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Abstract— This paper investigates the impact of relay selec-
tion (RS) on the performance of cooperative non-orthogonal
multiple access (NOMA), where relays are capable of working in
either full-duplex (FD) or half-duplex (HD) mode. A number of
relays (i.e., K relays) are uniformly distributed within the disc.
A pair of RS schemes are considered insightfully: 1) single-stage
RS (SRS) scheme; and 2) two-stage RS (TRS) scheme. In order
to characterize the performance of these two RS schemes, new
closed-form expressions for both exact and asymptotic outage
probabilities are derived. Based on analytical results, the diversity
orders achieved by the pair of RS schemes for FD/HD cooperative
NOMA are obtained. Our analytical results reveal that: 1) the
FD-based RS schemes obtain a zero diversity order, which is
due to the influence of loop interference at the relay; and 2) the
HD-based RS schemes are capable of achieving a diversity order
of K, which is equal to the number of relays. Finally, simulation
results demonstrate that: 1) the FD-based RS schemes have better
outage performance than HD-based RS schemes in the low signal-
to-noise ratio (SNR) region; 2) as the number of relays increases,
the pair of RS schemes considered are capable of achieving
the lower outage probability; and 3) the outage behaviors of
FD/HD-based NOMA SRS/TRS schemes are superior to that of
random RS and orthogonal multiple access based RS schemes.

Index Terms—Decode-and-forward, full/half-duplex,
selection, non-orthogonal multiple access.

relay

Manuscript received June 28, 2017; revised November 7, 2017 and
January 15, 2018; accepted February 21, 2018. Date of publication
February 27, 2018; date of current version August 14, 2018. This work
was supported by National High Technology Research and Development
Program of China (863 Program, 2015AA01A709). This work was supported
in part by the U.K. Engineering and Physical Sciences Research Council
(EPSRC) under Grant EP/M016145/2 and the work of Z. Ding was supported
by the UK EPSRC under grant numbers EP/L025272/1 and EP/N005597/1.
This paper was presented at the IEEE GLOBECOM 2017 [1]. The associate
editor coordinating the review of this paper and approving it for publication
was M. Nasiri-Kenari. (Corresponding author: Yuanwei Liu.)

X. Yue is with the School of Electronic and Information Engineering,
Beihang University, Beijing 100191, China (e-mail: xinwei_yue@
buaa.edu.cn).

Y. Liu and A. Nallanathan are with the School of Electronic Engineering
and Computer Science, Queen Mary University of London, London E1 4NS,
U.K. (e-mail: yuanwei.liu@qmul.ac.uk; a.nallanathan@qmul.ac.uk).

S. Kang is with the State Key Laboratory of Wireless Mobile Communi-
cations, China Academy of Telecommunication Technology, Beijing 100191,
China, and also with the School of Electronic and Information Engineering,
Beihang University, Beijing 100191, China (e-mail: kangshaoli@catt.cn).

Z. Ding is with the Department of Electrical Engineering, Princeton Univer-
sity, Princeton, NJ 08544 USA, and also with the School of Computing and
Communications, Lancaster University, Lancaster LAl 4YW, U.K. (e-mail:
z.ding @lancaster.ac.uk).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCOMM.2018.2809740

, Member, IEEE, Shaoli Kang,
, Senior Member, IEEE

I. INTRODUCTION

ITH the rapid advancement in the wireless commu-
Wnication technology, the fifth generation (5G) mobile
communication networks have attracted a great deal of atten-
tion [2]-[4]. In particular, three major families of new
radio (NR) usage scenarios, i.e., massive machine type com-
munications (mMTC), enhanced mobile broadband (eMBB)
and ultra-reliable and low-latency communications (URLLC)
are proposed to satisfy the different requirements for 5G net-
works. To improve system throughput and achieve enhanced
spectrum efficiency of 5G networks, non-orthogonal multi-
ple access (NOMA) has been considered to be a promis-
ing candidate technique and identified for 3GPP Long Term
Evolution (LTE) [5]. The core idea of NOMA is able to
multiplex additional users in the same physical resource. More
specifically, the superposition coding scheme is employed
at the transmitting end, where the linear superposition of
signals of multiple users is formed to be the transmit signal.
The successive interference cancellation (SIC) procedure
is carried out by the receiving end who has the better
channel conditions [6]. Furthermore, downlink multiuser
superposition transmission scheme (MUST) [7] which is the
special case of NOMA has found application in wireless
standard.

Hence numerous excellent contributions have surveyed the
performance of point-to-point NOMA in wireless networks
in [8]-[11]. To evaluate the performance of downlink NOMA,
the closed-form expressions of outage probability and ergodic
rate for NOMA were derived in [8] by use of the bounded
path loss model. Furthermore, Ding et al. [9] have studied
the impact of user pairing on the performance of NOMA,
where both the outage performance of fixed power alloca-
tion based NOMA (F-NOMA) and cognitive radio based
NOMA (CR-NOMA) schemes were characterized. By consid-
ering user grouping and decoding order selection, the outage
balancing among users was investigated [10], in which the
closed-form expressions of optimal decoding order and power
allocation for downlink NOMA were derived. In [11], Xu et al.
researched the outage behavior of downlink NOMA for the
case where each NOMA user only feed back one bit of its
channel state information (CSI) to a base station (BS). It was
shown that NOMA is capable of providing higher fairness for
multiple users compared to conventional opportunistic one-bit
feedback. As a further advance, there is a paucity of research
treaties on investigating the application of point-to-point
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NOMA systems. In [12], Liu et al. analyzed the outage behav-
ior of large-scale underlay CR for NOMA with the aid of sto-
chastic geometry. To emphasize physical layer security (PLS),
Liu et al. [13] discussed the PLS issues of NOMA, where
the secrecy outage probabilities were derived for both single-
antenna and multiple-antenna scenarios, respectively. Recently,
the NOMA-based wireless cashing strategies were introduced
in [14], in which two cashing phases, i.e., content pushing
and content delivery, are characterized in terms of caching
hit probability. Additionally, explicit insights for understand-
ing the performance of uplink NOMA have been provided
in [15] and [16]. In [15], the novel uplink power control
protocol was proposed for the single-cell uplink NOMA.
In large-scale cellular networks, the performance of multi-
cell uplink NOMA was characterized in terms of coverage
probability using the theory of Poisson cluster process [16].

Cooperative communication is a promising approach to
overcome signal fading arising from multipath propagation as
well as obtain the higher diversity [17]. Obviously, combin-
ing cooperative communication technique and NOMA is the
research topic which has sparked of wide interest in [18]-[21].
The concept of cooperative NOMA was initially proposed
for downlink transmission in [18], where the nearby user
with better channel conditions was viewed as decode-and-
forward (DF) relay to deliver the information for the distant
users. Driven by these, Kim and Lee [19] analyzed the achiev-
able data rate of NOMA systems for DF relay over Rayleigh
fading channels. On the standpoint of tackling spectrum effi-
ciency and energy efficiency, in [20], the application of simul-
taneous wireless information and power transfer (SWIPT)
to NOMA with randomly deployed users was investigated
using stochastic geometry. In [21], NOMA based dual-hop
relay systems were addressed, where both statistical CSI and
instantaneous CSI were considered for the networks. On the
other hand, the outage performance of NOMA for a variable
gain amplify-and-forward (AF) relay was characterized over
Nakagami-m fading channels in [22]. With the emphasis on
imperfect CSI, authors studied the system outage behavior
of AF relay for NOMA networks in [23]. Additionally,
Yue et al. [24] analyzed the outage performance of a fixed
gain based AF relay for NOMA systems over Nakagami-m
fading channels.

Above existing contributions on cooperative NOMA are all
based on the assumption of half-duplex (HD) relay, where
the communication process was completed in two slots [17].
To further improve the bandwidth usage efficiency of system,
full-duplex (FD) relay technology is a promising solution
which can simultaneously receive and transmit the signal in the
same frequency band [25]. Nevertheless, FD operation suffers
from residual loop self-interference (LI), which is usually
modeled as a fading channel [26]. Particularly, FD relay
technologies in [27] have been discussed from the view of self-
interference cancellation, protocol design and relay selection
for 5G networks. To maximize the weighted sum throughput
of system, the design of resource allocation algorithm for
FD multicarrier NOMA (MC-NOMA) was investigated
in [28], where a FD BS was capable of serving downlink
and uplink users in the meantime. The recent findings
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in FD operation considered for cooperative NOMA were
surveyed in [29] and [30]. The performance of FD device-to-
device (D2D) based cooperative NOMA was characterized in
terms of outage probability in [29]. Considering the influence
of imperfect self-interference, Zhong and Zhang [30]
investigated the performance of FD-based DF relay for
NOMA, where the expressions of outage probability and
achievable sum rate for two NOMA users were derived.

Applying relay selection (RS) technique to cooperative com-
munication systems is a straightforward and effective approach
for taking advantages of space diversity and improving spectral
efficiency. The following research contributions have surveyed
the RS schemes for two kinds of operation modes: HD and FD.
For HD mode, Jing and Jafarkhani [31] derived the diversity of
single RS scheme and investigated the complexity of multiple
RS scheme by exhaustive search. It was shown that these
RS schemes are capable of providing full diversity order.
Furthermore, in [32], the ergodic rate was studied with a
buffer-aided relay scheme for HD-based single RS network.
Additionally, the application of RS scheme to cognitive
DF relay networks was discussed in [33]. For FD mode,
assuming the availability of different instantaneous CSI,
the authors analyzed the RS problem of AF cooperative
system in [34]. It was worth noting that FD-based RS scheme
converges to an error floor and obtains a zero diversity order.
The performance of DF RS scheme was characterized in
terms of outage probability for the CR networks in [35]. Very
recently, two-stage RS scheme was proposed for HD-based
cooperative NOMA in [36], where the RS scheme considered
was capable of realizing the maximal diversity order.

A. Motivations and Contributions

While the aforementioned significant contributions have
laid a solid foundation for the understanding of cooperative
NOMA and RS techniques, the RS technique for cooperative
NOMA networks is far from being well understood. It is
worth pointing out that from a practical perspective, the
requirements of Internet of Things (IoT) scenarios, i.e, link
density, coverage enhancement and small packet service are
capable of being supported through the RS schemes. One of
the best relays is selected from K relays as the BS’s helper
to forward the information. In [36], the two-stage RS scheme
is capable of achieving the minimal outage probability and
obtaining the maximal diversity order, but only HD-based
RS for cooperative NOMA was considered. To the best of
our knowledge, there are no existing works to investigate
the RS scheme for FD cooperative NOMA networks. More-
over, the spatial impact of RS on the performance of FD
cooperative NOMA was not examined in [36]. Motivated
by these, we specifically consider a pair of RS schemes
for FD/HD NOMA networks, namely single-stage RS (SRS)
scheme and two-stage RS (TRS) scheme, where the locations
of relays are modeled by invoking the uniform distribution.
More specifically, In the SRS scheme, the data rate of distant
user is ensured to select a relay as its helper to forward
the information. In the TRS scheme, on the condition of
ensuring the data rate of distant user, we serve the nearby
user with data rate as large as possible for selecting a relay.
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Based on the proposed schemes, the primary contributions can
be summarized as follows:

1) We investigate the outage behaviors of two RS schemes
(i.e., SRS scheme and TRS scheme) for FD NOMA
networks. We derive the closed-form and asymptotic
expressions of outage probability for FD-based NOMA
RS schemes. Due to the influence of residual LI at
relays, a pair of FD-based NOMA RS schemes converge
to an error floor in the high signal-to-noise radio (SNR)
region and provide zero diversity order.

2) We also derive the closed-form expressions of outage
probability for two HD-based NOMA RS schemes.
To get more insights, the asymptotic outage probabil-
ities of HD-based NOMA RS schemes are derived.
We observe that with the number of relays increas-
ing, the lower outage probability can be achieved for
HD-based NOMA RS schemes. We confirm that the
HD-based NOMA RS schemes are capable of providing
the diversity order of K, which is equal to the number
of relays.

3) We show that the outage behaviors of FD-based NOMA
SRS/TRS schemes are superior to that of HD-based
NOMA SRS/TRS schemes in the low SNR region rather
than in the high SNR region. Furthermore, we confirm
that the FD/HD-based NOMA TRS/SRS schemes are
capable of providing better outage performance compare
to random RS (RRS) and orthogonal multiple access
(OMA) based RS schemes. Additionally, we analyze the
system throughput in delay-limited transmission mode
based on the outage probabilities derived.

B. Organization and Notation

The rest of the paper is organized as follows. In Section II,
the network model of the RS schemes for FD/HD NOMA is
set up. New analytical and approximate expressions of outage
probability for the RS schemes are derived in Section III.
In Section IV, numerical results are presented for performance
evaluation and comparison. Section V concludes the paper.

The main notations of this paper is shown as follows:
[E{-} denotes expectation operation; fx (-) and Fx (-) denote
the probability density function (PDF) and the cumulative
distribution function (CDF) of a random variable X.

II. NETWORK MODEL

In this section, the network and signal models are presented.
Additionally, the criterions of a pair of RS schemes in the
networks considered are introduced for FD/HD NOMA.

A. Network Description

Consider a downlink cooperative NOMA scenario consist-
ing of one BS, K relays (R; with 1 <i < K) and a pair of
users (i.e., the nearby user D; and distant user D;), as shown
in Fig. 1. To reduce the complexity of NOMA system, multiple
users can be divided into several groups and the NOMA
protocol is carried out in each group [9], [37]. The groups
between each other are orthogonal. We assume that the BS is
located at the origin of a disc, denoted by D and the radius of
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Fig. 1.
NOMA networks.

An illustration of RS scheme for downlink FD/HD cooperative

disc is Rp. In addition, K relays are uniformly distributed
within D [8]. The DF protocol is employed at each relay
and only one relay is selected to assist BS conveying the
information to the NOMA users in each time slot. To enable
FD operation, each relay is equipped with one transmit antenna
and one receive antenna, while the BS and users have a single
antenna,’ respectively. All wireless channels? in the scenario
considered are assumed to be independent non-selective block
Rayleigh fading and are disturbed by additive white Gaussian
noise with mean power No. hsg, ~ CN(0,1), hg,p,
CN (0,1),and hg,p, ~ CN (0, 1) denote the complex channel
coefficient of BS — R;, R; — D, and R; — D; links,
respectively. d; and d> denote the distance from the BS to
D; and D, respectively. Assuming that an imperfect self-
interference cancellation scheme is employed at each relay
such as [34] and the corresponding LI is modeled as a Rayleigh
fading channel with coefficient hy; ~ CN (0, Qpj). As stated
in [36], two NOMA users are classified into the nearby user
and distant user by their quality of service (QoS) not sorted by
their channel conditions. More particularly, via the assistance
of the best relay selected, the QoS requirements of NOMA
users can be supported effectively for the IoT scenarios
(i.e., small packet business and telemedicine service) [40].
Hence we assume that D can be served opportunistically and
D»> needs to be served quickly for small packet with a lower
target data rate. As a further example, D; is to download a
movie or carry out some background tasks and so on; D> can
be a medical health sensor which is to send the pivotal safety
information containing in a few bytes, such as blood pressure,
pulse and heart rates.

B. Signal Model

During the [-th time slot, [ = 1,2, 3, ..., the BS sends the
superposed signal /a1 Pyx1 [l] + /a2 Psx2 [1] to the relay on

INote that multiple antennas equipped by the BS and relays will fur-
ther suppress the self-interference and enhance the performance of the
NOMA-based RS schemes. Additionally, more sophisticated assumption of
antennas at relay, i.e., omni-directional and directional antennas [38], [39]
can be developed for further evaluating the performance of the networks
considered. However, these are beyond the scope of this treatise.

2t is assumed that perfect CSI can be obtained, our future work will relax
this idealized assumption. Furthermore, we note that relaxing the setting
of Rayleigh fading channels (i.e., Nakagami-m fading channels considered
in [24]) will provide a more general system setup, which are set aside for our
future work.
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the basis of NOMA principle [8], where x; and x, are the
normalized signal for D; and Dj, respectively, i.e, E{xlz} =
E{x%} = 1. a1 and aj are the corresponding power allocation
coefficients. Practically speaking, to stipulate better fairness
and QoS requirements between the users [40], we assume that
ap > ay with a1 + ap = 1. The LI signal exists at the relay
due to it works in FD mode. Therefore the observation at the
ith relay R; is given by

YR = hr; (Va1 Pexy [1] 4+ v/ ax Psxa [1])

+hpivoPexpr [l =gl +ng;, (1)
h

SR dskp; is the distance between the BS and
1y,

R; and a denotes the path loss exponent. w is the switching
operation factor, where @ = 1 and w = 0 denote the relay
working in FD mode and HD mode, respectively. According
to the practical usage scenarios, we can select the different
duplex mode. It is worth noting that in FD mode, it is capable
of improving the spectrum efficiency, but will suffer from the
LI signals. On the contrary, in HD mode, this situation can be
avoided precisely. P; and P, denote normalized transmission
power (i.e., P, = P, = 1) at the BS and R;, respectively.
xr7[l — I4] denotes the LI signal with E[|xz;]?] = 1 and an
integer [; denotes processing delay at R; with I; > 1. ng,
denotes the Gaussian noise at R;.

Based on NOMA protocol, SIC? is employed at R; to first
decode the signal x, of D, having a higher power allocation
factor, since R; has a less interference-infested signal to
decode the signal x; of D;. Based on this, the received signal-
to-interference-plus-noise ratio (SINR) at R; to detect x; and
X are given by

where hpg, =

p|hR[|2a2
YDy—>R; = 5 , 2)
plhr| a1 +pwlhrr)? +1
and
_ p|hRi 201 3)
ok = pwlhp >+ 17

respectively, where p = 1% is the transmit SNR.

Assuming that R; is capable of decoding the two NOMA
user’s information, i.e, satisfying the following conditions,
1) log (14 yp,—r&;) = Rp,: and 2) log (1 + yp,—~&,) = Rp,,
where Rp, and Rp, are the target rate for Dy and D,,
respectively. Therefore the observation at D; can be expressed
as

ypo, =hj(JarPrxi ll —lal+VaxPrxa [l —1a]) +np;,  (4)
hR;D;
v

R; and D; (assuming dg;p,

where h; = s dR,.D_/. is the distance between

>  dsw); drp;, =
\/ng[ + djz —2dgp,djcos(0;), j € (1,2). 6; denotes the
angle /D;SR;; np; denotes the Gaussian noise at D;.

In similar, assuming that SIC can be also invoked success-
fully by D to detect the signal of D, having a higher transmit

3In this paper, we assume that perfect SIC is employed, our future work
will relax this assumption.
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power, who has less interference. Hence the received SINR

at Dp to detect xo can be given by

e )
plhilPar +1

Then the received SINR at D to detect its own information

is given by

Y Dy,— D

7oy = plhifar. ©)
The received SINR at D, to detect x, is given by
plha*ay
VD=5 - (N
2 plhalPar +1

Note that the fixed power allocation coefficients for two
NOMA users are considered in the networks. Reasonable
power control and optimizing the mode of power allocation
can further enhance the performance of the RS schemes, which
may be investigated in our future work.

C. Relay Selection Schemes

In this subsection, we consider a pair of RS schemes for
FD/HD NOMA, which are detailed in the following.

1) Single-Stage Relay Selection: Prior to the transmissions,
a relay can be randomly selected by the BS as its helper
to forward the information. The aim of SRS scheme is to
maximize the minimum data rate of D, for FD/HD NOMA.
More specifically, the size of data rate for D, depends on three
kinds of data rates, such as 1) the data rate for the relay R;
to detect xp; 2) The data rate for D to detect xo; and 3) the
data rate for D; to detect its own signal x». Among the relays
in the network, based on (2), (5) and (7), the SRS scheme
activates a relay, i.e.,

i5rs = argmax {min {log (1 + yp,~r;) . log (1 + 7p,~p,) »
I

xlog(1+yp,)}.i € S}Q}, ®)

where S}e denotes the number of relays in the network. Note
that FD/HD-based SRS schemes inherit advantage to ensure
the data rate of Dy, where the application of small packets
can be achieved.

2) Two-Stage Relay Selection: The TRS scheme mainly
include two stages for FD/HD NOMA: 1) In the first stage, the
target data rate of D; is to be satisfied; and 2) In the second
stage, on the condition that the data rate of D> is ensured,
we serve D1 with data rate as large as possible. Hence the first
stage activates the relays that satisfy the following condition

Slze = {log (1 + yDz—>Rf) > Rp,, log (1 + VDz—>D1) = Rp,,
xlog(1+yp,) = Rp,, 1 <i <K}, (9
where the size of S,ze is defined as |512e |
Among the relays in Slze, the second stage selects a relay to

convey the information which can maximize the data rate of
D and is expressed as

iTgs = argmax {min {log (1 + yp,—>r,) »
1

xlog (14 yp,)}, i€S; (10)
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As can be observed from the above explanations, the merit of
FD/HD-based TRS schemes is that in addition to guarantee
the data rate of D,, the BS can support Dj to carry out some
background tasks, i.e., downloading a movie or multimedia
files.

II1. PERFORMANCE EVALUATION

In this section, the performance of this pair of RS schemes
are characterized in terms of outage probability as well as the
delay-limited throughput for FD/HD NOMA networks.

A. Single-Stage Relay Selection Scheme

According to NOMA protocol, the complementary events
of outage for SRS scheme can be explained as: 1) The
relay igpo can detect the signal xp of Dy; and 2) while
the signal x> can be successfully detected at D; and D>,
respectively. From the above descriptions, the outage prob-
ability of SRS scheme for FD NOMA can be expressed as
follows:

K
PéG =TT (1 =Pr (Wi > 752)),

i=1

(1)

where W; = min {yp,— &, 70, D, yD,} and w = 1. yt'ZzD =
2Ry — 1 with Rp, being the target rate of D,.

The following theorem provides the outage probability of
SRS scheme for FD NOMA.

Theorem 1: The closed-form expression of outage probabil-
ity for FD-based NOMA SRS scheme can be approximated as
follows:

N
T
Psxs ~ [1—(1—W2 L= ¢ (n+1)
n=1

e_C”‘[ a o K
] — - e—(1+d1)1—(1+d2)1
1+ wprc, QL1
(12)
where w = 1, 1= Tihy with ay > a1y FP. ¢, =1+
, p(azfmyliz) thy + Cn
o

(RTD (dn + 1)) , ¢n = cos (23;,175) and N is a parameter to

ensure a complexity-accuracy tradeoff.
Proof: See Appendix A. [ ]
Corollary 1: Upon substituting w = 0 into (12),

the approximate expression of outage probability for
HD-based NOMA SRS scheme is given by

N
Psis ~ [1—(1—%2 =@ (fn+1)
n=1
X X (1 _ e*‘rlc,l)) e*(lﬁ*d?)‘[]*(lﬁ*dg)rl]lfj (13)

ytleD
p (az —ary g
22Rpy 1 with Rp, being the target rate of D;.

where T1= ) with ap > alyt’ZzD and ytl;lIQD =
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B. Two-Stage Relay Selection Scheme

In the case of TRS scheme, the overall outage event can be
expressed [36] as follows:

» =91 Uga, (14)

where ¢ denotes the outage event that relay i} ,¢ cannot
detect x», or neither D and D, can detect the x; correctively,
and ¢ denotes the outage event that either of i} ¢ and Dy
cannot detect x; while three nodes can detect x, successfully.

As a consequence, the outage probability of TRS scheme
for FD NOMA can be expressed as follows:

P{Rs = Pr(p1) +Pr(p2).

On the basis of analytical results in (III-A), the first outage
probability in (15) is approximated as

N
T
Pr(¢p)) ~ [1_(1_W§ 1—¢2(pn+1)

e_C”‘[ a a K
] — = e—(1+d1)r—(1+d2)1
1+ pwrc,Qry
(16)

15)

where w = 1.
In order to calculate the second outage probability, P (¢2)
can be further expressed as

Pr (p2) = Pr (Al,

where A denotes the outage event that the relay i7 ¢ cannot
detect x; and A denotes the corresponding complementary
event of Aj. Ay denotes that D; cannot detect x. The first
term in the above equation is given by

S,%’ > o) +Pr (Az,l_\l,

S,%’ > 0), 17)

Pr (/\1,

S,%’ >0)

—Pr (log (1 n yDﬁRi*TRS) < Rp,, s,%‘ > 0). (18)
the second term in (17) is given by
Pr (Az,l_\l, S,%’ > 0)
= Pr (log (1+ yp,) < Rp,,
xlog(l +VD1~>RZ»;RS) > Rp, ,

Si|>0). (19

Combining (18) with (19), the second outage probability
in (15) can be expressed as

e = (1 7010, ) < o
+ Pr (log (1 + yDl) < Rp,,

S,ze‘ >O)

xlog (14 70k, ) > Ro,|Sk| > 0), @0)
'TRS

where w = 1.
To derive the closed-form expression of outage probability
for TRS scheme in (20), we define

s; = min {log (1 + yp, &), log (1 +yp,)}, (21)

and

(22)

S
TRS

= max {sk,Vk € SIZQ} R
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respectively. The probability Pr (¢2) can be given by

Pr(p2) = Pr (min {log (1 + VD> R ) R
TRS

s3>0

x log (1 + yDl)} < Rp,,
= Pr (si;‘"RS SIZQ‘ > 0) .

The above probability can be further expressed as

Pr (p2) = ZPr (s

< RD]» (23)

2
S<RD1’ Szl =

M~ EM*i

Pr (sig, < Roy||S3| = k) Pr (’52’ = k)

k
= > | F(ro,) | Pr(|sk]=¢). (24)
k=1 —— ™ —
@1 @2

For selecting a relay at random from Slze, denoted by relay i,
let us now turn our attention to the derivation of s;’s CDF
(ie., F (RDI)) in the following lemma. Define these two
probabilities at the right hand side of (24) by ®; and ©»,
respectively.

Lemma 1: The conditional probability in (24) can be
approximated as follows:

My + My + M3
eI+ (1 — A (1 = yeanr))’

0~ (25)

where A= z,/ — B2 (pn + 1), O=max (1, &), g—y”'l,

pai
Cn+(1+da) _ 1 _ 1
C - PWCn X = I+pwrc,Qur’ Vo= 1+pw$C)LQLI
T (1+da)e (ln+(l+d ))f (1+da) ((‘)L+(1+d
pwchU ’ ﬂw'chLl ’
M, — e (l+d1 )9 (Xe—c,ﬂ o We_C”é), M, —
—(1+d") —(1+d"¢N ,—cnt o, ﬁs_ X —
A ((e (rdt)e — ¢ (t+f) )e "y — TePUvE; (QLIV/)+
(I)eQLl/{E M = e7(1+d?)7 — ef(H’d?)g
1 LI/{ ’ 3

a a ¢
A e (+al)r _ =(1+df)é _ TeQLIWEl( It//) 4+ QefLx x

Ei (Q__u%)) ythl = 2Ro1 1 with Rp, being the target rate

of Dy and E; () is the exponential integral function [41,
eq. (8.211.1)].
Proof: See Appendix B. [ ]
On the other hand, there are k relays in S,ze and the
corresponding probability @, is given by

K—k

0, = H (I]j)(l — Pr (yDz_>R > thlzD)

m=1

x Pr (VDlﬁDz > yII;QD) Pr (VDz > yII;QD))

K
FD
X H Pr ()’Dz—>Ri > Vihy )
m=K —k+1

x Pr (yDl%D2 > Vzh2 )Pr (yD2 > y,hz ) (26)
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With the aid of Theorem 1, the above probability can be
further approximated as follows:

@w(’,f)[ (1——2 L= o+ 1)

—Cn‘[

e—(1+df‘)r—(1+dg)z]’<*k
1+ pwre,Qup + pwrchLI

(1-
[(1 1—¢7 (Bn+1)
«(1-

With the aid of Lemma 1, combining (16), (24) and
(27) and applying some algebraic manipulations, the outage
probability of TRS scheme for FD NOMA can be provided in
the following theorem.

Theorem 2: The closed-form expression of outage proba-
bility for the FD-based NOMA TRS scheme is approximated
by (28), as shown at the top of next page.

Corollary 2: For the special case w = 0, the approximate
expression of outage probability for HD-based NOMA TRS
scheme is given by (29), as shown at the top of next page,

X

—Cn‘[

e—(1+df‘)r—(1+d2“)1]k.
1+ pwre,Qup + pwtc, QL

27)

v
where &= ;,hll = 2%Rp,

target rate of Dj.

— 1 with Rp, being the

C. Benchmarks for SRS and TRS Schemes

In this subsection, we consider the random relay selec-
tion (RRS) scheme as a benchmark for comparison purposes,
where the relay R; is selected randomly to help the BS trans-
mitting the information. Note that R; selected maybe not
the optimal one for the NOMA RS schemes. In this case,
the RRS scheme is capable of being regarded as the special
case for SRS/TRS schemes with K = 1, which is independent
of the number of relays. As such, for SRS scheme, the outage
probability of the RRS scheme for FD/HD NOMA can be
easily approximated as

Pid’ ™ ~ 1—[1——2 1= ¢2 (¢ + 1)

e nT o o
" (1 B )} G (At
1+ ptcpQLr

(30)
and
N
Fia
Prgs™ "~ 1= [1 - EZ 1—¢2(gn + 1)
n=1
% (1 _ e—ncn)]e—(1+di’)71—(1+d§)71, 31

respectively. Similarly, for TRS scheme, the outage probability
of RRS scheme for FD/HD NOMA can be obtained from (28)
and (29) by setting K = 1, respectively.
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a — df - df —cn
S\ | —a e xe—w» e~ (1= A (1= e-or))
k
~(14df)r_ —(1+d?)5_A( ~(1+a)e _ —(1+d?)5) . K~k
+e e _ e e I:l . (1 _A (1 . Xe—cnr)) e—(1+d1)r—(l+d2)1]
()T (1-p (1—ye=ent))
k
X|:(1 —_A (1 _ ){eic”r)) e—(1+di’)r—(l+d2’1)r:| . (28)
Cn —((1+dH)+cn)rr _ ,—((1+d?)+cn )¢
i iy [ A (O e (@)
TRS ™ Z k —(1+d) -
k=0 € DT (1= A (1= emnen))
e~ (IHdf)n _ = (1+df)é _ A [e—(1+d{’)11 — e (HaP)ar 4 1;;5150 (e—(1+d;l+cn)él _ e—(1+df‘+cn)n)]
+ —
e~ (IHd)T (1 — A (1 — e=nien))
—k k
x[l B (1 _A (1 _ e—ncn)) e—[(1+d{’)+(1+d2’1)]11]1< [(1 _ A (1 B e—ncn)) e—[(1+d{’)+(1+d2“)]11] . (29)
D. Diversity Order Analysis 2) Two-Stage Relay Selection Scheme: As such, we can
derive asymptotic outage probability of TRS scheme for

To gain more insights for these two RS schemes, the asymp-
totic diversity analysis is provided in the high SNR region
according to the derived outage probabilities. The diversity
order is defined as

log (P> (p))
log p

d =— lim

p—>00

; (32)

where P (p) is the asymptotic outage probability.

1) Single-Stage Relay Selection Scheme: Based on the
analytical results in (12), when p — 00, we can derive the
asymptotic outage probability of SRS scheme for FD NOMA
in the following corollary.

Corollary 3: The asymptotic outage probability  of
FD-based NOMA SRS scheme at high SNR is given by

N K
Qi
PFD,oo: T 2 : 1 — 42 1 PTCn
SRS [21\/ “— i @n 1) (1 + pre,Qur
(33)

Substituting (33) into (32), we can obtain ngDS =0.

Remark 1: The diversity order of SRS scheme for
FD NOMA is zero, which is the same as the conventional
FD RS scheme.

Corollary 4: For the special case w = 0, the asymptotic
outage probability of HD-based NOMA SRS scheme with
e * ~ 1 —x at high SNR is given by

N
pHboo _ |1 _(;_ "
=i (-5 2

n=1

1 - ¢r21 (bn +1) Tlcn)

x (1= (+df +1+d8)a)]*. 34
Substituting (34) into (32), we can obtain dS rs = K.

Remark 2: The diversity order of SRS scheme for HD
NOMA is K, which provides a diversity order equal to the
number of the available relays.

FD NOMA in the following corollary.
Corollary 5: The asymptotic outage probability  of
FD-based NOMA TRS scheme at high SNR is given by

K k
FD,co _ K AQCy—vy) Kk
Fras _k%(k) ) e
x[(1—A 1=l (39)
Proof: See Appendix C. [ |

Upon substituting (35) into (32), we obtain dT RS =

Remark 3: The zero diversity order of TRS scheme for
FD NOMA is obtained, which is the same as the FD-based
SRS scheme.

Corollary 6: For the special case w = 0, the asymptotic
outage probability of HD-based NOMA TRS scheme with
e * ~ 1 —x at high SNR is given by

0 1-— A‘Elcn
C(4af)n+A[(+df) & -
1-— A‘L’lcn
k
A1 +d]) (=&
1-— A‘Elcn
x(At1en)X 7K1 = Ariep)k.

X Acy &1 — ]+ (1 4+4df) &
->(1)|

(1+4df) ]

(36)

Upon substituting (36) into (32), we obtain dﬁRDS =K.

Remark 4: The diversity order of TRS scheme for HD
cooperative NOMA is K, which is the same as the HD-based
SRS scheme.

3) Random Relay Selection Scheme: For SRS scheme,
based on the analytical results in (33) and (34), the asymptotic
outage probability of RRS scheme for FD/HD NOMA with
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TABLE I

DIVERSITY ORDERS AND APPLICATION SCENARIOS
FOR FD/HD-BASED NOMA RS SCHEMES
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TABLE 11
TABLE OF PARAMETERS FOR NUMERICAL RESULTS

Monte Carlo simulations repeated 105 iterations

Duplex mode RS scheme D Application scenario
SRS 0 Small packet service
FD NOMA TRS 0 Background tasks
RRS 0
SRS K Small packet service
HD NOMA TRS K Background tasks
RRS 1

K =1 can be given by

>

N
Qrp

pFDoo T 1 — 2 [ EnPTRLL

RRS,SRS 2N’§ ¢y (o + 1) T+ opron

(37

and

N
HD T
Prrssrs =1— (1 TON Z 1—¢2 (g + 1) TlCn)
n=1
x (1= (14+df +1+d5)w), (38)

respectively.

For TRS scheme, based on the analytical results in (35)
and (36), the asymptotic outage probability of RRS scheme
for FD/HD NOMA with K = 1 can be given by

1 k
N[ ACx—-w) _
PFD,OO — A 1_ 1-k
RRS,TRS ;; (k) [71 “AG= ) (A=)l
(1= A=) (39)

and
pHDoo i N [Aala —al+(1+df) &
RRS,TSR pr k 1~ Anic,
C(+df)u+ A1 +df) & - (1+df) ]
1 —Aticp
k
A(1+4d})(r1 = &) -
_ A _
1— Aticn (Aicn)
x(1 = Arica)t, (40)
respectively.

Remark 5: Substituting (37), (38) and (39), (40) into (32),
we can observed that the diversity orders of RRS scheme for
FD-NOMA and HD-NOMA are zero and one, respectively.

In order to get intuitional insights, as shown in TABLE I,
the diversity orders and application scenarios of FD/HD-
based NOMA RS schemes are summarized to illustrate the
comparison between them. For the sake of simplicity, we use
“D” to represent the diversity order.

E. Throughput Analysis

In this subsection, the delay-limited transmission modes
of these RS schemes are investigated for FD/HD NOMA
networks. In this mode, the BS sends information at a constant
rate and the system throughput is subjective to the effect of

Power allocation coefficients of NOMA
Targeted data rates

a; =0.2,a2 =0.8
Rp, =1, Rp, = 0.1 BPCU

Pass loss exponent a=2
The radius of a disc region Rp=2m
The distance between the BS and D; 10 m
The distance between the BS and D» 12 m

outage probability. Hence it is significant to discuss the system
throughput for delay-limited mode in practical scenarios.

Proposition 1: Based on above explanation, the system
throughput of the RS schemes for FD/HD NOMA are given
by

REP = (1 - PgD) Rp, + (1 - PgD) Rp,,  (41)

and
RHD — (1 _ P{,’D) Rp, + (1 _ P{,’D) Rp,,

respectively, where ¥ € {SRS, T RS}. Rsgs and Rrpgs are
system throughputs of single-stage and two-stage RS schemes,
respectively.

(42)

IV. NUMERICAL RESULTS

In this section, our numerical results are provided for
characterizing the outage performance of these two kinds of
RS schemes. Monte Carlo simulation parameters used in this
section are summarized in Table II [12], [42], in which BPCU
is short for bit per channel use. The complexity-vs-accuracy
tradeoff parameter is N = 15. Except FD/HD-based NOMA
RRS schemes, the performance of OMA-based RS scheme is
also shown as a benchmark for comparison, where the total
communication process is finished in four slots. In the first
slot, the BS sends information x; to relay R; and send x; to
R; in the second slot. In the third and fourth slot, R; decodes
and forwards the information x; and x; to D and D,
respectively. Adding the performance of AF-based RS schemes
for comparison will further enrich this paper, but this is beyond
the scope of this paper. Note that NOMA users with low target
data rate can be applied to the IoT scenarios, i.e., the low
energy consumption, small packet service and so on.

A. Single-Stage Relay Selection Scheme

In this subsection, the FD/HD-based NOMA RRS schemes
and OMA-based RS schemes are regarded as the baselines for
comparison purposes.

Fig. 2 plots the outage probability of SRS scheme versus
SNR for a simulation setting with K = 2 and E{|hz;|*} =
—10 dB. The black and blue solid curves are the SRS scheme
for FD/HD NOMA, corresponding to the approximate results
derived in (12) and (13), respectively. The dash dotted
curves represent the approximate outage probabilities of
RRS schemes for FD/HD NOMA derived in (30) and (31),
respectively. Obviously, the outage probability curves match
precisely with the Monte Carlo simulation results. It is
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Fig. 3. Outage probability versus the transmit SNR for SRS scheme with

the different target rates; K = 2 and E{Ihulz} = —10 dB.

observed that the performance of FD-based NOMA SRS
scheme is superior to HD-based NOMA scheme on the con-
dition of low SNR region. The reason is that loop interference
is not the dominant impact factor for FD cooperative NOMA
in the low SNR region. Moreover, the outage performance
of the HD-based NOMA SRS scheme outperforms the HD-
based RRS scheme. Another observation is that HD-based
NOMA SRS scheme is superior to OMA-based RS scheme.
This is due to the fact that HD-based NOMA RS schemes
is capable of enhancing the spectral efficiency compared to
OMA. The asymptotic outage probability cures of the SRS
schemes for FD/HD NOMA are plotted according to the ana-
Iytical results in (33) and (34), respectively. One can observe
that the asymptotic curves well approximate the analytical
performance curves in the high SNR region. It is worth noting
that an error floor exists in the FD-based NOMA SRS scheme,
which verifies the conclusion in Remark 1 and obtain zero
diversity order. This is due to the fact that there is the loop
interference in FD NOMA.
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K =3; RD1 =1, RD2 = 0.1 BPCU.

Fig. 3 plots the outage probability of SRS scheme with
different target rates. One can observe that adjusting the target
rates of NOMA users will affect the outage behaviors of
the FD/HD-based SRS schemes. As the value of target rates
increases, the superior of FD/HD-based NOMA SRS schemes
becomes not obvious. It is worth noting that based on the
application requirements of different scenarios, the setting of
reasonable target rates for NOMA users is prerequisite.

Fig. 4 plots the outage probability of SRS scheme versus
SNR for a simulation setting with K = 2, 3,4 relays and
E{|hz7|>} = —10 dB. As can be seen that the analytical
curves perfectly match with the simulation results, while
the approximations match the analytical performance curves
in the high SNR region. It is shown that the number of
relays in the networks considered strongly affect the per-
formance of FD/HD-based NOMA SRS schemes. With the
number of relays increasing, the lower outage probability are
achieved by this RS scheme. This is because more relays bring
higher diversity gains, which improves the reliability of the
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Fig. 6. System throughput in delay-limited transmission mode versus SNR
for the SRS scheme.

cooperative networks. Another observation is that the
HD-based NOMA SRS scheme provides a diversity order that
is equal to the number of the relays (K), which verifies the
conclusion in Remark 2. As a further development, Fig. 5
plots the outage probability of SRS scheme versus different
values of LI from E{|hz;|?} = —10 dB to E{|hz;]*} = 5 dB.
As observed from the figure, we can see that the value of LI
also strongly affect the performance of FD-based SRS scheme
for NOMA, while the HD-based SRS scheme is not affected.
This is due to the fact that LI is not existent for the HD-based
SRS scheme with @ = 0. As the value of LI becomes larger,
the outage performance of the FD-based SRS scheme becomes
more worse. In consequence, it is significant to consider the
influence of LI in the practical FD NOMA networks.

Fig. 6 plots system throughput versus SNR in delay-limited
transmission mode for the different number of relays from
K =2 to K = 4 with E{|hz;]*} = —10 dB. The blue solid
and red dashed curves represent throughput of SRS scheme
for FD/HD NOMA networks which are obtained from (41)
and (42), respectively. One can observe that the FD-based
SRS scheme achieves a higher throughput compared to the
HD-based SRS scheme for NOMA networks. This is because
that the value of LI has a smaller influence for the outage
behavior of FD NOMA in the low SNR region. Furthermore,
the FD/HD-based NOMA SRS schemes outperform OMA-
based RS scheme in terms of system throughput. This is
due to the fact that NOMA-based SRS scheme can provide
more spectrum efficiency than OMA-based SRS scheme.
As the number of relays becomes larger, the FD/HD-based
SRS schemes can improve the system throughput. This phe-
nomenon can be explained as that a lower outage proba-
bility can be obtained by the FD/HD-based SRS schemes.
In addition, Fig. 6 further give system throughput in delay-
limited transmission mode for the different values of LI with
K = 3. As can be observed that increasing the values of LI
from E{|hz;)?} = —10 dB to E{|hz;|?} = 5 dB reduces
the system throughput. This phenomenon indicates that it is
of significance to consider the impact of LI for FD-based
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SRS scheme when designing practical cooperative NOMA
systems.

B. Two-Stage Relay Selection Scheme

In this subsection, except FD/HD-based NOMA RRS
scheme, the outage performance of OMA-based RS scheme
is also shown as a benchmark for comparison.

Fig. 7 plots the outage probability of TRS scheme versus
SNR with setting to be K = 3 and E{|A;|*} = —20 dB. The
approximate analytical curves of the TRS schemes for FD/HD
NOMA are plotted based on (28) and (29), respectively. As can
be observed from the figure, the analytical curves match
perfectly with Monte Carlo simulation results. We confirm that
the higher outage performance can be obtained by FD-based
NOMA TRS scheme in the low SNR region. This is due to
fact that there is a low loop interference for FD-based TRS
scheme and does not suffer from bandwidth-loss influence.
One can observe that the outage behaviors of FD/HD-based
NOMA TRS schemes outperform OMA-based RS scheme.
The asymptotic outage probability curves of FD/HD-based
NOMA TRS scheme are plotted according to (35) and (36),
which are practically indistinguishable from the analytical
results. It is also observed that the FD-based TRS scheme
for NOMA converges to an error floor and obtains the zero
diversity, which is due to the fact that the loop interference
exists at the relay. This phenomenon is confirmed by the
insights in Remark 3. However, the HD-based TRS scheme
for NOMA overcomes the problem of zero diversity inherent
to FD-based scheme.

As shown in Fig. 3, Fig. 8 plots the outage probability of
TRS scheme with different target rates. It is shown that when
the target rates of NOMA users is reduced, the FD/HD-based
NOMA TRS schemes is capable of providing better outage
performance. We confirm that the IoT scenarios (i.e., small
packet service) considered can be supported by the
NOMA-based RS schemes.

Fig. 9 plots the outage probability of TRS scheme versus
SNR for a simulation setting to be K = 2, 3,4 relays and
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E{|hr;|*} = —20 dB. We observed that the number of relays
affect the performance of TRS scheme. With the number
of relays increasing, the superiority of FD/HD-based NOMA
TRS schemes is apparent and the lower outage probabilities
are obtained. We also see that the HD-based RS scheme is
capable of achieving a diversity order of K, which confirms
the insights in Remark 4. From a practical perspective, it is
important to consider multiple relays in the networks when
designing the NOMA RS systems. Fig. 10 plots the outage
probability of the TRS scheme versus different values of LI
from E{|hr;)?} = —20 dB to E{|hr;|?} = —10 dB. We also
can observe that with the value of LI increasing, the superior
of outage performance for the FD-based TRS scheme is not
existent.

Fig. 11 plots system throughput versus SNR in delay-
limited transmission mode for the different number of relays
from K = 2 to K = 4 with E{|hz;]?} = —20 dB. The
solid black and dashed magenta curves represent throughput
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of TRS for FD/HD NOMA networks which are obtained
from (41) and (42), respectively. We can also observe that
FD-based NOMA TRS scheme has a higher throughput than
HD-based scheme in the low SNR region. The reason is
that the FD-based TRS scheme is capable of achieving a
lower outage probability compared to HD-based scheme.
Moreover, the throughput of FD/HD-NOMA TRS schemes
precedes that of OMA-based RS scheme. Additionally, it is
worth pointing out that adjusting the size of target data rate
(i.e., Rp, and Rp,) will affect the system throughput for
delay-limited transmission mode. The main performance of
TRS scheme trends follow those in Fig. 6. Additionally,
as can be seen from the figure that increasing the values
of LI from E{|hz;|*} = —20 dB to E{|hz;|?} = —10 dB
reduces the system throughput and the existence of the
throughput ceilings in the high SNR region. This is due to
the fact that the FD-based TRS scheme converges to the error
floor.
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V. CONCLUSIONS

This paper has investigated a pair of RS schemes for
FD/HD NOMA networks insightfully. Stochastic geometry has
been employed for modeling the locations of relays in the
network. New analytical expressions of outage probability for
two RS schemes have been derived. Due to the influence
of LI at relay, a zero diversity order has been obtained by
these two RS schemes for FD NOMA. Based on the analyt-
ical results, it was demonstrated that the diversity orders of
HD-based RS schemes were determined by the number of
relays in the networks considered. Simulation results showed
that the FD/HD-based NOMA SRS/TRS schemes are capable
of providing better outage behaviors than RRS and OMA-
based RS schemes. The system throughput of delay-limited
transmission mode for FD/HD-based NOMA RS schemes
were discussed. The setting of perfect SIC operation my
bring about overestimated performance for the RS schemes
considered, hence our future treaties will consider the impact
of imperfect SIC. Another promising future research direction
is to optimize the power allocation between NOMA users,
which can further enhance the performance of NOMA-based
RS schemes.

APPENDIX A
PROOF OF THEOREM 1

Let W; = min{yp,~g;, yD,—D;» 70>}, W = max{W,
W> ..., Wy}, then

Pr (W < VzizD) =Pr (max{Wl, Wa, ...

_ HPr (Wi <742):

Hence the outage probabilit§ of the FD-based SRS scheme

’WN} < yt’;?)

(A1)

only requires Pr (Wi < y,?), which is given by

Pr (Wi < VIIZZD) = Pr (min {VDzﬁR;’ YD2— D> VDz} < VIIZZD)
=1-Pr (}’DzﬁR, > VIZZD)
Ju

x Pr ()’D2~>D1 > ythz )Pr (yDZ > ythz)

J12 J13
(A.2)
where w = 1.
Dﬁ X |SR} Y }hRDl} Y _}hRDZ|2 dZ —
cline 5, VT TR, TFdg > A0 =

|h LII2 As stated m [8] and [20] and by utilizing the polar
coordinate, the CDF Fx, of X; is given by

2 [Ro «
Fx, (x) = R_z/o (1 — e Utr )x)rdr. (A.3)
D

However, for many communication scenarios o > 2,
(A.3) does not have a closed-form solution. In this case,
the approximate expression of (A.3) can be obtained by using
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Gaussian-Chebyshev quadrature [43] and given by
Fy, (x) ~ Z,/l 2 (1—e )+ 1. (Ad)

Substituting (2) into (A.2) and applying algebraic manipu-
lations, Jq1 can be further expressed as follows:

Jiu=1-Pr(X; < (pwfz(@)+1)1), (A.5)

where f7 (z) = Q—ue T, By the virtue of approximate
expression of CDF for X; in (A.4), Jy1 is calculated as

1 =
J11 =1—/ —e W Fy, (pwz+1)71)dz
0o Qu

N et
1 — @2 nD{l—- ———).
2 (¢ + )( 1 +WCHQLI)
(A.6)

On the condition of dg; p; = \/ng[ + d]2- — 2ddgp,; cos (0;)
and dp, D, > dsg,, j € (1,2), to further simplify com-
putational complexity, we assume that the distance between
R; and D; can be approximated as the distance between the
BS and Dy, ie., dR,.D_/. ~ d;. It is worth noting through this
approximation, the distance d; between the BS and D; is a
fixed value. Hence we can obtain the corresponding approxi-

mate CDF of Fy, ie., Fy;, = 1—ef(l+d.i)r_ Upon substituting

(5) and (7) into (A.2), Ji2 and Jy3 are approximated by

Jo=Pr(Yy; > 1)~ 67(1+d?)7, (A7)

and

Ji3 = Pr (Y > 1) ~ e~ (1143)7 (A.8)

respectively. Combining (A.6), (A.7), and (A.8), we can cal-
culate Pr (Wl- < y,';zD). Finally, substituting (A.2) into (A.1),

we can obtain (12). The proof is completed.

APPENDIX B
PROOF OF LEMMA 1

Based on (24),
expressed as

the conditional probability ®; can be

@1 = Pr (Si < RD1|

S,%’:k)

=Pr (min {yD1=ri» 7D} < viplli € ’S;z ,

H>0)
=Pr (VD1—>R,» < ¥VDy>»YD1—R; < ytI;;ID

FD FD
IyD2~>R; > Vthy > ?D2—>Dy > Viny )

Ja1
FD
+ Pr (VD1 < ¥VYDi—>R;i> VD1 < Vin,

ek > 7L sy > 74P (B.1)

J31

where @ = 1 and yti
rate of Dj.

1D = 2R8> — 1 with Rp, being the target
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According to the definition of conditional probability,
Jo1 can be expressed as

FD
Pr (VDl—>Ri < VD15 YDi—=R; < Vipy o

FD FD
VD2—R; = Vipy » VD2—Dy = Vip,

Jo1 = (B.2)

FD FD
Pr (VDz—>Ri > Vihy » YD2=>Dy = Vip,y )

Define the numerator and denominator of J»; in (B.2) by =;
and Ej, respectively. Substituting (2), (3), (5) and (7) to (B.2)
and applying some algebraic manipulations, we rewrite Z; as
follows:

E1=Pr(Xi <Yii(poZ+1),X; <{(pwZ+1),
Xi>t(pwZ+1),Y; > 1)
=Pr(t(pwZ+1)<X; <l(pwZ+1),Y; >0)
+OIZI‘(T (proi—l)<Xi<Y1i(pr+1),r<Y1i<§)
— [ 5@ [ o) [P € 1)

—Fx, (t (pwz + 1)) dydz

Jn
14

e / Fro ) [Fx, & (pwoz + 1))

—Fx, (t (pwz+ 1))|dydz, (B.3)

J23
On the basis of Appendix A, for an arbitrary choice of a,
we can use Gaussian-Chebyshev quadrature to find the approx-
imation for the CDF of X; in (A.4). In addition, dg,p, =
\/dlz—i—de’_ —2d1dgsg, cos (6;) and dg,p, > dsg;, we can
approximate the distance between R; and D; as dg;p, ~ d;.
The approximation for pdf of Y; is given by

i () & 1= = (),

Substituting (A.4) and (B.4) into (B.3), J>; and J»3 can be
calculated as follows:

(B.4)

N
_ o T
I e WIS T 1= 2 (1)

00 n~=1

x/ Qie_ﬂiu

0 LIn N
_e(1+d)0 Z 1— @2 (gn + 1)

c,,f] ,

(e—cnr<pwz+1) - e—cnapwm)) dz

et (B.5)

[)(e y/e

1 1
where ) = 15 aan d v = e on
7 (1+df) < 2
T§ 1 —¢p(¢n+1)

n=1

1 _ =z
X / — e Qu
o Qu

ez —(Id )y) dydz

Joz &~

< ( —ent(pwz+)—(1+d{)y

= A){eic”r e7(1+d1)7 — ef(H’dil)é

]
—i—AT/
o 2+<¢ 2+

I 16}

-Z
e Mudz,

__z o0
e Vudz —A(D/
0

(B.6)
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cn+(1+df‘)’ T —
PWCy

_ (e i)

N
where A=75 > /1 —¢2(pa+1), ¢ =
n=1
(14d5)e —(m+(l+d"))é

pwcnd

By the v1rtue of [41 eq. (3 352. 4)] 11 and I> can be given
by
i)
Qi /)’

)
IGSpEC[llvely.

Substituting (B.7) and (B.8) into (B.6), we can obtain
J23 AX@ nT (e*(l‘l’dla)‘[ _ e*(l‘l’dla)i)

+ A®eSUE (——). B9
V/QLI) l(){QLI) B2

Applying the results derived in Appendix A, the denomina-
tor Z; for Jp1 in (B.2) can be approximated as follows:

Er~ e (HD7 (1A (1= ge™@7)).  (B.10)
Combining (B.5), (B.9) and (B.10), we can obtain
e*(l“’dla)gA (Xefcn‘[ _ l//e*cni)

e~ (DT (1 _ A (1 = yemant))
Axefcnr (ef(ler?)r — ef(ler?)i)

e HT (1= A (1 = yemorr))
ATe v . ( e )
1= A (1= geat))  \yQu

n ADe 0L . ( - )
e (T (1 — A (1 — yemenr)) " \xQui/
(B.11)

_&
I| = —eV U E; (— (B.7)

and

I = —erii g, (_ (B.8)

— ATe“’%LIEi (

Jo =

+

e—(1+di")1 (

Similarly as the above derived process, we can obtain
e—(1+df’)r - e—(1+d{’)é

e~ ()T (1 — A (1 = yeonT))
A (e—(1+df‘)1 _ e—(1+d;1)f)

e ()T (1 A (1 - Xefw))

A (Te“LI“’Ei (Q—‘U%) DI, (Q—U%))
+ z
e~ (DT (1 — A (1 = ye—anr))

Combining (B.11) and (B.12), we can obtain (25). The proof
is completed.

J31 &~

. (B.12)

APPENDIX C: PROOF OF COROLLARY 5

Based on the derived results in Appendix B, the proof starts
by providing the term Jy; with w =1 as follows:

N
_ o VA
e (T 22N 1= 82 (gt 1)
n=1

e—CnT cné
x ( - ) (oA}
I+ prc,Qur 1+ ple,Qur
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To facilitate our asymptotic analysis, when x — 0, we use
zero order series expansion to approximate the exponential
function e*, i.e., ¢ =~ 1. Therefore, Jp» can be further
approximated as follows:

N

I s 1= @2 @+ D)

n=1

1 1
X ( — ) . (C2)
1+ pre,Qur 1+ pée,Qur

Similar as (C.2), J23 and J3; can be further approximated by
utilizing zero order series expansion as follows:
Joz = 0, (C.3)

and
J31 ~ 0, (C4)
respectively. Additionally, the denominator Z; for J; in (B.2),
Exxl—-A0—y), (C.5)

Substituting (C.2), (C.5), (C.3) and (C.4) into (B.1), the con-
ditional probability ®; can be obtained as follows:
T~ A=W
I—A(1—p)
Using a similar approximation method as that used to
obtain (C.6), O, is given by

(C.6)

0, ~ (f)(l — (=A@ =)E R = A=)
(C.7)

Substituting (C.6), (C.7) into (24) and applying some
manipulations, we can obtain (35). The proof is completed.
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