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ABSTRACT In this paper, the effective end-to-end secure communication of N-pair cellular network is
studied. Promising multiple access scheme known as non-orthogonal multiple access (NOMA) and physical
layer network coding (PLNC) scheme are employed to improve the spectral and the temporal efficiency
respectively. Also, this proposed model uses the physical layer security to ensure the secure wireless
communication. It is assumed that the eavesdropper (Eve) tries to trace the confidential message from the
legitimate user’s. Hence, they generates the artificial noise (AN) to confuse the Eve. Closed form expression
for the end-to-end outage probability of the proposed N-pair NOMA-PLNC wireless network is derived.
Further, a closed form expression for the secrecy outage probability of the proposed network is derived
using homogeneous Poisson point process (HPPP) and Gaussian-Laguerre quadrature. Numerical results are
presented to validate theoretical findings. It is noteworthy that uplink performance of the proposed network

is better than the network without PLNC scheme.

INDEX TERMS Non-orthogonal multiple access, physical layer network coding, physical layer security.

I. INTRODUCTION

Recent release of third generation partnership project
(3GPP-v17) extensively studied non-orthogonal multiple
access (NOMA) scheme with practical experiments partic-
ularly for the signal transmission and multi-user receivers
model such as minimum mean square error (MMSE) hard-
interference cancellation and elementary signal estimator
with soft input soft output decoder [1]. Applications of the
NOMA scheme extended to various fields in sixth generation
(6G) communication and it is expected that 6G wireless
networks will offer 1000 times higher wireless connectivity
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than the fifth generation (5G) networks. 6G also provides the
ultra long distance communication with low latency. In partic-
ular, demand on the large wireless accessibility occurs in the
low power massive machine type communication (mMTC)
and in fact it is one of the major requirements of the 6G com-
munications. In mMTC wireless networks, network conges-
tion problem is the major issue. In such scenarios, a promising
non-orthogonal multiple access (NOMA) scheme is applied
in the MTC networks to support the massive access and
thereby reduce the network congestion [2].

Basically, NOMA scheme allows many users to share
the same time/frequency resource block (RB) to achieve
the better spectral efficiency and the massive connectiv-
ity in the cellular network [3]. Currently, cellular network
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is operating with orthogonal frequency division multiple
access (OFDMA) scheme and it can be replaced by NOMA
scheme in the future implementation of the cellular sys-
tems. Among the various NOMA schemes, power domain
NOMA is the preferable one due to its adaptable design
architecture. Power domain NOMA scheme employs the
superposition coding (SC) at the transmitter and the suc-
cessive interference cancellation (SIC) at the receiver [4].
Since the user rate enhancement is the key benefit of the
NOMA scheme, target of the many researchers are primarily
on the outage analysis of the channel links [5], [6], [7],
[8]. For instance, the outage performance of the NOMA
based downlink cellular wireless network is analyzed under
randomly deployed users in [5]. In this model, the outage
of the N users NOMA system is analyzed with respect to
the user target data rate. Similarly, the outage of the down-
link NOMA system is analyzed with known channel state
information (CSI) at the transmitter and its performance is
improved by optimizing the power allocation [6]. Further,
the outage performance of the NOMA system is analyzed
over Nakagami-m fading channels [7] using cumulative dis-
tribution function (CDF) based scheduling. Recently, the out-
age of the uplink NOMA based land-mobile satellite (LMS)
system is analyzed over composite shadowed-Rician fading
channels [8].

In day-to-day life, people are using the mobile applications
frequently for sharing some confidential messages such as
bank details, e-health data, command messages in military
services and control messages in industrial operations. There-
fore, secure communication is another important aspects [9].
Although, the wireless networks employ the bit-level cryp-
tography for secure transmission, there is no guarantee to
protect confidential messages in the public wireless networks.
To tackle these issues, a new idea is proposed to provide
security in physical layer from the information theoretical
point of view [10]. In physical layer, secure transmission
is achieved through various ways such as artificial noise
(AN), beam-forming, diversity and secret key [11]. Recently,
several works are proposed in the NOMA wireless networks
using the physical layer security. Particularly, AN used in [12]
for secure communication of the large-scale NOMA wireless
network and AN is generated by the authorized user in order
to confuse the eavesdropper (Eve) while receiving the con-
fidential messages. Similarly, wireless powered full-duplex
relay is applied in the cooperative NOMA wireless network
to improve the secure communication and the ergodic secrecy
sum rate in [13].

In practical wireless networks, the presence of interference
is unavoidable one due to its broadcast nature. However,
by properly aligning the interference signal with the transmit-
ted signal it will help to improve the performance of the wire-
less network. With that inspiration, initially the concept of
physical layer network coding (PLNC) scheme is developed
in [14] to boost the data rate of the wireless network. PLNC
scheme is working on two phases such as the multiple access
phase and the broadcast phase and it is termed as orthogonal
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multiple access channel (OMAC) and non-orthogonal broad-
cast channel (NOBC) as in Figure 2. In first phase, users pair
who wants to exchange their messages will send their data to
the base station simultaneously, then the base station decodes
the linear combination of received signal and then perform the
XOR operation to generate the PLNC signal. In second phase,
base station transmits the resulting decoded and re-modulated
signal to the same user pair through the broadcast channel,
finally the user will decode the received signal using its own
message. In the past few years, many of the works have been
proposed in the PLNC based relay networks, for example,
in a large scale cellular network, PLNC scheme is applied to
increase the capacity of the network [15]. Similarly, in [16]
the bit error rate (BER) performance of the bidirectional relay
network is analyzed using binary phase shift keying (BPSK)
modulation.

Recently, various wireless networks model using NOMA
and PLNC schemes are proposed to enhance the user rate
in the cellular wireless network [17], [18], [19]. The main
impact of the PLNC scheme comes from the fact of tem-
poral efficiency which indirectly increase the user accessi-
bility. Therefore, combining NOMA with PLNC scheme is
the promising model for the future wireless networks. More
recently a simple two-pair NOMA-PLNC wireless network
is proposed to improve the sum-rate through optimal power
allocation in [18] and [19]. Multi-user detection is performed
in the NOMA-PLNC network using the cascade computation
decoding algorithm in [20]. Two-way relay based NOMA
network is analyzed with perfect and imperfect-SIC through
independent non-identically distributed (ind) fading channels
in [21]. Indeed, the spectral efficiency of the PLNC network
is improved through cooperative NOMA scheme in [22].
Interestingly, the far user signal strength is improved in the
NOMA-PLNC wireless network using the existing backscat-
ter devices in [23].

A. MOTIVATION AND CONTRIBUTION

Although some of the works are proposed using NOMA-
PLNC scheme [17], [18], [19], [20], [21], [22], [23], study
of such a network with N-pair of users is still an open
issue. Practically, each cell in the cellular network is oper-
ating with large number of users, hence it is necessary to
develop a suitable cellular network model with N user’s
pair. Further, providing secure transmission in the cellular
networks is another major concern. Recently, few works are
proposed in the cellular networks to establish the security
in the physical layer [24], [25], [26]. For instance, secrecy
outage of the 5G cellular network is analyzed and secrecy
throughput is enhanced using access threshold metric in [24].
Further, secrecy rate of the cellular network is analyzed under
full-duplex and it is the promising technology in upcoming
wireless networks [25]. Similarly, secrecy rates of the down-
link cellular networks are analyzed and locations of the base
station and mobile users are modeled using Poisson distribu-
tion in [26]. Further, relay selection assisted secrecy outage
of the downlink NOMA wireless network is studied in [27].
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In other hand, secrecy outage of the uplink NOMA based
cellular network is analyzed in [28] by considering inter-cell
and intra-cell interference’s. Further, secure transmission in
NOMA wireless networks is achieved through chaos mod-
ulation in [29] and [30]. By considering all the issues in
the NOMA based cellular networks it is noted that the user
pairing using PLNC scheme is not yet considered even though
it provides significant improvement in the overall network
performance. Therefore, in this paper a new NOMA-PLNC
based N-pair cellular network model is proposed in the pres-
ence of Eve. In this proposed model, each pair of users occupy
a unique time slot to transmit the signal to the base station
through OMAC link and then base station linearly combine
all the PLNC signals using superposition coding. Then, the
resulting NOMA signal is transmitted back to all the users
simultaneously through NOBC link. The main contributions
of this paper are:

o N-pair NOMA-PLNC based wireless cellular network in
the presence of Eve. At initial stage, a two-pair network
model is considered then it is extended to N-pair wire-
less network. Further, the network is studied with and
without Eve.

o Locations of the users are modeled using Poisson pro-
cess to analyze the secrecy outage of the proposed
NOMA-PLNC wireless network. Further, the proposed
model is analyzed without considering Eve through
Rayleigh’s fading.

o Closed form expression for the end-to-end outage prob-
ability of the two-pair NOMA-PLNC wireless network
is derived and it is extended to N pairs NOMA-PLNC
wireless cellular network.

o Also, closed form expression for the secrecy outage
probability of the downlink NOMA-PLNC network is
derived.

The rest of the paper is organized as follows: In
section II, the system model of the proposed wireless net-
work is discussed. Derivations for the outage of the OMAC
phase, NOBC phase, N-pair NOMA and secrecy outage are
discussed in section III. Numerical results of the proposed
network are presented in section IV and concluding remarks
are given in section V.

Il. SYSTEM MODEL

The proposed cellular network consist of one base station,
N near users and M far users and they are distributed ran-
domly in the presence of the Eve as shown in Figure 1.!
The density of the distribution of the legitimate users are
modeled according to the homogeneous Poisson point pro-
cess (HPPP) [12]. It is assumed that the N near users are
distributed within the inner circular region with radius of
r, and M far users are distributed in the annular region
(i.e, intersection of inner and outer circular region) with its
outer radius of ry. In this model, the user pair is formed

THere it is assumed that the near user is strong user and the far user is
weak user although practically it may be change.
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FIGURE 1. Geometric model of the N-pair NOMA-PLNC wireless network.

by combining one near user and one far user and each
pair communicate with each other using NOMA and PLNC
schemes. Since, data is exchanged between the user’s through
base station, it is treated as a two way communication. Fur-
ther, it is assumed that the Eve is located beside the legit-
imate user to trace the confidential information. Therefore
to safeguard from the Eve, the legitimate user is operating
with full-duplex (FD) mode and emits the AN while receiv-
ing the message from the base station in order to confuse
the Eve.

In this model, the data transmission is performed in two
phases such as OMAC phase and NOBC phase [18] as shown
in Figure 2. Assume that base station is acting as a half-duplex
decode-and-forward (DF) relay. In OMAC phase, each pair
send their data to the base station in the respective time slot.
At M = N, N number of user pairs are formed. Thus,
N -pair of users transmits their data using N time slots. How-
ever, MN time slots are needed for this uplink transmission
without the PLNC scheme. Then, base station perform the
decoding operation to the received signal and apply the XOR
operation to generate the PLNC signals. In NOBC phase, all
the resulting PLNC signals are combined into a single NOMA
signal. Then the resulting NOMA signal is transmitted by the
base station to all the users simultaneously. Thus, the spectral
and temporal efficiency of the proposed 5G wireless network
is significantly improved. In this scenario, it is assumed that
Eve’s traces the information from the each pair of user’s
which is discussed in detail in subsection C.

A. AN OMAC PHASE
The ith pair received signal yomac,; at the base station over
an OMAC link is given by

yomac.i = v/ Pisi18i1 + v/ Pisiagia + ni. (D

where P; denotes the i user pair transmit power, s; 1 and
si2, 1 <1 < N are the BPSK modulated data signals sent
by the U; | and U; > and its average values are [E(|s; | %) =
]E(|s,',2|2) = 1[21], gi.1, 8i,2 are the channel coefficients from
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FIGURE 2. Signal transmission in N-pair NOMA-PLNC wireless network.

U;,1 and U, to base station and its squared magnitudes fol-
lows the exponential distribution with mean p; 1 and ;2 [39]
respectively and its inverse denoted as 1/u;; = v;j, j €
(1, 2), n; is the complex independent identically distributed
(iid) additive white Gaussian noise (AWGN) with mean
and the variance o2, i.e., n; ~CN(u, 02).

B. A NOBC PHASE WITHOUT EVE

In the absence of the Eve, the near users are simply applying
the SIC operation to decode its own message and does not
generate the AN signal, thus the full-duplex is absent in this
scenario.

The XORed version of the i pair signals at the base station
can be written as s; , = s;,1 @ s;2 [14], [16]. Then, all the
XORed signals are linearly combined with different power
levels «;, 1 < i < N using NOMA scheme and it can be
written as s, = Zivz | ®in/Prsi.r , where P, is the base station
transmit power. Further, the power allocation coefficient o;
will satisfy the condition &1 > a2, ..., any—1 > oy and o1 +
o+ ... +ay =1[21].

The base station transmits a NOMA signal s, to all the N
users pair simultaneously. The signal received at the 7, j user,
U;; of i pair can be written as

YNOBC,i,j = S$r&ij + Nij- @)

where g; ; is the channel coefficient from base station to the
i, j™ user, U; j and it’s squared magnitude modeled as an inde-
pendent non-identically distributed (ind) random variable
follows the exponential distribution with parameter v;; =
1/ i j, n;j is the Gaussian noise.

C. A NOBC PHASE WITH EVE

In this case, both near and far users are adopting full-duplex
mode of operation, hence the received signals of users are
affected by the loop interference (LI) signal [12]. Although
each user’s affected with LI, AN from neighboring users and
inter-pair interference’s, it is reasonable to consider only LI
power since the power of LI is more dominant one to the
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user performance [35], [36]. However, analyzing the impact
of AN signals from many users and inter-pair interference can
be considered as a future scope of this work. Therefore, the
received signal of the i pair near user in the presence of LI
can be written as

YNOBC = Sr&bn + SLIVPisaN + 1. 3)

where gpn = 7 i’éa [35] is the combined small and large scale

fading channel coefficient from the base station to the near
user which ensure the user distribution in the circular region,
dpp 18 the distance from the base station to the near user, « is
the path loss exponent. g1y is the channel coefficient of the
LI which follow the exponential distribution with parameter
v = 1/upr, san is the AN signal which is designed
using pseudo noise (PN). With the assumption of the perfect
SIC [12], the signal-to-interference plus noise ratio (SINR)
of the i pair near user in the presence of LI can be written as

_ |gbn|20‘ipr . ()

Viear lgLi|? Pry + o2

where Pr; = +/PiE(|san|?) is the LI power, ; is the power
allocation coefficient of the near user. Similarly, SINR of the
th pair far user can be given as

|gbfl? i1 Py
]/far = 2 2 2 M (5)
lgotl* atiPr + |gL1l® PL1 + 0
where gpf = ] + d“ is the channel between the base station

and the far user, dpy is the distance from the base station to the
far user and o4 1 is the power allocation coefficient of the far
user. At the same time, Eve traces the near user message from
the base station meanwhile the near use send the AN signal
to the Eve. Thus, the received signal at Eve can be written as

yIIEI\SBC = Sr8be +gne\/FiSAN + n;. (6)

where gpe = dbe is the distance from the base station

1+de ’
to the Eve, gpe = i + da is the channel coefficient from the
near user to the Eve. It 1s assumed that Eve has capability to
detect multi user’s signal [12], [35]. Therefore, SINR of the
Eve with respect to the near user can be written as

|gbe|® i Py
|gne|2PAN +02

YEven = (7)

where Pan is AN power which is identical to the LI power.
Similarly, SINR of the Eve with respect to the far user is given
by

|gbel? ctit1 Py
|8be|? &tiPr + |gfe]® PaN + 02

VEvef = (®)

/
where gf. = % is the channel coefficient from the far user
fe
to the Eve. ‘
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llIl. OUTAGE PROBABILITY ANALYSIS

In this section, the end-to-end outage performance of the
proposed N -pair NOMA-PLNC network is studied. For sim-
plicity, we first derive the outage performance of the two-pair
NOMA-PLNC wireless network and then it is extended to the
N-pair NOMA-PLNC network.

A. OUTAGE PROBABILITY IN AN OMAC LINK
Let us consider i™ and (i+ 1) pair signal to noise ratio (SNR)
as ¥i,1, ¥i2» Yi+1),1» Yi+1),2 and they can be written as

l8i,1 I Pi 18i.2|” Pi
Vil = =5 Vi2 = 5. ®
(o2 (o8
|8+1.11 Pi 18+ .2 Pi
Vi+D).1 = %2 Vi+D.2 = % (10)

Using (9) and (10), the outage probability of an OMAC link
can be expressed as
Pou““(R) = Pr(min[min(y;1 , i),
min( ¥i+1),1 Yi+0.2)1 < y1). (1D
where y; = 22R/W _ | is the threshold SNR, W is the

channel bandwidth which is assumed to be 1. Let y, =

min( y;1, ¥;,2) and yp = min( ¥1),1, Yir1),2 ), then (11)
can be rewritten as

POMAC(RY = Pr(min(ya, y) < 1) (12)
————

OMAC link
Using the probability theory, Pr(min(a, b)) can be further
simplified as [37]

POMACR) = Pr(va < y1)
[ —

Cy
+(1 = Pr(ya <yD)Pr(yp <yp. (13)
——— —
C

In (13), first term C; can be computed by substituting y, =
min(y; 1, ;2 ) as follows,

C; = Prix < ﬂ)
0

+(=Prix < Dypry < 2. (14
p P

where p; = (% is the SNR of each user and it is assumed con-
stant for all users, p; = p, x = |g,‘,1|2 andy = |g,~’2|2 . After
some mathematical manipulation’s, C; can be computed as

_ﬁ(w)
C] =1—e P VilVi2 7, (15)
Similarly, the second term C, can be obtained as
7 MDD 2 )
Cr=1—e * YeDIYHD2 7, (16)

By substituting C; and C; in (13), the outage probability of
an OMAC link can be determined as

_n
PR = 1 — e n ), (17)
_ (Viatuio VD FY+),2
where Va; = ( Vi 1Vi2 ) and Ubi =( Y(i+1), 1V(i+1),2 )
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B. OUTAGE PROBABILITY IN NOBC LINK

In NOBC link, user can decode its message in two stages.
In first stage, user perform the SIC operation to decode its
own PLNC signal. Thus in the downlink, the near user first
decode the far user PLNC signal and it will be removed from
the received signal then the near user decode its own PLNC
signal. After that user will do the XOR operation with the
decoded PLNC signal and its own message to get the final
decoded message.

The SINR of the i, jth far user to decode its own message can
be written as

|gij|> o1 P, (18)

Yfar—near = T 5 5 5 -
|gij|> 2Py 4 02
—_— —

NOBC link
where o) > «p, after removing the far user signal, the SNR
of the near user is given by
|gi j|* Py

- (19)

VYnear =

Using (12) and (18), the end-to-end outage probability of the
far user pair can be expressed as [21]

pEOE(R) = Pr(min(OMAC link, NOBC link) < y»). (20)
where y» = 23R _ 1, it can be further modified as

PEE(R) = Pr(OMAC link < 1»)
+(1 — PrOMAC link < 2))Pr(NOBC link < 7). (21)

After simplifying, the end-to-end outage probability of the
proposed NOMA-PLNC network can be determined as

Y
PEER) = 1 — ¢ aturtuo), (22)

_ 1
where v, = CTEAI and o1 > ).

Proof: See Appendix A.

C. OUTAGE PROBABILITY OF N-PAIR USERS

Let I'; = min(y;1, ¥i2) and i € (1, N) is the received SNR
of the i pair at the base station. In this model, the possible
outage at the base station is calculated by: 1) if either of the
users in the pair is not successful at the base station or 2) if
any pair at the base station is not successful. Therefore, the
outage probability of the each user in N-pair OMAC link can

be expressed as
PONACR) = Pr(min(T'y, T2, ..., Ty) <y3). (23)

where 3 = 2¥R — [ is the threshold SNR. Let ', =
', '3, ..., [y, then it can be rewritten as

PONAC(R) = Pr(min(T'y, Ty) < y3). (24)

Then, the ouatge probability of the N-pair OMAC link can be
written as

PONAC(R) = Pr(Ty < y3)
+(1 = Pr(Cy < y3)Pr(Ty <y3).  (25)
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By expanding (25), N-pair OMAC link outage probability
becomes

OMAC
out N (R)

Pr(l'y <y3) + 1 =Pr(I'1 < y3)
T2 <y3) + (1 =Pr(I'2 <y3))...
Tn-1 <y3) + A —=Pr(ln-1 < y3)

Pr(ly < y3). (26)

After simplification, the final expression for the outage
probability of the N-pair OMAC link can be computed as

OMAC(R) _ | _ B

Ponn vt ony), 27)

In base station, each pair of the received signal are decoded
and then XORed to obtain PLNC signal. After that, all the
PLNC signals are combined linearly with unique power levels
o, i€(1, N) using NOMA then the resulting signal is trans-
mitted to all the users simultaneously.

Note that in the downlink, each pair of signal is a PLNC
signal, hence the receiver first decode the PLNC signal
and then it can decode the original message by multiplying
decoded PLNC signal with its own signal [23]. As per the
NOMA scheme, the i pair apply the SIC operation to decode
its message as follows, first it decode the (i + 1) to N™ pair
messages using SIC operation then it will be removed from
the received signal, after that the i pair can decode its own
PLNC signal. However, due to the imperfect SIC operation,
SIC error is present in each of the successfully decoded
pair [38]. Therefore, the i/ pair SINR can be expressed
as [21]

ipSIC 8i,jotiPr
i - k=i—1 k=N - (28)
o2+gij Y aPr+wi Y axhP,
k=1 k=i+1

where the superscript ’ipSIC’ denote the imperfect SIC,
denominator second term is the interference signal which
comes from 1 to (i — 1) pairs, third term is the imperfect
SIC errors and w;, 0 < w; < 1 is the imperfect SIC error
coefficient of i pair. After SIC operation, third term is not
part of the received signal hence the channel gain |A|? fol-
lows iid exponential distribution with parameter v, = 1/u;,.

For i" pair, SIC error occurs from (i + 1) to N® pairs.
Further, each successfully decoded pairs also experience its
own SIC errors. Let I € ((i + 1),...N), then the SINR of

™ pair to decode i pair is given by
ipSIC __ 8ijoiPr 29)
=i k=I—1 k=N ’
o2+gij Y P+ Y arerP,
k=1 k=I+1

Note at [ = N, wy
probability of the i
as [5]

Poun (R)

—1_ Pr(ylpSIC

[—i

= 0. Using (28) and (29), the outage
pair in the NOBC link can be expressed

ipSIC

>y VI >i+1, > y4). (30)

NOBC
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where y; = 2WFTDR _ 1 is the threshold SNR for end-

to-end communication. By substituting the respective SINR
expressions and then integrating, the outage probability of the
th pair NOBC link can be determined as

NOBC i B*
R)=1—[Gye ¥ ———
Pout,N R) = [Gae ny4+vr/n,3*
GGy, 1 B*
Un 14+&vupBi + (ux + U;n)y4
Ydvy Bi
Xe_ B* e Um(ﬂ* l)]. (31)
1
where G = l_[ Vk Z n=N G =
=i+1 m=i+1 H (Un _ Um)
n=i+1n#m
= = 1 k=I1-1
v Y~y Bi=(up— 3. arpys)
i T k=1
k=i+2 q=i+2 1_[ (,Ul/1 _ U/)
n=i+2n#q
is the NOMA power sphttmg parameters of pairs (i+ 1) to N
—i-1
and i = (aip — Y. axpys) for i pair, & = ;Z’l/il

Proof: See Appendix B.

Proposition 1: In the event of 8; > ,8* the rat10 %1 and

le, the outage probability of the i/ pair in the NOBC link
can be simplified as

pNOBC(R) = 1 _ e_%[ IB*
ouLN veys + U B
1 B*
CTHE S unbit (et
x( Z R} (32)
m=i+1
Also in B; and p*, when the parameter p — 00,

the diversity of the ™ pair will be negligible [19],

ie, lim [e *]V =e*~0. Therefore, at B; = 2B8*, the
X—>00

asymptotic outage probability of i pair in the NOBC link

can be computed as,

vx>)k/4 IB*
Powen (R) =~ 1 — L% >[—,*
Ux Y4 + vgB

=N B*
CTHE S unbit (et
m=N
x Y e, (33)
m=i+1

By substituting (27) and (33) in (20), the end-to-end outage
probability of the i pair in N-pair NOMA-PLNC wireless

network can be obtained.
lth

Similarly at w; = 0, the outage probability of the /' pair
far user in NOBC link is expressed as

PR NER) = 1= Pr(yi > y). (34)
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By substituting yj, it can be written as
k=I—1
far _
pen yR) =1—=Pr((g1jlcup — Y axpys) > va.). (35)
k=1
k=l—1

Let (o — Y agys) = oy, then outage becomes
k=1

V4
Ax P
Pcf)a[;rt,N(R) = /o Jx,(x2)dxs. (36)

where fx,(x2) is the probability density function (PDF) of
lg1, j|2, after integrating and simplifying, the outage probabil-
ity of the far user can be determined as
v4
k=[-1
Qip1— X agvap

(
pR VR =1—e K= ) (37)
D. SECRECY OUTAGE PROBABILITY OF THE NEAR USER
In this section, secrecy outage probability of the proposed

network is derived using the respective secrecy rates. Thus,
the near user secrecy rate can be expressed as follows [35]

Csecry,n = [Cnea.r - CEve, n]+~ (38)

where the symbol [.]T = max(0, x), Cyear is the near user
capacity and Cgye is the Eve capacity and they can be written
as

|gon|? ctiP;
C =1 1+ ——). 39
near = 108 ( lgLi|? Pry + o2 59
|gbe|2 a;P, )
C =log|l+ ———— 40
Eve,n 4 < |gne|2PAN n 02 ( )

Using (39) and (40), the secrecy outage probability of the
near user can be written as

Psecry,n(R) = Pr([Cpear — CEve,n] < R). 41)
1

Psecry,n(R) = Pr (10g1+ﬂ < R) . 42)
+ VEve,n

Further, the secrecy outage probability of the proposed net-
work can be modified as

psecry,n(R) = Pr (Vnear < 2R(1 + VEve, n) — 1) . (43)

Let ynear = x3 and yEye, n = y1, then it can be written as
o
Pacsal® = [ Pr (32 < 250430 = 1) frondn.
0

(44)

where fy, (y1) is the PDF of the eavesdropper SINR, yEve, n,
then it can modified as

oo p2R(14y))—1
psecry,n(R) = /0 / Sx(x3)fy, (v1)dx3dyq.
(45)

By integrating the PDF of "x3’, the secrecy outage probability
can be written as

Precrya(R) = fo Fy@F(1 4+ y1) — Dfy, )dy1. (46)

91362

where Fx(.) is the CDF of the near user SINR, yyear and it can
be expressed as

N
T @i -
Fx.(x3) ~ — D1l — ———e «SNR | (47
%:(3) 2N ; l( o + Vigix3 > @7
where SNR = %, Q= /1-07 +1),

0; = cos(E=tm), ¢ = 1+ (2(6; + D).

Proof: See Appendix C.
The PDF of fy, (y1) is given as

a;DyeDype
(@iDne + lebe)2

DHCD c
MmOy = < b )

INR(ot;Dpe + y1Dpe)

Y1Dpe

xe @K (48)

where INR = P(;LZN is the Interference to noise ratio (INR),
Drne = 1 +dg,, Dpe = 1 + dp,.

Proof: See Appendix D.

By substituting the CDF and the PDF from (47) and (48)
in (46), the secrecy outage probability of the near user can be
computed which is given in (57), as shown at the bottom of
the next page.

Proof: See Appendix E.

E. SECRECY OUTAGE PROBABILITY OF THE FAR USER
The secrecy outage probability of the far user can be written
as

psecry,f(R) = Pr([Car — CEve,f]+ <R). (49)

where Cryr and Cgyer are far user and Eve with far user
capacities respectively and they can be expressed as given
below.

|got|* iy 1 Py ) (50)
|gve|? aiPr + |gL1l?> PLi + 02 )

|gbe|? ctis1Pr ) 1)
|gbel? &tiPr + |gfe|> PAN + 02 )

By substituting (50) and (51) into (49), the secrecy outage
of the far user is simplified as

Crar = log (1 +

CEvef = log (1 +

Psecry,f(R) = Pr (Vfar < ZR(I + VEve,f) — 1) . (52)
Let yfar = x4 and yEvef = y3, then it can be written as
o0
Precryi(R) = /0 Pr(x <2804y = 1) fri0a)dys.
(53)

where fy, (y3) is the PDF of the Eve with far user SINR, ygve f,
then it can modified as

oo 2RA4y3)—1
psecry,f(R):/O / fX4(x4)fY3()73)dx4dy3-
—o0
(54
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R _

where (2 U7 £ (x)dxy = Fx, (). Using (47), the CDF

of x4 is determined as
M

Fx,(x4) ~ L Z 1= Le_o:fé;\?R (55)
4 2M P ! o + vLI¢;x4 ’
where @) = /1 — 020! + 1), 0] = cos(Ztn), ¢] = 1+
(6] + 1))“.
Using (48), the PDF fy,(y3) is computed as given below.
(ati+1 — ojRn)Dse Dy
fY3(y3) — ( i+ [EAN elZbe 5
((@i+1 — aiRm)Dse + y3Dbe)
+ DfeDbe )
INR((@j+1 — @iRth)Dfte + y3Dbe)
Y3Dpe
e‘WW, (56)
where Dfe = 1 +df, k' = (VL1¢§Rth — (@1 — oiRm) —
_ SNRDp+INR¢I'R (@it 1 —aiRin)Dre
¢1{VLI) Xl/ T (g Z(,R[h)SNll{H\lfk’ 77/1 = gbe = l/’
nh, = ¢R‘h+(a2,lR iRn) = Xz Finally, using (55) and (56)

in (54), the secrecy outage probability of the far user
is determined in (58), as shown at the bottom of
the page.

IV. NUMERICAL RESULTS

In this section, the outage performance of the proposed
N pair NOMA-PLNC wireless network is analyzed over
uplink, downlink and end-to-end level. The uplink and
downlink channel variances v;; is considered as 1 and
Gaussian-Laguerre parameter K is set to 50. In all the sim-
ulations, 20,000 monte-carlo iterations is used using Matlab
software. Simulation parameters are listed in Table.1.

The outage performance of uplink PLNC network is shown
in Figure 3. To know the impact of PLNC scheme, pro-
posed PLNC network is compared with the network operating
without PLNC scheme. Numerical results are validated using

TABLE 1. Simulation Parameters.

Symbol | Parameters Value

o Power allocation coef-| 0.7
ficient

« Path loss exponent 2

w; imperfect SIC 1

R Threshold secrecy rates | 0.1, 0.5, 1

dhne Distance from the near | 4m, 5Sm
user to Eve

dfe Distance from the far | 3m
user to Eve

Tn Inner circle radius Sm

Tf Outer circle radius 10m

simulated results. In this simulation, the threshold data rate
is considered as R = 1. From this figure, it is observed that
the performance of the uplink PLNC network is significantly
improved when compare to the non-PLNC network. Also, the
outage performance of the network is analyzed when the users
are operating with different frequency bands W; and W5.
For the target outage of 1072, the proposed PLNC network
requires 31 dB SNR, whereas around 38 dB SNR used by the
non-PLNC network which reflects the impact of the PLNC
scheme in the cellular network.

Outage performance of downlink NOMA with different
rates is shown in Figure 4. Near user and far user distances
are taken as 3m and 6m respectively. Eve is not considered
in this simulation. From this figure, it is observed that the
impact of the interference in the far user is increase while
increase the data rate. Therefore, the reliability of the far
user is ensured by the allocated data rate. Figure 5 shows the
outage performance of the proposed two pairs NOMA-PLNC
network in uplink, downlink and end-to-end levels. Simula-
tion results are presented to validate the numerical results.The
PLNC scheme is used in the uplink and the NOMA scheme
is used in the downlink. It is noted that downlink outage

T N 4 o P DneX2 2 ( ) K
Pseoryn(R) = =— Y @;j— —— Y ———i Le\7us (57)
seeryn 2N ; ‘2N ; DpediRmn ,; (xx + 711)2 (xk +72)
T ®;D,,pDpecr; _ Gifm
- e o (i) [(—e"™)Ei(—n1) + e™Ei(—n)] .
2N 4= INR[«Dpe — atiDneiRin]
M M ) 2 iR
b4 b4 D Dre x;“(atir1 — otiRn) (—m)
R:— CD/—— 1 1 e i+1 i“th 58
psecry,t( ) M 21: i oy 121: Dbe(f),{Rth (58)
- _
K M
3 S 3 @/ DteDue (i1 — tiRth)
o G+ 171)2 + (x +ny)  2M = INR[k'Dbe — (ti+1 — ®;R)Drep;Rin]
_ ¢/ R )
(o [(—e™Ei(=n}) + e Ei(—np)].
VOLUME 10, 2022 91363



IEEE Access

S. Rajkumar et al.: Physical Layer Security in N-Pair NOMA-PLNC Wireless Networks

With PLNC
Without PLNC

v Analytical Uplink, W1:W2:1
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P Analytical Uplink, W]:WZ:I
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FIGURE 3. Outage probability of uplink NOMA with and without PLNC.

10%%

Analytical Near user, R=0.5
¥ Simulation Near user, R=0.5
Analytical Far user, R=0..5
A Simulation Far user, R=0.5
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Outage probability
=5
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P> Simulation Near user, R=1 3
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i Far user, R=1
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FIGURE 4. Outage probability of the downlink NOMA with different rates.

performance of the proposed two pair wireless network is
improved dramatically than the uplink outage performance.
Additionally, it is observed that the end-to-end outage perfor-
mance of the proposed wireless network approaches nearly
uplink performance because uplink outage is more dominant
in this network.

Outage performance of downlink N pair NOMA of the pro-
posed network is shown in Figure 6 with various interference
levels. In this simulations, we varied inter-user interference’s
B; and imperfect SIC interference’s. From this figure, it is
observed that the performance of the downlink of the pro-
posed network is degraded gradually when the number of
interference’s increases. Also, the effect of the interference
signal power is more at the high SNR regime of this proposed
downlink. Similarly, the outage performance of the N pairs
uplink of the proposed network is shown in Figure 7. The
number of time slots considered in this simulations are 2,
3 and 4 to perform two users, three users and four users
pairs respectively. It is noted that when the each user pair
is added in the proposed network, then the base station
require additional 5 dB SNR in this proposed NOMA-PLNC
network.
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Outage Probability
=

Analytical NOMA downlink
WV Simulation NOMA downlink

103 F Analytical PLNC uplink

A Simulation PLNC uplink

Analytical NOMA-PLNC end-to-end
P Simulation NOMA-PLNC end-to-end

104 . . . . . . .
0 5 10 15 20 25 30 35 40

SNR (dB)

FIGURE 5. Uplink and downlink outage probability of two pairs
NOMA-PLNC network.
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FIGURE 6. Outage probability of N-pair downlink NOMA with imperfect
SIC interference’s.

Figure 8 shows the end-to-end outage performance of
N-pair NOMA-PLNC network. In this simulation, a pair of
user exchange their information within two time slots using
PLNC scheme and for N-pair of users N+ 1 time slots used in
that N time slots for the uplink and one time slot for the down-
link are allocated to complete the overall communication.
From this figure, it is noted that the proposed cellular network
requires additional 5 dB SNR for every new pair included in
the network at the target outage 10~2. Similarly, the outage
performance of the proposed network is analyzed with the
imperfect SIC interference powers as shown in the Figure 9.
In this simulations, four imperfect SIC interference’s signals
are considered. Also, at w;=0, the outage performance of the
N pairs downlink NOMA network approaches to the ideal
network performance.

The outage probability of downlink NOMA versus power
allocation coefficient is shown in Figure 10. Although the
coefficient ‘a; support the improvement of the outage per-
formance of the proposed NOMA-PLNC wireless network,
the effect of the interference signals are clearly exploited in
this simulation. Thus, it gives the details about the allowable
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FIGURE 7. Outage probability of the N-pair uplink of the proposed
network.
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FIGURE 8. End-to-end outage probability of the proposed N-pair
NOMA-PLNC wireless network.
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FIGURE 9. Outage probability of N-pairs downlink NOMA with perfect
and imperfect SIC interference’s.

interference power level to the network designers to achieve
the reliable connection.

Secrecy outage performance of downlink NOMA of the
proposed network is shown in Figure 11. The following
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FIGURE 10. Outage probability of the N-pair downlink NOMA network
with different power allocation coefficient.
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FIGURE 11. Secrecy outage probability of the downlink NOMA with
different dp values.

parameters are used in this simulation. Distance from near
user to Eve, dpe is set to 4m, the LI channel gain is vi1 =
—10dB and INR is fixed at 10 dB and inner circle radius is
Sm. In this simulation, target secrecy rate fixed at R = 1 and
R = 0.5[12]. From this figure, it is observed that the effect of
LI power and AN signal power are reflected in the downlink
of the near user. Hence, the reliable connection is possible
only with limited secrecy rates. Also, it is noted that the
distance from the base station to Eve and from the Eve to
the near user are the key factors which tolerate the network
secrecy outage. Secrecy outage of the near user and far user
are compared in Figure 12. Distances of the near user and far
user are set to 4m and 7m respectively, INR is 10 dB, dye is
5Sm and dfe is 3m. It is noted that error floor region to the far
user starts from 0.05 to 1 whereas to the near user it is from
0.01 to 1 for 30 dB SNR. However, reliable communication
of the users with allowable error floor is obtained based on
the required secrecy rates.

Figure 13 shows the secrecy outage probability of
the proposed network with different inner circle values.
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FIGURE 12. Secrecy outage probability of the downlink NOMA with
different secrecy rates.
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FIGURE 13. Secrecy outage probability of the downlink NOMA with
different inner circle radius values.

The following simulation parameters are used in this simu-
lation. The secrecy rates of the downlink near users are fixed
at R = 0.1 and R = 0.5, the distance from the near user to
Eve is set at d, = 4m and the distance from the base station
to Eve is set at dpe = 10m, LI channel gain is vi1 = —10dB
and INR value is 10dB. It is noted that the secrecy outage of
the near user downlink is increases proportional to the inner
circle radius because the path loss increase. However, it is
clear from this figure that Eve power is more dominant which
makes the network performance worse.

V. CONCLUSION

In this paper, the outage performance of a proposed N-pair
NOMA-PLNC network is analyzed in the presence of the
Eve. Further, the impact of the PLNC scheme is studied in this
proposed network. Closed form expressions for the uplink,
downlink, end-to-end and N-pair end-to-end outage probabil-
ity of the proposed N-pair NOMA-PLNC network is derived.
Physical layer security is applied in this proposed model
to address the security issues in the wireless environment.
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Full-duplex mode is employed in this network to send an
AN signal to the Eve. Closed form expression for the secrecy
outage probability of the proposed network is derived in the
downlink level. Outage performance of the proposed network
is compared with non-PLNC wireless network. Numerical
results conclude the importance of PLNC scheme in the
N-pair NOMA wireless network and the effect of imperfect
SIC. Further, it shows that the proposed NOMA-PLNC wire-
less network achieves better performance when compared to
the non-PLNC based NOMA wireless network.

APPENDIX A
The outage probability of the far user can be expressed as
P (R) = Pr(NOBC link < y7). (A-1)
By substituting (16), it can be rewritten as
PER) = Pr((cip —arpp)lgijl® < v2).  (A2)

LetV = —2
. plai—a2y2)
it becomes

By substituting the pdf of |g; ;|* = xi,

v
PR = /le(xl)de (A-3)
0

After simplifications, the outage probability of the far user is
computed as

Y2

PRy = 1 — ¢ T, (a4)

Using (17) and (A-4), the end-to-end outage probability
of the two pairs hybrid NOMA-PLNC network can be deter-
mined which is given in (22).

APPENDIX B
The outage probability of the i pair in the NOBC link is
given by

PhOR (R)

=1-PryC >y VI =z i+ 1, 3™ > ).

NOBC
(B-1)

Note that i pair decode its message only after successfully
decoding of (i + 1) to N™ pair signals hence we need to
consider success probability of the (i + 1) to N pairs.
By expanding (B-1), we can written as

ipSIC ipSIC
Yirlsi > V40 Ovy: > 7,
ipSIC
Vi > V4).

By substituting (28) and (29) in (B-2), the success probability
of the NOBC link /" pair can be rewritten as

PYBER) = 1 — Pr(
(B-2)

k=i

Nom:de@mmHur—E:mpm)
k=1
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k=N

> ya(wiy1 Z exap + DN ..
k=i+2

k=N—1
N gijlanp — Z axpY4) > Vi
k=1
k=i—1
gijleip — Y axpys)
k=1
k=N

> ya(@i ) heowp +1)).
k=i+1

(B-3)

k=N
> ke =

k=i+1

Note that no SIC error for the N™ pair, let

k=N ke=I—1
i > ek = zigl, B = (up — Y oxpya)l € (i +
k=i+2 k=1
k=i—1
.,N)and Bi = (wijp — > agpys) are the NOMA
k=1
ke=i—1
> oaxpys and a;p >
k=1

power splitting parameters, «;p >

k=i—1
Y arpys. Let gij = x, then the NOBC term can be
k=1

rewritten as

NOBC = Pr(x > ya(wit1zi+1 + D/Bir1N. ..

M > ya/ By i < (xy—fi _D/w). (B4

Let ﬁ* = max(ﬁi+17 A ﬁN)’ Z* = kmjsx(lwl'-‘rlzi-l—lv B

oN-1Zv—1), B} = max()_ axpys, ..., D, «arpys) isthe
k=1 k=1

inter-user interference’s and w; = 1, then the i pair outage

can be simplified as [5]

NOBC = Pr(x > (s + 1)/B*). 21 < y—’j _ .

(B-5)
where z; is the sum of independent random variables, z* is
maximum of random variables (zj+1, .., Zv—1), since (zi+1 >
Zit2 > ... > Zn—1), the maximum of (zj4+1, .., zZv—1) 1S
zi+1 and both are following the exponential distribution with
parameters v, = 1/wy, m = @+ 1,i+2,...,N) and
v, =1/u,, n = (i+2,i+3, ..., N)respectively, x follows
the exponential distribution with parameter v, = 1/u, . The
PDF of z; is given by [31]

e Umii

fz(@) = H Uk Z —— (B
=i+1 m=i+1 1_[ (Un — Um)
n=i+1,

n#m

Similarly, the PDF of z* is derived. Using the PDFs of x, z*
and z;, the success probability of the N pairs NOBC link can
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be written as

Nose = [ [ [T et
0o JE=) Jo
dxdz*dz;. (B-7)

By substituting the PDF of z; and then integrating, the outage
probability of the i pair becomes

00 oo Gy —wmbi
NOBC =/ / oy L= —e 7 evm]
0 (VA(;}*+ )) Um

Sx )z (Z")dxdz".

1

(B-8)

where G| = l_[ Uk Z —
=i+1 m=i+1 l_[ (Un _ Um)
n=i+1n#m
Then, by substituting the PDF of x, i pair outage can be
written as

Gy

o0 o0
NOBC = / / et [Uge™™ — ——
0 JuEr U

Umﬂi
e—x(T+Ux)eUm]fZ*(Z*)dz*dx. (B-9)

After integrating with respect to x, it can be simplified as

0 _ Ux}/4(1*+1) G v
NOBC = / [e " 5 — ZLoum_ V4
0

Um VaUx + UmBi
V4(~ +1) Um/3[+

e UNfe ()", (B-10)
Leté = % and integrate over z*, then it becomes
_un B*
NOBC = [Gye #* —————
UxYs + v), B*
GGy 1 B*
Un 14+&vupBi + (ux + U,’,,)V4
Ve (ﬁ_l)
xe FTe TUF) B-11)

where G, =

k=N g=N |
/
>
k=i+2 g=i+2 H (Ur/z _ Uf/f)
n=i+2n#q
Finally, the outage probability of the i" pair in the NOBC link
can be determined as

PABCER) = 1 - [Goe” H —L
Ux Y4 + U,/nlgi
GGy 1 B*
U 1+&vupBi+ (v + U,/n))/4
Mo, (ﬁ,])
xe Fe L (B-12)

APPENDIX C

A. CDF CALCULATION OF THE NEAR USER

In the inner circle region, there are N near users are distributed
randomly and using HPPP, the i" near user outage can be
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computed as given by

|gbn | &P,

near

Poug R) = Pr(—————
out lgLil? PLi + o2

Where Ry = 2% — 1 is the threshold SNR, let |gbn|2 =

[
1451“ =x3, 1 = lguil’,

00 Rin(y1 Pr1 + o2
Pon (R) = /0 Pr <x3 < —th(ylaiI;r+ ))
Sri )dy.
%) th
PIE(R) = / / Fiy (), ()dxadys.

< Ru). (C-1)

then it can be written as

(C-2)
(C-3)
where R, = MIEW’) Using HPPP, NOMA users are

o
modeled as iid points in the inner circle region denoted as
dpn = 71 and its PDF is given as

1
f2,(z1) = —5. (C-4)
wr?

Then CDF of "x3’ can be written as [32]
Fo@) = - @ ©5)

2 [ o
Fx,(3) = = / (1 — e H0%) gz (C-6)

}”n 0

Using Gaussian-Chebyshev quadrature [33], it can be simpli-
fied as

Fx, (x3)~— Z

By substituting (C-7) and fy, (y1) in (C-3), the outage proba-
bility of near user can be computed as

(l+¢i)X3)_

(1 -6+ D — (C-7)

near - i
R)~—— E Ol — — L @Ry (C-8
Pou (R~55 2, @il al+vu¢>,Rm ) (D)

APPENDIX D
B. PDF CALCULATION OF THE EVE
The CDF of the Eve with respect to near user can be expressed

as
2
o;P
|&bel” ot Py - Rth) .

(D-1)
|gne|2PAN +02

Fy,(y1) =Pr<

Let y; = |gpel?, ¥2 = |gnel|* follows the exponential distribu-
tions, then it can be written as

00 R P 2
Fy,(y1) =f Pr <}’1 < w(y2Pan + 0 ))>fY2()’2)d}’2~
0 a;Py
(D-2)

Ru(y2Pan+o? ) —

P, th2 , then it

To simplify the expression, let
becomes

0 R;1
Fr,on) = /0 / O ODdidys. (D-3)
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ron = [ (1=e ) e @
0

After some mathematical manipulation, the CDF of the Eve

with respect to near user can be computed as

_ _OliD“e e LI,ITI)\})IS (D-5)
®iDne + y1Dbe

By differentiating (D-5) with respect to ’y;’, the PDF of the

Eve can be determined and it is given in (48).

Similarly, the CDF of the Eve with respect to far user can
be written as

Fr;(v3) = Pr(

FY](Y]) =1

|gbel® i1 Pr h)
t
|gbe|205ipr + |gff:|2 PaN + o?

(D-6)

By rearranging (D-6), the Eve outage with respect to far user
can be written as

(Igte|* PaN + 02)
Fy,(y3) = Pr (|gbe|2 <—==-"—"""7) (D7)
(otit1 — aiRm)P,
Let (jy1 — aiRi) = agit, Y3 = |8vels Y4 = |gte|*.
o Ri(yaPaN + 02))
Fy,(y3) = / Pr <y3 <= fry(va)dya.
0 agiftPr
(D-8)

After integrating, the simplified expression of the CDF of Eve
with respect to far user can be obtained as

. ¥3Dpe
adiffDre o
adiftDre + y3Dbe
By differentiating Fy,(y3) with respect to "y3’, the PDF of Eve

with far user is obtained which is given in (56).

FY3(y3) =1- (D-9)

APPENDIX E
By substituting (55) and (56) in (54), the secrecy outage
probability of the near user can be expressed by

N
T
Psecryn(R) = 2N Z; @i
=

e
0 a; + vt +y) — 1)
¢i@R1+y)-1)

67W)

( o;DyeDpe DyeDpe >
(0t;Dpe + yDbe)2 INR(ct;Dye + yDve)

_ YDpe

e WMR gy (E-1)

The secrecy outage probability is separated into four terms.

Dsecryn(R) = B(A1 + Az + A3 + Ag). (E-2)
where B = 5 PRI
o0 iDpeD _ YDpe
Al = / Lbeze «INR gy (E-3)
0 (aiDne + yDpe)
©° DD _ YDpe
Ay = / ne’be ¢ WNR gy (E-4)
0o INR(c;Dpe + yDype)
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TABLE 2. List of Symbols.

Symbol Parameter

v channel variance

o? noise variance

a; power allocation coefficient
« path loss exponent
Y1,72,73 and | threshold SNR’s

Y4

P SNR of each user

w imperfect SIC

Ei(.) Exponential integral
E(.) Expectation operator

TABLE 3. List of Acronyms.

Acronym Full form

5G fifth generation

6G sixth generation

3GPP third generation partnership project

AN artificial noise

AWGN additive white Gaussian noise

BER bit error rate

BPSK binary phase shift keying

CDF cumulative distribution function

CSI channel state information

DF decode and forward

Eve Eavesdropper

FD full duplex

HPPP homogeneous Poisson point process

INR interference to noise ratio

LI loop interference

LMS land mobile satellite

mMTC massive machine type communica-
tion

MMSE minimum mean square error

NOMA non orthogonal multiple access

NOBC non orthogonal broadcast channel

OFDMA orthogonal frequency division mul-
tiple access

OMAC orthogonal multiple access channel

PLNC physical layer network coding

PN pseudo noise

SC superposition coding

SIC successive interference cancellation

SINR signal to interference plus noise ra-
tio

SNR signal to noise ratio

o

o
Az = — / !
0 INR(@;Dne + yDve) + (a; + vLIGiR 13)

#;2R1+y-1)

e @SR

_ YDpe
PRI

where R, = 2R(1 +y) — D).

2
o;

o
0 (@iDne + yDpe)* + (@i + VLIPiRy3)

Using [ [34], (3.353.3) and (3.352.4)], A; and A, can be

determined as
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_9iRy,  yDpe
¢ @SNR ,” wINR

1 Dpe __, Dye 1
= — ¢MRE [ — NI —
INR DpeDpe

1 Dne _, Dy
Ap = ———eM™REj| — . (E-8)
INRDpe INR
Using [ [34], (3.352.4)], A3 can be simplified as
INR[«Dpe — o;Dpe@ivLIRm]
x[—eMEi(—n1) 4 e™Ei(—n2)]. (E-9)

where Ei(.) is the exponential integral function, x =
SNRDpe +INR¢iRin

(LidiRm — i — divLD)s xi = aSNRINR» n o=
t ne iR i—Pi K!
oD G i,y = %Xb Q; = ﬁ in Q;, Li(x;)

is flrst derivatives of polynomial, Lg(x) "d—K(x e ™)
and x; is the zero point of Lg(x). Integral in A4 is in
the fom fooo m (a and b .constants)., hep?e using
Gaussian-Laguerre quadrature [34] it can be simplified as

®;Dne x/t} ( $i(28 — 1))
A= ——exp| ——————
DyepivLIRh a;SNR

K
& E-10
Xz: o + 11?4+ (x +m2) (=10

By substituting B, Al, A2, A3, A4 in (E-2), secrecy outage
probability of the near user is obtained which is given in (57).
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