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      ABSTRACT 

This thesis proposes a simultaneous wireless information and power transfer (SWIPT) 

enabled Internet of Things (IoT) based coordinated direct and relay (CDRT) transmission 

with non-orthogonal multiple access (NOMA) system. It incorporates overlay cognitive radio 

(CR) and time switching (TS)-based SWIPT technology to enhance spectrum utilization and 

energy efficiency. The proposed system comprises of a primary network with primary 

transmitter and its intended receivers (UE1, UE2), accompanied by an energy-constrained 

secondary transmitter, and its designated secondary receiver (IoT-U). The primary 

transmitter communicates directly with its strong user UE1 and exploits the secondary 

transmitter as an IoT-relay to communicate with a weak user UE2. The IoT-relay node 

employs TS-based receiver architecture and decode-and-forward protocol to convey the weak 

user’s information along with its own information by following the NOMA principle. The 

same system is also studied by considering power splitting protocol to provide novelty for 

the considered system model and also implemented caching scheme in the proposed system 

model. Also, the cache pre-fetches the primary and secondary popular file contents which 

reduces the data access delay and increases the transmission rate. 

The performance of the proposed system is evaluated in terms of outage probability, 

throughput and energy efficiency by considering both the perfect and imperfect successive 

interference cancellation at the legitimate users over Nakagami-m fading and in the second 

system model we implemented cache scheme over Rayleigh fading to provide better insights 

of the system model. Further, to improve the spectrum utilization we also studied the 

cooperation between primary and secondary networks via content caching scheme under 

Rayleigh fading channel. Moreover, the impact of key parameters is also highlighted, which 

lays the guidelines for the practical design of energy-efficient and spectrum-efficient 

futuristic wireless communication networks. 
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Chapter  1     

         INTRODUCTION 

In recent years, the Internet of Things (IoT) has been highlighted for its ability to connect 

things in the physical world with wireless applications [1], such as body area network [2], 

device-to-device [3], and vehicle-to-vehicle [4] communications. So IoT is a key technology 

by which we can able to produce various internet applications. IoT is a system that unites 

physical objects with virtual world. It is a intelligent technique which reduces human effort 

as well as easy access to physical devices. However, when large number of devices 

connected in a network, the spectrum usage will increase exponentially and finally results in 

spectrum shortage [5]. Cognitive radio (CR) and non-orthogonal multiple access (NOMA) 

are key technologies that address the spectrum scarcity challenge and provide massive device 

connectivity with higher spectrum efficiency (SE). Along with NOMA technology, one more 

promising technology that deals with spectrum usage is Cognitive Radio Network (CRN). In 

[6], it was first identified that NOMA is a special case of CRN, where the user which 

experiences better channel condition is named as secondary user (SU) while the user which 

experiences poor channel condition is named as primary user (PU). By utilizing CR 

technology, secondary and primary users can coexist in the same spectrum bands by 

effectively discarding interference and collision, improves the SE measures [7]. Out of many 

competitors of fifth-generation (5G) communications, NOMA is considered a promising 

technology that improves SE by many times. This makes NOMA a promising candidate for 

IoT sensor networks [8]. The principle idea of NOMA is to employ superposition coding to 

multiplex the multiple users’ signals at the transmitter, and then to perform successive 

interference cancellation (SIC) at the receiver side to decode the signals in the power domain 

[9]. 

Integration of NOMA into CR, referred to as cognitive NOMA (CNOMA), has described  

the capability to achieve higher SE while simultaneously reducing the complexity of the 

power allocation (PA) design [10].  It can potentially fulfil the requirement  of a 5G wireless 

network that provides a high throughput, broad connectivity, and low latency. Many research 

investigations have been coordinated around the application of CNOMA employing the 
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underlay [11]-[12] and overlay [13]-[15] CR techniques. In [11], large-scale underlay CR 

networks employing the NOMA technique were investigated to improve the connectivity of 

secondary users (SUs). The researches revealed that the NOMA users outperformed 

orthogonal multiple access (OMA) users when target data rates and PA factor were carefully 

taken into the consideration. The outage performance of SU for underlay CNOMA network 

has been investigated considering decode-and-forward (DF) relaying protocol in [12]. In 

contrast to the underlay CNOMA, the overlay CNOMA model has been examined in [13], 

[14], where the secondary transmitter (ST) acts as a relay for the primary user (PU) as well as 

communicates with its intended secondary receivers (SRs). Moreover, authors in [17]-[21] 

have studied the performance of overlay CNOMA system modified for IoT environment. 

Another strategy that can maximize SE of 5G wireless networks is utilizing CNOMA in 

coordinated direct and relay transmission (CDRT), in which a strong user is directly 

communicated by the source and weak user signal is transmitted from the source via half 

duplexing  relay.  Authors in [22] have studied the NOMA with CDRT and demonstrated 

that the proposed scheme outperforms the NOMA without CDRT in terms of ergodic sum 

capacity (ESC). In [23], authors investigated device-to-device aided NOMA-based CDRT 

network where the proposed network outperforms the conventional CDRT network in terms 

of ESC and sum throughput. Very recently, by considering IoT-based CDRT with NOMA 

assisted network, the system performance was examined for the outage probability (OP) and 

ESC [24]. Authors in [25] examined the OP performance of a satellite assisted CDRT-

NOMA system. In [26], the OP performance of near and far user was investigated in 

CNOMA-based CDRT system, where an energy harvesting method was introduced to assist 

base station signal transmission to the far user. In [27], an efficient and best relay selection 

was proposed for a multi relay systems to achieve successful decoding at strong users. 

Besides SE improvement of IoT-based CNOMA-CDRT network, energy efficiency (EE) is 

another key parameter that should be considered while designing a futuristic 5G wireless 

network to enhance the lifespan. Recent studies indicate that the power requirement of IoT 

sensors and devices could be met by harvesting energy from radio frequency (RF) signals. In 

fact, RF signals carry information  and energy both. The IoT sensors or nodes can recharge 

themselves by harvested energy from RF signals while simultaneously decoding the 
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information data and relaying or transmitting the source node’s information to its destination 

[24]. Among the potential energy harvesting (EH) techniques, simultaneous wireless 

information and power transfer (SWIPT) has received much attention as the key enabling 

technique for future IoT networks [28]. Two practical receiver architectures have been 

investigated to expedite SWIPT in wireless networks, namely time-switching (TS) and 

power-splitting (PS) [29]. In TS-based receiver architecture, the receiver alternates between 

the EH mode and the information decoding mode over the course of the transmission. Unlike 

TS, PS-based receiver architecture splits the received signal power between EH and 

information transmission. Authors in [30] studied an IoT-based system set up to examine the 

outage performance of a cooperative NOMA network where the energy-constrained IoT 

primary node acts as PS-based EH-relay, which conveys the source’s information and its 

own information following the NOMA principle. In [31], the outage performance of near and 

far users was investigated for the SWIPT assisted cooperative NOMA-CDRT system and 

compared with the conventional OMA system. 

The research mentioned above mainly investigated the impact of deploying NOMA in CR 

networks [11]-[14] while EH has received less attention in the context of IoT 

implementations. The research work in [17]-[21] emphasized the NOMA based CDRT 

network but have considered the ideal case of perfect SIC (pSIC) and analysed the system 

performance over Rayleigh fading channel. However, it is challenging to implement the 

pSIC in a practical scenario considering error propagation and complexity scaling [28]. Also, 

it is clear from the literature survey that employing EH with CNOMA-CDRT network is still 

unexplored. Inspired by these studies, we propose a SWIPT enabled IoT based CNOMA-

CDRT system considering both pSIC and imperfect SIC (ipSIC). The IoT-relay employs TS-

based receiver architecture for EH, and operates in a DF relaying mode.  

Wireless caching is an important technique used in present and future wireless networks. 

Caching at the wireless edge is a unique way of boosting spectral efficiency and reduces 

energy consumption of wireless systems. The performance of cache-aided SWIPT NOMA - 

CDRT systems, in which source or base station communicates with far users by the use of 

relay. To increase the relay serving time, the relay is assumed to be incorporated with a 

caching and a EH capability. On the basis of power-splitting mechanism, the effect of 
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caching on the system performance measures analysed in terms of the system throughput and 

the energy efficiency. 

Authors in [29] studied the various technologies that can be incorporated along with NOMA 

which can give us brief insights of caching that is implemented with NOMA. In [30], authors 

proposed a new approach to wireless caching for scenarios in which the cache content has to 

be updated during on-peak hours. In [31], authors have investigated the content caching 

along with primary and secondary cooperation scheme to improve the spectrum utilization. 

In [32], authors considered caching scheme at the IoT gateway, in which IoT information is 

stored and directly sent to the users that helps in reducing the data traffic in IoT network  as 

well as energy consumed by IoT sensor nodes. In [33], authors focused on cache and EH 

enabled D2D cellular network in which mobile user can fetch the cache contents from core 

content server or base station and it can be charged by using EH capability. Along with this 

they also focused on energy states and requested contents along with content caching and 

also they have considered three modes self-satisfied, D2D communication and cellular 

downlink communication in which each mobile user can fetch its requested file contents. 

Authors in [34], have incorporated the caching capabilities into SWIPT system and tried to 

improve the serving time, throughput and energy harvesting performance at the relays. 

Key Contributions: 

In summary, the key contributions of this article are emphasized as follows: 

We propose a SWIPT enabled IoT-based CNOMA-CDRT network in which cellular primary 

network collaborates with a cognitive IoT network to further improve primary far user 

performance by exploiting the NOMA principle. In view of the practical implementation of 

the proposed work, we investigate the impact of pSIC and ipSIC on the performance of the 

proposed system. 

 • For the proposed system model, we analysed the outage performance of both primary and 

secondary networks under the pSIC/ipSIC cases. For this, we analytically derive the 

expressions of the OP for pSIC/ipSIC cases based on their received signal-to-noise ratios 
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(SNRs) and signal-to-interference-plus-noise ratios (SINRs) over Nakagami-m fading 

environment. 

 With the derived OP expressions, we evaluate the system throughput and EE to gain 

further insights into the considered system.  

The second contribution of this work is we propose a cache-assisted SWIPT system in which 

we study the interaction between SWIPT and content caching. First, in terms of the content 

caching and transmission strategies, we provide a cooperation scheme to maximize 

secondary users effective data transmission rates under the constraint of the primary users 

target rate under Rayleigh fading channel consideration. 

Organization of the Thesis: 

The remaining part of the thesis is organized as follows. 

 Chapter 2 presents SWIPT enabled IoT based CDRT-NOMA system. In this we 

calculate OP for each user and try to maximize system throughput to improve SE and 

also we focus on EE of the proposed system. 

 Chapter 3 presents cache aided SWIPT with EH relay. Here, we study the interaction 

between caching capacity and SWIPT in the considered system. 

 Chapter 4 presents the conclusion and future scope of the work presented in this 

thesis.  
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Chapter  2 

SWIPT Enabled IoT-based Coordinated Direct and Relay      
Transmission with Non-Orthogonal Multiple Access 

2.1. Introduction: 

One of the most promising techniques of fifth generation communication that has drawn 

significant attention in present is Non-orthogonal multiple access (NOMA) which has shown 

great impact in boosting the spectral efficiency (SE). By exploiting NOMA technique, 

multiple users can be served by a single source with distinct power levels which helps to 

improve spectral efficiency. In addition to this energy efficiency (EE) is considered as one of 

the important performance measure of wireless networks and this can be improved by 

collecting energy from ambient environments, because information and energy can be jointly 

conveyed by radio-frequency signals. Along with this, simultaneous wireless information and 

power transfer (SWIPT) is served as an effective solution to improve the EE performance by 

overcoming the challenges that are resulted from the increasing power consumption. 

2.2. System Model: 

2.2.1 Description: 

Here, we propose an SWIPT enabled IoT-based CDRT system with overlay CNOMA for a 

single cluster as shown in Fig. 2.1. This system consists of two networks namely, primary 

network (PN) and a secondary network (SN). Here, PN includes a primary transmitter node 

PT also known as primary base station, primary near user UE1, and a primary far user UE2, 

whereas the SN consists of a energy constrained IoT-relay ST and IoT user (IoT-U). In this 

system model, we assumed that direct link is present between PT and UE1, whereas absence 

of direct link between PT and UE2 due to poor channel conditions between them. 

Throughout this thesis, subscripts notations p,s,1,2,r are used to represent PT,ST,UE1,UE2 

and IoT-U respectively. 

It is clear from above mentioned points that, as there is no direct communication between PT 

and far users, some assisting nodes like relaying nodes are required in between them to make 

communication possible. Hence, instead of using multiple relay nodes, ST has an radio 
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frequency based EH capability and acts a dedicated decode–and-forward (DF) relay node 

between PT and far user to assist primary communication. In exchange of cooperation, relay 

is able to simultaneously transmit its own signal to its IoT-U by exploiting NOMA. Also, all 

the sensors are equipped with a single antenna due to their limited size and operate in half-

duplex mode. The channel gain between any two nodes i and j is represented as |ℎ.|ଶ where 

i ∈ (p.s) and j ∈ (1,2,s,r) with i≠j and experience Nakagami-m fading plus additive white 

Gaussian noise with zero mean and noise variance σ2 i.e.CN(0, σ2).  

 

            Fig. 2.1: Proposed SWIPT based NOMA CDRT system for a single cluster 

 

 

 

 

                         Fig. 2.2: Time switching protocol for EH and IT phases 
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TSC protocol is implemented in this system for energy harvesting (EH) and information 

transmission (IT) as shown in Fig. 2.2. In the TSC protocol, the transmission block time T  is 

divided into three sub-blocks with α ∈ (0, 1) denoting the TSC parameter. The duration αT 

represents the EH time that IoT-relay takes to harvest energy from PT and the remaining 

time (1 − α)T is used for IT. Given the half-duplex operation, the time (1−α)T /2 is dedicated 

for ST, ST to receive information from PT, and the remainder (1 − α)T /2 is used for IT from 

ST to UE1, UE2, and SR and during this phase UE1 also receive information from PT.  

2.2.2. Energy Harvesting (EH) Phase:  

The harvested energy at ST during αT is given by 

𝐸 = 𝜂𝑃|ℎ,௦|ଶ𝛼𝑇, 

 

(2.1) 
 

where  𝜂 ∈ (0,1) is the energy conversion efficiency it depends on the rectification process 

and the EH circuitry  and 𝑃 is the source transmit power. Hence, the transmit power of node 

S over the time (1 − α)T /2 can be obtained as 

        𝑃௦ =
𝐸

(1 − 𝛼)𝑇 2⁄
=

2𝛼𝜂𝑃|ℎ,௦|ଶ

1 − 𝛼
. 

 

 

(2.2) 

2.2.3. Information Transmission (IT) Phase: 

In the proposed system model overall information transmission takes place in two phases and 

each phase requires one time slot. In both the phases NOMA transmission technique is being 

employed. IT Phase 1 is denoted as t1, and IT Phase 2 denoted as t2.  

During t1 phase, P transmits its composite signal  𝑋 = ඥ𝜓ଵ𝑃𝑥ଵ + ඥ𝜓ଶ𝑃𝑥ଶ  to nodes ST 

and UE1 using downlink NOMA transmission principle. Here, 𝜓ଵ and 𝑥ଵ are power 

allocation factor and data symbol related to UE1 whereas  𝜓ଶ and 𝑥ଶ are the power allocation 

factor and data symbol related to UE2 respectively and assuming 𝑥ଶ as high powered symbol 

compared to 𝑥ଵ thus, we can write 𝜓ଶ > 𝜓ଵ and 𝜓ଵ+ 𝜓ଶ= 1. Thus, the received signals at 

node j, j ∈ (1,s) can be given as 

 𝑦 = ℎ,𝑋 + 𝑛,, (2.3) 
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where  𝑛, is the AWGN variable. Following the NOMA principle, UE1 performs SIC to 

decode the  𝑥ଵ symbol. Firstly, UE1 decodes  𝑥ଶ symbol assuming  𝑥ଵ  as noise and then, after 

performing SIC, 𝑥ଵ symbol is decoded at UE1. Thus, the SINR received at UE1 to decode 

𝑥ଶ can be expressed as 

                                                           𝛾
𝑥2→ 𝑝,1

𝑡1  =  
టమ ఎ|,భ|మ

టభఎ|,భ|మାଵ
 , 

and UE1 to decode  𝑥ଵ can be given as 

        𝛾,ଵ
௧భ =

𝜓ଵ𝜂|ℎ,ଵ|ଶ

𝜆 𝜓ଶ𝜂|ℎ,ଵ|ଶ + 1
 , 

 

   

(2.5) 

where 𝜂 =
ು

ఙమ
 is the transmit SNR at source node and 𝝀 (0 < 𝝀 <1) is the residual 

interference parameter when 𝝀=0 it represents pSIC. Here, |ℎ,ଵ|ଶ is the channel coefficient 

of residual interference signal at UE1 that experiences Nakagami-m fading with 𝑚ଵଵ as 

fading severity parameter and 𝛺ଵଵ as average channel power gain. 

Moreover, IoT- relay will decode 𝑥ଶ symbol by assuming  𝑥ଵ as noise since it is a low 

powered symbol. Thus, the received SINR at IoT- relay node is given by 

𝛾,௦
௧భ =

𝜓ଶ𝜂|ℎ,௦|ଶ

𝜓ଵ𝜂|ℎ,௦|ଶ + 1
 . 

In the next IT phase 2 (t2), if ST is able to decode symbol  𝑥ଶ  at t1 then only secondary 

transmission will take place, otherwise ST will remain silent and no  transmission takes place 

during this phase. 

 Following successful decoding of  𝑥ଶ at node ST, it combines   𝑥ଶ with its own signal   𝑥  to 

create a superimposed signal  𝑋௦ = ඥ𝜓ଶ𝑃௦𝑥ଶ + ඥ𝜓𝑃௦𝑥 by using  NOMA principle, where  

𝜓ଶ and 𝑥ଶ are power allocation coefficient and data symbol related to UE2 whereas  𝜓 and 

𝑥 are the power allocation coefficient and data symbol related to IoT-U respectively and 

assuming 𝑥ଶ as high powered symbol compared to 𝑥  thus, we can write  𝜓ଶ > 𝜓 and 

𝜓ଶ+ 𝜓= 1. Thus, the received signal at UE2 and IoT-U can be given as 

  (2.4) 

   (2.6) 
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𝑦௦,
௧మ = ℎ௦,𝑋௦ + 𝑛௦, , 

 

(2.7) 

where 𝑛௦, is the AWGN variable  and  j ∈ (2,r). Here, 𝑥ଶ can be directly decoded at UE2 

because of high power allocation, whereas SIC is employed to decode  𝑥 at IoT-U. It first 

decodes 𝑥ଶ  considering 𝑥  as noise and then decodes 𝑥  by discarding 𝑥ଶ using SIC. 

Therefore, the received SINR at UE2 to decode  𝑥ଶ  can be given as 

 

𝛾௦,ଶ
௧మ =

𝜓ଶ𝜂௦|ℎ௦,ଶ|ଶ

𝜓𝜂௦|ℎ௦,ଶ|ଶ + 1
 , 

                                                                                                                       

For the secondary network, the SINR received at SR to decode 𝒙𝟐 before decoding 𝒙𝒓  is 

given by 

𝛾 ௫మ→ ௦.
௧మ =

𝜓ଶ𝜂௦|ℎ௦,|ଶ

𝜓𝜂௦|ℎ௦,|ଶ + 1
 , 

The received SINR at IoT-U to decode 𝑥  after SIC can be given as 

𝛾௦,
௧మ =

𝜓𝜂௦|ℎ௦,|ଶ

𝜆 𝜓ଶ𝜂௦|ℎ|ଶ + 1
 , 

Here, |ℎ|ଶ is the channel coefficient of residual interference signal at IoT-U that experiences 

Nakagami - m fading with 𝑚 as fading severity parameter and 𝛺 as average channel power 

gain. 

In order to maximize spectral utilization and the wireless channel, source node PT transmits 

the new signal 𝑥ෝ1 to UE1 with transmit power ට𝜓ଵ
௧మ𝑃 , 𝜓ଵ

௧మ∈ (0, 1). However, during t2, UE1 

faces the interference from IoT-relay node ST, which can be estimated and eliminated by 

using the side information of 𝑥ଶ that is obtained through SIC process during t1.  

Therefore, the signal received at UE1 during t2 and corresponding SINR is given, 

respectively, by 

𝑦(,௦),ଵ
௧మ = ට𝜓ଵ

௧మ𝑃ℎ,ଵ𝑥ොଵ + ℎ௦,ଵ𝑋௦ + 𝑛,ଵ, 
     
   (2.11) 

(2.8) 

 (2.9) 

   (2.10) 
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                                                         𝛾,ଵ
௧మ =

టభ
మఎ|,భ|మ

టೝఎೞ|ೞ,భ|మାଵ
 , 

2.3. Performance Analysis: 

In this section, the performance of primary and secondary networks is evaluated in terms of 

their OP, system-throughput, and EE by deriving analytical expressions over Nakagami-m 

fading channel. Here, we consider 𝑅ଵ, 𝑅ଶ and 𝑅 as predefined target rate thresholds for UE1, 

UE2 and IoT-U respectively. 

2.3.1. Outage Probability of Primary Network:  

2.3.1.1. Outage Probability of UE1: 

During t1 phase, the outage event of primary user1 occurs when UE1 unable to decode both 

symbols 𝑥ଵ and 𝑥ଶ, and this is given as 

𝑃௨௧,(ଵ,)

௧భ,ௌூ
= 1 − 𝑃൫𝛾 ௫మ→,ଵ

௧భ > 𝑅ଶ
௧ ;  𝛾,ଵ

௧భ > 𝑅ଵ
௧൯. 

where   𝑅ଵ
௧ = 2

మ ആ ೃభ
భషഀ − 1 , 𝑅ଶ

௧ = 2
మ ആ ೃమ

భషഀ − 1      

Now, we evaluate above Eq. (2.13) in both ipSIC and pSIC cases considering 𝑅ଶ
௧ <

ఝమ

ఝభ
 into 

account in the following sections. 

a) ipSIC:  𝑃௨௧,(ଵ,)

௧భ,ௌூ
 for the ipSIC case can be evaluated through following theorem. 

Theorem 1:  The exact form expression of   𝑃௨௧,(ଵ,)

௧భ,ௌூ
  for ipSIC case calculated over 

Nakagami-m fading can be expressed as  

        𝑃௨௧,(ଵ,)

௧భ,ௌூ
= 1 − 𝑍 − 𝑍ଵ, 

the final equations for 𝑍 and 𝑍ଵ are given by 

 

𝑍 =

൬
𝑚ଵଵ

𝛺ଵଵ
൰

భభ

𝛤൫𝑚ଵଵ൯


൬𝑢ଷ

𝑚ଵ

𝛺ଵ
൰



𝑘!
 ൬

𝑘

𝑘ଵ
൰ ൫𝜑ଶ𝜂൯

భ


𝑈మ൫𝑚ଵଵ + 𝑘ଵ − 1൯!

(𝑘ଶ)! 𝐵భభାభିమ

𝑒𝑥𝑝
ି൬

భ௨య 

ఆభ
ା൰

,

భభାభିଵ

మୀ



భୀ

భିଵ

ୀ

 

   
(2.13) 

 (2.14) 

(2.15) 

(2.12) 
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𝑍ଵ = ቌ𝑒𝑥𝑝
ି൬

భ

భ
൰௨మ

∑
൬

భೠమ

భ
൰

ೖ

!

భିଵ

ୀ ቍ 1 − 𝑒𝑥𝑝
ି൬

భభ

భభ
൰

∑
൬

భభೆ

భభ
൰

ೖభ

భ!

భభିଵ

భୀ . 

where    𝑈 =

ೠమ
ೠయ

ିଵ

ఎఝమ
 , 𝐵 =

భభ

ఆభభ
+

భ௨యఎఝమ

ఆభ
 

By substituting Eq. (2.15) and Eq. (2.16) in Eq. (2.14), one can get required expression 

for 𝑃௨௧,(ଵ,)

௧భ,ௌூ
 . 

Proof:  Refer Appendix A. 

b) pSIC: Invoking respective SINRs into Eq. (2.13) and considering 𝝀=0 for pSIC case, we 

can evaluate Eq. 2.13 as shown below. 

= 1 − 𝑃 ቆ|ℎ,ଵ|ଶ >
𝑅ଵ

௧

𝜑ଵ𝜂
; |ℎ,ଵ|ଶ >

𝑅ଶ
௧

(𝜑ଶ − 𝜑ଵ𝑅ଶ
௧)𝜂

ቇ. 

considering  𝑧 = |ℎ,ଵ|ଶ, 𝑢ଵ =
ோభ



ఝభఎ
, 𝑢ଶ =

ோమ


(ఝమିఝభோమ
)ఎ

, now above Eq. (2.17) can be 

modified as 

𝑃௨௧,(ଵ,)

௧భ,ௌூ
= 1 − 𝑃(𝑧 > 𝑚𝑎𝑥 (𝑢ଵ, 𝑢ଶ)), 

Case i: if  𝑢1 > 𝑢2, 

 

𝑃(𝑧 > 𝑢ଵ) = 𝑒𝑥𝑝
ି൬

భ

ఆభ
൰ቆ

ோభ


ఝభఎ
ቇ



൬
𝑚ଵ

𝛺ଵ

𝑅ଵ
௧

𝜑ଵ𝜂
൰



𝑘!

భିଵ

ୀ

, 

Case ii: if 𝑢1 < 𝑢2 

𝑃(𝑧 > 𝑢ଶ) = 𝑒𝑥𝑝
ି൬

భ

ఆభ
൰(௨మ)



൬
𝑚ଵ

𝛺ଵ
𝑢ଶ൰



𝑘!

భିଵ

ୀ

. 

By substituting  Eq. (2.19 ), Eq. ( 2.20) in above Eq. ( 2.18) one can get 𝑃௨௧,(ଵ,)

௧భ,ௌூ
 for pSIC 

case.  

(2.16) 

     

    (2.17) 

 

 (2.18) 

(2.19) 

 

  (2.20) 
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2.3.1.2. Outage Probability of  UE1 in T2 Phase: 

During T2 phase in successful decoding at relay case UE1 will receive signals from both 

primary transmitter and relay node, then its outage event can be expressed as 

𝑃௨௧,ாଵ
௧మ = 1 − 𝑃൫𝛾 ௫మ→,ଵ

௧భ > 𝑅ଶ
௧ ;  𝛾,ଵ

௧మ > 𝑅ଵ
௧൯. 

and it can be calculated in following lemma. 

Lemma 1:  The exact expression of   𝑃௨௧,ாଵ
௧మ   computed over Nakagami-m fading can be 

expressed as  

      𝑃௨௧,ாଵ
௧మ = 1 − 𝑍ଶ − 𝑍ଷ, 

where 𝑍ଶ and 𝑍ଷ can be given as 

 

𝑍ଶ = 

൬
𝑚ଵ𝑢ଶ

𝛺ଵ
൰



𝑘!

భିଵ

ୀ

𝑒𝑥𝑝
ି൬

భ

ఆభ
൰௨మ

⎝

⎜
⎜
⎜
⎛1 − 

ቀ
𝑚௦ଵ𝑢ଽ

𝛺௦ଵ
ቁ

మ

𝑘ଶ!

ೞభିଵ

మୀ

⨯ 2 ቆ
𝑚௦ଵ𝛺௦

𝑚௦𝛺௦ଵ
ቇ

൬
ೞିమ

ଶ
൰

⨯ 𝐾ೞିమ
ቌ2ඨ

𝑚௦𝑚௦ଵ

𝛺௦𝛺௦ଵ
𝑢ଶቍ

⎠

⎟
⎟
⎟
⎞

 

 

    𝑍ଷ =
2

𝛤(𝑚௦ଵ)
൬

𝑚௦ଵ

𝛺௦ଵ
൰

ೞభ


1

𝑘!

ೞିଵ

ୀ

ቆ
𝑚௦𝑢തതത

𝛺௦
ቇ



ቆ
𝑚௦𝛺௦ଵ𝑢ଶതതത

𝑚௦ଵ𝛺௦
ቇ

ೞభି
ଶ

𝐾ೞభିభ
ቌ2ඨ

𝑚௦𝑚௦ଵ

𝛺௦𝛺௦ଵ
𝑢ଶቍ 

−     ൬
𝑘

𝑘ଵ
൰

ೞశభ
షೕషభ

ୀ

భାିଵ

మୀ



భୀ

ೞିଵ

ୀ

ቆ

ೞାభ

ିିଵ

𝑙
ቇ ቆ

𝑚௦𝛺௦ଵ

𝑚௦ଵ𝛺௦𝑢ොଵଵ
ቇ

ା

ቆ
𝑚ଵ

𝛺ଵ
ቇ

ାି

 

×
(−𝑢ොଵ)ିభ(𝑢ොଵଵ)(−1) 

𝛤൫𝑚ଵ൯𝛤(𝑚௦ଵ)𝑘! 𝑗!
   

𝛤(𝑚ଵ + 𝑘ଵ)

𝑒𝑥𝑝
ቆథି

ೞ௨ෝభ

ఆೞ
ቇ

  𝛤(𝑚௦ଵ − 𝑘 − 𝑙, 𝜙) 

 

   with  𝜙 =
ೞೞభఆభ

ఆೞఆೞభభ௨ෝభభ
 . Moreover, 𝑃௨௧,ா

௧మ  becomes unity for  𝑅ଶ
௧ ≥

ఝమ

ఝభ
. 

   Proof: Refer Appendix B. 

     (2.21) 

(2.22) 

(2.23) 

  (2.24) 
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2.3.1.3. Outage Probability of UE2 in IT Phase t2: 

The outage event of the UE2 occurs either UE2 cannot decode its symbol 𝑥ଶ or the relay 

node is unsuccessful in decoding. For a predefined target rate  𝑅ଶ the OP of UE2 is given as 

below. 

   𝑃௨௧,ாଶ
௧మ =  𝑃൫𝛾 ,௦

௧భ > 𝑅ଶ
௧ ;  𝛾௦,ଶ

௧మ > 𝑅ଶ
௧൯ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ

భ

 + 𝑃൫𝛾 ,௦
௧భ < 𝑅ଶ

௧ ൯ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
మ

 .  

By invoking respective SINR model equations into above and performing some 

mathematical computations on those will result in expressions given in following lemma. 

Lemma 2: The analytical expression for 𝑃௨௧,ாଶ
௧మ  over Nakagami-m fading channel 

conditioned on 𝑅ଶ
௧ <

ఝమ

ఝభ
 can be given as 𝑃௨௧,ாଶ

௧మ = 𝑃ଵ + 𝑃ଶ where 𝑃ଵ and 𝑃ଶ computed as 

follows. 

 

𝑃ଵ = 𝑒𝑥𝑝
ି൬

ೞ

ఆೞ
௨మ൰

 

൬
𝑚௦𝑢ଶ

𝛺௦
൰



𝑘!

ೞିଵ

ୀ

−
ቀ

𝑚௦ଶ

𝛺௦ଶ
ቁ

ೞమ

𝛤(𝑚௦ଶ)


ቀ
𝑚௦ଶ𝑢ହ

𝛺௦ଶ
ቁ



𝑘!

ೞమିଵ

ୀ

 

       ⨯ 
(−1)௨(𝜃)௨

𝑢!
 𝑒𝑥𝑝ି(ఏభ௨మ) 

൫𝑚௦ − 𝑘 − 𝑢 − 1൯! (𝑢ଶ)భ

𝑘ଵ! (𝜃ଵ)ೞିିభି௨ିଵ

ೞିି௨ିଵ

భୀ

ஶ

௨ୀ

, 

 

𝑃ଶ = 1 − 𝑒𝑥𝑝
ି൬

ೞ

ఆೞ
௨మ൰

 

൬
𝑚௦𝑢ଶ

𝛺௦
൰



𝑘!

ೞିଵ

ୀ

. 

 where  𝑢ହ =
ோమ



(ఝమିఝభோమ
) ఉ ఎ

 , 𝜃 =
ೞమ௨ఱ

ఆೞమ
, 𝜃ଵ =

ೞ

ఆೞ
 

Proof: Refer Appendix C. 

2.3.2. Outage Probability of Secondary Network: 

Secondary transmission takes place only when ST able to decode 𝑥ଶ symbol, else secondary 

network will be in outage. For the IoT-U, the outage event occurs either when ST node could 

 (2.25) 

 (2.26) 

 (2.27) 
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not detect symbol 𝑥ଶ or when IoT- relay node ST unable to detect 𝑥  along with successful 

detection of 𝑥ଶ. 

For a given predefined target rate threshold  𝑅 , the OP of secondary network can be given 

as 

𝑃௨௧,௦
௧మ =  𝑃൫𝛾 ,௦

௧భ > 𝑅ଶ
௧ ;  𝑃ത௦൯ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ

ೠభ

 + 𝑃൫𝛾 ,௦
௧భ < 𝑅ଶ

௧ ൯ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
ೠమ

 .  

where   𝑅
௧ = 2

మ ആ ೃೝ
భషഀ  , 𝑃ത௦ denotes the OP of IoT-U fails to detect any symbol can be given as 

𝑃ത௦ = 1 − 𝑃൫𝛾 ௫మ→ ௦.
௧మ > 𝑅ଶ

௧ ;  𝛾௦,
௧మ > 𝑅

௧൯, 

After plugging respective SINRs into Eq.(2.29) and performing some algebraic 

manipulations, further it can be expressed as follows for ipSIC and pSIC cases, respectively. 

 

𝑃ത௦ = 𝑃 ቌ|ℎ௦,|ଶ < 𝑚𝑖𝑛 ൭
𝑢

หℎ,௦ห
ଶ  ,

𝑢൫𝜑ଶ𝛽𝜂|ℎ|ଶ + 1൯

หℎ,௦ห
ଶ ൱ቍ, 

further, we compute 𝑃௨௧,௦
௧మ  for ipSIC and pSIC cases by substituting  Eq. (2.30) in Eq. (2.28)   

which are conditioned on  𝑅ଶ
௧ <

ఝమ

ఝభ
 and  𝑅

௧ <
ఝೝ 

ఒ ఝమ
 in subsequent sections results in 

 𝑃௨௧,௦
௧మ,ௌூ

=  𝑃 ൭𝛾 ,௦
௧భ > 𝑅ଶ

௧ ;  หℎ௦,ห
ଶ

<
𝑢

หℎ,௦ห
ଶ  ;  

𝑢

หℎ,௦ห
ଶ >

𝑢൫𝜑ଶ𝛽𝜂|ℎ|ଶ + 1൯

หℎ,௦ห
ଶ ൱

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
ೠ,భ

  

                  +  𝑃 ൭𝛾 ,௦
௧భ > 𝑅ଶ

௧ ;  หℎ௦,ห
ଶ

<
𝑢൫𝜑ଶ𝛽𝜂|ℎ|ଶ + 1൯

หℎ,௦ห
ଶ  ;  

𝑢

หℎ,௦ห
ଶ <

𝑢൫𝜑ଶ𝛽𝜂|ℎ|ଶ + 1൯

หℎ,௦ห
ଶ ൱

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
ೠ ,మ

 

                +  𝑃௨௧ଶ 

Proof: Refer Appendix D. 

Final expressions for 𝑃௨௧,ଵ, 𝑃௨௧,ଶ,  𝑃𝑜𝑢𝑡2 are as follows 

 (2.28) 

(2.29) 

(2.30) 

 (2.31) 
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       𝑃௨௧,ଵ =  ∑
൬

ೞഝభ

ೞ
൰

ೖ

!

ೞିଵ

ୀ
𝑒𝑥𝑝ି(ఏభథభ) −

൬
ೞ

ೞ
൰

ೞ

௰൫ೞ൯
∑

ቀ
ೞೠೌ

ೞ
ቁ



!

ೞିଵ
ୀ 𝑒𝑥𝑝ି(ఏభథభ) 

                      ⨯   
(−1)௨(𝜉ହ)௨

𝑢!
  

൫𝑚௦ − 𝑢 − 𝑙 − 1൯! (𝜙ଵ)మ

𝑙ଶ! (𝜃ଵ)൫ೞି௨ିିమ൯

ೞି௨ିିଵ

మୀ

ஶ

௨ୀ

 

                    −    

⎝

⎜
⎜
⎜
⎛

(−1)௨(𝜉ଷ)௨

𝑢!
  

൫𝑚௦ − 𝑢 − 𝑙 − 1൯! (𝜙ଵ)య

𝑙ଷ! (𝜃ଵ)൫ೞି௨ିିయ൯

ೞି௨ିିଵ

యୀ

ஶ

௨ୀ

− 
ቀ

𝑚௦𝑢

𝛺௦
ቁ

భ

𝑘ଵ!

ೞିଵ

భୀ

⨯  
(−1)௨(𝜉ସ)௨

𝑢!
  

൫𝑚௦ − 𝑢 − 𝑘 − 𝑘ଵ − 1൯! (𝜙ଵ)ర

𝑙ସ! (𝜃ଵ)൫ೞି௨ିିభିర൯

ೞି௨ିିభିଵ

రୀ

ஶ

௨ୀ ⎠

⎟
⎟
⎟
⎞

 

 

                    ⨯    

൬
𝑚௦

𝛺௦
൰

ೞ

𝛤൫𝑚௦൯
 

ቀ
𝑚𝜙ଶ

𝛺
ቁ



𝑘!

ೝିଵ

ୀ

 𝑒𝑥𝑝ି(ఏభథభ),  

𝑃௨௧,ଶ   

=

൬
𝑚௦

𝛺௦
൰

ೞ

𝛤൫𝑚௦൯


ቀ
𝑚𝜙ଶ

𝛺
ቁ



𝑘!

ೝିଵ

ୀ


(−1)௨(𝜉ଵ)௨

𝑢!

ஶ

௨ୀ


൫𝑚௦ − 𝑘ଶ − 𝑢 − 1൯! (𝜙ଵ)య

(𝑘ଷ)! (𝜃ଵ)ೞି௨ିమିయ
 𝑒𝑥𝑝ି(ఏభథభ)

ೞషೖమ
షೠషభ

యୀ

 

⨯  

൬
𝑚௦

𝛺௦
൰

ೞ

𝛤൫𝑚௦൯

ቀ
𝑚

𝛺
ቁ

ೝ

𝛤(𝑚)


ቀ
𝑚௦

𝛺௦
ቁ



𝑘!

ೞିଵ

ୀ

 ൬
𝑘

𝑘ସ
൰



రୀ

൫𝑢𝜑ଶ𝛽𝜂൯
ర(𝑢)ିర  𝑒𝑥𝑝ି(ఏభథభ) 

⨯ 
(𝑚 + 𝑘ସ − 1)! (𝜙ଶ)ఱ

𝑘ହ! (𝜃ଵ)(ೝାరିఱ)

ೝାరିଵ

ఱୀ


(−1)௨(𝜉ଶ)௨

𝑢!

ஶ

௨ୀ


൫𝑚௦ + 𝑘ସ − 𝑢 − 𝑘 − 𝑘ହ − 1൯! (𝜙ଵ)ల

(𝑘)! (𝜃ଵ)ೞି௨ିାరିఱିల
,

ೞషೖశೖర
షೖఱషೠషభ

లୀ

 

                                                                                                                                            (2.33) 

                               𝑃௨௧ଶ = 1 − ∑
൬

ೞഝభ

ೞ
൰

ೖ

!

ೞିଵ

ୀ
𝑒𝑥𝑝ି(ఏభథభ). 

 

pSIC: For pSIC case with  𝜆 = 0, proceeding further gives following results. 

          𝛾௦,
௧మ = 𝜑𝜂௦|ℎ௦|ଶ. 

Therefore,   𝑃௨௧,௦

௧మ, ௌூ
= 𝑃௨௧,ଵ

ௌூ
+ 𝑃௨௧,ଶ

ௌூ
+ 𝑃௨௧ଶ 

(2.32) 

  (2.34) 

 (2.35) 
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𝑃௨௧,ଵ
ௌூ

=  

൬
𝑚௦𝜙ଵ

𝛺௦
൰



𝑘!

ೞିଵ

ୀ

𝑒𝑥𝑝ି(ఏభథభ) −

൬
𝑚௦

𝛺௦
൰

ೞ

𝛤൫𝑚௦൯


ቀ
𝑚௦𝑢

𝛺௦
ቁ



𝑙!

ೞିଵ

ୀ

𝑒𝑥𝑝ି(ఏభథభ) 

              ⨯  
(−1)௨(𝜉)௨

𝑢!
  

ஶ

௨ୀ


൫𝑚௦ − 𝑢 − 𝑙 − 1൯! (𝜙ଵ)మ

𝑙ଶ! (𝜃ଵ)(ೝାరିఱ)
,

ೞି௨ିିଵ

మୀ

 

By replacing 𝑢 with 𝑢 and 𝜉 with 𝜉, one can get 𝑃௨௧,ଶ
ௌூ . 

                           where 𝑢 =
𝑅2

𝑡ℎ

(𝜑2−𝜑𝑟𝑅2
𝑡ℎ

)𝛽𝜂𝑝

, 𝑢 =
𝑅𝑟

𝑡ℎ

(𝜑𝑟)𝛽𝜂𝑝
  and 

                                              𝜃ଵ =
𝑚௦

𝛺௦
, 𝜃ଶ =

𝑚

𝛺
+

𝑚௦𝜙ଷ

𝛺௦
 

 

𝜙ଵ =
𝑅ଶ

௧

(𝜑ଶ − 𝜑ଵ𝑅ଶ
௧)𝜂

, 𝜙ଶ =
ቀ

𝑢

𝑢
ቁ − 1

𝜑ଶ𝛽𝜂
, 𝜙ଷ = 𝑢𝜑ଶ𝛽𝜂 

           

𝜁ଵ =
𝑚𝜙ଶ

𝛺
, 𝜁ଶ = ൬

𝑚௦𝑢

𝛺௦
+

𝑚𝜙ଶ

𝛺
+

𝑚௦𝜙ଶ𝜙ଷ

𝛺௦
൰ , 𝜁ଷ =

𝑚௦𝑢

𝛺௦
, 𝜁ସ = ൬

𝑚௦𝑢

𝛺௦
+

𝑚𝜙ଶ

𝛺
൰ 

                                   

Moreover, when   𝑅ଶ
௧ ≥

ఝమ

ఝభ
 and  𝑅

௧ ≥
ఝೝ 

ఒ ఝమ 
 ,  𝑃௨௧,௦

௧మ,  becomes unity for both ipSIC and pSIC 

cases. 

2.3.3. System Throughput: 

The system throughput is one of the important performance measures to assess the proposed 

system spectrum utilization. In the case of cooperative communication based wireless 

networks, it implies the mean spectral efficiency. For the proposed SWIPT based NOMA-

CDRT system, it can be defined as the sum of individual target rates for both primary and 

secondary communications that can be achieved successfully over the Nakagami-m fading 

channels. From the obtained OP expressions, system throughput can be formulated as 

    𝑆் =
ଵିఈ

ଶ
ൣ൫1 − 𝑃௨௧,ாଵ

௧ଵ ൯𝑅ଵ + ൫1 − 𝑃௨௧,ாଵ
௧ଶ ൯𝑅ଵ + ൫1 − 𝑃௨௧,ா

௧ଶ ൯𝑅ଶ + ൫1 − 𝑃௨௧,௦
௧ଶ ൯𝑅൧. 

 

 

(2.36) 

 (2.37) 
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2.3.4. Energy Efficiency: 

The EE of the proposed system can be evaluated using the throughput expression in Eq. 

(2.37). We measure EE as the ratio of total data delivered to total energy consumed. Here, 

total amount of data delivered is given by system throughput and the corresponding 

expression for EE of the considered SWIPT based CDRT-NOMA system model can be given 

as 

𝐸ா =
𝑆்

𝑃

2
(1 + 𝛼)

. 

 where  𝑆்   is the achievable throughput as expressed in Eq.  (2.37). 

2.4. Numerical and Simulation Results: 

In this section, the simulation and analytical results of SWIPT enabled IoT based CDRT-

CNOMA system were presented and the correctness of analytical results was verified with 

the simulation results using Monte-Carlo simulations. Here, we set the following parameters: 

𝛺ଵ = 𝛺௦ = 16, 𝛺௦ = 𝛺௦ଵ = 𝛺௦ଶ = 1 as average power of the multipath components, α = 

0.2 as the TS factor, the energy conversion efficiency η = 0.7, the PAF as 𝜓ଵ= 𝜓 = 0.3, 𝜓ଶ = 

0.7, 𝜓ଵ
௧ଶ= 1, 𝜂as the SNR, 𝜎ଶ= 1, and duration of block as T = 1, unless otherwise defined.  

             

           Fig. 2.3: OP versus SNR plots for the primary network with varying m-parameter 

 

  

    (2.38) 
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In Fig. 2.3, the outage performance of UE1 and UE2 are plotted against the transmit SNR 

൫𝜂൯ in dB for both pSIC and ipSIC cases. Here, we considered fixed data rates 𝑅ଵ = 𝑅ଶ =

𝑅௧ = 0.5 bps/Hz, with varying fading severity parameter (m-parameter). For the UE1 in IT 

phase 1, the impact of ipSIC on the OP is shown by varying Ω1 = −10, −20 dB. One can 

observe from the plot, as the m-parameter increases, outage performance improves, unlike 

the above observations, as a level of ipSIC Ω1 increases, outage performance deteriorates. In 

addition to this, it can be seen that as the 𝜂 increases, outage performance improves for the 

UE2 and UE1 (pSIC), but for the UE1 (ipSIC) in the IT phase1 and in IT phase 2, it gets 

outage floor particular in the high range of SNR. This is because the UE1 experiences 

interference during SIC in IT phase 1 and receives interference from IoT-relay in IT phase 2 

owing to the simultaneous transmissions from node PT and ST. From the figure, it is also 

found that UE2 outperforms UE1 by considering same set of parameters which is obvious 

because higher power allocation for UE2 and adopting the NOMA principle in the second 

stage of transmission.         

             

                                            Fig.  2.4: OP versus SNR of IoT-U 

Fig. 2.4 demonstrates the OP curve of the IoT-U plotted against 𝜂 for both the cases pSIC 

and ipSIC. Herein, we set the data rate 𝑅ଶ = 𝑅 = 𝑅௧= 0.5 with λ = 1 for ipSIC case. As one 

can observe from the figure, the outage performance of the IoT-U is improved as m-

parameter increases from 1 to 2 unlike the impact of ipSIC level Ωs changes from -10 dB to -
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20 dB. The impact of ipSIC level on outage performance can also be observed from the 

figure when Ωr vary from -10 dB to -20 dB, it improves the performance. The outage floor 

for Ωr = −20 dB occurs at comparatively lower SNR than Ωr = −10 dB because of an 

increase in residual interference and it degrades the performance. However, no outage floor 

occurs for the pSIC case absence of residual interference and it outperforms ipSIC case. 

 

 

                 Fig.  2.5: System throughput 

Fig. 2.5 shows the impact of SNR on system throughput for both the cases ipSIC and pSIC 

under the parameter setting as 𝑅ଵ = 𝑅ଶ = 𝑅 = 𝑅௧= (0.5, 0.6) bps/Hz, with all m-parameter 

equal to 2 and Ω1 = Ωr = −20 dB. It can seen from the figure, the system throughput 

increases for lower to medium range of SNR, but after that it gets saturated, which is its 

maximum attainable throughput for the specific data rate. For higher data rate, it attains its 

maximum at relatively high SNR. It happens because the outage performance at a higher 

target rate is relatively poorer than the lower target rate. 

Fig. 2.6 plots the curve for EE versus SNR for both the cases ipSIC and pSIC under the same 

set of parameters used in Fig. 2.4. Here, one can observe that the maximum EE attains at a 

specific SNR for given target rate. It changes when we change the target rate. Further, high 

SNR regions exhibit the lowest EE because, at high SNR, energy consumption is more than 

the achieved system throughput. 
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                                 Fig. 2.6: Energy efficiency of CDRT - CNOMA System 

2.5. Conclusion: 

In this chapter, we proposed and investigated a SWIPT enabled IoT-based CDRT- CNOMA 

system that improves spectrum utilization and EE. The proposed system performance is 

evaluated and analysed interms of OP. To know more details of this proposed network along 

with OP, throughput and EE are also evaluated and the correctness of the results verified 

with Monte Carlo simulations. The impact of different parameters are also studied on the 

proposed system. Numerical results emphasized the importance of employing SWIPT 

enabled IoT relay which provides self-reliant energy efficient communication and data 

transmission. 
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Chapter 3                                   

Exploiting Cache-Free/ Cache-Aided SWIPT CDRT-NOMA 
System Model 

3.1. Introduction: 

Wireless caching is an important technique used in present and future wireless networks. 

Caching at the wireless edge is a unique way of boosting spectral efficiency and reduces 

energy consumption of wireless systems. The performance of cache-aided simultaneous 

wireless information and power transfer (SWIPT) NOMA - CDRT systems, in which  source 

or base station communicates with far users by the use of relay. To increase the relay serving 

time, the relay is assumed to be incorporated with a caching and an energy harvesting (EH) 

capability. On the basis of power-splitting mechanism, the effect of caching on the system 

performance measures analysed in terms of the system throughput and the energy efficiency 

(EE). 

3.2. System Model: 

3.2.1 Description: 

 The proposed system model is same as previous one, in addition to that we incorporate 

cache memory in relay node along with EH capability. The advantage of using cache at relay 

node is that we can reduce the data access delay. This caching scheme can actively pre-

fetches the contents from base station or server during off-peak hours and serve the users that 

can help in the reduction of data access delay. Here, we try to improve the secondary user 

transmission rate under the constraint of primary user transmission rate. 

In Fig. 3.1, we assume that there is a content caching cooperation between primary and 

secondary networks. Here, we consider a primary system that consists one BS and two PU 

namely primary near user UE1, primary far user UE2 and also considers a secondary network 

that consists single IoT-U and a relay node which acts as secondary transmitter (ST). In 

cache free system model we ignore the cache memory block in relay node i.e., in cache free 

system model relay is equipped with only EH capability. 
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All the nodes are equipped with half duplex mode. Along with that, we consider that the 

relay is equipped with limited cache capacity to store the primary and secondary content. 

Hence, the relay can simultaneously serve PUs and SUs with appropriate power using 

ZFBF[35, 36]. 

 

   Fig. 3.1: Proposed SWIPT based NOMA-CDRT system with cache for a single cluster  

The relay i.e., ST node is considered capable of sensing the spectrum environment. When the 

primary transmitter (PT) or BS is silent and unable to serve primary users, the licensed 

spectrum that belongs to the primary network can be shared to the secondary network. Here, 

all the channels are assumed to be Rayleigh fading channels. 

PSC protocol is implemented in this system for EH and information transmission (IT) as 

shown in Fig. 3.2. In this PS protocol, the transmission block time T is divided into two parts 

with 𝜙 ∈ (0, 1) denoting the PSC parameter. Here, first time phase 𝑇 2⁄  is divided into three 

sub-parts based on power splitting factor 𝜙. In the first 𝑇 2⁄  time, base station sends 

 UE1 

 
      PT  IoT-U 

IT Phase 1 (t1) 

EH Phase 

        ST 

   

   EH 

 UE2 

IT Phase 2 (t2) 

Interference 

Cache 
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information to both UE1 and relay node by exploiting NOMA principle and relay node 

harvests the energy from base station by utilizing some part of received signal with a part of 

𝜙𝑃.  

 

(𝜙 𝑃)  EH at Relay                      S⟶ UE2, IoT-U  

                    P⟶UE1  

           Information Transmission 

 ((1-𝜙) 𝑃) for P⟶S Information Transmission 

        P⟶UE1  Information Transmission 

 

 

                            Fig. 3.2:  Power splitting  protocol with EH and IT Phases 

And the next (1 − 𝜙)𝑃 is used for the information transmission to relay in 𝑇 2⁄  time. As the 

information is already sent to relay it is not required to transmit the information in the second 

phase. Moreover, by implementing caching scheme at relay it may be required to send a 

new information from source to relay in second time phase. Here, we assume that cache can 

able to pre-fetch some content from source during off-peak hours. If the requested files of 

primary and secondary users are not cached in a cache then source will send information to 

relay in second time phase. During second phase relay will send its information to UE1, UE2 

and IoT-U respectively. 

3.3. Cache Free SWIPT System Model: 

In this model, we ignore the cache memory and follow NOMA- CDRT using power splitting 

protocol which is similar to the work done in chapter 2. 

3.3.1. Energy Harvesting (EH) Phase : 

The harvested energy at ST during EH phase is given  

𝐸 =  𝜂 𝜙 𝑃|ℎ,௦|ଶ 𝑇 2⁄ , (3.1) 
 

 T 

T/2 T/2 
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where  𝜂 ∈ (0,1) is the energy conversion efficiency and it depends on the EH circuitry and 

on the rectification process and 𝑃 is the source transmit power. Hence, the power 

transmitted from node S over the time T /2 can be calculated as 

        𝑃௦ =
𝐸

𝑇 2⁄
= 𝜂 𝜙 𝑃|ℎ,௦|ଶ. 

 

(3.2) 

3.3.2. Information Transmission (IT) Phase: 
 

 

In the proposed system model overall information transmission takes place in two phases and 

every phase requires one time slot. In both phases NOMA transmission technique is being 

employed. IT Phase 1 is denoted as t1, and IT Phase 2 denoted as t2.  

During t1 phase, BS transmits its composite signal  𝑋 = ඥ𝜓ଵ𝑃𝑥ଵ + ඥ𝜓ଶ𝑃𝑥ଶ  to node UE1 

using downlink NOMA transmission principle. Here, 𝜓ଵ and 𝑥ଵ are power allocation factor 

and data symbol related to UE1 whereas  𝜓ଶ and 𝑥ଶ are the power allocation factor and data 

symbol related to UE2 respectively and assuming 𝑥ଶ as high powered symbol compared to 

𝑥ଵ thus, we can write 𝜓ଶ > 𝜓ଵ and 𝜓ଵ+ 𝜓ଶ= 1. Thus, the received signals at node j, j ∈ (1,s) 

can be given as 

 𝑦(,ଵ) = 𝑋ℎ,ଵ + 𝑛,ଵ , 

 

and the  signal received at relay node is given by 

 

(3.3) 

 

 

𝑦(,௦) = ൬ට(1 − 𝜙)𝜓ଵ𝑃𝑥ଵ + ට(1 − 𝜙)𝜓ଶ𝑃𝑥ଶ൰ ℎ,ଵ + 𝑛௦ , 

where  𝑛, is the AWGN variable with variance  𝜎ଶ. Considering the NOMA principle, UE1 

performs SIC to decode the  𝑥ଵ symbol. Initially, UE1 decodes  𝑥ଶ symbol assuming  𝑥ଵ  as 

noise and then, after performing SIC, 𝑥ଵ symbol is decoded at UE1. Hence, the SINR 

received at UE1 to decode 𝑥ଶ can be expressed as 

                                                               𝛾
𝑥2→ 𝑝,1

𝑡1  =  
టమ ఎ|,భ|మ

టభఎ|,భ|మାଵ
 ,   (3.5) 

    (3.4) 
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and UE1 to decode  𝑥ଵ can be given as 

        𝛾,ଵ
௧భ =

𝜓ଵ𝜂|ℎ,ଵ|ଶ

𝜆 𝜓ଶ𝜂|ℎ,ଵ|ଶ + 1
 , 

 

where 𝜂 =
ು

ఙమ
 is the transmit SNR at primary transmitter and 𝝀 (0 < 𝝀 <1) is the 

residual interference parameter when 𝝀=0 it represents pSIC.  

   

(3.6) 

Moreover, IoT-relay will decode 𝑥ଶ symbol by assuming  𝑥ଵ as noise since it is a low 

powered symbol. Thus, the received SINR at IoT- relay node is given by 

𝛾,௦
௧భ =

(1 − 𝜙)𝜓ଶ𝜂|ℎ,௦|ଶ

(1 − 𝜙)𝜓ଵ𝜂|ℎ,௦|ଶ + 1
 . 

In the next IT phase 2 (t2), if ST is able to decode symbol  𝑥ଶ  at t1 then only secondary 

transmission will take place, otherwise ST will remain silent and no  transmission takes place 

during this phase. 

 Following successful decoding of  𝑥ଶ at node ST, it combines  𝑥ଶ with its own signal  𝑥   to 

create a composite signal  𝑋௦ = ඥ𝜓ଶ𝑃௦𝑥ଶ + ඥ𝜓𝑃௦𝑥 by using  NOMA principle, where  𝜓ଶ 

and 𝑥ଶ are power allocation coefficient and data symbol related to UE2 whereas  𝜓 and 

𝑥 are the power allocation coefficient and data symbol related to IoT-U respectively and 

assuming 𝑥ଶ as high powered symbol compared to 𝑥  thus, we can write  𝜓ଶ > 𝜓 and 

𝜓ଶ+ 𝜓= 1. Thus, the received signal at UE2 and IoT-U can be given as 

𝑦௦ = 𝑋௦ℎ௦, + 𝑛௦, , 

where 𝑛௦, is the AWGN variable  and  j ∈ (2,r). Here, 𝑥ଶ can be directly decoded at UE2 

because of high power allocation, whereas SIC is employed to decode  𝑥 at IoT-U. It first 

decodes 𝑥ଶ  considering 𝑥  as noise and then decodes 𝑥  by discarding 𝑥ଶ using SIC. 

Therefore, the SINR received at UE2 to decode  𝑥ଶ  can be given as 

 

                                                                 𝛾௦,ଶ
௧భ =

𝜓ଶ𝛿 𝜂|ℎ,௦|ଶ|ℎ௦,ଶ|ଶ

𝜓 𝛿 𝜂|ℎ,௦|ଶ|ℎ௦,ଶ|ଶ + 1
 , 

where 𝛿 = 𝜂 𝜙. 

   (3.7) 

(3.8) 

(3.9) 
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For the secondary network, the received SINR at SR to decode 𝑥ଶ before decoding 𝑥  is 

given by 

 

𝛾 ௫మ→ ௦.
௧మ =

𝜓ଶ𝛿 𝜂|ℎ,௦|ଶ|ℎ௦,|ଶ

𝜓𝛿 𝜂|ℎ,௦|ଶ|ℎ௦,|ଶ + 1
 , 

The received SINR at IoT-U to decode 𝑥  after SIC can be given as 

𝛾௦,
௧మ =

𝜓𝛿 𝜂|ℎ,௦|ଶ|ℎ௦,|ଶ

𝜆 𝜓ଶ𝛿 𝜂|ℎ,௦|ଶ|ℎ௦,|ଶ + 1
 , 

In order to maximize spectral utilization and the wireless channel, source node PT transmits 

the new signal 𝑥ෝ1 to UE1 with transmit power ට𝜓ଵ
௧మ𝑃 , 𝜓ଵ

௧మ∈ (0, 1). However, during t2, UE1 

faces the interference from IoT-relay node ST, which can be estimated and eliminated by 

using the side information of 𝑥ଶ that is obtained through SIC process during t1.  

Therefore, the signal received at UE1 during t2  is given by 

                                                   𝑦(,௦),ଵ
௧మ = ට𝜓ଵ

௧మ𝑃ℎ,ଵ𝑥ොଵ + ℎ௦,ଵ𝑋௦ + 𝑛,ଵ , 

and corresponding SINR is given, respectively, by 

 

𝛾,ଵ
௧మ =

𝜓ଵ
௧ଶ𝜂|ℎ,ଵ|ଶ

𝜓𝛿 𝜂|ℎ,௦|ଶ|ℎ௦,ଵ|ଶ + 1
 . 

3.4. Performance Analysis: 

In this section, the performance of primary and secondary networks is evaluated in terms of 

their outage probability (OP) by deriving analytical expressions over Rayleigh fading 

channel. Here, we consider 𝑅ଵ, 𝑅ଶ and 𝑅 as predefined target rate thresholds for UE1, UE2 

and IoT-U respectively. 

3.4.1 Outage Probability of Primary Network:  

3.4.1.1 Outage Probability of UE1: 

           (3.10) 

 (3.11) 

 (3.12) 

 (3.13) 
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During t1 phase, the outage event of primary user1 occurs when UE1 unable to decode both 

symbols 𝑥ଵ and 𝑥ଶ, and this is given as 

𝑃௨௧,(ଵ,)

௧భ,ௌூ
= 1 − 𝑃൫𝛾 ௫మ→,ଵ

௧భ > 𝑅ଶ
௧ ;  𝛾,ଵ

௧భ > 𝑅ଵ
௧൯. 

where   𝑅ଵ
௧ = 2ଶோభ − 1 , 𝑅ଶ

௧ = 2ଶோమ − 1      

Now, we evaluate above Eq. (3.14) in both ipSIC and pSIC cases considering 𝑅ଶ
௧ <

ఝమ

ఝభ
 into 

account in the following sections. 

a) ipSIC:  𝑃௨௧,(ଵ,)

௧భ,ௌூ
 for the ipSIC case can be evaluated through following theorem. 

Theorem 1:  The exact form expression of   𝑃௨௧,(ଵ,)

௧భ,ௌூ
  for ipSIC case calculated over 

Rayleigh fading can be expressed as  
 

                    𝑃௨௧,(ଵ,)

௧భ,ௌூ
= 1 − 𝑃ൣ|ℎ,ଵ|ଶ > 𝛥൧ = 𝐸𝑥𝑝 ቆ−

𝛥

𝛺ଵ
ቇ , 

where 𝛥 = 𝑚𝑎𝑥 (𝑢ଵ, 𝑢ଶ) and 𝑢ଵ = 
ோమ



(ఝమିఝభோమ
)ఎ

, 𝑢ଶ = 
ோమ



(ఝభିఒఝమோమ
)ఎ

 

b) pSIC: Invoking respective SINRs into Eq. (3.15) and considering 𝝀=0 for pSIC case, we 

can evaluate Eq. (3.15) as shown below. 

           𝑃௨௧,(ଵ,)

௧భ,ௌூ
= 1 − 𝑃 ቆ|ℎ,ଵ|ଶ >

𝑅ଵ
௧

𝜑ଵ𝜂
; |ℎ,ଵ|ଶ >

𝑅ଶ
௧

(𝜑ଶ − 𝜑ଵ𝑅ଶ
௧)𝜂

ቇ , 

considering  𝑧 = |ℎ,ଵ|ଶ, 𝑢ଵ =
ோభ



ఝభఎ
, 𝑢ଶ =

ோమ


(ఝమିఝభோమ
)ఎ

, now  Eq. (3.16) can be modified as 

𝑃௨௧,(ଵ,)

௧భ,ௌூ
= 1 − 𝑃(𝑧 > 𝑚𝑎𝑥 (𝑢ଵ, 𝑢ଶ)) , 

Case i: if  𝑢1 > 𝑢2, 

 

𝑃(𝑧 > 𝑢ଵ) = 𝑒𝑥𝑝
ି൬

భ

ఆభ
൰ቆ

ோభ


ఝభఎ
ቇ



൬
𝑚ଵ

𝛺ଵ

𝑅ଵ
௧

𝜑ଵ𝜂
൰



𝑘!
 

భିଵ

ୀ

, 

   
(3.14) 

    (3.15) 

     

     (3.16) 

  (3.17) 

(3.18) 
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Case ii: if 𝑢1 < 𝑢2 

𝑃(𝑧 > 𝑢ଶ) = 𝑒𝑥𝑝
ି൬

భ

ఆభ
൰(௨మ)



൬
𝑚ଵ

𝛺ଵ
𝑢ଶ൰



𝑘!

భିଵ

ୀ

 , 

By substituting  Eq. (3.18 ),  Eq. (3.19) in above Eq. (3.17) one can get 𝑃௨௧,(ଵ,)

௧భ,ௌூ
 for pSIC 

case.  
 
3.4.1.2. Outage Probability of UE2: 

The outage event of the UE2 occurs either UE2 cannot decode its symbol 𝑥ଶ or the relay 

node is unsuccessful in decoding. For a predefined target rate  𝑅ଶ the OP of UE2 is given as 

below. 

   𝑃௨௧,ாଶ
௧మ =  𝑃൫𝛾 ,௦

௧భ > 𝑅ଶ
௧ ;  𝛾௦,ଶ

௧మ > 𝑅ଶ
௧൯ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ

భ

 + 𝑃൫𝛾 ,௦
௧భ < 𝑅ଶ

௧ ൯ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
మ

 .   

By invoking respective SINR model equations into above and performing some 

mathematical computations on those will result in expressions given in following lemma. 

Lemma 2: The analytical expression for 𝑃௨௧,ாଶ
௧మ  over Rayleigh fading channel conditioned 

on 𝑅ଶ
௧ <

ఝమ

ఝభ
 can be given as 𝑃௨௧,ா

௧మ = 𝑃ଵ + 𝑃ଶ. Final expression for 𝑃௨௧,ாଶ
௧మ  is given as  

 

𝑃௨௧,ாଶ
௧మ =

𝑢ସ

𝜌𝛺௦𝛺௦ଶ
𝐸𝑖 ቈ1,

𝑢ଷ

𝜌𝛺௦
 , 

where 𝑢ଷ =
𝑅2

𝑡ℎ

(𝜑2−𝜑1𝑅2
𝑡ℎ

)𝛽𝜂𝑝

 and 𝑢ସ =
𝑅2

𝑡ℎ

(𝜑2−𝜑𝑟𝑅2
𝑡ℎ

)𝛽𝜂𝑝

. 

 

3.4.2. Outage Probability of Secondary Network: 

Secondary transmission takes place only when ST able to decode 𝑥ଶ symbol, else secondary 

network will be in outage. For the IoT-U, the outage event occurs either when ST node could 

not detect symbol 𝑥ଶ or when IoT- relay node ST unable to detect 𝑥  along with successful 

detection of 𝑥ଶ. 

  

(3.19) 

   (3.20) 

   (3.21) 
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For a given predefined target rate threshold  𝑅 , the OP of secondary network is given as 

𝑃௨௧,௦
௧మ =  𝑃൫𝛾 ,௦

௧భ > 𝑅ଶ
௧ ;  𝑃ത௦൯ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ

ೠభ

 + 𝑃൫𝛾 ,௦
௧భ < 𝑅ଶ

௧ ൯ .ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
ೠమ

  

where   𝑅
௧ = 2

మ ആ ೃೝ
భషഀ  , 𝑃ത௦ denotes the OP of IoT-U fails to detect any symbol can be given as 

                𝑃ത௦ = 1 − 𝑃൫𝛾 ௫మ→ ௦.
௧మ > 𝑅ଶ

௧ ;  𝛾௦,
௧మ > 𝑅

௧൯ , 

After plugging respective SINRs into Eq.(3.23) and performing some algebraic 

manipulations, further it can be expressed as follows for ipSIC and pSIC cases, respectively. 

For pSIC case set 𝝀=0. 

Lemma 3: The analytical expression for 𝑃௨௧,ாଶ
௧మ  over Rayleigh fading channel conditioned 

on 𝑅ଶ
௧ <

ఝమ

ఝೝ
 can be given as 𝑃௨௧,௦

௧మ . Final expression for 𝑃௨௧,ாଶ
௧మ  is given as  

 

𝑃௨௧,௦
௧మ =

𝑢

𝜌𝛺௦𝛺௦ଶ
𝐸𝑖 ቈ1,

𝑢ଷ

𝜌𝛺௦
 , 

where 𝑢 = max(𝑢ହ, 𝑢), 𝑢ହ =
𝑅2

𝑡ℎ

(𝜑2−𝜑𝑟𝑅2
𝑡ℎ

)𝛽𝜂𝑝

 and  𝑢=
ோೝ



(ఝೝିఒఝమோೝ
)ఉఎ

. 

3.5. Cache Aided SWIPT System Model: 

Here, in cache aided system model we include cache memory at the relay node and based on 

the system model we assume that cache is assumed to have limited cache capacity. On the 

basis of this system model and considering transmission block time (T1) into account we 

formulate a transmission model which helps in evaluating transmission rate. 

3.5.1. Transmission Model: 

In the information transmission model, we assume that the available bandwidth is 1MHZ and 

the time duration that a primary user is allowed to transmit a requested file over bandwidth is 

T1. In terms of the primary and secondary content cached, a time slot T/2 is divided into 

three parts:  

(3.22) 

    (3.23) 

   (3.24) 
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𝒕𝒑: It is the time taken by the cache to fetch the un-cached primary content for the PU.  

𝒕𝒔: It is the time taken  by the cache to fetch the un-cached secondary content for the SU. 

 𝑻𝟏 − 𝒕𝒑 − 𝒕𝒔: It indicates the time when the secondary relay node transmits simultaneously 

the primary and secondary content. 

 

Time required by relay to 
fetch un-cached primary 
content for primary user 
 

Time taken by cache in relay 
node to fetch the un-cached 
secondary content for secondary 
user 
 

Time taken by cache in relay 
node to fetch the un-cached 
secondary content for 
secondary user 
 

 

         Fig. 3.3: Time taken by cache  memory to fetch un-cached content for PU and SU 

Here, we consider that system consists of two networks namely primary and secondary 

which are interested in different file contents. Let, 𝑥 and 𝑥௦ are the requested file signals 

transmitted by BS or ST. And also, relay node allocates a considerable amount of power to 

serve the primary and its own users. The received signal at primary users (UE1,UE2) and 

secondary user (IoT-U) are given by 

 

𝑦(௦,) = ට𝜇 ℎ௦,𝑃௦𝑥 + 𝑛௦,  , 

Where j={1,2}, similarly the received signal at IoT-U is given by 

                                                           𝑦(௦,) = ඥ(1 − 𝜇)ℎ௦,𝑃௦𝑥௦ + 𝑛௦, , 

where 𝜇 and (1-𝜇) are the power allocation coefficients of primary and secondary users. 

Signal to noise ratio (SNR) received at primary and secondary users are given by 

 

                                                  (𝑆𝑁𝑅) =  𝛾௨ =
𝜇 𝜂௦ |ℎ௦,|ଶ

(1 − 𝜇) 𝜂௦ |ℎ௦,|ଶ + 1
 , 

𝑡 𝑡௦ 𝑇ଵ − 𝑡 − 𝑡௦ 

  (3.25) 

   (3.26) 

  (3.27) 
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                                                   (𝑆𝑁𝑅)ௌ =  𝛾௦௨ =
(1−𝜇) 𝜂𝑠 |ℎ𝑠,𝑗|

2

(𝜇) 𝜂𝑠 |ℎ𝑠,𝑗|
2

+1
 . 

In cache aided system model, we assume that cache in relay can pre-fetch the some popular 

contents of primary network and secondary network during off-peak hours. Based on the 

cached content of the primary and secondary users, we categorize the transmission model 

into 4 types. 

Type-1: 

When both the primary and secondary files that are requested by the PU and SU are cached 

in the relay, then relay can serve the PU and  SU simultaneously over the whole time in t2 

phase (T/2). Thus, the transmission data rate for PU and SU are respectively given as 

                                             𝑅ଵ
௨

= 𝑅. 𝑃൫𝑇ଵ𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅) ≥  𝑅
௧൯ , 

                                             𝑅ଵ
௦௨ = 𝑅௦. 𝑃൫𝑇ଵ𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅)ௌ ≥  𝑅

௧൯ , 

Output expressions for 𝑅ଵ
௨ and 𝑅ଵ

௦௨ can be given as 
 

                                           𝑅ଵ
௨

= 𝑅 ൮1 − 2 ൬
𝜙ଵ𝛺௦

𝛺௦ଵ
൰

ଵ
ଶ

𝐾ଵ ቌ2ඨ
𝜙ଵ

𝛺௦ଵ 𝛺௦
ቍ൲ , 

 

𝑅ଵ
௦௨ = 𝑅௦ ൮1 − 2 ൬

𝜙ଵ𝛺௦

𝛺௦
൰

ଵ
ଶ

𝐾ଵ ቌ2ඨ
𝜙ଵ

𝛺௦  𝛺௦
ቍ൲ . 

Proof: Refer Appendix E. 

Type-2: 

When the requested primary content of primary user is in cache and secondary user IoT-U 

content is not cached in relay then the transmission rate is given by 

                                      𝑅ଶ
௨

= 𝑅. 𝑃൫(𝑇ଵ − 𝑡௦)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅) ≥  𝑅
௧൯ ,                                                         

                                      𝑅ଶ
௦௨ = 𝑅௦. 𝑃൫(𝑇ଵ−𝑡௦)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅)ௌ ≥  𝑅

௧൯ . 

(3.28) 

     (3.29) 

     (3.30) 

(3.31) 

(3.32) 

  (3.33) 

      (3.34) 
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Type-3: 

When the requested primary content is not in cached in relay and SU content is cached in 

relay, then the transmission rate is given by 

                                      𝑅ଷ
௨

= 𝑅. 𝑃൫(𝑇ଵ − 𝑡)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅) ≥  𝑅
௧൯ , 

𝑅ଷ
௦௨ = 𝑅௦. 𝑃൫(𝑇ଵ−𝑡)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅)ௌ ≥  𝑅

௧൯ . 

Type-4: 

When both PU and SU requests are not cached in relay, then the transmission data rate for 

PU and SU are respectively given by 

                                𝑅ସ
௨

= 𝑅. 𝑃൫(𝑇ଵ − 𝑡 − 𝑡௦)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅) ≥  𝑅
௧൯ , 

                                 𝑅ସ
௦௨ = 𝑅௦. 𝑃൫(𝑇ଵ−𝑡 − 𝑡௦)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅)ௌ ≥  𝑅

௧൯ . 

3.5.2. Caching Model: 

Here, we assume that the library of files requested by primary and secondary network users 

as 𝐹 ≅ {1,2,3, … , 𝑀} and 𝐹ௌ ≅ {1,2,3, … , 𝑁}. Without loss of generality, we suppose that 

the popularities of primary and secondary content follow the zipf law, which is widely used 

in Refs. [35,36] are given by 

 

𝑓
 =

𝑖ିఊ

∑ 𝑛ିఊெ
ୀଵ

 ; (𝑖 ∈ 𝐹) , 

 

 

𝑓
ௌ =

𝑗ିఊೞ

∑ 𝑛ିఊೞே
ୀଵ

; (𝑗 ∈ 𝐹ௌ) , 

 

In this model, we assume that the file popularity contents of primary and secondary follow 

descending order and is shown as 𝑓ଵ
 ≥ 𝑓ଶ

 ≥ 𝑓ଷ
 ≥ ⋯ ≥ 𝑓ெ

 and  𝑓ଵ
ௌ ≥ 𝑓ଶ

ௌ ≥ 𝑓ଷ
ௌ ≥

⋯ ≥ 𝑓ே
ௌ with  ∑ 𝑓

 = 1ெ
ୀଵ  and ∑ 𝑓

ௌ = 1ே
ୀଵ . As we assume that, cache can access some 

of the contents during off-peak hours due to this, relay can gain more transmission time and 

   (3.35) 

(3.36) 

(3.37) 

  (3.38) 

  (3.39) 

 (3.40) 
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secondary transmitter can able to serve both primary and secondary users simultaneously and 

can lead to successful transmission of the information in the entire network. 

Here, we consider that C as the total cache capacity of relay and 𝐶 is the amount of capacity 

used to serve the primary content and remaining portion 𝐶 − 𝐶 is used to serve its own 

users. 

3.6. Performance Analysis: 

3.6.1. Transmission Rate: 

To maximize the usage of secondary transmitter, we calculate the effective transmission rates 

of PU and SU from ST. 

                                         𝑅௦௨(𝐶, 𝛽) = 𝑝. 𝑝௦. 𝑅ଵ
௦௨ + 𝑝. 𝑅ଶ

௦௨ + 𝑝௦. 𝑅ଷ
௦௨ + 𝑅ସ

௦௨ , 

subject  to 

𝑅௨(𝐶, 𝛽) = 𝑝. 𝑝௦. 𝑅ଵ
௨

+ 𝑝. 𝑅ଶ
௨

+ 𝑝௦. 𝑅ଷ
௨

+ 𝑅ସ
௨

 , 

0 ≤ 𝑡௦ ≤ 𝑇ଵ;  0 ≤ 𝑡 ≤  𝑇ଵ;  0 ≤ 𝑡 + 𝑡௦ ≤ 𝑇ଵ;  0 ≤ 𝐶 ≤ 𝐶;  0 ≤ 𝜇 ≤ 1 

above equations can be re-written as 
 

𝑅௦௨(𝑞, 𝛽) =
(𝑙𝑐)ଵିఊ − 1

𝑀ଵିఊ − 1
.
((1 − 𝑙)𝑐)ଵିఊೞ − 1

𝑀ଵିఊೞ − 1
. 𝑅ଵ

௦௨ +
(𝑙𝑐)ଵିఊ − 1

𝑀ଵିఊ − 1
. 𝑅ଶ

௦௨

+
((1 − 𝑙)𝑐)ଵିఊೞ − 1

𝑀ଵିఊೞ − 1
. 𝑅ଷ

௦௨ + 𝑅ସ
௦௨ , 

 

𝑅௨(𝑞, 𝛽) =
(𝑙𝑐)ଵିఊ − 1

𝑀ଵିఊ − 1
.
((1 − 𝑙)𝑐)ଵିఊೞ − 1

𝑀ଵିఊೞ − 1
. 𝑅ଵ

௨
+

(𝑙𝑐)ଵିఊ − 1

𝑀ଵିఊ − 1
. 𝑅ଶ

௨

+
((1 − 𝑙)𝑐)ଵିఊೞ − 1

𝑀ଵିఊೞ − 1
. 𝑅ଷ

௨
+ 𝑅ସ

௨
 . 

where  𝛾, 𝛾௦ are the primary and secondary file contents popularities and the cumulative 

distribution function of the file popularity distribution of primary and secondary 𝑝 and 

𝑝௦ following approximation of the sum of zipf probabilities is useful. 

 

(3.41) 

(3.42) 

(3.43) 

(3.44) 
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𝑝 =  𝑓
௨

బ

ୀଵ

≅
𝐶

ଵିఊ − 1

𝑀ଵିఊ − 1  
, 

 

𝑝௦ =  𝑓
௦௨

ିబ

ୀଵ

≅
(𝐶 − 𝐶)ଵିఊೞ − 1

𝑁ଵିఊೞ − 1
 . 

3.6.2. Outage  Probability: 

Using cache scheme, outage event of primary user and secondary user occurs in above 

mentioned four types. 

                  (𝑃௨௧) = 𝑝. 𝑝௦. (𝑃௨௧ଵ) + 𝑝. (𝑃௨௧ଶ) + 𝑝௦. (𝑃௨௧ଷ) + (𝑃௨௧ସ) , 

(𝑃௨௧)ௌ = 𝑝. 𝑝௦. (𝑃௨௧ଵ)ௌ + 𝑝. (𝑃௨௧ )ௌ + 𝑝௦. (𝑃௨௧ଷ)ௌ + (𝑃௨௧ସ)ௌ . 

Type-1: 

When cache already have the requested file contents of PU and SU, then outage event of PU 

and SU is given by 

                                       (𝑃௨௧ ) = 1 − 𝑃൫𝑇ଵ𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅) ≥  𝑅
௧൯ , 

                                       (𝑃௨௧ଵ)ௌ = 1 − 𝑃൫𝑇ଵ𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅)ௌ ≥  𝑅
௧൯ . 

Output expressions for (𝑃௨௧ଵ) and (𝑃௨௧ଵ)ௌ can be given as 
 

(𝑃௨௧ଵ) = 1 − ൮1 − 2 ൬
𝜙ଵ𝛺௦

𝛺௦ଵ
൰

ଵ
ଶ

𝐾ଵ ቌ2ඨ
𝜙ଵ

𝛺௦ଵ 𝛺௦
ቍ൲ , 

 

(𝑃௨௧ଵ)ௌ = 1 − ൮1 − 2 ൬
𝜙ଵ𝛺௦

𝛺௦ଵ
൰

ଵ
ଶ

𝐾ଵ ቌ2ඨ
𝜙ଵ

𝛺௦ଵ 𝛺௦
ቍ൲ . 

Note: Proof of (𝑃௨௧ଵ) and (𝑃௨௧ଵ)ௌ is similar to 𝑅ଵ
௨ and  𝑅ଵ

௦௨. 

Type-2: 

When cache has to fetch the requested file content of SU during 𝑡௦ time, then its outage is 

given by 

   (3.45) 

  (3.46) 

(3.47) 

(3.48) 

(3.49) 

(3.50) 

  (3.51) 

(3.52) 
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                                (𝑃௨௧ଶ) = 1 − 𝑃൫(𝑇ଵ − 𝑡௦)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅) ≥  𝑅
௧൯ , 

(𝑃௨௧ଶ)ௌ = 1 − 𝑃൫(𝑇ଵ − 𝑡௦)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅)ௌ ≥  𝑅
௧൯ . 

Note: Output expressions and proof is similar to type-1 OP by replacing 𝑇ଵ with 𝑇ଵ − 𝑡௦. 

Type-3: 

When cache has to fetch the requested file content of PU during 𝑡 time, then its outage is 

given by 

                                (𝑃௨௧ଷ) = 1 − 𝑃൫(𝑇ଵ − 𝑡)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅) ≥  𝑅
௧൯ , 

(𝑃௨௧ଷ)ௌ = 1 − 𝑃൫(𝑇ଵ − 𝑡)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅)ௌ ≥  𝑅
௧൯ . 

Note: Output expressions and Proof is similar to type-1 OP by replacing 𝑇ଵ with 𝑇ଵ − 𝑡. 

Type-4:  

When cache has to fetch the requested file contents of PU and SU during 𝑡 and 𝑡௦ time, then 

its outage is given by 

                          (𝑃௨௧ସ) = 1 − 𝑃൫(𝑇ଵ − 𝑡 − 𝑡௦)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅) ≥  𝑅
௧൯ , 

                          (𝑃௨௧ସ)ௌ = 1 − 𝑃൫(𝑇ଵ − 𝑡 − 𝑡௦)𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅)ௌ ≥  𝑅
௧൯ . 

Note: Output expressions and proof is similar to type-1 OP by replacing 𝑇ଵ with 𝑇ଵ − 𝑡 −

𝑡௦. 

3.6.3. System Throughput: 

One of the important key measures to assess the spectrum utilization is the system 

throughput. It is considered as the mean spectral efficiency in the case of cooperative 

communication based wireless networks. For the proposed cache free/cache aided SWIPT 

based NOMA-CDRT system, it can be given as the sum of individual target rates for both 

primary and secondary communications that can be achieved successfully over the Rayleigh 

fading channels. From the derived OP expressions, system throughput can be formulated as 

   𝑆் =
ଵ

ଶ
ൣ(1 − (𝑃௨௧))𝑅௨ + (1 − (𝑃௨௧)ௌ)𝑅௦௨൧ . 

(3.53) 

(3.54) 

(3.55) 

  (3.56) 

(3.57) 

(3.58) 

   (3.59) 
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where 𝑅௨ and 𝑅௦௨ are  the predefined data rates for PU and SU respectively. 

3.6.4 Energy Efficiency: 

For the proposed system, the EE can be evaluated using the throughput expression in Eq. 

(3.59). We measure EE as the ratio of total amount of data delivered to total energy 

consumed. Here, total amount of data delivered is given by system throughput and the 

corresponding expression for energy efficiency of the considered cache free/cache aided 

SWIPT based CDRT-NOMA system model can be given as 

𝐸ா =
2 𝑆்

𝜂
 . 

Where 𝑆் is the achievable throughput. 

3.7 Numerical and Simulation Results:    

In this section, we present the numerical and simulation results of cache free and cache 

enabled SWIPT system and also we verified the correctness of analytical results with Monte-

Carlo simulations. The parameters that we considered here are given as: 𝛺ଵ = 𝛺௦ = 16, 

𝛺௦ = 𝛺௦ଵ = 𝛺௦ଶ = 1 as average power of the multipath components, 𝜙 = 0.2 as the PS 

factor, the energy conversion efficiency η = 0.7, the PAF as 𝜓ଵ= 𝜓 = 0.3, 𝜓ଶ = 0.7, 𝜓ଵ
௧ଶ= 1, 

𝜂as the SNR, 𝜎ଶ= 1, and duration of block as T = 1, Number of files for primary and 

secondary users respectively given as M=500, N=200 and cache capacity C=200, unless 

otherwise stated.  

In Fig. 3.4 and Fig. 3.5 zipf probability distribution curve for primary and secondary files is 

plotted by considering primary and secondary file popularities into the account. Here, we can 

observe that less number of files will have more file popularity. Hence, more popularity files 

are usually less in number. 

In  Fig. 3.6, we have plotted the transmission rate of PU and SU for their own content as a 

function of content caching portion for three different combinations of 𝛾 and 𝛾௦ respectively. 

For the PU as 𝛾 increases, transmission rate increases to a considerable amount because the 

PU’s most popular content is increased more when there is a increase in file popularity. In 

  
(3.60) 
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the similar way, for the secondary user IoT-U as 𝛾௦ increases, we can achieve more increase 

in transmission rate. 

 

                                

                                  Fig. 3.4: Zipf probability distribution curve for primary user 

                             

                                  Fig. 3.5: Zipf probability distribution curve for secondary user 
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                           Fig. 3.6: Content caching portion versus PU, SU transmission rate 

     

                                Fig. 3.7: OP of PU and SU versus transmit SNR  𝜂(𝑑𝐵)  

In Fig. 3.7, we analysed the system performance in terms of OP, as the 𝜂(dB) increases the 

OP decreases for both primary and IoT-U and also we can observe that as the file popularity 

is decreasing there will be a better performance in OP.      
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Fig.3.8:Effective  achievable  transmission rates for different cache capacity 

Fig. 3.8, shows the impact of different cache capacities on achievable transmission rate of 

IoT-U. We can expect more SU transmission rate as the C increases, because as we increase 

C then we can expect more requested content for PU and SU can be transmitted 

simultaneously, thus we can reduce transmission delay. Cache aided system model provides 

higher transmission rate compared to cache free system model as shown in Fig. 3.8. 

In Fig. 3.9, effective transmission rate of secondary user increases as transmit power 

increases, compared to non caching scheme, cache scheme will provide more transmission 

rate. When the transmitted power is increased the primary network reduces the dependency 

on content caching cooperation so that additional power can be used for SU transmission. 

In Fig. 3.10, depicts that as the data rate increasing we could able to observe the 

improvement in system throughput. Here, we set the data rates 𝑅ଵ = 𝑅ଶ = 𝑅 =

0.5, 0.6 𝑏𝑝𝑠/𝐻𝑧. It can be seen from the figure, for lower to medium range of SNR the 

system throughput increases, but after that it gets saturated, which is its maximum attainable 

throughput for the specific data rate. For higher data rate, it attains its maximum at relatively 
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high SNR. It happens because the outage performance at a higher target rate is relatively 

poorer than the lower target rate. 

                                  

     Fig. 3.9: IoT-U transmission rate versus transmit power with and without caching scheme 

 

                        

                                               Fig. 3.10: Throughput versus 𝜂(𝑑𝐵) 

In Fig. 3.11, one can observe that for a given target rate, the maximum EE attains at a 

specific SNR. 
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                                    Fig.  3.11: Energy efficiency  versus 𝜂(𝑑𝐵) 

It changes when we change the target rate. Further, high SNR regions exhibit the lowest 

energy efficiency because, at high SNR, energy consumption is more than the achieved 

system throughput. 

                                 

     Fig. 3.12: OP of SWIPT based NOMA CDRT system over Rayleigh fading channel    

In Fig. 3.12, we have plotted the OP of SWIPT based NOMA CDRT system over Rayleigh 

fading channel by using power splitting protocol without using caching scheme. Here, as 
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SNR increases, OP decreases indicates as signal power increases there will be a better 

performance from the system. 

3.8. Conclusion: 

In this chapter, we proposed and analysed the system performance of cache free/cache aided 

SWIPT based CDRT-NOMA system performance that improves spectrum utilization and 

EE. The proposed system performance is evaluated and analysed interms of OP. To know 

more details of this proposed network along with OP, throughput and EE are also evaluated 

and the correctness of the results verified with Monte Carlo simulations. The impact of 

different parameters are also studied on the proposed system. Simulation results show that 

there is a great improvement in the transmission rate performance with caching cooperation. 
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Chapter  4 

              Conclusion and Future Scope 

4.1  Conclusion: 

In this work, SWIPT enabled NOMA-CDRT using TSC protocol over Nakagami-m fading 

channel is studied. The performance of the proposed system is evaluated and analysed in 

terms of outage probability. To know more details of this proposed network along with 

outage probability, throughput and energy efficiency are also evaluated and the correctness 

of the results verified with Monte Carlo simulations. On the performance of SWIPT enabled 

NOMA-CDRT, the impact of different parameters are also studied. Numerical results 

emphasized the importance of employing SWIPT enabled IoT relay which provides self-

reliant energy efficient communication and data transmission. We also implemented caching 

cooperation scheme in SWIPT model with power splitting protocol that reduces the data 

access delay time and improved the transmission rate performance. We also calculated the 

outage probability, system throughput and energy efficiency using cache model under 

Rayleigh-fading channel that provided a proper comparison between caching and non 

caching cooperation schemes.  

4.2  Future Scope: 

In the proposed system model, the investigation for multi-antenna node, full-duplex, non-

linear EH model, and the ESC arise as a potential future work. In addition to this, in the 

caching model the prediction of file popularity can be done with the help of machine learning 

and big data methods. Nevertheless, the outcomes of this research will be used as a 

benchmark and provide the guidelines for the design of futuristic 5G wireless 

communication. 
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      APPENDIX 

Appendix A: 

By invoking Eq. (2.4) and Eq. (2.5) in Eq. (2.13), can be expressed as 

             𝑃௨௧,ாଵ
௧ଵ = 1 − 𝑃 ቆ

𝜓ଶ 𝜂|ℎ,ଵ|ଶ

𝜓ଵ𝜂|ℎ,ଵ|ଶ + 1
> 𝑅ଶ

௧ ;  
𝜓ଵ𝜂|ℎ,ଵ|ଶ

𝜆 𝜓ଶ𝜂|ℎ,ଵ|ଶ + 1
>  𝑅ଵ

௧ቇ,               (1) 

Performing some algebraic manipulations and rewriting above given as   

         𝑃௨௧,ாଵ
௧ଵ = 1 − 𝑃 ቀ|ℎ,ଵ|ଶ > 𝑢ଶ ; |ℎ,ଵ|ଶ > 𝑢ଷ ൫𝜓ଶ𝜂|ℎ,ଵ|ଶ + 1൯ቁ ,                              (2) 

                                    = 1 − 𝑃 ቆหℎ,ଵห
ଶ

> 𝑚𝑎𝑥 ൬𝑢ଶ; 𝑢ଷ  ቀ𝜓ଶ𝜂หℎ,ଵห
ଶ

+ 1ቁ൰ቇ, 

                                        = 1 − 𝑃𝑟 ቀ|ℎ𝑝,1|2 >  𝑢3 ;  𝑢3 ቀ𝜓2𝜂𝑝|ℎ𝑝,1|
2

+ 1ቁ < 𝑢2ቁᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
𝑍1

 

                                      − 𝑃൫|ℎ,ଵ|ଶ >  𝑢ଷ൫𝜓ଶ𝜂|ℎ,ଵ|ଶ + 1൯ ;  𝑢ଷ൫𝜓ଶ𝜂|ℎ,ଵ|ଶ + 1൯ > 𝑢ଶ൯ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
బ

 , (3) 

where 𝑢ଷ =
ோభ



ఝభఎ
 ,  𝑢ଶ =

ோమ


(ఝమିఝభோమ
)ఎ

 and assuming  |ℎ,ଵ|ଶ ≅ 𝑋, |ℎ,ଵ|ଶ ≅ 𝑌, 𝑍ଵ and 𝑍 

can be further evaluated as 

𝑍ଵ =  𝐹ത(𝑢ଶ)𝐹(𝑈) , 

                         𝑍 = න ൭න 𝑓(𝑥)𝑑𝑥
ஶ

௨యቀటమఎห,భห
మ

ାଵቁ

൱
ஶ



𝑓(𝑦)𝑑𝑦,                                            (5) 

By invoking the respective PDFs and solving inner integral results in 

𝑍 = න 
൬𝑢ଷ ቀ𝜓ଶ𝜂หℎ,ଵห

ଶ
+ 1ቁ൰



𝑘!

భିଵ

ୀ

ஶ



ቆ
𝑚ଵ

𝛺ଵ
ቇ



𝑒𝑥𝑝
ିቌ

భ ௨యቀటమఎห,భห
మ

ାଵቁ

ఆభ
ቍ

𝑓(𝑦)𝑑𝑦    (6) 

By applying the binomial expansion [33, Eq. (1.111)] and solving the involved integral, one 

can get Eq. (2.15). 

 

(4) 
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Appendix B: 

 

𝑃௨௧,ாଵ
௧మ = 1 − 𝑃 ቆ

𝜓ଶ 𝜂|ℎ,ଵ|ଶ

𝜓ଵ𝜂|ℎ,ଵ|ଶ + 1
> 𝑅ଶ

௧ ;  
𝜓ଵ

௧ଶ𝜂|ℎ,ଵ|ଶ

𝜓𝜂௦|ℎ௦,ଵ|ଶ + 1
> 𝑅ଵ

௧ቇ. 

Performing some algebraic manipulations on above Eq. (7), one can re-write above equation  

as 

𝑃௨௧,ா
௧మ = 1 − 𝑃 ቀหℎ,ଵห

ଶ
>  𝑢ଶ ;  หℎ,ଵห

ଶ
> 𝑢 + 𝑢หℎ,௦ห

ଶ
หℎ௦,ଵห

ଶ
ቁ, 

          = 1 − 𝑃 ቀ|ℎ,ଵ|ଶ >  𝑚𝑎𝑥൫𝑢ଶ ;  𝑢 + 𝑢|ℎ,௦|ଶ|ℎ௦,ଵ|ଶ ൯ቁ, 

                                       = 1 − 𝑃 ቀหℎ,ଵห
ଶ

> 𝑢ଶ ;  𝑢ଶ > 𝑢 + 𝑢หℎ௦,ଵห
ଶ

หℎ,௦ห
ଶ

ቁᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
మ

 

                                              −  𝑃 ቀหℎ,ଵห
ଶ

> 𝑢 + 𝑢หℎ௦,ଵห
ଶ

หℎ,௦ห
ଶ

 ;  𝑢ଶ < 𝑢 + 𝑢หℎ௦,ଵห
ଶ

หℎ,௦ห
ଶ

ቁᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
య

. 

where  𝑢 =
ோభ



టభ
మ𝜂𝑝

 and     𝑢 = 𝑢𝜑 𝛽 𝜂,𝑈ഥ = 
௨మି௨ల

௨ళ
. 

assuming  หℎ,௦ห
ଶ

≅ 𝑊 and หℎ௦,ଵห
ଶ

≅ 𝑍, further 𝑍ଶ and 𝑍ଷ can be evaluated as 

𝑍ଶ = ∫ 𝑓(𝑥)𝑑𝑥
ஶ

௨మ
∫ 𝑓(𝑧)𝐹ௐ ቀ

ഥబ

௭
ቁ 𝑑𝑧

ஶ


, 

 Invoking respective PDFs and CDFs in Eq. (9) and solving the above integral results in 

Eq.(2.23). 

Similarly, 𝑍ଷ can be evaluated as follows 

 

                                          𝑍ଷ = 𝑃 𝑊 <
𝑋 − 𝑢

𝑢 𝑍
 ; 𝑊 ≥ ቀ

𝑢

𝑍
ቁ൨   ,                                                 

= න න 𝐹ௐ ൬
𝑋 − 𝑢

𝑢 𝑍
൰ 𝑓(𝑥)

ஶ

௨ల

ஶ



𝑓(𝑧)𝑑𝑥𝑑𝑧 

 + න 𝑓(𝑥)𝑑𝑥 − න 𝐹௪ ቀ
𝑢

𝑍
ቁ

ஶ



௨ల



𝑓(𝑧)𝑑𝑧 . 

   (7) 

  (8) 

 (9) 

  (10) 
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By substituting the corresponding PDFs and CDFs in Eq. (10), and solving the involved 

integral, one can get the expressions as given Eq. (2.24). 

APPENDIX C: 

By invoking respective SNRs into Eq. (2.25), and performing some algebraic manipulations 

on that gives 

 

𝑃௨௧,ாଶ
௧ଶ = 𝑃 ൭

𝜓ଶ𝜂หℎ,௦ห
ଶ

𝜓ଵ𝜂หℎ,௦ห
ଶ

+ 1
> 𝑅ଶ

௧ ;  
𝜓ଶ𝜂௦หℎ𝒔,𝟐ห

𝟐

𝜓𝜂௦หℎ𝒔,𝟐ห
𝟐

+ 1
< 𝑅ଶ

௧൱ 

                + 𝑃 ൭
𝜓ଶ𝜂หℎ,௦ห

ଶ

𝜓ଵ𝜂หℎ,௦ห
ଶ

+ 1
< 𝑅ଶ

௧൱. 

Assuming หℎ𝒔,𝟐ห
𝟐

≅ 𝑉 and rearranging above equation can be given as 

 

𝑃௨௧,ாଶ
௧ଶ = 𝑃 ቀหℎ,௦ห

ଶ
> 𝑢ଶ ;   หℎ𝒔,𝟐ห

𝟐
<

𝑢ହ

𝑊
ቁ

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
భ

+ 𝑃 ቀหℎ,௦ห
ଶ

≤ 𝑢ଶቁ ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
మ

, 

                                                         𝑃௨௧,ாଶ
௧ଶ = 𝑃ଵ + 𝑃ଶ , 

                                          = න 𝐹௪ ቀ
𝑢ହ

𝑍
ቁ 𝑓ௐ(𝑤)𝑑𝑤

ஶ

௨మ

+ 𝐹ௐ(𝑢ଶ) , 

Further 𝑃௨௧,ாଶ
௧ଶ  can be evaluated as follows 

 

      𝑃௨௧,ாଶ
௧ଶ = 1 − 

൬
𝑚௦

𝛺௦
൰

ೞ

𝛤൫𝑚௦൯𝑘!

ೞమିଵ

ୀ

൬
𝑚௦ଶ𝑢ହ

𝛺௦ଶ
൰



න 𝑊ೞିିଵ𝑒𝑥𝑝
ି൬

ೞమ௨ఱ
ఆೞమௐ

ା
ೞௐ

ఆೞ
൰
𝑑𝑤 

ஶ

௨మ

, 

It is difficult to solve the integral in Eq.(14), hence we use  Maclaurin’s series to expand term 

𝑒𝑥𝑝
ିቀ

ೞమೠఱ
ೞమೈ

ቁ
 as  ∑

(ିଵ)ೠቀ
ೞమೠఱ

ೞమ
ቁ

ೠ

௨! ௐషೠ
  ஶ

௨ୀ  and solving the resulting from this expansion, we can 

derive the expression given by Eq. (2.26)+Eq. (2.27). 

(11) 

(12) 

 (13) 

 (14) 
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Appendix D: 

In Eq. (2.31), 𝑃௨௧ଶ can be evaluated with the help of Eq. (3.351.1) from [33] and 

𝑃௨௧,ଵ, 𝑃௨௧,ଶ can be further evaluated as follows 

                                      𝑃௨௧,ଵ = ∫ 𝐹భ

ஶ

௨మ
ቀ

௨ೌ

ௐ
ቁ ൬1 − ∫ 𝐹మ

ஶ

௨మ
ቀ

௨ഥ್

ௐ
ቁ൰ 𝑓ௐ(𝑤)𝑑𝑤 , 

By substituting respective PDFs and CDFs in Eq. (15), and integrating the resultant with the 

help of [34, Eq.(3.351.2)], we can obtain 𝑃௨௧,ଵ as shown in Eq. (2.32). 

 

𝑃௨௧,ଶ = න ൭න ൭න 𝑓భ
(𝑥ଵ)𝑑𝑥ଵ𝑓మ

(𝑥ଶ)𝑑𝑥ଶ

థయ௫మା
௨ೌ
௪



൱
ஶ

థమ
௪

൱
ஶ

థభ

𝑓ௐ(𝑤)𝑑𝑤 , 

 

= න

⎝

⎜
⎛

න

⎣
⎢
⎢
⎢
⎡
1 − 

1

𝑘!

ೞೝିଵ

ୀ

൬
𝑚௦

𝛺௦
൰



ቀ𝜙ଷ𝑥ଶ +
𝑢

𝑤
ቁ



𝑒𝑥𝑝
ିቆ

ೞೝ
ఆೞೝ

ቀథయ௫మା
௨ೌ
௪

ቁቇ
⎦
⎥
⎥
⎥
⎤

ஶ

థమ
௪

⎠

⎟
⎞ஶ

థభ

𝑓మ
(𝑥ଶ)𝑑𝑥ଶ𝑓ௐ(𝑤)𝑑𝑤 , 

By invoking the associated PDFs then solving the resultant integral with the aid of binomial 

expansion [33,Eq. (1.111)] and [33,Eq.(3.351.2)], we can get required result for 𝑃௨௧,ଶ. 

Appendix E: 

Transmission rate of Primary user in Type-1: 

                                         𝑅ଵ
௨

= 𝑅௨. 𝑃൫𝑇ଵ𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅) ≥  𝑅
௧൯ .          

Invoking (𝑆𝑁𝑅) into above equation leads to 
 

               𝑅ଵ
௨

= 𝑅௨. 𝑃 ൭𝑇ଵ𝑙𝑜𝑔ଶ(1 +
𝜇 𝜂௦ หℎ௦ห

ଶ

(1 − 𝜇)𝜂௦ หℎ௦ห
ଶ

+ 1
) ≥ 𝑅

௧൱ , 

 

  (15) 

(16) 

(17) 

(18) 

(19) 
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𝑅ଵ


= 𝑅. 𝑃 ൭
𝜇 𝜂௦ หℎ௦ห

ଶ

(1 − 𝜇)𝜂௦ หℎ௦ห
ଶ

+ 1
) ≥ 2

ோమ


భ் − 1൱ , 

 

𝑅ଵ


= 𝑅. 𝑃 ൭หℎ௦ห
ଶ

≥
𝑅்

௧

(𝜇 − (1 − 𝜇)𝑅்
௧)𝛽𝜂หℎ௦ห

ଶ൱ , 

where  𝜙ଵ =
ோ



((ఓ)ି(ଵିఓ)ோ
)ఉఎ

 , finally the output expression of 𝑅ଵ
௨ is given  as 

 
The final output expression for primary transmission rate is given by 
 
 

𝑅ଵ


= 𝑅 ൮1 − 2 ൬
𝜙ଵ𝛺௦

𝛺௦ଵ
൰

ଵ
ଶ

𝐾ଵ ቌ2ඨ
𝜙ଵ

𝛺௦ଵ 𝛺௦
ቍ൲ . 

Transmission rate of Secondary user: 

                                          𝑅ଵ
௦௨ = 𝑅௦௨. 𝑃൫𝑇ଵ𝑙𝑜𝑔ଶ(1 + (𝑆𝑁𝑅)ௌ ≥  𝑅

௧൯ . 

Invoking (𝑆𝑁𝑅)ௌ into above equation leads to 
 

                                  𝑅ଵ
௦௨ = 𝑅௦௨. 𝑃 ቆ𝑇ଵ𝑙𝑜𝑔ଶ(1 +

(1 − 𝜇) 𝜂௦ |ℎ௦|ଶ

(𝜇) 𝜂௦ |ℎ௦|ଶ + 1
) ≥  𝑅

௧ቇ , 

 

𝑅ଵ
௦௨ = 𝑅௦௨. 𝑃 ൭

(1 − 𝜇) 𝜂௦ หℎ௦ห
ଶ

(𝜇)𝜂௦ หℎ௦ห
ଶ

+ 1
) ≥ 2

ோೝ


భ் − 1൱ , 

 

𝑅ଵ
௦௨ = 𝑅௦௨. 𝑃 ൭หℎ௦ห

ଶ
≥

𝑅்
௧

((1 − 𝜇) − (𝜇)𝑅்
௧)𝛽𝜂หℎ௦ห

ଶ൱ , 

where 𝜙ଶ =
ோ



((ଵିఓ)ି(ఓ)ோ
)ఉఎ

 , finally the output expression of 𝑅ଵ
௦௨ is given  as 

 

𝑅ଵ
௦௨ = 𝑅௦௨ ൮1 − 2 ൬

𝜙ଶ𝛺௦

𝛺௦
൰

ଵ
ଶ

𝐾ଵ ቌ2ඨ
𝜙ଵ

𝛺௦ 𝛺௦
ቍ൲ . 

        

  (20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

   (27) 
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