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ABSTRACT

Efficient spectrum utilization has emerged as a vital approach to address the under-
utilization of licensed radio frequency (RF) spectrum in modern wireless communi-
cation systems. Cognitive radio networks (CRNs), which enable dynamic spectrum
sharing between primary users (PUs) and secondary users (SUs), play a pivotal role
in enhancing spectral efficiency. This thesis presents a progressive exploration of
multiple CRN architectures, beginning with half-duplex (HD) relay-based systems
and advancing toward full-duplex (FD) relay-enabled networks. Each architecture
is systematically developed to address evolving communication challenges, focusing
on outage performance, throughput analysis, and energy efficiency under various
practical constraints.

The investigation begins with an HD-based CRN framework employing a multi-
antenna proactive decode-and-forward (DF') relay selection scheme.The architecture
employs adaptive spectrum sharing through a hybrid underlay/overlay protocol,
where the SU transmitter (SU-Tx) continuously monitors PU activity using energy
detection. Based on the sensing outcome, SU-Tx dynamically switches between un-
derlay and overlay modes, allowing maximization of transmission rate while protect-
ing PU transmissions. A comparative analysis demonstrates that, under the same
diversity order, increasing the number of relays yields better outage performance
than increasing the number of antennas.

Expanding upon this foundation, the next development introduces energy harvesting
(EH) and co-channel interference (CCI) into a multi-HD relay CRN. In this model,
SU-Tx and secondary relays harvest energy from PU transmissions and ambient
interference. An adaptive hybrid relay (AHR) protocol is proposed to switch between
amplify-and-forward (AF) and DF relaying based on signal-to-interference-plus-noise
ratio (SINR) thresholds. The impact of relay count, energy harvesting efficiency,
and decoding thresholds on secondary outage probability is analyzed, showcasing
the superiority of the AHR strategy over conventional AF and DF modes.

The thesis subsequently makes a transition to more advanced FD-based CRN ar-
chitectures. The system model introduces a joint underlay/overlay protocol into an
EH-assisted FD CRN. SU transmitters, equipped with RF energy detectors, dynam-
ically switch transmission modes based on PU presence. Power allocation is opti-
mized across all transmitting nodes to enhance end-to-end throughput. The model



viil

accounts for SI and PU-induced interference, and demonstrates significant through-
put improvement through the integration of FD relays and joint-mode transmission.

Continuing the exploration of FD systems, a complementary scenario is investigated
involving an EH-assisted FD multi-relay network within a multi-user spectrum shar-
ing environment. Analytical expressions for outage probability are derived, incor-
porating the effects of self-interference (SI) at FD relays and aggregate interference
at all receivers. Power control policies are formulated for SU sources and relays. A
comparative study confirms the performance gains of FD relaying over traditional
HD relaying, particularly in scenarios involving multiple destinations.

Advancing further, the analysis introduces a nonlinear EH model to better mirror
real-world energy harvesting behavior. Multiple FD relays support hybrid-mode
communication, with SU transmitters dynamically selecting underlay or overlay
modes based on sensing results. A closed-form outage analysis is presented, optimiz-
ing power allocation under comprehensive interference conditions, thereby enhancing
the reliability and energy efficiency of the network.

The next proposed architecture integrates non-orthogonal multiple access (NOMA)
into the hybrid FD CRN framework. A base station assisted by FD relays transmits
to multiple SU destinations using NOMA principles. SU transmitters, equipped
with RF energy harvesting and detection circuitry, operate adaptively in under-
lay or overlay modes. An analytical model is developed to derive closed-form out-
age probabilities under SI and imperfect successive interference cancellation (i-SIC),
highlighting improvements in spectral efficiency and system throughput.

Finally, the architecture introduces an intelligent reflecting surface (IRS) to assist
FD relaying in an m-Nakagami fading environment. Information is transmitted
from the SU source to the destination via both an IRS and FD relay using the DF
protocol. The IRS supports interference management to ensure PU protection while
enhancing the received signal strength at the SU receiver. Performance comparisons
reveal that IRS-assisted FD relaying provides significant gains over conventional FD
setups.

This thesis presents rigorous mathematical analyses and closed-form derivations to
evaluate outage probability and throughput. The progression from HD to FD relay-
ing, integration of energy harvesting, dynamic modes, and the use of NOMA and
IRS together reflect a holistic approach to improving cognitive radio performance in
complex, resource-limited environments.
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Chapter 1

Introduction

Cognitive radio (CR) is an innovative method for dynamically accessing the radio
spectrum, helping to mitigate the scarcity of available frequency spectrum caused
by the surge in wireless users. The invention of the cognitive radio framework in
wireless communication networks requires extensive research focused on utilizing
the unused radio spectrum. The improper management of licensed spectrum plays
the key role in inefficient spectrum usage. In the conventional approach, particular
users are granted exclusive access to designated frequencies. In case, these licensed
users do not use their assigned spectrum, others without a license are prohibited
from using it, resulting in resource waste. As a result of this restrictions, a cer-
tain frequency band has traffic congestion in dynamic frequency allocation, whereas
other bands operate sparingly. Cognitive radio uses the spectrum resources effec-
tively and efficiently by allocating frequencies in a dynamic and adaptable manner
to operate wireless devices across several spectra. In this regard, the CR network
plays a crucial role by constantly identifying spectrum holes and choosing the ap-
propriate frequency to prioritize client access to the spectrum. The critical role of
CR is specifically described by spectrum sensing and decision-making, followed by

spectrum management, sharing and allocation. CR must develop various spectrum
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access strategies through suitable adaptive spectrum allocation that supports effec-
tive and efficient spectrum sharing procedures in order to evolve into more adaptable

to the changing spectrum environment.

1.1 Architecture of a cognitive radio network

The demand for additional spectrum is continuously rising due to the introduction of
new wireless applications, which has caused the available spectrum for communica-
tion to become overcrowded. Researchers are investigating contemporary technolo-
gies for spectrum sensing and dynamic spectrum sharing using a unique cognitive
radio network strategy to address the problem of spectrum shortage.

Based on cognitive radio network (CRN) infrastructure, a basic network is divided

PU-Primary User PBS-Primary Base Station
SU-Secondary User FC-Fusion Centre

FiGURE 1.1: Basic cognitive radio network

into two groups namely, the primary network and the cognitive radio network or
secondary network. A specific frequency band can only be used by the primary
user. This access can only be managed by the primary base station, while other
users should not interfere with it. On the other hand, secondary users, secondary

base stations, and secondary relays are the elements of a cognitive radio network.
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These users do not have direct access to the prime users’ licensed frequency bands.
Essentially cognitive radio networks (CRNs) incorporate intelligent wireless commu-
nication system protocols in which the secondary users (SUs) are provided to use the
licensed channels of primary users (PUs) in an efficient manner, ensuring a better

model in its approach [1].

1.2 Operational principles of cognitive radio net-

work

With the proliferation of wireless devices and services, the demand for radio spec-
trum has increased tremendously. And yet, vast tracts of this precious resource lie
idle due to inflexible licensing policies. That is where CRNs enter the scene. They
are communication systems which can intelligently adjust to their environment and
utilize available spectrum — particularly the unused gaps between licensed users.
At the center of CRNs, we have five central capabilities: spectrum sensing, decision
making, spectrum management, spectrum sharing, and spectrum allocation. Let’s
deconstruct these in a manner that is easy to understand but remains technically

accurate [2].

1.2.1 Spectrum sensing

Spectrum sensing is analogous to a secondary user entering a frequency band and first
performing signal detection to determine if a primary user is already transmitting
before initiating its own communication. A cognitive radio “hears” the wireless
world to see whether a licensed (primary) user is already occupied with a frequency.
If the channel is clear — even briefly — the CR can use it.

The challenge is that it’s not so simple to detect weak signals in noisy environments.

Methods such as energy detection and more advanced cooperative sensing (where
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several radios collaborate to make a better call) enhance accuracy. This approach is
analogous to multiple nodes performing spectrum sensing collaboratively to ensure
the channel is idle before initiating transmission.

Spectrum sensing is a fundamental function of cognitive radio networks. It enables
secondary users (SUs) to detect unused spectrum without causing interference to
primary users (PUs). Various sensing mechanisms exist, with different complexity

and performance under noise, fading, and interference conditions.

1.2.1.1 Energy detection (ED)

Energy detection works by measuring the energy of the received signal and compar-
ing it to a predefined threshold. If the energy exceeds the threshold, it is assumed
that a primary user is present. Energy detection is the most widely used technique
due to its simplicity and low computational requirements.

The received signal y(t) is modeled as:

Hy = y(t) = n(t), only noise

Hy :y(t) = s(t) + n(t), signal and noise

Here, n(t) is white Gaussian noise and s(t) is the primary user signal.

The test statistic is:
1 .
T =% Sl (1:2)

Compare T with a threshold A:

If T'> A, decide in favor of H; (signal present)

If T < A, decide in favor of Hy (signal absent)

Advantages and disadvantages of this mechanism are as follows:

Advantages

(i) No prior knowledge of PU signal is needed.

(ii) Simple to implement in hardware.
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Disadvantages

(i) Poor performance at low SNR.
(ii) Cannot differentiate between PU signal and noise/interference.

(iii) Requires accurate estimation of noise power.

1.2.1.2 Cyclostationary feature detection

Cyclostationary feature detection is a more advanced sensing technique that exploits
the periodic statistical properties inherent in most modulated signals. Unlike energy
detection, which treats all received energy as potentially meaningful, this method
differentiates between noise and actual communication signals by identifying periodic

features such as cyclic prefixes or pilot signals.

This technique works by analyzing the spectral correlation function of the received
signal to detect features that occur at specific cyclic frequencies. These features are
characteristic of modulated signals and can be used not only to detect the presence
of a primary user but also to identify the type of modulation used. As a result,
cyclostationary detection is robust in environments with high noise and interference

and can operate effectively even at low SNR levels.

However, the improved performance comes at the cost of increased computational
complexity and a need for partial knowledge about the signal characteristics. Im-
plementing cyclostationary detection typically requires advanced signal processing
techniques and considerable processing power, making it less suitable for lightweight

or resource-constrained devices.

Cyclostationary sensing exploits periodic properties of modulated signals (e.g., cyclic
redundancy in symbols). Unlike energy detection, it distinguishes PU signals from
noise by detecting spectral correlation.

Advantages
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(i) Robust to noise uncertainty.

(ii) Can differentiate between different signal types.

Disadvantages

(i) High computational complexity.

(ii) Requires knowledge of signal characteristics.

1.2.1.3 Matched filtering detection

Matched filtering is considered as an optimal detection technique when the primary
user’s signal is completely known. This method involves correlating the received
signal with a known reference or template of the PU signal. The output of the
correlation is maximized when the received signal matches the template, providing
highly accurate detection with the shortest possible sensing time. The main advan-
tage of matched filtering is its superior performance in terms of detection speed and
accuracy, especially in scenarios where the PU signal is consistent and fully charac-
terized. However, this method demands exact knowledge of the signal’s parameters,
including modulation type, pulse shape, and timing. Without such information,

matched filtering becomes ineffective.

Furthermore, the high computational complexity and power consumption associated
with matched filtering limit its practicality, particularly in mobile or power-sensitive
applications. It is most commonly used in scenarios where the PU waveform is
standardized and accessible, such as certain military or cooperative communication

environments.
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1.2.1.4 Wavelet-based sensing

Wavelet-based sensing is a modern technique suited for wideband spectrum environ-
ments. It utilizes wavelet transforms to analyze the power spectral density (PSD) of
the received signal and detect abrupt changes or edges. These changes typically rep-
resent transitions between occupied and unoccupied frequency bands. This method
does not require any prior knowledge of the primary user’s signal and is particularly
effective for identifying the boundaries of occupied channels in a wideband spec-
trum. It enables secondary users to pinpoint which segments of the spectrum are in
use and which are available, thus facilitating dynamic access across large frequency

ranges.

However, wavelet-based sensing is sensitive to noise and can produce false detections
if the noise mimics the edge-like features of legitimate signals. Additionally, it
requires high sampling rates, which may be challenging to implement with existing
hardware. The complexity of the wavelet transform process also demands substantial

computational resources.

Wavelet sensing is used to detect edges in power spectral density (PSD), ideal for
wideband spectrum sensing. It detects spectral features without requiring prior

signal knowledge.

In conclusion, each spectrum sensing method presents a trade-off between the com-
plexity of implementation, the detection precision, the robustness of the noise and
the amount of prior knowledge required about the signal of the primary user. En-
ergy detection remains popular due to its simplicity and low cost, making it suitable
for many CRN applications. However, its limitations in low SNR conditions and
inability to distinguish interference from legitimate signals make it less effective in
challenging environments. More sophisticated methods like cyclostationary feature
detection and matched filtering offer greater accuracy but require higher compu-

tational power and more detailed knowledge of the signal. Wavelet-based sensing
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provides a promising solution for wideband sensing, although its reliance on high
sampling rates and sensitivity to noise pose practical challenges. In practice, hy-
brid approaches that combine multiple techniques are increasingly being explored to
leverage the strengths and mitigate the weaknesses of individual methods. In this

thesis, all spectrum sensing is carried out via an energy detection approach.

1.2.2 Decision-making

After a cognitive radio identifies the available channels, the subsequent task involves
determining the most efficient way to utilize them. This entails real-time selection of
the optimal frequency band, transmission power, modulation scheme, and transmis-
sion timing. The process is analogous to dynamically choosing the least congested

route using a GPS system with live traffic updates.

The cognitive radio system evaluates parameters such as signal strength, user de-
mands, interference levels, and historical performance data. The objective is to
maintain seamless and continuous communication while minimizing disruption to
other signals. Effective decision-making often necessitates a degree of machine learn-
ing. As the system accumulates experience, its ability to make optimal operational

decisions improves over time.

1.2.3 Spectrum management

Let us visualize a highly attentive traffic controller controlling dozens of routes and
vehicles — that’s spectrum management in a CRN. It controls how spectrum is
being utilized and makes sure everything goes smoothly. This involves monitoring
which channels are available, when they’re most likely to be free, and how to change
channels if things change.

One of the most important aspects of this is spectrum mobility — when a primary

user returns and takes back a frequency, the CR must change rapidly to a different
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available channel without losing the connection. It’s like lane changing smoothly
when someone accelerates up behind you — it must be done fast and without any

fuss.

1.2.4 Spectrum sharing

Cognitive radios do not live in a vacuum. There are other devices — primary
and secondary — attempting to utilize the same airwaves. Spectrum sharing is all
about ensuring everyone receives their fair portion without stomping on each other’s
signals.

There are primarily two methods available for spectrum sharing, namely

(i) Overlay sharing: where CRs occupy only the unused channels.

(ii) Underlay sharing: where they send at very low power, even if someone else is

already occupying the band.

To make this possible, CRNs apply clever coordination techniques — sometimes cen-
tralized (like a control tower) and sometimes distributed (like self-gathering crowds).
The aim is to prevent conflicts and ensure that everybody may use the spectrum

without interfering.

1.2.5 Spectrum allocation

This is where decisions are made regarding who can utilize what slice of spectrum
and for how long. It’s an instantaneous process that has to balance a variety of
factors such as available channels, user demand, fairness, interference avoidance,
and quality of service. In a static universe, this would be done once and never re-
membered. But in CRNs, circumstances are always shifting. So, allocation must be

adaptive and accommodating. At times, a centralized authority does it; at times,
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devices allocate autonomously. Either way, intelligent algorithms (even machine
learning) can provide predictions of future use and better allocations with the pas-
sage of time.

Cognitive radio networks (CRNs) are all about smarter but not harder, use of spec-
trum. They listen first and then speak, they adjust to evolving conditions, and
they make smart decisions that legacy networks just can’t. By integrating spectrum
sensing, real-time decision-making, smart management, cooperative sharing, and
adaptive allocation, CRNs are revolutionizing the paradigm of wireless communica-
tion. In a world where spectrum is valuable and demand continues to rise, CRNs
are like the resourceful multitaskers who ensure each ounce of available airspace is

utilized efficiently without being disruptive.

1.3 Hierarchical usage in cognitive radio network

Sensing activity performed by secondary networks is the backbone of dynamic spec-
trum management, access, and sharing policies in the cognitive radio network. Spec-
trum sensing enables the identification of vacant frequency bands, and the subse-
quent processes of appropriate selection and dynamic allocation to users are catego-
rized into three main prototypes. As discussed earlier, various users enjoy different
priorities based on their spectrum license agreement policies. The spectrum owner,
sometimes referred to as the primary users, is granted the highest level of priority
to access the spectrum. Secondary users, also known as unlicensed users, can then
opportunistically use the spectrum of licensed users.

Cognitive radio, which enables SUs to access the licensed frequency band occupied
by the PUs in an opportunistic or collaborative manner while protecting the PUs’
quality of service, also provides an efficient use of the wireless spectrum [3]. CRNs
are generally classified into three spectrum access paradigms on the basis of infor-

mation transmission viz. underlay, overlay and joint underlay/overlay modes.
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1.3.1 Underlay mode of cognitive radio network

In underlay mode of communication, as long as they do not significantly interfere
with the primary users, unlicensed secondary users are permitted to transmit jointly
with licensed primary users. Both primary and secondary users share the same spec-
trum. Monitoring is done on the channel gain between the primary receiver and the
secondary transmitter. In an underlay CR network, SUs are permitted to utilise
the busy PU’s spectrum with the requirement that the PU’s quality of service be
preserved by controlling the SU’s transmission power below a set threshold or inter-
ference temperature [1]. There is an interference temperature limit that limits the

secondary user’s transmission. Underlay condition can be described as [4]:

Psuhps S [th (13)

where, P, stands for transmit power of secondary user, h, is channel gain from sec-
ondary transmitter to primary receiver, I, is interference threshold at the primary

receiver.

1.3.2 Overlay mode of cognitive radio network

The overlay mode, sometimes called opportunistic spectrum access, is a CRN op-
erating mode in which secondary users are only permitted to transmit when the
primary users, or licensed users, are not using the spectrum. To put it simple, sec-
ondary users keep track on the spectrum and make use of unused channels without
interfering with primary ones. In overlay mode, the secondary source is allowed only
to transmit with the maximum transmit power when the primary user is idle [1].
After sensing the primary users in inactive mode, their is an opportunity on transmit

power by the secondary users to transmit information at its desired power.
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1.3.3 Joint underlay/overlay mode of cognitive radio net-

work

In contrast to overlay mode, where SUs’ transmit power is maximized only during
spectrum gaps, underlay operation limits SUs’ transmit power by a threshold value
to preserve the quality of service of PUs. Each has its own limitations in both
situations. A joint underlay/overlay mode combines both these features to increase
performance and flexibility.

Joint underlay /overlay mode works on the principle of adaptive switching designed

PSD Underlay Protocol
PU PU PU Interference
N Threshold
Spectrum
PSD Overlay Protocol
PU PU PU
SU |SU |su |SU |SU SU | SV | su|su su
Spectrum
PSD Joint underlay/overlay Protocol
PU /\/\m PU /\/\ PU Interference
Threshold
SLXSUYSU sulsul su |su SLX SUYSU su |[su| su SUYSUY suf SV

Spectrum

FIGURE 1.2: Underlay, overlay and joint underlay/overlay in cognitive radio
network

at secondary user where simultaneous swapping between underlay and overlay mode
is decided by SU, which senses the availability of PU information through sensing
mechanism. After sensing, if the PU is found busy, SU activates its power restriction
mode (i.e., underlay); otherwise, SU operates with its maximum power (i.e., overlay)
mode. This thesis highlights the advantages of this opportunistic spectrum use,
which include enhanced secondary network throughput performance and maximum

spectrum utilization.
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1.4 Introduction to relay communication in cog-

nitive radio network

The primary goal of wireless communication is to achieve higher transmission rates
with wide coverage, but this is challenged by factors such as attenuation, fading,
and shadowing effects. The issue caused by the fading/shadowing effect is resolved
by the usage of cooperative relay communication. In order to send an independent
duplicate of the same signal, cooperative relay communication requires both the
direct source-destination connection and the relay to destination. A total of K+1
copies of the transmitted signal will be received at the destination if a cooperative
relay network has K relays.

A secondary transmitter and secondary receiver communicate with each other with
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FIGURE 1.3: Relay based secondary network

the help of intermediate relay nodes in a relay-based CRN. Particularly in settings
with inadequate direct link quality, these relays can aid in increasing throughput,
reliability, and range. A forwarding strategy is required once a relay is implemented

in order to assist in moving the message from its source to its destination.
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1.4.1 Amplify-and-Forward (AF) protocol

In the Amplify-and-Forward (AF) protocol, the relay does not attempt to de-
code or alter the incoming signal from the source. Instead, it directly amplifies the
received signal and transmits it to the destination. This amplification is aimed at
mitigating the effects of fading. However, since the relay forwards the signal with-
out decoding, any noise present in the received signal is also amplified, which can

degrade the quality of the signal by the time it arrives at the destination [5].

1.4.2 Decode-and-Forward (DF) protocol

In the Decode-and-Forward (DF') protocol, the relay first receives and then de-
codes the incoming data. Before sending it to the destination, the relay re-encodes
the information. By decoding and retransmitting the signal, the relay helps mini-
mize the impact of noise and interference, thereby enhancing the reliability of the

communication [6].

1.4.3 Adaptive Hybrid Relay (AHR) protocol

Adaptive Hybrid Relay (AHR) protocol technique combines both Amplify-and-
Forward (AF) and Decode-and-Forward (DF) strategies, and selects between them
based on current channel conditions. Its primary objective is to dynamically select
the most suitable relay method—either AF or DF—to improve signal quality, data
throughput, and communication reliability. Initially, the relay attempts to decode
the received signal. If decoding is successful, it uses the DF protocol to forward
the decoded data. However, if decoding fails, the relay switches to the AF mode,

amplifies the signal, and transmits it to the destination.
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1.4.4 Relay based half-duplex communication

In half-duplex (HD) relay communication, the relay functions on two hops: receives
information from the source in the first hop of the cycle and transmits the signal to
the receiver in the second hop. As a result, it is unable to transmit and receive both
signals simultaneously. The complete transmission via HD relay is accompanied
by two phase that in turn reduces spectral efficiency but simpler to integrate into

cooperative CRNs to increase coverage.
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Ficure 1.4: Multi-relay based secondary network

1.4.5 Relay based full-duplex communication

The relay in the full-duplex (FD) relay communication allows for simultaneous op-
eration by receiving data from the source and sending it to the destination without
any transmission delays in a realistic and useful scenario. However, the problem that
FD relays faces is self-interference (SI), where the transmitted signal interferes with
the received signal. With advancement of technology and beamforming mechanism,

the solution to mitigate the SI issue partly can be solved.
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FIGURE 1.5: FD relay based secondary network
1.5 Multiple access in wireless communication sys-

tem

In communication systems, multiple access is a technique that enables several users
to effectively share a single communication channel or spectrum without interfering
with one another. Its primary objective is to make use most of the available band-
width, permit several users to send data at once, reduce minimized collisions and
interference, assure equitable and effective distribution of resources.

The event of having only one user broadcasting at a time without various access
methods is extremely wasteful and unfeasible for real-world applications. The dif-

ferent classification of multiple access techniques are defined in below sections.

1.5.1 Orthogonal Multiple Access (OMA)

To prevent interference, each user in a pool of many users is given distinct resources
(time, frequency, or code) using the well-known classic multiple access mechanism

known as orthogonal multiple access (OMA). OMA can be classified into three main

types as follows:
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1.5.1.1 Frequency Division Multiple Access (FDMA)

Frequency Division Multiple Access or FDMA, is a communication technique that
divides the frequency spectrum into distinct bands, with each user being assigned a
specific frequency band. The users can transmit simultaneously but operate on
different frequencies. To prevent interference, the bandwidth is split into non-
overlapping frequency channels. FDMA can be used in analog communication sys-
tems and satellite communications. This technique has a drawback in terms of
bandwidth utilization, where it can be inefficient, particularly when data transmis-

sion requirements vary [7].

1.5.1.2 Time Division Multiple Access (TDMA)

Time Division Multiple Access or TDMA, is a method which segments the time do-
main and each user gets a turn to transmit within the allocated time slot, sharing the
same frequency channel. In this method, no two users can transmit simultaneously.
They transmit in sequence, in rapid succession. Each user employs a specific time
slot for transmission throughout the available bandwidth sequentially in a cyclic
manner with no collision in same time slot. This technique is commonly used in dig-
ital cellular systems. Unlike FDMA, this technique enhances bandwidth utilization.
This method has limitations as there may exist idle slots when a user has no data

to send. It also relies on precise time synchronization [7].

1.5.1.3 Code Division Multiple Access (CDMA)

Code Division Multiple Access or CDMA, is a spread-spectrum approach, where
multiple users can transmit simultaneously over the same frequency. In order to
distinguish, each user’s signal is assigned with a unique code which is mathematically
orthogonal to prevent interference. CDMA is implemented in mobile communication

systems like 3G. The ability to support numerous users within the same bandwidth,



Chapter 1 18

makes it efficient. CDMA enables several users to use distinct spreading codes to
communicate simultaneously on the same frequency. By matching the proper code,
the receiver isolates the desired signal and ignores other signals as noise. It is limited

to complex decoding [7].
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FIGURE 1.6: Orthogonal Multiple Access (OMA) technique

1.5.1.4 Orthogonal Frequency Division Multiple Access

Orthogonal Frequency Division Multiple Access or OFDMA is a frequency-division-
based resource allocation, where the spectrum is divided into subcarriers, which are
grouped into resource blocks. Different users are assigned with different subcarriers
provided in the same frequency band and timeframe. This allows multiple users to
transmit simultaneously without interference. It is widely used in wireless commu-
nication system, such as LTE and wi-fi networks. It is highly flexible and suitable

for broadband and varying traffic loads. Its limitations comprise of sensitivity to
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frequency drift and phase noise. To enable efficiency, OFDMA merges OFDM with
multiple user access. Numerous orthogonal subcarriers make up the entire channel
bandwidth. One or more subcarriers are allotted to each user for communication
within a specific time period. Despite their close spacing, these subcarriers are

orthogonal, which means they don’t interfere with one another [8].

1.5.2 Non-Orthogonal Multiple Access (NOMA)

Non-Orthogonal Multiple Access (NOMA) is the upcoming cutting-edge technology
in the field of multiple access technique in recent wireless communication domain.
Inclusion of NOMA technology in this CRN field increases spectral efficiency, con-
nectivity, and improves system performance in dynamic spectrum environments. In
NOMA methodology, depending upon the channel quality multiple users can access
the same frequency spectrum by employing different power levels for individual users.
Thus, the CRNs get facilitate in terms of spectral efficiency with the implementation
of NOMA technology by guaranteeing equitable and efficient distribution of power.
Key features which are involved in NOMA enabled cognitive radio network are as
follows:

Multiplexing via Power Domain: Users are assigned with varying levels of
power based on the severity of the channel condition. Furthermore, higher power is
assigned to those with poorer channel conditions.

Successive Interference Cancellation (SIC): This is a methodical signal de-
coding procedure where the receiver receives the composite signal, which consists
of data transmitted from multiple users at different power levels and decodes the
strongest signal first with the highest power level and moves on to the next strongest
signal, and so on [9].

Channel State Information (CSI): By constantly regulating power levels, CSI

awareness improves the effectiveness of spectrum sharing.
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1.6 Energy harvesting in cognitive radio networks

Energy harvesting (EH) in cognitive radio networks (CRNs) is a wireless commu-
nication systems which collects energy from the surrounding environment and also
operates without needing frequent battery changes or constant charging, which is
especially useful in mobile or remote areas. A cognitive radio network is a type
of wireless communication system where radios (smart devices) can automatically
detect and adjust to the available radio frequencies. These radios are designed to be
flexible and efficient, meaning they can “sense” their environment and decide when
and where to transmit or receive data. Cognitive radios improve the use of available
radio frequencies, helps to reduce interference and make better use of the wireless
spectrum. Energy harvesting is the process of collecting energy from natural sources
in the environment to power electronic devices [10].

In traditional wireless networks, devices usually depend on batteries to work. How-
ever, cognitive radios in CRNs are continuously scanning the environment and mak-
ing decisions about frequency use. This can require a lot of power. With en-
ergy harvesting, cognitive radios can collect energy from the environment around
them, which helps extend their operational time and reduces the need to constantly

recharge batteries. For example, if a cognitive radio is located in a place with good
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sunlight, it can use solar energy to stay powered.

There are two main types of energy harvesting in CRNs: linear energy harvesting
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FicUre 1.8: Block diagram of energy harvesting network

and non-linear energy harvesting. These terms describe how the amount of energy

collected changes in relation to the energy source (like sunlight or radio signals).

1.6.1 Linear energy harvesting scenario

In linear energy harvesting, the amount of energy harvested is directly proportional
to the energy source. This means that if the energy source increases (like more
sunlight or stronger radio waves), the energy harvested also increases in a predictable
way.

The harvested energy, Ej in the linear EH model is exactly proportionate to the

input radio frequency power [11]:

Ey =nPr (1.4)

where, n= energy harvesting efficiency factor (0 < n < 1).
P; is input transmitted RF power.

7 is duration of energy harvesting.
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1.6.2 Non-linear energy harvesting scenario

In non-linear energy harvesting, the energy collected does not increase in a simple,
straight-line relationship with the energy source. The amount of energy harvested
can depend on several factors, and the connection between the energy source and
the energy harvested can be more complex.

The nonlinear energy harvesting relation can be expressed as [12, 13]:

(

07 lf R < -Pthresold
Eh" - an if Pthresold S Pz S Pmax (15)

Emax> lf Pin > Pmax

\

where, E,.x is the maximum energy harvested and Pipresola is the minimum power

for EH circuit to operate.

1.7 Intelligent reflecting surface assisted wireless

communication in cognitive radio network

With more and more gadgets connecting every day, wireless communication is ex-
panding quickly. Additionally, people desire better data speeds. This has made
optimal utilization of the radio frequency spectrum more difficult. The spectrum
can no longer be effectively divided into definite pieces using the outdated method.
The spectrum is congested in certain areas and underutilized in others. Cognitive
radio networks were developed as a solution to this issue. CRNs are intelligent sys-
tems that let unlicensed users, often known as secondary users, to utilize unused
spectrum without interfering with primary users, who are licensed users. Despite
this, CRN continues to confront significant challenges, including mistakes in identi-
fying available spectrum, controlling user interference, and adjusting to the dynamic

nature of wireless transmissions. These problems can be resolved with the use of
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a novel technology known as intelligent reflecting surfaces (IRS). IRS can modify
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FiGure 1.9: IRS assisted secondary network

wireless signals’ propagation by altering how they bounce off a certain surface. The
direction and strength of the signals can be controlled by the numerous tiny, passive
components that make up this surface. The best aspect is that IRS can accomplish
all of this without generating signals on its own. There are numerous advantages
when IRS and CRNs are integrated to form IRS-assisted cognitive radio networks
(IRS-CRNs). IRS reconfigures the radio environment by reflecting signals in desired
directions rather than creating or amplifying signals. This leads to improved cover-
age, particularly in places that are blocked, improved quality of the signal, reduced
power use, environmentally conscious beamforming [14]. In an IRS-assisted com-
munication system within a cognitive radio network, the overall signal received at
the destination is the combination of the direct path and the reflected path via the
intelligent reflecting surface (IRS).

Let us define:

hsq: Source to destination direct link channel gain,
hg-: Source to IRS channel gain,

h.q: IRS to destination channel gain,
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©: IRS phase shifts are represented by a diagonal matrix.
Defining IRS phase shift matrix as:

O = diag (6391, e ,eJeN)

where the IRS’s it reflecting element introduces an adjustable phase shift, denoted

by 6;, and N counts total number of elements.

From source to destination, the effective end-to-end channel is as follows:
Bt = heg + h1; - © - hy, (1.6)

The superposition of the reflected path and the direct transmission path is captured

by the above expression.

1.8 Motivation of the research work

The best way to address this issue of under-utilization of the spectrum is through
wireless communication using cognitive radio (CR) technology. When necessary,
CR technology allows for extremely reliable communication between users within
the network. The introduction of a relay between the source and destination in a
CRN is also a promising technique that helps to extend the range for communication
as well as helps to reduce the transmission power. The CRN is supported by the
relay-aided communication system, but the IRS network’s introduction in the CRN
doubles the support for the communication system.

CR systems operates primarily in two modes: underlay, where secondary users (SUs)
share the spectrum with active primary users (PUs) under strict interference con-
straints, and overlay, where SUs opportunistically access the spectrum when it is

idle. These modes rely heavily on effective spectrum sensing, typically performed



Chapter 1 25

using techniques like energy detection, to determine PU activity. While signifi-
cant research has been conducted on both underlay and overlay CR networks, and
even on systems that combine both modes, previous works [15, 16, 17, 18], have
not addressed the integration of multi-antenna-based proactive decode-and-forward
(DF) relaying with adaptive switching between underlay and overlay modes based
on real-time PU detection. Moreover, the ability of the secondary transmitter to
autonomously decide its operating mode by employing an energy detector circuit
has not been explored depending on channel occupancy. Motivated by this gap, the
first section of chapter 3 proposes a novel CR framework where the SU dynamically
switches between underlay and overlay modes based on PU activity. This adaptive
mechanism, supported by multi-relay DF cooperation and adjustable antenna con-
figurations, aims to minimize outage and maximize throughput at the secondary
destination, particularly during periods of high PU activity based on channel occu-
pancy.

Energy harvesting from radio frequency signal is a promising solution for powering
wireless systems. In [19], the authors proposed and analyzed a dual-hop model based
on RF energy harvesting. Wireless energy harvesting and information processing ap-
proach using AF relay mode have been illustrated here. In [20], the authors evaluated
the effectiveness of the decode-forward (DF) and amplification-forward (AF) proto-
cols for multi-hop EH-based relay networks. The outage and throughput evaluation
of the RF energy harvesting assisted DF relay-based CR network has been shown
in [21]. In [22], the authors have analyzed the effect of co-channel interference (CCI)
along with feedback delay in multi-antenna-based AF relay networks. Antenna se-
lection schemes are being studied in energy harvesting-based decode forward relays
system. The authors in [23], have examined the effectiveness of the amplify-and-
forward relaying strategy for small cell uplinks using multi-antenna-based relays.
Whereas in [24], the authors considered co-channel interference (CCI) from primary
users that is non-identical across different hops in a cluster-based multi-hop cognitive

network. In other words, the interference experienced at each node varies depending
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on its location and surrounding transmitters. CCI is the interference a user expe-
riences from a user in an adjacent cell that uses same frequency. CCI can be used
as an alternative energy source for low energy powered communication devices in
wireless networks.

However, a significant gap remains in the existing literature—most prior works have
not considered an integrated approach where adaptive relay selection coexists with
energy harvesting at both the secondary source and relays in the presence of CCI.
The work done in second section of chapter 3 is motivated by the need to enhance
spectrum efficiency and energy utilization by proposing an adaptive hybrid relay
(AHR)-based cognitive radio (CR) network operating in underlay mode.

Instead of half-duplex relaying, full-duplex (FD) relaying significantly improves spec-
tral efficiency by allowing simultaneous transmission and reception over the same
channel. In [25], the authors have analyzed the error rate performance of an FD
DF relaying scheme. Multi-hop full duplex cognitive relay networks (MH-FDCRNs)
operating in the spectrum sharing mode has been introduced in [26], which can en-
hance the spectral efficiency. Authors in [27], had proposed special cases of diversity
gain considering the strength of SI in an environment of distributed FD strategy. A
novel hybrid relaying protocol was introduced in [28], that opportunistically switches
between FD and HD relaying techniques based on pre-assigned condition. In [29],
authors have described the BER performance of a linear and non linear energy har-
vesting based CR network where a single primary user band is used along with single
secondary destination. However, authors did not consider the effect of interference at
all receiver nodes from multiple primary user transmitter. Motivated by the need to
enhance data transmission in energy-constrained cognitive radio networks, chapter 4
investigates full duplex relay networks in multi-user CRNs. It proposes three system
models based on FD relay based CRNs. Of these, the first two section deals with
linear energy harvesting and the last section reflects the practical approach on non
linear energy harvesting, to evaluate performance under diverse spectrum-sharing

and relay communication scenarios.
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NOMA has become a cutting-edge solution to meet these goals as to boost spec-
trum efficiency by making maximum use of the scarce spectrum resources, better
user fairness, reduced transmission latency, and high cell edge throughput [30]. Au-
thors in [31] claimed that NOMA can offer a considerable performance improve-
ment over traditional orthogonal multiple access (OMA). The fundamental idea
of NOMA is to let several users share the same time period, frequency band and
code resource elements using different power levels [32]. The concept of cooperative
NOMA (CNOMA) was first put forth in [9], where a nearby user itself takes part
as a relay for a distant user experiencing weak channel conditions. The scheme of
CNOMA can be mainly categorised into two modes namely half-duplex (HD) [33]
and full-duplex (FD) [34, 35, 36], according to their mode of transmission. Driven
by this gap, with leaving behind the traditional OMA technology in wireless commu-
nication motivates us to build a new approach towards NOMA technique which is
adapted in an FD relay network-based CRN with system model and analysis being
carried out in the chapter 5.

Intelligent reflecting surfaces (IRSs) have recently emerged as a promising solution
to enhance coverage in wireless communication systems [37, 38, 39, 40, 41]. Au-
thors in [42], explored an FD secure communication system enhanced by an IRS,
which improves spectrum efficiency and physical layer security by overlapping signals
at the eavesdropper, while addressing the practical challenge of imperfect channel
state information (CSI) in IRS-assisted cascaded channels. In [43], the authors de-
tail a method of bilateral communication between FD nodes that is supported by
an IRS network and that maximizes the sum rate through joint transmit beamform-
ing optimization. To facilitate wireless communication between a terrestrial source
and destination, the authors of [44], suggested a hybrid network that combines an
IRS network and an FD decode and forward relay. The authors in [45], illustrate
an [RS-assisted full-duplex secure communication system, demonstrating improved
spectrum efficiency and enhanced physical layer security over traditional FD sys-
tems, while addressing challenges posed by imperfect channel state information in

cascaded channels. In order to communicate between base station and end user
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without a direct link via mm wave MIMO network protocol, the authors in [46],
investigated an amplify forward (AF) as well as a decode forward (DF) FD relay
containing IRS network. The aforementioned articles motivate us to develop a cog-
nitive radio network in which secondary users connect via both an IRS network and

an FD relay network as discussed in chapter 6.

1.9 Objectives and contributions of the research

work

The objectives of this research are summarized as follows:

1) To analyze the performance of multi-antenna integrated multi-relay based cogni-
tive radio network in presence of energy harvesting and co-channel interference.

2) To evaluate the performance of full-duplex multi-relay based multi-user cognitive
radio network under linear and non-linear energy harvesting environment.

3) To analyze the performance of NOMA based hybrid cognitive radio network assist
by full-duplex relay.

4) To investigate the performance of full duplex relay based cognitive radio assisted
by IRS network.

To meet the above objectives, the contributions of this thesis are sum-

marized as follows:

(i) Mathematical analysis and simulation of closed form expression of hybrid un-
derlay /overlay protocol has been evaluated in terms of outage performance at
secondary receiver. The adaptive power allocation policies at secondary trans-
mitter nodes are strategically maintained keeping quality of service of PU out-
age constraint. The outage performance of joint underlay/overlay technique
at SU receiver is compared with the existing overlay and underlay scheme.
The attainment of diversity due to impact of variation of number of relays and

numbers of antennas incorporated in each relay is analyzed in this system.
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(i)

The first section of chapter 3 deals with the system model and mathematical

derivation.

The outage performance of secondary user in underlay cognitive radio network
using AHR relay scheme has been investigated in presence of CCI environ-
ment. AHR is the combination of AF and DF relay protocol which can switch
in between depending on the channel condition. The closed-form analytical
expression of SU outage has been evaluated in underlay CR network using EH
circuit at secondary transmitters (i.e., SU-Tx, SR) while maintaining maxi-
mum allowable transmit power policy at secondary transmitters. The impact
of number of relays, energy harvesting efficiency factor, and decoding threshold
SINR on SU outage performance has been indicated. Second section of chapter

3 contains the general system model with mathematical implementation.

The first section of chapter 4, explores the operation of a cognitive radio net-
work under different transmission paradigms, including underlay, overlay, and
a joint underlay/overlay mode, within the context of a full-duplex (FD) relay
network. An adaptive transmission strategy is considered, taking into account
multiple primary users and allowing dynamic selection between underlay and
overlay modes to enhance spectral efficiency. The analysis thoroughly ex-
amines the impact of self-interference inherent in FD relays, along with the
cumulative transmitting interference at each receiving node, both of which
are critical in determining system performance. A comparative evaluation be-
tween FD and traditional HD relaying protocols reveals the advantages of FD
relays in terms of spectral efficiency and reduced latency, despite the challenges
posed by self-interference. The study further evaluates secondary user outage
performance under varying channel occupancy factors, highlighting how FD
operation can sustain reliable communication even under high primary user ac-
tivity. Additionally, the influence of energy harvesting circuit efficiency on the

secondary outage probability is analyzed, demonstrating that optimizing the
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energy harvesting process is vital for maintaining robust system performance

in FD relay-assisted CRNs.

The second section of chapter 4 investigates the performance of energy har-
vesting based FD relay network aided CRN in a multi user diversity scenario
operating in underlay mode. In this study, we examine the outage performance
of a secondary user in a multi-user spectrum sharing scenario using an energy
harvesting cognitive radio network with multiple full-duplex (FD) relays. The
analysis focuses on the overall transmitting interference at all receiving nodes
and the important impact of self-interference at each FD relay’s receive an-
tenna. A thorough comparison between FD relaying and a traditional HD
relaying scheme is carried out. The precise outage probability expressions for
the secondary user in the presence of numerous primary users are obtained
analytically, together with adaptive transmit power management strategies
for the secondary user (SU) source and secondary relays inside this energy

harvesting-assisted FD relaying system.

In the context of FD relaying operations, joint underlay and overlay spec-
trum sharing approach to evaluate the CR network’s outage performance in
a multi-PUs scenario under nonlinear EH environment has been addressed.
Under this non-linear energy harvesting aided FD relaying network scenario,
adaptive transmit power policies for the SU source, secondary relays and exact
outage probability of the secondary user are derived analytically in presence of
multiple primary users. The system model along with mathematical expres-
sion under more practical scenario of non-linear energy harvesting equipped

FD relay network in CRN is shown in the last section of chapter 4.

Chapter 5, considers an adaptive joint underlay/overlay transmission protocol
in a NOMA-enabled, multi-user spectrum-sharing environment facilitated by
an FD relay network within an energy-harvesting cognitive radio network. The

analysis addresses the significant impact of self-interference at each FD relay,
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(vii)

as well as the effects of imperfect successive interference cancellation (SIC)
at secondary receivers.The proposed NOMA-enabled CR network is analyzed
across underlay, overlay, and joint underlay/overlay transmission modes un-
der FD relay operation. At each transmitting node, different power control
algorithms are used to maintain the primary users’ quality-of-service (QoS)
needs. To illustrate the above study a system model has been designed and

mathematical analysis is carried out.

Chapter 6 explains a full duplex relay assistance using an IRS network based
smart spectrum efficient cognitive radio network. The entire closed-form math-
ematical study has been executed while considering the combined effects of the
IRS network and FD relay on transmission throughput and outage performance
at the secondary destination. The study examines the effects of secondary
transmission rates on outage performance at secondary destinations, taking
into account the combined effect of the IRS network and FD relay. An anal-
ysis is conducted to evaluate the effects of a combined IRS network and FD
relay to a traditional FD relay network operating alone. Throughput analysis
has been adequately addressed and compared with the traditional FD relaying
approach in order to figure out the impact of the combined IRS-based FD

relaying system.

1.10 Thesis organization

Rest of this thesis has been organized as follows.

The literature on cooperative communication based on HD relay and FD relay net-

works in CRN has been thoroughly reviewed in Chapter 2. There has been a com-

prehensive assessment of the literature on both linear and non-linear energy harvest-

ing CRN. Furthermore, a study of the literature has been done on the integration

of NOMA technology into cognitive radio networks in the context of EH settings.
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Lastly, a thorough literature assessment has been carried out based on the IRS net-
work’s integration with CRN.

In Chapter 3, two system models based on a multi-antenna embedded multi-HD
relay network based CRN in the presence of an EH and CCI environment have been
established, and performance study has been completed.

In Chapter 4, three sections describing three diffrent system models based on multi-
FD relay network CRN on linear and non-linear EH scenario have been presented.
Performance analysis of each sections are described thoroughly.

In Chapter 5, the system model of a NOMA based hybrid CRN assist by FD relay
network is described and the performance analysis is illustrated.

In Chapter 6, the system model of an FD relay based cognitive radio network assist
by IRS network is described and the performance analysis have been conducted.

In Chapter 7, summary of the contents and related future expansion work are pre-

sented.
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Literature review

Radio spectrum which is the backbone of wireless communication system is natu-
rally limited as majority of this spectrum is being licensed by the service providers.
Spectrum shortage is one of the challenging issues in the area of wireless communi-
cation due to massive increase in data traffic and this has to be suitably addressed.
Essentially cognitive radio networks (CRNSs) incorporate intelligent wireless com-
munication system protocols in which the secondary users are provided to use the
licensed channels of primary users in an efficient manner, ensuring a better model
in its approach [1]. Here lies the indispensable role of cognitive radio networks in
efficient resource sharing and allocation [3]. Relay-based cognitive radio networks
function noticeably better than traditional CRN systems because of their increased
spectrum efficiency, longer coverage, and higher signal reliability. The communica-
tion performance of secondary users in classic CRNs is limited by low link quality,
particularly when deep fading or shadowing is present. Relay aided cooperative CR
networks, by efficiently grabbing the task of spectrum sensing, sharing and allo-
cation, make a remarkable achievement for boosting transmission diversity gain in
this field. Relays—whether AF, DF, or AHR relays—help strengthen data transfer

by bridging weak direct connections between SU transmitters and receivers in the

33
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CRN architecture [20]. It deserves mentioning that different types of enabling tech-
nologies have been successfully developed for 5G wireless networks that includes
device-to-device (D2D) communication, non-orthogonal multiple access (NOMA)
enabled cognitive radio network, in-band full-duplex (IBFD) communication and so
forth [47]. Recently, intelligent reflecting surfaces (IRSs) have shown promise as a
way to improve wireless communication systems’ coverage. FD relay based cognitive
radio with the addition of IRS network creates a noteworthy accomplishment for in-
creasing transmission, which improves spectrum efficiency and coverage area [40].

The rest of this chapter is arranged as follows. In section 2.1, an overview on co-
operative diversity and relay aided CRN has been discussed. A brief discussion on
energy harvesting HD-FD relay based CRN is made in section 2.2. In section 2.3,
FD relay based CRN in using of NOMA technology has been provided in details.
A brief overview has been given on IRS and FD relay based CRN in section 2.4.

Finally, conclusion is drawn in section 2.5.

2.1 Cooperative diversity and relay aided cogni-

tive radio network

In order to produce spatial diversity, cooperative diversity involves a number of nodes
(such as relays or users) cooperating to create a virtual antenna array. It enhances
signal quality and fights fading. By combining cooperative communication methods
with cognitive radio capabilities, the secondary network in a CRN uses cooperative
diversity to enhance the wireless network system performance in terms of spectrum
utility and energy efficiency. CRNs are immensely benefited from relay-aided coop-
erative diversity, which makes it possible to implement cooperative communication
techniques to ensure a more reliable, successful, and flexible use of spectrum. The
source signal is sent through one or more relay nodes in addition to being transmit-

ted directly. As a result, numerous transmission pathways are produced, resulting
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in cooperative variety, a type of spatial diversity. Every system model discussed in

this thesis includes an explanation of the cooperative diversity concept.

2.1.1 Cooperative diversity in cognitive radio network

Fading is a phenomenon caused by factors such as multipath propagation, signal
attenuation over distance, and obstruction by physical objects, leading to time-
varying behavior in wireless channels. Even with high transmit power, fading can
significantly impact system performance by increasing the likelihood of the channel
experiencing deep fades. When this occurs, communication errors are more likely
due to the severely weakened signal. Fading can be categorized into two types:
small-scale fading and large-scale fading. Small-scale fading occurs when a mobile
device moves over distances, causing multiple signal reflections from nearby objects.
This results in rapid and significant fluctuations in signal amplitude. In contrast,
large-scale fading is caused by broader changes in the environment, such as ter-
rain variations and the overall nature of the surroundings, leading to more gradual
changes in signal [48]. Rayleigh fading distribution characterizes the variation in
signal strength over short distances and is a typical outcome of small-scale fading
in narrowband signals. This type of fading also leads to random power fluctuations.
To counteract short-term fading at the receiver, microdiversity techniques involving
multiple antennas at a single base station are used. For mitigating shadowing effects,
which are more long-term and large-scale, micro-diversity approaches involving mul-
tiple base stations are necessary. In contrast, large-scale fading typically follows a
log-normal distribution, with long-term fading causing randomness in the average
signal power [49]. A common and effective way to combat fading is through diversity
techniques, which involve transmitting multiple copies of the signal along different
paths. Since these paths undergo statistically independent variations, the likelihood
of all paths simultaneously experiencing deep fades is reduced. As a result, reliable

communication remains possible as long as at least one path maintains a sufficiently
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strong signal. In radio communication, diversity is a technique that takes advantage
of the unpredictable nature of radio wave propagation by utilizing multiple inde-
pendent signal paths. This allows communication to continue even if one path is
affected by a deep fade. Importantly, the transmitter does not have knowledge of
the diversity decisions made by the receiver and diversity can be classified as fol-
lows [50]:

Micro-diversity, is a method that employs multiple antennas placed close together
to minimize the effects of small-scale fading. In this approach, the spacing between
antennas is shorter than the wavelength of the signal [50].

Macro-diversity, on the other hand, involves transmitters that are spaced much far-
ther apart—typically much greater than the signal’s wavelength. It is designed
to address large-scale fading caused by major obstacles such as buildings or trees,

thereby enhancing signal reliability and coverage [50].

2.1.2 Combining diversity schemes

Distributed diversity takes place in cooperative relay network as the transmitter
transmits several independent copies of the same signal. This process is very effective
as it reduces the probability that all the transmitted signals are facing fading and
co-channel interference at the same time. At the receiver portion, the receiver needs
to combine all the received signals to upgrade the signal quality. Three types of

combining technique are [50] there, namely:

(i) Maximal Ratio Combining (MRC) : In this combining technique, based on
the signal-to-noise (SNR) ratio, every received signal is assigned a weightage.
During combining, the higher weightage signal is given more priority compared
to the less weightage signal. It is the optimal combining solution. The signal
can be returned to its original form using MRC even if no individual signal is

permitted in terms of SNR.



Chapter 2 37

-

Transmitter 1
Tl

\ 4

gain a,

X1 %y

Output
° Receiver

(R)

N

I ->| gaina, X,

Transmitter 2 X3
(T,)

FIGURE 2.1: Maximal ratio combining technique

(ii) Selection Combining (SC) : The receiver chooses the signal with the highest
SNR value among several copies of the same signal in order to determine the
optimal processing channel. The branch or antenna with the best channel
quality is chosen out of all those that are available. The decoding process uses

only that signal.
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(iii) Equal Gain Combining (EGC) : In this combining process, at first all the
received signals are given the same weightage and they are orderly combined.

EGC increases the overall signal strength and enhances the signal quality.

Selection combining is widely used over MRC and EGC due to its low complex-
ity, reduced hardware requirements, and energy efficiency. Unlike MRC and EGC,
which require multiple active RF chains and precise channel state information, SC
only selects the branch with the highest signal strength, making it suitable for low-
power and cost-sensitive systems like cognitive radio networks. While MRC offers
optimal performance, SC provides a favorable trade-off between performance and
implementation simplicity, especially in environments with limited resources. Our
suggested models in this thesis primarily employ the selection combining scheme out

of all three of these combining technique kinds.

2.1.3 Multi relay selection schemes in cooperative network

A multiple relay network utilizes several relay nodes to deliver the signal from the
source to the destination, especially when a direct link is obstructed due to distance
or physical barriers. In a parallel relay network, all relay nodes simultaneously for-
ward the signal to the destination, offering enhanced network performance in terms
of signal gain and diversity compared to a serial relay network. In a multi-relay sys-
tem with a parallel topology, the signal can still be successfully sent by other relays
even in the event of a relay failure or poor channel conditions. Serial relays rely on
each step functioning properly; if one hop fails, the chain may break. Compared
to serial architecture, this increases the robustness and dependability of employing
a multi-relay parallel network. It is more difficult to control synchronization and
power levels between stages in serial relays. This is made simpler by parallel relays,
which share a source-destination link. There are typically three types of relaying
protocol available, namely Decode-and-Forward, Amplify-and-Forward and Adap-
tive Hybrid Relay.
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In Decode-and-Forward (DF) selection cooperation, the relay first decodes the re-
ceived data, then re-encodes and forwards it to the destination. This process helps
reduce both noise and interference, thereby enhancing communication reliability. In
DF opportunistic relaying, the relay with the best channel conditions—determined
by factors like signal-to-noise ratio (SNR)—is selected from the available set to
transmit the signal. The destination can combine signals received from both the
source and the relay using an appropriate combining method. However, the amount
of information a relay can contribute is ultimately constrained by the weaker link
between the source-relay and relay-destination channels. For effective operation, the
relay must be able to successfully decode the signal from the source, with its per-
formance limited by the lower capacity of these two links. Signals from many relays
may collide or overlap with one another in a multiple relay network, causing inter-
ference between the relays and a distorted or corrupted signal at the destination,
which may degrade the system performance at large. The bandwidth expense rises
with the number of relays in a system, and it could surpass the benefits of a multiple
relay network. Relay selection is utilized to get around this problem. It increases
the system’s spectrum efficiency and dependability by choosing the optimal relay to

send the signal to its destination.
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received from the source without decoding or altering it. Instead, it simply amplifies
the entire signal and transmits it to the destination. This amplification helps coun-
teract the effects of fading. However, since the relay does not perform any decoding,
any noise present in the received signal is also amplified, which can degrade the
signal quality by the time it reaches the destination.

In Adaptive Hybrid Relay (AHR) selection cooperation technique combines both
Amplify-and-Forward (AF) and Decode-and-Forward (DF) protocols, with the choice

between them depending on the current channel conditions. The primary objective
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of AHR is to improve signal quality, throughput, and overall communication reliabil-
ity by dynamically selecting the most suitable relaying method. Initially, the relay
attempts to decode the incoming signal—if successful, it forwards the decoded signal
using the DF protocol. If decoding fails, the relay switches to AF mode, amplifying

and transmitting the received signal directly to the destination.

2.1.4 Relay-assisted cognitive radio network operating in

underlay, overlay, and joint paradigms

While using the underlay mode of transmission, secondary users (SUs) are permit-
ted to transmit concurrently with PUs, but they must respect strict interference
constraints to maintain the PUs’ quality of service. The basic concept is that the
transmission power of SU must be low enough to prevent interference from harming
the PU receivers. Relay-assisted communication is crucial in underlay CRNs because
it expands the coverage area and compensates for the low power limitation of the
SUs. The relay can decode the SU signal and transmit it to its destination as long as
the interference levels at the PU receivers remain below a specific threshold [51, 52].
In the overlay mode, SUs exploit unused spectrum, or spectrum holes, by detecting
the radio environment. To detect the presence of PU signals in a relay-assisted CRN,
the relay node actively performs spectrum sensing. If the relay notices the lack of
the PU signal, which denotes a spectrum hole, it permits SU transmission by using
the unoccupied channel to send data from the SU transmitter to the SU receiver.

In order to maximize spectrum utilization, the joint underlay/overlay paradigm
incorporates the advantages of both underlay and overlay techniques. The CRN
initially uses sensing to find out spectrum gaps in this hybrid model. The relay
enables SU communication in overlay mode, enabling full-power transmission, if the
spectrum is found to be idle (PU absent). The CRN makes transition to underlay
mode, where SUs broadcast at lesser power under interference limits, if the PU is

active rather than staying silent. In this paradigm, relay nodes are essential for both
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adaptive mode switching and sensing. By continuously monitoring PU activity and
evaluating interference levels, the relay can help decide whether to operate in over-
lay or underlay mode at any given time. This dynamic flexibility enhances spectral
efficiency and ensures more consistent SU performance across various PU activity

patterns [53, 54].

2.1.5 Related works based on relay aided cognitive radio

network

In [20], the authors evaluated the effectiveness of the decode-forward (DF) and
amplification-forward (AF) protocols for multi-hop EH-based relay networks. Au-
thors in [55], have investigated various relay allocating techniques and assessed the
outage performance. The authors gave the idea of a dual-hop spectrum sharing
scheme on the basis of the DF relaying method. In the presence of multiple pri-
mary users and multi-antenna-based relays network, the outage probability analysis
formulas for proactive and reactive relay selective arrangements have been derived
in [56]. Outage and throughput evaluation of the RF energy harvesting assisted DF
relay-based CR network has been shown in [21]. In [57, 58, 59|, the authors ana-
lyzed outage performance for multi-hop relay assisted cognitive radio networks with
all secondary nodes turned on dedicated power beacon following the Time Switching
Relay (TSR) protocol. In [60], the performance of cognitive wireless networks is
evaluated in a MIMO environment while maintaining the interference threshold be-
tween the primary destination and the CSI. In [22], the authors have analyzed the
effect of co-channel interference (CCI) along with feedback delay in multi-antenna-
based AF relay networks. Antenna selection schemes are being studied in energy
harvesting-based decode forward relays system. The authors in [23] have examined
the effectiveness of the amplify-and-forward relaying strategy for small cell uplinks
using multi-antenna-based relays.Whereas in [24], the authors considered the im-

pact of non-identical co-channel interference from multiple primary users—modeled
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as varying interference levels across different hops—in a cluster-based multi-hop cog-
nitive network.

There are different spectrum sensing methods, but in this thesis, we applied the
energy detector process to find out the spectrum holes [61, 62]. There have been
many studies on the combination of underlay and overlay mode in CR networks [15,
16, 17, 18, 63, 64]. Spectrally modulated spectrally encoded (SMSE) framework
has been proposed using OFDM based soft decision protocol in [15], which sup-
ports multi-carrier-based signals undergoing hybrid overlay/underlay waveform for
CR network. In [16], authors proposed a hybrid CR system which deals with the
arrival rate and departure rate at various nodes under the switching performance of
underlay and overlay waveform. Maximum throughput was also calculated taking
interference constraint at different nodes. In [17], authors had dealt with the max-
imum transmission capacity of the SUs under the primary and secondary outage
constraints for a hybrid underlay, overlay and interweave mode. The energy-efficient
transmission for hybrid spectrum sharing CR networks was investigated in [18], and
an optimization model was established to maximize the energy-efficiency capac-
ity. Authors in [65] have compared the system throughput using a learning phase
in a secondary network for both underlay and overlay models. A classical idea
of using cluster based spectrum sensing and access techniques under hybrid over-
lay /underlay CR network through optimal relay selection scheme has been proposed
n [66]. Authors in [67, 68] demonstrated a fantastic explanation on proactive and
reactive DF relaying schemes [69, 70]. A brief DF relaying schemes was also de-
scribed in [71]. Optimal power allocation algorithm has been developed for a hybrid
underlay /overlay Orthogonal Frequency-Division Multiplexing (OF DM) based CR
network in [63, 72].
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2.2 Energy harvesting HD-FD relay based cogni-

tive radio network

Energy harvesting in cognitive radio networks helps make wireless communication
systems more sustainable and efficient. By collecting energy from the environ-
ment—whether through sunlight, wind, or radio signals—cognitive radios can oper-
ate without needing constant battery replacements.

Efficient energy management is crucial in CRNs, especially for non-linear energy
harvesting. Smart algorithms decide when to use the energy, whether it’s used im-
mediately for communication or stored for later. If the energy is low, the cognitive
radio might go into a low-power mode or delay transmission to conserve power.
Linear energy harvesting offers a simple, predictable relationship between the en-
ergy source and the energy harvested, while non-linear energy harvesting offers more
flexibility and efficiency, especially in unpredictable environments. As technology
improves, energy harvesting in CRNs will become more advanced, helping cognitive
radios work smarter and more efficiently.

Green communication networks have gained a lot of attention as a viable way to
deal with the worldwide energy shortfall and environmental problem [19]. In [73],
authors illustrated the energy harvesting (EH) approach at the secondary trans-
mitter from radio frequency (RF) signal of active PU transmitters. Calculation
for transmission probability and maximum throughput under outage constraints for
secondary receiver is explored apparently. The performance of cooperative spec-
trum sharing networks is considerably enhanced when employing alternative relay
selection schemes, such as amplify-and-forward (AF), decode-and-forward (DF) and
adaptive hybrid relays (AHR) relaying protocols [74, 75, 76]. Cognitive radio, in
conjunction with Full-Duplex (FD) transmission technology, improves spectrum use
and network efficiency [77]. The transmission in a half-duplex relaying network
involves two hops, from the source to the relay and then from the relay to the des-

tination. For such relay networks, the FD transmission method has been crucial in
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overcoming the problems of spectral inefficiency. The use of FD methods has en-
abled the relay node to transmit and receive signals simultaneously at the expense
of self-interference (SI), which is undesirable. The active and passive cancellation of
SI factor with several FD relays in a multi-user spectrum sharing environment has
been proposed in [78].

Specifically, the half-duplex (HD) mode, by using different relay selection scheme
such as amplify-and-forward (AF) and decode-and-froward (DF) relaying protocol,
significantly attains improved performance in cooperative spectrum sharing net-
works [75, 74, 79, 80]. Cognitive radio in association with full-duplex (FD) com-
munication technology facilitates better spectrum utilization as well as network
throughput efficiency. In this respect, CR along with full-duplex certainly pro-
vides promising solution for further improvement in communication performance as
compared to half-duplex mode [81, 82]. In case of conventional HD relay, two time
slots are used for the two distinct operating phases. One phase deals with mes-
sage listening from the particular information source node while the other phase is
specifically involved with message conveyed to the destination node. To overcome
the issues of spectral inefficiency, FD techniques have played a vital role for such
relay networks [83, 77]. With the implementation of FD techniques, simultaneous
transmission and reception of signals by the relay node has been successful at the
cost of self interference (SI) which is not desirable. With further progress of antenna
technologies and signal processing techniques, FD communication has proved to be
very much promising in the domain of wireless communication [84, 85]. In recent
times, relay nodes operating in full-duplex mode have received huge interest amongst
the researchers [86, 87, 88]. In [89, 90] authors have proposed the self interference
variance as a function of transmitted power in an FD protocol characterised by dual
hop AF system. Authors in [91] had compared an incremental selective DF relay
performance with conventional selective DF performance in an FD m-Nakagami fad-
ing environment. The requirement of excess bandwidth in half-duplex relay activity
is the major drawback of this kind of relaying architecture, due to hurdle of simulta-

neous transmission and reception on the same frequency. In order to overcome this,
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a NOMA based FD cognitive radio network is proposed in [92]. Authors in [93] dis-
cussed the ergodic sum capacity and outage probability of an FD relay CR network.
Generally, the protocols rely on HD relay nodes and practical considerations rule
out the possibility that FD mode is viable. Moreover, recent works dealing with the

favourable outcomes regarding the feasibility of FD transmission have been reported

in [94, 95].

2.3 Application of NOMA in cognitive radio net-

work

A crucial technology for 5G and beyond is non-orthogonal multiple Access (NOMA),
which superimposes signals at varying power levels to enable several devices to share
the same time and frequency resources. The NOMA approach decodes signals using
the Successive Interference Cancellation (SIC) concept, which is mostly used at the
receiver side. SIC is a technique that allows the received composite signal to extract
its own intended message by successively decoding and eliminating stronger interfer-
ing signals [9]. By utilizing power-domain multiplexing to enable several secondary
users to share the same spectrum resources concurrently, Non-Orthogonal Multiple
Access (NOMA) improves the performance of CRNs. NOMA enhances spectral ef-
ficiency and facilitates enormous connectivity in CRNs, where spectrum availability
is opportunistic and constrained by primary user interference limits. Therefore, in
dynamic spectrum contexts, NOMA enables CRNs to attain increased throughput,
decreased latency, and enhanced user fairness. This thesis’s Chapter 5 discusses the
use of the NOMA approach in a CRN based on an FD relay network.

The explosive growth of mobile data traffic, which ultimately leads to the prolifer-
ation of the Internet of things (IoT) and related devices, has increased the demand
for wireless communication system applications and services that support increased

spectral efficiency (SE), high data rates, and wide user access. A new generation
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of mobile networks, called the fifth generation (5G), is emerging because a simple
upgrade or augmentation of the fourth-generation networks won’t be able to meet
user needs in the near future. With high system throughput and improvement in SE
requirements, 5G wireless networks are primarily anticipated to meet the demands
of three different thrust areas: massive machine type communications (mMTC),
ultra-reliable low-latency communications (URLLC), and enhanced mobile broad-
band (eMBB) [96, 97].

NOMA has become a cutting-edge solution to meet these goals as to boost SE by
making maximum use of the scarce spectrum resources, better user fairness, reduced
transmission latency, and high cell edge throughput [30]. Authors in [31] claimed
that NOMA can offer a considerable performance improvement over traditional or-
thogonal multiple access (OMA). The fundamental idea of NOMA is to let several
users share the same time period, frequency band and code resource elements us-
ing different power levels [32]. The concept of cooperative NOMA (CNOMA) was
first put forth in [9], where a nearby user itself takes part as a relay for a dis-
tant user experiencing weak channel conditions. The scheme of CNOMA can be
mainly categorised into two modes namely half-duplex (HD) [33] and full-duplex
(FD) [34, 35, 36], according to their mode of transmission. However, due to the
additional time resources needed for HD cooperation, the higher capacity and reli-
ability come at the expense of reduced resource utilization efficiency, which could
negate the capacity increase offered by cooperative communication. On the other
hand, as FD wireless devices transmit and receive at the same time, they can over-
come the capacity loss in HD CNOMA systems [98]. In [99], the authors explained a
throughput analysis of CNOMA mechanism incorporated with an FD relay network
in presence of a PU.

The outage probability performance of CR-NOMA networks with randomly placed
SUs has been assessed by the authors in [100]. At underlay mode, the outage prob-
abilities of the SUs in the CR-NOMA network have been independently examined
by the authors in [101, 102]. In [103], a CR-NOMA network is addressed, where

the authors examined the outages and system throughput performance for both
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the primary and secondary networks. While [104] examined the end-to-end out-
age probability of the secondary network in an underlay CR-NOMA system with
amplify-and-forward (AF) relaying, [105] took decode-and-forward (DF) relaying
into account for the outage analysis. In [106], the authors discussed the CR-NOMA
system with energy harvesting circuit and overall secondary outage probability was
evaluated. Analytical form of system model with both outage probability as well as
ergodic rates of the corresponding SUs in an underlaying CR-NOMA network have
been evaluated by the authors of [107]. In [108], the authors have assessed how well
the SUs operate during outages when there is imperfect channel state information
(i-CSI). In [109] and [110], the authors independently examined the SUs’ outage
performance and its analysis pertaining to CR-NOMA networks with SWIPT over
nakagami-m fading channels and with underlay cognitive radio networks under im-
perfect SIC. Recent studies by many authors, have examined the effectiveness of
traditional cooperative multi-relay NOMA systems that have been merged with ef-
fective relay selection algorithm [111, 112, 113, 114, 115, 116]. Partial relay selection
(PRS) strategy was taken into consideration as the authors investigated the outage
probability and sum rate performance of multiple AF relay-aided NOMA system
in [111]. To increase the users’ QoS, an optimal user-relay pair selection technique
was illustrated in [112]. The performance of the multi-relay assisted cooperative
NOMA system has been independently examined by the authors in [113] and [114].
Two optimal relay selection strategies for a cooperative NOMA system with DF
relaying are given by the authors in [115]. The authors of [116] evaluated the out-
age performance of cooperative NOMA networks based on energy harvesting under
the PRS scheme. The authors in [26] provide a wonderful notion for implementing
multi-hop full-duplex (FD) cognitive relay networks in order to increase spectral
efficiency. A full-duplex relay based CRN employing NOMA scheme has been de-
tailed by the authors in [92]. An FD relay CR network’s ergodic sum capacity and
outage likelihood were studied by the authors in [93]. One primary user band and
one secondary destination are employed in the authors’ descriptions of the BER

performance of linear and non-linear energy harvesting-based CR networks in [29].
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In [117], the authors have described a simultaneous wireless information and power
transfer (SWIPT) technology which seems as an efficient solution employing cooper-
ative NOMA. In [118], the authors investigated the performance of SWIPT enabled
cooperative-NOMA in heterogeneous networks. However, the power management in-
cluding absolute utilization of spectrum in an EH cooperative sharing network with
the assistance of multiple FD relays is not particularly noteworthy in any of the
aforementioned cases. This situation motivates us to concentrate on NOMA-based
multiple FD-relays assisted CR network with multiple PUs in an energy harvesting
scenario. Because of the inclusion of FD relay network, the self interference [78§]
component has also been taken care of. In [119], considering single primary user,
authors have described a NOMA based underlay CR network with partial HD relay
selection scheme. In the presence of a single primary user, the authors describe a
CR-NOMA network integrated with an HD-FD relay network operating in a partial
relay selection scheme in [120]. In [121], the authors put forward the idea of virtual
full-duplex (VFD) relaying scheme employing NOMA framework. In [122], consid-
ering single primary user, authors have described a NOMA based CR network with

FD relay selection scheme.

2.4 Intelligent reflecting surface and FD relay based

cognitive radio network

Intelligent reflecting surface (IRS) can assist CRNs by increasing signal strength, de-
creasing interference, increasing coverage area, and boosting spectrum sensing accu-
racy. In essence, IRS develops intelligent, controllable wireless signal environments.
This is particularly helpful in areas where wireless signals frequently get blocked and
don’t travel properly, such as in cities or within buildings. The fundamental concept
behind TRS-CRNs is their ability to passively and intelligently alter the wireless

environment. IRS makes use of inexpensive, basic components that don’t require
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a lot of energy or complex machinery. To improve signal transmission between the
transmitter and the recipient, these components can be readily changed. IRS can
improve the communication and sensing operations in CRNs. It can increase the
signal strength during sensing to aid secondary users in more precisely detecting
available spectrum. It can steer signals to the appropriate secondary users during
communication without interfering with the major users. For secondary users, this
improves data speed and reduces the likelihood of signal loss. By strategically alter-
ing the way signals move through the atmosphere, IRS can assist in resolving these
problems. As a result, the system’s ability to identify the free spectrum becomes
simpler and more accurate. This lessens interference with other users and promotes
safer and better communication. Compared to conventional CRNs, this degree of
control over the wireless environment is a significant improvement which can notably
improve system performance.

However, the inclusion of IRS into Cognitive Radio Networks (CRNs) introduces
several challenges too. One of the primary issues lies in developing intelligent algo-
rithms capable of accurately directing signals and adjusting the phase shifts of IRS
elements—an inherently complex and computationally demanding task. Effective
IRS deployment also requires precise and up-to-date knowledge of the communi-
cation channel, which is difficult to maintain in dynamic real-world environments.
Additionally, security and privacy become critical concerns, as the ability of IRS to
alter signal paths could be exploited by malicious entities if not adequately secured.
Therefore, robust protection mechanisms and secure control systems are essential
to ensure network integrity. Despite these challenges, the integration of IRS with
CRNs is seen as a key enabler for future wireless technologies like 6G, offering the
potential for faster, more reliable, and energy-efficient communication capable of
supporting vast numbers of connected devices. IRS-enhanced CRNs represent a sig-
nificant step forward in wireless communication, addressing persistent issues such
as inefficient spectrum sensing, interference, and excessive energy consumption. By
enabling intelligent manipulation of the wireless environment, IRS can substantially

boost the performance and reliability of CRNs.
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An IRS is a planar metasurface made up of inexpensive, compact, passive compo-
nents called phase shifters. Each component can be individually adjusted to reflect
incident signals with different phase shifts, improving the efficiency of resource al-
location for the wireless channel [37, 38]. The deployment of IRS-assisted multiple
user multiple-input single-output (MISO) systems has enhanced resource allocation
and physical layer security, as discussed by the authors in [39]. Authors in [40] ex-
plained how an IRS is used to improve the energy harvesting capability of a system
that supports Simultaneous Wireless Information and Power Transfer (SWIPT). The
authors in [41] aim to determine the maximum data transmission capacity of a com-
munication system that uses an IRS to assist point-to-point multiple-input multiple-
output (MIMO) communication. Authors in [123] underlined how RIS technology,
which consists of surfaces that can dynamically control how signals reflect or prop-
agate, opens up new opportunities for enhancing wireless communication. Authors
in [42] explored an FD secure communication system enhanced by an IRS, which im-
proves spectrum efficiency and physical layer security by overlapping signals at the
eavesdropper, while addressing the practical challenge of imperfect channel state
information (CSI) in IRS-assisted cascaded channels. In [43], the authors detail
a method of bilateral communication between FD nodes that is supported by an
IRS network and that maximizes the sum rate through joint transmit beamform-
ing optimization. For user-to-user communication, the authors of [42] suggested a
reconfigurable intelligent surface (RIS)-assisted full-duplex unmanned aerial vehicle
(UAV) that performs better than the HD-RIS mode. To facilitate wireless commu-
nication between a terrestrial source and destination, the authors of [44] suggested
a hybrid network that combines an IRS network and an FD decode and forward
relay. Authors in [124] explored RIS-aided C-NOMA downlink transmission with
HD and FD relaying, aiming to minimize all transmitted power through joint op-
timization of power allocation and passive beamforming under various constraints.
In [125], authors underpin physical layer security and data transmission in underlay
D2D networks, employing RIS and FD jamming receivers to enhance robustness and

security through spectrum sharing and artificial noise emission. The authors in [45]



Chapter 2 52

illustrate an IRS-assisted full-duplex secure communication system, demonstrating
improved spectrum efficiency and enhanced physical layer security over traditional
FD systems, while addressing challenges posed by imperfect channel state informa-
tion in cascaded channels. In order to communicate between base station and end
user without a direct link via mm wave MIMO network protocol, the authors in [46]
investigated an amplify-and-forward (AF) as well as a decode-and-forward (DF) FD
relay containing IRS network. The authors of [126] took into consideration an IRS-
based NOMA system in which nearby users serve as FD relays for communication
with distant users in order to transmit messages from the source. In these sys-
tems, an [RS-assisted FD base station provides service to several half-duplex users,

allowing IRS to improve performance and lessen interference with primary users.

2.5 Chapter summary

From the review of existing literature, it is evident that the spectrum scarcity prob-
lem, exacerbated by exponential growth in wireless data traffic, necessitates inno-
vative solutions. CRN have emerged as a robust paradigm, enabling intelligent
spectrum sharing between primary users (PUs) and secondary users (SUs). The in-
tegration of relay-aided cooperative communication in CRNs has further enhanced
spectral efficiency and system reliability by improving diversity gains. The com-
parative analysis between full-duplex (FD) and half-duplex (HD) relaying protocols
reveals critical insights into the performance trade-offs in cognitive radio networks
(CRNs). Studying the performance of secondary users within cognitive radio net-
works (CRNs) utilizing full-duplex (FD) relay communication under both linear and
nonlinear energy harvesting (EH) models reveals several important insights. Cog-
nitive radio networks (CRNs) leveraging non-orthogonal multiple access (NOMA)
technology has highlighted the potential of NOMA to significantly enhance spectral
efficiency and support multiple secondary users with varying channel conditions.

Studies investigating IRS-assisted full-duplex (FD) relay nodes in cognitive radio
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networks (CRNs) have demonstrated the substantial potential of intelligent reflect-

ing surfaces in enhancing wireless communication performance.



Chapter 3

Performance analysis of
half-duplex multirelay cognitive
radio network in energy harvesting
and co-channel interference

environment

Cognitive radio networks (CRNs) have drawn a lot of interest because of its capac-
ity to improve communication efficiency and maximize spectrum utilization. Specif-
ically, relay-based CRNs use relay nodes to increase coverage and enhance signal
quality. In contrast to relay-aided CRNs, a multi-antenna embedded multi-relay
CRN approach has been developed in the first section of this chapter that operates
under a joint underlay/overlay mode of transmission. The subsequent section ad-
dresses the AF, DF, and AHR multi-relay based CRNs in the presence of co-channel

interference and energy harvesting scenario.

54
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3.1 Cognitive radio network system based on a
multi-antenna integrated multiple relay net-

work

The primary objective of this section is the proposition of an adaptive spectrum
sharing CR network consisting of a primary user (PU), secondary user transmitter
(SU —T'x) communicating with secondary user receiver (SU — Rx) via multiantenna
based proactive decode-and-forward (DF) relay selection scheme. Based on this, a
model has been developed where, strategically an adaptable joint venture on under-
lay /overlay protocol is defined on the basis of channel occupancy using spectrum
sensing technique. Specifically, a simultaneous switching mechanism of underlay
or overlay mode is decided by secondary users (SUs), which senses the activity of
primary user (PU) by the technique of energy detection. After sensing, if the PU
is found out to be busy, SU activates its power restriction mode (i.e., underlay);
otherwise SU operates with its maximum power (i.e., overlay) with the assist of
multiple relays operating in proactive DF mode. A closed form expression of hybrid
underlay /overlay protocol has been evaluated in terms of outage performance at
secondary receiver. The adaptive power allocation policies at secondary transmitter
nodes are strategically maintained keeping PU outage constraint. The outage per-
formance of joint underlay/overlay technique at SU receiver is compared with the
existing overlay and underlay scheme. This system model analyzes the effects of
variations in the number of relays and the number of antennas integrated into each

relay.
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3.1.1 System model for multi-antenna integrated multiple

relay cognitive radio network

The system architecture shown in Fig. 3.1, is a cognitive radio network consisting
of one primary user (PU), secondary user transmitter (SU — Tx) communicating
with single secondary user receiver(SU — Rx) via selecting a single DF' relay using
proactive relay selection scheme [58]. In proactive opportunistic relaying scheme,
the best relay is chosen based on a mechanism to maximize the minimum of the
weighted channel strength between the links source to relays and relays to destina-
tion. The secondary relay node SRy k € 1,2,...,K,l € 1,2, ..., L indicates the [*"
antenna of k' secondary relay. The secondary relay node consists of K number of
relays and each relay possesses L receiving antennas and a transmitting antenna.
The SU — Tx is equipped with an energy detector sensing technique that contin-
uously senses the PU activity and can simultaneously transmit it when required.
This is a half-duplex mode of operation where relays act as a regenerative repeater
between SU — Tz and secondary user receiver (SU — Rx), also termed as secondary
destination (D). A primary user transmitter (PU — T'z) communicates with a pri-
mary user receiver (PU — Rx) as and when required. This licensed spectrum of
the PU is accessed by the secondary user simultaneously whenever needed without
hampering the PU. The secondary user can only access the PU spectrum only
after being sensed. A smart switching mechanism is decided by (SU — Tx) itself
depending upon the state of PU (busy or idle) and approach towards underlay or
overlay technique is followed respectively. It is also assumed that there is no direct
link between source secondary transmitter and secondary destination due to severe
shadowing and multipath propagation loss. The channel coefficients are assumed
to be independent and follow non-identical Rayleigh distribution. Channel coeffi-
cients are defined as follows: h, is the channel coefficient for PU — T'x to SU — T'z;
hpr, (k=1,2,.., K) is for PU — Tz to Secondary relay (SRy) ; hpp is for PU —Tx
to D; hgg, ,(k=1,2,..,K;l=1,2,..,L) is for SU — Tx to SRy; hgg, is for SRy, to
D; hg,r is for SU — Tz to PU — Rx; h, is for PU — T'x to PU — Rx. hgy, for SRy,
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FIGURE 3.1: System model for multi-antenna multi-relay cognitive radio network

to PU — Rx. Accordingly, the channel variance of hy, hpg,, hrp, hsg,.,, Pry. hs,1,
hy and hgy, are 0%, 0pg , Opp, O, .+ Orkyr 040, Op and o, respectively. The
unlicensed SUs can only access the licensed PU spectrum only after being detected.
Here the source SU — T'x is equipped with an energy detector circuit which is based
on hypothesis testing.

Therefore, signal received at SU — Tx by PU — Tz is given by

r(t) = \/Eshgs(t) + n(t) (3.1)

where, /Fs(t) is the transmitted signal from PU, n(t) symbolizes Additive White
Gaussian Noise (AWGN) with variance Nj.
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Thus, the energy detector present at SU — T'x decides the presence of PU activity

on the basis of hypothesis testing as follows:

Hy : EJh|> + Ny Presence ofprimary signal (3.2)
Hy : Ny Absence o fprimary signal (3.3)

The output of the energy detector under the hypothesis H; and Hy can be expressed

as:

T(Hy) = Ny (3.4)
T(Hy) = Es|hs)* + Ny (3.5)
where, E; = energy of signal transmitted from PU.
The decision taken by energy detector may be formulated as [127],

T(Hy) < A, hypothesis Hy True (3.6)

T(Hy) > A, hypothesis Hy True (3.7)

where, A = energy threshold at energy detector.
False alarm probability (Py) is the probability of falsely detecting the primary signal
whereas actually no primary signal was present [16]. This has been mathematically

outlined as:

pP=pP (T(HO) > A) (3.8)
A = —Nylog(Py) (3.9)

Probability of detection (P;) which defines the probability of the existence of primary
signal [16]. This may be written like

P =P, <T(H1) > A) (3.10)

= P.(E|hs|> + No) > A
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1 A— N
Py =exp (— ﬁmax[ z O,O]) (3.11)

According to FCC [128], data, for the measurement period, typical channel occu-
pancy ranges between 15 percentage and peak usage close to 85 percentage. Let «
be the probability of channel occupancy (0 < a < 1) i.e., busy state of PU channel.
Therefore the probability for PU to be busy is aP; and PU in sleep mode (1 — a) Py.

3.1.2 Power allocation strategies at different nodes

To investigate the power allocation policy for SU — Tx and SRy, the following
property is used.
Property 1: Consider X, Y and Z are random variables (RVs) where Z is defined

as [129]:
aX
7 =
bY + ¢

with a,b,c >0 (3.12)

2
T

The RVs X and Y, are exponentially distributed with variances o2 and 05 respec-
tively. The cumulative distribution function (CDF) of random variable Z < z is

given as [129]:

2
F,(a,b,c,04,04,2) =1— _ Y% exp (— = > (3.13)

2 2 2
ao; + bzoy, ao?

3.1.2.1 Power allocation at secondary source

The SU — Tz transmit power should be maintained so that no PUs are subject
to excessive interference from the communication of the SU. Thus, the power of

transmission by SU — T'x should satisfy an outage of PU receiver given as,

_ P,|hp|?
Pt = pr (il <o) <

Ps|h571|2 + NO
PO’2 ,.)/PU
-1—-— PP __th _\ <« 3.14
P,o} + P.og; exp( Ppa]%) - (3:14)
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where, 75U = 2f%» — 1 and e denote the outage threshold and outage constraint of
the PU — Rz respectively. The transmission rate of PU is R,,.
Simplifying (3.14) and after some manipulations, the maximal transmit power of the

SU — Tx under the outage of the PUs is found as,

PU
P [6XP—piks
Ps < p~P { Pop 1:|

" 0%l (1—¢)

(3.15)

where, P; is the power that can be transmitted and adapted by SU —T'x maintaining
QoS of PU.
Let P4 be the power transmitted by SU — Tx during the underlay mode of

operation and can be written as,
P — min (P, PM") (3.16)

where, P"** is the maximum allowable power from SU —T'x that can be transmitted.
At overlay mode of operation, power transmitted by SU — Tz is maximum due to

absence of primary signals which may be reflected as,

Pgrer = pmes (3.17)

3.1.2.2 Power allocation at secondary relays

The outage performance at PU — Rx due to interference by SR — T'x is also to be
maintained. The SR — Tz transmit power should be maintained so that no PUs
are subject to excessive interference from the communication of the S Ry. Thus, the
transmit power of the SR — Tz should satisfy an outage constraint of the PUs given

as,

Pyt = pr Blhel” ) <e
Out PRk|th,1|2+NO — Ith =

(3.18)
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Since k number of relays are taken under consideration, where k=1,2,...K, the power
transmitted from different relays are different. By symbolizing Pg the minimum
power under consideration of all the relays and maintaining the primary receiver

outage constraint, we can write
PR = minK (PRk) (319)

where, the transmitted power from k' relay maintaining the PU receiver outage

constraint from equation (3.18) is given by,

i
2 exXp —
Py < D7p (TP TR
k

< 1] (3.20)
Yl og, (1—¢)

At underlay mode, the power transmitted by each relay of SR — T, is given as,
Pprder — min (Pg, Ppe®) (3.21)

where, P7'** is the maximum allowable power from each of the £ relays.
Similarly, during overlay mode of operation at each relay, the power transmitted by

SR — T, is also the maximum as,

Pgrer = pper (3.22)

3.1.2.3 End to end SINR at underlay and overlay mode

During underlay operation, the signal is transmitted from SU — Tz to the relay in
the first phase of communication. At underlay mode, the signal to interference noise

ratio (SINR) through SU — T'z to I'" antenna of k™ relay is expressed as,

under 2
under __ Ps |h'SRk7l|

TSRt = By|hpg,|* + No

(3.23)
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Now SINR through SU — Tz to k' relay,

under

VsR, =, Max

e 7357, (3.24)

During the second phase of operation, each proactive DF relay at underlay mode

facing SINR through SRy to D is given by,

,Yunder — Pl%ndeT|thD |2
Bkp - P lhpp|? + Ny

(3.25)

End to end SINR operating under proactive DF relay scheme at underlay mode is
given by,

under

T = min(VEE ) (3.26)

As there are K (k € 1,2, ..., K) numbers of proactive DF relays, the best relay is

choosen which gives the maximum SINR,

PRO under
pr— l .2
Yunder k:LQ?T?.(,K(,yk ) (3 7)

End to end outage probability using proactive DF relay scheme at underlay mode,

P(])D(}]%fl(“),under = Pr (’YPRO S ’yth> (328)

under

where, 7, = 228 — 1, denote the outage threshold of secondary user destination and
R is the outage transmission rate of SU-transmitters.
At overlay mode, as the power transmitted by SU — Tx and SRy, is the most, the

SINR through SU — Tz to [** antenna of k' relay can be written as,

Psover‘hSRm ’2

Sk, = N, (3.29)
SINR through SU — Tz to k' relay,
Y8R, =, max [73R] (3.30)

=1
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While operating in overlay mode each proactive DF relay facing SINR through SRy
to D is given by,

PI%ver |thD |2

iy = (331)
End to end SINR using proactive DF relay scheme at overlay mode,
W= min(YeET Yre,) (3.32)

Considering K (k € 1,2,..., K) numbers of proactive DF relays, the best relay is

chosen which gives the maximum SINR.

PRO __ over
Yover — k:ILHZEi?.(,K(’Yk ) (333)

End to end outage probability using proactive DF relay scheme,

PSR ver = Pr(vii? < yun) (3.34)

over —

The total outage probability during joint underlay /overlay mode is given as follows,

Pgl}}TO = [(1 - Pd) + an]nggunder + (1 - a)Pg[?YQ,over (335)

3.1.3 Mathematical analysis for cognitive radio network op-

erating under joint underlay/overlay mode

An analytical evaluation of closed form expression for outage performance at sec-
ondary destination using joint underlay/overlay mode has been carried out in this
section.

lth

The outage probability at k" relay for [ antenna can be expressed as,

Phirrunder = Pr (V4 < ) (3.36)
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Substituting (3.23) into (3.36), we have

U
P, |hsr,,|?
« s <%h> (3.37)

P! =Pr|=—""—
OUT,under (Pp’hPRk ’2 +1

where,

= (3.38)

=7 (3.39)

Using Property 1, the equation (3.37) can be resolved to find the outage probability

at relay as follows,

—=U
2 _ Yth
l PS O-SRk,l eXp (?UU%}R )
_ i kol
POUT,under =1- =U o = 5 (340)
PS O—SRk,l + PpUka'Yth
A

Considering (3.24) and from the above equation (3.40), we get to know that out of
L (I € 1,2,...,L) receiving antennas of each relay the best is chosen by selection

combining scheme as follows,

L
P(%UT,under = H (PZOUT,under) = AL (341)

=1
For simplicity, we may assume that all the channel mean power are equal i.e., 0% Ry
and 03 are same V [, k.
Similarly taking help from Property I and simplifying the equations, the outage

probability at secondary destination has been calculated as follows,

—=U
PRUIQ%kD exXp —(ﬁ}U:;%k )
k
POUT,under =1- =U o = 5 L (342)
PRURkD + Ppopptn

[ J/
-~

B
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where,

under
PU Py
R=

No

(3.43)

Finally, during underlay operation, the end to end outage is calculated from (3.26),

(3.27), (3.28) and (3.42), where the best relay is chosen out of K number of relays
PEES e = {A" + (1= AF)B}" (3.44)

Considering no interference from primary source, applying Property 1, considering

(3.29) and (3.34), outage at k" relay for I'" antenna can be written as,

—0
PlOUT,over = Pr (Ps |hSRk,l|2 S 7th> (345)
where,
_O PO’U@’!’
=— 3.46
= (3.46)

Thus, the outage probability calculated from (3.44) is

P(l)UT,over =1- eXp(_%) (347)
Ps O-SRk,l .

N

<
Considering (3.30) and from the above equation (3.47), we get to know that out of

L (I € 1,2,...,L) receiving antennas of each relay, the best is chosen by selection

combining scheme as follows,

L
POLUT,over = H (P(l)UT,over) = CL (348)

=1

For simplicity, we may consider that all the channel mean power are equal i.e., 0% Ry

are same V [, k.
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Similarly from (3.31) we get,

Yih
P(]SUT,over =1- exp(_#) (349)
PRURkD )
E
where,

_O P}%’U@T‘
Pr= 3.50
R N, ( )

Finally, the end to end outage in overlay mode is calculated from (3.32), (3.33) and

(3.34) in which the best relay is chosen out of K number of relays,
PSR e = {CF+ (1= CH)E}S (3.51)

Eventually, based on the activity of sensing, detection of primary user and their state
of channel occupancy while maintaining their outage constraint (i.e, QoS) by the
secondary user, their total outage probability during adaptive switching of underlay
or overlay mode is achieved.

Finally, substituting equations (3.44) and (3.51) into (3.35), the outage probability

for the proactive DF scheme in joint underlay/overlay protocol can be written as,
PEEO = [(1— P +aP]{A" + (1 - A")BY + (1—a){C" + (1 - CME}" (3.52)

The above expression on outage probability of SU for proactive DF' relay scheme

under joint underlay /overlay protocol is one of the novel developments in this thesis.

3.1.4 Results and discussions

This section deals with the result analysis performed using MATLAB simulation
testbed and a brief discussion is made on the basis of the analyzed result. The

numerical results provided here illustrate the performance improvement obtained
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Comparison of different protocols

3l —8— Underlay protocol[56] for single PU
10 —&— Overlay protocol
—— Joint Underlay/Overlay protocol

Outage Probability

Psmax=Prmax=15 dB,

105k a=0.15, L=1, K=3, €=0.1
P=0.15

0 2 4 6 8 10 12 14 16 18 20
Pp/NO indB

FiGURE 3.2: Comparison of outage performance w.r.t P,/Ny under underlay,
overlay and joint underlay/overlay mode

when applying the proposed relay assisted adaptive joint underlay/overlay spec-
trum access scheme. To examine the system performance, let us assume the system
parameters as follows: The cut-in transmission rate for both PU and SU is taken
equal i.e. R,=R=0.2 bits/s/Hz. The outage constraint of PU is fixed at ¢ = 0.1.
The noise power is normalized to unit value. Based on the value of false alarm prob-
ability Py = 0.15 (assumed), the detection probability (F;) is calculated depending
on which the outage behaviour is analyzed.

Fig. 3.2 shows the outage probability of the SU — T}, to D as a function of B,/Nj
for different protocols such as underlay, overlay and joint underlay/overlay. The
number of relays (K), number of receiving antennas at each relay are (L) are kept
constant at K=3, L=1, the probability of channel occupancy (0 < « < 1) is assumed
to be kept at a = 0.15. It is observed that the outage performance of overlay mode
does not depend on the transmitting power of PU (Pp) (i.e., the secondary users do
not maintain the QoS of PU ). So this overlay scheme solely can not take part in
the spectrum sharing model. Also it has been shown that the outage performance
of joint underlay/ overlay scheme is better than the existing underlay mode [56]
for a single PU. This is because if the primary user (PU) is active, the secondary
transmitter must operate in a power-restricted mode; otherwise, it can transmit at

full power to maximize its benefit.
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Joint Underlay/Overlay combination

Outage Probability
>
S

10'3 L
RP:H:O.Z bits/s
P=0.15

Pp=0:20dB,Psmax=Prmax=1 5d
K=L=8,e=0.1,

0 2 4 6 8 10 12 14 16 18 20
P /N_dB
p o

F1cureE 3.3: Comparison of outage performance of joint underlay/overlay mode
w.r.t P,/Ny under varying a with fixed L=K=3

Fig. 3.3 shows the outage probability at secondary receiver (D) versus P,/N, under
joint underlay /overlay protocol with R,=R=0.2 bits /sec/Hz, and keeping L=K=3.
The outage analysis has been studied for three different values of «, i.e. a=0.85,
0.15, 0.05. We consider the maximum primary transmitting power to be 20 dB,
whereas the the SU — Tx and SR — Tz transmit at a maximum power of 15 dB.
Considering a realistic scenario based on channel occupancy (), it is investigated
that the outage performance gets deteriorated as a value increases. This reflects
that outage is worst during busy hours which improves at inactive hours of PUs.
This worst case of outage can be strategically improved by carefully adjusting the
number of antennas and relays. We have also observed that the outage probability
at the secondary receiver reduces gradually as the PU — Tz power increases, up to a
value which is decided by maximum transmit power of secondary transmitters. This
is in true sense as the behavior observed in [17]. But as the primary transmit power
increase beyond that value there is a degradation of outage behaviour at secondary
receiver. The explanation of this behaviour can be justified by (3.14) and (3.18)
which bounds the peak transmit power of secondary transmitter.

Fig. 3.4 shows the outage probability at secondary receiver versus P,/N, under
joint underlay /overlay protocol considering the variation of primary and secondary

rates. It is observed that the outage probability at destination is improved with
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R p:fixed,R:varyil‘lg —a— Rp=0.2‘ R=0.3 (bits/s/Hz)
—o— Rp=0.2‘ R=0.2 (bits/s/Hz)
— Rp=0.2‘ R=0.1 (bits/s/Hz)
—p— RP:DJ, R=0.2 (bits/s/Hz)
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F1GURE 3.4: Comparing the outage at secondary D for different data rates

decreasing values of data rates at both SU and PU. The data rate of SU is compen-
sated by reducing its value to achieve the desired level of outage performance when

PU communicates with low power and high data rate.

In Fig. 3.5, keeping R,=R= 0.2 bits /sec/Hz, a= 0.15 and K=5, the outage

Joint Underlay/Overlay Combination

—%—L=1K=5
—O—L=3K=5
—8—L=5K=5

Outage Probability
>
S

Pp:O:ZOdB,
109 | Psmax=Prmax=1508
a=0.15,¢=0.1,
Rp=R=0.2 bits/s
P=0.15
1 0—4 L L L L L L L 1 1
0 2 4 6 8 10 12 14 16 18 20

Pp/N0 dB

Ficure 3.5: Comparing outage performance of joint underlay/overlay mode
under fixed K, a and varying L

performance of secondary under joint underlay/overlay mode is analyzed by varying
L from 1 to 5. The result also concludes that with increasing number of receiving
antennas at each relay, the outage gives a good performance.

Similarly Fig. 3.6 also shows the outage probability of the SU — Tz to D as
a function of P,/N, under joint underlay/overlay mode keeping =0.15, L=>5 and
with varying number of relays i.e. K=1, 3, 5. It has been observed that the outage
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Joint Underlay/Overlay Combination
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F1cure 3.6: Comparing outage probability of joint underlay/overlay mode under
fixed L, o and varying K
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FIGURE 3.7: Comparing outage probability of joint underlay/overlay mode with
same diversity order

performance is also better as the number of relays gets increased. So by adjusting
the number of relays and number of receiving antennas at each relay, the outage
performance can be improved during the busy hour of PU. Hence throughput of the
secondary users can be maximized by this model.

It has also been found in Fig. 3.7 that keeping the diversity order constant, the out-
age performance with L=1, K=5 is better than K=1, L.=>5. It is possible to trade-off
between the number of antennas and relays to achieve a desired level of performance.
Hence it is expected to have a better performance with increasing values of both L
and K as required for the system performance leading a cooperative cognitive radio

solution.
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A comprehensive discussion based on joint underlay/overlay mode of transmission
assisted by half duplex relay networks is presented in this section. In the next sec-
tion, we expand on our discussion of AF, DF, and AHR relay-based cognitive radio

networks in an energy harvesting and co-channel interference scenario.

Section 3.1 presented a cognitive radio system where SU transmission relies on un-
derlay/overlay access and cooperative relaying, but the analysis was carried out as-
suming fixed-power relays without considering energy limitations at the secondary
nodes. Although this model is useful for understanding the interaction between SU
performance and PU protection, it does not fully capture the practical operating con-
straints of modern low-power cognitive devices (e.g., IoT-based SUs, sensor-assisted
relays). To address this limitation, Section 3.2 extends the system model by incor-

porating energy harvesting (EH) capability and adaptive hybrid relaying (AHR).
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3.2 The cognitive radio network system based on
AF, DF and AH relay in presence of energy
harvesting and co-channel interference envi-

ronment

In this section, a performance analysis of multi relay-based CR network has been
proposed in presence of co-channel interference (CCI) environment. Here the sec-
ondary nodes in the form of corresponding secondary transmitter (SU-Tx) along
with secondary relay (SR) modules can harvest energy from the primary transmit-
ter as well as CCI. This section proposes an adaptive hybrid relay (AHR) based
underlay CR network, which uses an energy harvesting technique to capture energy
from CCI and PU radio frequency (RF) signals in order to increase spectrum utility.
AHR is the combination of AF and DF relay protocol which can switch in between
depending on the channel condition. The closed form expression of secondary out-
age performance of AHR relay based CR network has been derived and compared
with the conventional AF and DF mode in different conditions. In this scenario,
secondary source (SU-Tx) communicates with secondary destination (SU-Rx) via
multiple adaptive hybrid relays (SR) in presence of CCI including primary trans-
mitter (PU-Tx) and primary receiver (PU-Rx). The relays as well as secondary
source are furnished with energy harvesting circuits and rechargeable battery. Both
can obtain energy from the source signal and interference from the primary trans-
mitter, CCI, and use this energy for advancing the received signal to the destination.
The proposed technique’s analytical model supports the simulation test result which

has been developed under MATLAB testbed.
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3.2.1 System model AH relay based cognitive radio network

in presence of co-channel interference environment

The system configuration as depicted in Fig. 3.8, is a proposed cognitive radio
network model consisting of one primary user (PU), one secondary transmitter
(SU — Tx), single secondary receiver (SU — Rx/D) and multiple relays (Ry;k =
1,2... K). Now it is assumed that the (SU—Tx), (SU—Rz/D), (Rg;k =1,2... K)

have a single transmitting and receiving antenna. Considering higher shadowing ef-

Direct Link Interference Link Co-Channel Interference

FIGURE 3.8: System model on AF, DF and AHR based cognitive radio network
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fects, the direct link between (SU — T'xz) and (SU — Rx) has been neglected here.
All the relays are in AHR mode, i.e. in adaptive selection mode which can switch
as a combination of AF and DF protocol depending on the channel quality. In this
system model, we consider the effects of CCI at secondary transmitter, relays and
secondary receiver. Additionally, all the secondary nodes get affected by the trans-
mitted signal from PU-Tx, as an interference source. The impact of interference at
primary receiver by the transmitted signal from SU-Tx and SRs is also addressed
here. This has been assumed that, the secondary source and all relays are partially
powered by collecting energy from ambient RF sources through EH circuits present
at these nodes. The entire communication process is carried out using Time Switch-
ing Protocol (T'SP) in dual hop mode. The important steps of the TSP protocol for
information processing and energy harvesting at the relay are shown in Fig. 3.9. In
consideration, T is the total time that is necessary for the information to travel from
the secondary source to the secondary destination node through relays, where, 7 T,
(0 < 7 < 1) is the fraction of the total time that secondary source and relays use
for energy harvesting. In the first time slot of transmission, SU — Tz sends signal
to relay (Ry;k € 1,2,..., K) under the condition of transmit power to ensure the
interference to the primary user does not exceed the threshold constrained power
(Ip). During the second time slot, the relay uses the AH protocol to transfer re-
ceived signals to the secondary destination while keeping the interference threshold

at Ip. According to the adapted hybrid relay (AHR) protocol, if the relay can de-

T
Energy Harvesting at U-Tx EP R, R = SU-Rx
SU-Tx and R,
Information Transmission Information Transmission
T (1-9)T/2 (1-9)T/2

FiGUurRE 3.9: TSP frame for energy harvesting and information processing

code the received signal effectively, then DF' scheme is followed, else the AF scheme
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is continued. In this model, the channel path coefficients are presumed to be zero
mean, unit variance independent non-identical Rayleigh distribution type as well
as all noise factors are considered as additive white gaussian noise (AWGN) with
variance Ny. Channel coefficients are denoted as follows: h, denotes the channel
path coefficient for PU — Tz to PU — Rx, hgg, (k = 1,2, .., K) represents channel
coefficient for SU — Tz to ky, relay (Rk), hpr, (k= 1,2,.., K) is for PU — Tz to k'
relay (Ry), hsp is used to represent the channel coefficient for SU — Tz to PU — Rz,
hr,p(k=1,2,..,K) is the channel coefficient for ky, relay (R;) to SU — Rz, hpp
signifies the channel coefficient for PU —T'x to SU — Rx. h¢, g, ho,p are the chan-
nel coefficients from n'® CCI source to k' relay and SU-Rx, respectively. The relay
is chosen in such a way that it will improve the end-to-end SINR of the SU — T'x to
SU — Rx channel path. Secondary sources (SU — T'x) and relays have the capability
to choose transmitted power amount which is varied between constrained transmit-
ting power and energy harvesting power. All the channel power gains, denoted by
gz, follows an exponential nature distribution with a mean of )., where x signifies
appropriate channel link indicator suffix from each nodes. The exact link parame-

ters are shown in TABLE 3.1 below. The power distribution at secondary sources

TABLE 3.1: Channel gain with parameter list

Path-Channel Gain indicator with parameter List
Path-link Channel Gain Parameter
P U —Tx - gps )\ps
SU —Tx
PU —-Tx - || 9PD APD
SU — Rx
n'"CCI - || 9cus Ac, s
SU —Tx
PU —Tx - Rk JPR, APR,

SU —Tz - R 9SSRy ASR,
n"CCI - Ry 9C, Ry, AC, Ry,

(SU — T'z) and relays are described in the following section.
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3.2.2 Energy harvesting and power allocation strategies

The theory described here is employed to explore the power allocation strategy for
SU — Tz and SRy.

Let us consider, total time taken to transmit the data packets from SU — Tz to the
SU — Rz is T. Initially, fraction time 7 of T is reserved for harvesting energy at
SU — Tx and SR. The remaining time is used for data transmission in this dual
hop communication process.

Energy harvested at SU — Tz is expresses as,

N
E§ =7 (PngS +) chcns> (3.53)

n=1
P, is denoted as the transmitted power by PU —T'z and P is the power transmitted
by single C'C'I node. The efficiency factor for the EH circuit at each node is defined

by 7.
Transmitted power at SU — T'x due to this harvested energy is given by,

Ef
H S
Pt (T(l_%) ) (3.54)

2

Transmitted power of the SU — T'x must be regulated so that the PU does not
receive significant interference from the SU’s communication. Therefore, the SU—-Tx
transmit power should meet the PU receiver’s interference power restriction, which

is stated as,

Pl = (]—P> (3.55)

|hsp|?
where, Ip is the threshold value of interference power at primary receiver PU — Rx.

Let Ps be the power transmitted by SU — Tz during different mode of operation

and can be written as,

Pg = min(PZ, P (3.56)
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Energy harvested at secondary relays SRy, is given by

n=1

N
Ef =1 (PSQSRk + Pogpr,, + Z chcan> (3.57)

Transmitted power at each relay of SR, due to EH is given by,
EH
H _ R
Py = (W) (3.58)
2

Similarly, in order to prevent the PU from experiencing too much interference from
the SU’s transmission, the SRy, transmit power must also be controlled. As a result,
transmitted power of SR, must fulfil the interference power limitation of the PU

receiver, which is given as,

I
T . P
Py, = kzlnng (|thP|2) (3.59)

Let Pg be the power transmitted by each relay of SRy during different mode of

operation which can be written as,
Pr = min(P} , P) (3.60)

The secondary source (SU — T'z) and relays SRj must maintain the interference
power threshold (/p) with regards to the primary network.

The mathematical expression of received signal at k' relay is given as:

Ya, (t) = V/Pshsras(t) + / Pehpray(t) + Y v/ Peho,meae(t) +not)  (3.61)

The SINR through SU — Tz to k™ relay is expressed as:

Ps|hgg,|?

I (3.62)
Pp|h/PRk|2 + Zn:l PC|hC’an|2 + NO

YSR, =
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The received signal at destination SU — Rz coming from k'*relay is given as,

yp(t) = \/Prhr,pr,(t) + /Pphppay(t) + > v/ Pehe,pae(t) + no(t)  (3.63)

The SINR through SRy to D is expressed as,

Pgl|hg,p|?

Pylhppl? + 3N, Polho,pl? + N,

VReD = (3.64)
where, x,(t), z5(t), z,(t), x.(t) are the transmitting signals from PU —Tz, SU —T'z,
SRy, and co-channel transmitter respectively. This ng(t) is considered to be AWGN

receiver noise with power spectral density Ny.

3.2.3 Performance analysis of AHR protocol

The AHR scheme adaptively changes between AF and DF mode depending upon
channel condition. DF mode is applicable, if and only if relays decode the incoming
signal successfully. This scheme utilizes all the relay to work effectively, which
in term makes the system performance better than the conventional AF and DF.
Therefore, relay allocating scheme is performed to choose the best link via the set
of relays from source to destination.

The process of decoding at Ry succeeds only when vsp, > py, i.e., DE protocol is
continued otherwise AF' protocol is pursued. py, is the threshold predefined SINR

for successful decoding decision at the relay.

The DF relay scheme [56] defines a subset § of ky relays out of K relays that
can properly decode the received signal. Thus, the set can be described as § =
{Vk € (1,2..k1) ;vsr, > puen}- The relays ky effectively decodes the input signal when
Ysry, > Hin- Now these ki relays of subset ¢ are participated in transmission from
relays to destination in DF mode. Remaining (K — k1) count of relays operate in

AF mode to transmit the message from relays to destination.
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Therefore, the probability for a relay to operate in the AF scheme can be expressed

as,

pAT = PT(”YSR,C < ,Uth)

_ b, ( PS‘hSRk| “th) (3.65)
Pylhpr, ) + S0 Pelhe,r 2+ N,

For determining the cumulative distribution function (CDF) of equation (3.65), we
assume that |hgg,|? is denoted as independent exponentially distributed random
variable X with the PDF fx, (x1) = emp(——) and P,|hpg,|> + S0, Polhor,)? =
ZNH Pr|hyr,|?, represented as gamma distributed random variable X, with the

(932)
PDF fx,(x2) =

(22)" " texp(—
L(n)Az

. Since all channel power gain are independent iden-
tical exponential distribution with equal parameter of distribution, Apg, = Ac,r, =
Ao2. A; and )\, are considered as parameter of the distribution for respective random

variables X and X,. So equation (3.65) can be rewritten as:

Ps X,

PAT = p <—
"\ Py X, + N,

< Mth)
(Ppugprotuip No) thT2+#thN0)

/ / Ixi (1) [x, (22) dvy dvy
T2 r1=0

<PT#th12+#thN0)

/x / %169329(—A—1)fx2(x2)dx1 ds (3.66)
—(Prpunzs + (1 No)
/xz—o [ exp( Po)\y )}f&(%) L2

fenNo ( Ps )\ >”

— 1 — —
o\ Bory + o Prs

On the other hand, the probability for a relay operated in the DF scheme can be

expressed as:

PP = Pr(vsr, > i)

=1-p* (3.67)

tenNo ( Ps)\ )”}
PgAi " PsAi + punPrXs

- Jeanl-
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As per our proposed model, k; number of relays out of K relays are operated in
DF mode. The probability distribution of successfully decoded k; relays out of
total relays follows the binomial distribution, with parameters P4, PPF and K.
The outage probability for AHR scheme is dependent on outage performance of
the corresponding relays for AF and DF mode (i.e., PAT, PYF). By the law of

probability, the average outage probability for AHR scheme can be described as:

K
PEIR = Cl(Por)™ (PEF)H (Par) KR (PAT)RH (3.68)

k1=0
Where, PAT and P5T are denoted as outage probabilities for AF, DF scheme at
each relay, respectively. In the following section, analysis of outage probabilities for

AF, DF scheme at each relay are described.

3.2.3.1 Outage analysis of AF protocol for single relay

The received signal at the relay is amplified and transferred to the secondary desti-
nation using the AF relaying method. The AF scheme has the advantages of being
easy to implement and having a low computational load on the relay. But due to this
amplification process, the additive noise causes serious problem. The instantaneous
end to end SINR from secondary source to SU — Rz via k' relay can be written

as [130]:

AF VSR, VR, D
Yoo = 3.69
g 1+ vsgr, +VRreD ( )

The end to end outage probability using AF relay scheme is expressed as:
Py = Pr(vi" <) (3.70)

where, 5, = 228 — 1 denotes the outage threshold at the SU — Rx. Let us consider

the transmission rate of SU is R.
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For calculating the CDF of equation (3.70) ysgr,, Yr.p are considered as random

variables M, P respectively. Then ;" can be expressed as:

MP
—_— 71
W T 1+ M+P (3.71)
s MP
FWQF(%h) =Pr (m = %h) (3.72)

The probability in (3.72) is calculated using two integrations as follows [129, 130]:

(m+1)v¢p,

Vin [T o0 e
Par= | futm oo dmdp+ [~ [T ) (o) dmp
m=0 J p=0 m=yg, Jp=0
'Y)‘tsh +o0 (m+1’3:}:h
= / fau(m) fe(p) dmdp—i—/ / m) fp(p) dmdp
? m=0 Jp=0 =Yih .,

-~

’ (3.73)

Where far(m), far(m) are the PDF of respective random variables M, N. Here M is

expressed as:

Ps|hsg, |*
= ; S]|v st 5 (3.74)
Polhpr, [ + 32,2 Pelhe,r [ + No
For calculating the value of CDF for random variable M,
Fy(m) = Pr(M < m)
(3.75)

Ps|hgr, |2
= Pr S]\'[ SRkl S m)
Pp’hPRkP + Zn:l PC|hCan’2 + No

We assume that |hgg, |? is independent exponentially distributed random variable X
with the PDF fy, (%) = e:vp(——) and P,|hpr, |2+ 320, Polher, | = S0 Prlhog, |

is represented as gamma distributed random variable Xy with the PDF fx,(x9) =
(x2)
)

(w2)" ' ewp(—
T(n)\g

. Since all channel power gain are independent identical exponential
distribution with equal parameter of distribution, Apr, = Ac,r, = A2. A1 and s are

considered as parameter of the distribution for respective random variables X; and
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Xs. So equation (3.75) can be rewritten as:

Ps Xy
F _p (_ _ )
m(m) r X, LN, m
(PTm172+mN0)
/ / fx, (21) fx, (22) dvy dg
T2 z1=0
(Ppmzg+mNg)

:/g; /I1 —0 N A_lexp( i ) fx,(2) dxy dxg (3.76)

- /IQ—O [1 B 6$p( (PmePfS;:mNO) ):| fXQ (3:2) d.ﬁE2

mNO ( PS)\l )n
PsAi "\ PsAi +mPr)y

=1—exp(—

The PDF of random variable M can be expressed as:

d(Fy(m))
fu(m) = —dm
No Pr; —(n+1) No NoPr; Pr;
= — 1
S wil ) Gty wil) B G Wty S e o W

(3.77)

Assuming PT’\2 =X, %I’\TQ = Y,% = Z, the equation (3.77) can be written as,

fu(m) = exp(—Zm)(1 + Xm)" " D(Z + Ym + Xn) (3.78)

The random variable P can be expressed as,

Pgrlh 2
= . il bl . (3.79)
Polhpp|* + 32— FPelhe,pl* + No
For determining the value of CDF for random variable P,
Fp(p) = Pr(P <p)
Pgrlhg, p)? (3.80)

= Pr(

<p)

Pylhppl2+ 30 Pelhe,pl? + N,
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We assume that |hg, p|? is denoted as independent exponentially distributed random
variable X3 with the PDF fx,(x3) = s-exp(—52) and By|hpp|* + SN Polhe,pl? =
SV Prlh,p|? is represented as gamma distributed random variable X, with the

x ex (x4)
PDF fx,(x4) = S r(n)zj\(g 24~ since each channel power gain follows identical

exponential distribution with equal distribution of parameter, A\pp = A\¢,p = A\s. A3,
A4 are considered as parameter of the distribution for respective random variables

X3 and X4.
PrX;

— ‘R4S 3.81
PoXa + N (3.81)

PrXs
P (— < A8 ) 3.82
"\Pox,+ N, =t (3.82)

(Popzg+pNg)

/ / " Ixs(3) fx,(24) dag day
T4 x3=0

(POPZ4+PN0)

—ex o X, (24) dvs day
/x / P2 (w0 da s

Popza 4+ pN
:/m—o 1= ean(- | Op?;hp O))]fX4(I4> divs

PNy ( PrAs >"
PrAs" \PrAs + pPoA4

=1—exp(—

The PDF for random variable P being expressed as:

3.84
pNo 1 p>\4Po) (n+1), No NoPoAs PoAs (3:84)

Prs Pros +

Prrs | P22 Pors

Po>\4 = A, NoPoAs _
P2)\2 ’P )\

After considering 7 = (), the equation (3.84) is written

as:

fr(p) = exp(—Cp)(1 + Ap)" "D (C + Bp + An) (3.85)
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The solution of integration under notation S in equation (3.73) can be expressed as

Yin [0
s= [ [ putm)se() dmdp
e (3.86)
th
:/ exp(—Zm)(1 4+ Xm)" " (Z +Ym + Xn)dm

m=0

n

Applying the approximation of n+1 ~ n, (14 ax)™" = exp(—nax) and considering

Z4+nX =S5

e
S = / ' exp(—(Z +nX)m)(Z +Ym + Xn)dm
m=0
Vin
= exp(—Sm)(Ym + S)dm (3.87)
m=0

eap(—5,S) (5 SY + 2+ Y) + S2+Y
- _ &

In equation (3.73), the solution of integration under notation T can be written as

[131]:

(m+1)vp

T— /m :ﬁh / T et () dm dp
-/ Oom OOO Faa () £ () dim.dp
_ / +°°S exp(—Sm)(Ym + S) dm (3.88)
_ / h erp(—Sm)(Ym + 5) dm

52
52 r (27 SV + 7)

After putting the value of S and T in equation (3.73), the CDF of v/} is

exp(—v5,5)(15,5Y + 52 +Y) + 52+ Y
Foar=|(- =

Yeal:pS?2 S? (3.89)
H(Fr (s 2 )|
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So, the expression of equation (3.89) is the outage probability of k" relay using AF

relay scheme.

3.2.3.2 Outage analysis of DF protocol for single relay

The DF relay scheme [56] defines that a relay successfully decodes the incoming
signal before transmission to secondary destination. The relay effectively decodes
the input signal when vgg, > p. The received SINR at destination from k™ relay

can be expressed as:

5" = YreD (3.90)

As probability for a relay operated in the DF scheme can be expressed as PPF,

mathematically outage probability using DF relay scheme is formulated as [67]:

PEF = Pr(y <43 PF
=1t
Pylhpp|2+ 30 Polhe,pl> + N,

= Pr(

where, 75, = 2% — 1 denotes the outage threshold at the SU — Rz. R is the

transmission rate of SUs.

For calculating the CDF of equation Pr(y5" < ~%), |hg,p|? is denoted as inde-
pendent exponentially distributed random variable X3 with the PDF fy (x3) =
%Bexp(—f\—i) and Plhpp|> + 5N Polhe,pl> = SN Prlhep|? is represented as
n—1 _@
(ea)n~Leap(~ 222)
T(n)\}

gamma distributed random variable X, with the PDF fx,(x4) =
Since each channel power gain follows identical exponential distribution with equal
distribution of parameter, A\pp = Ac, p = A\y. A3, A4 are considered as parameter of

the distribution for respective random variables X3 and Xj.

PrX3

P=——-
PoX4+ Ny

(3.92)
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PrX;
Pr|————=— < A% 3.93
4%&+M_m) (3.93)

(Povthw4+'vthNo)
’Yth / / fX3(56'3)fX4 (5174) dxs dzy
T4 x3=0

(Popa+vi,No)

P 1

:/ g /\—G.Ip( ):\y)fX4<.T4) dIg dl’4
24=0 Jx3=0 3 3
+oo Popxy + v N

:/ [1—exp(—( 9 ;7)\ th 0))}fx4($4)dw4
x4=0 RAN1

YinNo ( Pr)s )"

PrAs "\ PpAs + 7, PoA\

(3.94)

=1—exp(—

The PDF for random variable P being expressed as:

L e )
Prrs Py | P2N2 Pshs
(3.95)

fr(vi) = e:z:p(

After applying the value of Pr[y5F < ~5] and PPT the solution of the outage
probability in DF relay scheme in (3.91), is expressed as:

P = 1 - eap( 20Ny Py
PR)\g PR/\3 + ’yfhPO/\él <3 96)
[ fenNo Ps)\q )”] .
X |exp(—
PsAi "} PsAi + punPrXg

The solutions of P4 and PHF for single relay based system are applied in equation

(3.68) to find out the close form of outage probability for AHR scheme; so the
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expression is written as:

K
P4 = 37 O (Poe)t (PR (P )< H1 (P4

k1=0

=, K pinNo Ps\i .

:chl{exp(_PA (B W) }

Py SAL " LS AL+ fin T A2

s N P n

X {{1 — exp(—,yth 0) A3 ) }
PrA3 " PrAs + ;5 PoAs
X {exp(_:uthNo) Pg)y )"}] 1 (3.97)
PgAi " Y PsA1 + pun Prs

X {e:cp(—tho)( e )n}K_kl
PgAi " PsAi + punPrs

y [{ _eap(=S)(SY + 52 +Y) + 5% + Y}
52

YexpsZ .S K=k
o (2sn %) |

Depending on the working mode of relays, AHR scheme exhibits two extreme con-

ditions which are as follows:

Condition 1:

In the AHR scheme, it is assumed that decoding SINR for all the relays (K) is below
the threshold decoding SINR (p4), so all relays operate in AF mode. In this case,
number of DF operated relays (k) is zero.With the help of equation (3.68) and

(3.89), the outage performance at secondary receiver for this case is expressed as:

P4 = (Pap) < (PAT)<

{%p(_ﬂthNo)( PsAy )"}K

PsA1 7 PsA + punPrAs
" H _exp(=yS)(3SY +5° +Y) + 57 + y} (3.98)
S2

YexpS: .57 K
g (s 5 )}

Condition 2:
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In this case, all relays (K) are considered in DF mode because the decoding SINR
for the relays is above the threshold decoding SINR (). The number of DF
operated relays (k) is now K. With the help of equation (3.68) and (3.96), the

outage performance at the secondary receiver in this scenario is as follows:

P4 = (Ppy) (PR

fenNo Ps)\ n) ¥
{ex (— ( ) }
Pg\i " PsAi + pun Prs

X {1 - exp(—ﬁh%) Ly n}
PrA3 " PrAs + v, PoAs

ety Ly
PgAi "N PsAi + pun Prs

(3.99)

3.2.4 Results and discussion

This section summarizes the outcomes of the experiments conducted using the MAT-
LAB simulation testbed, as well as a brief comments based on the results. The
numerical results presented here exhibit how the suggested relay-assisted AHR pro-
tocol yields improved performance during spectrum access.

Fig. 3.10 shows the comparison of outage performance at destination between AF,
DF and AHR scheme. In this figure, it has been shown that with the same number
of relays (K=4), AHR scheme achieves better outage performance than individual
outage performance of AF and DF scheme respectively. This implies that the AHR
scheme is highly efficient than individual DF and AF schemes wroking at a time.
The working principle of AHR protocol is dynamic depending upon the decoding
procedure of the received signal at relays. The successfully decoded signal follows
DF protocol; else AF protocol is maintained. Every relay takes part in this process,
which improves the diversity numbers of the relay to select the best one. Finally
this scheme of adaptive control increases the system performance with respect to
other two individual schemes.

Fig. 3.11 shows the probability of outage in the secondary receiver (D) versus
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FIGURE 3.10: Comparison of outage performance w.r.t I,,/Ny under AF, DF and
AHR mode

I,,/Ny under the AHR protocol. The outage analysis at the secondary receiver (D)
has been investigated for various numbers of relays (i.e., K = 2, 3, 4). It is observed
that outage performance at destination is improved with increasing number of re-
lays. This indicates that the increase in diversity is causing the outages to improve.

In Fig. 3.12 depicts the probability of outage at the secondary receiver (D) versus
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FIGURE 3.11: Comparison of outage performance w.r.t I,/Ny under AHR mode

with varying K= 2,3,4

I,/ Ny under the AHR protocol, with constant Ry = 1 bit / sec / Hz and fixed num-

ber of relays (K=4) with varying energy harvesting efficiency (i.e,n = 0.2, 0.4, 0.6).
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FiGURE 3.12: Comparison of outage performance w.r.t I,,/Ny under AHR mode
with fixed K = 4 varying n= 0.2, 0.4 and 0.6

The result also concludes that the increasing energy harvesting efficiency factor pro-
vides good outage performance. Due to the higher value of 1, the amount of energy
harvested at the SU transmitter and SU relays is higher eventually leading to highly
powered signals to be transmitted from these nodes to their desired destinations.
The effect of noise and interference is reduced at the secondary destination due to
the highly powered received signal.

The probability of outage at the secondary receiver (D) versus I,/Ny under the
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FiGURE 3.13: Comparison of outage performance w.r.t I;,/Ny under AHR mode
varying up= 2.5 dB, 1.5 dB, 4 dB with fixed K=4
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AHR protocol with fixed relays (K=4) is represented in Fig. 3.13. Using various
SINR decoding thresholds (u;, = 2.5 dB, 1.5 dB, 4 dB), the performance of sec-
ondary receiver outage is explored in the AHR scheme with a fixed number of relays.
The outcome of the figure shows that the decrease in the SINR decoding threshold

(pen) provides good outage performance.

3.3 Chapter summary

In this chapter, we have covered the analysis of adaptive transmission and relaying
strategies to enhance spectrum efficiency and reliability in cognitive radio networks.
The adaptive joint underlay/overlay transmission scheme dynamically switches be-
tween modes based on primary user (PU) activity, offering improved outage perfor-
mance and throughput, especially when the number of secondary user (SU) relays
exceeds the number of receiving antennas at each relay. An increase in the number
of antennas incorporated in each relay has the added benefit of increasing diver-
sity order, which improves system performance. Therefore, changing the number
of relays and receiving antennas at each relay can improve the outage performance
during PU’s peak hours. Consequently, this model optimizes the throughput of
the SUs. Additionally, we introduced and evaluated Amplify-and-Forward (AF),
Decode-and-Forward (DF), and Adaptive Hybrid Relaying (AHR) protocols under
co-channel interference (CCI) and energy harvesting scenarios. A comparison be-
tween all the modes of transmission has been discussed with a better outage being
reflected in the AHR protocol. Overall, the integration of adaptive mode switching,
cooperative diversity through multi-antenna and multi-relay configurations, and en-
ergy harvesting from CCI and PU signals results in a highly efficient and robust
spectrum access strategy for CR networks, particularly under high interference and

busy traffic conditions.
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Performance analysis of
full-duplex multirelay based multi
user cognitive radio network under
linear and non-linear energy

harvesting environment

This chapter is divided into three sections, each of which focuses on a cognitive radio
network with a full-duplex (FD) relay network. However, the principles of operation
of each section vary depending on the system design. An energy harvesting-based
cognitive radio network (CRN) that uses a joint underlay/overlay protocol to assess
the end-to-end outage performance of secondary user communications under a full-
duplex relay network opens the first section.

In the second section, an investigation is performed on the outage performance of
secondary receiver with an energy harvesting cognitive radio network employing
multiple full-duplex relaying protocol in the presence of a multi-user spectrum shar-

ing environment. Under this energy harvesting aided F'D relaying network scenario,

92
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adaptive transmit power policies for the secondary user (SU) source, secondary FD
relays and exact outage probability of the secondary user are derived analytically
in presence of multiple primary users and multiple secondary destinations. Impact
of self interference at the receive antenna of each FD relay in addition to all the
transmitting interference at all receive nodes is being addressed. A comparative
study considering all the interference together in an FD relaying protocol with that
of conventional half-duplex (HD) relaying protocol is carried out. With the same
diversity order, a trade-off between FD multi-relay and multi-destination is shown.
Finally, in the last section of this chapter, the outage performance of secondary users
under a practical nonlinear energy harvesting scenario in a cognitive radio network
communicating via full-duplex relay network, using a joint underlay /overlay protocol

has been presented.

4.1 Performance analysis on multiple full-duplex
relay based multi primary cognitive radio net-

work

A dynamically adaptable amalgamation of the underlay /overlay protocol is created
based on channel occupancy to improve the efficiency of the spectrum. A radio
frequency energy detector circuit is present in each secondary transmitter node,
allowing it to detect energy from the transmitters of several primary users. The FD
relays together with the hybrid functioning of joint mode of transmission allows for
an improvement in system throughput. We devised a mathematical study to jointly
assign power at each transmitting node in such a way that improves the throughput
of the system. Lastly, all analytical mathematical statements in closed form have

been verified using MATLAB simulations.
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4.1.1 System model on multiple full-duplex relay based cog-

nitive radio network

Fig. 4.1 depicts the system architecture of a cognitive radio network where a
secondary user transmitter (SUrgr) makes a communication with secondary user
receiver (SUg) via multi- FD relays (R;;1 = 1,2... L) in presence of multi-primary

users (PUp;m = 1,2...M). Each of the FD relays are incorporated with one
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FIGURE 4.1: System model on multi-FD relay based CRN

transmitting and one receiving antenna while all other nodes carry single antenna.
It is also assumed that in the suggested system model, there is no direct connectivity
between SUrg and SUg due to excessive shadowing and multipath propagation loss.
The EH-enabled circuits are attached on both FD relays and (SUrg), allowing them
to draw power from RF signals in the surrounding area. The interference source of
the M active PUs can be used by the secondary transmitting nodes (i.e. SUrg, FD
relays) to generate some amount of their energy. The SUrg connects with the SUg

over the FD relay network in a concurrent transmitting-receiving procedure. All of
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the channel coefficients are considered by h, ,, which obeys the Rayleigh distribution
and the equivalent power gains are expressed as g,,. This follows an exponential
distribution with mean \,,, where'x,y’ represents the relevant channel pathway with
suffix m = a, .., h from each node. The distinct path specifications are displayed
in the following Table 4.1. In the proposed system, the transmission procedure is
considered to be of a dual-hop nature.The first hop is concerned with transmitting
data from SUrgr to Ry, where the best relay Rj is selected in accordance with

the relay section scheme and channel quality, respectively. The principal operation

TABLE 4.1: Path-with channel gain parameter chart

Path-with channel gain parameter chart
Path-(i, j),channel gain g;; | Parameter
coeflicient(h; ;) chart

A77'1
PUTM—PURM, hpm gpn /\a
SUrr-PUrnm, hs,pp 9S8y P b
Rp-PUgrwu, hRLPR 9R; P Ac
PUry-Ryp, hppr, gprR; Ad
PUrp-SUR, hppsy 9PrSk Ae
SUrgr-Rr, hsrr, 9SrRy Af
Rp-SUR, hr, sy 9R. SR Ag
Ri-Rp, hg, dRr; An

is based on two phases of time slots as in phase one, the secondary transmitters
take part in sensing as well as energy harvesting activity by energy detector and
EH circuit respectively. Additionally, in phase two, all the secondary transmitters
actively take part in data transmission. The optimal relay is selected using this
relaying selection combination (SC) strategy based on a process to optimise the
minimum of the weighted channel strength between the links from the source to the
relays and from the relays to the destination. As the relay R; has been assumed
to operate in full-duplex mode, it is receiving and transmitting data at the same
time, which is what mostly causes self-interference (SI) at the receive antenna of
Ry. This SI is being modelled as an independent Rayleigh distributed channel. The

implementation of the successive interference cancellation (SIC) process is unable to
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fully eliminate SI at the relay.

In order to increase the spectrum efficiency of the CR network, this study provides
an adaptive hybrid underlay/overlay transmission system. SUrg and all relays can
detect PU activity using an energy detector circuit built into them. Relays and SUrg
made wise decisions by switching between underlay and overlay mode depending on
the outcome of the PU activity to communicate with secondary receiver. Upon
detection, if PU is found out to be engaged, SUrg shifts to underlay mode; else,
SUrgr functions at its maximum power in overlay mode, assisted by a number of
active FD relays. According to data from the FCC [128], average channel occupancy
for the measuring period is close to 15%,while peak utilisation is close to 85%. It
is assumed that « represents probability of channel occupancy (0 < o < 1), which
depicts the busyness of PUs. As a result, the probability of PU being busy is a Py,
while the probability of PU being inactive is (1 — «)P,, where, this probability of
detection Py, identifies the probability of the presence of primary signal.

4.1.2 Compact power allocation at every nodes

Time Switching Relaying (TSR) protocol is used by the secondary source SUrg
and the relays Ry for manual energy harvesting and signal transfer. It is presumed
that T is the entire amount of time needed for a message packet from SUrg to the
secondary destination. Additionally, the assumption has been made that secondary
transmitting nodes requires 7 amount of time to sense as well as gather energy from
the M number of PU transmitter. The remaining time (7' —7) is utilised to transmit
data.

Over a given time 7, the total harvested energy from M active primary transmitters
at secondary sources are calculated as described below.

The amount of harvested energy at SUrg is given by:

M
E{ . =n7 (Z ngm.) (4.1)

m=1



Chapter 4 97

where, P, represents the transmitted power from a single PUrgr and g,,, is the
associated channel gain. 7 specifies the energy harvesting circuit’s efficiency factor
at each secondary transmitter node. The amount of transmit power at SUrg during

the time (7" — 7) is expressed as,

E,
Pl = (T——TRT) (4.2)

The amount of harvested energy at R relay during time 7 from M active primary

transmitters and secondary source SUrg is given by

M
EgL =nT (PSthTRL + Z ngPTRL> (43)

m=1

where, P, represents the underlay mode transmit power by SUrg, that maintains
the outage constraint of primary. In a similar way, accompanied by EH circuit, R,

operates with its transmit power at time (7" — 7) which is expressed as:
EH
Pl = ( B 4.4
A (4.4

The peak interference parameter I, of the primary network limits the simultaneous
transmit power from SUrgr and Ry. This has been reflected in the following equation
as we depend on the idea of sharing spectrum with R, operating in full-duplex

communication process [132].

[p > (PsthTPR + PRLgRLPR) (45)

From above expression, assuming non optimal condition for Py and Pg, for sim-
plicity, the necessary condition reflects that the transmit power of SUrr and Ry,
are maintained such that the communication of SUs does not cause any PUs to be

overly interfered.
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The received signal at n'" PU face the signal-to-interference-noise-ratio (SINR) as:

P,
I (4.6)

'yn B PsthTPR + PRLgRLPR + NO

The SUrgr and Ry, transmit powers should be maintained in order to prevent any
PUs from experiencing severe interference from the SU’s transmission.

Therefore, the outage value at the PU receiver can be expressed as:

: Prngp
P? = Pr [ min ( mJPin < ,YPT):| < AT
¢ m=1,...M PSthTPR + PRLgRLPR + NO th ( )

here, v/;" = 2ftrr — 1 and ¢ signify the outage threshold and constraint of a primary
receiver (PUg.), respectively where PU transmits data at the rate of Rp,.

After considering non optimal power condition, equation (4.7) can be modified as

Prgp
Pp _ P . m m < Pr < 5
° g |:m:r1I’121f'l"M (2P8thTPR + No — Tt >:| N

(4.8)

m=1

M
ngP P)
—1- 1— Pr m_<aPr) | <
Z o (QPSthTPR+NO th ,
pw

The aforementioned expression can be used to demonstrate the outage probability

of P¥ as [67],

Pr
. " No) ( P )
PY =1 —ex — 4.9

p( P ) \Bora + 208 By (4.9)

Consequently, after solving equation (4.8), the primary receiver’s final outage be-

haviour is as follows:

Pr s P\ N
P’ —1— |ex (- th “)( pZa )} <e 4.10
0 { PP J \ B + 297 Py (4.10)
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Given the aforementioned expression, the transmitted power by SUrgr should be

sufficient to prevent a PU receiver outage, which is expressed as,

P
Yth

™ No
Pp)\a exXp <_ Poha > ]

(4.11)

In similar manner, R; would transmit power satisfying outage performance criteria

of PU which can be expressed as,

,YPTNO
e [ ()
R, = -1

2 | (1)

(4.12)

The output power of the secondary-source transmitter in underlay mode is deter-
mined by,
P! =min (Pg , Py) (4.13)

The transmitting power from the secondary FD relay R in underlay mode is given

by,
P! = min (P}, Pg,) (4.14)

The transmitting power from SUrgr and FD relay R in overlay mode is expressed

as,
P’ =P (4.15)
P’ =Pl (4.16)

According to the mode of transmission, which opportunistically switches between
underlay or overlay on the basis of sensing result, the transmission power policies

are monitored.
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4.1.3 Performance and mathematical analysis

The received signal at the L' relay during the underlay mode of operation is pro-

vided by:

M

ylu?,L (t) =V PsuhSTRLx5<t) t v P;JhRLxT(t) + Z \% pthTRpr(t) + nO(t) (4'17)
m=1

Thus, SINR at L* FD relay under underlay transmission mode is derived from the

above expression as:

PsugSTRL
quhL + Zr]\)le ngPTRL + No

VP = (4.18)

The received signal at SUg from the L FD relay in underlay mode is expressed by:

M
Uie(t) = VP, ao(t) + > Prhpps,wp(t) + no(t) (4.19)
m=1
Thus at underlay transmission mode, the SINR at secondary receiver is given from

the above expression as:

PrugRL
ngPTSR + No

The = 7 (4.20)
Zm:l

The end-to-end outage at receiver of secondary network under the performance of

underlay protocol is calculated using selection combination technique and can be

expressed as:

(4.21)

Py = Pr H mLaX(min (VFs YRe)) } <

here, yfi¢ = 2frr — 1 SUzp transmits data at the rate of Ry,

By using order statistics [133],

Pr [min (v, Yg) < 7] = Pr e < i) + Pr[vi > 2] Prvke <] (422)
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Psu)\f + ’)/tlzepn)\d PTU/\}L — Pn)\d
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1 —exp —%]}{LNO B
Pu), PrXg + [P

Now during overlay mode of operation, the received signal at k' relay being trans-

mitted from SUrg is given by:

y?%L (t) =V PsthTRL‘rS t v PohRLa:T + no( ) (424)

Thus at overlay transmission mode, the SINR at k'* FD relay is given from the

above expression as:

o __ PSOgSTRL
TP = Pogr + N,
rgRL + o

(4.25)
During overlay mode of operation, the received signal at SU-Rx from k* FD relay
is given by:

Yhe(t) =/ Pohr, x,(t) + n,(t) (4.26)

Thus at overlay transmission mode, the SINR at secondary receiver is given from
the above expression as:
Plgr
o — T L
YRe No

(4.27)

In a similar manner, SC technique is used at the destination. Thus the end to end

outage probability at the secondary receiver during overlay mode is found out to be:

pg = pr | max(uin (.05 | <] (12)
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So, the end to end outage at SUg for overlay transmission mode can be expressed

] Vi No LBIAs
—&Xp T 0 o Re po
Ps/\f Ps/\f—i_’}/thpr)\h
Re PoX
_th £Y0 s \f
i { op < PoXy ) (P;’Af T vﬁ@%) }X (4:29)

R K
1 Yir: No
r g

Finally, based on the activity of sensing, the detection of the primary user, and

as:

ov __
Py =

their state of channel occupancy with their outage constraint (i.e., QoS) maintained
by the secondary user, their overall outage probability during adaptive switching of
underlay or overlay mode is achieved. Therefore, the outage probability under the

joint underlay/overlay protocol at the secondary receiver can be expressed as:

PY™ = [(1— Pa) + aPy PE" + (1 — a) P’ (4.30)

4.1.4 Result analysis and discussion

In this section, we examine the system performance using a MATLAB simulation
testbed, followed by an extensive discussion based on these results. The numeri-
cal outcomes shown here demonstrate the performance enhancement attained while
using the suggested relay-assisted adaptive joint underlay /overlay spectrum access
approach. Additionally, it has been demonstrated that FD relay-based CR networks
outperform HD relay-based CR networks. Following system parameters have been
considered to verify the performance of the system: R, and R, are the target rates
for both PU and SU, with values of 0.15 bits/s/Hz and 0.1 bits/s/Hz, respectively.
The power limitation for PU is set to € = 0.1. The noise power is standardized to a
unit value. In this study, the EH circuit’s efficiency factor (1) value is taken as 0.3.
It is also assumed that the initial energy harvesting time 7 is allocated as 20 ms out

of total estimated time T = 100 ms.
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FiGureE 4.2: Comparison of outage performance under underlay, overlay, and
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FIGURE 4.3: Comparison of outage performance of joint underlay/overlay mode
under varying K with respect to P,/Ny

Fig. 4.2 depicts the SUg outage performance as a function of P,/N, for various
protocols, including underlay, overlay, and joint underlay and overlay. The proba-
bility of channel occupancy («), no of PUs (N), probability of detection (P;) and no
of relays (K) are kept constant at 0.3, 4, 0.8 and 5 respectively. It has been found
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FIGURE 4.4: Comparison of SU outage performance with respect to P,/Ny under
full-duplex vs half-duplex relaying mode

that the overlay mode’s outage performance is independent of the PU’s transmit-
ting power. Therefore, this overlay method alone cannot participate in the model
of spectrum sharing. Furthermore, it has been demonstrated that the joint un-
derlay/overlay scheme outperforms the current underlay scheme for this proposed
model during outages.

The outage probability of SUg is also shown in Fig. 4.3 as a function of P,/N, in
the joint underlay/overlay mode for varied numbers of relays i.e. K = 3, 4 and 5.
It has been noticed that as the number of relays increases, the outage performance
improves accordingly.

Fig. 4.4 shows that the secondary network’s outage performance is affected by the
joint underlay /overlay mode under the FD relay network in comparison to the HD
relay network.The results precisely depict that the outage performance of secondary
receivers under the FD relay network is improved compared to the HD relay network
under multiple PUs.

The outage probability of SUp is also depicted in Fig. 4.5 as a function of P,/N;
in the joint underlay/overlay mode under varying probability of channel occupancy

(). Tt has been observed that as the values of « increases, the outage performance
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deteriorate accordingly. The outcome we achieved reflects that more and more chan-
nel occupancy factor signifies more traffic involved which results in drop of outage

performance at secondary network. The secondary receiver outage performance of

Seceondary Outage

P /N_indB
p o

FIGURE 4.5: Comparison of outage under adaptive underlay /overlay mode under
varying probability of channel occupancy (o) with reference to P,/Ny
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FIGURE 4.6: Comparison of outage performance of joint underlay/overlay mode
under varying probability of detection (Fy)
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the combined underlay/overlay mode is shown in Fig. 4.6 as a function of variations
in probability of detection values (P;). It is precisely illustrated that increasing the
value of P, reflects on the results of secondary receiver outage performance. A higher
P, value provides the most accurate information on the activity of the PUs. As a
result, there is a lower probability of error at the secondary receiver, which improves
outage performance.

As a final illustration, Fig. 4.7 depicts outage probability at SUg as a function of

10°
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Secondary Outage

=
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FIGURE 4.7: Outage probability at secondary network with respect to efficiency
factor n of the EH circuit

the EH circuit’s efficiency factor(n) in an FD relay mode. It can be inferred that as
the efficiency factor (n) grows, the system’s outage performance gets better. This
indicates that the outage improves when the EH efficiency is higher because the SU
transmitter can capture more energy from the RF environment. However, it subse-
quently stabilizes as a result of the transmit power limitation to preserve the QoS
of the PUs.

The outage floor appearing in Figs. 4.2 onward primarily results from residual self-
interference (RSI) and energy-harvesting constraints in the FD multirelay system.
Even at high SNR, the RSI term does not vanish, and therefore the achievable SINR

saturates, producing a non-zero error floor, which is a well-known characteristic of
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FD systems with imperfect SI cancellation. In contrast, the Chapter 3 system does
not involve RSI or simultaneous EH-information processing at the relay, and there-
fore no such floor arises in those figures. The floor observed for the HD case in Fig.
4.4 is due to EH saturation: at high SNR, the EH model limits the relay transmit
power, causing the system to reach a performance ceiling. This behavior is consistent

with established results for linear energy-harvesting relaying.

After discussing the FD relay operation for a single secondary transmitter and single
secondary destination in a cognitive radio network, we move on to a study based on

a multi-destination goal to broaden the user base.
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4.2 Performance analysis on multi-user multiple
full-duplex relay based cognitive radio net-

work in linear energy harvesting environment

This section has covered the use of multiple FD relay in a cognitive radio network
to create a multiuser spectrum sharing environment. Furthermore, when discussing
adaptive transmit power policies, each secondary transmitting node’s linear energy
harvesting techniques are taken into consideration.In order to maintain quality of
service (QoS) of multiple primary users (PUs), power allocation strategies at each
secondary transmitting node is taken care of. Finally, all the analytical closed form

expressions have been validated through Monte-Carlo simulations.

4.2.1 System model based on multi-user multi-FD relay based

cognitive radio network

............

Interference Link

FIGURE 4.8: System model based on multi-user multi-FD relay based CRN
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The system architecture, proposed here in Fig. 4.8, is a cognitive radio network built
up with multiple primary users (PU, ; n = 1,2,..., N), asecondary user transmitter
(SU — T'z), multiple secondary user receivers (D; ; [ =1,2,..., L) and multiple FD
relays (Ry ; kK = 1,2,..., K). This has been presumed that the secondary source,
primary users, and secondary destinations all have a single antenna except multiple
FD relays which are accompanied by single transmitting and single receiving antenna
each. Both FD relays and (SU — Tx) are equipped with EH circuit which can
harvest energy from the ambient radio-frequency (RF) signals. All the secondary
transmitting nodes are capable of building a part of energy from the interference
source of N number of active PU,. The (SU —T'z) communicates with the secondary
destinations D via these FD relay network, which is a simultaneous trans-receive
process. It is also assumed that (SU — T'z) is having direct links with all the SU
destinations. All the channel coefficients are denoted by h;; following Rayleigh
distribution and corresponding channel power gains are denoted by g; ; which follow
an exponential distribution with mean \,,, where (i, j) denotes respective channel
paths with parameter suffix m = 1,2,...,9. TABLE 4.2 below makes a clear listing
of the aforementioned parameters.

However, before the beginning of communication process, an efficient destination

TABLE 4.2: Channel gain with parameter list

Path-link (¢, ) Channel g; ; Parameter
Am
PUrx,-PUrx, || 9pP, A1
SUrx-D* gsp Ao
SUrx-Ri SRy A3
Rg-D* 9RyD A4
SUrx-PUgx, gsp, As
PUrx,-Rk JP.R A6
PUrx,-D* gp,D A7
Ri-PUgxy JRP, Ag
Ri-Ri IRy, g

selection scheme is carried out at SU-Tx by employing pilot bits symbols [134, 119].

This is how the process begins where it is expected that pilot signals are initially
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sent to the accessible destinations by the secondary source. Subsequently, each
destination will provide acknowledgement to the estimated channel state information
(CSI) of their individual links after receiving the corresponding pilot signals. More
specifically, the best destination D* chosen on the basis of channel quality of the
direct links. Transmission process is carried out in dual hop manner. First hop deals
with the transmission of information from SU-Tx to both (Ry ; k=1,2,..., K) and
D*. Whereas in the second hop of transmission, the information is being forwarded
from relays to the best destination D*. After the SU destination is selected, the relay
selection process is performed in such a way that the chosen relay will maximize
the end-to-end SINR from SU-Tx to the selected SU destination D*. This has
been detailed in section 5.3. Instead of HD relays, full-duplex (FD) approaches for
relay networks have been considered here to address the spectrum inefficiency by
the former one. These techniques allow relay nodes to simultaneously transmit and
receive signals at the cost of self-interference. This SI can not be fully mitigated even
if with the application of self-interference supression and modeled as an independent
Rayleigh distributed channel [135] in this work. Additionally, we consider the impact

of interference from different transmitting nodes on every receiving points.

4.2.2 Energy harvesting and compact power allocation

The secondary source SU—T'z and the relays Ry use Time Switching Relaying (TSR)
protocol for the manual task of energy harvesting and signal transmission [136].
Let us consider that T' be the total time for transmission of a data packet from
SU — Tz to secondary destination. Let us also assume 7 to be the time taken
by each secondary transmitting node for harvesting energy from N number of PU;
network. The remaining (7" — 7) is used for data transmission.

The total energy harvested by secondary sources during the time 7 from N number
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of active primary transmitter is given by:

N
o (z pngm) s

n=1
where, P, is the transmitted power by single PU — Tz with corresponding channel
gain g,.. 7 defines the efficiency factor for energy harvesting circuit at each sec-
ondary transmitter node. The transmit power of SU — Tz during the time (7" — 7),
accompanied by EH circuit, can be written as:

EH
Pl — <_T fTT) (4.32)

The total energy harvested by each of the secondary FD relays during the time 7
from N number of active primary transmitters as well as from secondary source

SU — Tx is given by:

N
Egp =7 (PSQSRk + Z PnanR> (4.33)

n=1
where, Pg is the actual transmitted power by SU — Tz, selected in such a way so
that it can maintain primary outage constraint. Similarly, the transmit power of Ry
during the time (T" — 7), accompanied by EH circuit is given by:

H
PH: < ESR) (4 34)
R T—71 '

Since, we lean on the concept of spectrum sharing and Ry are in full-duplex mode,
the simultaneous transmit power from SU —T'z and Ry, is constrained by the primary

network’s peak interference parameter I, as follows [132]:
I, > (P2gspn + PR, grp,) (4.35)

where, P? and Pﬂk are the transmitted power by SU — Tz and Ry, respectively, while

maintaining primary outage constraint.
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Thus the signal-to-interference-plus-noise ratio (SINR) at n'* PU receiver is given

by:
Pnan

_ 4.36
P2gspn + P]%kgRPn + BNy ( )

Tn

, where B defines the total bandwidth of PUs. From (4.35), with the assumption
of non optimal condition for P? and P}%k, the SU — Tx and Ry transmit power
should be maintained so that no PU, are subject to excessive interference from the
communication of the SU [29, 132].

Thus, the power of transmission by SU — Tz should satisfy an outage of PU receiver

given as,

- Pugn,
PL = Pr| min nJn < P>:| < e 437
© L:l ~~~~~ N <P3095Pn + P]%kgRPn + BN, — Tin ) | = ( )

where, v}, = 2f» —1 and ¢ denote the outage threshold and outage constraint of the
PU — Rz respectively and the transmission rate of PU is R,,.

Equation (4.37) can be rewritten by considering non optimal power condition as:

P.gp,
1 _ . nY Py, < P <
PO Pr |:n={r,l21}.l.,N (QPSOggpn + BNO o 7th):| =

(4.38)

N
PngP P
=1- 1-P = < <
nzz:l ' (QPSQSPH + BNy =)=
Ppo

From the above expression, the outage probability of P° can be calculated as:

_7£ZBN0> < Pp>\1

4.39
Pp>\1 Pp/\l + 2’}/51PL9/\5> ( )

Pozl—exp<

The final outage behaviour P} at the primary can be obtained as:

P N
Yin BNy Py
Pl —1— _ < 4.40
¢ {eXp ( Py ) (PpM TfP: )] =T (440
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Considering the above expression, the transmitted power by SU — Tz should satisfy

an outage of PU receiver as:

_yﬁbBNo)
PO — B [P ( B J 1

(4.41)

Similarly, the transmitted power by R} should satisfy an outage of PU receiver as:

P
Yen BNo
ex ——
0 Pp>\1 p( Py

fo 27/ A8 (1-— 5)%

(4.42)

The actual power to be taken from the secondary source transmitter is given by:
Pg = min (P§, P)) (4.43)

The actual power, to be taken from the best secondary FD relay out of this FD relay

network Ry transmitter is given by:

Pr = min (P}, Pg) (4.44)

4.2.3 Performance and mathematical analysis

In our proposed model, a sub-optimal node selection strategy is used, i.e., the best SU
destination D* is first selected based on the channel quality of the direct links instead
of optimal joint relay-destination selection scheme, where relays also participate
in destination selection process. We, therefore, need to compare (L+K) potential
links in each transmission process whereas a joint relay-destination selection scheme
requires L(K+1) potential links. In this context, we can observe that in case of
large-scale multi-relay multi-destination cooperative spectrum sharing systems, the
proposed methodology has the adequate potential to reduce the overhead amount to

an appreciable extent in contrast to the optimal strategy, for the purpose of attaining
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same diversity order [134]. Therefore, choice of direct path for D* can be expressed
as,

D* = arg max (vsp,) (4.45)

.....

where, vsp, is the signal-to-interference-plus-noise ratio (SINR) at D* for direct

link [134).

PSgsD
Zivzl PnanD + No

YSp, = (446>

, where transmitted power from each primary is considered to be P,.
It is generally known that the received signal at any node in a wireless fading channel

can be written as:

r(t) = VPhax(t) + n(t) (4.47)

where, z(t) is the transmitted signal with power P and E|z(¢)|*> = 1, h defines fading
channel coefficient, n(t) is receiver noise.
The signal-to-noise-ratio at receiver can be obtained as:

_ Plhf?

N (4.48)

v

Upon the selection of SU destination, the FD relay selection is performed in such a
way that the chosen relay will maximize the end-to-end SINR from the SU source
to the selected SU destination i.e., D*.

Now, taking into account the SI of each FD relay node along with interference from
N active PUs, the information which has been transmitted by the secondary source

and received at Ry is given by:

Yrie =/ Pshazy(t) + v/ Prhow,(t) + D/ Pohntn(t) + no(t) (4.49)

where, x4(t), z,(t) and x,(t) represent the transmitted signals from SU — Tz, R;
and n'"* PU — Tx respectively. It is also considered that E|z4(¢)|> = 1, E|z,.(t)]* = 1,
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E|z,(t)[* = 1 with n,(t) ~ N (0, Np) is the zero mean Additive White Gaussian Noise
at each receiver node. h; and hs are the channel coefficient from SU — Tz to Ry
and Ry’s transmitter antenna to receiver antenna respectively.

The signal-to-interference-plus-noise ratio (SINR) at k" relay of R}, can be written

as:
Psgsr,

Prgr, + Zivzl P.gp,r + N,

Considering the interference from N number of active PUs, the received signal at

M (4.50)

D* from k' relay of Ry, is given by:

yp = v/ Prhat, () + Y v/ Pahua(t) + nol(t) (4.51)

The signal-to-interference-plus-noise ratio (SINR) at D* can be outlined as:

Yo =
Zg:l P.gp,r + N,

The end to end outage probability at the secondary receiver is found out to be:

P = Pr {25, o (i (31,72) | <

. 4.53
= Pr [mlaX (vsp,) < ’yts;;] Pr [mkax(mln (71:72)) < ’Ygz] ( )

-~

A1 A2

where, i = 2fs — 1 denotes the outage threshold of the selected destination D*
and transmission rate of SU — Tz is R,.
The outage behavior of A; and Ay can be expressed as given below. The solution of

the expression A; and A, are discussed in APPENDIX section.

S N, Ps) N1
1 —exp (—%’h 0) ( 5 ; ) (4.54)
Ps Xy PsAa + v, Pz
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oo (5 (o ogren)
—exp | — -
PsAs PsAs + 735, PrAo
N S
PrAg +{ exp _%hNo
PrAg — P, ¢ Ps A3
(o) () |
PsAs + 75 PrXo ) \ PrAg — Py

K
() (Y
PrAy PrAs + 7, Pos

The total outage probability from secondary source to secondary destination can

AQI

(4.55)

therefore be expressed as:

S N, PgA N1

Ptotal — 1 — _fYth 0) ( SN2 ) ”

o =TT ( Pshs ) \ Psha + 15, Paa

) ()

—exp [ — -
I Pg s PsAz + v, PrAg

PrAg N v No

_— —— 4.56
(PRAQ - Pm) i {exp ( Psks (45
( Ps s ) ( PrAg )N "

Ps)\3 + ’}/%PR)\Q PR)\g — Pn>\6

K
o () ()’
PrAy PrAy + ’YiPnAB

Proof of As for F(7;) is shown in APPENDIX A and for F(7;) is in APPENDIX

B. By using order statistics [133],

Pr[min (y1,72) < 73] = F(n) + F(y2) = F(m)F(7) (4.57)

where F'(7) is the CDF function.
Rewriting above equation, we can express in terms of the outage probability as

follows:

Pouw = Pr [y <] + Pr[n > i) Pr vz < i) (4.58)
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4.2.4 Results and discussion

This section covers up with the result analysis based on system performance through
Monte-Carlo simulations testbed and we discussed the behaviour of the system per-
formance from these analyzed results. Numerical results provided for FD relay based
CRN shows the performance improvement obtained with respect to conventional HD
relaying protocol. The factor of SI is introduced at each FD relay and other interfer-
ence factors from each transmitters are also considered as well. Including all these
above mentioned factors, a comparison of FD relaying protocol with conventional
HD relaying protocol is carried out. To verify the system performance, the following
system parameters are assumed: the transmission rate for both PU and SU is taken
as R, = 0.15 bits/s/Hz and R, = 0.1 bits/s/H z respectively. The outage constraint
of PU is fixed at € = 0.1. The noise power is normalized to unit value. An efficiency
factor n = 0.3 of the EH circuit has been considered in this study. The total time
taken is considered as T' = 100ms with initial harvesting time of 7 = 20ms.

Fig. 4.9 shows a comparison in terms of outage probability of the SU — T, to

10°

Half Duplex —8—y=0.3,FD

SU Outage

FIGURE 4.9: Comparison of SU outage performance with respect to P, under
FD and HD relaying mode

D* as a function of P, in dB at different values of efficiency parameter n for FD

relaying protocol versus conventional HD relaying protocol. This has been clearly
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observed that irrespective of the value of P, and 7, our proposed model for FD re-
laying scheme gives better result than that of HD relaying scheme [56] in terms of
outage performance. Additionally, we have also considered the self interference for
FD relaying scheme, which was not present in the previously proposed HD scheme.
This is because of the fact that the throughput gets increased due to simultaneous
trans-receive in FD operation as compared to HD operation.

Fig. 4.10 shows the effect of outage performance of the secondary network for HD

S-A

SU Outage
S

108
—©6— HD, With EH
—A— HD, Without EH ¥
—+— FD, Without EH
—*%— FD, With EH
10»4 L L ! L L
10 15 20 25 30 35 40

P _indB
p

FIGURE 4.10: Comparison of SU outage performance with respect to P, under
FD and HD relaying mode considering EH circuit

and FD communication systems in presence of EH circuit at secondary transmit-
ter nodes. The selected EH relay transmits with the maximum power allowed by
PU’s outage constraint. We notice that an increase in the PU transmit power P,,
significantly increases the maximum transmit power of the secondary transmitter
P, and secondary relay P, respectively. However, it is observed that in the non-
energy harvesting scenario outage again increases as the PU transmit P, > 25 dB
due to the power limitation of transmitter itself. In case of non-energy harvesting
scenario, the maximum secondary transmit power from each node is assumed to be
P4z = 18 dB. In energy harvesting scenario, however, this is avoided because even
if the PU transmit power P, increases the energy harvesting at secondary source and

relay also increases, and thus we see a noteworthy outage performance enhancement.
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Fig. 4.11 shows the outage probability at secondary receiver D* with respect to P,

SU Qutage
=
r
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Ficure 4.11: Comparison of outage performance in FD relaying mode with
respect to Pp in dB for fixed K and varying L

in dB for FD relaying protocol. For the simulation, we assume the mean of channel
power gain of self interference \g = 0.3 and EH efficiency factor n = 0.3. Consider-
ing R, = R, = 0.2bits/sec/Hz, count of FD relay K = 2 and the variation of count
in destination L = 1,2, 3, the outage analysis has been studied. We consider the
maximum primary transmitting power to be 40dB, whereas the SU — T'x and Ry
transmit a maximum power depending on outage constraint of PU which is fixed
at ¢ = 0.1. This investigation shows that the outage behaviour gets better for the
increase in count in number of destinations. This reflects that taking multiple desti-
nations in our discussion enhances the system performance. Similar study has been
carried out by keeping L = 2 and making a variation in count of FD relays such as
K =1,2,3. Simulation result has been depicted in Fig. 4.12 which shows that the
outage performance becomes better with the increase in number of FD relays.

It has also been found in Fig. 4.13 that with constant diversity order defined as
(L+ K) ie., with L=1,K =3 and L =2, K =2 and again taking L = 3, K = 1;
the outage performance is significantly better in the last case as compared to the
previous two. It is possible to trade-off between the number of multiple destinations

and FD relays to achieve a desired level of performance. Hence, it is expected to
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FiGURE 4.12: Comparison of outage performance in FD relaying mode for fixed
L and varying K w.r.t P, in dB
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FiGURE 4.13: Outage performance at secondary in FD relaying mode with di-
versity combining

have a better performance with increasing values of destination L as required for an
improved cooperative cognitive radio solution.

Finally, in Fig. 4.14, we have shown the outage probability of the SU — T'x to D*
as a function of efficiency factor n of the EH circuit under FD relaying mode. It can
be seen that the outage performance is also getting better as the efficiency factor
gets increased and reached to a steady value ultimately. This is because of the fact

that when the EH efficiency is more, SU transmitter can harvest more energy from
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FiGURE 4.14: Outage probability of FD relaying protocol versus efficiency factor
n of the EH circuit

ambient which in turn increases the transmit power and as a result the outage gets
better. It has also been observed that 20% efficiency of EH circuit is good enough to
reach the desired outcomes in our proposed model. Thus it can be concluded that
at low efficiency factor 7, our model can perform quite efficiently.

In contrast to the first two sections, which already illustrated a linear energy har-
vesting scenario, the following section follows a multi user FD relay based CRN

under a nonlinear energy harvesting scenario.
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4.3 Performance analysis on non linear energy har-
vesting multiple full-duplex relay based cog-

nitive radio network

Secondary user transmitters equipped with sensing mechanism are able to switch be-
tween overlay mode, with peak power of transmission as primary user (PU) remains
inactive, or underlay mode with limited transmit power as PU remains active. The
system performance gets enhanced by incorporating multiple full-duplex (FD) relays
which use energy detection circuits to sense RF energy from PUs. A mathematical
study has been conducted to optimize power allocation and closed form expressions
have been developed considering all interferences in the network. MATLAB simula-

tions have validated the analytical results on outage probability.

4.3.1 System model on non linear energy harvesting based

cognitive radio network

The system design shown in Fig. 4.15 depicts a CR network composed of multi
primary user transmitters including receivers (Prxn, Prxn; n = 1,2,3,...,N), a
secondary transmitter (S7,) able to communicate with a secondary receiver (Sg,)
through these multiple FD relays (Ry ; k=1,2,3..., K). Except for nodes with a
single antenna, each FD relay is assumed to have a pair of trans-receive antennas.
Secondary transmitting nodes have energy detectors to sense primary users’ activity
(i.e; busy or idle). Furthermore, it has been assumed that direct communication
between the secondary transmitter and destination is hindered by shadowing and
multi path propagation losses. Each proper channel coefficient, represented by h,, ,
is Rayleigh-distributed. The channel power gains g,, should be an exponentially

distributed variables with a mean (\,,), where (p, q) specifies the channel indexing
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............

Interference Link

FIGURE 4.15: System model on non linear EH multi-FD relay based cognitive
radio network

by suffixes m = 1,2,3,...,8. TABLE 4.3 lists these details. However, before start-

TABLE 4.3: Different pathlink associated gain parameter chart

Pathlink- channel- | Parameter
(p,q),  wire- | gain (g, chart (A;,)
less channel

coefficients(h, )

Prxn-Prxn, hp, | 9p, A
Ste-Prxn, hs gs A2
Ry-Prxn, hr, 9R, A3
Prxn-Rg, hPR,c gPRy, A4
Prxn-Sre, hr, IR, As

St.-Ric, hsg, 9SRy, A6

Ry-Ske, hr, IR, A7

Ri-Ri, hy, Ik Ag

ing communication, secondary transmitters detect primary users’ activity using an
energy detector during the first time slot. In the second time slot, FD relays simul-
taneously transmit information from (Sp,) to (Sgs). The best relay is chosen us-
ing selection combination, optimizing the weakest source-relay and relay-destination
channels. This section discusses a hybrid underlay/overlay transmission technique
to enhance the spectrum efficiency of cognitive radio networks. The role of energy

detector in S7, is to detect PU activity and hence allows secondary transmitters to
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switch between underlay or overlay modes for communication as required. Follow-
ing detection, if the PUs are busy, both S7, and Rj take part in power limitation
protocol (underlay); if not, both transmit at its full power (overlay).

As per FCC [128], channel occupancy typically ranges from 15% to 85% during
peak times. The busy status of a primary user channel (i.e; probability of channel
occupancy) is represented by a (0 < a < 1). The notation for the probability of a
busy and ideal primary user is aP; and (1 — a) P, respectively, where P, represents
the detection probability. In our study, we model the impact of self-interference
(SI) caused by full-duplex (FD) relays, despite the application of self-interference
suppression (SIS) techniques. The SI is assumed to follow an independent Rayleigh
distribution, as suggested in [135], indicating that the interference is not entirely

mitigated.

4.3.2 Power allocation at secondary transmitter

The secondary user and secondary relays utilize the Time Switching Relaying (TSR)
protocol for sensing as well as signal transmission purposes [136]. Assuming total
time T for whole data packets, 7 is used for sensing at transmitting nodes from PU
signals, and remaining (7" — 7) time for data transmission from Sz, to Sg..

The overall signal received at the n'* primary receiver is expressed as follows:

Y (1) = \/Pah, (1) + /PEhsas(t) +

Pi i, (1) + (1)

(4.59)

where x,(t), x,(t), and z,(t) are used for the signals sent by the n'" primary trans-
mitter Prx,, relay Ry, and secondary transmitter Sp,, respectively. We assume that
the signals z,(t), z,(t), and z4(f) have unit energy, n(t) is zero-mean additive white
gaussian noise (AWGN) distributed at every recipient of secondary network. Addi-
tionally, P, symbolizes power from primary transmitter, while Pg and Py denote

powers from St, and Ry, respectively in underlay mode.
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Time 7 be the harvesting time during which SUr gets its energy from all the active

PU’s as:
N
E! =qmy_ Pulhy.|? (4.60)
n=1

The transmitted power of SUp resulting from the nonlinear EH circuit during the

time (T — 7) is expressed as:

h
TEjTa 25:1 Pn|hp,s|2 S Fth

Pl = (4.61)

S
%a Zﬁle Pn|hp78|2 > T

where, I'y, defines EH circuit’s maximum power of harvesting. The total energy

gathered at Ry relay by active PU during the time 7 is provided by:

N
E?BK =nT (Psth,RF + Z Pn|hp,R|2> (4.62)

n=1

The power that each relay Ry transmits accompanied by non-linear EH circuit during

(T — 7) transmission time is expressed as:

Eh
7, (Polhsnl® + X0l Palheal?) < T

pPp =
= <PS’hS’R|2 + Y Pn|hP,R|2) > T

(4.63)

Consequently, the expression for the signal-to-interference-noise ratio (SINR) at

any of the n'* primary receiving node can be expressed as:

,.)/Zh _ P.gp

= 4.64
Pggs + P, grp + No (4.64)

The power required for transmission from S7, and Ry is limited by the peak inter-

ference power factor I, of the primary user, which is determined using the formula
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provided in [132],
I, > (P4gs + Py gr) (4.65)

Based on the above expression and assuming suboptimal conditions, it is vital to
keep P§ and Py, low to prevent excessive interference from PUs.
Therefore, the transmitted power of S, must adhere to an outage constraint for

the PU receiver, as expressed:

. . P,gp
Pfgzma'l‘y — PT |: min ( ° S ’YPT :|
' n=Low \ Pgs + Pl grp + No " (4.66)

<e

, where v/;” = 2% — 1, and ¢ represents the outage threshold for Pg,. R, denotes
the transmission rate of the PU network. Considering sub optimal power conditions,

expression (4.66) is rephrased accordingly:

i P.gp
PPy — Pr | min T < AP <e
out |:n:1,2,...,N <2ng5 TN, = )} =

(4.67)

n=1

N Pg
=1- 1—Pr| —222 _ <40r)| <
3|1 (o o8 | =

Pout

Using the expression above, the outage probability P,,; can be represented as shown

Pr
Vien, NO Pn>\1
P =1— - 4.68
f eXp( P ) (PnAl +275;"P;L>\2) (4.68)

in,

Ppm'mary

ot at the primary receiver node from equation

So, finally outage calculated for

(4.64) is evaluated as:

4 Pr Py N
- o) )|
P ) \ P+ 29[ PN (4.69)
g
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Based on the expression above, secondary transmitters must adjust their transmit
power to ensure PU receiver outage requirements are met. Corresponding power

expressions are as follows:

L

v No
P | OXP (——>
! i | (4.70)

S 2*75?)\2 (1 _ 5)%
~vET No
Py e (-4
u ! )y (4.71)

T 2957 N (1-— 5)%

In underlay mode, Py and Pg" denote the transmitted powers of SUr and the K th

relay, respectively, and are expressed as:
P = min (P!, PY) (4.72)

Py =min (P}, , PY) (4.73)

During overlay mode, secondary transmitters transmit at maximum power P 4,

and Pr, mq. for source and relay, respectively which are given as:
Pg = Ps o (4.74)

PZ. = Prymas (4.75)

Where, P§ and Pp, are transmitted power from S7, and Ry, respectively at overlay

mode.
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4.3.3 Analysis of outage performance

During underlay mode of transmission, the received signal at the kth relay from Sr,

is expressed as:

Yrr(t) =/ Pshsmxs(t) + 4/ Pr, b, (1) +

N (4.76)
Z \/FnhPkap(t) + 1, (t)

Therefore, using the aforementioned expression, the SINR at the k** FD relay node

for the underlay method of transmission is defined as follows:

. P§gsr,,
= — ~
Pngk + anl PngPR,C + No

g (4.77)

In the underlay mode of operation, the signal received at Sg, from the k* FD relay

is described as:
N
Yo (t) = /Pl B e (t) + )/ Puhigeay(t) + no(t) (4.78)
n=1

Consequently, using the aforementioned expression, the SINR at the secondary re-

ceiver for the underlay spectrum sharing approach of transmission is obtained as:

73 (4.79)
Since the secondary destination employs a selection combination (SC) technique, the
end-to-end outage probability for the corresponding Si, under the underlay method

is defined as:
P = pr [{ e (i (01,98) <23 (4.80)

where, 75 = 2fs — 1 denote the outage threshold at Sp, with R, the transmission

rate of secondary user.
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By using order statistics [133],

Pr [min (775 < 7{%} =Pr [%u < Vtsh] +

(4.81)
Pr [ > va] Pr[vs < i)
Finally, during the underlay mode of transmission, the outage probability Punder
can be calculated combining both the above expression as:
d i No Py
POUUTIL‘/ET: 1—€Xp(— tu )( n S >
PS)\(; Ps/\ﬁ + %hpn)%
u N
_ P + ¢ exp AL
Py As — Py P
(4.82)

(<23 () )
PSUAG +’7£5;LPn)\4 P]%k/\g — Pn/\4

U N K
e (I (A )
Pﬁk)w Pﬁk)w + ’}/ﬁlpn/\5

In the overlay transmission method, the received signal at the &' relay from the

transmission of Sp, is expressed as:

Y (t) = /Pehsp,xs(t) + 1/ Pg haw, () + no(t) (4.83)

Therefore, in the overlay spectrum sharing method of transmission, the SINR expres-
sion at the k™ full-duplex (FD) relay is derived from the aforementioned expression

as:
0
o __ PSgSRk

- SIoltk 4.84
N P}%k g + N, ( )

The signal received at Sp, through the k'™ FD relay when operating in overlay

method is represented by:

Yhe(t) = /PR, e (1) + mo(2) (4.85)
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Consequently, the SINR for the secondary receiver at the time of the overlay tech-

nique for transmission is expressed as:

0
o __ PngRk

4.86
72 NO ( )

Similarly, the SC method is utilized within the Sg,, resulting in an end-to-end
outage probability expression throughout the overlay transmission method, which is

expressed as:
Pt = pr|{ max(min02.99) | <] (4.87)

Thus, the overlay mode end-to-end outage performance at Sgr, as described above

can be written as follows:
ool ) ()
p 0 o S po

S o
YindVo PgAe
+ exp(— - >< - o ) X 4.88
{ PS)‘G PS)\(; + ’)/gLPRk)\g ( )

POU@T —

out

Finally, the outage probability for the full-duplex relaying approach within the com-
bined underlay /overlay protocol is capable of being articulated as per:

ng%“AL — [(1 . Pd) + an]Punder + (1 o a)Pover (489)

out out

4.3.4 Result assessment and discussion

This section presents results and assessments of the system’s performance using
MATLAB simulation testbed.  Proposed FD relay-supported adaptive spectrum
access method, integrating underlay and overlay approaches, improves performance,
as evidenced by the simulation results presented here. By employing FD relay in-

stead of HD relay, spectrum efficiency enhances multi fold. The following parameters
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FIGURE 4.16: Comparison among the underlay, overlay, and joint underlay /over-
lay protocols for SU outages with reference to P,/N, (dB)
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FIGURE 4.17: SU outage under joint underlay/overlay with FD relaying versus
HD relaying approach with respect to P,/N, (dB)

are considered to evaluate system performance: PU transmission rate R,=0.15 bit-
s/s/Hz, SU transmission rate R;=0.1 bits/s/Hz and primary user outage constraint
e = 0.1. The probability of detection, P; = 0.85, normalised noise power is unity,

the probability of channel occupancy a = 0.15 and SI parameter of \g = 0.3 is taken
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into consideration.

Fig. 4.16 illustrates the end-to-end outage behaviour for different protocols, such
as underlay and combined underlay /overlay under FD relaying, with primary users
N=3. The overlay approach alone is impractical for SU communications, making
it unsuitable for spectrum sharing. The combined underlay /overlay approach, how-
ever, outperforms the current underlay scenario for multiple PUs during outages.
This improvement is due to the secondary transmitter switching to power restric-
tion mode when the PU is active, and utilizing maximum power for data transmission
when PU is inactive. The outage performance of secondary receiver deteriorates af-
ter 35 dB of P,/Ny due to the inclusion of a nonlinear EH circuit at SU transmitters
and interference’s from PU users.

Fig. 4.17 demonstrates that, compared to a HD relay network, the combined under-
lay /overlay mode in a full-duplex relay network has greater impact to the secondary
network’s outage behaviour. The findings clearly indicate that implementing an FD
relay network, rather than an HD relay network, enhances outage performance when

multiple primary users are present.

#

Secondary Qutage

10

0 5 10 15 20 25 30 35 40
P /N_indB
p 0

Ficure 4.18: SU outage comparison for joint scheme FD relay mode with ref-
erence to P,/N, (dB), varying o

Fig. 4.18 shows the secondary network’s outage behaviour in terms of P,/N, via
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FD relay in adaptive underlay/overlay mode. The simulation assumes a fixed num-
ber of relays (K=5) and primary users (N=3), with varying channel occupancy
a = 0.3,0.5 and 0.7. The normalized transmit power for the primary transmitter
is set at 30 dB. The analysis indicates that the outage performance improves as «
decreases, meaning lower channel occupancy results in better outage performance.

Fig. 4.19 demonstrates the secondary outage performance in terms of P,/N, in

10° - . . . . . . . j
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FiGurE 4.19: SU outage performance comparison in combined FD relaying mode
based on P,/N, and K

dB through FD relay protocol in joint underlay /overlay transmission. The analysis
considers fixed number of primary users (N = 3) with the variation of FD relays
(K = 3,4,5). The study shows that increasing the number of FD relays improves
the outage performance at the destination. This indicates that incorporating multi-
ple FD relays in the system model enhances the diversity order and, consequently,
the overall system performance.

Fig. 4.20 illustrates the secondary network’s outage at Sg, in relation to the de-
tection probability P,, using the FD relay protocol in adaptive underlay/overlay
mode. The analysis indicates that outage performance improves as the detection

probability increases.
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FIGURE 4.20: Performance comparison of SU outages in joint FD relaying mode
in relation to detection probability P,

4.4 Chapter summary

In this chapter, we have proposed and comprehensively analyzed an adaptive cog-
nitive radio network (CRN) communication model that integrates full-duplex (FD)
relaying with joint underlay/overlay transmission in a multi-user, multi-primary user
environment under both linear and nonlinear energy harvesting (EH) scenarios. The
findings of this chapter demonstrate an excellent method for integrating an FD relay
network, which performs better than an HD relay network in terms of throughput
and spectrum efficiency. System performance improves with dynamic switching be-
tween underlay and overlay modes based on real-time PU activity sensing, enabling
efficient spectrum utilization. Through analytical and simulation-based evaluations,
it is demonstrated that FD relaying significantly outperforms half-duplex (HD) re-
laying in terms of outage probability and throughput, even under high channel oc-
cupancy and low EH efficiency. In addition, the proposed model effectively balances
energy harvesting, interference management, and throughput optimization. Accord-
ing to this study, an F'D relaying CRN’s nonlinear energy harvesting environment is

significantly more realistic, which explains why the system provides a better outage
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to its maximum permitted transmit power. The study concludes that the combi-
nation of FD relaying, cooperative diversity, and adaptive mode switching forms a
robust and scalable solution to enhance overall performance (i.e., outage probabil-
ity and system throughput) in future CRN deployments, with potential extensions
of incorporating NOMA and intelligent reflecting surfaces (IRS) to further increase

spectrum and energy efficiency.
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Performance analysis of
NOMA-based hybrid cognitive
radio network with full-duplex

relay support

This chapter examines the throughput and outage performance of secondary users
in a hybrid cognitive radio network (CRN) based on non-orthogonal multiple ac-
cess (NOMA) technology. Based on channel occupancy, secondary transmitters in
a hybrid CRN immediately switch between overlay or underlay mode in response
to sensing results. If the primary user (PU) is not active, they operate in overlay
mode with the maximum permitted transmit power; otherwise, they operate in un-
derlay mode with a transmit power restriction. The secondary network employs the
NOMA approach, in which the base station (BS) is assisted by a full-duplex (FD)
relay network to send information to the secondary destinations. Secondary trans-
mitters are equipped with an energy detector and harvesting circuit, which allows
us to sense and store energy from the radio frequency of the multiple primary users.

The benefit of using multiple FD relays along with the hybrid operation of joint

136



Chapter 5 137

mode of transmission enables to increase the system throughput. Finally, an ana-
lytical formulation including closed form for the outage probability as encountered
by the secondary users (SUs) in the presence of self interference (SI) and imperfect

successive interference cancellation (i-SIC) under hybrid mode has been derived and

validated through MATLAB simulation.

5.1 System model of NOMA-based hybrid cogni-

tive radio network assist by full-duplex relay

In NOMA, individual user operates in same frequency band at the same time but
they are distinguished by different power level intensities. Superposition signal is
used at the transmitting section in such a way that successive interference cancel-
lation (SIC) receiver can separate the users operating both in the uplink as well as
downlink channels.

The system model assumed in this chapter is a cognitive radio network employing
NOMA downlink scenario built up with multi primary users (PUrx, — PUgx,;n =
1,2,...,N) with PUrx, , PUgrx, symbolized as n'* primary transmitter and primary
receiver, respectively. A near secondary user destination (SU;) and far secondary
user destination (SUs) receive signal from a secondary base station transmitter (B.S)
via FD relay network (Rg;k = 1,2,..., K) simultaneously. It is also assumed that
the SUs require N licensed frequency bands each of which with the bandwidth, B1,
B2, ... By. For simplicity, it has been assumed that B1=B2...=Bxy=B (unit band-
width); so SUs exploit a total bandwidth of NB from N number of primary users.
Each FD relay and BS have an energy detector as well as EH circuit that can sense
and collect energy from radio-frequency waves in the environment. The transmit-
ting nodes at secondary are able to generate a portion of their energy from the N

active PUs which create interference. The reason for adopting these EH circuits
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F1GURE 5.1: System model of FD relay based CRN under NOMA technique

as a component of the linear EH model in this proposed system is to avoid the
intricate mathematical complexities and burdensome calculations associated with
the non-linear EH model [137, 138]. Due to the significant shadowing effect, it is
also considered that BS has no direct link to any of the SU destinations. Channel
coefficients h; ; follow Rayleigh distribution with corresponding gains to be g; ; with
exponential distribution of mean \,. TABLE 5.1 below provides link parameters in

detalils.

However, a partial relay selection (PRS) mechanism is employed before the com-
munication process begins. An efficient FD relay is selected by BS from the relay
network based on estimated channel state information (CSI). This process is done by
employing pilot symbols by BS to relay network [119]. After receiving the relevant
pilot signals, each relay will then acknowledge the CSI of each of their respective
links. Following the collection of the relevant CSI data, the BS chooses the selected
Ry, from relay network for transmission process. More specifically, the selected relay
Ry, is chosen on the basis of channel quality of the links and then the communication

process starts from base station to the respective destinations via this selected relay.
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TABLE 5.1: Path link- gain - parameter chart

Path link- gain - parameter chart
Path,channel gain | Parameter
coetlicient(h; ;) Gij Ao
RK-SUl, hgl ggl )\1
RK-SUQ, h32 932 )\2
BS-R, hsg, gsr, | A3
PUrxy-PUrxy, hp, ap, Ay
Ryg-PUgrxy, hr,p gr.P | s
PUrxy-Rk, hpg, arr, | A6
PUrxy-SUy, hps, gprs; A7
PUrx\-SUs, hpg, gps, | As
Rk-Rk, hg, 9Ry Ag
BS-PUgxy, hpp, gBp, | Ao

In order to transmit data to secondary destinations under this PRS scheme, the
selected relay Ry needs to have the maximum channel gain from the BS to the relay

network, which is represented as:
R = an h 2 5.1
k arg i Hia}’{ | SRk| ( )

The information is forwarded to both SU;(S1) and SU,(S2) simultaneously in the
transmission process from BS via selected relay. This chapter describes an adaptive
hybrid combination of underlay/overlay transmission technique to boost the CR
network’s spectrum efficiency. With the capability of the energy detector circuit
embedded within the BS, it senses the activity of all PUs. After being sensed, BS
and selected FD relay take part in monitoring the switching activity simultaneously
to either underlay or overlay mode to communicate with the destinations. If the PU
is busy after detecting, BS switches to its power restriction mode (underlay); if not,
BS operates at its full power (overlay), helped by a selected active FD relay.

According to Federal Communications Commission (FCC) [128], the usual channel
occupancy ranged between 15 percent to peak usage of close to 85 percent. Let, «
be the probability of channel occupancy (0 < o < 1), i.e., busy state of PU channel.
Therefore, the probability for PU to be busy is aP; and to be in inactive mode is
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(1 — a) Py, where, Py is probability of detection of primary signal [16] and can be
outlined as P; = H7]2[=1 P, ,, where, P, is probability of detection of n primary

user.

5.2 Energy harvesting and power management strate-

gies

This has been assumed that T is the total amount of time it takes for the overall
process including 7 which is the length of time that secondary BS needs to harvest
energy from the N-active PU network while sensing; transmission of data is done
using the remaining (7" — 7) time period.

Energy harvested at BS among all the N numbers of active PUs during time 7 is

formulated as:

N
Egs=nr <Z PngPSN> (5.2)

n=1
where, P, is defined as power transmitted from any PU — T' Xy with channel gain
of gps, . The in-built energy harvesting circuits have an efficiency factor of 7.
During the transmission time of (7' — 7), the accumulated power by EH circuit as
driven by BS can be expressed as:

EH
Pl = (T fi) (5.3)

The harvested energy by an FD relay at time 7 among N active PU is given by:

N
Egg, =07 (Z PngPRk> (5.4)

n=1
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Similarly, during the transmission time of (7" — 7), the accumulated power by EH

circuit as driven by Ry can be expressed as:

Edr
P = (T_';> (5.5)

The peak interference parameter I, of the primary network limits the simultaneous

transmit power from BS and Ry as in the following equation

I, > (P{gsp, + Pr,gr.p) (5.6)

h

The primary unit’s n'* receiver deals with signal to interference noise ratio,

_ Pnan
Pdgpp, + ngngP + No

Vo (5.7)

From (5.7), assuming non-optimal conditions for P{ and Py, for simplicity, the BS
and Ry transmit power should be maintained so that no PUs are subject to exces-
sive interference from the communication of the SUs [29, 132] and n,(t) ~ N(0, No)
is defined as a complex Gaussian random signal with variance Ny at each receiver
node.

The transmitted power from the secondary transmitters must meet specific require-
ments in order to maintain the outage at the PU receiver and can be expressed

as:

; Pagp
PlzPr[ min ( nJim < P>:|<€ 58
o n=1,.N \ POgpp, + P} gr.p + No — Ven || = (5.8)

where, v/, = 2% — 1 signifies outage threshold (with R, being the PU transmission
rate), € defines outage constraint at PU — Ry y.

The transmit power from both BS as well as from FD relay during underlay trans-
mission must be either less than or equal to the primary outage constrain ¢ so as to

maintain quality of service (QoS) of PUs. With the simplification of equal transmit
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power, this primary outage can be rewritten as:

Pngp
o r |:n=?,121f.l.,N (QPSOQBPn + NO N 7th>:| =°

(5.9)

N
Pnan P
=1- 1-P < <
Z T(QPQQBPnﬂLNo _%h> =

n=1 N

Po

where, P° can be derived as:

P
0 ,ythNO Pn)\4
pP°=1- — 1
P ( Pn>\4 ) (Pn/\4 —I— 2’75LPSO/\10> (5 O)

Substituting the value of P° in equation (5.9) the outage expression P} can be

simplified as:

PN P, N
pPl—1_— _JwtYo A < 5.11
© {exp ( P,y Poy + 29} POy =< ( )

Therefore, the ability of the BS to transmit power under consideration of PU outage

1s written as: R
_'VthNO
o P oxp ( Prha )

* 29k (1-2)¥

(5.12)

Similarly, the ability of the R to transmit power under consideration of PU outage

is outlined by:

P
_"/thNO
0 _ Pp)‘4 eXp( PP’\4>

o 274 A6 (1-— 5)%

(5.13)

At the underlay mode of transmission, the amount of power required by BS is
provided by:
P, = min (Pfg, P?) (5.14)

Similarly, at the underlay mode of transmission, the amount of power required by
R}, is shown as:

Pr, = min (Pg, Pp ) (5.15)
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However, the base station can transmit with its maximum power while in overlay
mode, and is expressed as:

Ps, = Pl (5.16)

Similarly, the transmitted power by FD relay while in overlay mode is given by:

Pr, = ng (5.17)

5.3 Performance and mathematical analysis

Let the message signals s;(t) and sy(t) correspond to SU; and SU, respectively. By
assigning different power levels to SU; and SUs,, BS generates the NOMA signal s(t)
in the power domain. Because of the different channel characteristics that SU; and
SU,; have with BS and Ry, we classify SU; as the near user and SU, as the far user,
where |hg,1/* > |hg,2|*. This has been assumed that SU; and SU, are having a; and
as as their power allocation coefficients respectively as assigned by BS. Depending
upon the mode of transmission as decided by BS to be either underlay or overlay,
power allocated to SU; is a1Ps, or a;Ps, and ayPs, or asPs,, where a; < as,
Zle a; = 1. During the transmission process, the BS broadcasts the information to
the relay network Ry, k = 1,2, ., K. Simultaneously, the communication is performed
by sending the information from selected FD relay to both SU; and SU,. After the
end of communication process, each of SU; and SU, individually uses a selection
combination scheme to decode the information.
The transmitted signal s(¢) by the BS during underlay mode of transmission is given
by:

Su(t) = \/@Sl(t) + /a2 Ps ,52(t) (5.18)

This base station’s signal s(¢) during overlay mode of transmission changes and

becomes:

So(t) = /a1 Psos1(t) + \/a2Ps,s2(t) (5.19)
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5.3.1 Outage analysis during underlay mode

During underlay mode of operation at the secondary node, the received signal at Ry

transmitted from BS is given by:

Y (t) = suthsry + /Prohresea(t) + Y/ Pahpr,aa(t) +no(t)  (5.20)

where, s(t), s,,(t) and z,(t) symbolize the signals from BS, Ry and n'" PU — T,
respectively under the assumption that E|s(t)|? = 1, El|s,(t)]> =1, E|z,(¢)]> =1
with h;; is the channel coefficient with their standard meaning as already stated.
The term n,(t) is defined as a complex Gaussian random signal with zero mean and
variance Ng.

The relay Ry decodes the signal of SU, first followed by the signal of SU; using suc-
cessive interference cancellation because of the fact that former signal is transmitted
with more power for far user. The SINR at Ry is given by v, and v, for sy(t)

and s (t), respectively which are calculated as:

asPsugsr
Vho = o (5.21)
a1Psugsr, + Pr.9gr, + > 1 Pugprr, + No
P
Vi N SuI5Ey (5.22)

' asPsugsr, + Progr, + Son 1 Pagrr, + No
where, the terms ¢ (0 < ¢ < 1) and (¢a2Ps,9gsr,) refer to the i-SIC factor and the
residual i-SIC interference at Ry respectively.

In continuation to this, the information is sent to SU; and SU, simultaneously by
the Ry. During underlay operation, the decoded signal at Rj forms a composite

NOMA signal which is given by:

Sru(t) = /a1 Pryusi(t) + /aaPrysa(t) (5.23)
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Now the received signal at SU; from relay can be expressed as:

Y5, (1) = spu(Dhsi + >/ Puhips, a(t) + no(t) (5.24)

This has been assumed that a; and as are power allocation coefficients for SU; and
SU, respectively as assigned by FD relay, where, oy < ag, Zle a; = 1. Since, the
signal for the far user SUs is stronger than the signal for the near user SU;; the
signal from SUs is decoded first after receiving the composite signal from the relay

by SU; using SIC. So, at underlay mode, the (SINR) at SU; can be written as:

U @2 PR ugs1
= (5.25)
b2 alpR,ugsl + 27]1\/:1 PngP31 + N,
OélpR,ugsl
’Ygu = (5.26)

§aaPRugst + 25:1 Prgpg, + No
where, the terms £ (0 < ¢ < 1) and (£a2Prugs1) refer to the i-SIC factor and the
residual i-SIC interference at SU; respectively. Similarly, SU, by receiving the new
NOMA composite signal from the FD relay, decodes its own high powered signal.

Therefore, the received signal at SU; can be outlined as:

Y5, () = spu(Bhsa + >V Pahips,aa(t) + no(t) (5.27)

So, at underlay mode, the SIN R at SU,; can be written as:

OJZPR,UQSQ
OZIPR,ugs2 + Zgzl PngPs2 + N,

'YSUQ,Q = (5.28)
Now, the analytical models for evaluating the outage probability that SU; and SUs
experienced in the system under consideration for CR-NOMA have been derived.

Thus the condition for the end-to-end outage probability at SU; is given by:

FD

under __ U U FD U FD U FD
P = Pr MaX YR, Sup, MAX Yr,1 S Uy Vs Sy Vs S Uy (5.29)

out,1
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where, uf’? = 28/N 1 and ulP = 272/N — 1 denote the outage threshold of the
selected destination for the given full-duplex communication. The transmission rate
of SU; is Ry and SUs is R,.

Now, by substituting the values of 5 ,, 7%, 761 and 7§, ;, the above expression

can be rewritten as:

K
Ps..gsr
Paili = Pr| T <
7 ]!;[1 PngRk + Zi:;l PngPRk + No
K
| T Y 50
k=1 Pr,gr, + anl Pogpr, + No
Prugs1 < Prugs1 <
— Ith» > "Vith

Zfzvzl PngP51 + NO ZnNzl Pn9P31 + NO

where,
1 _ uj” 2 _ up ”
Yin = s — CL1U§D7’}/th - a; — ¢a2ufpa
3 uj ” 4 up ?
Tih = oy — Oélugpﬂ/th = oy — éOCQUfD

The condition for the end-to-end outage probability at SUs is given by:
Pyt = Pr| maxafl, < ub?, maxyf, < uf? 9l < uf”| (5.31)

Now, by substituting the values of 7§ ,, 75, and 7§, ,, the above expression can be

rewritten as:

K
Ps..gsr
s = pr(]] s < %
’ = Progr, + 2 1 Pagrr, + No

K
Ps.gsr, <2 Pr .92
H P —= ’ythv

< 'y?’
N N = Ith
i1 Prigr, + 2y Pugrr, + No > ne1 Pngprs, + No
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The closed form expression for end-to-end outage probability at SU; and SU; during

underlay transmission protocol can be evaluated as:

Punder _ 1 — ex . fYtIhNO PS,U)‘?) PR,u)\9 M E v
out,1 P\ Pours ) \ Psads + 7 Prade ) \ Prare — Poke

U
| —exp - Y No PsuA3 ( PruXg )N }K "
R PS,uA3 PS,u/\S + ’YtQhPR,uAQ PR,u)\Q - Pn>\6
v

3 P N
oo () ) )
Pr M Pr oA+ 7, Par
o) ()
Pr M Prui + 74 P

Proof: Refer to Appendix C, D for proof of U and V.

3 N
YinNo PruXo > }
UxVxql-— — 5.34
{ P < PR,u)\2> <PR,u/\2 + Vi Pas (5:34)

(5.33)

under __
Pout,2 -

5.3.2 Outage analysis during overlay mode

Considering the overlay transmission mode in which the secondary transmitters are
allowed to transmit with their maximum power, the received signal at FD relay from

BS is given by:
Y9 (t) = So()hsry + /Prohrrsro(t) + no(t) (5.35)
The composite new NOMA signal during overlay operation is given by:
Sro(t) = MSl(t) + /a2 Ps ,55(t) (5.36)

FD relay, after receiving the composite NOMA signal from BS, decodes the SUs,’s
signal first followed by SU;’s signal using SIC technique. Therefore, at overlay mode,
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the SINR at relay for so(t) and s1(t), can be written respectively as:

o a2 Ps ogsr,
_ 5.37
TR2 a1Psogsr, + Pr,9r, + No 537
Ps,
TR U S0l (5.38)

 $asPsogsr, + Pr.gr, + No
where, the terms ¢ (0 < ¢ < 1) and (¢pasPsgsr, ) refer to the i-SIC factor and the
residual i-SIC interference at Ry, respectively.

The received signal at SU; during overlay transmission process can be expressed as:

yg‘)l (t) = Sro(t)hSI + no(t) (539)

So, at overlay mode, the SIN R at SU, for so(t) and s;(¢) can be written respectively

as:
o o PR »gs1

— 5.40

’75172 QIPR,0951 + No ( )
OélpR,ogs1

V& = (5.41)

§asProgs1 + N,
where, the terms ¢ (0 < ¢ < 1) and ({aaProgs1) refer to the i-SIC factor and
the residual i-SIC interference at SU;, respectively. Similarly, SU, after receiving
the new NOMA composite signal from the FD relay, decodes its own high powered

signal. Therefore, the received signal at SUs is represented by:

Y9, (t) = Spo(t)hsz + no(t) (5.42)

So, at overlay mode, the SINR at SU; can be written from the above expression

as:
a2PR,ogS2
§aaProgsa + N,

V22 = (5.43)
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The condition for the end-to-end outage performance at SU; under overlay mode is

given by:

over __ O FD O FD _O FD _O FD
Pout,l = Pr mkaX’YR,z <uy mkaX’YR,l Sup Y512 SUy Vs S U (5.44)

Now, by substituting the values of 7}03’2, 7271, 721,2 and fygl’l the above expression

can be rewritten as:

K K
pover _ PT[H Ps 09sr, < H Ps 09sr,, < 42 Pr.ogs1 <
out,1 ot PngRk +No — th?k:1 PngRk +No = [th» No = Jth>

PR,OQSl
N, < th]

(5.45)

The condition for the end-to-end outage probability at SU; under overlay mode is

given by:
Py = Pr[ mkauxyl%2 <ukP, max 71%1 < ufP, 7?272 < ufP (5.46)

Now, by substituting the values of v3,, 77, and 7§, ,, the above expression can be

rewritten as:

K K

Psogsr Psogsr Progs2
Pouty = Pr[ T T [ [
" ,E Prygr, +No — ™" ,}1 Prygr, +No =~ '™ N, "

(5.47)
The closed form expression for end-to-end outage probability at SU; and SU, during

overlay transmission protocol can be evaluated as:

LN, Ps )\ K
Poer = | 31— exp | — L2 S0 x
L Ps o3 ) \ PsoAs + V3, ProMo )

~~

w
2 K
fYthNO PS o)\3
L= N ’ X
{ =P ( PS,OAS) (PS,O)\g + ,YchPR,o)\9> } (548)
Q

3 N, LN
(oo () e ()
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Proof: Refer to Appendix C, D for proof of W and Q.
over ’y?hNU
Pout,QZ WXQX 1—6Xp —m

5.3.3 Outage analysis and system throughput during joint

(5.49)

underlay /overlay mode

Simultaneous underlay or overlay mode switching procedure is determined by sec-
ondary transmitters, which detect PU activity using an energy detector technology.
After sensing, SU initiates its power limitation mode (underlay) if the PU is busy;
otherwise, SU operates at its maximum power (overlay), assisted by a number of
FD relays. The probability that the primary signal will be detected is known as
the probability of detection (Pd). Let, o be the probability of channel occupancy
(0 < a < 1). Total outage probability at SU; and SU; during combination of

underlay /overlay is given respectively as:

pagios = (1= mi) varsf e + (1- o) P (5.50)
Pg;%TAL = { (1 — Pd> +an}Pgﬁ‘§T + (1 — a) Pyuts (5.51)

Secondary network’s total system throughput (7;) is determined by:
T, — {Rl (1 — pror AL) YR (1 — pror AL)} (5.52)

5.4 Results and discussion

The discussion and analysis of the system performance proposed in this chapter are

covered in this part. The MATLAB simulation is used to validate the simulation
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of the numerical mathematical expressions. Analytical results are represented by
continuous curves whereas simulation results are projected as discrete marks on the
curves in this section. Numerical results obtained for FD relay based CR-NOMA
exhibit improved performance as compared to conventional HD relaying protocol
operating in underlay mode. Concerning interference, variables including SI, pri-
mary interference, and i-SIC have all been handled. Opportunistically switching
of joint underlay/overlay FD relaying mechanism improves the spectral efficiency of
CRN shown in this section. In order to model the system performance, the following
parameters are assumed: the primary transmission rate R,=0.15 bits/s/Hz and the
secondary transmission rate, Ry=Ry=R=0.1 bits/s/Hz. The PU outage constraint,
e = 0.1. The probability of detection, Py is assumed to be 0.85. The efficiency factor
of the EH circuit n = 0.3 and the probability of channel occupancy o = 0.15. The
total time involved 7" = 100 ms with harvesting and sensing time 7 = 20 ms.

Fig. 5.2 displays the BS to SU; as well as SU; outage probability as a function of

<
o

No.of relay (K)=1;
No.of PU (N)=3;
f3=.15;

n=.3;
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=
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FiGURE 5.2: Comparison of SU outage performance in underlay, overlay and
joint underlay/overlay mode in comparison to P,/N, in dB

P,/N, for all theses protocols, including underlay, overlay and joint underlay/over-
lay with number of primary users N=3 and a single FD relay i.e. K=1. It has been
found that the overlay mode’s outage performance is independent of the transmit-
ting power of PU, P, (i.e., the SUs do not maintain the QoS of PU). Therefore, this

overlay technique alone is ineligible to participate in the spectrum sharing paradigm.
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Additionally, it has been demonstrated that the combined underlay/overlay scheme
performs better during outages than the existing underlay mode for a single PU [119].
This is because of the fact that if PU is busy, secondary base station adapts power
restriction mode; otherwise can transmit power by its benefit.

Fig. 5.3 demonstrates the impact of the secondary network’s performance on the

100G-8-E

<

<
o

SU Outage probability

—©— Combination jointUnderlay /Overlay S,, N=3,FD
—o— Combination jointUnderlay /Overlay S, ,N=3,FD
—a— for Underlay S1, N=1(no.of PUs), HD

10,3 —g— for Underlay Sz’ N=1(no.of PUs),HD

0 5 10 15 20 25 30
P /N indB
oo

Figure 5.3: SU; and SUs outage behaviour under joint FD relaying mode
compared with underlay HD relaying with respect to P,/N, in dB

outage behavior serving destinations SU; and SU; under both HD and FD relay net-
works. It has been shown that FD relay network outperforms the HD relay network.
A comparison is carried out with [119], where the outage performance is described
for underlay mode only with single primary user and under joint underlay /overlay
with multiple primary users i.e. N=3. Additionally, EH circuit is employed at each
secondary transmitter nodes to boost the system performance by allowing relay to
transmit with its maximum power during overlay protocol. This has been found
that our proposed model shows a better outage performance than that of the exist-
ing work in [119].

Fig. 5.4 demonstrates the impact of the secondary network’s performance on the
outage behavior serving destinations SU; and SU; versus P,/N, for FD relaying pro-
tocol under adaptive joint underlay/overlay mode. For this simulation, we assume
Ao = 0.3 and 1 = 0.3. The analysis of outage behavior for K=1 and N =1 in [122]

has been compared with our proposed model with K=2 and N =3. The investigation
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SU outage probability

PD/N0 in dB

FiGURE 5.4: SU; and SUs outage behaviour under joint FD relaying scheme
with respect to P,/N, in dB, varying K

shows that the outage behaviour gets better for the increase in number of FD relays
as well as number of PUs. This reflects that by taking multiple FD relays in our
discussion increases the diversity order, and multi PUs increases spectrum efficiency,
which in turn, enhances the system performance.

Fig. 5.5 shows the impact of the secondary network’s performance on the out-
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FiGure 5.5: SU; and SU; outage behaviour under joint FD relaying scheme
with respect to P,/N, in dB, fixed K and varying N

age behavior serving destinations SU; and SU, versus P,/N, in dB for FD relaying
protocol under adaptive joint underlay/overlay mode. Outage behaviour analysis
has been carried out with constant number of FD relays (K = 3) and with variable

number of primary users (N = 1,2,3). The investigation shows that the outage
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behaviour for both SU; and SU, gets better for the increase in number of primary
users. This is because of the fact that due to increase in number of primary users,
the available bandwidth gets increased and this results in an increase in throughput.
Whereas, Fig. 5.6 explains the outage analysis with variable number of FD relays
(K = 3,4,5) assuming fixed number of primary users (N = 3). This result depicts
that more the diversity, the outage behaviour for both SU; and SU, gets better for

the increase in number of FD relays.
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FiGure 5.6: SU; and SU, outage behaviour under joint FD relaying scheme
with respect to P,/N, in dB, fixed N and varying K

Fig. 5.7 shows the system throughput with respect to P,/N, for FD relaying pro-
tocol under adaptive joint underlay/overlay mode with different values of 7. In our
analysis, while maintaining QoS of PUs, the secondary transmitter power gets ad-
ditional power requirement benefit with the increase in energy harvesting efficiency
factor, which makes an improvement in SINR and results in better outage probabil-
ity for both the users. Whereas, equation (5.52), describes the system throughput
which is a function of outage probability. Higher value of n dictates more energy
to be harvested at transmitter nodes which will enhance the transmitter power. As
a result, this has been shown in Fig. 5.7 that the system throughput is gradually
improved with higher values of energy harvesting efficiency factor. The investiga-

tion reflects that the system throughput gets better and better with the increase
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System Throughput

0 . . . . .
0 5 10 15 20 25 30

P /N _indB
p o

FIGURE 5.7: Normalized system throughput with respect to P,/N,

in energy harvesting efficiency factor. Finally, our results present a better system

throughput with the inclusion of EH circuit.
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FIGURE 5.8: Outage probability with respect to transmission rate

The analysis of secondary users’ outage behavior in relation to transmission rates
R, has been presented in Fig. 5.8. It reveals that the outage behavior deteriorates
as the transmission rate increases. It can be reminded that radio transmissions are
constantly subject to bandwidth constraints while maximum SI cancellation is lim-

ited.
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FIGURE 5.9: Outage probability with respect to P,/N, in terms of residual i-SIC

Fig. 5.9 depicts the effect of the secondary network’s outage behavior for destina-
tions SU; and SU, as a function of P,/N,, based on the residual i-SIC factor in a
full-duplex relaying protocol under an adaptive joint underlay/overlay mode. The
outage performance worsens as the residual i-SIC factor increases, with values rang-

ing from ¢ = £ = 0.1,0.5,0.9.
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FIGURE 5.10: Outage probability with respect to P,/N, in terms of «

Fig. 5.10 describes the outage performance at both the NOMA users end with the
effect of channel occupancy factor a. The outage performance deteriorates as the
a value increases from 0.15 to 0.85. This occurs because, at lower « values, the
system predominantly functions in overlay mode, while at higher « values, it shifts

to underlay mode.
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5.5 Chapter summary

This chapter investigates the outage performance of cognitive radio networks un-
der total power management constraints and introduces opportunistic joint under-
lay /overlay full-duplex (FD) relaying techniques. Specifically, we propose practical
and easily implementable FD relaying strategies within a NOMA-enabled cognitive
radio framework, accounting for residual self-interference (SI) and energy harvest-
ing (EH) conditions. As expected, the study demonstrates that full-duplex (FD)
relaying significantly enhances system throughput compared to conventional half-
duplex (HD) relaying. Furthermore, the adaptive switching mechanism between the
underlay or overlay improves the spectrum utility in a CR-NOMA network. The
outage performance at secondary, considering SI, i-SIC and more interferences from
primary network, even with a low energy harvesting efficiency factor, achieves the
expected results. In addition, it is also found that the proposed joint underlay /over-
lay mode significantly improves the secondary network’s throughput and the outage

probability of the SUs as compared to underlay allocation strategy.



Chapter 6

Performance analysis of
full-duplex relay based cognitive
radio network assisted by
intelligent reflecting surface

network

This chapter investigates the throughput and outage performance of an intelligent
reflecting surface (IRS)-assisted full-duplex relay node in a cognitive radio network
(CRN), considering m-Nakagami fading channels. In particular, a secondary source
transmitter (S) broadcasts an information to secondary destination (D) via IRS net-
work as well as full-duplex (FD) relay network which practices decode-and-forward
protocol. This chapter examines how effectively the IRS network supports the joint
intermediate FD relaying node in maintaining the primary users’ (PUs) interference
threshold. In order to do this, we precisely derive closed-form analytical mathemat-
ical equations for the secondary users’ throughput and outage probability. When

compared to a traditional FD relaying network, the IRS-assisted system exhibits a

158



Chapter 6 159

significant performance gain for the proposed model. The overall analytical closed

form solution has been performed and verified via MATLAB simulation testbed.

6.1 System model of cognitive radio network as-
sisted by full-duplex relay and intelligent re-

flecting surface network

To improve communication reliability, a cognitive radio network (CRN) model has
been developed in which an intelligent reflecting surface (IRS) supports a full-duplex
relay node. With the goal of enhancing signal quality and spectrum utilization, the
system functions in m-Nakagami fading conditions. To control interference and
strengthen the received signal, the IRS dynamically modifies reflections.

We have considered a full-duplex (FD) downlink transmission scenario where a
source node (S) communicates with a destination node (D) with the assistance of
an intelligent reflecting surface (IRS) equipped with N reflecting elements as well
as full-duplex relay network (R) as shown in Fig. 6.1. It is assumed that all FD
relays with the capacity to transceive simultaneously have been installed with sep-
arate transmit and receive antennas, while S and D are configured with a single
antenna. Furthermore, because of environmental barriers, messages are transmitted
from source to destination via R and IRS rather than direct link.

Assuming we know every detail of the channel state information, the channel coef-
ficients between the i*" element of the IRS and the S/D are represented by hy;/hs;,
where ¢ € 1,2,3,...N. For every reflecting element in IRS, the phase shift and
reflection amplitude are 6 € [0,27] and n € [0, 1], respectively. Rest all the channel
coefficients h, , follow Nakagami-m distribution with corresponding square of coef-
ficient to be Gamma distribution of mean parameter €2, integer fading factor m,

and scale parameter (§,. Probability density function of Nakagami-m distribution
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FIGURE 6.1: System Model on IRS-FD relay network based CRN

model random variable is outlined by:

9 2ma—1 2
= T gy &P (6.1)

fx(z)

where, I'() is the Gamma function. TABLE 6.1 below describes link parameters in
details.

By using a spectrum sharing strategy, information from both S and R is transmit-
ted at a specific power without alerting any primary user subjected to the peak

interference threshold Ip as follows:

Ip > (Pulhal? + Pl (6.2)
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TABLE 6.1: Path-link with parameter list

Channel- link with particular parameters
Node to node | coefficient | spread shape fad- | Scale pa-
link (x,y) (hz) parameter | ing factor | rameter

() (m2) (5.)

PUrx — | hy Qr mr Br
PUgrx
S — IRS hl,i Ql mq 61
IRS — D hi,g Qg Mo 52
S—R hs 92 ms 53
R—D h4 Q4 my ,84
P UTX — R hp Qp my ﬁp
PUrx — D hpr Qp my Br
S — PU, RX hu Qu My, Bu
R — PURX h’r QT my Br
R— R h I Q I mr /6 I

P, = 6.3
Ip
P, = 6.4

where, P, and P, are transmitted power from source and each FD relay.

Before communication between the source and destination starts, a partial relay
selection mechanism is employed. The source selects an optimal FD relay from the
network based on the estimated channel state information. To facilitate this, the
source sends pilot symbols to the relay network, and each relay evaluates the CSI
of its respective links upon receiving these signals. Depending on the quality of
channel, the relay R is chosen from the relay network for communication purpose

from the source to the destination as follows:

R= arg max | by (6.5)
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Any one of the numerous transmissions that have been examined may be regarded
as the optimum link, with an example, h, = hs, the best link at that time frame
and R is selected as the optimal relay. For mathematical simplicity, it has been
assumed that the system model avoids IRS reflection from the primary transmitter
and the relay node to the destination, as well as any direct communication between

the source and the destination.

6.2 Channel model and mathematical analysis

The IRS creates an additional path for the signal, allowing it to be reflected and
possibly enhancing the overall signal strength at the destination. The signal received

at the destination D through the IRS is often expressed mathematically:

up(t) = Y- VB exp(jO)hihoin () + v/ Prhprap(t) + no(t) - (6.6)

where, P; and Pr are defined as transmitted power from S and PUry, respectively.
no(t) is defined as additive white gaussian noise (AWGN) with zero mean and vari-
ance Ny, respectively with 7; € [0, 1] and 6; € [0, 27] defining the reflected amplitude
coefficient and the effective phase shift present by the IRS’s i** element, respectively.
Therefore, the signal to interference ratio at D for the received signal yp(t) via IRS

can be outlined as: )

_ | Zfil Pynihyiha;

(6.7)
PT|hPT‘2 + N,

4!

where, x1(t) and xp(t) symbolize the signals from S and PUrx, respectively under
the assumption that E|z(¢)]* = 1, Elzp(¢)|> = 1 with h,, is the channel coefficient
with their standard meaning as already stated earlier.

The relay R receives the information from the secondary source S which is given as:

yr(t) = \/Pihsz1(t) + /Prhya,(t) + /Prhpap(t) + no(t) (6.8)
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Therefore, the signal to interference noise ratio (SINR) at secondary FD relay R is

expressed as:
Ps { h3

- Pr‘hlf“f'PT‘hP‘z ‘I’No

‘ 2

where, z,(t) and P, respectively symbolize the signal and transmitted power from
R under the assumption that E|z,(¢)]* = 1.
After being decoded at FD relay, the information is forwarded to D, where the

received signal is given as:

yr-p(t) = /Pohaz,(t — 1) + /Prhprap(t — 7) + no(t — 7) (6.10)

where, time 7 signifies the propagation delay.

SINR expression at D via FD relay simplifies to:

|2

P, |hy
V3=

= (6.11)
PT|hPT‘2 + N,

It is possible to evaluate the communication link’s dependability using the outage
performance. When the instantaneous signal to interference noise ratio falls below
a predetermined threshold, 7, the outage performance occurs. Hence end-to-end

outage probability at D can be found out to be:

Pgoml — Pr i:max (m < %h),k:maxK (min(72,73 < Yn) ) (6.12)
b 9 bl A 9 9 b N — P
B

where, v, = 2% — 1, is described by the outage threshold at D for the given full-

duplex communication. The transmission rate for secondary is given by R;.

Now, from equation (6.12), solving for A is given below:
2

Psm} Zf\il hflihQi’

Pr(y < ) = Pr
Pr|hpr[

< on (6.13)
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The CDF, F,, (V) of above expression for maximum signal to interference ratio can

be written in the form as:

Fy (yen) = Pr [g < %h] (6.14)

where, W = nP.Q% Q = S, X, X = hy;hy;

Moreover, Y = PT‘hpT|2, is a Gamma random variable (m,, By),where, By = Prfr,
fr =

The PDF of double Nakagami m distribution random variable Q can be expressed

over KG distribution as [139],

_ 4¢m1+m2 qm1+M2*1Kml_m2 (2¢Q)
Fm1Fm2

fola) (6.15)

where, ¢ = mé—:l”, with 0, = Q,,

The PDF of random variable W, can be expressed by squared KG distribution
as [139]:

mi+mg
2

- 2&m1+m2w 71Kmrm2 (2$\/E>
fw(w) = T (6.16)

The closed form expression for CDF, F., (v,) is therefore is given as:

I 1-my
F’Yl(ﬁyth) = Pr

(6.17)
where, ¢ = &, and G[] defines Meijer G-function [131].
Now, solving for B in equation (6.12), the outage probability at destination D via

relay network from source S is defined by the expression given below:

Pr|min(1,9 < 70} = Fry () + Fry () = B 00) P () (6.18)
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where, F, (Vi) and F.,(y) respectively denote the CDF function at relay and

destination. The required derivations for these CDF are given below:

P, hs|”
< Vtn
P|h1} +PT|hP| + N,
_ 1nNo\ = 1
[ () EEE ) )
(S (e 1)
PS FmePp Psﬂg QP

P na Pr nip—n2
xT'(ng +my)I'(ny — ng +my) (ﬁ) (F)
0 0

1 —ni+na—my
« fythPr + i
Fm[Q}nI P5Q3 Q[

Similarly, to find for F, (v:) the required expression is given below:

Pglhal”
— A <
(=)
_ YenNo g YenNo \ "
o) EEC) GG e

% F(m + mp) i VthPT I i —fMTe
I'm, Q5" \ No PrQy  Qp

Finally, the end-to-end outage performance at D from both IRS network as well as

F72 (%h> =

F73<7th) = Pr

from FD relay network can be rewritten as:

N

[15 (ven) x H{ Yo (in) + Foy (yen) — sz(%h)Fvs(%h)}] (6.21)
k=1

i=1

total __
PO -

The end-to-end throughput 7}, of the secondary network refers to the overall data
transmission rate from the source to the destination in a cognitive radio system. In
the context of the considered system model, it represents how efficiently data can be

transferred across the entire network, taking into account the influence of the IRS



Chapter 6 166

and FD relay nodes. The throughput calculation 7}, can be evaluated as follows:

T, = {Rs (1 - Pgotal)} (6.22)

6.3 Results and discussion

This section presents mathematical results to investigate how significantly system
parameters affect the system’s overall end-to-end performance. Theoretical expres-
sions of the proposed model for throughput and outage are validated using the
MATLAB simulation method. When compared to traditional FD relaying protocol
operating in underlay mode, numerical findings for IRS-based cognitive radio net-
works and FD relay networks exhibit improved performance.

Fig. 6.2 shows the S to D outage probability as a function of transmitted power

WITHOUT|
IRS

WITH IRS

Outage Probability

—&— with single FD relay
—#— combined IRS and FD relay

¥

0 5 10 15 20 25 30 35 40
Transmitted Power [dBm]

FIGURE 6.2: Comparison of outage probability at D versus transmitted power
in terms of with/without IRS FD relay network

Pr via single FD relay including IRS network with number of IRS elements N=3
and a single FD relay i.e. K=1. It has been found that system outages perform
better when both the IRS and FD relay networks are involved in the communication

process, compared to when only FD relay transmission is used without the IRS.
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10° ~ *—N=16 y
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FIGURE 6.3: Outage comparison at D for combined FD relay with variable num-
bers of IRS elements and sole FD relay with respect to Pr in dBm

Fig. 6.3 investigates the S to D outage probability as a function of transmitted
power Pr via single FD relay and for combined FD relay with variable numbers of
IRS elements N=4, 8 and 16. The investigation shows that system outages perform
better with combined FD relay and IRS network. Additionally, it has been noted
that as the number of IRS elements increases, system performance progressively im-
proves.

Fig. 6.4 depicts the outage at D versus transmitted power Pr via multiple FD

102

QOutage Probability
3
&

10

—+&—K=1FD relay transmission
—6— K=2 FD relay transmission
10° —%— K=3 FD relay transmission
—&— N=8 combined IRS with signle FD relay

5 —%— N=16 combined IRS with signle FD relay
10 . . .
0] 5 10 15 20 25 30 35 40

Transmitted Power [dBm]

A

FIGURE 6.4: Outage comparison at D with variable K and variable N with respect
to Pr in dBm
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relays and for combined single FD relay with multiple numbers of elements i.e. N=8
and 16 in an IRS network. The result clearly underscores that using combined net-
work with K=1,2,3 and N=8,16 the outage performance shows an improvement as
the number of reflecting elements N for IRS gets increased. The improved outage
and spectral efficiency resulting in the FD-IRS model setup, however, demonstrates
the benefit of combining the FD relay node and IRS network.

The analysis of destination outage behavior in relation to transmission rates R,

—#— Transmission Rate =1 bit/s/Hz
pl —#%— Transmission Rate =0.6 bit/s/Hz
—%— Transmission Rate =0.3 bit/s/Hz
E

10 F 1
- R=0.3,0.6&1(bit/s/Hz)
£
=
8
S 2
o 107
@
=3
b2
3
o}

-3 i
10 ke
3
3
10+

0 5 10 15 20 25 30 35 40
Transmited Power [dBm]

FIGURE 6.5: Outage comparison at D versus Pr in dBm in terms of transmission
rates

has been presented in Fig. 6.5. It reveals that the outage behavior deteriorates
as the transmission rate increases. It can be reminded that radio transmissions are
constantly subject to bandwidth constraints while maximum SI cancellation is lim-
ited.

Fig. 6.6 shows the outage probability at D as a function of transmitted power Pp
via combined FD relay with IRS network in terms of throughput analysis. When
comparing the results obtained with the combined network to the traditional sole
FD relaying protocol, it is evident that the throughput performance improves for
N = 4 and 8. Nonetheless, the enhanced throughput performance outcomes for the

FD-IRS model configuration highlight the advantages of applying the IRS.
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FIGURE 6.6: Normalized throughput comparison without IRS and with varying
elements in IRS network

6.4 Chapter summary

This study focuses on analyzing two key performance metrics namely, system through-
put and outage performance for a secondary destination in a cognitive radio network
that uses FD relaying and is integrated with an IRS network. A mathematical closed
form analysis for secondary throughput and outage validation is examined, taking
into account the primary and self interference parameters. According to this study,
the combined effect of the FD relay and IRS network results in a better outage
performance than the FD relay network working alone. The combined impact of
the IRS network and FD relay is taken into consideration as the study looks at how
secondary transmission rates affected outage performance at secondary destinations.
Combining FD relaying with IRS technology results in improved system throughput
compared to using FD relaying alone. In a full-duplex relay system, the relay can
transmit and receive signals simultaneously, which boosts data transmission rates.
However, adding an IRS, which can reflect and optimize signal paths, further en-
hances the efficiency of the communication system. The observation highlights that
increasing the number of IRS elements and relays significantly improves the overall

data rate or throughput of the system. This is because more IRS elements provide
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greater control over the signal’s path and strength, and additional relays improve
signal transmission, especially in challenging environments with interference or ob-
stacles. In summary, the combination of IRS and FD relaying significantly boosts

system performance by optimizing signal propagation and transmission capacity.
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Summary and future scope

7.1 Summary

A detailed study on cognitive radio network where the secondary users share their
information through half-duplex and full-duplex relay network in presence of various
environment has been discussed in this thesis.

Chapter 3 is described by a system architecture where the HD relays are equipped
with multiple antennas in CRN setup and the secondary users adaptively switch be-
tween underlay or overlay mode based on the sensing activity of the secondary users’
transmitters. The analysis done in this chapter reveals that outage performance,
spectral efficiency and system throughput are better in all the cases as compared to
other models considering HD relay network. The next part of this chapter encom-
passes a detailed study based on AF, DF and AHR half-duplex relay network being
incorporated in between source and destination of secondary users in a CRN. The
system model of CRN setup is shown where the secondary relays adaptively switch
between AF or DF mode i.e., AHR mode based on successful decoding activity of
relays. It is also assumed that the secondary user transmitters are equipped with
energy harvesting circuit, that can harvest energy from the surroundings including
co- channel interference environment.

171
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In chapter 4, an extensive analysis is carried out based on the performance of full-
duplex relay network, serving to transfer the information from secondary source
to destination in a multi user CRN. Out of three system models developed in this
chapter, first and second models deal with multi-user scenario CRN with single and
multiple secondary destination in presence of linear energy harvesting environment
and the last one is discussed with non-linear EH circuit. The analysis carried in this
chapter exhibits a better outage performance and throughput in FD relay network
than HD relay network eventually in all of these cases. Consideration of non-linear
EH environment in CRN makes more realistic approach in full-duplex communica-
tion process.

Leaving behind the traditional OMA technology in wireless communication, a new
approach towards NOMA technique is adapted in an FD relay network-based CRN
with system model and analysis carried out in chapter 5. A joint underlay/ overlay
mode of communication by the secondary users has been discussed under FD relay
network. NOMA based CRN describes a better performance in terms of system
outage and overall throughput for both the end users with respect to conventional
OMA technology CRN equipped with HD relay network.

Finally, an FD relay network-based CRN is built up with addition of intelligent re-
flecting surface providing a significant improvement in performance. The secondary
users in CRN communicate among themselves via FD relay network as well as via
IRS network. The approach towards incorporating IRS network in addition to FD

communication significantly outperforms the sole FD relay network.

7.2 Proposed future research works

The work presented in this thesis may further be extended in the following areas as

listed below:
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(i) The approach towards incorporating IRS network with FD communication
can be extended further by opportunistically switching between underlay and

overlay CRN based on channel occupancy.

(ii) Additionally, in a NOMA context, a method can be implemented to integrate
the IRS network with the FD communication in CRN.

(iii) IRS network integrated with Unmanned Aerial Vehicles (UAVs) can be further

expanded through the use of combined underlay /overlay protocols.

(iv) The approach for combining the IRS network with Unmanned Aerial Vehi-
cles (UAVs) can be further expanded in the framework of NOMA using the
underlay protocol of CRN.



Appendix A

Proof of CDF for F(v;)

We considered that the channel interference is originated from N number of primary
sources to destination and relay with channel gain as gp,, and gp,, respectively,
defined as Z = ZnN:1 G!, where, Z is the sum of independent exponential random
variables G/, for n=1 to N. All other channel gains are assumed to be exponentially
distributed.
The PDF of Z with parameter A is given by [73]:
2" lexp(=2
fale) = ZLE) (A1)

We have considered X and Y to be exponential random variable with parameter A,

and A\, respectively.

P X
Pr( < m)

PY + P,Z 4+ Ny (A.2)

—_——

G/
Now considering the above expression of G,
Fo(g) = Pr(G/ < g,>

(A.3)

Pr <P3Y Y P27 < g/)
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Now from equation (A.2), we get,

P X
PT<G/+N0 _m) (A.5)
(mq +mN0)
/ [T et nag
g'=
(mg +mNo)
[T e sty
g
B B (mg + mNO) N (A.6)
_/g':o [1 cup(——p+ )]fcf(g)dg
—mNO Pl)\a
— 1 -
crr(p. )<P1)\a+mP3)\b)

(7o)



Appendix B

Proof of CDF for F(~,)
We have considered ¥ and Z to be exponential and gamma distributed random

variable with parameter A\. and A respectively,

P
—= < B.1
PT<P5Z+N0 _q> ( )
(quZ+qNo ¢
/ -/ Dleap(30)zl2) d s
z »=0 c
—qNy
J— 1 _
cap(H) .
/—i-oo (—ng,z)z”_le:L‘p(_Tz) d ( . )
exr 2
o PR T

—1_ exp(_qNO) Py,
P4)\c P4)\c + qP5/\

Also from [119], we get if

P ( LS )
"k Pz Ny Y

then the above expression can be written as,

K
= 1I» )
- P5Z + NO
1 (—C_IN0> Py, "
PP\ Pov + qPsx
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Proof for equation (5.33)

The proof for U and V in equation (5.33) can be derived as follows. The channel
gain parameter of the primary network source to FD relay is considered as gp,,,
defined as Z = ZnN:1 G where, Z is the sum of independent exponential random
variables G}, for n=1 to N. This has been assumed that the power is symbolized here
as P; for all i« = 1,2.. and other gains be exponentially distributed.

The PDF of Z with parameter A is given by [73]:

fale) = % (1)

We assume that both X and Y are random variables with exponential distribution

and with parameters A, and )\, respectively.

P X
Pr( < m)

PY + P,Z + Ny (C.2)

—_——

G/
The term G is now being evaluated as,
Falg)=Pr(¢ <y)

(C.3)

Pr <P3Y Y P27 < g/)
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Appendix D

Proof for equation (5.48) The proof for W and Q in equation (5.48) can be

derived as follows. Similarly, ¥ is exponentially distributed and Z is Gamma dis-

tributed random variable, with parameters A. and A, respectively,

P,
Pr( gy <)
"\Pz+nN, =1

(¢P5Z+qNg)

rw= [ T e s
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