) 4 - YthOs sp '
Qea(l — R2vn)  Qsa(l — K2vm)

Re-expressing Pous (in) in (4.29) as (G.0) "%, it can be inferred that system achieves

full diversity gain of G; = K + 1 as long as y, < After the RCC and

e
before the occurrence of OSC (2 o < th < 1/k ), as the system relies on direct
link only, the diversity gain becomes G; = 1. And, once the OSC phenomenon
occurs, the system goes in outage and thereby the diversity gain reduces to zero.
Additionally, it can be deduced that the HIs also affect the coding gain G. of system.
It is worth noting that since CEEs are decreasing function of SNR, they do not affect

the diversity gain of the system. However, CEEs pose critical impact on the coding

gain, as illustrated in Section [£.2.4]

4.2.4 Numerical and Simulation Results

For numerical analysis, we place the network nodes S, {R,,}X_,, D, and T}, at two-
dimensional (2-D) space coordinates (0, 0), (0.5,0), (1,0), and (0.5, 0.5), respectively.
Considering path-loss model with exponent o = 4 and d;; as the distance between

the nodes ¢ and j, we set €;; = d;

4 - We also set ks = Kpa = Kir,, = Kpr,, = Ki

such that ksq = Krg = Ksy = kK = V2k;. Note that, for a fair comparison, we
readily obtain the outage expression for an ideal system (without HIs and CEESs)
by considering a single PU in [22].

Fig. plots the outage probability curves versus o for the considered CMRN.
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Figure 4.2: Outage performance of the system against p.

Herein, we set vy, = 1, k; = 0.175, and vary the number of relays K. We can clearly
see that the analytical curves are in well agreement to the simulation results. Also,
the asymptotic curves closely follow analytical curves at high o. As such, for the
given HIs levels, the threshold 7, is maintained below RCC point (~ 7.921) and
thereby the system can exploit full diversity in such instances of lower target rates.

This is also evident from the respective curves for different values of K.

In Fig. 4.3 we illustrate the impact of ,;, and HIs level on the system per-
formance. From the respective curves, it is apparent that as -, increases, the
performance of system deteriorates due to high-rate requirements. Evidently, the
performance gap between the ideal system and impaired system also expands with
increase in vy, (see curves for vy, = 1,2,3). Moreover, when HIs level k; increases
from 0.2 to 0.3, the system performance degrades significantly. It can be further
seen that for a fixed =y, there exists a performance gap between ideal and impaired
system which arises primarily due to the joint impact of HIs and CEEs on coding
gain, and this gap is preserved for the entire range of SNR. This is associated with
the fact that a fixed 4, implies a fixed diversity gain (G4 = K + 1 in this case).
And, since CEEs are decreasing with the SNR (07,, = 1/0), the performance loss
due to CEEs also decreases with increase in SNR. Therefore, the performance gap

between ideal and impaired system is preserved irrespective of the SNR.
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Figure 4.3: Outage performance of the system against p.
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Figure 4.4: Outage performance of the system against .

In Fig. [£.4] we plot the outage probability curves against the ~y,. Herein, we set
o = 30 dB to analyze the effect of RCC on the performance of considered CMRN
with CEEs. For instance, if x; = 0.15(0.25), the RCC and OSC effect occurs at
the threshold of ~ 6 dB(10 dB) and ~ 9 dB(13 dB) respectively. It can be mani-

festly observed from the curves that as 4, crosses the RCC, the system performance
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converges to that of a pure direct link. Apparently, the direct link partially com-
pensates for RCC, by providing diversity gain of unity, until the occurrence of OSC.
Afterwards, when 4, further increases to OSC point, the system outage probability
approaches to unity. Thus, we conclude that Hls are detrimental for system to keep

with its performance standards in high-rate applications.

4.3 Cognitive DF Multi-Relay Networks with RF
HIs and CEEs

In the previous section, we investigated the performance of AF-based CMRN. How-
ever, for the conventional cooperative systems with HIs, DF relaying is shown to
be more advantageous and preferable over AF relaying for designing the high-rate
systems [88]. This is because, unlike AF relaying, the additional distortion noises in
the first hop of DF relaying do not carry on to the second hop which makes it more
resilient and robust to HIs. Therefore, in this section, we analyze the performance
of a DF relaying based CMRN with a direct link in presence of Hls and CEEs. We
manifest that the distortion noises induced in the direct link and relaying link chains
cause three ceiling effects viz., relay cooperation ceiling (RCC), direct link ceiling
(DLC), and overall system ceiling (OSC), and thereby, cap the fundamental capac-
ity of the considered system. Herein, we also consider both the power constraints,
i.e., maximum available transmit power and maximum tolerable interference at the
PU. Such consideration is more practical for the SU transmitters to ensure the QoS

requirements at the PU receiver in an underlay spectrum sharing model.

4.3.1 System Descriptions

As shown in Fig. we consider a CMRN where one secondary source S commu-
nicates with one secondary destination D using the cooperation of K secondary DF
relays {R,}X_, in the presence of a primary receiver T),. In the considered DF-
based CMRN, the overall secondary communication takes place in two time phases.
In first phase, S transmits its signal x, (satisfying E{|z,|*} = P;) to D and all the
relays. Consequently, the received signals at D and R, can be given, respectively,

by

~

Ya,1 = (h,sd + ehsd)(fl?s + 7757d) -+ Va1 (432)

and y,, = (iLSTm + €hsrm)(l’s + ns,rm) + Vs (4'33)
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where v4; and v, , represent AWGN variables at the respective nodes, while 7, 4 ~
CN(0, K2 4Ps) and 75, ~ CN (0,2, Ps) denote equivalent distortion noises at D
and R,,, respectively, with s,, = /K% + k2, where 1+ € {s,7,}, 7 € {d, 7}, and
1 # 7. In an underlay scenario with Hls and CEEs, to limit the interference power
at primary receiver 7, below a pre-determined threshold ), the transmit power at
S should be constrained as E{|(fs, + en,,)(Ts + i) [?} < Q. In addition, since the
source S has maximum transmit power limit of P, the transmit power P, at S can

be expressed as

P, = min (P, - ¢ 5 > . (4.34)
(‘h5p|2 + Ug,sp)<1 + Kts)

Thereby, from (4.32]) and (4.33]), the resulting SNDRs at D and R,, in the first phase

can be given, respectively, as

AL
Agg = . fisd (4.35)
Ps’fz,d’hsdP + Psag,sd(l + K?,d) + No
PS iLST 2
and A, = - [ osr| . (4.36)
Psﬁg,rm’hﬂ“mp + Psag,srm<1 + ’%z,rm) + NO

In second phase, the relays {R,,} first attempt to decode the signal received from
S. Let Dy denote the set of relays that can successfully decode the signal received

in first phase. With target rate R for successful decoding, we have

Do = {Ru|Asr, > ysm € {1,.., K}}, (4.37)

where v, = 22®—1. Amongst all the relays in Dy, the best relay (say mth relay)
is selected in a reactive manner to forward the re-encoded signal z, (satisfying
E{|z.|*} = P,,) to D. Another possible way of selecting the relay is proactive relay
selection in which the best relay is selected based on max-min criterion. However,
such proactive selection requires much larger feedback overhead to obtain CSI of all
links [116]. Therefore, we resort to the reactive relay selection as disclosed in next

section. As such, the received signal at D via relay R,, can be expressed as

~

Yaz2 = (hrpa +en, )(@r + Nrpa) + Va2, (4.38)

where vg9 represents AWGN at D and 7, 4 ~ CN(0, /ﬁfm’dPrm). Further, due to
maximum tolerable interference constraint of () from 7}, the transmit power at the
relay must be constrained to E{|(h,., + en, ) (@ + 1, )|?} < Q. Also, since the

relay has its maximum transmit power limit P, the transmit power P,  at the mth
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relay can be written as

P, = min (P, ( ¢ ) : (4.39)

|h7"mp|2 + O-g,rmp)(l + K%rm)

Using , the SNDR at D via relaying link transmission in second phase can be
written as

Py Bl
m,d|iL7‘md‘2 + P02, J(L+k )+ No

(4.40)

A""rnd = 2

P. K

r

Herein, all the channel gains |h,,|*> and |h,,|? follow exponential distribution with

mean (),, and Q,, = Q,, — azw

respectively, where © € {s,r,,}, J € {d,rm,p}, and
1 # 7. In general, PDF and CDF for exponential random variable V' with mean 2 are

given by fy(v) = %exp (—%) and Fy(v) =1 —exp (—%), respectively, where v > 0.

2

ER

Further, as in various previous works [103], [104], [I17], we consider £7, = &

2

/i’rm ,d

_ 2 2 .2 S,
= K; gy K, = Ky, for similar hardware of relays.

4.3.2 QOutage Performance

In this section, we conduct outage performance analysis of the considered CMRN.
Let D,, be a decoding subset having m active relays (i.e., cardinality |D,,| = m).
Then, for a given threshold 74y, the outage probability of the CMRN can be formu-
lated using total probability theorem [118] as

Pg

~

Py

rK
Pout(’}/th) =Pr [Asd < Vth, DO = (D] + Z Z Pr [Asd < Vth, Armd < Vth, Dm] . (441>

m=1 D,

In , the first component Py accounts for the case when no relay can successfully
decode the signal received in the first phase, i.e., Dy is empty, and as a result,
system relies on the direct link transmission only. Whereas, the other component
Py corresponds to the case when Dy is nonempty, and consequently, the destination
D applies the selection cooperation to combine the signals received from direct link
and best relaying link. The internal sum in P spans over all (Z ) possible decoding
subsets D,,, of size m from the set of K candidate relays. On observing and
([4.37)), with the help of (4.34) and (4.36]), we notice that each of the components P;

and Py in (4.41)) contains joint events with dependence due to presence of a common
random variable W = |ﬁsp|2. Hence, these components can not be evaluated using

conventional analysis any more. Hereby, we apply the conditioning approach to
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carry out the computation of P and Py in the following subsections.

Computation of P;

We obtain Py by first conditioning on W and then taking the expectation over W as

Po=[ D> Pr{Au<qu|W]Pr[Dy|W]Pr A0 <7y Dm, W] fu(w)dw. (4.42)

To evaluate (4.42)), we require the probabilities Pr[Asq < vin|W], Pr[D,,|W], and
Pr[A;,.d < Vin|Dm, W]. Firstly, let us derive Pr [D,,|W] in the following lemma.

Lemma 7. The decoding probability Pr|[D,,|W], conditioned on W, can be derived

as

Em(’yﬁw w)7 fO?” Yen < ]-/I{g,ra

Pr(D,,|W] = (4.43)
0, for vy > 1//<;§7r,
where Zp, (Y, w) is given by
Em(Vin, w) = [ﬁ exp (— Yl Ap +1) )] i...i<_]_)i§+?i
o =1 Qo Ap(1 = 2,7m) ) | 050 oo
« cap (_i gﬂz\z(as,rz\p; 1) > for W < Qy (4.44)
iz s Ap(1 = K2 7)
and
= (e ) = [ﬁ cap (_ Yin( @ ry + S5w) )] 21: _ 21: (_1)i_§:+1ni
| QA1 — 62,9m) ) | 50 2
K N Yen(Qs ., + 05w
X exp (:zgm;rl@s;y/\;(ly— Rg}ﬁﬂ?)) , Jor W > Qsp, (4.45)

with \p = P/No, \g = Q/No, 05 = 1 + k2, as,., = (1 + ﬁgm)aisrm, Qg =

2 _ Q 2
AQQs ., + ae’sp55, and Qsp = P~ Tesp:

Proof. Please refer to Appendix [C] [

From the derived result in Lemmal[7] it is important to note that the HIs impose
the undesirable constraint on -, which restricts the decoding of received signals
at the relays in the first phase beyond a certain rate requirement. This is clearly
reflected by the fact that the conditional decoding probability in reduces to

zero for v > 1/k3,.
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Next, the conditional probability Pr[As < 4tn|WW] can be expressed as

(I)sd(’}/tha w): for Yen < 1/H§,d7

Pr [Asd < '7th|W} = (446)
1, for y, > 1/K2,,
where the function ®44(y4n, w) is given by
Ps|hsd|2
Psa(yen, w) = Pr = <YW |- (4.47)
Pyk? glhsal® + Pso? y(1 4+ K2 4) + No t

By substituting (4.34]) into (4.47)) and evaluating the resultant expression, ®4(yn, w)

can be obtained as

_ —n(as,aAp+1) <
1 exXp Qsd)xp(lfnid%h) ’ for W - Qsp;

(I)sd(%h, w) = (4-48)

_ _'Yth(o_‘s,d"!‘(ssw)
1 —exp v — for W > Qgp,

with asq = (1 + ﬁzd)ag’sd and G g = A\gQus.q + Uz’spds.

Now, we need to derive the term Pr[A, g4 < Yn|Dm, W]. For this, let R, repre-

sent, best selectedﬁ relay among the m relays in D,,,, which is based on the criterion
A, 4= max {A,,q}. 4.49
ma = 102X {Ar,q} (4.49)
Then, by applying concepts of order statistics, we have

Pr Ay, < Vi Do, W] = [ [Pr [Ara < vu| Do, W] . (4.50)
/=1

Consequently, using (4.40]), we can compute (4.50]) as

m

P [A - |D W] ; 1q)7“zd(7th)a for yn < 1/"€72",d7
TNy d Yth| Pm, = =

17 for “Vth > 1/527517

(4.51)

where the function ®,,4(7tn) is derived in the following lemma.

Lemma 8. The function ®,,q(ym) in can be derived as

4We assume that the selection process is executed in a controller unit where all the information
about channel estimates and statistics of the distortion noises are gathered and conveyed to the
relays through feedback [119], [120].
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—Q), _ ., )\ 1 . ~T
@réd(fyth):l—{l —exp(%)l €$p(A Yen(rpaAp + 1) )—exp( ] Venlir,.d )

rep Qrpap(1=ymk? 4) Qrparg(1—=K2 1vin)
A -1

Qr ’yth(sr > 1 ’)/thér
X | 1+ = L exp| —Q- + , (4.52
( QTed/\Q(l - ’i72»7d7th) * Qmup de)\Q(l - /‘iz,d’}/th) ( )

: _ 2 _ 2 2 ~ _ 2 _
with 6, = 1+ Kipy Qryd = (1 + K/T‘,d>o-e,7”gd7 Qryd = )‘Qawyd + JE,T@p67'7 and QNP -

Q 2
Ps, — Terp-

Proof. Please refer to Appendix [

Hereby, on using the result from Lemma (8] in (4.51]), one can infer that HIs

restrict decoding of signals in second phase at the destination beyond a certain rate

requirement as evident from the condition vy, > 1/k7,;. Now, using (4.43), (4.46)),
and (4.51)), it is important to emphasize that the Pj; in (4.42) evaluates to different

2

ER

plugging (4.43)), (4.46)), and (4.51)) in (4.42)), and then after performing the required

integration, we obtain Py for all the possible cases as follows:

expressions depending on the impairment levels x2 5, 2., and x2, Consequently,

2

s,r)

2 2 2 2 2
e When Kig S Kpg S KRs, OF Ky S Kgy <K

Py, for v < 1/K%,,
Py = 01 “th / 7 (4.53)

0, otherwise.

o When 2, < k2, < K2y,

(
Ppys for v < 1/K7 4,

Py, for 1/k2, <y < 1/K2,,
Py = P4 / d = Tth / d (4.54)
Pis, for 1/k2 5 <y < 1/K2,

\ 0, otherwise.

2 2 2
e When k3, < k5, < Ky,

Pj1s for v < 1//<c$’d,
Ps =4 Py, for 1/2; < yn < 1/k? (4.55)

s,7)

0, otherwise.

2 2 2
e When k7, < ki, < K,

S, r —

5
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Piy, for v < 1/“3(1’
Ps =19 Py, for 1/62 43 <y < 1/x2, (4.56)

0, otherwise.

e When Ii , < /<; 0 < /iid,

(
P@la for Yth < 1/K§,d7

Piy, for 1/62 , < v < 1/K2,,
P@ _ 02 / s,d 7Yth / r,d (457)
Pgs, for 1/k7, < v < 1/83,

0, otherwise.
\

Now, we derive the expressions for the components Py, Pg,, Pgs, and Py, in the
sequel. Firstly, Pg will be derived in the following lemma.

Lemma 9. The component Py, is given as follows

K
n+t > n; — m
73(2)1—§ : E : § : §: ( )(ZH‘I’TM %h) t:’”“ ea:p( _ n%é%h _ E :A O‘s,rﬂ;h

m=1n=0n,,+1=0 ng=0 QSf‘i(lins,d,}/th) Z*lﬂgrl(liﬁs r’yth)

NiQs i Vi ) <1 o (Qsp» < —nYen =
— -~ — 4 ’ ETP = — —
Z (1—=r32 ,ven) [ Qsp Qsarp(1=K2 yvin) ;st)\P(l K2:th) ;rl

i=m-1 ST

—NnYhoo . 0s o5 . 0s K NiYeo> )05
i Vth )>+6IP<A Yth, e,SQP 72 ] VthO e sp9s )exp Z _ YthOe sp >
er /\P(l K’s T’Yth Qsd)\P(]-_H&d’yth) (=1 st )\P(]-_K%yr’yth) i=m4-1 QSW )\P(l_ﬁir’yth)
K

—1
A n’yth(;s “ fythas ni’yth(;s
x [ 1+, - + A + -
( : (QsdAQ(l — K2 gVth) g:lesre AQ(1 = K2 . 7yn) i:%l Qsr, AQ(1 — K2, vin) ))

1 nYd b K 5
% 637]9<—Q5p< - Vih 52 i _ YthOs . 4 A iYth . )) .
QSP QSd}\Q(l - ’%s,d’yth> =1 QSTZ )‘Q(l - K’s,r’yth> i=m—+1 QS’H )‘Q(l - "is,r,yth)

(4.58)

m

Proof. Please refer to Appendix [E] [

On using the expression of Pj from Lemma @ in —, it is important
to observe that Py equals to Py, for v < 1/max(w2,, w24, k7). Based on this
observation, it can be inferred that when the target threshold is sufficiently low,
the effect of HIs does not inhibit the cooperation between direct and relaying links.
However, the HIs may critically affect this cooperation when target threshold is
increased, as we shall discuss at the end of this subsection.

Further, using , the component Py, can be expressed as

o K
Pgo = /0 Z ZPr D |W]Pr A, 4 < Yon|Dm, W] fw (w)dw. (4.59)

m=1 D,
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By following the similar steps as used for deriving Pg, in Lemma |§|, (4.59) can be
solved to obtain Py, as given in (4.60).
5 n K

Poz = Z Zﬁ 21_: <Z> (f[lq’md(%h)> (=1)i=m+t exp(in:Q —Qere¥th 3

/=1 Sre(l - NE,TVth) i=m-+1

m K
NiQs r; Yth Qsp —Vth 1iYth
O (152 >H1_6Xp<_§2 )]GXP(ZQ Ap(1=r2,7) 2 Qe Ap(1 = K2 )
s 3r7h) sp =1 Qs AP(L=KZ ven) 257 ory p(1 = K3, 7m)

i —Yn02 o, 05 a NiVeno2 o0 -1 & —YinOs
+exp <[Z ThTesp ThTeop )>exp <Q5p<Q +ZQ Jth )>

—1 QSW, >‘P(1 - ’ig,r’yth) i=m+1 QSH )‘P(l - Kg;,r')/th sp g—qtisre AQ (1 - ’iz,rWth)

K m K -1
xexp( Z —niQ(s, p)Yinds )><1+Qspcz: _ Yehs +Z niYth0s ))) ] .

i=m41 Qsr; )‘Q (1 - “g,r%h -1 Qsr, )‘Q (1* ’ig,r’}’th) i=m—+1 Qgr, >‘Q (1* ”g,r%h

(4.60)
Likewise, Py; and Py, can be derived, respectively, as
o K
Pis= [ DD PrDu|W] fw(w)dw (4.61)
0 m=1 D,
o K
and Py, = Z ZPY [Asa < Yu|W] Pr [Dp| W] fiw (w)dw. (4.62)
0 ;=1 Dm

On evaluating the integrals in (4.61]) and (4.62]), one can obtain the expressions of P,
and Py, which can be readily expressed in compact form as Py, = Pjy / <H gb”d(’yth))

and Py, = Py / (Hﬁ%d(%h) . On substituting the obtained express%%ls of Py,
=1

Pga, Pis, and Py, appropriately in —, it can be observed that the cooper-
ation between direct and relaying link transmissions ceases to exist beyond a certain
threshold. This can be attested from the observation that component Pj reduces to
zero as Y > 1/K2,.

Computation of P
The component Py in (4.41]) can be expressed, with the aid of (4.37)), as

o K
73(2) = / HPI" [Asrm < ’Yth|W] Pr [Asd < ’Yth'W] fW(w)dw (463)
0 m=1

Based on the impairment levels x2,; and x2,, (4.63) yields different expressions.

S,r)

Thus, after plugging ((C.4) and (4.46) in (4.63) and solving the required integral, Py

is obtained as follows:
e When «?; < k?

s,r?

Po1, for v < 1/k2,,

Py = § Py, for 1/5§,r < Yn < 1/”3@ (4.64)

1, otherwise.
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e When «2, > &Z,,

Po1, for v < 1/5?7(1,
Py =19 Pus, for 1/62 4 <y < 1/K2, (4.65)

1, otherwise.

Here, component Py; can be evaluated by substituting (C.4]) and ( into

and solving the resultant integral to obtain

P 3 3 ) g (s S menin [, ()
ST ) E e Ryl _

Qsd(l_’%z,d%h) i:1an(1_“§,r%h) Qsp
K

n=0n1=0 nx=0
K

p( 7”7'6}102,5;058 .
Q

NiYth >
+ ex =
Sd)\Q(l - Hid’yth) i=1

—N%Yth _
i=1 QSH >‘P(1 - ﬁg,r'yth)

X exp( ~ 5
QsaAp(1—KZ 4 vn)

-1
nz’ythag spa ) 1 + Qsp A n’Ythés + _ Z'Yth(;
er AQ(l — K2, vn) Qsar@(1 = w2 ) = Qs A1 — K2, 7n)
K
1 NYtn0s 1;YthOs ))
X eXp( — Qs (A + = + - . (4.66)
i Q Qsd)\Q(l - H?}dryth) i=1 9577AQ(1 - Kz,rfyth)

sp

The components Py, and Pp3 are given by

o K
7)(2)2 = /0 HPI‘ [Asd < ’7th|W] fW(w)dw (467)

m=1

o K
and Py = / TTPr (A < W] fir () (4.68)
0 m=1

Evaluation of (4.67) and (4.68]) yield Py and Pys as given in (4.69) and (4.3.2)),

respectively.
1
n NYthQs,d Qsp —MNYth
Poo = (-1) exp(—A) {1—exp<— - )]exp<A )
Z Qea(1 = K2 1Y) Qgp Qearp(1 — K2 yvn)

n=0

—_

. 1
+exp< —n’YthUgSp(Ss > n NYeh0ssp exp <—Q (1+ Y0 )>
Qsar(1—+K2 yvtn) Qsar(1 — K2 y7tn) "\Qyp QsarQ(1 =2 y7in)
(4.69)

and Py = Z Z § (i masw:;th»Hl_eXp( QQpp)]

1 S

n1=0 ng=0 1=
—1
7iYth n;iYth0s
x exp( 1+ Q,
; 9 )‘ 17“/’3%1”713}1 < p<1 1Q€T1)‘Q(lins T’Y‘Eh)>>
K
_nz’ythae sp6 > ( < ni’yth(S ))
X exp( exp| —Qs . (4.70)
; Qg 1 - “s V) g ;eri)‘Q(l - “g,r%h)

Finally, by substituting the obtained Py and Pj appropriately in (4.41]), we com-

pute the outage probability Pyt (V) in the following proposition.
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Proposition 1. The outage probability Pyu(vi) of CMRN, for all the possible cases

2

s,r7

based on the impairments level k% ;, k%, and k2 ;, can be given as follows:

2

Case 1: For v, < K24 < K2, or kp g < K24 < K2,
Po1 + Por, for ya, < 1//@37“
Pout(Vin) = § Pog, for /K2, < v < 1/“3@7 (4.71)

Ly > 1/5311-

Case 2: For /iir < lﬁg’d < li%d or Iiid < fiir < /if7d,
Pir + P, for vy < 1//@%@,
Pout(vin) = § Poa, for 1//-@27(1 < v < l/ngvd, (4.72)

17 Yih Z 1//13751-

Case 3: For k74 < K2, < K24,
P@l + P@lv fOT’ Yin < 1//{3417
Pout(Vth) - P@Q +7D(2)3, fOT 1/H§,d < v < 1/'%?77‘7 (473)

17 Vih > 1/’43577”

. 2 2 2
Case 4: For K3, < K; ; < K4,

Ps1 + Por, for vy < 1/K2 4,
Pout(vin) = § Pyo+Pys, for 1/K§7d < v < 1/“3@7 (4.74)

17 Yt > 1/"12,,1-

Proof. Please refer to Appendix [F] [

For the same hardware qualityﬂ at all the nodesﬂ viz., K2, = K. 4 = K., = K, the

Pout (en) can be obtained as
Py + Por, for y < 1/K2,

Pout(%h) =
L,y > 1/K2

(4.75)

Now, based on the derived Pout(yn) in Proposition |2 and (4.75), we discuss the
important ceiling effects which influence the system’s performance and prevail due

to presence of HlIs.

5A low-cost hardware usually has poor quality hardware, and thus has higher EVMs.
61deally, it would be better to have the same quality of hardware impairments at all the nodes
for cost effective implementation and optimized performance [88].
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Ceiling Effects

Herein, we discuss three ceiling effects namely relay cooperation ceiling (RCC),
direct link ceiling (DLC), and overall system ceiling (OSC). RCC is said to occur
in the system when relay ceases to cooperate the transmission of information from
source to destination. This happens due to imposition of undesired constraint on
essentially in the high-rate applications. To exemplify this, let us consider the Case
1 when 7 ; < K7y < K2, From Poye () in , the first component (Pj, + Pp1)
accounts for the cooperation between both relaying and direct links, whereas the

second component (Pyy) arises from the direct transmission only. Thus, as

2

s,r?

exceeds 1/k% .., relay cooperation ceases and system has to rely on the direct link
only. Importantly, direct link can partially compensate for RCC over the threshold
range 1/k7, < v < 1/k24 But once the threshold exceeds 1/x2,, overall system
goes in outage and this phenomenon is named as OSC. Similar observations can be
made from Case 2, wherein the RCC occurs for vy, > 1/ I{id. And, the direct link
compensates for this RCC over the range 1/x7; < v, < 1/s2,. Considering now
Case 3, the first component (Pj + Pp1) in Pow(yin) accounts for the cooperation
between both relaying and direct links, whereas the second component (Pg, + Pys3)
arises from the relaying link transmission only. In such case, as vy, exceeds 1/ fﬁid,
direct link goes in outage and it is referred to as DLC. We note that, in this case, a
relaying link can partially compensate for the DLC in the range 1/“3@ < Y < 1//{@
i.e., before occurrence of OSC (g, > 1//4?7,,). Likewise, in Case 4, the DLC occurs
for v > 1/ /si 4 And, the relaying link compensates for this DLC over the threshold
range 1/k7 ; < v < 1/K2 4 i.e., before occurrence of OSC (v, > 1/k7 ;). Moreover,
from , we observe that for same hardware, the system directly experiences the
OSC effect as v, > 1/k2.
Remarks:
In CMRN with HIs, RCC arises only when the transceiver hardware at the relay
chain (either ks,, k,q or both) is of inferior quality than the hardware of direct
link chain (ksgq). In such cases (Case 1 and Case 2), RCC effect occurs when
1
p

“th > max(k

s Note that the direct link can partially compensate for the incurred
s,V d

loss due to RCC. However, once the OSC effect occurs, system goes in outage. In
contrast, when the hardware of direct link chain is of low quality than the relay
chain (Case 3 and Case 4), the DLC effect occurs when vy > 1/k2,. In such

cases, relaying link plays an important role in compensating the performance loss
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due to DLC before 7y, increases to OSC threshold. In general, the OSC effect occurs

ngdﬁmlx(ﬁ Z which limits the performance of system beyond a

s 8,77 Ve, d

when 7 > oo

given target rate in high-rate applications. Based on these observations, it would

be desirable to have min(x 5, max(x?,, x2,)) < 5 while designing the practical

systems for a given rate requirement. Also, for same hardware at all nodes, the
OSC occurs when vy, > é Thus, when hardware quality at all the transceivers are

same, it would be suggested to have k? < 7%

4.3.3 Asymptotic Outage Performance

In this section, we derive asymptotic outage expressions in the high-SNR regime
(say v = NLO — oo [115]). Herein, without loss of generality, we assume independent
and identically distributed channels such that Q, = Qg., Q. 0 = L4, Qpp = Oy

vV m € {1,..,K}. Also, for getting better insights, we assume that k7, = k2, =

K24 = &% In what follows, we carry out the asymptotic analysis for imperfect CSI

and perfect CSI scenarios.

Imperfect CSI

For imperfect CSI, let us consider o? 2 = o? 2 2 2

e,sp = ae,sd - Ue,rmp = Ue,rmd = Ue,sr = Og.

Hereby, we apply e™* ~ 1 — x for small z in (C.4) to simplify

D, (Ven, w), for < 1/K2,
Pr[Ag,.,, <vm|W]~ (n, w) i / (4.76)

1, otherwise ,

where the function ®,, (v, w) is given by

— o JthQsyr — o Oth <
Dy (Y, w) = 1=exp (er(l—fﬂg%h)) <1 erPv(l—HQ%h)> , for W Qup,

_ —YthQs,r - %hés(ag—t-w)
1—exp (er(lff@%h)) (1 erQv(lfﬁ%h)) , for W= Q.

(4.77)

Likewise, simplifying Pr [Asq < ven|W] in (4.46]), we have

P, ,w), for < 1/K?,
Pr [Asg < Yen| W] ~ (e, ), for Y <1/ (4.78)

1, otherwise ,

where the function ésd(%h, w) can be directly obtained by replacing «;, and QST in

1} with a4 and Qsd, respectively. Further, applying the similar assumptions,
we can subsequently simplify (4.51)) as

(i)rd(%h)> , for yn < 1/*62,

1, otherwise ,

Pr [Awd < 7th|Dm7 W] ~ (479)
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where the function i)rd(’)/th) can be obtained as

1
< —Qrp —YthOr,d VthOr,d
D, q(yn) =1— [1 — exp( . exp| — 0t 1 Jth@rd ),
Qrp Qra(1 — yenk?) Qra(1 — nk?) ;} =

% (_1)s+§exp( —S5YthQr.d ) ’Yth(errp (1_ ’ythdro—g >S_5F 3 +1 Qrp
Qrd(l_ﬁz’yth) QrdQ’Y(l_szth) QTdQ7<1_’i2’7th) ’ Q'rp

(4.80)

S

Now, invoking (4.76)) into (C.1]), and the result alongwith (4.78)) and (4.79) in (4.42)),
and then performing the required integration, we get Py at high-SNR as

© , <1/kK2,
g O0w). for </ .

0, otherwise,

where O () is given by

K—-—m K =~ m n —n Ol m+l g
( l )( )(‘I’rd(%h)) (-1) —HeXp(A “th 2,d +E )%1; , )
m Qa1 — £2%n)  Qsr(1—K27n)

m+l n l4+m
NYth Qsp Yth
X 1— = [1—exp< )} 1— = +
[ ( Qg Py(1 — fc?%h)) Qep Qs Py(1 — K27n) ;—:og

A 7 A i n—mn
» (l +Am> (—1)ﬁ+i Qsp’Ythds Qsp'}/th(ss 1— 'Yth(sso'g
l QsdQ’Y(l*FVQ’Yth) QST‘Q’Y(l - H2'Yth) QserY(l - HZ’Yth)

5 9 l+m—1
(1 0T P L (4.82)
QerQy(1 — 52'7th) QSP

Similarly, using (4.76]) and (4.78) in (4.63)), we can simplify Py at high-SNR as

T , for < 1/K2,
Py~ (7en) “th / (4.83)

1, otherwise,

where Y (y4) is given by

n r —NYthQs,d TYthOs,r “Yth
T (Vtn) ( ) + eXp( + - ) 1——
;mz% Qua(1—K2vn) Qe (1—K2y10) Qg Py(1 — K2yn)

’ (Lsisdm?fthnz%h)) (- )} ZZ() U <QsdQ%<pl%h6§2%h>>ﬁ

n=0]—q

Q 5 1} 5 9 n—mn 5 9 r—I Q
«[= sp’yth s 1—— Yth0sO ¢ 1—— YthO0sO ¢ rla + l + 1 sp
erQV(l—fo%h) QsdQ’y(l_szth) QSTQ’Y(l - H2'7th) Qsp

(4.84)

Finally, using (4.81]) and (4.83)) in (4.41)), we obtain Pyyu(y4n) at high-SNR as
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O(yn) + T(Ven), for v < 1/K2,
Pout (Vin) = (1) ) " / (4.85)

1, otherwise.

Re-expressing Pout (Vin) as (Ge0)~ 94 [121], where G. is the coding gain and G, is the
diversity order, one can infer that the diversity order G, of the considered system
is zero due to presence of CEEs. This zero diversity order eventually results in
irreducible outage floors. Such outage floors imply that the outage probability of
system cannot be further reduced by increasing the SNR ~. Thus, it can be deduced
that the CEEs may potentially limit the system performance in the high-SNR region.
Moreover, the CEEs pose critical impact on the coding gain G., especially in the

high-SNR regime, as illustrated through numerical results in Section [4.3.4]

Perfect CSI

For perfect CSI (i.e., 02 = 0) case, all error variances are substituted as zero in

(4.76), (4.78), and (4.79)). Then, following the similar lines of derivation as done for

imperfect CSI, we can derive Pou(1n) as

L\ )
" U (Yin) (;) , for v < 1/K%,

1, otherwise,

Pout (’Yth (486)

where W(74y,) is given in (4.87)).

\II( ) B i K Yeh K—m+1 1 1 K—m
)= m 1- ’Yth”iQ Qgq \ Qg

G) T (-=(me)
2 P P\ Ps.q.,

) (Qp6> e ( Kemis @ )] (m(l — exp(pr2-)) | 10,02 Q/(P(STQTP)))W

Q P56, QP (1 — vuk?) Q4Q(1—nK?)

K+1 K K+1 K+1
Yth 1 1 1 —Q Js K+1 Q
— 1— — Q r{K—+2
+<1—%hn2> Q(ﬂ) (P) ( eXp(Pésﬂsp>>+<Q o 5P,

(4.87)
Herein, it can be observed that system achieves full diversity gain of G; = K + 1

as long as the OSC phenomenon does not occur. Moreover, it can be deduced that
HIs do not affect the diversity gain of the system but exert influence on the system’s

performance in terms of coding gain.

4.3.4 Numerical and Simulation Results

In this section, we perform numerical analysis of the considered CMRN and validate
our derived results through Monte Carlo simulation. The Monte Carlo simulations

are performed on the popular computing software MATLAB, while the analytical
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results are obtained using the MATHEMATICA software. For obtaining the numer-
ical results, we adopt a two-dimensional (2-D) network topology, where the network

nodes S, {R}%_,, D, and T}, are located at coordinates (0,0), (0.5,0), (1,0), and

m=1
(0.5,0.5), respectively. Following path-loss model, the parameter €2;; of the channel

gains are obtained by §;; = d;;%, where d;; is the distance between the two arbi-
trary nodes ¢ and 7, with path-loss exponent o equals to 4. We set error variances

2 _ 2 _ 2 _ 2 _ 2 _ _ _ _
Oesp = Ocsr = Ocrrd = Ocrpp = Oc- We also set ks = Krg = Kir,, = Kpr,, = Ko Such

that ks g = Kpg = Kep = K = V2k,. Note that, for a fair comparison, the outage

expression for an ideal system (without HIs and CEEs) can be readily obtained by
substituting x, = 0 and 02 = 0 in Pou(ven) = Py + Ppr in (4.71)-(4.75).

K=1, £,=0.175 _
"i Vth=2

Outage Probability
[y
o

10
1070~ -
V  Simulation
0 Simulation (Ideal)
-6
10 T T 1 1 1
0 5 10 15 20 25 30

Aq (dB)

Figure 4.5: Impact of 4, and HIs on the outage performance of the system.

In Fig. 4.5, we plot the outage probability curves versus Ag to illustrate the
impact of 7, and HIs on the considered CMRN. Herein, we set 02 = 0.01 and
Ap = 10 dB. For effective demonstration, we ensure that -, lies below all the
ceilings’ threshold points. Note that the analytical curves are in good agreement
with the simulation results. From the respective curves, we can clearly see that for
a fixed k,, as yy increases, the performance of the system degrades. There exists a
performance gap between ideal and impaired systems, which tends to expand with
increase in 4y, (see curves for vy, = 1, 2). This can be associated with the fact that

as Y increases, system approaches towards its ceiling threshold, and as a result,
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the deviation from the ideal system increases. Moreover, when HIs level x, increases
from 0.2 to 0.3, the system’s performance deteriorates significantly.

In Fig. [4.6] we plot the outage probability curves versus v to depict the impact
of CEEs on the outage performance and diversity gain of the system. We set v4,= 1,
Ap = Ao = 10 dB, and k,= 0.175. It can be seen that asymptotic curves follow the
analytical curves at high v. We observe that presence of CEEs reduces the diversity
gain of the system to zero which can be witnessed from the irreducible outage floors
in the high v regime. Further, as the o2 increases from 0.01 to 0.05, the outage
performance deteriorates, especially in the high + regime, owing to effect on the
coding gain. Furthermore, for perfect CSI (i.e., o?= 0), the system exploits full

diversity order of K + 1 (evident from the various pertinent curves for K = 1, 2, 3).
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Figure 4.6: Impact of CEEs on the outage performance and diversity of the system.

In Fig. [4.7, we demonstrate the impact of ceiling effects RCC and OSC by plot-
ting the outage curves against yy,. Here, we fix 02= 0.01 and A\g = Ap = 20 dB. For
instance, if kgq = krq = 0.20, ks, = 0.35, the RCC and OSC effects occur at the
threshold of ~ 9 dB (%h > m> and ~ 13 dB <%h > T2 m;X(RE,M?,d))>’

s,m"Vpr d s,d’

respectively. It can be manifestly observed from the curves that as v, crosses the
RCC threshold, the system’s performance converges to that of a pure direct link.

Apparently, the direct link partially compensates for RCC (in the threshold range
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Figure 4.7: Impact of RCC and OSC on the outage performance of the system.

9 dB < v, < 13 dB) until the occurrence of OSC. Afterwards, when 7, further
increases to OSC threshold, the system outage probability approaches to unity. In
another instance, when kg4 = Ky q = ks, = 0.08, the OSC occurs at a threshold of

~ 21 dB.
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Figure 4.8: Impact of DLC and OSC on the outage performance of the system.
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Similarly, the impact of DLC and OSC is shown in Fig. 1.8 For example, when
ksda = 0.35, ks, = 0.20, K4 = 0.15, the DLC and OSC effects occur at the thresh-
old of ~# 9 dB (%h P ) and ~ 13 dB (%h > L ), respectively.

K2, min(nf,d,max(ﬁg’wn%’d))

’

Herein, as 4, crosses the DLC threshold, the system’s performance converges to
that of a pure relaying link. As such, the relaying link partially compensates for
DLC (in the threshold range 9 dB < ~y, < 13 dB) until the occurrence of OSC.
Thus, we can conclude that HIs are detrimental for considered system to sustain its
performance standards in high-rate applications.

In a 3-D plot of Fig. 4.9 we illustrate the joint impact of HIs and CEEs on the
outage performance of CMRN. It can be observed that outage probability attains
its minimum value i.e., Poy(n) = 0.00120, when both HIs and CEEs are minimum
(ko < 0.1,0% < 0.1). Whereas, when both HIs and CEEs are maximum (k, >
0.8,02 > 0.8), the Pou(vin) = 0.5609. From these values, it can be deduced that the

combined effect of HIs and CEEs dramatically degrade the system’s performance.
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Figure 4.9: Joint impact of Hls and CEEs on the outage performance of the system.

In Fig. and Fig. [1.11], we plot the outage probability curves against A\ and
Ap, respectively. From Fig. [4.10] it can be seen that for a fixed Ap, the outage
probability curves get saturated at high A\y. However, the performance improves
when Ap increases. Similar observations can be made for fixed A\g in Fig. {.11]

Further, for a fixed A\g, the saturation in outage curves reached quickly (curves in
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Figure 4.10: Outage performance of the system against Ao for different values of
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Figure 4.11: Outage performance of the system against Ap for different values of

Ao-

Fig. 4.11]) as compared to the saturation for fixed Ap (curves in Fig. 4.10]). This is
owing to the fact that when A is fixed, the powers of the SUs are only governed by

maximum available power to them i.e., P. In contrast, when \p is fixed, the powers
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at SUs are governed by not only interference threshold @) but also by Hls and CEEs.
For instance, when A\p = 15 dB remains fixed and K = 2 (in Fig. , the outage
probability saturates at Pou(1n) ~ 1.4 X 1075, While, for fixed Ao = 15 dB and
K =2 (in Fig. , the outage probability saturates at Pou(Vin) = 3.4 x 1074

4.3.5 Summary

We conducted performance analysis of a CMRN with direct link under the joint
impact of hardware and channel imperfections. We considered the two classical re-
laying schemes, viz., AF relaying and DF relaying for the performance assessment.
Based on the analysis, we discussed various ceiling effects invoked by HIs i.e., RCC,
DLC, and OSC. These detrimental ceiling effects are found to limit the performance
of system, especially when high target rates are anticipated. Specifically, it is found
that RCC ceases the cooperation of relaying link, DLC inhibits the direct link trans-
mission, whereas the OSC causes the overall system outage. However, it was shown
that a potential direct link and a relaying link can partially compensate for the
incurred performance losses due to RCC and DLC, respectively. To further delve
into the system’s performance, we also derived the asymptotic behaviour of outage
probability in the high-SNR regime. It is observed that, due to CEEs, the system
could not exploit the diversity, resulting in irreducible outage floors. In contrast, it
is illustrated that HIs do not affect the diversity gain of the system. Above all, we
deduced that the combined effect of HIs and CEEs poses critical impact on the sys-
tem’s performance. Besides, it is shown that the power constraints viz., maximum
tolerable interference and maximum transmit power, may also cause the saturation

in outage curves.

89






CHAPTER b

EFFECT OF PU’s INTERFERENCE ON COGNITIVE
RELAY NETWORKS WITH HARDWARE AND
CHANNEL IMPERFECTIONS

In the previous works, the effect of interference from the PUs has not been incor-
porated for the performance assessment of CRNs with HIs and CEEs. However,
there may be instances when the existence of mutual interference between the SUs
and PUs is inevitable [122]. Therefore, investigation of the PUs’ interference on
the performance of secondary network is also important. Hence, in this chapter,
we investigate the performance of a DF relaying based CMRN with a direct link in
the presence of HIs, CEEs, and interference from multiple PUs over Nakagami-m
fading channels. Moreover, considering underlay spectrum sharing, the transmit
powers at the SUs are adjusted in such a way that the stipulated QoS requirement
of the PUs is satisfied. Further, we adopt Nakagami-m fading model that provides
more degrees-of-freedom to characterize the realistic propagation environments [88].
Thus, the given analytical framework makes the performance analysis complicated
and challenging but at the same time more general and practical. We also perform a
comparative study to inspect the robustness of AF and DF relaying schemes against

the HlIs.

The rest of the chapter is organized as follows. In Section 5.1, we describe the
signal models that take into account HIs, CEEs, and interference and subsequently
present the descriptions of the designed analytical system in Section 5.2. In Section
5.3, we study the power allocation of SUs. In Section 5.4, we analyze the outage
performance of considered system. In Section 5.5, we compare the performance of

AF and DF relaying against HIs. Numerical and simulation results are provided in

91



5.1. SIGNAL MODEL WITH HIS, CEES, AND INTERFERENCE

Section 5.6, and finally, summary of the chapter is presented in Section 5.7.

5.1 Signal Model with HIs, CEEs, and Interfer-

ence
Let h,, be the channel coefficient between two arbitrary secondary nodes 2 and j,
and h,,, be the channel coefficient between a primary node 77, and a secondary node
J. Then, considering MMSE channel estimation model, we have h,, = iLZ] + €n,,»
where fzw and ey,,, denote, respectively, the estimate and the estimation error for the
channel h,,, and are mutually independent and orthogonal. As such, h,, ~ CN (0, ;)
and e, ~ CN(0,02,), where 02, = E{|h,|*} — E{|h,|?} implies the quality of
estimation and is chosen appropriately based on the estimation schemes [28]. Hence,
we have h,, ~ CN(0,€,,), where Q,, = Q,, — 02, Further, referring to Hls mode
in [88], let x5 be the transmitted signal (with unit energy) over the channel h,,, then
the signal at the receiving node j can be expressed as
L
Yy = \/E(ilzy + €n, ) (Ts + 0u) + 1y + \/EZ hegye, + Tey + 15, (5.1)
i=1
where P and P, are the respective transmit powers at the nodes  and T¢,, v, ~
CN (0, Ny) denotes additive white Gaussian noise (AWGN), n;, ~ CN (0, x2) repre-
sents distortion noise at the transmitter, whereas 7,, ~ CN(0, H?UPS(VL”’Q +02.))

e,n)
and Ney ™~ CN(O, l‘iszc Zz’L:I |hCi]

2) represent distortion noises at the receiver. The
term /P, 25:1 he,,xc, Tepresents the total interference due to primary transmissions,
where z., be the transmitted signal (with unit energy) from 7,. Hereby, the param-
eters Ky, Ky, > 0 quantify the level of impairments and are measured experimentally
as EVMs. From ([5.1]), we can represent the aggregate power of the distortion noises

at the receiver as

E{V/Polhy + e+ Pt = PulligP +02 )02+ 62). (52)
Using (5.2)), one can re-express (5.1)) as

L
Y=V Ps(hm + ehu)(xs + 772,])_'_ v Le Z hCiiji t ey T Vs (53)

i=1

LAs such, our present work primarily focuses on analyzing the aggregate effect from many
impairments that can be modeled as additive distortion noises, as also considered in many previous
works [107], [123], [124]. However, the effect of HIs can also be modeled as a multiplicative factor
[125] which can be viewed as an important direction for the future research.
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where the distortion noise 7,, ~ CN(0,x7,) with x,, = \//‘ffZ + k%, Hereafter,

without loss of generality, we use the characterization in (5.3) for the subsequent
analysis.

5.2 System Descriptions

As shown in Fig. [5.1] we consider a DF relaying based CMRN wherein a secondary

network coexists with a primary network. The primary network consists of L pairs
of PU transmitters and receivers, {T,, — T), } 2,

Let the bandwidth of B Hz is
divided equally amongst all the primary links such that each primary link gets a

bandwidth of B/L Hz. On the other hand, the secondary network comprises one

secondary source S which communicates with one secondary destination D using

the cooperation of K secondary relays {R,,}%_;. It has been assumed that the
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Figure 5.1: System model for CMRN with Interference.

direct link between the nodes S and D also exists. The intuitive reason for this
In the considered underlay spectrum sharing network, the power

at the SU transmitter is constrained depending upon the QoS requirement of the

Consequently, improving the performance of SUs in presence of such power

constraint becomes challenging. To prevail over this, the relays are employed even for
the shorter communication distance between source and destination nodes. Hence,

the presence of a direct link can not be overlooked in such networks. In 5G cellular
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systems, the SUs may correspond to the femtocell users underlaying in a macrocell
[76], [111]. Herein, all the secondary nodes (i.e., S, D, and R,,) are susceptible to
HIs. As in most of the earlier works [100]-[104], we assume the hardware at the PUs
to be ideal. Further, all the channels are assumed to follow block fading so that they
remain constant during a packet transmission but changes independently during the
next packet transmission [70], [T1]. Let hc,p,s Peidy Pegps Psds Psrys Pspis Prpd, and
hy.,,p; denote the channel coefficients for the links T, — 1}, 7., — D, T;, — R,,, S — D,

S—Ry,, S=T,,, R,,—D, and R,,—T,, respectively, with¢ =1,..., Landm =1, ..., K.

All the links are subject to independent Nakagami-m fading.

In considered CMRN, the overall communication in secondary network takes
place in two time phases. In the first phase, the SU source node S transmits its
signal x, to SU destination node D and to all the relays. Consequently, the received

signals at D and R,, can be given, respectively, by

L
Yd1 = V Ps(hsd + ehsd)<'rs + ns,d) + V Pc Z hfcid'rci + Nea + V41 (54)

=1

L

and Yry, = V Ps(i?fsrm + ehs,«m)(xs + ns,rm) + V Pc Z hci’rmxci + Nerm, + Vrps (55)
i=1

where P; is the transmit power at node S, v4, and v, , represent AWGNs at the

respective nodes, while 7,4 ~ CN(0, 52 ), Nea ~ CN (0, K24 P: Zle |hesal?), Mo ™~

CN (0,2, ), and 0y, ~ CN(0,K2, Po>"i 1 |heyr,|?) represent distortion noises.

Using (5.4) and (5.5)), and considering the availability of the channel estimates, the

resultant SNDRs at D and R, in the first phase can be given, respectively, asﬂ

Py|hal®
Asa = ad ~ (5.6)
Psﬁ;g’d‘hSd’Q + Pso—z,sdésvd + ZPC’hCz‘d 267”d + No
=1
PS i:LST' 2
and - Asr,, = o . ()

. L
Ps/{/g’rm’hsrmp"i_Psaz 5s,r+zpc‘hcirm|2§rr+No
i=1

e,sr

where sq = 14 K24, 0pa = 1 + K7y, 0sp = 1+ K2, , and 6, = 1+ K2, .
In the second phase, the relays {R,,} first attempt to decode the signal received
from source S. Let D,, denotes the set of relays that can successfully decode the

signal received in first phase. With a given target rate R of the system, the decoding

2Since we assume the scenario wherein the SU receiver nodes have access to only imperfect
channel estimates, the SNDR expressions are obtained based on these estimates [28].
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set D,,, can be obtained as

Dy = {Rm|Asr,, = Yn,m € {1,..., K}}, (5.8)

= 2?Rs—1. Amongst all the relays in D,,, the best relay (say mth re-

where iy,
lay) is selected in a reactive manner to forward the re-encoded signal x, (satisfying
E{|z,|*} = 1) to SU destination D. Another possible way of selecting the relay is
proactive relay selection in which the best relay is selected based on max-min crite-
rion [119]. However, this proactive selection requires much larger feedback overhead
to obtain CSI of all the links [IT6]. Therefore, we resort to the reactive relay selec-
tion which will be discussed in next section. As such, the received signal at D (via
relay R,,) can be expressed as
L
Ydo = VP (hrya + Chy, o) (Tr + Nrpd) + \/EZ he,a%e, + Nea + Va2, (5.9)
i=1
where P, is transmit power at node R,,, V42 represents AWGN at D in the second

phase and 7,4 ~ CN(0,x2 ;). Using (5.9), the SNDR at D via relaying link

transmission in second phase can be written as

Ak
Armd: 7"| de|

, (5.10)
25rd+No

N L
PoiZ gl dl>+Pro?  y0ra+ lec\hcid
1=

where 0, =1+ K2 .

Hereafter, for simplicity, the links T;, — 7T}, and multiple links over the same hop
are assumed to be identically distributed by considering the cluster-based location

of multiple nodes. As such, the channel gains |h,,|? and |h,,|? follow gamma distri-

2
e,1))

2a ‘hcid 2

Y

bution with fading severity parameter m,, and mean power §2,, and QZ] =Q,—-0
respectively, where ¢ € {s,r,,}, 7 € {d,r}, and ¢ # ). The channels |h.,,
s 2,

2

, and |hy,, p, 2 have severity parameters as Meps Med, Mer, Mgp, and
m.p, Tespectively, and the corresponding mean powers are €., €eq, e, g, and
(1, respectively. In general, the PDF and CDF of a gamma random variable V' with

severity parameter m and mean {2 are given, respectively, by

o) = o ()" o
and Fy(v) = ﬁ'r (m, %) : (5.12)
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2 2 2

Further, as in previous works [103], [104], [117], we consider 2, = K2, K7 4= K74,

2

_ 2 .
. = Ky, for similar hardware of relays.

2 2
ﬁtrm - Htﬂ R

5.3 Power Allocation of SUs

In the primary network of considered CMRN, the ith transmitter 7., transmits its
signal z., to the corresponding ¢th receiver 7,,. Consequently, after the first phase

of transmissions, the signal received at 7}, can be given as

Ypit = V Pehep T, + / Pshap (05 + 0is) + Vp, 1, (5.13)

where v, ; is the AWGN. Using (5.13]), the SNDR at primary node 7,,, can be written
ad]

PC|hCipi 2

2
2+ K Pyl hsp,

(5.14)

Ay = .
AT 2+ N

As discussed earlier, in the considered underlay spectrum sharing, the powers at
the secondary transmitters viz., S and R,,, are governed by the stipulated QoS
requirement of the PUs. To quantify the QoS requirement of PUs, the outage
probability of each of the primary transmission shall be kept below a pre-defined
threshold &,. Consequently, following , we can express the outage probability

for ¢th primary link, after the first phase, as
pri,e B
Pout,l =Pr T logy (1 + Ap1) < Rp| < &y (5.15)

where R, is the transmission rate for each primary link. Since there are L trans-
mission links in primary network, we must ensure the QoS requirement of the link
having worst SNDR. Therefore, we can write the primary outage constraint in first

phase as

out, 19 out,1

3Ly

P = Pr [Z min . pm} < &, (5.16)

which can be further expressed, after applying order statistics [I1§], as

L
7353;,1 =1- H (1 =Pr[Ay, < om]) < &m- (5.17)

=1

3Note that the objective of this chapter is to investigate the performance of the secondary
system. Hence, we assume that the primary receivers may have knowledge of the true channel.
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Lemma 10. The primary outage probability P, in (5.1 Z|) can be evaluated as

Mep—1 7 > ms
pri o ] + mSp) (Pséts)] —%ﬁﬁi\[o mSP :
out,1 — 1 ( Z Z() ) (No)jeje 0

J:

sp

J —(j+msp) L
MepOth Mgp mcpétSchPs
« < 5.18
(i) (52 mas™) ) < o
LRy
with 0 = 1+ K2, and oy, =278 — 1.
Proof. Please refer to Appendix [G] [

For a fixed &, the power P; at SU node S can be obtained numerically by
evaluating ([5.18)) with respect to Ps. Similarly, one can obtain the transmit power

P, at R,, by solving the primary outage constraint in the second phase as given

mep—1 &k > Mrp
prl _ 1 - Z kf + mrp) (Prét’l“)] e*%t}gcjvo %
out,2 — /{Z'F ) (No)k_k Qrp

k=0 0

k
. L
. . . 57" P —(J"‘mrp)
(m pgth) (m P m” ! ch ) < &, (5.19)

where ([5.19) is obtained by following the same lines of derivation as done in Lemma
[10] with &, = 1+ &2.

For a special case when mg, = my, = m,, = 1, P; and P, can be obtained,

below

respectively, as

mchthNo +
P e SQerke
p =@ 1 5.20
chQspéts (1 - fth>1/L ( )
mcpgthNo +
PO e ke
and P, = —F—% -1 , 5.21
chQ’r’pétr (1 - fth)l/L ( )

where ()" = max(0, 3).

Note that, in such power adoption, the SUs only require the average channel
gains of the link from itself to the PUs viz., S —T,,, R,, — T),,. In contrast to
instantaneous channel gains, the average channel gains are relatively stable and
can save the feedback channel resources [56], [126], [127]. Moreover, the average
gains seem more viable as they can be obtained by using the transmission distance,

frequency of radio waves, etc.
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5.4 QOutage Performance of Secondary Network

In this section, we conduct outage performance analysis of the considered CMRN.
For a given threshold =, the outage probability of the CMRN can be formulated
using total probability theorem [T18] as

Po
Po K ~
,Pgi(‘é (Wth) =Pr L/\sd < Yth, Dm = ®]+Z Z Pr [Asd < Yth, Armd < Yth, Dm] . (522>
m=1 Dy,

In , the first component Py accounts for the case when no relay can successfully
decode the signal received in the first phase, i.e., D,, is empty, and hence, system has
to rely on the transmission from direct link only. Whereas, the other component P
corresponds to the case when D,,, is non-empty, i.e, at least one relay is able to decode
the signal successfully, and consequently, the destination D applies the selection
cooperation to combine the signals received from direct link and best relaying link.
The internal sum in Py spans over all (ﬁ ) possible decoding sets D,, of size m from
the set of K candidate relays. On observing and , we notice that Pg
in involves joint events that are statistically dependent due to presence of
a common random variable W = ZL:\hcidP. Therefore, this component can not be
evaluated using conventional analy;i:sl. Hereby, we proficiently apply the conditioning

approach to obtain P and Py in the following subsections.

Computation of P

Using (5.22)), we obtain the component Pj; by first conditioning on W and then

taking the expectation over W as

0o K
Py= /0 D Pr(Aw < 4 WIPr [Dy] Pr[As,a < Y| Do, W] fiv (w)dw,  (5.23)

m=1 Dy,

where fi(w) is the PDF of W that can be represented as [128]

MeqgLl
Med « 1 meqgL—1 —ngw
= ¢ C . 524
fW(w) (ch> F(mCdL)w € d ( )

Now, to compute the integral in ([5.23)), we require the expressions of probability
terms Pr[Asq < W], Pr[D,], and Pr[A, 4 < Yeu|Dm, W]. Firstly, let us begin
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with the derivation of Pr[D,,] in the following lemma.

Lemma 11. The decoding probability Pr[D,,] in can be derived as

Em(’yth)7 fOT’ Yin < 1/’%3,7"7

Pr(D,,) = )
07 fOT’ Yih Z 1//{577*7

(5.25)

where Z, (V) s given by

K—-—m Man—1 ¢t R . ; .
K—m N D\ T(E + mepL) (6pp Py)t —gmerimesn /gy N "Mer
Em = -1 13 . c Ber P (v )
(Ven) Eo ( p >( ) ( Z(t) U (mer L) (ag, )it o

t=0 {=0
t Ps —(f—!—mCTL) m+pu
% i Msr7th Mer + = MsrVthd cOrr , (526)
Qsr Ps(1 - 'Yth'%g,r) Qer Qsr(1 - 'Yth"fg,r)
Proof. Please refer to Appendix [H] [

From , it is worth noticing that the HIs impose the undesirable constraint
on 7, which restricts the decoding of received signals at the relays in the first phase
beyond a certain rate requirement. This can be witnessed from the fact that the
decoding probability in ([5.25)) reduces to zero for vy, > 1/ /ig’r.

Next, the conditional probability Pr [Asy < ~v|W] can be expressed, using ,

as
5 fYth(Pso'g sdés d+ 5rchw + No)
Pr Ay < Yen|W] = Pr | |hea)® < 20 2 Wi, 5.27
I'[ d Vth| ] r | d| Ps(l _ ’Yth/fid) ( )
which can be evaluated as
D, ,w), for vy < 1/K%,,
Pr [Asq < Y| W] = (e, ), For Yo < 1/ (5.28)
1, for yn > 1/K2,,
where the function ®44(y4n, w) is given by
Mmgg—1 1 l R R _msAd"/th(‘srdPCw“'o‘s,d)
Psa(yen, w) =1 — Z Z (i> (6raPaw) (g q)le  Seafemmmra)
=0 j=0
!
)| e ) (5.29)
Qsdps(l - 7thf§57d)
with a4 = Ps(1 —i—/@'id)ag’sd%—No. Apparently, the probability term Pr[Agy < yin| W]

in (5.28)) converges to unity for %y, > 1/k2 ;. This implies that the direct communi-

cation link will also be in outage beyond a certain rate due to presence of Hls.
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Now, we derive the conditional probability term Pr [A,, 4 < Yn|Dsm, W]. For this,
let R,, represents the best selected relay amongst the m relays in decoding set D,,,

which is based on the criterion

A, q= A .
ot = X (A, (530

Hereby, it has been assumed that the selection process is executed in a controller unit
where all the information about channel estimates and statistics of the distortion
noises are gathered and conveyed to the relays through feedback [119], [120]. As

such, we apply the concepts of order statistics to express

Pr[Ard < Y Do, W] = [ [Pr [Ara < vn| Do, W] (5.31)

(=1

Consequently, invoking (5.10) and then performing some involved manipulations
with the aid of binomial and multinomial expansions [49] eq. 0.314], we can compute

(5.31) as

o, ,w), for y <1/K2,,
Pr[Ar, 4 < Yeu| Do, W] = (s ), For o <1/ kg (5.32)

1, for y, > 1/K2 4,

where the function ®,4(yn,w) is given by

Bra(yins v f?mZ)Z( )() 1)l a)?

vm.qv¢h (0 chw+a,r7d) m fy g
G Qo Pr(l—rypp k2 d Jth
% (5pocw)9€ Qg Pr(l=venry 5) _ r 5 ’ (533)
QrdPr(l - Vth/’ﬁnd)

with o, g = Pr(1 + k2 ,4)02 4 + No, and the coefficients w?, for 0 < g < v(m,q — 1),

can be calculated recursively (with e, = ﬁ) as wy = (€0)", wi = v(e1), wy =

m'rd_l)
(Empq-1)", Wy = ngo a1(qu — g + @Qeqwy_, for 2 < g < myy — 1, and wy =

g%ozgnz’"f_l(qv — g+ qleqw,_, for myg < g < v(m,q— 1). Hereby, the HIs restrict

the decoding of signals (in second phase) at the destination beyond a certain rate

requirement as evident from the condition vy, > 1/x7; in (5.32). Now, by following

(5.25)), (5.28)), and (5.32), it is worth remarking that the probability Py in (5.23)

2

EX

H%d. Consequently, plugging , , and in , we obtain P for all

the possible cases as follows:

evaluates to different expressions depending on the impairment levels /@id, k% ., and

2 2
o When «3, < k2, < k2, or k24 < K24 < K3,

100



CHAPTER 5. EFFECT OF PU’s INTERFERENCE ON COGNITIVE
RELAY NETWORKS WITH HARDWARE AND CHANNEL
IMPERFECTIONS

Py, for v < 1/K2
R /e (5.34)
0, otherwise.

2 2 2
e When Kyp < Kgaq < Ky g

P, for v < 1/"€72",d7

Py, for 1/k2, < <1/K?,
Py = 04 [Fra < Y [Ksd (5.35)
Pgs, for 1/I{§’d < < 1/K2

S,1)

0, otherwise.

2 2 2
e When r;, < k5, < K4

Py, for v < 1/;@72”@,
Piy, for 1/62 4 < v < 1/K3 (5.36)

s,r?

P

0, otherwise.

2 2 2
e When Kra S Ksp < K g

Py, for vin < 1/“3@7
Py =1 Pj, for 1/53’[1 < < 1/K2 (5.37)

ER

0, otherwise.

o When &2, < Iiid < liid,

Pg1, for v < 1/2 4,

Py, for 1/k2 ; < v < 1/K2,,
Py = 02 / 4 = Tth / d (5.39)
Pis, for 1/k2 3 <y < 1/k2

ER

\ 0, otherwise.

Hereby, the expressions for components Py, Pgy, Pz, and Py, are derived in the

sequel. Firstly, the component Pj; can be expressed using (5.23) as

Pg = /0°° mi:l (i) D (Ven, W) Zn (Vin) Pra(Vin, w) fov (w)dw. (5.39)
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On substituting =, (), Psa(Vin, w), and @p.q(~ven, w) from (5 - - and -
respectively, in (5.39)) and then solving the mtegral using the PDF from (5.24)), we

get Py, as

K m v(imprq—1) g (71)%0”(5 P)g Mmeal _ VMrdYenrd
—_ rddc Med A Pl
Pz = =, ) _ g ( > e )
2 Z Z( )( >(g) ") (7T meal) \ e

g —(g+meal) meg—1 1
» MrdYth Med VMg Yeh Pelrd ( )
Qrdpr(l - P)’thﬁ%d)

+ =
Qe QpaPr(1 = vink2 )

['(g +meal) (

=0 j=o
Mo Teh s, l
X l(as d)l_[(drdpc)ie_ flsdPsL(ilfhWh“dz,d) _ MsdVth ]_—‘(Z + g+ mCdL)
e QsaPs(1 = venk? 4)
—(+g+meal)
% Meqd msdfythPc(srd Umrd’ythpc(srd (5 40)
Qea  QqPs(1 — Yink2g)  QraPr(l = yink2 )

Next, the component Py, in (5.37) and (5.38)) can be expressed using ((5.23) as

Pgy = / Z Z Pr [D,,] Pr[A,,.4 < Y| Dm, W] fw (w)dw. (5.41)

m=1 Dy,

By following the similar steps as used for deriving Py, (5.41)) can be solved to obtain
Pg, as given by

K m v(mpq—1) 1 § me VMg Veh O,
prrm 353 S S (Y (1) (9, S0P ()™
G m)\w)\g)= Yth (ara)8= 90 (megL) \ Qeca

m=1v=0 g=0 g=0

g Ps (g+meal)

MyrdVth ~ Med VMydVth L cOrd

X | = (g + meqaL) + = . (5.42)
<Qrdpr(1 — ’)/thliid)) ch QrdPT(l — ’ythliid)

Likewise, Pg; can be obtained as

K K
oo K _
Py = / SN PrD] fw(w)dw = <m) = (Vi) (5.43)
0 m=1D, m=1
Lastly, Pg, can be derived as
o K
Po= [ 30 Prlhu <ol WPt D) fu(wldw, (549
0 m=1 Dm

which can be evaluated further to obtain the expression as given by

MsdVthYs,d

K Mgqg— 1 l
K T8 PR /7
Pa=Y (1 )2nton [ S5 (1) g ) P TSI )

m=1 =0 [—o
e l —(I+meal)
Meqd ak MsdVth Med msd'Yt11PC5rd
x . + = . (5.45)
ch Qsdps(l — ")/thng d) ch Qsdps(l — ’Yth/ig d)

It is worthwhile to recall that Pj accounts for the selection cooperation between
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direct and relaying links. From (j5.34)-(5.38), it can be deduced that this cooperative

transmission ceases to exist beyond a certain threshold. This fact can be attested

from the observation that probability Pj reduces to zero as vy, > 1/ /iir

Computation of P

The component Py in (5.22)) can be expressed in an integral form with the aid of

) as

o K
Py = / HPr [Asr,, < Yn|W]Pr[Asg < v W] fow (w)dw. (5.46)
0 m=1

Based on the impairment levels 2 5a and Hsr, ) yields different expressions.

Thus, after plugging (H.4) and (5.28) in (5.46) along with PDF fi (w) from (5.24),

and then solving the resultant mtegral, Py is obtained as follows:

e When 2, < k2,

Por, for v < 1//~;ST,

Po Ppa, for 1/k2, <y < 1/K2,, (5.47)

1, otherwise.

e When x? sd > /isr,

Po1, for v < 1/m§d,

7)@ = P@g, for 1/’f PIRS < Y < 1//€ (548)

s,r)

1, otherwise.

Hereby7 the component Py; can be evaluated by substituting (5.28) and ( into
, and computing the required integral to obtain

sl ¢ { msr As,r erl t
Por=(1 mz Z ( ) t +mer L) (6rpPe)t e—m (mc’r>m MsrYth
1 = - = ’ A~
i—0 t'F mCTL) (as,r)t_t QCT erps(l_'ythﬁfz)r)
Mmgq—1 MsdVth®s,d

P Y NS Lyl i
Mer MsrYthLcOrr - [ Q.qPs(gnr2 )
arthTeCrr 1- ) (asa) (G Pl TP O
<Q+ )) )( 55" (1) gy om0

er(l—%h/ﬁg,r i—o
l

meaL (l+m dL)
. Med) ¢ MsdVth Med MsdVeh Pedrd
xT(I+megL) ( > - + = . (5.49)
ch Qsdps(lff)’thﬂz,d) ch Qsdps(]-*’)/thﬂg’d)
Whereas, the components Py and Pys in (5.47) and ((5.48]), respectively, are given
by
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o K
Pp = / TTPr [t < 3l i () (5.50)
0 m=1
and
73@3_/ HPr arm < Y| W] fov (w)duw (5.51)

Evaluation of (5.50) and (5.51)) yields Pyo and Pyz as given, respectively, by

Mgg—1 R J— sdVth%s,d R
Po=1- ) Z ( ) TGy () (GaPfe =TI 4 L)

. ! —(I+meqL)
» (mcd) b MsdYth Med + msd’ythPc(Srd
ch Qsdps(l — ’Vth/iid) ch Qsdps(l — ’)/thliz’d)

(5.52)
mer 1t (4 meL) (5, Po)! —gmermess, - (m, \ ™7
q _ cr rr ‘f Qsr Ps (1= <3 1) o
an 73(2)3 Z ( ) t'F mcrL) (a )t—te (ch>
= s,
: P 5 —(tA+mc7'L) K
Y A Der | MarVth? : (5.53)
Qg Ps(1 — ’Ythlﬁg,r) ey Qe (1= ’Yth/‘fg,r)

Finally, by substituting the obtained Py and Py appropriately in (5.22), we ex-
press the outage probability P3¢ (+4y,) in the following proposition.

out

Proposition 2. The outage probability P5(vu) of considered CMRN, for all the

out

2

S,r7

possible cases depending upon the impairments level Iizyd, KZ ., and Iig’d, can be given
as follows:

. 2 2 2
Case 1: For Kk, < K, 4 < K5, or K2 v S K2 sd S /is,,

Pg + Por, for ym < 1/K2,,
Powivin) =3 P, for 1/w2, < yu < 1/K2,, (5.54)
17 Yih > 1//13(1-

Case 2: For r2, < K24 < K24 or K74 < K2, < K2y,

Pir + Pon, for vy < 1/“2@7
Poui(yin) = Poa, for 1/R2 4 < v < 1/K2,, (5.55)
17 Vth Z 1/”2@-
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) 2 2 2
Case 3: For K, ; < K, < Kj 4,

Pir + P, for vy < 1/“?,47
Poui(vin) = { Poot+Pos, for 1/k2, < vm < 1/K2,, (5.56)
177th Z 1//{371-

) 2 2 2
Case 4: For Ksr < Kpg < Kga

P@l + P@l) fO'I" Yen < 1/I{§,d7
sui(vn) = Pog+Pus, for 1/K2, < v < 1/K2,, (5.57)

177th Z 1/"{‘;27(1-
Proof. Please refer to Appendix [I| [ |

2

Ty

For the same hardware quality at all the nodes viz., k2

. —
sr = Kng = K.q = K, the

sec

5e¢ (in) can be obtained as

Po1 + Por, for v < 1//<;2,
1,y > 1/K%

Sec

out (Vi) = (5.58)

Now, based on the derived P (4, ) in (5.54)-(5.58)), we discuss the important ceiling
effects that can adversely affect the system’s performance and prevail due to presence
of HIs.

Discussion on Ceiling Effects

In this subsection, we discuss three important ceiling effects invoked due to presence
of HIs and their deleterious impact on the system performance. These effects are
RCC, DLC, and OSC. The RCC effect is said to occur in the system when relay
ceases to cooperate the transmission of information from source to destination. This
happens as a consequence to imposition of undesired constraint on -, by HIs. For
better understanding, let us exemplify this by first considering the Case 1 when
Kog < Fpg < K2, In Pec(yan) of (5.54), the first component (P, + Pp1) accounts
for the cooperation between direct and relaying links, whereas the second component
(Pg2) corresponds to the transmission from direct link only. Thus, as v, exceeds
1/ /{?W relay cooperation ceases and system has to rely on the direct link only. Im-
portantly, direct link can partially compensate for RCC over the threshold range

1/k2, < v < 1/K%4 But once the threshold exceeds 1/x2 4, overall system goes in

outage and this phenomenon is named as OSC. Similar observations can be made
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from the Case 2, wherein the RCC occurs for yy, > 1/k7 ;. And, the direct link com-
pensates for this RCC over the range 1/x7; < v < 1/x2,. Considering now Case
3, the first component (Pj, +Pp1) in Pics (1n) accounts for the cooperation between
direct and relaying links, whereas the second component (Pg, 4+ Pys) corresponds to
the transmission from relaying link only. In such a case, as vy, exceeds 1/ /iid, direct
link goes in outage and it is referred to as DLC. We note that, in this case, a relaying
link can partially compensate for the DLC in the range 1/x2, < yu < 1/82, i.e.,
before occurrence of OSC (v > 1/k%,). Likewise, in Case 4, the DLC occurs for
Yen > 1/ /{id. And, the relaying link compensates for this DLC over the threshold
range 1/r2 4 < v < 1/k7 4 i.e., before occurrence of OSC (7, > 1/k7 ;). Moreover,
from ([5.58]), we observe that for the same hardware at all the transceiver nodes, the
system directly experiences the OSC effect as yy, > 1/K2.

From the aforementioned discussion, following concluding remarks can be ob-

tained:

e In a CMRN inflicted with HIs, the RCC effect arises when the transceiver
hardware at the relay chain (either rs,, k4 or both) is of inferior quality
than the hardware of direct link chain (ks 4). In such cases (Case I and Case
2), RCC effect occurs when ~y, > m Note that the direct link can
partially compensate for the incurred loss due to RCC. However, once the OSC

effect occurs, system goes in outage.

e On the other hand, when the hardware of direct link chain is of low quality
than the relay chain (Case 3 and Case /), the DLC effect occurs as vy, >
1/ Ki,d' In such cases, relaying link plays an important role in compensating

the performance loss due to DLC before ~;, increases to OSC threshold.

1

which limits
(Kid,max(niT 7537(1)) ’

e In general, the OSC effect occurs when vy, > —
the performance of system beyond a given target rate, especially in high-rate

applications.

e Based on above observations, it would be desirable to have min(x? 5, max(x2,., 52 ;))
< leh while designing the practical systems for a given rate requirement. Also,
for the same hardware at all the nodes, the OSC effect occurs when ~;, > é
Therefore, when hardware quality at all the transceivers are same, it would be

suggested to have k? < ,Y%
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5.5 AF Relaying Versus DF Relaying Against HIs

In this section, we inspect the robustness of AF relaying and DF relaying against
the HIs. As disclosed in the previous section, HIs cause the ceiling effects which
eventually cap the fundamental capacity of system beyond a certain target rate.

For AF relaying, using (4.22]), we observe that first ceiling effect, i.e., RCC, arises

when 4, > 1 s, while OSC occurs when 7, > HQL Whereas, for DF
s,d

2 2 2
H317'+Hr,d+”$ﬁ‘mr,d
1

max(ngyr,mzyd)

relaying, first ceiling effect, i.e., RCC or DLC, arises when ~ > or

Yin > KQL, while OSC occurs when 7y, > L 7y On carefully observing
s,d

min(r2 _ max(r2 , 2

these threshold limits, one can infer that DF ;(lelaying Caﬁ support higher data rate
than the AF relaying before any ceiling phenomenon comes into play. To further
exemplify this, let us consider the instance when 7, = 2, = x2 ; = 0.2. For these
values of HIs level, the RCC in AF relaying occurs when 7y, > 12.254 ~ 11dB. And,
for DF relaying, RCC/DLC arises when 74, > 25 ~ 14dB. Thus, it can be concluded

that DF is more resilient and robust against HIs since it can support higher data

rate than its AF counterpart.

5.6 Numerical and Simulation Results

In this section, numerical results for the performance of considered CMRN are pre-
sented. Monte Carlo simulations are performed for the veracity of derived analyt-
ical results. Herein, we set the several system parameters, unless otherwise spec-
ified, as Qg =1, Q5 =1, Qg =1, Q, = 1, Qg = 0.1, Q. = 0.2, Qg = 0.1,
Qrp =02, mgqg =1, Mgy = 2, Myqg = 1, Mep = 1, Meg = 1, Mo = 2, my, = 1,
my = 1, N, = 1, R, = 0.5 bps/Hz, Ry, = 0.4 bps/Hz, B = 1 Hz, &, = 0.4.
We set error variances o7, = 0., = 0.,y = 0¢,, = 0. = 0.01. We also set
Kts = Krd = Kip = Kpp = Ko = 0.175 such that kg g = Ky g = ks, = K = V25,

In Fig.[5.2] we plot the outage probability curves versus primary system’s outage
probability threshold &, to illustrate the impact of number of relays K on the outage
performance of the secondary system. Herein, we set P./N, = 20 dB and number
of PUs L = 1. For effective demonstration, we ensure that 7, lies below all the
ceilings’ threshold points. Note that the analytical curves are in well agreement with
the simulation results. From the respective curves, we can clearly see that as &,
increases, the outage probability of secondary system improves. This is due to the

fact that the increase in &, allows the SUs to transmit with higher powers which

107



5.6. NUMERICAL AND SIMULATION RESULTS
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Figure 5.2: Impact of number of relays K on the outage performance of the secondary
system.

eventually improves the SNDR at relay R,, and at secondary destination D, and
hence, improves the performance of secondary system. Moreover, it is apparent that
there exists a cutoff point below which the outage probability of secondary system is
unity. It is associated with the fact that below this cutoff point, the QoS requirement
of the PUs is so stringent that it would not allow the SUs to transmit. Furthermore,
as expected, the performance of secondary system improves significantly with the

increase in K and/or increase in fading parameter myy of the direct link.

In Fig. [5.3, we plot the outage probability curves versus P./N, to depict the
impact of number of PUs L and CEEs on the outage performance of secondary
system. We set K = 2 and myy = m,q = 1. From various curves, we observe that
as the number of PUs rises, the performance of system deteriorates due to increased
interference on the SUs. Moreover, there exists a cutoff point for L = 2 and L = 3
below which secondary system remains in outage. This is attributed to the more
stringent QoS requirements from multiple PUs. It can also be seen that for higher
P./N,, system exhibits an outage floor which is primarily owing to the dominance
of interference from PUs. Furthermore, the performance of system degrades with

increase in CEEs as evident from various curves pertaining to different values of o2.

In Fig. [5.4] we plot the outage probability curves versus Ao to illustrate the
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Figure 5.3: Impact of number of PUs L and CEEs on the outage performance of the
secondary system.
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Figure 5.4: Impact of v, and Hls on the outage performance of secondary system.
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Figure 5.5: Outage performance of secondary system versus P, for various fading
severity parameters.

impact of 4, and Hls on the considered CMRN. For this, we fix L = 1 and P./N, =
20 dB. From the respective curves, we can clearly see that for a fixed x,, as v
increases, the performance of the system degrades due to high-rate requirements.
Moreover, when HIs level k, increases, the outage performance of secondary system

deteriorates significantly (see the curves corresponding to x, = 0,0.2,0.3).

In Fig. the effect of various fading severity parameters on the performance
of CMRN is depicted. As apparent from the curves, when m, = {1,1, 1}, the outage
performance improves with the increase in m,. This is attributed to the fact that
an increase in m, provides better channel condition for transmissions of secondary
system, which eventually leads to its performance enhancement. For instance, see
the corresponding curves when m, changes from {1,1,1} to {1,2,1} or {2,1,1}.
Further, when {mg,, m,,} increases from {1, 1} to {3, 3}, the performance of system
degrades. And when m,, changes from 1 to 3, the performance of system improves.
These two inferences are associated with the fact that when performance of primary
system improves, the SUs are allowed to transmit with higher powers, which conse-
quently improves the performance of secondary system. When {m,, m,,} increases,
the interference on the primary receiver increases and hence its performance dete-

riorates. On the contrary, when m,, increases, the channel condition for primary
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Figure 5.6: Impact of RCC and OSC on the outage performance of the secondary
system.

transmission gets better and hence its performance improves.
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Figure 5.7: Impact of DLC and OSC on the outage performance of the secondary
system.

In Fig. [5.6] we demonstrate the impact of ceiling effects RCC and OSC by plot-

ting the outage curves against vy,. For instance, if k9 = K, g = 0.20, k5, = 0.35,
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Outage Probability

Figure 5.8: Joint impact of HIls and CEEs on the outage performance of the system.

the RCC and OSC effects occur at the threshold of ~ 9 dB (%h > %) and

max(ngm,mhd)

~ 13 dB <%h > (e malx(HQ — ))>, respectively. It can be manifestly observed
s,d? s,V d

from the curves that as 4, crosses the RCC threshold, the system’s performance
converges to that of a pure direct link. Apparently, the direct link partially compen-
sates for RCC (in the threshold range 9 dB < 74, < 13 dB) until the occurrence of
OSC. Afterwards, when 4, further increases to OSC threshold, the system outage
probability approaches to unity. In another instance, when x, g = K4 = K5, = 0.08,
the OSC occurs at a threshold of ~ 21 dB.

Similarly, the impact of DLC and OSC is illustrated in Fig. [5.7] For example,
when ks q = 0.35, ks, = 0.20,K, 4 = 0.15, the DLC and OSC effects occur at the
threshold of ~ 9 dB (%h > HT:) and ~ 13 dB <%h > L ), respec-

min(nid,max(n%mﬁ%d))

tively. Herein, as 7, crosses the DLC threshold, the system’s performance converges
to that of a pure relaying link. As such, the relaying link partially compensates for
DLC (in the threshold range 9 dB < =y, < 13 dB) until the occurrence of OSC.
Thus, we can conclude that HIs are detrimental for the considered system to sustain

its performance standards in high-rate applications.

In a 3-D plot of Fig. [5.8] we illustrate the joint impact of HIs and CEEs on the
outage performance of considered CMRN. It can be observed that outage proba-

bility attains its minimum value i.e., P () = 2.25 x 107%, when both HIs and

out
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CEEs are minimum (k, < 0.1,0% < 0.1). Whereas, when both HIs and CEEs are

maximum (r, > 0.8,062 > 0.8), the P (yy,) = 0.9406. From these values, it can

be deduced that the combined effect of HIs and CEEs dramatically degrade the

system’s performance.

5.7 Summary

We investigated the performance of an underlay CMRN with direct link in the pres-
ence of HIs, CEEs, and interference from multiple PUs over Nakagami-m fading
channels. Based on the derived outage expressions, we elucidated various ceiling
effects viz., RCC, DLC, and OSC, which are induced in the system due to presence
of HIs. It is illustrated that RCC ceases the cooperation of relaying link, DLC in-
hibits the direct link transmission, while the OSC causes the overall system outage.
Interestingly, it is found that the direct link is essential in partially compensating
for the incurred performance loss due to RCC, whereas the relaying link is useful to
partially compensate for the performance loss due to DLC. Moreover, these deleteri-
ous effects predominantly affect the system, and may engender the OSC, especially
when a high target rate is anticipated. Further, our results illuminated the joint
impact of HIs and CEEs on the system performance. It was shown that there exists
a cutoff point below which the outage probability of secondary system is unity. Such
behavior is associated with the fact that below this cutoff point, the QoS require-
ment of the PUs is so stringent that it would not allow the SUs to transmit, driving
consequently the system in outage. In addition, the increased PUs’ interference
and/or CEEs can lead to an outage floor. Above all, a comparative study revealed
that DF relaying is more resilient and robust to HIs since it can support higher data

rate than its AF counterpart.
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CHAPTER 6

RF ENERGY HARVESTING IN COGNITIVE RELAY
NETWORKS

Energy efficiency and spectrum efficiency are two important design objectives for
future wireless networks, i.e., 5G and beyond [I4]. Recently, EH has emerged as a
promising technology for the design of energy-efficient systems. The key idea is to
efficiently power the network nodes without having to replace the batteries period-
ically. This will significantly bring down the operational cost for future ultra-dense
networks and IoT. As such, energy can be harvested from the surrounding environ-
ment using the various traditional sources viz., wind, solar, thermal, etc. However,
EH from these conventional sources relies heavily on the different climatic conditions
and, therefore, are not suitable for the incessant and ubiquitous energy supply. To
this end, the simultaneous wireless information and power transfer (SWIPT) scheme
has been regarded as an effective approach to scavenge the energy from the ambient
RF signals [13]. The SWIPT scheme is based on the fact that energy and informa-
tion can be simultaneously carried through RF signals. In this, the EH node gathers
the transmitted energy (RF radiation) and stores it in a battery by converting it into
the direct current (DC) using appropriate circuitry. However, it is difficult for a re-
ceiver to concurrently process the information and harvest energy from the received
RF signals. For this, two practical receiver architectures viz., time-switching (TS)
and power-splitting (PS), have been introduced in [129] and [130]. In the TS-based
receiver architecture, time is switched between information processing (IP) and EH.
While in the PS-based architecture, a part of the received power is used for the EH
and the remaining one for the IP [I31].

On another front, to accommodate the larger number of users in the ultra-dense

networks and to interconnect various IoT devices, the efficient use of available scarce
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spectrum is crucial. In this context, cognitive radio technology has been envisioned

as a potential candidate to dramatically improve the spectrum efficiency.

More recently, RF-EH and cognitive radio technologies have been integrated
with each other for an energy and spectrum efficient system design. Various re-
search works have incorporated the EH concept in cognitive radio networks to cater
for the demands of future wireless networks. For instance, researches in [30]-[35]
have focused on the use of EH techniques in underlay spectrum sharing networks.
In [30], the authors proposed an EH scheme for a relay-assisted SU in spectrum
sharing systems and examined its outage probability. The authors in [31] studied
SWIPT for underlay cognitive radio networks, whereby statistical information for
the channel of the primary link was employed in order to control the power at the
secondary transmitter. In [32], Liu et al. proposed a new EH protocol while con-
sidering multiple primary transceivers. Three different power constraints on the SU
were imposed to derive the outage probability and throughput of the system. On the
other hand, in [33], the authors imposed two power constraints, i.e., primary outage
constraint and peak power constraint, to control the power at the SUs. The authors
in [34] analyzed the throughput of a CRN by considering a wireless powered relay.
An improved TS protocol had been proposed wherein the energy was transmitted in
the subslots to charge the relay node. Zhi et al. in [35] analyzed the outage proba-
bility of the EH-based underlay cognitive radio networks in which spatially random
distributed network nodes for the performance assessment were considered. Note
that, in underlay cognitive radio networks, SUs have to limit their transmit power
in anticipation for the interference temperature limit stipulated by the PUs. Con-
sequently, the performance of the secondary system is significantly affected. On the
contrary, in the overlay cognitive radio, there is no such restriction over the trans-
mit power at the SUs. In the overlay approach, spectrum sharing can be facilitated
by incentivizing PUs through the cooperation of SUs [132]. In fact, the authors
in [133] have compared the sum throughput of both overlay and underlay models
in RF-EH networks. In such a study, they have shown that the overlay approach
outperforms the underlay approach. This was primarily due to the imposition of
stringent restrictions over the maximum transmit powers of the SUs in the under-
lay model. Owing to the potential benefits of the overlay model, some researches

[36]-[41] have focused on this paradigm of spectrum sharing. For instance, the au-
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thors in [36] investigated the cooperation between primary and secondary networks
in which the secondary transmitter was assumed to be an energy-constrained source
that harvests energy from the primary transmission. In [37], Yin et al. studied the
optimized cooperation strategy of the SUs to assist the PUs and to decide the EH
time. The authors in [38] considered the selection of the best secondary transmitter
to relay the PU’s data. In [39], a PU was assumed to be an energy-constrained node
which harvests energy from a SU as well as from an access point and then transfers
the data using the cooperation from a SU. In a similar way, the authors in [40]
considered the EH scheme at a cooperative SU node using a PU’s signal as well as
using a dedicated hybrid access point. In [4I], the authors studied the joint power
allocation and route selection to minimize the outage probability of the EH-based

multihop cognitive radio networks.

Common to all the aforementioned works is that they have considered a linear EH
model, i.e., the harvested energy at the node linearly varies with the received power.
However, since the EH circuit consists of various non-linear elements viz., capacitors,
inductors, and diodes, the conventional linear model of EH is not practical. In fact,
the harvested energy should vary non-linearly with respect to the received power
[134]-[138]. Motivated by the preceding discussion, in this chapter, we examine the
outage performance of a non-linear EH-based multi-user overlay CRN (EHMCRN)
system. Herein, a battery-enabled secondary node harvests energy from a RF signal
of the PU and then utilizes this energy to relay the PU’s data along with its own
information. We employ a distributed user selection policy to select the best user
amongst multiple PUs in an effort to extract the benefits of multiuser diversity. In
the considered analytical framework, we attempt to harness the combined advan-
tages of multiuser diversity and cooperative diversity to improve the performance
of primary network. We highlight the importance of direct link for the performance
of primary network in the considered system. In addition to the inherent benefit
of cooperative diversity, we identify that when the cooperation from the secondary
node ceases to exist beyond a certain rate, the primary network can rely on the po-
tential direct links for its information transmission. Further, we analyze the impact
of decoding primary’s information at the secondary receiver on the performance of
secondary network. Importantly, we propose an improved EH-based relaying scheme

which makes the efficient use of available degrees of freedom and thereby enhances
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the performance of both primary and secondary networks significantly. For this an-
alytical framework, we derive the expressions of outage probability for both primary
and secondary networks. Numerical and simulation results are obtained to extract

various useful insights and to validate our theoretical developments.

The remainder of the chapter is structured as follows. In Section 6.1, detailed de-
scriptions of the considered EHMCRN system are presented along with discussions
of the adopted EH and IP strategies. In Section 6.2, the performance of EHMCRN
system is investigated by deriving the outage probability for the primary network
while, in Section 6.3, the outage probability of secondary network is examined. Sec-
tion 6.4 proposes an improved EH-based relaying scheme and then analyze its outage
performance for both primary and secondary networks. Numerical and simulation
results are provided in Section 6.5 and, finally, summary of the chapter is presented

in Section 6.6.

6.1 System Descriptions

As shown in Fig. [6.1 we consider an EHMCRN system consisting of primary and

secondary networks. The primary network includes a transmitter 7, and the cor-

N
n=1

responding multiple receivers {7}, while the secondary network comprises an
energy-constrained transmitter S and a receiver D. Hereby, the primary transmit-
ter T, intends to establish a communication with one out of 7},, receivers. Though
the direct links are assumed to exist between 7. and 7}, , the primary transmitter
may still seek cooperation from the nearby secondary transmitter S to harness the
benefits of diversity. As a reward for the benign cooperation towards the primary
network, the secondary network gets access to primary’s licensed spectrum. How-
ever, being an energy-constrained node, the secondary transmitter S first harvests
energy from the received RF signal of 7, and then splits the harvested power to
relay the primary data and to transmit its own data intended for its correspond-
ing secondary receiver D. To harvest energy at the node S, we adopt a TS-based
receiver architecture in which a transmission block duration is split into two time
phases. The first phase is an EH phase wherein S harvests energy using the received
signal from T, and then utilizes this energy for broadcasting the combined signal

(primary and secondary data) in the second phase. The second phase is further

subdivided into two IP phases to realize the overall communication between T, &
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Figure 6.1: System model for EHMCRN.

T,, and S & D. The EH and IP will be discussed in detail in the subsequent sub-
sections. In the considered analytical framework, we assume that all the network
nodes are half-duplex and single-antenna devices. We also assume that all the chan-
nels follow the block fading so that they remain constant for a block duration (EH
and IP phases) but changes independently in the next block transmission. Thermal
noise at each receiver is modeled as AWGN variable with CN'(0,0%). We denote
the channel coefficients for the links 7. — 1}, , T. — S, S —1,,, and S — D as hey,,
hes, hsp,, and hgg, respectively. Further, we assume that all the channel coefficients
experience Rayleigh flat fading such that the channel gains |h,,|? follow exponential
distribution, where ¢ € {c, s}, 7 € {s, pa, d}, and 2 # 7. We also assume that multiple
links over the same hop are independent and identically distributed by considering
a cluster-based placement of multiple nodes. The channels hp,, hes, Rsp,, and hgg
have average powers g, {cs, {15y, and €2yq, respectively. In general, the CDF and
the PDF for an exponentially distributed random variable W with mean §2,, are

given by Fy (w) =1 —exp (_Q_J) and fy (w) = Q%Jexp <—Qizj>, respectively, where

w > 0.

EH Architecture

In the secondary network, the source S'is an energy-constrained node and is equipped
with a rechargeable battery. As shown in Fig. [6.2] the node S employs a harvest-
then-transmit strategy. More specifically, we adopt a TS approach for the EH pro-
cedure [130] wherein a transmission block of duration T is split into two time phases

ie., a1 and (1 — a)T. Here, o represents the fraction of time for which the node
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T
EH Phase IP Phase | IP Phase 11
Q-)T Q-a)T
2 2
< al Ql-a) T ——

Figure 6.2: An illustration for T'S-based EH.

S harvests the energy, with 0 < o < 1. In the first phase, S harvests energy from
the RF signal transmitted by 7. for a duration of a7. In the second phase, the
remaining (1 — a)7 is utilized for the IP and signaling which is further subdivided
into two equal phases. To harvest energy, two EH models have been studied in
the literature i.e., linear [130] and non-linear [134]. As the EH circuit, in general,
comprises various non-linear electronic devices, the traditional linear model may not
comprehend the actual harvested energy and, therefore, the non-linear model of EH
is deemed more practical. In fact, as we shall observe later in Section VI, the linear
model may provide very misleading results for the design of future networks. How-
ever, dealing with the accurate non-linear model is rather complex for analytical
purposes. Consequently, we hereby adopt a simplified non-linear model [135]-[13§]
which closely follows the true behavior of the practical EH circuits. Following this,

the transmit power at node S can be expressed as

2naP, .
%5’1?7 if Pc|hcs’2 S Ctha

Pps = (6.1)
oG if Pc|hcs’2 > Ctha

- ?

where Ppp = Pc]hcs\Q, 0 < n < 1 is the energy conversion efficiency, P, is the
transmit power at the node T, and (g, is the saturation threshold. In , the
linear term (Py s o Ppgpr) stands for the linear-regime operation of the RF-DC
(direct current) conversion curves of the EH circuit, whereas, the constant term
corresponds to the saturation-regime operation.

Information Processing

After the EH phase, the overall communication in the considered EHMCRN system
takes place in two IP phases. In the first IP phase, the primary transmitter 7,
transmits its unit energy symbol ., such that E{|z.]*} = 1, to T,, and to the
cooperative secondary node S. Consequently, the signals received at 7),, and S can

be expressed, respectively, as
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ypnyl =V PCthnxC + np'rul (62)
and Ys1 = V Pchcsxc + Ns 1, (63)

where n,, 1 and n,; denote AWGN terms at T}, and S, respectively. As such, the

resulting SNR at T, via direct link in the first phase can be written, using (6.2)), as
Pelhep,|”

o2

Apn,l — (64)

In the second IP phase, the node S superimposes the received primary signal along

with its own information symbol z, to obtain a combined signal as z., = Gys1 +

V(1 = &) Py sxs, where G = \/Pc‘fbiféigz ~ \/Pé}';”} [139]. This approximation is
found to yield tight results over the entire SNR regime. Note that the secondary

cooperative node S utilizes a fraction of the harvested power, denoted by { Py s, to
transmit the primary’s data and the remaining (1 —§)Pp s for its own transmission,
where £ € [0, 1] is referred to as a spectrum sharing factor since it facilitates the
spectrum sharing between PUs and SUs. Consequently, after the second IP phase,

the received signals at nodes 7;,, and D can be expressed, respectively, as
Ypn,2 = spn <gys 1+ (1 - g)PH,sx5> + Np, .2 (65)

and  Yg2 = hsa (st,l +4/(1— £)PH,sxs> + N2, (6.6)

where n,,, o and ngo denote AWGN terms at 7;,, and D, respectively, in the second
IP phase. On substituting G along with ys; from (6.3) in (6.5), the resulting SNR

at node T, , after the second phase, can be written as
£PH,sPc‘hcs’2‘hspn’2

A, o= . 6.7
o2 EPp s|hsp,, [20% + (1 = §) P s Pe|hes|*| hsp, |* + Pelhes|? 0 (6.7
Similarly, the SNR at D, after the second phase, can be expressed as
11— P sPc hcs 2 hs 2
Ags — (1 = &) Pris Pel hes|*| sl (6.8)

§PH,sPc|hcs|2|hscl|2 + éP)H,s|hsd|20-2 + Pc|hcs|2o-2.

Best User Selection Policy
As discussed, the primary transmitter 7, intends to establish a communication link
with one out of 7}, receivers. As such, the best user amongst multiple N receivers

can be opportunistically selected as

n* = arg maXN(Apml). (6.9)

77777
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Herein, we assume that the user selection process is executed using distributed timer
technique [I41] based on the CSI of the direct links.
In the subsequent sections, we present the performance analysis for the primary and

secondary networks.

6.2 Performance Analysis of Primary Network

In this section, we assess the performance of the primary network in the considered

EHMCRN system.

Outage Probability

The primary system is said to be in outage if the instantaneous SNR at 7, falls
below a fixed target rate ry,. As such, the outage probability, with the application

of selection combining, can be formulated as
PPi(y) = Pr [max (mﬁnx(/\pml), Apn*,2> < %h} : (6.10)

27
where vy, = 27-a — 1. Since the direct links and relaying links are independent, the

outage expression in (6.10)) can be reformulated as

Phii(v) = Pr [max(Ap,.1) < ] PriAy,. 2 < ul, (6.11)
. 7;,1 ;Dg

where the probability term P; can be obtained as

N
P, = H Pri{A,, 1 < 7l

n=1

3 (JZ)(—mexp <—th};> (6.12)

a=0

with o = %. By utilizing the concepts of total probability theorem [I18], the other
probability term P in (6.11]) can be obtained, using (6.7)), as

PQ = PI‘[Apn* 2 < %h]

N
§PHSQ|hcs|2|hs |2
- Pr n* =n Pr|— s D - . 613
nZ:; [ ] EPH’slhspn|2+(1_€>PH75Q|hCS|2‘hspn|2+Pc|hcs|2 Yth ( )

On substituting Pp s from (6.1]) into (6.13]), we can express Py as
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N
nghcs‘thsp ’2 2
= Pr[n* = n] Pr{ - =a < Yih, Pelhes|” < Gin
; { E|usp, [P+ (1 =)0l hes [P sy, |*+ e
Par
§Q|hcs’2|hsp |2 2
—i—Pr{ ~ <7th7 Pc‘hcs’ >Cth .
§|h5pn|2+<1_€)Q|h05|2|hspn|2 2naChP |hcs|2
7’22
(6.14)
Hereby, firstly, Po; in (6.14)) is derived in the following lemma.
Lemma 12. The probability Py in (6.14) can be expressed as
(
1—exp< S ), for v, > 1%
Por=1q1- exp( —Sih ) . for g < % & %:L < %“Z, (6.15)
(). for v < 1 & S > G,
where VU (vy,) is given by
1 00
—L&vn —in — G
Ulym) =) (1) -
(Yen) ;( )" exp ( B0, )T (B )~ o 2 k,
— A wH =y | k2
e (T Bo.a,) “P\Ba.)v W) 19
with A = %hQ(,rl]aa) B = (5 - ’Yth(l - g))@; and ¢ A/Qsp ( )
Proof. See Appendix [J] [
Following the same lines of derivation used for obtaining Py, we can derive Pas
in as
(
exp < —Cth > , for y > 1%,
Por = S Ty + (),  for < 1= &: §;—§ < %“‘, (6.17)
kq)(’yth)a for Yth < % & C]-;_i] 2 S’Z’;ha

where Z; = exp ( St > exp <ﬂ> and ®(vy4y,) is given by

D (yin) =ex L ax (2 S R eleiyfnn Ve (AL _ s
b P ch B ,Pc m! Bch P BgthQsp Bch

m=0

Yen§ AP, m 10) -3 —¢ &
) (BQSpCth) (BQCS) P ZBQCS) W iom ( BQCS> 7 (6.18)
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with ¢ = Bmax <@éh,§;—§>. Next, the probability Pr[n* = n] in (6.14) can be
obtained as [142]

n m#n

(%) o

On substituting (6.19)) in (6.14) and the resultant expression along with (6.12) in
(6.11)), we can obtain the outage probability of primary network as

w55 () (7 ) I e ()5

a=0 b=0

where Py and Poy are given in and , respectively.

Remarks: From (6.15) and , it can be observed that, for the condition
Yeh = %_5, the cooperative transmission via secondary node ceases to exist, since
Po1 + Paos becomes unity. Nevertheless, the primary network still has the availabil-
ity of potential direct links to carry out the information transmission. From this
observation, it is worth remarking that the value of spectrum sharing factor £ is cru-

cial and should be appropriately chosen for harnessing the benefits of cooperative

diversity.

6.3 Performance Analysis of Secondary Network

In this section, we assess the performance of the secondary network in the considered
EHMCRN system. Hereby, we consider two different cases i.e., when the SU node
D is either able or unable to successfully decode the PU’s signal received in the first

IP phase.

When SU is unable to decode the PU’s signal
Firstly, we consider the case when secondary node D is unable to decode the PU’s

signal in the first IP phase.

Outage Probability
The outage probability of secondary network in the considered EHMCRN system
can be formulated, using , as

(1_€)QPH,S|h‘CS‘2|h‘Sd‘2
gQPH,s|hcs|2|hsd|2+€PH,s|hsd|2+Pc|hcs

Post (vn) =Pr[Ag2 <y = E < Y| - (6.21)
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On invoking Py s from (6.1)) in (6.21)), we obtain

(1 - f)QXZ Cth
PpSec = Pr < Yn, X < 2=
out( ) €Z+§QXZ+ 12;;1 f)/th Pc
S
(1- £)QXZ Cth
+ Pr — < Yh, X > > (6.22)
§Z+80XZ+5-PX " P,
S

where X = |h.|?, Z = |h|?. Hereby, S; can be re-expressed as

S S S, X < Cth} (6.23)

CX — &y’ - P,

with C = ((1 — &) — 1né)o. Further, based on the limits of 4y, (6.23)) is obtained as

1 —exp (P_%h), for ’YthzlL_gv
S1=141-exp (1;%2), for %h<é£&%‘§%, (6.24)
\E(%h), for vy, < 1%5 & %}: > 576“1,
where Z(yn) can be evaluated as
= “ d # F A d 6.25
u(%h)—/m:o fx () x‘i‘/x:&c Z(Cx——”ythf)f (z)dz. (6.25)

After computing the involved integration in (6.25]), one can obtain Z(y,) as

1 ')
=( —PEYtn —Yth& —Cin (=1)2
E(yin) Z " exp ( .. ) +exp ( .. ) exp (PCQCS) P

p= =0
A g+1 . 5 e B
X (CQ Q d) exp ( CZZth ) 0~z exp (7@) W_%qul(go), (6.26)

with o = A/Qyq ( Com _ §> In a similar way, S can be obtained as

p

(’9

eXp ( e > ) for “Vth > 1£T§7

Sy = Ty + O(ym), for v < = 5 & é;;_i] < f'éth’ (6.27)
\@(’Vth), for v < Q & % > %7

where O () is given by
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= X ) = L\ [ x 2 —AP. ym
O(7tn) =exp (CQCS) 2 (C’ch> (CQCS) exp (CgthQsd 0.
’YtthPc " —X X
8 (CQstth) P (QCQCS) W- A5 <Cch) ’ (6.28)

with y = C max <§77th, %—:) Substituting the expressions from ((6.24) and (6.27)) in
(6.22), one can obtain the outage probability of the secondary network. By carefully

(V]

observing S; and Sy, one can note that P5¢(;,) becomes unity for vy, > 1%6 Thus,
the values of spectrum sharing factor ¢ should be judiciously chosen to avoid the

outage of secondary network.

When SU is able to decode the PU’s signal

Next, we consider the case when the SU node D can successfully decode the PU’s
signal in the first phase. Consequently, D can eliminate the interference from pri-
mary signal in the second IP phase. With this, the resultant SNR at D, in the

second IP phase, can be expressed as

(1 - g)PH,sQ|hcs|2|h5d|2

A, = .
@2 fPH,s|hsd|2+Pc|hcs|2

(6.29)

Outage Probability
The outage probability for this case can be formulated, using (6.29)), as

(1 - é)QPH,s’hcsF‘hde
§PH,s‘h5d|2+Pc|hcs|2 o

Pﬁftc,d(%h) = Pr[Aig < Yen) = [ (6.30)

On substituting Py s from (6.1)) in (6.30)), we obtain

Sec (]‘ B g)QXZ Cth
P =Pr|———— X <=
A Lo =0 4=

N J/

VvV
D1

(1 _5)QXZ Cth
11—« < Vth; X > =
§Z + gpaca Lo Fe

(. J/
-~

Do

+ Pr

. (6.31)

Hereby, D; can be obtained as

1 —exp (—74“‘ > , for Sh < gj“‘ ,
D) = Feltes Pe = e (6.32)

T (Ven), for S > (fztgh)ga

where Y (y41,) is given by
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- t —tCin — (=" A A -
row=3 e (ot ) 35 (o) (Tgena)

A

_%hf —-A
e ((1 = é)pﬂcs> P 2@%) Wosgz ug (Qszsd) ! (6.:33)

with @ = % — %né. Similarly, Dy in (6.22)) can be obtained as

_ut2
2

Ty + Z(vm), for Sh &Y

D2 — P (1-¢)e’ (634)
Z(,yth)v for 3;_: Z (fztsh)gv

where 7, = exp ( i %h) — exp ( (1:55)7;5“) and Z () is given by

B N\ X1 —AP, Yené F
Z(m) =exp (QCS)_Z ol P ((1 — 0 (180 2963)

v=0

_—1 ° r 2 ’Ythf.APc v L
X ((1 — g)Qch> (ch) ((1 — g)QQstth) W—%,% (ch) s (635)

with f = max ((151—?)97 %—i‘) Substituting the expressions from (6.32) and (6.34) in
(6.31)), one can obtain the outage probability of the secondary network. It is worth

remarking that, unlike the previous case, the constraint on the spectrum sharing
factor £ is relaxed when SU node is able to decode the PU’s signal. Thus, it can
be inferred that when the SU node has the ability to successfully decode the PU’s
signal, the performance of secondary system can be significantly improved as we

shall observe later in Section [6.5] through the numerical results.

6.4 An Improved Energy Harvesting-Based Re-

laying Scheme

In this section, we propose another relaying scheme for overlay spectrum sharing
systems which improves the performance of both primary and secondary networks
compared with the conventional fixed relaying scheme. In this scheme, the primary
network invokes the relaying cooperation only when its direct transmission fails.
Specifically, the first phase is dedicated for EH at the cooperative SU and for the
information transfer of the PU. In particular, S harvests energy from the RF signal
transmitted by T, for a duration of aT and simultaneously 7. also transmits its

information to its intended receiver 7}, . Depending on the success/failure of the di-
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rect primary’s transmission (7. — T}, ), the relaying transmission is invoked. Thus,

the mutual information of the direct primary transmission can be given as

Lep, = logy (14+ A, ). (6.36)

If T}, is able to successfully decode the information signal from T¢, i.e., if Z,, > 7,
it sends an error-free one-bit feedbackﬂ to the cooperative node S indicating that
the relaying cooperation is not needed. For this case, the remaining (1 — a)T" period
is utilized for the information transmission of S — D, as shown in Fig. [6.3] As
such, the received signal at 7T}, , after the IP phase I, is as given in . On the

other hand, the signal received at D, after the IP phase II, can be written as

Yao = hsay/ Pifs®s + nag, (6.37)

where Pyt is the harvested power at the node S. Based on (6.37)), the corresponding
SNR at D is given by

PII{R,’s|hSd|2
—

IR

d2 =

(6.38)

g

It is important to note here that node S can utilize all the harvested power for its
information transfer which is in contrast to the fixed relaying protocol wherein S
has to split the total harvested power for the transmission of primary’s information

as well. Hereby, the transmitted power Py’ at S can be expressed as

2
nolelhes® it P by |2 < Con,

l-a 7

PR, = (6.39)
%7 if Pc|hcs|2 > Cth-

On the other hand, if T}, is unable to decode the signal from 7T in the first phase, i.e.,
if Z,,, < rw, it sends a negative feedback to T, and S. Consequently, the relaying
cooperation is invoked and further information exchange operation will remain the
same as of fixed relaying. For this case, the remaining (1 — )7 period is subdivided

into two equal IP phases of duration (1720‘ )T each, as shown in Fig. .

In the following sections, we assess the performance of primary and secondary

networks for the proposed improved relaying protocol.

Hereby, it is assumed that the feedback/acknowledge time is negligible compared to the infor-
mation processing time [IT1].
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Figure 6.3: Time frame for successful primary’s direct transmission.
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Figure 6.4: Time frame for unsuccessful primary’s direct transmission.

6.4.1 Outage Probability of Primary Network

The outage probability of the primary network for the proposed relaying scheme can

be formulated as

Phnt"™ () = Pr [max (max(Ap,,1), Ap,..2) < s max(Ay, 1) < 7]

=Pr méix(Apml) < Yens Mp a2 < Vins mSX(Apn,l) < ’ng

=Pr mgx(Apml) < min (Yen, Yp) > Ape 2 < ’Yth} ) (6.40)

where {}} = 274" — 1. Owing to the independence between the two events in (6.40)),

We can express

Phot™ (n)=Pr [ max(A,.1) < min (un, W) PrlAy,. 2 < 0, (6.41)

where P can be readily obtained by replacing v, with min (v, vi5) in (6.12)) and
P, is the same as obtained in (6.13)).

6.4.2 Outage Probability of Secondary Network

The outage probability of secondary network for the proposed improved relaying

scheme in the considered EHMCRN system can be formulated as
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Poec™ () = Pr [ Ay < sy max(Ap, 1) < k] +Pr [ Ay < Fun, max(A,, 1) = 7]

-~ -~

L1 Lo

(6.42)

where A, = 21% — 1. In (6.42), the term L; accounts for the case when the direct
primary transmission is not successful while the other term L5 captures the event

when direct primary transmission is successful. At first, we re-express £; to obtain

Ly =Pr[A], <y Pr [maX(Apml) < %E} . (6.43)
D e N n -
L11 2;2

It is worth noting that £ is given by ([6.30) while £5 can be readily obtained
by replacing vy, with v in (6.12)). Next, £y in (6.42)) can be expressed, due to

underlying independence, as

Ly = Pr AL, < 4] Pr [maX(Apml) > ygﬁ}, (6.44)
—_— n
Lo 2;2

where L5 can be written, using (6.38)), as

PIIES‘h‘SdP ~ :|

(6.45)

521:Pr{ < Ytn| -

o2

On substituting Py, from (6.39) in (6.45) and after performing various manipula-

tions, we obtain Ly as

1 00 —vi2
—2wHin Ao’ —1)" (29 A0?\ " 2
L21:E (—1)wexp( R _ggh)_§:< V!) ( S )

oy Yeh§LsaCen = Yen§2sdCen
24 A )"“ (—mhAﬂ) ( 24 Ao’ )
X | — exp| ————— | W_ur2 w1 | ———— | . 6.46
(%hQchQsd P\ Gt 27 \enCen§lsa (6.46)
R\ 1N
The other probability term Lqs in ((6.44]) can be obtained as Lo9 = [exp (—;;—‘:p)} .

Finally, substituting (6.43)) and (6.44)) in (6.42]), we can obtain the outage probabil-

ity for the secondary network.

Remarks: The proposed improved relaying scheme has two main advantages: 1)
This scheme makes the efficient use of available degrees of freedom and thereby im-
proves the performance of primary network significantly. 2) When primary network
does not invoke relaying cooperation, the secondary node can exploit all the har-

vested power for its own information transmission and eventually the performance
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of secondary improves substantially.

6.5 Numerical and Simulation Results

In this section, representative numerical results for the performance of considered
EHMCRN system are presented. Monte Carlo simulations are performed to corrobo-
rate the derived expressions. All the analytical curves are drawn after truncating the
infinite series up to the initial seven terms to achieve a sufficient level of accuracy.

Herein, we set several system parameters, unless otherwise specified, as €2,, = 1,

T =1 sec, (n = 0dB, 7y = 0.01, and 02 = 1.

1072 Analysis (Fixed Relaying)
————— Analysis (Improved Relaying)
Simulation
107
i)
2
<
3
g . 6
~ 10
[}
)
<
B
@)
10°
10 . ,
0 5 10 15 20 25 30
o (dB)

Figure 6.5: Outage probability curves of primary network for various N.

In Fig. we plot the outage probability curves of primary network against o
for varying number of PUs N. For this, we set a = 0.6, n = 0.1, and £ = 0.2. It can
be clearly seen that the performance of primary network improves drastically as N
increases. This performance improvement can be attributed to the exploitation of
multiuser diversity gain. Further, we have also shown that the proposed improved
relaying scheme delivers significantly better performance as compared with the con-
ventional fixed relaying scheme as it makes the efficient use of available degrees of

freedom for the information transmission.

In Fig. [6.6] we plot the outage probability curves of primary network against

o for different values of energy conversion efficiency 1. It can be observed that the
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Analysis (Fixed Relaying)
2 N == Analysis (Improved Relaying) ||
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Figure 6.6: Outage probability curves of primary network for different 7.

performance of primary network improves with increase in 7, since higher 7 renders
more harvested power at the cooperative secondary node. And this effect remains

the same for both the considered relaying schemes.

Analysis (Fixed Relaying)
————— Analysis (Improved Relaying)
Simulation

Outage Probability

o (dB)

Figure 6.7: Outage probability curves of primary network for various &.

In Fig. [6.7) we analyze the impact of spectrum sharing factor £ on the perfor-

132



CHAPTER 6. RF ENERGY HARVESTING IN COGNITIVE RELAY
NETWORKS

mance of primary network by plotting the outage probability curves against o. For
the curves, we set a = 0.6 and n = 0.2. From the plots, it can be observed that
as £ increases the performance of primary network improves for both the relaying
schemes (see the curves corresponding to N = 1 for improved relaying and N = 2
for fixed relaying). This is due to the fact that higher values of ¢ allocate more

power for the primary transmission and hence results in better performance.

o Simulation, £ =0.2
o Simulation, £ =0.5
v  Simulation, ¢ =0.7 10 N

~ ~.
-1 v < =
10 10—1.634 |
> \ o
= 2 v 9.96 0.06
2 A TN N SN
a N D
% \" - N
§ h\ ~ 0 B—
o N
‘.
"~
Fixed Relaying (Unsuccesful decoding)
------- Fixed Relaying (Successful decoding)
+ == Improved Relaying
10_2 T T T T !
0 5 10 15 20 25 30

o (dB)

Figure 6.8: Outage probability curves of secondary network for various &.

In Fig. we plot the outage probability curves of the secondary network
against ¢ and assuming o = 0.5 and n = 0.8. Herein, we compare the performance
of three different scenarios viz., when SU is unsuccessful in decoding the PU’s signal,
when SU is successful in decoding the PU’s signal, and for the proposed improved
relaying. As shown in the curves, when SU is able to decode the PU’s signal, the
performance of secondary network gets better since the SU can remove the inter-
ference of primary’s signal. It can also be observed that the proposed improved
relaying scheme performs substantially better than the other two cases of fixed re-
laying scheme. It can be seen from the various curves that the outage performance
degrades with the increase in &, which is in contrast to the performance of primary
network. As such, this is due to low power allocation towards the secondary trans-
mission at high £&. Note that the increase in £ has nominal effect on the performance

of the improved relaying scheme.
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Figure 6.9: Outage probability curves of secondary network for various 7.

In Fig. we plot the outage probability curves of secondary network against
o for different values of energy conversion efficiency 1 and by setting o = 0.5 and
¢ = 0.7. From the corresponding curves, it can be observed that the performance of
secondary network improves with an increase in 7. This is associated with the fact
that higher 7 implies more harvested power at the cooperative secondary node and

thus better performance.

Lastly, in Fig. [6.10| and Fig. [6.11, we demonstrate a comparison between the
conventional linear model and considered non-linear model of EH for primary and
secondary networks, respectively. Here, we obtain the numerical results for the linear
EH model using the simulations. Clearly, there exists a significant performance gap
between these two models for both primary and secondary networks. In particular,
it can be observed that the performance gap between the two models becomes wider
with an increase in the p, showing that the linear model is accurate only in the
low power regions. In addition, it can also be witnessed that as the saturation
threshold (;;, increases, the performance of non-linear model converges towards the
performance of linear model. For instance, see the curves corresponding to (i, = —5
dB and (i, = 5 dB. Though impractical, the conventional model of EH gives a better
performance. From this observation, it can be concluded that the conventional linear

model of EH is not appropriate to provide the useful results.
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Figure 6.10: Performance comparison between linear and non-linear EH models for
primary network.
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Figure 6.11: Performance comparison between linear and non-linear EH models for
secondary network.
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Finally, from Figs. 6.11, note that all the analytical curves are in perfect
agreement with the simulation results. This validates the accuracy of all the derived

expressions.

6.6 Summary

In this chapter, we have examined the outage performance of a non-linear EHMCRN
system over Rayleigh fading channels. Specifically, an energy-constrained SU node
has been assumed to cooperate with the PU’s transmission while simultaneously
transmitting its own information. We have considered a non-linear EH model which
relies on the TS-based receiver architecture. We have shown that the spectrum
sharing factor should be judiciously chosen to avoid the outage of secondary net-
work. In addition, it has also been reported that the direct link can be quite useful
for significantly enhancing the performance of primary network. Furthermore, we
have proposed an improved relaying scheme which has been shown to substantially
enhance the performance of both primary and secondary networks as compared to
conventional fixed relaying. In particular, the proposed scheme has made the effi-
cient use of available degrees of freedom to improvise the performance of primary
network. On the other hand, when primary network did not invoke the cooperation,
the secondary node got to utilize all the harvested power for its own information
transmission which eventually enhanced the performance of secondary network con-
siderably. We have also concluded that the conventional linear model of EH can

provide very misleading results for the deployment of future networks.
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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 the CRNs with
spectral- and energy-efficient schemes. The primary objective of the thesis was to
provide various system designs for the future networks which can efficiently utilize
the precious spectrum and energy resources. Firstly, we have explored the possibil-
ity of resource sharing for the two-way CRNs and investigated its performance to
offer various design insights. Specifically, our study showed that, leveraging two-way
relaying for primary communications, the proposed system design offers higher spec-
tral efficiency. In addition, it is found that by exploiting the multi-user cooperation,
reliability of SU communication is significantly improved. Further, we examined
the performance of two-way CRNs with direct link in the presence of PU’s interfer-
ence. We studied an efficient scheme that can exploit both direct and relay links
with appropriate diversity combining methods to improve the performance of SUs.
Our results revealed that the full diversity for secondary system can be achieved
as long as the primary interference remains limited, otherwise the performance re-
markably deteriorates. We also studied an incremental relaying scheme and found
that it outperforms fixed relaying scheme and hence could be a promising candi-
date for deployment in future wireless systems. Further, we analyzed the impact of
hardware and channel imperfections on the performance of CRNs. In this analysis,
we highlighted the detrimental impact of the Hls on the system’s performance and

eventually provided useful insights into the endurable level of HIs for designing the
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practical systems. We highlighted the importance of both direct link and relaying
link in CRN with HIs. Specifically, we manifested that direct link is essential in par-
tially compensating for the incurred performance loss due to RCC whereas relaying
link is useful to partially compensate the performance loss due to DLC. In addition,
the increased PUs’ interference and/or CEEs can lead to an outage floor. We also
compared the robustness of AF and DF relaying schemes against the HIs and found
that DF relaying is more resilient to HIs and, therefore, preferable when the nodes
are impaired. Lastly, we investigated the performance of a non-linear EH-based
multiuser CRN in which an energy-constrained secondary node acts as a coopera-
tive relay to assist the transmission of PU. We also proposed an improved EH-based
relaying scheme which makes the efficient use of available degrees of freedom and
thereby enhances the performance of both primary and secondary networks signif-
icantly. In this study, it has been reported that the direct link can be quite useful
for significantly enhancing the performance of primary network. We have shown
that the spectrum sharing factor should be judiciously chosen to avoid the outage
of secondary network in the considered CRN. From this study, we have concluded
that the conventional linear model of EH can provide very misleading results for the
deployment of future networks.

In essence, we have comprehensively investigated the performance of CRNs to
offer useful insights into the practical design. We have proposed various schemes
and strategies which can improve the spectral efficiency, energy efficiency, and relia-
bility of the CRNs and eventually facilitate their deployment for the next-generation

wireless systems.

7.2 Future Works

The work in this thesis opens up various research problems that can be further
explored. Some future prospects for the research work are given in the sequel.
Since spectrum efficiency (SE) and energy efficiency (EE) are key objectives for
the future networks, their analysis has gained significant research attention. Though
SE gives an idea about how efficiently a given spectrum band is utilized, it does not
account, for how efficiently power is consumed. Unfortunately, optimizing SE and
EE cannot go hand-in-hand and may even conflict sometimes. Therefore, study of

an existing trade-off between SE and EE is worth pursuing in context of CRNs.
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To further increase the spectral efficiency and throughput of the CRNs, ex-
ploiting multiple-input-multiple-output (MIMO) technology can be viewed as an
important direction. In MIMO systems, multiple antennas are employed at the
transceiver nodes to provide the high data rate. Moreover, non-orthogonal multiple
access (NOMA) capabilities can be incorporated with concepts of CRNs for a more
spectral-efficient system design, since both NOMA and CRNs target efficient spec-
trum utilization. In NOMA, spectrum sharing is facilitated among multiple users
by adjusting the power levels at different users. Hence, NOMA-enabled CRNs could
offer an intelligent spectrum sharing in a constructive way to enhance the spectrum
utilization.

In addition, due to coexistence of PUs and SUs together, the CRNs are suscep-
tible to security threats. Consequently, it would be important and interesting to
develop the strategies for the physical layer security of the CRNs. Dealing with the
security breaches is of paramount importance and also one of the main challenges
for designing the 5G networks.

Besides, in this thesis work, the impact of HIs and CEEs was analyzed for the
underlay CRN. One can also perform this investigation for the overlay CRN. Further,
one can also study the resource allocation in the CRNs based on the optimization
of the performance metric. For instance, it would be interesting and challenging to
find an optimal value of time switching factor o for the EHCRN. Moreover, studying
the beamforming techniques to power the energy-constrained nodes would also be
an interesting direction for future work.

With the above mentioned prospects, the existing body of knowledge in the
design of CRNs can be further expanded.
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APPENDIX A

DERIVATION OF (3.19)

The probability PER-(y4m) in (3.13) can be expressed using the SINRs from (3.3,
([3-4), and (3.8) as

Pl\P/‘IPf{{C(’Yth) Pr [)\apg;—b + )\Tpg;(b < thy)\apg;r > th,)\bng < th] (A1)

As the exact evaluation of (A.1]) is cumbersome due to underlying dependence, we

can simplify this as [22]

Ve 1 vtnx L Yne Tt
73MRC Yih) / / [ gabX( )t‘ép )FgTle (§ ;er ) T Fgabx( )t“p )Fgrbx( ;er
1 vnx Lvma\ |- YthY TthlY
—Fulx <2 )\GP)FgrbX (2 )\T‘p )} Egoly (Tan Eogp, v )\_16)5 Fx (@) fy (y)dady, (A.2)

where Fy, y(-) = 1 — F,, y(-). Further, by realizing the symmetry of the three
terms inside the square brackets in (A.2)), we define a function Z(c, 3; ) as
e(afj%h)
- = Yin® Vtnd
E(a, B;9m) = / Foulx <aﬁ>Fgrb\X <ﬁﬁ>fx($)d$
0 Q Q

= Yeny YenY
x /O Fgarw(;—g)Fgmy(ﬁ)fy(y)dy, (A3)
Q

with

_ Mch
0o B _1)mcb7nflem Mep Mep
O(a, B;ym) = epa S C
(o, B;7n) /1 Z " T(me)T(map)T (mys) <ch)‘c>

XL (s St ) T (1, 5"%?;%) e T dr,  (Ad)
Q’f‘b)\Q

which can be solved using [49, 3.351.2] to arrive at (3.21). Similarly, solving the
other integral in (A.3)), we can get (3.20)).
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DERIVATION OF (3.32)

From (3.31]), Pif. can be represented as

PR =Pr [Aapg)‘;b+xrpg)(“< th,A“p%"(b th,A“QPQ;"> th,A”ng <%h] (B.1)

which further, owing to the independence between last two and other terms, can be

written as

X X A9
Pitre = Pr [gab < min <%h Yt A9 b) } Pr [)\apgar > Yihs )\bpgbr <%h] .

ap ap ap
4 ” =
(B.2)
Here, Z; can be re-expressed as
X X X AL
Il =Pr [gab < ;\ltllp ’ ;\};p < ;\ap - iap }
. Q  AQ Q Q
e
’YthX Aggrb VShX ’}/thX Agjgrb
+ Pr [gab < ap ap a > ap a :| ) <B3>
T
where
00 I(Wth*’Ytdh) d
\TP T
o= [ LT A () @, )
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and

TP

1'12 —

I(’Yth v h)

ap
)‘Q

can be solved using [49, eqs. 3.351.2, 2.321.2].
Next, Z, in (J.1) is obtained by

I, = /OOOFQWIY(%)ngrly(/\bp>fy( )dy

d A Jw
Ty
soton (5 = S ) (0) (@),

(B.6)

which, on solving, yields the expression that can be directly obtained from (3.20)),
and is given by = =(LLiven) Finally, invoking the obtained Z; and Z, into 1} one

@11'\/)

can arrive at (| -
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APPENDIX C

DERIVATION OF (4.43)

Let there be m relays which have successfully decoded the received signal in first

phase, then for |D,,| = m, we can write the conditional decoding probability, using

@37, as
Pr[D,|[W] = [] Pr(Aw, > W] J] PriAs., <ymW]. (C.1)

LEDm, n¢Dm,

Using (4.36)), we can evaluate Pr[Ag,. < yu|W] as

Ps }Alsr 2
Pr A, <yu|W] = Pr{ - s | < YW . (C.2)
Ps/fg,r‘hsrmyz + Psas,rm + NO
From (4.34)), P, can be given by
P, for W < Q,,,
P, — 0 P (C.3)
rot gy 10 W > Qope

On substituting (C.3)) in (C.2) and evaluating the resultant expression, one can
obtain Pr[Ag,.,, < yn|W] as

Dyr,, (Ven, w), for v < 1/k2,,

Pr [ASTm < ’}/th’W] = (C4>
1, for vy > 1/K2,,
where @, (yin, w) is given by
—Yeh (s, rm AP+1)
1—exp er:n)\P(l_"fgm'Yth) , for W < Qqp,
Pl = ©5)

_ _'Yth(&s,rm‘i‘(ssw)
1—exp orag(on? ) |7 for W > Qs,.

Thus, by using (C.4) in (C.1)), Pr [D,,|W] can be obtained as given in (4.43).
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DERIVATION OF (4.52)

The function ®,,4(vm) in (4.52) can be obtained as
®rya(yin) = PriAva <yl (D.1)

Using (4.40) in (D.1)), we can write

®T[d ('Vth) == Pr

Prg'hredP < Yen | - (DQ)
Premf,d\hmdP + P00, 4+ Ny

Invoking { in 1) and by conditioning Y = |fL”p|2, we have

Qrgp
’Yth(Oé,%dAp + 1) ‘
@, = F: Y d
od(Ven) /y:O [P pal (Ap(l _ “z,d%h) fy(y)dy

= th dw,d + 51“
—|—/y F\ﬁrgdp (7 ( y;’Y) fr(y)dy. (D.3)

=Qryp )\Q(l - ’%z,d’yth

Substituting for the corresponding CDF and PDF and computing the required in-
tegration (after some manipulations) with the aid of [49] eq. 3.310], one can arrive

at (1.52).
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DERIVATION OF (4.58)

From (4.42)), using (4.34]), we can write
Qsp K

P [ Y (m)Pr (s < Yl W] PE (Do W] Pr (A g < Yes [ Do W] fie ()
w=0

K
> K
—l—/ Z (m> Pr[Asq < Y |W] Pr [Dp|W]Pr [Ar,a < Yiu| Doy W] fov (w)dw.

=Qsp =1

(E.1)

On substituting [Asg < %n|W], Pr[D,|W], and Pr[A,, 4 < Yen|Dm, W] from (4.46)),

(4.43), and (4.51)), respectively, in (4.42)) and then solving the resultant integration
alongwith PDF of W (with tedious manipulations after applying binomial theorem

[49] eq. 1.111}), we get Pj; as given in (4.58)).
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APPENDIX F

PROOF OF PROPOSITION 1

On carefully substituting the components Py from (4.53)-(4.57) and Py from (4.64)-
(4.65) into (4.41)), we obtain the outage probability for different possible cases as

follows:

2

EX

. 2 2 2 2 2
Case 1: For kg4 < Ky 3 < Kg, or Ky g S Koy <K

Pg1 + Por, for v < 1//137“
Pout(1in) = § Pya, for 1/k%, <y < 1/K24, (F.1)

17 Yth > 1//4,3(1.

. 2 2 2
Case 2: For Kk, < Kk, < Ky,

(
Pi1 + Py, for v < 1//12’11,

P@4 +Pq)1, for 1/K72“,d < Yen < 1/K§,d7

7Dout('yth) - ) ) (FQ)
Pgs + Pys, for 1//@57d < Yin < 1//%’747
L 1771;}1 Z 1//{§,7~-
Case 3: For k7 ; < k2, < K24,
)
P14 Por, for y < 1/K2,,
Pigs + Po, for 1/K'Ed < Y < 1/"%”
Pout (Vin) = ’ 7 (F.3)

Pyo, for 1//<;§’T < Yn < 1/m§7d,

L ]-7’7th Z 1//{‘37d~
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Case 4: For Ky ; < ki, < K g,

ST—

Ps1 + Por, for v < 1/“?@7
Pout(Veh) = § Pgo+Pys, for 1/62, < yen < 1/K2,, (F.4)
1>%h Z 1//{3171-

. 2 2 2
Case 5: For kg, < K, ; < K3y,

(

P14 Por, for v < 1/K3,,

Pjo+Pos, for 1/k2 , <y < 1/K2,,
7)out(rYth) = 4 ? . s <F5>
Pas+Pos, for 1/x7 ) < yn < 1/K2,,

\ 17 Yth Z 1/’%3’7«‘

n (F.2)) and (F.5), the probability component Pj;+Pps can be expressed, using
total probability theorem, as

Pm3+7?@3—/ ZZPr Do [ W) i () duo

mle

/0 HPr srm < Yeu| W] f (w)dw = 1. (F.6)

And, the probability component Pg,+Pyp; in (F.2)) and (F.3) can be expressed as

0o K K
7)@4+7)@1 :/ (ZZPI‘ [Dm|W]+ HPI' [Asrm <7th’W]>
0 m=1 Dp, m=1
x Pr [Asd < %h|W] fW(w)dw = P@Q. (F?)

Substituting (F.6) in (F.5) and (F.2), and (F.7) in (F.2) and (F.3), the outage

probability can be expressed as given in Proposition
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APPENDIX G

DERIVATION OF (4.105)

Using (5.14), Pr[A,, < ow] in (5.17)) can be written as

PcthiPi ?

P8|hsm|2 + “?spsmsm

Py, < o] = Pr | —

< ch] : (G.1)

which can be evaluated as

<1 MepOth (0s Psx + N,)
Pr[A,, = T . P
1Ay, < o) A (m ps QP
X f|hspi|2(l’)dl', (GQ)

where PDF fj,,, 12(z) is of the form given by (5.11). Using this PDF along with
the series expansion of incomplete gamma function [49, eq. 8.352.1]) in (G.2), and

then solving the resultant integral, we obtain Pr[A,, < o). On substituting the

obtained Pr[A,, < ow] in (5.17), one can arrive at (5.18)).
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APPENDIX H

DERIVATION OF (4.112)

Let there be m relays that have successfully decoded the received signal in first
phase, then for |D,,| = m, we can write the conditional decoding probability, using

(5.8), as

Pr[Dy) = [] Pride, >l J] Prife, <val. (H.1)
€Dy n¢Dm

where the probability Pr [A,,, > yn] = 1—Pr[A,,, < 7). Assuch, to obtain Pr [D,,]
in (H.1)), we evaluate Pr[A,,, < ], using (5.7)), as

PS“ALSTm‘Q
Ps/ﬁarm\ilsrm]Q—l—PsoQ 6S,T+ (5rrPcY+No

e,5Tm

Pr[Ag, < vl = Pr{ < 'Vth:| ., (H.2)

L
where Y =3"|h,., |*. We can further solve (H.2) as
=1

7

1 msr’Yt’,h(érr‘Pcy + as,r)
msr) STy

Pr[As,, < vl = /o Tma) O (1— k) ) fy(y)dy,  (H.3)

where the PDF fy(y) is of the same form as given in (5.24)). Thus, invoking the
PDF fy(y) in and using the series expansion of incomplete gamma function
[49, eq. 8.352.1]), and then evaluating the resultant integral after applying binomial
theorem [49, eq. 1.111]), one can obtain

@, (”Yth); for v < 1/’%,7‘7
1, for vy > 1/K2

ERS

Pr [Asrm < ’Yth] =
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where @, () is as follows

msr—1 ¢ n Mer L
— t + mcrL) (5rrpc)t a ZSMthaSG Mey -
p— . srPs(1— Ns,'r)
(I)srm ’Vth =1 Z Z < ) tlI‘ mcr ) (asr)i_te Vth 0.

t=0 {=0
t I (i+mer L)
o - Moy e Pid ms)
erps(l - ’Yth'%g,r) QCT Qs?‘(l - Vthfﬁg,r)

Finally, by using in , Pr[D,,] can be obtained as given in (5.25)).
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APPENDIX |

PROOF OF PROPOSITION 2

On carefully substituting the components Py from ((5.34)-(5.38) and Py from ((5.47)-
(5.48) into ([5.22), we obtain the outage probability for different possible cases as

follows:

2

8,17

. 2 2 2 2 2
Case 1: For k%, < Ky g < Kg, Or ki g S K <K

Pg1 + Pyr, for v < 1//@377,,
Poui(ven) = P, for 1/k2, <y < 1/K2,, (I1)

Lyn 2> 1/"@'3@-

: 2 2 2
Case 2: For kg, < kg4 < K4,

(
P@l + P@l, fOI“ “Yth < 1/,‘13,(1’
,P®4+7)(2)1, fOl" 1//€72“7d§’}/th< 1/,€§,d7

Pout (en) = (1.2)
Pgs + Pys, for 1/“?@ < Y < 1/KZ,,
L 17’7th > 1/'%3771-
Case 3: For /<;§7d < ﬁg’T < Hid,
)
Pg1 + Por, for v < 1/k2,,
Py + Por, for 1/k2; <y < 1/K2,,
P () = 4 00 Pons 0T/ < 0 </ 13

Pya, for 1//-@377“ < Yin < 1/;@57(1,

. ]-a’yth Z ]-/’iid-
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Case 4: For mf’d < ?,, < Iiid,
Ps1 + Por, for v < 1//4;?7(1,
Pout (Vi) = § Poo+Pys, for 1/62 ;< v, < 1/k2,., (1.4)
1771;1’1 Z 1/537«

. 2 2 2
Case 5: For ki, < ki ; < K34,

)
Pg1 + Por, for v < 1/”3@7

Piy+Pos, for 1/k2, < v < 1/K2,,

S A 15)
Pjs+Pys, for 1//433,(1 < Yin < 1//1;7

L L, Ven = 1/I€g,r'

n ([[.2) and ({I.5]), the probability component Pj;+Pys can be expressed, using total
probability theorem, as

Pai o= [ S PeD s [ [P, <) i)
m=1

m=1 Dy,

~ 1 (1.6)

And, the probability component Py, +Pp; in and can be expressed as

e [ (£ 5mm T )

m=1 Dy, m=1

x Pr [Asd < ’Yth’W] fW(w)dw
— Ppo. (1.7)

After substituting in and (L.2), and in and (L.3), the outage

probability can be expressed as given in Proposition [2]
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APPENDIX J

PROOF OF LEMMA 12

Using (6.14)), we can write Py; as

(o XY
Py =P < , P.X <
21 r &Y + (1—E)oXY+ 127]3 7th Cth
A ch}
=Pr|VYy < __——1— X< J.1
[ BX — &, P o

where X = |he|?, Y = |hgp, |* for notational simplicity. Further, based on the values

of £, we can express (J.1)) as

(S
[.5 fx(x)dz,  for vy > %

Sth

Por =4[5 fx(@)da, for yu < 55 & < S, (J.2)
\\Il(/yth)u for “th < 1£T5 & %_: > &Tthu
where U(vy,) can be derived as
W (70 /ﬁ“thfmd / B (g2 ) flola (13
= x)dxr + e x)dx . .
“Yth - X :L‘:E’YTth Y Bm—’ythf X
_/_/ _
J1 :7,2

Now J; can be evaluated as J; = 1 —exp ( %“‘) To evaluate J5, we perform the

appropriate substitutions followed by some manipulations to obtain

_ Cth f%h 1 §n
Jo = Fx (Pc ("B ) T Ban P B
&—w né A t
X /t:O exp (— o — BQCS> dt. (J.4)
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It can be observed that the integral form in (J.4)) is intractable. Therefore, relying

on the Maclaurin series expansion [143] of the term exp ( ) and then solving

t
- BQes
the resultant integral with the aid of [49, eq. 3.381.6], we can derive the analytical
expression of W(~vy,), after performing various algebric manipulations, as given in

(6.16).
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