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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 UEl and exploits the secondary
transmitter as an loT-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



IIT Indore

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 loT 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 loT-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.

e 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.

e 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.

e Chapter 3 presents cache aided SWIPT with EH relay. Here, we study the interaction
between caching capacity and SWIPT in the considered system.

e 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 loT-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 [oT-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

6
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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;. j|2 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 6 i.e.CN(0, ¢&°).

+ .- A4

._;E \\§;~,~"’/

A’p,s E //,/'

AT ’

N ]
EH EH Phase

— IT Phase 1 (t1)

st e » IT Phase 2 (£2)

------- » Interference

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

< T >
< aT >< (1-aOT/2 >« (1-a)T/2 >
E(g:t;%y P;a?esimg Eog’nfugrll PT—UEI, ST— UEI, ST— UE2,
at lo!1-relay . . .
node ST transmission and ST—IoT-U information transmission
PT — ST information
transmission

< Phase 1 > < Phase 2 >

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 a € (0, 1) denoting the TSC parameter. The duration ar
represents the EH time that loT-relay takes to harvest energy from PT and the remaining
time (1 — a)7 is used for IT. Given the half-duplex operation, the time (1—a)7 /2 is dedicated
for ST, ST to receive information from PT, and the remainder (1 — a)7 /2 is used for IT from

ST to UE1, UE2, and SR and during this phase UEI also receive information from PT.
2.2.2. Energy Harvesting (EH) Phase:

The harvested energy at ST during a7 is given by

Ep = nPplhy,s|?aT, (2.1)

where 1 € (0,1) is the energy conversion efficiency it depends on the rectification process
and the EH circuitry and Pp is the source transmit power. Hence, the transmit power of node

S over the time (1 — a)T /2 can be obtained as

Eh _ 20”713P|hp,s|2

R G B 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 tl1 phase, P transmits its composite signal X, = \/Wprl + JY2Px; to nodes ST
and UE1l using downlink NOMA transmission principle. Here, y; and x; are power
allocation factor and data symbol related to UE1 whereas 1, and x, are the power allocation
factor and data symbol related to UE2 respectively and assuming x, as high powered symbol
compared to x; thus, we can write Y, > ¥, and Y+ P,= 1. Thus, the received signals at

node j, j € (1,s) can be given as

Ypj = hp,iXp +1p (2.3)
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where n, ; is the AWGN variable. Following the NOMA principle, UE1 performs SIC to

decode the x; symbol. Firstly, UE1 decodes x, symbol assuming x; as noise and then, after
performing SIC, x; symbol is decoded at UEI. Thus, the SINR received at UE1 to decode

X, can be expressed as

2
ytl — Y2 Nplhpal (2.4)
xopl ¢1Up|hp,1|2+1 ’
and UE1 to decode x; can be given as
ytl — 1!’177p|hp,1|2
PL Aamplhpal? + 17 (2.5)

where 1, = i—P is the transmit SNR at source node and 4 (0 < 4 <1) is the residual

2
interference parameter when A=0 it represents pSIC. Here, |f1p,1 |? is the channel coefficient
of residual interference signal at UE1 that experiences Nakagami-m fading with m,,; as

fading severity parameter and (2,1, as average channel power gain.

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

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

. Wanplhy,s|? (2.6)
P iy lhps|* + 17

In the next IT phase 2 (t2), if ST is able to decode symbol x, 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 x, at node ST, it combines x, with its own signal x, to

create a superimposed signal Xg = \/ YPx, + \/ Y, Psx, by using NOMA principle, where
1, and x, are power allocation coefficient and data symbol related to UE2 whereas 1, and
x, are the power allocation coefficient and data symbol related to IoT-U respectively and
assuming x, as high powered symbol compared to x, thus, we can write ¥, > ¥, and

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

9
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ystj = hS,jXS + Ngj, (27)

where ng ; is the AWGN variable and j € (2,r). Here, x; can be directly decoded at UE2
because of high power allocation, whereas SIC is employed to decode x, at [oT-U. It first
decodes x, considering x, as noise and then decodes x, by discarding x,using SIC.

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

ty _ l/’zﬂs|hs,z|2

2 lprnslhs,z 2 +1

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

given by

ty — wznslhs,rlz (2.9)
Vaaosr =y nslher 2 + 17

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

. Yrnslhs | (2.10)
> sznslhrlz‘l’l'

Here, |h,|? is the channel coefficient of residual interference signal at IoT-U that experiences
Nakagami - m fading with m,. as fading severity parameter and (2,- as average channel power

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

the new signal X1 to UE1 with transmit power /v,bltz p,, i,bltze (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 x, that is obtained through SIC process during t1.

Therefore, the signal received at UEl during t2 and corresponding SINR is given,
respectively, by

Y(t;,s),l = ,/lpltzpphp,19?1 + hs 1 Xs + Np,1 (2.11)

10
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ytz _ YPnplhpal? (2.12)
p1 ¢rns|h5,1|2+1 ’

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 Ry, R, and R, as predefined target rate thresholds for UE1,

UE2 and [oT-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 userl occurs when UE1 unable to decode both

symbols x; and x,, and this is given as

ty,ipSIC __ t th . .t th
Pout,(l,p) =1- Pr(yX12—>PJ > R2 ’ yp,ll > Rl ) (2.13)

n 2nRy n 21 Ry
where RI* =27-« —1,R{" =271-a — 1

Now, we evaluate above Eq. (2.13) in both ipSIC and pSIC cases considering R5" < 2 into

$1
account in the following sections.

a) ipSIC: p-PSIC

out.(1p) for the ipSIC case can be evaluated through following theorem.

. t1,ipSIC
Theorem 1: The exact form expression of P P

DUt (1,p) for ipSIC case calculated over

Nakagami-m fading can be expressed as

t1,ipSIC _ (2.14)
Pout,(l,p) — 1 - ZO - Zl’

the final equations for Z, and Z; are given by

mp11+k1—1 Uk2 (mpll + kl - 1)!

k
k
Qp1a 0 1) k k Mpy11+ki—k
I i
* " r(mpn) k! k, (@2) mps ) (2.15)

k=0 k1=0 k,=0 —(
1 2 exp 2p1

11
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k
(222, 1(%)" () , (Bt (2.16)
— 0p1) 2P Up1 J _ 2p11 p117 =\ Dp11 /
Zl exp P k=0 k! 1 exp P Zl€1=0 k! :
. 1.
Xz_y
where U = us B = Mp11 + Mp1U3TNpP2
NpP2 ’ 0p11 Op1

By substituting Eq. (2.15) and Eq. (2.16) in Eq. (2.14), one can get required expression
for pELPSIC
or Pout,(l,p) .
Proof: Refer Appendix A.
b) pSIC: Invoking respective SINRs into Eq. (2.13) and considering A=0 for pSIC case, we

can evaluate Eq. 2.13 as shown below.

Rth Rth
=1-P (|h,,,1|2 >——;|hy4|?> > - ) (2.17)
P1Mp (@2 — Q1R Ny
considering z = |h, |3 u; = B Uy, = R now above Eq. (2.17) can be
£ 2= Mpalth = o 2 = g RS, q- (=
modified as 219
t1,pSIC
Po;f(l,p) =1—PB.(z > max (uq,uy)),
Case i: if Ui > Uy,
k
_1(Mp1 R{’l
(e ( R{" )m’”l (g—— (2.19)
k=0
Caseii: ifug < uy
K
Mp1—1 (mm )
Mp1 N LY
(g2 ) w2) 251
BP.(z > u,) = exp (”zﬂ) g Z pk! (2.20)
k=0

By substituting Eq. (2.19 ), Eq. ( 2.20) in above Eq. ( 2.18) one can get Pot;':fll IC)) for pSIC

case.

12
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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

Potﬁt v = 1—h (sz_m . > R3*; )/p 1> fh) (2.21)
and it can be calculated in following lemma.

Lemma 1: The exact expression of P2 out,ypr computed over Nakagami-m fading can be

expressed as

pt

out,UE1 =1-2,-17;, (2.22)

where Z, and Z; can be given as

Mmps—1 mg1—k

.k __
2 mgq Ms1 1 mpsuo mpsﬂsluz 2 mpsmsl
Zs = k\ q 0 Kmsi-ia| 2 | 5 W2
I'(mgy) \g e S ps Mgydips psiss1

mps+mp1
mps 1 k mp1+k 1 —-j-1

XY Y (O ) ()
1=0 k;=0 kl mslgpsﬁll -Qpl

(_ul)k ()" (- 1)l r(my, + k)
i r s1 — k — l;
I (mpy )T (mgp)k! j! (qb—mpsul) (m ¢)
exp

Qps

(2.24)

MpsMs1d2ps

with ¢ = . Moreover, Pout yp becomes unity for R5" > 22 L2

NpsPs1Mp1l1q P1

Proof: Refer Appendix B.

13
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2.3.1.3. Outage Probability of UE2 in I'T Phase t2:

The outage event of the UE2 occurs either UE2 cannot decode its symbol x, or the relay
node is unsuccessful in decoding. For a predefined target rate R, the OP of UE2 is given as

below.

P2 ue = B(vys > R v > REY) + B (v <RE). (225)
Pl P2

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 Potjt,UEz over Nakagami-m fading channel

conditioned on R < % can be given as Pot;t vg2 = P1 + P, where P; and P, computed as
. )
follows.
k
s mps—1 <M) (@)msz mg—1 (mszus)k
e k r'(ms,) e k ( )
o (_1)11(0)11 Mmps—k—u—1 (m kg 1)' (u )k1
SOy (kv )i
1 | Mmps—k—k;-u-1 "~
e~ u — kq!(6,)™P !
m mps=1 (mpsuz)k
- u, ) (2.27)
P,=1—exp (”PS ) Z ZT
k=0
RS MsaUs Mps
where us = = 0, =

((PZ_Qoleh) B np ’ Qs Ops

Proof: Refer Appendix C.
2.3.2. Outage Probability of Secondary Network:

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

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

14
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not detect symbol x, or when IoT- relay node ST unable to detect x, along with successful

detection of x,.

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

as
P2 = B(vils > R By) + B(vils <REM). (2.28)
Poutl Poutz

2nRy _
where R = 271-a | P,, denotes the OP of IoT-U fails to detect any symbol can be given as

P,=1-P (yxﬁsr > Rl ysr > RiM), (2.29)

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.

- U, u h?+1
by =B |hs,r|2<min< o Un(Paylhr] )) ,

2 2

| s | |hps | (2.30)
further, we compute P, Out o for ipSIC and pSIC cases by substituting Eq. (2.30) in Eq. (2.28)
which are conditioned on R:* < o 2 and Rt < )l(p —— in subsequent sections results in

2 u u u, (@281, 11 + 1)

el Tl Iyl
Pout,c1
h 2 + 1 h 2 + 1
+ P. (yzt?s > Rih; |hs,r|2 < ub((/’zﬂnﬂ ;l ) ; Ug < ub((pzﬂnp| ;| ))
s s s
Pout c2
+ Poutz (2.31)

Proof: Refer Appendix D.

Final expressions for Pyt o1, Poyt c2, Poues are as follows
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(mps¢1>’< (mps)mps (msua)l

mys—1\ Q _ 02 me—1 -

— ps ~ X 7°pS J (01¢1) _ \ps/ s Qs (61¢1)
Poutcr o o exp F(mys) 21=0 L exp

o mps—u—I1-1
§ Z( 1" ()" S (mps —u—1-1)1(¢y)"

u=0 ul ;=0 ! (01)(mps_u_l_lz)

/i (=D"($)" mps_i_k_l (mps —u—l- 1)! (p)" _ msz—l (m-é_l:a)kl\
=R IO e YL
) u u mps—u—k—kl—l |
(=D*() s—u—k—k - 1)1 (¢)"

k Z Tf‘* Z (mps —u 1= 1) (¢ /

L,! (01)(mps—u—k—k1—l4)

l4,=0
mps>mps my-1 (My P2
(ﬂps ( 0, ) (6160) (2.32)
X ' exp 191
F(mps) ] k
POutCZ
() e ()

COYE N (s ke G
F(mm) Z k' Z : Z €k3)!(91)mps—u—kz—k3 exp G16)
(mps) (mr mr ms—1 ms

f(m ) r(m) Z Z ( )(ub¢2ﬂ77p)k4(ub)k_k‘* exp~ (0160
- r

mps—k+k4_

mr+k4—1

(my + kg — D1 ()" i (—1)(&)* Z (Mps + kg — 1 — k — kg — 1)1 (¢b1)"s
|

ks! (91)(mr+k4—ks) (ke)! (Ql)mps_u_k+k4_k5—k6

(2.33)
(mps¢1)"
Mmys—1\ Q -
PO‘LLtZ = 1 —_ k:p(s) %exp (91¢1). (234)
PSIC: For pSIC case with 1 = 0, proceeding further gives following results.
t
Ysr = rislhs|®. (2.35)

t, pSIC pSIC pSIC
Therefore, P, o = Pyyrer + Pourca + Pousz
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PpSIC — ps -(01¢1) _ Z —(6191)
out,cl — exp F(‘mps) T exp
© mps—u—I1-1 :
x z (=1D"(Se)" z (mps —u—1-1)!1(¢1)" (2.36)
I I (my+ka—ks) ’
] u! &= 1,1 (6,) 4~ks
By replacing u, with u, and &g with &, one can get Po’ftlgz
Rth
where u, = 2 ((pR)T [ and
(0=, R2DBM, r/Flp
m m, mgP;
0, =20, =—+4+—
YU TR0, 0
Ua) _
b - ¢—(””) 2= g
- ] - T 5 — Up
L (@R, T eaBny T 2
{1 — mr¢2 Oy = (msub mr¢2 + ms¢2¢3> (3 7nsua (4 — (msua + mr¢2>
12, (0P 02, (0P o, £ 12,
Moreover, when R > zz and Rt > /1 Pmit ., becomes unity for both ipSIC and pSIC

cascs.

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

— P4, UEl)Rl + (1 Py, UEl)Rl + (1 — Pi2 uE )Rz + (1 - Pglzit,sr)Rr]'

(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

E St
E = —_—:
P
—5 1+ a) (2.38)

where St 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:
2,1 =g =16, 1,5 = 05y = N, = 1 as average power of the multipath components, a =
0.2 as the TS factor, the energy conversion efficiency # = 0.7, the PAF as Y=, = 0.3, ¢, =
0.7, Ypi?=1, npas the SNR, 02=1, and duration of block as T = 1, unless otherwise defined.

109 T T L
| Ry, = 0.5 bps,/Hz |

e

=
=
(8]

Y
S
b

Mpg—2

Qutage Probability

108
#*  Simulation 3
I Ana., TE1-tl, ipSIC, F # Simulation
H 02,=10 dB H —— Ana., UE2
1 Ana., UEl-tl, ipSIC, ‘10'65 “— Ana., UEL-t2 3
0% —® 0, 20 dB - g >
H —dh— Ama. TTEI1-t1, pSIC N | Tipg = Mlps = Tllgg = THee = '”'{
: : b
4] 10 20 30 4{‘]0 Q 10 20 30 40
e (dB)

e (dB)

Fig. 2.3: OP versus SNR plots for the primary network with varying m-parameter
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In Fig. 2.3, the outage performance of UE1 and UE2 are plotted against the transmit SNR
(np) in dB for both pSIC and ipSIC cases. Here, we considered fixed data rates R; = R, =
R:,, = 0.5 bps/Hz, with varying fading severity parameter (m-parameter). For the UEI in IT
phase 1, the impact of ipSIC on the OP is shown by varying Q1 = —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 Q1 increases, outage performance deteriorates. In
addition to this, it can be seen that as the 1, increases, outage performance improves for the
UE2 and UE1 (pSIC), but for the UE1 (ipSIC) in the IT phasel 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.

1049

1071 E

o
(5]

%

1 Ry, = 0.5 bps/Hz ‘ -'\__

1073

Outage Probability

Mgy = Mg = M

107 # Simulation
—#— Ana., [oT-UE, iPSIC, Qs =10 dB
—e— Ana., [oT-UE, iPSIC, Q1g =20 dB ‘

<t+— Ana., loT-UE, pSIC
0 5 10 15 20 25 30 35 40
1, (dB)

Fig. 2.4: OP versus SNR of [oT-U

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

and ipSIC. Herein, we set the data rate R, = R, = R;;,= 0.5 with A =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 Qs 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 Qr vary from -10 dB to -20 dB, it improves the performance. The outage floor
for Qr = =20 dB occurs at comparatively lower SNR than Qr = —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.

Throughput

# Simulation
—#— Ana., iP5IC
-4— Ana., PSIC

I 1 L I I
0 5 10 15 20 25 30
. (dB)

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 Ry = R, = R, = Ry, = (0.5, 0.6) bps/Hz, with all m-parameter
equal to 2 and Q1 = Qr = —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.

20



04r
03

0ozr
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2.5. Conclusion:

# Simulation
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Hy, = 0.5 bps/Hz

Ry, = 0.6 bps/Hz
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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 UEI, 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].

IR 4
e~
V.
{0,_5-
....................... >

EH Phase

—— IT Phase 1 (t1)
------- » 1T Phase 2 (12)

sT s » Interference

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 ¢ € (0, 1) denoting the PSC parameter. Here, first time phase T /2 is divided into three

sub-parts based on power splitting factor ¢. In the first T/2 time, base station sends
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information to both UEl 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

PB,.

A

(¢ B,) EH at Relay S— UE2, IoT-U
((1-¢) B,) for P—S Information Transmission P—UE1
P—UEI1 Information Transmission Information Transmission
- T/2 > < T2 >

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

And the next (1 — ¢)B, 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 [oT-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

En = 1 Pplhyps|°T/2, (3.1
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where 71 € (0,1) is the energy conversion efficiency and it depends on the EH circuitry and
on the rectification process and Pp is the source transmit power. Hence, the power

transmitted from node S over the time 7 /2 can be calculated as

Ep (3.2)

P = T_/Z =n¢ PPlhp,slz-

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, = /Y, P,x; + \/{;P,x, to node UE1

using downlink NOMA transmission principle. Here, Y, and x; are power allocation factor
and data symbol related to UE1 whereas 1), and x, are the power allocation factor and data
symbol related to UE2 respectively and assuming x, as high powered symbol compared to
x4 thus, we can write Y, > 1, and Y,+1p,= 1. Thus, the received signals at node j, j € (1,s)

can be given as

y(p,l) == Xphp,l + np‘l ’ (33)

and the signal received at relay node is given by

Yo = (1= Db + [A = 00ahxa) s + e, (3.4)

where n,, ; is the AWGN variable with variance a2. Considering the NOMA principle, UE1
performs SIC to decode the x; symbol. Initially, UE1 decodes x, symbol assuming x; as
noise and then, after performing SIC, x; symbol is decoded at UE1. Hence, the SINR

received at UE1 to decode x, can be expressed as

t Y 77p|hp,1|2
Ve -
X~ pd ¢1Up|hp,1|2+1 ’

(3.5)
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and UEI to decode x; can be given as

ytl _ ¢1Up|hp,1|2
PL o Aamplhpal? +1° (3.6)

where 1, = I;—I; is the transmit SNR at primary transmitter and 4 (0 < 4 <1) is the

residual interference parameter when A=0 it represents pSIC.
Moreover, loT-relay will decode x, symbol by assuming x; as noise since it is a low

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

ytl _ (1 B ¢)lp277p|hp,s|2 (3.7)
p:s (1 - ¢)¢177p|hp,s|2 +1°

In the next IT phase 2 (t2), if ST is able to decode symbol x, 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 x, at node ST, it combines x, with its own signal x, to
create a composite signal X = @xz + /Y- Pix,- by using NOMA principle, where 1,
and x, are power allocation coefficient and data symbol related to UE2 whereas 1, and
x, are the power allocation coefficient and data symbol related to IoT-U respectively and
assuming x, as high powered symbol compared to x, thus, we can write ¥, > ¥, and

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

Vsj = Xshs,j + ng j, (3.8)

where ng ; is the AWGN variable and j € (2,r). Here, x; can be directly decoded at UE2
because of high power allocation, whereas SIC is employed to decode x, at IoT-U. It first
decodes x, considering x, as noise and then decodes x, by discarding x,using SIC.

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

}/tl _ Y,6 nplhp,slzlhs,zlz (3.9)
52 lpranplhp,slzlhs,zlz +1’

where § =1 ¢.
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For the secondary network, the received SINR at SR to decode x, before decoding x, is

given by

t, _ lpzanplhp,slzlhs,rlz (3.10)
V- sr lpranplhp,s|2|hs,r|2+1'

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

ty P8 Mplhp 12 r|? (3.11)
VS,T' = 2 2 )
A28 nplhp s|*[hsr|* + 1

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

the new signal X1 to UE1 with transmit power /v,bltz p,, i,bltze (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 x, that is obtained through SIC process during t1.

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

y(t;,S),l - lpfzpphp,ﬂ% +hs 1 Xs+ 14, (3.12)
and corresponding SINR is given, respectively, by
7 hp,1|* (3.13)

2
Vo1 = .
p1 {12%0) 77p|hp,s|2|hs,1|2 +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 Ry, R, and R, as predefined target rate thresholds for UE1, UE2
and [oT-U respectively.

3.4.1 Outage Probability of Primary Network:

3.4.1.1 Outage Probability of UE1:
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During t1 phase, the outage event of primary userl occurs when UE1 unable to decode both

symbols x; and x,, and this is given as

t1,ipSIC _ ¢ no ot "
Py = 1= B(Vihops > RS 5 vy > REY), (3.14)

where R{" = 22F1 — 1 R{" = 22R2 — 1

Now, we evaluate above Eq. (3.14) in both ipSIC and pSIC cases considering Ri" < % into
1

account in the following sections.

a) ipSIC: Pot;’ti’?i Ipc) for the ipSIC case can be evaluated through following theorem.
Theorem 1: The exact form expression of Pot;'ti’lzilpc) for ipSIC case calculated over
Rayleigh fading can be expressed as
t1,ipSIC W12 _ A (3.15)
Priiiipy =1~ B[y |? > 4] = Exp ")
REM REM

where 4 = max (uq,u,) and u; = 2

__ R
(p2—91RMM,’ (p1—A@2REMn,,

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

can evaluate Eq. (3.15) as shown below.

t1ipSIC , _ R 2 R} (3.16)
pi =1—P<|h N2>, 2 > ) :
out(Lp) AN Py (92 — 1R,
idering 7 = [hy {21 = ey, = — 5 Eq. (3.16) can be modified
considering z = |hy|*,uy = -, up = (= Eope, now Eq. (3.16) can be modified as
t1 pSIC 3.17
Pmi’tz,)(l,p) =1—PF.(z > max (uy,u3)), 3-17)
Casei: if Uy > uy,
k
mp; -1 <mp1 R{h )
2,1 11y (3.18)

_(m)( Ri" )
P.(z > u;) = exp ‘pr/\®1Mp Z

k=0

k! ’
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Case ii: ifu1 < Uy

k
_1(Mpyq
Ml 1<_Pu2)

(P aw Z [
F-(z > up) = exp *r z K (3.19)
=0

By substituting Eq. (3.18 ), Eq. (3.19) in above Eq. (3.17) one can get Pot;'tp(sll‘ g) for pSIC

case.
3.4.1.2. Outage Probability of UE2:

The outage event of the UE2 occurs either UE2 cannot decode its symbol x, or the relay
node is unsuccessful in decoding. For a predefined target rate R, the OP of UE2 is given as

below.

Potzit,UEZ = PT(V?,S > RY"; Vstzz >R3") + PT(V?,S <R{"). (3-20)
Py Py

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 Potlit,UEZ over Rayleigh fading channel conditioned

on Ri* < % can be given as Pot;t'UE = P; + P,. Final expression for Pot;t'UEz is given as
ptr __ Ya o [1 Us l (3.21)
tUE2 — ’ ’
o ppﬂps-gsz pp-st
th th
R R
where u; = 2 nd u, = Z

2 a = PN
(02—p1R2DBM, (92—9,R3"B,

3.4.2. Outage Probability of Secondary Network:

Secondary transmission takes place only when ST able to decode x, symbol, else secondary
network will be in outage. For the [oT-U, the outage event occurs either when ST node could
not detect symbol x, or when IoT- relay node ST unable to detect x, along with successful

detection of x,.
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For a given predefined target rate threshold R, , the OP of secondary network is given as

pt

out,sr

= P(vps > RS"; By) + P(vys <RE").
Pout1 Poutz (3.22)

2nRy _
where R = 271-a | P,, denotes the OP of IoT-U fails to detect any symbol can be given as

P =1—-P(viiosr > RE; v2 > REP), (3.23)

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 A=0.

Lemma 3: The analytical expression for Pot;t'UEz over Rayleigh fading channel conditioned

P2

. t
on Ri" < 5. can be given as P, 2
r

1 . tz . .
out,sr- Final expression for B, -, is given as

|, v (3.24)
P2 =————Fi [1, - l :
outst pp-st-QsZ pp-st

th RTIZh

where u, = max(us, ug), Us = and ug= .
‘ ven T (wz—erEh)ﬁnp ® (@r—A@2REM B0y

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 IMHZ 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 7/2 is divided into

three parts:
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t,: It is the time taken by the cache to fetch the un-cached primary content for the PU.

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

Ty — t, — 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

A

»
»

tp

< ts >

< T, —t, —t; —

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 x; 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

Vi, = ‘ﬂ hs,szxp + Ngj,

(3.25)

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

3.26
Yisr) = (1 - .u)hs,rpsxs + Ny, ( )

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

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

us |hsl?

(3.27)

(SNR)py = Ypu =
i e A —=pw)ns Ihs,jl
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2
(A=) nglhgl (3.28)
= CILE
() ng [hg 1" +1

(SNR)SU = Ysu

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

RP* = R,.B.(T,log,(1 + (SNR)py = RI), (3.29)
R{* = Rs.B(Tylog,(1 + (SNR)gy = RE), (3.30)
Output expressions for R¥" and R§* can be given as
1
$100ps5)2 ¢ G-31)
Rpu =R 1-2 ( p ) K 2 )
1 p 5 ! 5 'QPS
910,52
2 b1 3.32
RS = R 1—2<ﬂ)1< 2 . (3.32)
1 s -er ! 'QST 'QPS

Proof: Refer Appendix E.
Type-2:

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

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

RY* = Ry, P.((Ty — ts)log,(1 + (SNR)py = REE), (3.33)

Rs" = Ry. P.((Ty—t5)log, (1 + (SNR)sy = REE). (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

R¥* = R,. P.((Ty — tp)log,(1 + (SNR)py = REE), (3.35)
R$* = Rs. B.((Ty—tp)log,(1 + (SNR)sy = REE). (3.36)
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
Ry = Ry B((Ty = tp — t)logo(1 + (SNR)py 2 RE), (3.37)
R§* = Ry. P.((Ty—t, — t5)log, (1 + (SNR)sy = RLE). (3.38)
3.5.2. Caching Model:

Here, we assume that the library of files requested by primary and secondary network users
as Fpy = {1,2,3,..., M} and Fsy = {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

pu_ L F 3.39
fi - M ] (l € PU) ’ ( . )
n=1M P
S . (3.40)
SU _ I — €F )
f] ﬁzln‘Vs (] SU)

In this model, we assume that the file popularity contents of primary and secondary follow
descending order and is shown as fV > ffV > ffV > ... > fiV and Y = YV = 5V =
o> fV with 3L, fPY =1 and X, f°Y = 1. 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
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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.

R¥(Co, B) = Pp-Ps- RI™ + Pp- RS + ps. RS + RE", (3.41)

subject to
RPY(Cy, B) = pp.ps-RY" + p,. RY" + ps. RE“ + RV, (3.42)

0<t;,<T;0<t, <T;; 05t +t;,<T;; 0<(<C;0=<u<1

above equations can be re-written as

Rsu(q ,8) _ (lc)l_)/p -1 ((1 - l)C)l_ys —1 Ris-u + (lc)l_yp —1 i<;u
) 1— . 1—ys _ . =7 4 — .
M —1 1_M ¥s —1 M™% —1 (3.43)
(A=Dc)y -1 " w

M7 — 1 .R3* + R3",

RP¥(q, B) = (Ic)'™" -1 . (1 =Dec)' s - 1. pu (le)' 7 — 1_ pu
—_— C S —
Ml)_YS — RY" +RY".

where y,,¥s are the primary and secondary file contents popularities and the cumulative
distribution function of the file popularity distribution of primary and secondary p, and

p, following approximation of the sum of zipf probabilities is useful.
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Co' ™ —1
— pu ~ 0
p, = z R (3.45)
=1
P (C = C)Y ¥ — 1
- —_— 0 S —
p, = Z e (3.46)

3.6.2. Outage Probability:

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

mentioned four types.

(Pout)PU = pp-ps- (Poutl)PU + pp- (PoutZ)PU + Ds- (Pout3)PU + (Pout4)PU, (3-47)

(Pout)SU = pp-ps- (Poutl)SU + pp- (Pout )SU + Ds- (Pout3)SU + (Pout4)SU. (3'48)
Type-1:

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

(Pout Jpu = 1 = B(T1logz(1 + (SNR)py = RE}), (3.49)

(Pout1)sy = 1 — B(Tilog, (1 + (SNR)sy = REE). (3.50)

Output expressions for (Pyy:1) py and (Pyye1)sy can be given as

1
2

¢1-st ¢1
P =1- 1—2(—)1{ 2 ) 3.51
( outl)PU 051 1 051 st ( )
R
2 1 3.52
P —1— 1—2(—1 ”S)K 2 . (3.52)
( outl)SU -Qsl 1 -Qsl st

Note: Proof of (P,ys1)py and (Pyyeq)sy is similar to RP* and R§™.
Type-2:

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

given by
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(Poutz)puy =1 — Pr((T1 —t;)log,(1+ (SNR)py = Ré’é) ) (3.53)
(Poutz)su = 1— Pr((Tl —ts)log,(1 + (SNR)sy = Réi,‘ . (3.54)
Note: Output expressions and proof is similar to type-1 OP by replacing T; with T; — t,.
Type-3:
When cache has to fetch the requested file content of PU during t,, time, then its outage is
given by
(Pouz)py = 1= B((T1 = tp)log;(1 + (SNR)py = Rég), (3.55)
(Pouts)sy = 1= (T — t)log,(1 + (SNR)sy = Rég) - (3.56)

Note: Output expressions and Proof is similar to type-1 OP by replacing T; with T; — t,,.
Type-4:

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

its outage is given by

(Pout4)PU =1- Pr((Tl - tp - ts)lng(l + (SNR)PU = Rég ’ (3.57)
(Pout4)SU =1- Pr((Tl - tp - ts)logz(l + (SNR)SU = Rgg) . (3.58)

Note: Output expressions and proof is similar to type-1 OP by replacing T; with Ty — ¢, —

ts.

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

Sr=2[(1 = Pour) pv)Rpu + A = Poue)sv)Rsu] - (3.59)
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where Ry, and Ry, 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

28,

E;=—2ZL.
B= (3.60)

Where S 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: (2,,; = )5 = 16,
2,5 = sy = 5, =1 as average power of the multipath components, ¢ = 0.2 as the PS
factor, the energy conversion efficiency # = 0.7, the PAF as ;=,. = 0.3, ¢, = 0.7, Pt2=1,
npas the SNR, o?= 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 y, and y; respectively.
For the PU as y, 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
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the similar way, for the secondary user [oT-U as y; increases, we can achieve more increase

in transmission rate.
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Fig. 3.4: Zipf probability distribution curve for primary user
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Fig. 3.5: Zipf probability distribution curve for secondary user
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Fig. 3.7: OP of PU and SU versus transmit SNR 7,,(dB)

In Fig. 3.7, we analysed the system performance in terms of OP, as the 1,,(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
[oT-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 R; =R, =R, =
0.5,0.6 bps/Hz. 1t 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.

MNo-Caching Cooperation
— Caching Cooperation

SU transmission rate (Mbps)
oo

1] 5 10 15 20 25 30
Transmit power in dB

Fig. 3.9: IoT-U transmission rate versus transmit power with and without caching scheme
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Fig. 3.10: Throughput versus 7,,(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 7, (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.
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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

2 2
W2 1y, o, Palplhpal® Rm>,

Potzlu,UE1:1_Pr<lp |k |2+1 2 I P oZ+1 1
17719 p,1 l/)zflp| p,1| +

(1
Performing some algebraic manipulations and rewriting above given as

Phivpi=1-PF (|hp,1|2 > Uy ; |hp,1|2 > Uz (l/)2np|iip,1|2 + 1)) ) (2)

=1-P (|hp’1|2 > max (uziu3 (Ebzrhalﬁp,llz + 1)))’

=1-P, (|hpal* > us; us (0 |Bpal +1) <)
Z3

—Pr(|hp,1|2 > 1‘»3(1,0277p|flp,1|2 + 1) ; 1‘»3(1,0277p|flp,1|2 + 1) > uz) ,(3)

Zy

RER RER

U, = ——2
Py’ 2T (21RO,

where U3 = and assuming |h,1|? = X, |h,,|? =Y, Z; and Z,

can be further evaluated as

Zy = Fxy(up)Fy (U), (4)

Z= | ([ o fx(x)dx)fy(y)dy, ©)
U 'U.3(1l}27]p|hp’1| +1)

By invoking the respective PDFs and solving inner integral results in

Mp1 U (1/)277p|ﬁp,1|2+1)

o M1t 2 “ _< )
Zy = j Z <u3 (wznplthl * 1)> (7;21191>k exp o frdy (6)
U

|
) k! p1

By applying the binomial expansion [33, Eq. (1.111)] and solving the involved integral, one
can get Eq. (2.15).
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Appendix B:

Ptz —1—PpP l/)2 nplhp,llz > th . gznplhp,llz > Rth (7)
outUEL " lplrlplhp,ﬂz +1 27 Yrnslhsq > +1 vy

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

as
Potlit,UE =1-P (lhp,llz > Up; |hp,1|2 > U +u7|hP'S|2|hS'1|2)’ (8)
=1-PF (|hp,1|2 > max(uz s U + Uplhp s ? s |? ))'
=1-P, (lhp,llz >Uy; Uy > Ug + u7|h5,1|2|hp,5|2)
Zy
— B (Inpal” > e+ us s sl 5 2 < g + s g ||,
Z3
where Ug = R and  u; = ug@, BNy, Uy = o
6 :Zrlp 7 6Pr npr 0 Uy :

assuming |hp,s|2 = W and |hs,1|2 = Z, further Z, and Z; can be evaluated as

Z, = [ e @dx [} fr(2)Fy (2) dz, ©)

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

Eq.(2.23).

Similarly, Z5 can be evaluated as follows

(10)

Zgzpr[W<Xu;;6;Wz(ﬁ)] , N

- [ () 0 fotarasas

+ J;)ué fr(x)dx — J:o E, (%) fz(2)dz . —
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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

wznplhp,slz > Rth . wznslhs,le < Rth)
2 2
wlnplhp,5|2 +1 lprnslhs,zlz +1

2

h 11

+Pr( 1/’277p| p,zsl < R§h>. (1T)
lplnplhp,5| +1

PoutUEZ = Pr(

. 2 . . .
Assuming |hs,2| = I and rearranging above equation can be given as

u
Pout UE2 = Pr (lhp,s|2 > Uy ; |hs,2|2 < WS) + Pr (|hp,s|2 < uz) ) (12)

Pl PZ

pt? =P, +P,,
out,UE2 1 2 (13)

- foo E, (%) fwrwW)dw + Fyy (uy)

Further P, 5, can be evaluated as follows

Mps
Mgy — 1 <mps) P

Pout UE2 — Z F(‘mps)k'

foe) S m SW
<m52u5>kf Wm?“"“lexzz)_(rfr;szy';ur s )dw (14)

Uz

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

_(mSZU'S) ( 1)u(m!_;2u5)
exp ‘“2s2W/ as Y OTSj and solving the resulting from this expansion, we can

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

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

Pout.c1) Pout c2 can be further evaluated as follows

Poutcl_f FX1( )(1_f Fz(%»fw(w)dwl (15)

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 Py, - as shown in Eq. (2.32).

oo oo ¢3x2+%
Poutr = f < f ( ] fX1<x1>dx1fX2<xz>dxz>>fW(w)dw, (16)
0

_ / ool[l _ m:zrl%(msr)k ¢3x2 k]l\l

) N |

fx, (xz2)dxz fy (W)dw, (17)

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 Py, c,.
Appendix E:
Transmission rate of Primary user in Type-1:

R = Ry, B(T1log,(1 + (SNR)py = REE). (18)

Invoking (SNR)p into above equation leads to

2
Uns |hsj
RM™ =Ry,.D, <T110g2(1 + s |hsj] —) = R”l), (19)
(1 —wns |he]” +1
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ws gl B (20)
RY =R,.P, —) =21 —1],
(1 —ns |hs|” +1

RP = R.P <|h |2 S RE )
1 = fpfr | sl = 2|’ (21)
(.u - (1 - ﬂ)Rg‘h)ﬁnp|hps|

REM
(W-QA-wRM By

where ¢, = , finally the output expression of RY" is given as

The final output expression for primary transmission rate is given by

1
¢1-st 2 ¢1
RV =R 1—2(—)1{ 2 : (22)
L Q51 /71 Qs
Transmission rate of Secondary user:
R{" = Ry, P(Tylog,(1 4+ (SNR)gy = RIH). (23)

Invoking (SNR)gy into above equation leads to

(1 —pw)ns |hsj|2 > (24)
R$* =R,.P.[ T,log, (1 + > Rit),
1 su T( 1 gZ( (#) ns |h51|2+1) eq
(1_:“) Ns |hsj|2 R—’tﬂh
R = Rg. B 2 )=2T —1], (25)
(M)TIS |hsj| +1
2 Rth 26
Riu == RSH'PT <|h5~]| 2 r th 2)1 ( )
((1 - :u) - (M)RT ):Bnplhpsl
here ¢ i finally the output ion of RS s gi
wnere = , I1na € output expression O 1S g1veén as
2 = (1—w-(WRM B,y y putexp 8
2052 s
2 27)
RS* =R 1—2(ﬂ)1{ 2 L . (
o [/ N
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