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Abstract—In this paper, a novel cooperative non-orthogonal
multiple access (NOMA) system is proposed, where one near
user is employed as decode-and-forward (DF) relaying switching
between full-duplex (FD) and half-duplex (HD) mode to help a
far user. Two representative cooperative relaying scenarios are
investigated insightfully. The first scenario is that no direct link
exists between the base station (BS) and far user. The second
scenario is that the direct link exists between the BS and far
user. To characterize the performance of potential gains brought
by FD NOMA in two considered scenarios, three performance
metrics outage probability, ergodic rate and energy efficiency
are discussed. More particularly, we derive new closed-form
expressions for both exact and asymptotic outage probabilities
as well as delay-limited throughput for two NOMA users.
Based on the derived results, the diversity orders achieved by
users are obtained. We confirm that the use of direct link
overcomes zero diversity order of far NOMA user inherent to
FD relaying. Additionally, we derive new closed-form expressions
for asymptotic ergodic rates. Based on these, the high signal-to-
noise radio (SNR) slopes of two users for FD NOMA are obtained.
Simulation results demonstrate that: 1) FD NOMA is superior
to HD NOMA in terms of outage probability and ergodic sum
rate in the low SNR region; and 2) In delay-limited transmission
mode, FD NOMA has higher energy efficiency than HD NOMA
in the low SNR region; However, in delay-tolerant transmission
mode, the system energy efficiency of HD NOMA exceeds FD
NOMA in the high SNR region.

Index Terms—Decode-and-forward, full-duplex, half-duplex,
non-orthogonal multiple access, user relaying

I. INTRODUCTION

With the rapid increasing demand of wireless networks,
the requirements for efficiently exploiting the spectrum is of
great significance in new radio (NR) usage scenarios [2].
To achieve higher spectral efficiency of the fifth generation
(5G) mobile communication network, non-orthogonal multiple
access (NOMA) has received a great deal of attention [3].
Recently, several NOMA schemes have been researched in
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detail, such as power domain NOMA (PD-NOMA) [4], sparse
code multiple access (SCMA) [5], pattern division multiple
access (PDMA) [6], multiuser sharing access (MUSA) [7], etc.
Generally speaking, NOMA schemes can be classified into two
categories, namely power-domain NOMA! and code-domain
NOMA. Downlink multiuser superposition transmission (DL
MUST), the special case of NOMA, has been studied for
3rd generation partnership project (3GPP) in [8]. The pivotal
characteristic of NOMA is to allow multiple users to share the
same physical resource (i.e., time/fequency/code) via different
power levels. At the receiver side, the successive interference
cancellation (SIC) is carried out [9].

So far, point-to-point NOMA has been studied extensively
in [10-14]. To evaluate the performance of uplink NOMA
systems, the authors in [10] proposed the uplink NOMA trans-
mission scheme to achieve higher system rate. The expressions
of outage probability and achievable sum rates for uplink
NOMA were derived with a novel uplink control protocol in
[11]. Regarding downlink NOMA scenarios, authors in [12]
analyzed the outage behavior and ergodic rates of NOMA
networks, where multiple NOMA users are spatial randomly
deployed in a disc. In [13], the cognitive radio inspired
NOMA concept was proposed, in which the influence of user
pairing with the fixed power allocation in NOMA systems
was discussed. As the interplay between NOMA and cognitive
radio is bidirectional, NOMA was also applied to cogni-
tive radio networks in [14]. More particularly, the analytical
expressions of outage probability was derived and diversity
orders were characterized. Apart from the above works, a
new opportunistic NOMA scheme was proposed in [15] to
improve the efficiency of SIC. In [16], the flexible power
allocation mode was researched in terms of outage probability
for hybrid NOMA systems. The quantum-assisted multiple
users transmission mode for NOMA was proposed in [17],
which utilizes the minimum bit error ratio criterion to optimize
the predefined transmitted information. The author of [18] has
studied the linear MUST scheme for NOMA to maximize sum
rate of the entire network. With the emphasis on physical
layer security, in [19], authors have adopted two effective
approaches, namely protected zone and artificial noise for
enhancing the secrecy performance of NOMA networks with
the aid of stochastic geometry.

Cooperative communication is a particularly effective ap-
proach by providing the higher diversity as well as extending

'In this paper, we focus on power-domain NOMA and use NOMA to
represent PD-NOMA.



the coverage of networks [20]. Current NOMA research contri-
butions in terms of cooperative communication mainly include
two aspects. The first aspect is the application of NOMA
into cooperative networks [21-24]. The coordinated two-point
system with superposition coding (SC) was researched in
the downlink communication in [21]. The authors in [22,
23] investigated outage probability and system capacity of
decode-and-forward (DF) relaying for NOMA. In [24], the
outage behavior of amplify-and-forward (AF) relaying with
NOMA has been discussed over Nakagami-m fading channels.
The second aspect is cooperative NOMA, which was first
proposed in [25]. The key idea of cooperative NOMA is to
regard the near NOMA user as a DF user relaying to help
far NOMA user. On the standpoint of considering energy
efficiency issues, simultaneous wireless information and power
transfer (SWIPT) was employed at the near NOMA user,
which was regarded as DF relaying in [26].

Although cooperative NOMA is capable of enhancing the
performance gains for far user, it results in additional band-
width costs for the system. To avoid this issue, one promising
solution is to adopt the full-duplex (FD) relay technology.
FD relay receives and transmits simultaneously in the same
frequency band, which is the reason why it has attracted
significant interest to realize more spectrally efficient systems
[27]. In a general case, due to the imperfect isolation or
cancellation process, FD operation may suffer from residual
loop self-interference (LI) which is modeled as a fading chan-
nel. With the development of signal processing and antenna
technologies, relaying with FD operation is feasible [28].
Recently, FD relay technologies have been proposed as a
promising technique for 5G networks in [29]. Two main types
of FD relay techniques, namely FD AF relaying and FD DF
relaying, have been discussed in [30-32]. The expressions for
outage probability of FD AF relaying were provided in [30],
which considers the processing delay of relaying in practical
scenarios. In [31], the performance of FD AF relaying in terms
of outage probability was investigated considering the direct
link. The authors in [32] characterized the outage performance
of FD DF relaying. It is demonstrated that the optimal duplex
mode can be selected according to the outage probability.
Furthermore, the operations of randomly switching between
FD and HD mode were considered for enhancing spectral
efficiency in [33].

A. Motivations and Related Works

While the aforementioned research contributions have laid
a solid foundation with providing a good understanding of
cooperative NOMA and FD relay technology, the treatises
for investigating the potential benefits by integrating these
two promising technologies are still in their infancy. Some
related cooperative NOMA studies have been investigated in
[25,34]. In [25], it is demonstrated that the maximum diversity
order can be obtained for all users, but cooperative NOMA
with a direct link was only considered with HD operation
mode. In [34], the authors investigated the performance of
FD device-to-device based cooperative NOMA. However, only
the outage performance of far user was analyzed. To the best

of our knowledge, there is no existing work investigating the
impact of the direct link for FD user relaying on the network
performance, which motivates us to develop this treatise. Also,
there is lack of systematic performance evaluation metrics i.e.,
considering ergodic rate and energy efficiency in terms of
FD/HD NOMA systems. Different from [25,34], we present
a comprehensive investigation on adopting near user as a
FD/HD relaying to improve the reliability of far user. More
specifically, we attempt to explore the potential ability of user
relaying in NOMA networks with identifying the following
key impact factors.

o Will FD NOMA relaying bring performance gains com-
pared to HD NOMA relaying? If yes, what is the condi-
tion?

e What is the impact of direct link on the considered
system? Will it significantly improve the network per-
formance in terms of outage probability and throughput?

o Will NOMA relaying bring performance gains compared
to conventional orthogonal multiple access (OMA) relay-
ing?

¢ In delay-limited/tolerant transmission modes, what are the
relationships between energy efficiency (EE) and HD/FD
NOMA systems?

B. Contributions

In this paper, we propose a comprehensive NOMA user re-
laying system, where near user can switch between FD and HD
mode according to the channel conditions. We also consider
the setting of two scenarios in which the direct link exists
or not between the BS and far user. Based on our proposed
NOMA user relaying systems, the primary contributions of
this paper are summarised as follows:

1) Without direct link: We derive the closed-form expres-
sions of outage probability for the near user and far user,
respectively. For obtaining more insights, we further de-
rive the asymptotic outage probability of two users and
obtain diversity orders at high SNR. We demonstrate that
FD NOMA converges to an error floor and results in a
zero diversity order. We show that FD NOMA is superior
to HD NOMA in terms of outage probability in the
low SNR region rather than in the high SNR region. In
addition, we also obtain the diversity orders of two users
for HD NOMA. Furthermore, we analyze the system
throughput in delay-limited transmission according to
the derived outage probability.

2) Without direct link: We study the ergodic rate of two
users for FD/HD NOMA. To gain better insights, we
derive the asymptotic ergodic rates of two users and
obtain the high SNR slopes. We demonstrate that the
ergodic rate of far user converges to a throughput ceiling
for FD/HD NOMA in the high SNR region. Moreover,
we also demonstrate that FD NOMA outperforms HD
NOMA in terms of ergodic sum rate in the low SNR
region.

3) With direct link: We first derive the closed-form expres-
sion in terms of outage probability for far user. In order
to get the corresponding diversity order, we also derive
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Fig. 1: A downlink FD/HD cooperative NOMA system model.

the approximated outage probability of far user. We find
that the reliability of far user is improved with the help
of direct link. We confirm that the use of direct link
overcomes the zero diversity order of far user inherent to
conventional FD relaying. For the near user, the diversity
order is the same as that of FD relaying. Additionally,
we conclude that the superiority of FD NOMA is no
longer apparent with the values of LI increasing.

4) With direct link: We analyze the ergodic rate of far user
for FD/HD NOMA. For this scenario, it is the fact that
the ergodic rate of near user is invariant which is not
affected by the direct link. Similarly, we also derive the
approximated expressions for ergodic rate and obtain the
high SNR slopes. We demonstrate that the use of direct
link is incapable of assisting far user to obtain additional
high SNR slope.

5) Energy efficiency: We derive expressions in terms of
energy efficiency for FD/HD NOMA. We conclude that
FD NOMA without/with direct link have a higher energy
efficiency corresponding to HD NOMA in the low SNR
region for delay-limited transmission mode. However, in
delay-tolerant transmission mode, the system energy ef-
ficiency of HD NOMA exceeds FD NOMA without/with
direct link.

C. Organization and Notation

The rest of the paper is organized as follows. In Section II,
the system model of user relaying for FD NOMA is set up. In
Section III, the analytical expressions for outage probability,
diversity order and throughput of FD/HD user relaying are
derived and analyzed. In Section IV, the performance of user
relaying for FD/HD NOMA are evaluated in terms of ergodic
rate. Section V considers the system energy efficiency for
FD/HD NOMA systems. Analytical results and simulations
are presented in Section VI. Section VII 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 distri-
bution function (CDF) of a random variable X; o represents
“be proportional to”.

II. SYSTEM MODEL

We consider a FD cooperative NOMA system consisting of
one source, i.e, the BS, that intends to communicate with far

user Dy via the assistance of near user D1 illustrated in Fig. 1.
D is regarded as user relaying and DF protocol is employed
to decode and forward the information to Dy. To enable FD
communication, D; is equipped with one transmit antenna
and one receive antenna, while the BS and D, are single-
antenna nodes. Note that Dy can switch operation between
FD and HD mode. All wireless links in network are assumed
to be independent non-selective block Rayleigh fading and
are disturbed by additive white Gaussian noise with mean
power Ny. hy, ho, and hg are denoted as the complex channel
coefficient of BS — Dy, D; — Dy, and BS — D5 links,
respectively. The channel power gains |h1|?, |h2|? and |hg|?
are assumed to be exponentially distributed random variables
(RVs) with the parameters €2;, i € {1, 2,0}, respectively. When
D, operates in FD mode, we assume that an imperfect self-
interference cancellation scheme? is executed at D; such as in
[31,35]. The LI is modeled as a Rayleigh fading channel with
coefficient hy 7, and €y is the corresponding average power.
To analyze HD NOMA, we introduce the switching operation
factor detailed in the following.

During the k-th time slot, according to [12], D receives the
superposed signal and loop interference signal simultaneously.
The observation at D; is given by

YD, [k‘] :hl(\/ alPsxl [k‘] + vV GQPS{L‘Q [kj])

+ hpr/@wPapr [k — 7]+ np, [K], (D

where w is the switching operation factor between FD and
HD mode. @w = 1 and w = 0 denote Dy working in FD and
HD mode, respectively. Based on the practical application sce-
narios, we can select the different operation mode. s [k — 7]
denotes loop interference signal and 7 denotes the processing
delay at D; with an integer 7 > 1. More particularly, we
assume that the time k satisfies the relationship k£ > 7. P
and P, are the normalized transmission powers at the BS and
D, respectively. 1 and xo are the signals for D; and D,
respectively. a; and as are the corresponding power allocation
coefficients. To stipulate better fairness between the users, we
assume that as > a1 with a; +as = 1. The SIC? [36] can be
invoked by D, for first detecting D» having a larger transmit
power, which has less inference signal. Then the signal of Dy
can be detected from the superposed signal. Therefore, the
received signal-to-interference-plus-noise ratio (SINR) at Dy
to detect Dy’s message o is given by

| |*azp
|h1|2a1p + w|hL1\2p +1

)

’yDgﬁDl =

where p = ﬁo is the transmit signal-to-noise radio (SNR).

Note that 1 and z2 are supposed to be normalized unity power
signals, i.e, E{2?} = E{23} = 1.

LI refers to the signals that are transmitted by a FD relaying and
looped back to the receiver simultaneously. Through radio frequency (RF)
cancellation, antenna cancellation and signal process technologies, etc, those
LI can be suppressed to a lower level. However, LI still remains in the receiver
due to imperfect self-interference cancellation, when decoding the desired
signal.

31t is assumed that perfect SIC is employed at D1, our future work will
relax this ideal assumption.



After SIC, the received SINR at D to detect its own
message x; is given by

\hia1p
wlhp’p+1

In the FD mode, the received signal at D, is writ-
ten as yp, [k] = ho(vVa1Pszi[k] + VasPsxa [k]) +
hov/P,xs [k — 7] + np, [k]. However, the observation at Dy
for the direct link is written as y1 p, [k] = ho(v/a1 Psz1 [k] +
VasPszo [k]) + np, [k]. Due to the existence of residue
interference (RI) from relaying link, the received SINR at D,
to detect o for direct link is given by

3)

YD, =

|ho|*azp

|hol*a1p + klhs|*p+ 17
where x denotes the impact levels of RI. Since DF relaying
protocol is invoked in D, we assume that D; can decode
and forward the signal x5 to Dy successfully for relaying link
from D; to Ds. As a consequence, the observation at Do
for relaying link is written as y2 p, [k] = hov/Prxa [k — 7] +
np, [k]. Similarly, considering the impact of RI from direct
link, the received SINR at D5 to x5 for relaying link is given
by

“)

RI
vl,Dg -

[ha”p
wlhol*p +1

As stated in [31,33], the relaying link corresponding to
direct link from BS to D, has small time delay for any
transmitted signals. In other words, there is some temporal
separation between the signal from D; and BS. To derive the
theoretical results for practical NOMA systems, we assume
that these signals from D; and BS are fully resolvable by D,
[34]. Hence, we provide the upper bounds of (4) and (5) in
the following parts, which are the received SINRs at D, to
detect x5 for direct link and relaying link, i.e.

(&)

RI
72,D2 -

")/1 Dy = M (6)
T Jholap+ 1
and
2.0, = |ha[*p, (7)

respectively. At this moment, the signals from the relaying
link and direct link are combined by maximal ratio combin-
ing (MRC) at Ds. So the received SINR after MRC at D- is
given by

\ho|2a2P

MRC 2
Yo, = lhal Pt e ——
b |ho*aip + 1

®)

III. OUTAGE PROBABILITY

When the target rate of users is determined by its quality
of service (QoS), the outage probability is an important
metric for performance evaluation. We will evaluate the outage
performance in two representative scenarios in the following.

A. User Relaying without Direct Link

In this subsection, the first scenario is investigated in terms
of outage probability.

1) Outage Probability of D1: According to NOMA pro-
tocol, the complementary events of outage at D); can be
explained as: D; can detect x5 as well as its own message
x1. From the above description, the outage probability of D,
is expressed as

PEP =1—P: (vpysm, > 605 00 > V50) . 9)

where w = 1. ’ygff = 2f1 1 with R; being the target rate

at D to detect z; and v/, = 272 — 1 with R, being the
target rate at D; to detect zs.

The following theorem provides the outage probability of
D, for FD NOMA.

Theorem 1. The closed-form expression for the outage prob-
ability of D1 is given by

Q o
pEP=1- — " eTar, 10
P M+ pwbiQpr (10)
,YFD
where w = 1. 6y = max (71, 51), 1 = ——*—~ and
p(az—a17fi2)
FD
B = 1”;. Note (10) is derived on the condition of as >
FD

al"}/thz .

Proof: By definition, J; denotes the complementary event
at Dy and is calculated as

Ji =P, (|h1|2 > (w|hLI|2p+ 1) 91)

- / / Fiog? () fins 2 (y)dady
0 (zwwp+1)6,1
Oy _ 61

== Q1 . 11
O+ PW91QL18 (b

Substituting (11) into (9), (10) can be obtained and the proof
is completed. ]

Corollary 1. Based on (10), the outage probability of Dy for
HD NOMA with w = 0 is given by

02

PP =1—e", (12)

where 'ytHh? = 22B1=1 and ygf = 22R2=1 denote the target

SNRs at D1 to detect x1 and xo with HD mode, respectively.
HD HD

02 = max(7y, B2), B2 =

HD
ag > A1Y¢hy -

Yihq
a1p

v .
and 15 = tha 75 with

H
p(az—a1 Viho

2) Outage Probability of D,: The outage events of Dy can
be explained as below. The first is that D; cannot detect 5.
The second is that Dy cannot detect its own message xo on
the conditions that D; can detect xo successfully. Based on
these, the outage probability of Dy is expressed as

FD _ FD
PDg,nodir _PT (7D2—>D1 < q/thz )

+ Py (vo,00 < V2 Doy > 0E) . (13)
where @w = 1.

The following theorem provides the outage probability of
D5 for FD NOMA.



Theorem 2. The closed-form expression for the outage prob-
ability of Dy without direct link is given by

’YFD
—| L4 the
Q' e
where w = 1.

Proof: By definition, J and J3 denote the first and second
outage events, respectively. The process calculated is given by

Jy =P, (\h1\2 <7 (w|hm2p+ 1))

oo r7i(wypt+l)
:/0 /0 f|h1\2 (I)f|h“|2 (y) dzdy
QO o

—e “1. 15
Q1 + PWOTY QLI ( )
Applying some algebraic manipulations, Js is given by:

J. il —ar (1 T (16)
= e ¢4 —e P20 .
57 Q) + pom QL

pED =1 i

=1 14
Do ,nodir Q1+pW7’1Que ) ( )

=1 —

Combining (15) and (16), (14) can be obtained and the proof
is completed. [ |

Corollary 2. Based on (14), the outage probability of Do
without direct link for HD NOMA with w = 0 is given by

D
HD — — o~ s
PDg,nodiT_l_e T

a7

3) Diversity Analysis: To get more insights, the asymptotic
diversity analysis is provided in terms of outage probability
investigated in high SNR region. The diversity order is defined
as

log (P5” (p))
logp
a) D, for FD NOMA case: Based on analytical result in

(10), when p — oo, the asymptotic outage probability of D,
for FD NOMA with e &~ 1 — z is given by

(18)

d=— lim
p—00

O
PFD,oo -1- -t
Da Qq + p0h Q11

Substituting (19) into (18), we can obtain d};” = 0.

19)

Remark 1. The diversity order of D1 is zero, which is the
same as the conventional FD relaying.

b) D1 for HD NOMA case: Based on analytical result in
(12), the asymptotic outage probability of D; for HD NOMA
is given by

0 1
phDee — 22 o 2
D1 D
Substituting (20) into (18), we can obtain dng =1.

c) Do for FD NOMA case: Based on (14), the asymp-

totic outage probability of Dy for FD NOMA is given by

(20)

~ fep — Q5D — 11pQs
Qap (1 + 71p011)

Substituting (21) into (18), we can obtain df,”, ;.. = 0.

FD,co
PDg,nodir

=1 1)

Remark 2. The diversity order of Do is zero, which is the
same as Dy in FD NOMA.

d) Dy for HD NOMA case: Based on (17), the asymp-
totic outage probability of Dy for HD NOMA is given by

HD
HDoo _ Jthy T2 1
Do ,nodir PQQ Ql p .

Substituting (22) into (18), we can obtain d¥ "

Do, nodir

(22)

=1

FD,co FD,oco
Remark 3. As can be observed that PD1 and PD%nodiT

are a constant independent of p, respectively. Substituting (19)
and (21) into (18), we see that there are the error floors for
outage probability of two users.

4) Throughput Analysis: In this subsection, the delay-
limited transmission mode [26,37] is considered for FD/HD
NOMA.

a) FD NOMA case: In this mode, the BS transmits
information at a constant rate R, which is subject to the effect
of outage probability due to wireless fading channels. The
system throughput of FD NOMA without direct link is given
by

Ri??odir
where PEP and Pf fnodir
tively.

b) HD NOMA case: Similar to (23), the system through-
put of HD NOMA without direct link is given by

RID = (1—=PEP) Ry + (1 — PEP, uir) Ro,

I_nodir

=(1-P5P)Ri+ (1 - PSP (23)

Do, nodir

)RZa

are given in (10) and (14), respec-

(24)

where Png and ngnodir are given in (12) and (17), respec-
tively.

B. User Relaying with Direct Link

In this subsection, we explore a more challenging scenario,
where the direct link between the BS and D is used to convey
information and system reliability can be improved. However,
the outage probability of D; will not be affected by the direct
link. As such, we only show outage probability of D5 in the
following.

1) Outage Probability of Ds: For the second scenario, the
outage events of Dy for FD NOMA is described as below.
One of the events is when x> can be detected at D, but the
received SINR after MRC at D5 in one slot is less than its
target SNR. Another event is that neither D nor D5 can detect
x9. Therefore, the outage probability of D5 is expressed as

FD,RI _ RI RI FD FD
Pp, gir =P (71,D2 72,05 < Vihg » YD2—=D1 > Vih, )

+ Pr (7D2—>D1 < P)/tb;lQD? nyé)z < f}/gLZD) . (25)

Unfortunately, the closed-form expression of (25) for D, can
not be derived successfully. However, it can be evaluated by
using numerical simulations. To further obtain a theoretical
result for Do, exploiting the upper bounds of received SINRs
derived in (6) and (7), the outage probability of D, is
expressed as

FD MRC FD FD
Pp, air =Pr <7D2 < Ythy s VD2—D1 > Vth, )
+Pe (Y0200 < Ving M0y < Vi) s (26)

where w = 1.



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

Theorem 3. The closed-form expression for the outage prob-
ability of Dy with direct link is given by

o & (e (Pt
{1—6 O_Zn!(bn—H [ (n+1)!

FD _
PDz,di’I‘ -

Tlevyh — et1g,
(n+1-k)

( (1/)) E1 ¢1 4 Z ]. + alP’Tl

ot [ )]

1 ’Yth2
. paifdo P2 o
—____—a2 sl
a1pQ2(1+a1p7i) and x = Q1471 0Q11°
integral function [38, Eq. (8.211.1)].

27)

where p =

=1 ¢1 = 85 $2 = a1pfdo, Y =

Ei () is the exponential

Proof: See Appendix A. ]

2) Diversity Analysis: In this subsection, the diversity order

of Dy with direct link for FD NOMA is analyzed in the
following.

a) Dy for FD NOMA case: For Dy with direct link, it
is challenging to obtain diversity order from (27). We can use
Gaussian-Chebyshev quadrature to find an approximation from
(26) and the approximated expression of outage probability for
D5 at high SNR is given by

T1
= _ 1=
2-

iatis (sn + 1) 109

% 2NQO nz::l <1+ QQ ((Sn + 1)T1a1p+2)

x V1-37)

FD,appro __
Dy, dir -

200
SnT1
2Q0

. (1 _ Ql) ul
(1 + 71pQ011) (Q +71p001) ) Qo
(28)

Qo7 + 20071 (a2 — aﬂf;f) )

where N is a parameter to ensure a complexity-accuracy
tradeoff, s,, = cos (2”_17r). Substituting (28) into (18), we

2N
0 JFD
can obtain dp, ;. = 1.

Remark 4. From above explanation, the observation is that
the direct link (BS — D) to convey information is an
effective way to overcome the problem of zero diversity order
for Do.

b) Dy for HD NOMA case: The outage performance of
Dy for HD NOMA has been investigated in [25] and we can

obtain ngd" = 2.

3) Throughput Analysis: Based on the derived results of
outage probability above, we obtain the throughput expres-
sions for FD/HD NOMA in delay-limited transmission mode
as below.

a) FD NOMA case: As suggested in Section I1I-A4, the
system throughput of FD NOMA with direct link is given by
Rl _dir — (]‘7P51D)R1+(

PD‘2 dzr) RQa (29)

where and Pg de can be obtained from (10) and (27),

respectively.

FD
P

)

b) HD NOMA case: Similar to (29), the system through-
put of HD NOMA with direct link is given by

RI'D. = (11— PEPYRy + (1 - PELy,) Re, (30)

where Pf/P and PP, can be obtained from (12) and [25,
Eq. (11)].

IV. ERGODIC RATE

When user’s rates are determined by their channel con-
ditions, the ergodic sum rate is an important metric for
performance evaluation. Hence the performance of FD/HD
user relaying are characterized in terms of ergodic sum rates
in the following.

A. User Relaying without Direct Link

1) Ergodic Rate of Di: On the condition that D; can
detect x5, the achievable rate of D; can be written as
Rp, =log (1 + ~p,). The ergodic rate of D; for FD NOMA
can be obtained in the following theorem.

Theorem 4. The closed expression of ergodic rate for D,
without direct link for FD NOMA is given by

FD _ alﬂl ﬁ ) -1
RD1 _lnz(QL[—CllQl) |:€ ' 1E1 (a1p91>

75 ()|
—eriLr i .
pQLl

Proof: See Appendix B. [ ]
As such, we can derive the ergodic rate of D; for HD
NOMA in the following corollary.

Corollary 3. The ergodic rate of D1 for HD NOMA is given

by
lﬂ 1
e _
RED — Ei .
D1 2In2 1<a1le>
2) Ergodic Rate of Dsy: Since x5 should be detected at
Doy as well as at D; for SIC, the achievable rate of D
without direct link for FD NOMA is written as Rp, =
log (1 + min (yp,—p,,V2,0,)).- The corresponding ergodic

rate is given by
- FXI (1'1)

1 <1
RED = —
Do, nodir 11'12/0 1—1-11}1

_ : \h1|2a2p 2 . o
where X; = min §|h12a1p+w|hL1|2p+1’ |ho|“p ) with w = 1.
Obviously, it is di

€1V

(32)

dxy, (33)

ficult to obtain the CDF of X;. However,
in order to derive an accurate closed-form expression for the
ergodic rate applicable to high SNR region, the following
theorem provides the high SNR approximation.

Theorem 5. The asymptotic expression for ergodic rate of Do
without direct link for FD NOMA in the high SNR region is

given by
FD,co

RED: 1 2 g -1 B -1
Y = —— < er 1 —FEi| —
Do ,nodir n2 p(l192 PQ2
a2y
" ( O > _ermat [Ei (_azf-f' alang)
a2 —¢& i pai&€ls
— Ei (_

(1291 alagﬂf + (12915)}
34
PQ2§>} ( az —§ » GY




where £ = (Qpr — a1€).

Proof: See Appendix C. ]

For w = 0, the ergodic rate of D, without direct link for
HD NOMA is given by

1 I P TTy
a; e prlag—yay)Qy  pLo
RED = / dy.

0

) [ 35
Do ,nodir 21n2 1+ y ( )

As can be seen from the above expression, (35) does not
have a closed-form solution. Corollary 4 gives the high SNR
approximation.

Corollary 4. The asymptotic expression for ergodic rate of
Dy without direct link for HD NOMA in the high SNR region
is given by

g 1 ~1
RiDoo _ CT7 “Ei(—)|. @36
D2, nodir 21n 2 1 Pfllgz 1 PQZ ( )

Proof: See Appendix D. [ |

3) Slope Analysis: In this subsection, the high SNR slope
is evaluated, which is the key parameter determining ergodic
rate in high SNR region. The high SNR slope is defined as

S = lim R (p)
A5 Tog (1)

(37

a) Dy for FD NOMA case: Based on (31), when p —
00, by using Ei(—z) = In(z) + C [38, Eq. (8.212.1)] and
e % =~ 1 — x, where C is the Euler constant, the asymptotic
ergodic rate of D; for FD NOMA is given by
Rg?’oo —

e () (0 ()
= n
In2(Qrnr —ai1Q) a1p$2y a1p$d

+C) — <1 + leL,) (111 (péﬂ) +C>} . N

Substituting (38) into (37), we can obtain S5 = 0.

b) D, for HD NOMA case: Based on (32), the asymptot-
ic ergodic rate of D; for HD NOMA in the high SNR region
is given by

HD,c0 -1 1 1
’ = 1-— 1 .
Bp, 21n2 < a1p91> {n (anl) +C} 59

Substituting (39) into (37), we can obtain Sng = %

c) Doy for FD NOMA case: Based on above analysis,
substituting (34) into (37), we can obtain S;° ;. = 0.

d) Dy for HD NOMA case: Such as (IV-A3c), substitut-
ing (36) into (37), we can obtain S5° ;. = 0.

Remark 5. Based on above analysis, the ergodic rate of Do
converges to a throughput ceiling in the high SNR region for
FD/HD NOMA without direct link.

Combing (34) and (38), the asymptotic expression for
ergodic sum rate of FD NOMA without direct link is expressed

as

[0) 1
RFD,OO ir = al : |:(1 + >
sum,nodir In2 (QLI _ a191) apol

1 1 1
x | In +C| -1+ In +C
( (alpfh) ) ( PQLI) ( (PQM) )}
1 T -1 -1 0
- P — -
T2 {e : [El <PCHQ2) o (PQ2>} <a291 - 5)
az9y
erag [ a2§21> . (azf —araz(l )]
+ Ei -Ei| ———
3 { ( P88 pa1£8ds
% (Cll(LQQ% + (L2915> }
azfl —¢§ '
Similarly, combing (36) and (39), the asymptotic expression

for ergodic sum rate of HD NOMA without direct link is
expressed as

(40)

RHD,OO

.= — n
sum,nodir 21n 2 alpﬂl alpﬂl

-1 -1
Ei|l—— | —Ei| —)|. @1
[ (pchz) (PQ2>} @

4) Throughput Analysis: In this subsection, the throughput
in delay-tolerant transmission for FD/HD NOMA are present-
ed, respectively.

a) FD NOMA case: In this mode, the throughput is
determined by evaluating the ergodic rate. Using (31) and (33),
the system throughput of FD NOMA without direct link is
given by

1
e P2

+21n2

RFD

_ pFD FD
t_nodir — RD1 +R

Do ,nodir*

(42)

b) HD NOMA case: Similar to (42), using (32) and (35),
the system throughput of HD NOMA without direct link is
given by

RHD

_ pHD HD
t_nodir — RD1 + R

Do, ,nodir*

(43)

B. User Relaying with Direct Link

In this subsection, we investigate the ergodic rate of D5 for
FD/HD NOMA with direct link.

1) Ergodic Rate of Ds: Assume that the signal xo from
relaying and direct link can be detected at Dy as well as at
D, for SIC. Moreover, considering the effect of RI between
these two links, the achievable rate of Dy is written as
Rg;dir = log (1 + min (VDzﬁDnVE{:)Q + 'yleZ)). For the
sake of simplicity, the achievable rate for D, can be fur-
ther written as Rp, qir = log (1 + min (VDQ_,Dl,fygszc)).
Hence, the ergodic rate of D, for FD NOMA is given by

FD 1 1 - FX2 (372)
Do dir = 75 ————%dws, 44)
’ 1n2 0 1 + X9
— i |h1l%azp 2 lho|*azp
where X5 = min (|h1\2a1p+w|h“|2p+1’ |hal“p + ThoPar i

with o = 1. It is also difficult to obtain the CDF of X, and
(44) has not closed-form expression. The following theorem
provides the high SNR approximation.



Theorem 6. The asymptotic expression for ergodic rate of Do
with direct link for FD NOMA in the high SNR region is given

by
FDoo _ 1 az !
Bpy.air =315 {ln <1 * a1> (a291 - §>
1 § a291€+a1a29%>}
——In(1+ .
3 ( 0191> ( asfly — ¢
(45)
Proof: See Appendix E. |

For w = 0, the ergodic rate of Dy for HD NOMA with
direct link is given by

ag  _ _ y(Qp+Qq)
R /E e rlaz—a1y)209Q d
D d = . ay
2,a1T 1 +y

_ Vthy(waiptl)—zagp
p(zayp+1)Qo

(1+y)Q

_ Yy
plag—aiy)Qy

dxdy.
(46)

/41 /P(GQ a1y) e Q0

To obtain the closed-form expression of ergodic rate for
Dy, the complicated integrals are required to be computed.
Corollary 5 gives an efficient high SNR approximation.

Corollary 5. The asymptotic expression for ergodic rate of
Dy with direct link for HD NOMA in the high SNR region is

given by
1
= —log <1 + aQ) .
2 ay

Combing (38) and (45), the asymptotic expression for the
ergodic sum rate of FD NOMA with direct link is expressed
ai{ly

o e () (7 ()
o (1) (i () )] .

a9 Ql 1
(1 2) (o) e (o
o <G2Qlf + a1029%>:|

axfly —¢§

In the same way, combing (39) and (47), the asymptotic
expression for ergodic sum rate of HD NOMA with direct
link is expressed as

ey ! 1 L \ic
= — n
2In2 a1pQ a1p$
1
+ —log (1 + ag) .
2 ajq

2) Slope Analysis: Based on the derived asymptotic ergodic
rates, the high SNR slopes of D, with direct link are charac-
terized in the following.

a) Dy for FD NOMA case: Substituting (45) into (37),
we can obtain SD dir = 0.

RHD,oo

Do, dir “47)

FD,co __
Rsurn dir —

a1§2

(48)

HD,c0
Rsum dir —

(49)

b) Dy for HD NOMA case: Such as (IV-B2a), substitut-
ing (47) into (37), we can obtain ngdir =0.

Remark 6. Based on above derived results, the ergodic rate
of Dy also converge to a throughput ceiling in the high SNR
region with direct link for FD/HD NOMA. The user of direct
link is incapable of assisting Do to obtain the additional high
SNR slope.

3) Throughput Analysis:

a) FD NOMA case: As suggested in Section IV-A4, in
delay-tolerant transmission mode, using (31) and (44), the
system throughput for FD NOMA with direct link is given
by

R{E. =RpP + RpP .. (50)

b) HD NOMA case: Similar to (50), using (32) and (46),
the system throughput for HD NOMA with direct link is given
by

Rt dir — R + RD2 dir* (51)

As shown in TABLE I, the diversity orders and high SNR
slopes of two users for FD/HD NOMA are summarized to
illustrate the comparison between them. In TABLE I, we use
“D” and “S” to represent the diversity order and high SNR
slope, respectively.

Duplex mode Link mode User D S
. Userl 0 0
Nodirect
FD NOMA User2 0 0
Direct Userl 0 0
User2 1 0
T
Nodirect gseré } g
HD NOMA Ser !
Direct Userl L 2
User2 2 0

TABLE I: Diversity order and high SNR slope for FD/HD
NOMA systems.

V. ENERGY EFFICIENCY

Based on throughput analysis, we aim to provide the system
energy efficiency (EE) considering user relaying for FD/HD
NOMA systems.

The definition of energy efficiency is given by

Total data rate
Total energy consumption’

NEE = (52)

For FD/HD NOMA energy efficiency, the total data rate is
denotes as sum throughput from the BS to D; and Dy and
from D; to Ds. The total power consumption is denoted as the
sum of the transmitted power Ps at the BS and P, at D;. Based
on results in Section III-A4, III-B3 and IV-A4, IV-B3, the
energy efficiency of user relaying for FD/HD NOMA systems
are expressed as

FD
FD R<I>

e 53
e = Tp TP (53)



and

nHD = 2RE"
@ TP, +TP,’

respectively. T' denotes the transmission time for the entire
communication process. ® € (I_nodir,l_dir,t_nodir,t_dir).
M_nodir and 7;_q;, are system energy efficiencies without/with
direct link in delay-limited transmission mode, respectively.
Nt_nodir and 71;_q; are system energy efficiencies without/with
direct link in delay-tolerant transmission mode, respectively.

(54)

VI. NUMERICAL RESULTS

In this section, simulation results are provided to validate
our analytical expressions derived in the previous section, and
further evaluate the performance of FD/HD user relaying in
NOMA systems. Without loss of generality, we assume that
the distance between BS and D5 is normalized to unity, i.e.
QSDQ =1. QSDl =d “ and QDng = (1 — d)ia, where d
is the normalised distance between BS and D; setting to be
d = 0.3 and « is the pathloss exponent setting to be o = 2.
The power allocation coefficients of NOMA are a; = 0.2 and
as = 0.8 for Dy and D, respectively.

A. Without Direct Link

For user relaying without direct link, the target rate is set
to be Ry = 3, Ry = 0.5 bit per channel use (BPCU) for D,
and D, respectively. The performance of conventional OMA
is shown as a benchmark for comparison, in which the total
communication process is finished in three slots. In the first
slot, the BS sends information z; to D; and sends x5 to D,
in the second slot. In the last slot, D; decodes and forwards
the information x5 to Ds.

1) Outage Probability: Fig. 2 plots the outage probability
of two users versus SNR without direct link and the value of LI
is assumed to be E{|hp;|?} = —15 dB. The exact theoretical
curves for the outage probability of two users for FD/HD
NOMA are plotted according to (10), (14) and (12), (17),
respectively. Obviously, the exact outage probability curves
match precisely with the Monte Carlo simulation results. It is
observed that the outage performance of FD NOMA exceeds
HD NOMA and OMA on the condition of low SNR region.
This is because LI is not dominant impact factor in the low
SNR region for FD NOMA and answers the first question
we raised in the introduction part. Especially, one can also
observed that the outage behavior of Dy for HD NOMA
outperforms HD OMA [32, Eq. (8)]. The asymptotic outage
probability curves of two users for HD NOMA are plotted
according to (20) and (22), respectively. The asymptotic curves
well approximate the exact performance curves in the high
SNR region. It is shown that error floors exist in FD NOMA,
which verify the conclusion in Remark 3 and obtain zero
diversity order. This is due to the fact that there is loop
interference in FD NOMA. Another observation is that HD
NOMA and OMA are superior to FD NOMA in the high SNR
region. Therefore, we can select different operation mode for
user relaying according to the different SNR levels in practical
cooperative NOMA systems.

Sim
_3|| —+— User1 - OMA
—%— User2 - OMA
—<— User1 - Exact HD-NOMA
_4|| = — — User1 — Asym HD-NOMA
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— — — User2 - Asym HD-NOMA
_5|| —8— User1 - Exact FD-NOMA
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-+ User2 - Error floor FD-NOMA ‘ ‘
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Fig. 2: Outage probability versus the transmit SNR without
direct link.
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Fig. 3: System throughput in delay-limited transmission mode
versus SNR with different values of LI without direct link.

Fig.3 plots the system throughput versus SNR in delay-
limited transmission mode without direct link. The solid curves
represent throughput for FD/HD NOMA without direct link
which are obtained from (23) and (24), respectively. We can
observe that FD NOMA achieves a higher throughput than
HD NOMA and OMA, since FD NOMA has the low values
of LI It is worth noting that increasing the values of LI from
—20 dB to —10 dB reduce the system throughput in high SNR
region. This is because FD NOMA converges to an error floor
in high SNR region.

2) Ergodic Rate: Fig. 4 plots the ergodic sum rate of
FD/HD NOMA without direct link versus SNR and the value
of LI is assumed to be E{|hr;|*} = —10 dB. The red
and blue solid curves denote the achievable rates of D for
FD/HD NOMA, respectively. The dashdotted curves denote
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Fig. 5: Outage probability versus the transmit SNR with direct
link.

the achievable rates of Dy for FD/HD NOMA, respectively.
One can observe that the achievable rate of D, for FD
NOMA is superior to HD NOMA in the low SNR region.
This phenomenon can be also explained is that LI has little
effect on achievable rate of D; in the low SNR region. On
the contrary, due to the influence of LI, the ergodic rate of
D; converge to a throughput ceiling in the high SNR region.
Another observation is that the achievable rate of D, for FD
NOMA exceeds the HD NOMA. This is due to the fact that
the communication process is completed over one slot time
for FD NOMA. It is also shown that throughput ceilings exist
in FD/HD NOMA for Ds, which verify the conclusion in
Remark 5. The dashed curves denote the asymptotic ergodic
sum rate for FD/HD NOMA, corresponding to the analytical
results derived in (40) and (41), respectively. An important
observation is that FD NOMA can achieve the maximal

ergodic sum rate corresponding to HD NOMA and OMA
in the low SNR region. The reason is that FD NOMA can
improve system spectrum efficiency in the low SNR region.
This phenomenon answers the third question we raised in the
introduction part.

B. With Direct Link

For user relaying with direct link, the target rate is set to
be Ri = 2, Ry = 1 BPCU for D; and D, respectively.
The performance of conventional HD NOMA is shown as a
benchmark for comparison, which has been discussed in [25].

1) Outage Probability: Fig. 5 plots the outage probability
of two users versus SNR and the value of LI is assumed to be
E{|hz1|?} = —15 dB. The exact outage probability curves of
two users for FD NOMA are given by Monte Carlo simulations
and perfectly match with the analytical results derived in (10)
and (27). The approximated outage probability curve for D is
plotted according to (28) is practically indistinguishable from
the exact expression. We observe that Dy obtains one diversity
order by using the direct link, which overcomes the problem
of zero diversity order inherent to FD cooperative systems.
This phenomenon answers the second question we raised in
the introduction part. More importantly, one can observe that
the performance of FD NOMA is superior to HD NOMA in
the low SNR region, whilst the performance is inferior to
HD NOMA in the high SNR region. Additionally, for Ds,
considering the impact of RI between relaying link and direct
link, we plots the corresponding outage probability of Do
based on (25) denoted by blue dash-dotted curves. As can be
seen from Fig. 5, these simulation results almost match with
analytical result derived in (27) by utilizing the upper bound
SINR in low SNR region. However, with the increase of RI
levels x, the RI-based simulation results for Dy converge to a
constant and provide an error floor in high SNR region. Hence,
the effect of RI should be carefully addressed in practical
FD NOMA systems. Another observation is that the outage
behavior of D5 for FD/HD NOMA outperforms HD OMA [39,
Eq. (13)]. That is due to the fact that NOMA can provide more
spectral efficiency compared to OMA.

Fig. 6 plots the outage probability of the two users versus
different values of LI from —20 dB to —10 dB. We see that
LI strongly affect the performance of FD NOMA systems.
With the values of LI increasing, the superiority of FD
NOMA is no longer apparent. Therefore, it is important to
consider the influence of LI when designing practical FD
NOMA systems. Fig. 7 plots system throughput versus SNR
in delay-limited transmission mode with direct link. The solid
curves, representing FD NOMA, is obtained from (29). The
dashed curve, representing HD NOMA, is obtained from (30).
Observe that FD NOMA also outperform HD NOMA in the
low SNR region. The reason is that in low SNR region, the
outage probability is small and has no effect on the throughput,
which only depends on the fixed transmission rates at the BS.

2) Ergodic Rate: Fig. 8 plots the ergodic sum rate of
HD/FD NOMA with direct link versus SNR and the value
of LI is assumed to be E{|h;|?} = —10 dB. The dashed
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Fig. 7: System throughput in delay-limited transmission mode
versus SNR with different LI with direct link.

curves denote the asymptomatic ergodic sum rate for FD/HD
NOMA based on the analytical results derived in (48) and (49),
respectively. It is observed that the asymptomatic ergodic sum
rate is larger for FD/HD NOMA in the low SNR region. This
can be explained as the direct link between BS and D- exists
and improves system reliability. One can observed from figure,
as the RI value increases, the achievable rate of Dy becomes
smaller, such as, setting x from 0.5 to 1. In addition to consider
the effect of LI, it is also important to design effective rake
receiver at Dy for FD NOMA system.

C. Energy Efficiency

Fig. 9 plots the system energy efficiency versus SNR in
delay-limited transmission mode for user relaying in NOMA
systems. The dashed curves, representing user relaying without
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Fig. 8: Rates versus the transmit SNR with direct link.
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Fig. 9: System energy efficiency in delay-limited transmission
mode, where P, = P, =10 W, and T = 1.

direct link for FD/HD NOMA are obtained from (53), (23)
and (54), (24) with throughput in delay-limited transmission
mode, respectively. The solid curves, representing representing
user relaying with direct link for FD/HD NOMA are obtained
from (53), (29) and (54), (30) with throughput in transmission
mode, respectively. It can be seen that the energy efficiency of
user relaying for FD/HD NOMA in delay-limited transmission
mode is FD > HD in the low SNR region. The reason is that
FD NOMA can achieve larger throughput than that of HD
NOMA at this transmission mode. This phenomenon answers
the fourth question we raised in the introduction part.

Fig. 10 plots the system energy efficiency versus SNR in
delay-tolerant transmission mode for user relaying in NOMA
systems. The dashed curves, representing user relaying without
direct link for FD/HD NOMA are obtained from (40), (53) and
(41), (54) with throughput in delay-tolerant mode, respectively.
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Fig. 10: System energy efficiency in delay-tolerant transmis-
sion mode, where P, = P, =10 W, and T = 1.

The solid curves, representing user relaying with direct link
for FD/HD NOMA are obtained from (48), (53) and (48),
(54) with throughput in delay-tolerant mode, respectively.
We observe that user relaying with direct link has a higher
energy efficiency compared to without direct link for FD/HD
NOMA in the low SNR region. This is because that the direct
link improves system throughput at this transmission mode.
Additionally, it is worth noting that HD NOMA achieves the
higher system energy efficiency in the high SNR region. This
is due to the fact that HD NOMA can provide a larger system
throughput, while FD NOMA converges to the throughput
ceiling in the high SNR region.

VII. CONCLUSION

This paper has investigated FD/HD user relaying in co-
operative NOMA system and two cooperative relaying sce-
narios have been considered insightfully. The performance of
FD/HD user relaying for NOMA system was characterized.
The closed-form expressions of outage probability for two
users have been derived. Due to the influence of LI, the
diversity orders achieved by two user were zeros for FD
NOMA. Therefore, the direct link between BS and far user
was utilized to convey information and one diversity order
was obtained for the far user. Based on the analytical results,
it was shown that FD NOMA was superior to HD NOMA
in low SNR region rather than in the high SNR region. The
superior of FD NOMA was not apparent with the values of LI
increasing. Furthermore, the expressions of ergodic sum rate
for FD/HD user relaying were derived.The results showed that
FD NOMA achieved a higher sum rate than HD NOMA in the
low SNR region. In addition, the system energy efficiencies for
FD/HD user relaying were discussed in different transmission
modes.

APPENDIX A: PROOF OF THEOREM 3
Based on (26), the outage probability of Ds can be ex-
pressed as

PEL =P (WBEC < ABP) Py (Ypapy > Vi)
Ji1 J12
+ Pr (V1,05 < Vne VD21 < VinY) -
Jis

Furthermore, substituting (2), (6) and (8) to (A.1), Jy; and
J12 can be calculated as
Jhol® < 7 1)

~ED
2 th
Ji1 =P, | |he|” < z —
P
FD
Tth yag
s ()
_ 1 Y Q9 P yaip+1
=l-—e 90—/ —e e dy .
0

(A1)

|hol*as
lhol*aip +1

(A2)

Based on (A.2), using x = ypa; + 1, ©1 can be calculated
as

1 ’Ythg T1pa1+1 __z—1 ag(z—1)
O] =—e P2 e ra1f2 e a1,Q27
1

Qo
o n T1pa1+1
e’ (—1) 1 - S
= 2 npa T AT, (A3)
2 = " dhopar 1
O3
1 Ving

— __ 'thy _ _—az —

where ¢ = T P o1, 1 = aos and ¢o = a1 pQp.

Note that (A.3) is obtained by using Binomial theorem.
Furthermore, using z = % O, is given by

1 1 )
_ a2
O, = ZnHe 1792 dz
Tipart+l
(-1 >2"“¢'f“ . .
= E —E
+alpﬁ)n+ eVt — ePoy
A4
+Z m+)n---(n+1-k) ~’ (A4)

where (A.4) can be obtained by using [38, Eq. (3.351.4)].
Substituting (A.3) into (A.2), Ji1 is written as

a s (D [Tt
Jll = {1 —¢€ 0= nz::o n!¢2ni1 [ (TL + 1)1' (El (w)
. n (1 i alpﬁ)nH@w?/’k _ €¢1¢1k
—El(fbl))JrkZ:O m+Dn-(n+1—k) ’
(A.5)

After some algebraic manipulations, Ji2 is calculated as

1 _ .y [ 1 _ =
J12 :/ —e 2u —e 2dxdy
o S nwetn)

—ye T, (A.6)



_ Q
where y = opEm—yon

Similarly, Jy3 is given by

J13 = (1 — 67%) <1 — Xeis%) .

Combining (A.5), (A.6) and (A.7), we can obtain (27).
The proof is completed.

(A7)

APPENDIX B: PROOF OF THEOREM 4

To obtain (31), the ergodic rate of D; for FD NOMA is
expressed as

b1 [*a1p
w|hL1\2p+1
X
1 *1—Fx (x)
“n2 0 1+x

RLP =E |log | 1+

dx (B.1)

where @ = 1.
The CDF of X is calculated as follows

, T (|hL1|2p+1)
Fx (z) =P: | |1|" < ————=

ap
z(zp+1)
1 = arp 1 v
= ——e L1 —e 2rdydz
/0 Qrr 0 ]
alQl __ =z
=1 - ————e 1P, B2
zQrr + a1 ( )

Substituting (B.2) into (B.1), the ergodic rate of D; is

written as
po_ 1 [ 1
Pr "2 J,

a1
1+2a19Q +20L1

=
e 1,91 dg

L[ wtemn
" In2 0 (1—|—$> (QL]—alﬂl)

J1

dx

B
In2 0 (alﬂl —|—.’L‘QL1) (QL[—CHQl)

Ja

dz .

(B.3)

Based on [38, Eq. (3.352.4)] and applying some polynomial
expansion manipulations, J; and Jo are given by

1
a1l e*1rf -1
Jl B o El ( ) '
Qrr — a1t a1 pfh

(B.4)

and

aﬁeﬁ -1
Jo = 12 E< )

_ i B.5
Qrr — a1k 14937, ®.5)

Substituting (B.4) and (B.5) into (B.3), we can obtain (31).
The proof is completed.

APPENDIX C: PROOF OF THEOREM 5

The proof starts by providing the ergodic rate of D, as
follows:

R o = E |log | 1+ min (v, 0,.72.0,)

J1

, (C.I)

where w = 1. We focus on the high SNR approximation of
J1, which is given by

. \h1|2a2
Jl ~ min <tha1<i>|hLI|27 |h2|2,0 . (CZ)

Y

The CDF of Y is expressed as

71| as
Fy (y) =1 =P, (|ha)’p > y) P, | ———— >y |.
( ) \hl\zal + |hLI|2

| —
[SHt
S}
(C.3)
O, and O, are given by
a Yy
@1—U<2—y> (1—e pﬂz), (C.4)
ai
and
az (a2 —ya1)
(C] =U ( - ) ’ C5
’ ax Y (a2 —ya1) Q1 +yQps ()

respectively, where U () is unit step function as
1,z>0
Ulz) = 0,r<0
Substituting (C.4) and (C.5) into (C.3), the CDF of Y is
given by

5 (gy — 0
a2 _y) (e (ag —zay) N C6)

Fy (y) U<a1 ag —zay) 0 +2Qry

Base on (C.6), a high SNR approximation of the ergodic
rate for Do is written as

FD,co _L/“l 1 e (a2 —ya1)
Damodir 102 Jo 14y (a2 — ya1) Q1 + yQrr

—_Y
as§d1e P22

_1 /a1 1 d
2|y 14y yE+ay 4

J2
ag
/al
0

where g = (QLI — alQl).

1 yalQle_ﬁ
L+y y§+axh

J3

; (C.7)




Applying [38, Eq. (3.352.1)] and some polynomial expan-
sion manipulations, Jy and J3 can be calculated as

GQQl % 67"%2 % £efﬁ
Jo= ——— / d —/ ———d
T - \Jy Tty Y 0o &yt al Y
Cngl _1 . -1 > . ( —1 >:|
= ————<¢e°%2 |EKi —FEi| —
axf —§ { [ <P0192 PQz
Lo [Ei (_ azf + ala291) _Ei (_ azdy )} } .
pa1EQy 9243
(C.8)
J3 _ alﬂl /Zf 67ﬁ dy _ /23 angefﬁdy
§—ax(ly o l+y o &y+axlh

alﬂl 1 . -1 > . < -1 ):|
= _——qer?2 |Ei —Ei| —
§—axy { { (Pflle pS22
a9
_ange P22 |:Ei <_ agf =+ a1a291> i <_ asf >:|
3 pai&fls 29513 .

(C9

Substituting (C.8) and (C.9) into (C.7), we can obtain (34).
The proof is completed.

APPENDIX D: PROOF OF COROLLARY 4
We can rewrite (35) as follows:

RHD

1 .
Do, dir — QE log 1+ min (7D2—>D1a’727D2) ) (D.1)

J1

where @ = 0.
At the high SNR region, J; is approximated as

Ji ~ min <a27 |h2|2p) .
ai

Y

(D.2)

Therefore, Fy (y) = (1 — e_ﬁ> U (Z—f — y) can be easily
obtained. As such, the approximated ergodic rate of Dy for

HD NOMA at high SNR is given in (36).

APPENDIX E: PROOF OF THEOREM 6

The proof starts by providing the ergodic rate of Dy as
follows:

RFD

Dy, dir (E.1)

=E |log | 14 min (VDQHDN’YIJ\;QRC) ’

J1
where @ = 1. We focus on the high SNR approximation of
J1, which is given by
a2
[ha["a2 ‘”) . (E2)
a

Ji~min [ — 2 |ho|?p+
<|h1|2a1+hL1|2’| |

Y

The cumulative distribution function (CDF) of Y is expressed
as

a
Fy (y) =1 - P, <|h2|2,0+ aﬁ > y)
1

S
|7 |*as
Pl ———""———5>9y]. (E.3)
<|h1|2a1 + |hetl
O2
O, and ©, are given by
o, —1U<yaZ) o7 (=) (E.4)
ap
and
as (a2 —ya1)
©2 =U ( - ) ; (E.5)
2 a1 ) (az — ya) @ + 9
respectively.

Substituting (E.4) and (E.5) into (E.3), the CDF of Y is
given by
B y) (a2 — ya1)
(a2 —ya1) 0 +yQrr

Base on (E.6), a high SNR approximation of the ergodic
rate for Dy is written as

az

R =1-0(%

(E.6)

(02 - yal) 971

Fpeo 1 i1 ’
14y (a2 —ya1) Q1 +yQrr

Doy, dir 7ln 2 o

az

- 1 /H agﬂl d
me | Jy (+y) @e+a)™”

J2

ay ya1$d
_ ay | E7
/o (1 +9) (W +aa) ED

J3

where g = (QLI — alQl).
After some algebraic manipulations, J, and J3 are obtained
as follows:
Q
Jy = a3y

as 9
St (i) (i) e

o CLlQl GQQl 5 ag
J3 0,2521—£|: § 1n<1+a191>h’1(1+a1):|
(E.9)

Substituting (E.8) and (E.9) into (E.7), we can obtain (45).
The proof is completed.
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