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Stable Throughput Regions of Opportunistic NOMA
and Cooperative NOMA With Full-Duplex Relaying

Yong Zhou

Abstract—In this paper, we consider downlink non-orthogonal
multiple access (NOMA) transmission with dynamic traffic
arrival for spatially random users of different priorities.
By exploiting limited channel state information, we propose an
opportunistic NOMA scheme to enable NOMA for high- and low-
priority users when high-priority users experience good channel
conditions. Opportunistic NOMA improves the transmission
opportunities of low-priority users while reducing the adverse
effect of NOMA on high-priority users. Moreover, we propose
a cooperative NOMA scheme with full-duplex relaying, where
low-priority users act as full-duplex relays to assist the high-
priority users. The high-priority user constructively combines the
signal and its delayed version transmitted by the base station
and a selected relay, respectively. The adopted relay selection
scheme takes into account the users’ spatial distribution, queue
status, and channel conditions. By using tools from queueing
theory and stochastic geometry, we derive the stable throughput
regions of both proposed schemes. Furthermore, we derive the
conditions under which the proposed NOMA schemes achieve
larger stable throughput regions than orthogonal multiple access
(OMA). At the expense of a higher implementation complexity
and with appropriate parameter setting, cooperative NOMA with
full-duplex relaying achieves a larger stable throughput region
than opportunistic NOMA, which in turn outperforms OMA.

Index Terms—Non-orthogonal multiple access, stable
throughput, dynamic traffic arrival, full-duplex relaying,
spatially random users.

I. INTRODUCTION

O MEET the rapidly increasing traffic demand
caused by the proliferation of mobile devices and
data intensive applications, non-orthogonal multiple access
(NOMA) [2] has been proposed as a promising technique to
enhance the spectral efficiency of the fifth generation (5G)
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cellular network. With NOMA, multiple users can simultane-
ously be served by exploiting the power domain rather than
the time and frequency domains as in orthogonal multiple
access (OMA). By appropriately allocating the transmit power
at the base station to multiple users with diverse channel
conditions, NOMA can achieve a balance between network
throughput and user fairness.

NOMA has recently received considerable research
interest [3]-[9]. Specifically, the system-level performance of
downlink NOMA transmission is evaluated in [3], which
shows that transmit power allocation and user pairing are
two important design aspects of NOMA. An optimal power
allocation strategy is proposed in [4] to maximize the sum rate
of multiple-input multiple-output (MIMO) NOMA networks.
The authors in [5] formulate a joint transmit power and
subcarrier allocation problem for maximization of the sum
rate of multi-carrier NOMA networks and solve the problem
using matching theory. The impact of user pairing on the
performance of NOMA is investigated in [6], which shows that
NOMA achieves a better performance when the paired NOMA
users experience more distinct channel conditions. The authors
in [7] derive the outage probability of MIMO-NOMA for both
uplink and downlink transmission. In addition, the outage
probability of a cooperative NOMA scheme is analyzed
in [8], where a relay is selected to forward packets to paired
NOMA users having different priorities and the low-priority
user is served in an opportunistic manner. However, all of
the aforementioned studies focus on resource allocation and
performance analysis for NOMA with backlogged traffic.

Full-duplex communication can enhance the spectral effi-
ciency by allowing the radios to simultaneously transmit and
receive on the same frequency channel. The main challenge
for realizing full-duplex communication is the self-interference
due to signal leakage, which significantly degrades the perfor-
mance gain achieved by full-duplexing [10]. Nevertheless,
with the advancement of analog and digital self-interference
cancelation techniques, full-duplex radios have been success-
fully implemented [11]. The rate region of full-duplex links
in orthogonal frequency division multiplexing systems is
analyzed in [12]. The authors in [13] develop a joint power
and subcarrier allocation policy to maximize the weighted
sum throughput of multi-carrier NOMA systems, where the
full-duplex base station simultaneously serves multiple uplink
and downlink users. Furthermore, full-duplex relaying has
recently attracted significant interest [14], [15]. The authors
in [14] compare the spectral efficiency of half- and full-duplex
relaying strategies, and propose a joint opportunistic mode
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selection and transmit power adaptation scheme to optimize
spectral efficiency. However, the performance of full-duplex
relaying in NOMA systems with dynamic traffic arrival and
spatially random relays has not been studied yet.

Different from the aforementioned studies, we consider
downlink NOMA transmission with dynamic traffic arrival
and spatially random users of different priorities. For dynamic
traffic arrival, the stable throughput region [16]-[19] is an
important performance metric and defined as the set of
achievable packet arrival rates given that all queues are
stable. However, according to the NOMA principle, a low-
priority user is allowed to share the frequency channel and
transmit power with a high-priority user, which may reduce
the reception reliability of the high-priority user and lead to
queue instability. In NOMA, the low-priority user, which is
allocated a lower transmit power, needs to decode the signal
intended for the high-priority user first before decoding its
own signal. Hence, the low-priority user can act as a relay
and assist the transmission of the high-priority user. However,
when half-duplex relaying is used, an additional time slot is
required for packet forwarding, which reduces the spectral
efficiency. Full-duplex relaying has the potential to mitigate
this disadvantage. The performance gain achieved by full-
duplex relaying can be further improved by relay selection,
where the selection should take into account the residual self-
interference, the queue status, and the spatial distribution of the
potential relays. Considering dynamic traffic arrival together
with NOMA leads to interacting queues, which complicates
the performance analysis. In particular, the service process
of a given queue depends on the status of the other queue,
as the status of both queues determines whether NOMA can
be enabled. Furthermore, channel state information (CSI) plays
an important role in designing user pairing and transmit power
allocation strategies. As full CSI is difficult to obtain in
practice, the impact of limited CSI [20] on the performance
of NOMA should be investigated.

To address the aforementioned issues, we first propose an
opportunistic NOMA scheme exploiting limited CSI, where
NOMA for high- and low-priority users is enabled only if the
channel gain between the base station and the high-priority
user does not fall below a certain threshold. NOMA for the
low-priority users is also enabled by exploiting the differ-
ences of the low-priority users’ distances to the base station.
By appropriately setting the threshold to trigger NOMA,
the opportunistic NOMA scheme improves the transmission
opportunities of the low-priority users without degrading
the performance of the high-priority users. Furthermore,
we propose a cooperative NOMA scheme with full-duplex
relaying, where the low-priority users act as full-duplex
relays to help forward packets to the high-priority users.
By exploiting cooperative diversity to enhance the proba-
bility of successful packet reception at the high-priority users,
the number of packet retransmissions for the high-priority
users is reduced, which in turn further improves the trans-
mission opportunities of the low-priority users. The main
contributions of this paper are summarized as follows:

e We develop a theoretical performance analysis framework
for downlink NOMA transmission with dynamic traffic arrival
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and spatially random users of different priorities. This analyt-
ical framework provides a better understanding of the benefits
and limitations of NOMA.

e We decouple the interacting queues caused by dynamic
traffic arrival and NOMA by allowing empty queues to
contribute dummy packets. Tools from queueing theory and
stochastic geometry are applied to characterize the stable
throughput region of opportunistic NOMA.

e We derive the stable throughput region of cooperative
NOMA with full-duplex relaying, taking into account the
residual self-interference, spatially random low-priority users,
and relay selection. Studying both opportunistic NOMA and
cooperative NOMA with full-duplex relaying provides insights
regarding the tradeoff between network performance and
implementation complexity. We also derive the conditions
under which the proposed NOMA schemes achieve larger
stable throughput regions than OMA.

e Simulation results validate the analysis of the probabilities
of successful packet reception. Numerical results show that,
with appropriate parameter setting, both proposed NOMA
schemes can outperform OMA, and cooperative NOMA with
full-duplex relaying can achieve a larger stable throughput
region than opportunistic NOMA at the expense of a higher
implementation complexity. The impact of the relevant design
and system parameters (e.g., the threshold to trigger NOMA
and the power allocation coefficients) on the stable throughput
regions of the proposed NOMA schemes is also evaluated.

The rest of this paper is organized as follows. We describe
the system model in Section II. In Section III, we present the
opportunistic NOMA scheme and derive its stable throughput
region. We describe the cooperative NOMA scheme with full-
duplex relaying and characterize its stable throughput region
in Section IV. In Section V, we present the conditions under
which the proposed NOMA schemes achieve larger stable
throughput regions than OMA. Numerical results are provided
in Section VI. Finally, Section VII concludes this paper.

II. SYSTEM MODEL

Consider a downlink transmission scenario consisting of
one base station and multiple users, as shown in Fig. 1(a).
Base station S is located at the center of the circular network
coverage area with radius r. Over a single frequency channel,
time is divided into slots of constant durations. Users are
categorized into two groups with different priorities, i.e., K
low-priority users in set & and M high-priority users in
set ™. The locations of low-priority users are assumed to
follow a binomial point process (BPP) [21], [22]. Specifically,
for each time slot, K low-priority users are independently and
uniformly distributed within the network coverage area. On the
other hand, the high-priority users are located r;; meters away'

IThe proposed framework can be extended to the case where the high-
priority users also have random distances to the base station by first condi-
tioning on the distance and then taking the expectation over the high-priority
user distance distribution. The resulting analytical expressions involve an
additional integral compared to the results obtained for the fixed high-priority
user distance considered in this paper. Fixed user distances were also assumed
in other works in the literature, e.g., [23]-[25], as this approach simplifies the
analytical expressions without compromising the insights that can be obtained,
as demonstrated in [26].
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Fig. 1.

(a) Illustration of the network topology for downlink transmission with spatially random users of different priorities, where base station S serves

M high-priority users and K low-priority users. (b) Illustration of the queueing and signal reception models for downlink transmission with dynamic traffic
arrival. Base station S transmits the first packet from queue Qg and the first packet from queue @1, to high-priority user u{l and low-priority user ulf using

NOMA, respectively.

from base station .S in a random direction. Base station S and
all users have a single antenna.

Base station S is equipped with two queues of infinite
size, denoted as QY and ()1, which store the packets to be
transmitted to the high- and low-priority users, respectively,
as shown in Fig. 1(b). The packet arrival at base station S for
each user follows an independent and stationary process. For
ease of presentation, the average arrival rates of users having
the same priority are assumed to be identical, but the analysis
can be extended to a general scenario with diverse average
arrival rates. The average arrival rates of queues Qyu and Qf,
are given by Ay = MMy and )\, = K\, (packets per time
slot), where Ay and \;, denote the average arrival rates for
each high- and low-priority user, respectively. Packets for users
having the same priority have the same size in bits and are
served in a first-in first-out (FIFO) manner. Each packet is
transmitted in one time slot.

The channel between any two transceivers suffers from
path loss and Rayleigh fading. A packet can be successfully
decoded only if the received signal-to-interference-plus-noise
ratio (SINR) is not smaller than a required reception threshold.
Upon successfully (or erroneously) receiving a packet from
base station S, the corresponding receiver sends feedback
that indicates the packet success or failure to base station .S
via an error- and delay-free control channel. After successful
reception, the packet is removed from the queue at base
station S. Otherwise, base station S retransmits the packet
until it is successfully decoded. We denote Qi (t) and Qr(¢)
as the queue lengths of Qy and @y, in time slot ¢, respectively.
A queue is said to be stable if its queue length has a limiting
distribution as time goes to infinity. For high-priority queue,
we have tllr{;IP(QH (t)<l) = F(l) and lgm F() = 1.
If the arrival and service processes of a queﬁz are jointly
stationary and ergodic, by Loynes’ theorem [27], the sufficient
condition for the stability of queue Q is that A\g < pum,
where pp (packets per time slot) is the average service
rate of queue Q. The network is stable when both queues
Qu and @, are stable. In this work, the stable throughput

region is defined as the set of arrival rates of queues Qu and
@1, that lead to a stable network for fixed power allocation
coefficients and threshold to trigger NOMA. The full stable
throughput region refers to the union of the stable throughput
regions over all possible values of the power allocation coef-
ficients and threshold to trigger NOMA.

In order to reduce the implementation complexity,
we consider the case when two users are paired for NOMA
transmission. Such a two-user NOMA scheme is included in
the 3rd Generation Partnership Project (3GPP) standard [28]
and considered in [4] and [6]-[8]. We denote the intended
receivers of the first packet from queue QQy and the first
packet from queue Qr by uil and ul, respectively. When
NOMA is performed to serve users ull and u¥ in time slot ¢,
the superimposed signal transmitted by base station S is
anv/Psst(t) + ar,v/Psst(t), where Ps denotes the transmit
power of base station S, ay and «p, denote the transmit
power allocation coefficients for the high- and low-priority
users, respectively, and si(¢) and s} (t) denote the signals
intended for users u{l and u% in time slot ¢, respectively,
with E q,s{l(t)f) =E <|sIf(t)|2 = 1. Here, E (-) denotes
statistical expectation. The paired NOMA users are ordered
according to their priorities for being served [8]. As user ul!
has a higher priority, we have ayg > ar, and o + o? = 1.
Before transmission begins, the base station informs user
u} that it is expected to perform successive interference
cancelation (SIC) by sending a corresponding control informa-
tion, which includes information about the allocated transmit
power and is attached to the user’s scheduling information,
as suggested in [28, pp. 15].

The superimposed signal received at user u{,a € {H,L},
in time slot ¢ is given by

yi(t) = (amst () + avst () V/Pshi (/€ (@f) +nf (t),
(M

where h§(t) denotes the Rayleigh fading channel gain between
base station S and user u{ in time slot ¢, n{(¢) denotes the
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additive white Gaussian noise (AWGN) at user u{ with zero
mean and variance o2 in time slot ¢, x{ denotes the location
of user uf, ((z§) = (1+ (r(f)ﬁ)_l and ¢ denote the non-
singular path loss and the distance between base station .S and
user u{, respectively, and 3 denotes the path loss exponent.

Hence, |h%(t)| is an exponential random variable with unit
mean.
After receiving the signal from base station S, high-priority

user ull treats the signal intended for low-priority user u} as

interference and decodes its own signal based on SINR
2
o Ps ‘h{l(t)‘ ()
2 )
af Ps [Ri(t)|" € (21) + 02

)

Crype (6 am) =

where Tyqjp1 (f,an) denotes the SINR of signal sil(t)
observed at high-priority user ui! when paired with low-
priority user u} in time slot ¢.

Low-priority user u}* first decodes the signal intended for
high-priority user u}! with SINR

a4 Ps ‘hTf(t)‘QE (a:Tf)
o Pg |h%(t)‘2 / (m%) + o2’

3)

Thi—ra(t, am) =

where T'gy_11(t,am) denotes the SINR of signal sil(¢)
observed at user v} in time slot ¢.

If low-priority user u} successfully decodes signal sil(t),
ie., Pai—ri(t,an) > ', where T'H denotes the threshold
required to successfully decode the packets intended for the
high-priority users, then low-priority user u} removes signal
sil(t) from received signal y}*(t) by applying SIC, and decodes

its own signal with signal-to-noise ratio (SNR)

o Ps k] ¢ (k) @

Iri(t, o) = -
where I'r1 (¢, a1,) denotes the SNR of signal si*(¢) observed
at user u} in time slot ¢.

When NOMA is enabled, users ui! and u} can successfully
decode their own signals if events {Tyqjp1 (¢, om) > T'p}
and {Ty1—11 (¢, ap) > I‘t}{l, Fia(t,an) > I‘%h} occur, respec-
tively, where F%h denotes the threshold required to successfully
decode the packets intended for the low-priority users. Base
station S simultaneously serves users uil and ul, at the cost
of reducing the probability of successful packet reception at
high-priority user u}'. Specifically, by sharing the frequency
channel and transmit power, the received SINR at high-
priority user uf' decreases, i.e., Ty (¢, o) < T (t, 1) =
Pg ‘hlf (t) ¢ (z1') /o2. Hence, to guarantee the stability of
queue Qp, NOMA cannot always be enabled, especially when
the average arrival rate Ay is large.

To facilitate our analysis, for the remainder of this paper,
we make the following assumptions. The protocol overhead
due to feedback from the users to the base station is much
smaller than the packet size and is neglected. The fading
coefficients are assumed to remain invariant during one time
slot and vary independently over different time slots and across
different links, as in [23]-[26] and [29]. At the end of each
time slot ¢ € Z™, the locations of the low-priority users change
according to a high mobility random walk model within
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the network coverage area as in [23]-[25] and [29]. Hence,
the displacement theorem [30] can be applied and the user
locations are independent across time slots, which enables the
derivation of tractable performance results, providing useful
insights on the network performance.

III. OPPORTUNISTIC NOMA

In this section, we propose an opportunistic NOMA scheme
to improve the transmission opportunities of low-priority
users while reducing the adverse effect of NOMA on high-
priority users, and characterize the stable throughput region.
We assume that only limited instantaneous CSI is available at
base station S. First, when queue Qg is non-empty in time
slot ¢, one bit of information is sent back from high-priority
user ul! to base station S. In particular, high-priority user u!!
sends feedback 1 to base station S if the instantaneous channel
gain, hll{ (t) |2 Y4 (xl{l) is not less than a threshold, 0, and sends
feedback 0 to base station S otherwise. Second, when queue
Qu is empty in time slot ¢, users u} and u} send back their
distances to base station .S, where u% denotes the intended
receiver of the second packet from queue ()1, when available.
Based on the limited CSI, NOMA is enabled by base station
S in an opportunistic manner.

We denote the opportunistic NOMA system as , where
base station S transmits the first packet from queue Qg
whenever it is non-empty due to its high priority to be served.
The packet transmissions depend on the status of queues
Qu and Qr, and are discussed in the following.

Case 1: If Qu(t) > 0 and Qr(t) > 0, then base station
S transmits the first packet from queue QQy and the first
packet from queue @, to users u}! and ul, respectively, using
NOMA with fixed power allocation coefficients (af,of)
when |hff (1§)|2 £(zt1) > 6, and transmits the first packet from
queue Qg to user ull using OMA with power Ps when
()] £(zH) < 6.

Case 2: If Qu(t) > 0 and Qr () = 0, then base station
S transmits the first packet from queue Qg to user ul! using
OMA? with power Pg.

Case 3: If Qu(t) = 0 and Qr,(t) > 0, then base station S
transmits the first and second packets from queue @), to users
u} and u}, respectively, using NOMA when the first two
packets are intended for different users (i.e., qu #+ ng), and
transmits the first packet from queue Qp to user ul using
OMA with power Ps when the first two packets are intended
for the same user (i.e., u} = u}) or Qp(t) = 1.

The average service rate of queue (QQy depends on the
status of queue Q). When queue @y, is empty, base station
S transmits the first packet from queue Qg to user ul! using
OMA. When queue )y, is non-empty, base station S transmits
the first packet from queue Qy to user u}! using NOMA with

probability P (|h11{(t)|2 ((zfl) > 9) = exp (—9 (1 + rﬁ))
Similarly, the average service rate of queue ()1, also depends

(I>ON

2Note that NOMA for different high-priority users is not enabled in this
paper, as the probability that different high-priority users experience very
different channel conditions is low. However, different user channel conditions
are crucial for achieving a gain with NOMA [6]. A similar setting is also
considered in [7].
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on the status of queue Q. Hence, queues Qg and @y, interact
with each other and their average service rates cannot be
directly calculated. In this context, stochastic dominance [31]
is a useful tool and can be used to decouple the interacting
queues and to characterize the stable throughput region.
By using stochastic dominance, we construct two dominant
systems ®PN and ®PN based on the original opportunistic
NOMA system ®ON_ In the following, we derive the stable
throughput regions of dominant systems ®¢N and ®9N, and
then show that the stable throughput region of the original
opportunistic NOMA system ®°N is equal to the union of the
stable throughput regions of dominant systems ®PN and ®$N.

A. Stable Throughput Region of Dominant System ®¢N

Dominant system ®N: If queue @, is empty, then queue
Q1 contributes a dummy packet when high-priority user ui!
sends feedback 1 to base station S, while queue Qg acts
in the same manner as in the original opportunistic NOMA
system ®ON,

In dominant system , the service process of queue
Qu depends on the condition of the channel between base
station S and user uil. Base station .S transmits the first packet
from queue Qu to user ull usm% OMA and NOMA when
|nil(t) ‘ () < 6 and |All(2) ‘ {(zih) > 0, respectively.
Note that the average probability of successful packet recep-
tion at each high-priority user is the same. Hence, the average

service rate of queue Qy, denoted as pg™!, is given by

ON
(I>1

@ =P (Tu(t,1) > TH, [R0)” () < 0)
+]P>(1“H1‘L1(t om) >TH | RH( )|2£(x1f)29), (5)

where the first and second terms of the right-hand side of (5)
represent the probabilities of successful packet reception at
high-priority user u{! when OMA and NOMA are enabled,
denoted as ¢4 (#) and qgﬁm (avm, 0), respectively. The
following lemma provides the stability condition for queue
Qu in dominant system ®{N.

Lemma 1: In dominant system ®PN, queue Qy is stable if

A < uONl — exp (—pH (1 +rﬁ)) — exp (—9 (1 +rﬁ))

_ __pE g8
+exp< maix{a2 —I‘Hoﬂ’@} <1+7"H)), (6)

where pyg = ha 2/Ps, 6 > pu, and aH >TH haL
Proof: Please refer to Appendix A. [ |
The service process of queue Qr, in dominant system ®PN
depends on the status of queue Q. If queue Qg is non-empty,
then base station .S transmits the first packet from queue Qr, to
user u} using NOMA when |h1{1(t)‘2 {(zih) > 0. If queue Qu
is empty, then base station S transmits the first and second
packets from queue Qp, to users ul’ and u} using NOMA
when those two packets are intended for different users (which
occurs with probability 1 — %), and transmits the first packet
from queue Qr, to user u} using OMA when the first two
packets are intended for the same user (which occurs with
probability %). As all low-priority users follow the same
location distribution, the average probability of successful

packet reception at each low-priority user is the same. The
average service rate of queue ()1, denoted as uONl can be
expressed as

ON1

pEN = B(Qu(t) > )P (|h )" ¢ (1) > 0) g2 (o)
1

+P@u) = 0) (1= ¢ ) it ). @)

where P(Qu(t) > 0) = Ag/p{N, ql?i\\IHl (ar,) is the prob-
ability of successful packet reception at user u}" with power
allocation coefficient oy, when paired with user u}l, ¢2f , is
the summation of the probabilities of successful packet recep-
tion at users u} and u} using NOMA, and ¢°M# denotes
the probability of successful packet reception at user u}* using
OMA. For two paired low-priority users (i.e., ul and u}),
the transmit power allocation coefficients for the users closer
to and farther from the base station are denoted as «,, and o,
respectively, with a2 +a? = 1. The following lemma presents
the stability condition for queue @1, in dominant system ®9N.

Lemma 2: In dominant system ®PN, queue Qr, is stable if

AH
LONT exXp (_9 (1 + Ti—i ) qI(311\|IH1 (o)

H
A
+ (1 —~ %) n, (8)
My

)\L < MONl _

where p9N! is given in (6),

2
42N (on) = —ﬂN 218 exp (= N1) 7 (B,Nlrﬂ), )

1= (1 %) (R (00) + aEis (o)

1
+ in’lMA, (10)
4
qrijn (o) = 4[, 4/ﬁexp(—N2>v(E,Nzrﬁ), (10
ON 4 2/8 2 3
Qin|Lt (o) = @N exp (—N3) v B,st
4 ap (4 s
_@N?) 0 B7N3r ) (12)
oMa _ 2 _—2/3 2 5 |
= @PL exp(—pL)Y EWLT ; (13)
= maX{W’Z—%i’ Mo = ot M =
maX{af /i“LL a2’ a2 . pL =T40%/Ps. ofy > T'jof. of >

Pth n’ and 'y(w ’U
Gamma function [32].
Proof: Please refer to Appendix B. [ ]
Dominant system ®{N is stable if both queues Qi and Qr,
are stable, i.e., both \g < ugNl and A\, < u]?Nl hold. As a
result, based on Lemmas 1 and 2, the stable throughput region

= [, e *z*~1dz is the lower incomplete
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of dominant system ®{~N, denoted as RPN, is given by

A
R?N = {()\H, )\L) : WL

(77 — exp (—9 (1 + Tﬁ)) qI(?11\|IH1 (aL)) A\l

+
npg

<1,

for 0< g < ugm}. (14)

B. Stable Throughput Region of Dominant System ®$N

Dominant system ®9N: If queue Qy is empty, then queue
Qu contributes a dummy packet, while queue )y, acts in
the same manner as in the original opportunistic NOMA
system ®ON,

In dominant system @gN, base station S transmits the
first packet from queue Qp, to user ul using NOMA when
|h1{1(t)‘2€(x1{1) > 0. The average service rate of queue Q)
can be expressed as uPN? = exp (—9 (1 + rﬁ)) ql(?11\|IH1 (ar).
Queue @1, in dominant system ®SN is stable if A, < pPN2,
The service process of queue Qg in dominant system ®9N
depends on queue Q. If queue Q) is empty, then base
station S transmits the first packet from queue QQy to user

ull using OMA. If queue Qr, is non-empty, then base station

S transmits the first packet from queue Qp to user wuil
using NOMA and OMA when }hlf(t)|2£ (') > 6 and
|h1{1(t)‘2 ¢ (281) < 6, respectively. The average service rate
of queue Qg in dominant system ®$N is given by

pi = P(Qu(t) = 0)ug™?
+P (Qu®)>0) (d@M4(0) +adlis (a.0) ). (15)

where pQMA = exp (—pH (1 + rﬁ)), P(Qu(t) =0)=1-
AL/pON2 and ¢QMA () and qgﬁm (o, 0) are given in (38)
and (39), respectively. Queue Qg in dominant system &SN is
stable if Ay < pg2.

The stable throughput region of dominant system ®$N,

denoted as RO, is given by

A
{(AH, AL) ¢ —5wia
Mg

(HM2 = gQ0. (o, 0) =g @2(0)) A

exp(—& (1 + rﬁ)) p™ g (o)

RN =

+ <1,

for 0 < Ap, <exp(—9(1+ rﬁ)) qSINHl(ozL)}. (16)

The following theorem presents the stable throughput region
of the original opportunistic NOMA system ®©N.

Theorem 1: The stable throughput region of the original
dominant NOMA system ®°N for fixed power allocation
coefficients and threshold 6, denoted as RO, is equal to the
union of the stable throughput regions of dominant systems
OPN and PN, ie., RON = RON U RSN,

Proof: Please refer to Appendix C. [ ]
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Due to the complexity of analytically deriving the full
stable throughput region, we resort to numerical analysis
to obtain the full stable throughput region in Section VI,
as in [17] and [18].

IV. COOPERATIVE NOMA WITH
FULL-DUPLEX RELAYING

The proposed opportunistic NOMA scheme enhances the
stable throughput region by providing more transmission
opportunities to the low-priority users without improving
the performance of the high-priority users. In this section,
we propose a cooperative NOMA scheme with full-duplex
relaying to improve the reception reliability of the high-priority
users with the help of the low-priority users. By exploiting the
cooperative diversity gain, the transmission opportunities of
the low-priority users can be further increased. The cooperative
NOMA system with full-duplex relaying, denoted as ®FCN,
is described as follows.

Case 1: If Qu(t) > 0 and Qr(t) > 0, then base station S
transmits the first packet from queue QQy and the first packet
from queue Q@ to users ull and wul, respectively, using
cooperative NOMA with fixed power allocation coefficients
(a%, o). Before transmission begins, base station S informs
low-priority user u} to act as a full-duplex relay. In accor-
dance with the NOMA decoding strategy, low-priority user
uY decodes signal st(¢) intended for high-priority user u}l
before performing SIC. By utilizing suitable channel coding
(e.g., convolutional coding), low-priority user u} can decode
signal st!(¢) after a delay of § symbol durations. Hence, after &
symbol durations, low-priority user u}', which is assumed to be
a full-duplex node, simultaneously receives the superimposed
signal from the base station and forwards the delayed version
of signal st(t) to high-priority user wu!' [14], [33]. Full-
duplex relaying prototypes have been reported in the literature,
e.g., [34]. High-priority user u}l constructively combines
and decodes the signal transmitted by base station S and
its delayed version forwarded by user ul.’> At the end of
time slot ¢, low-priority user u} performs SIC to remove the
contribution of signal s!(¢) from its received signal, and then
decodes its own signal s¥'(¢). The delay § can be made much
smaller than the packet size, and hence, it is neglected for the
analysis in this paper. On the other hand, if user u} cannot
successfully decode signal st'(¢), then user u} remains silent
in time slot ¢ and decodes the signals without suffering from
the self-interference caused by full-duplex relaying.

Case 2: If Qu(t) > 0 and Qr,(t) = 0, then base station S
transmits the first packet from queue Qg to high-priority user
ull using cooperative OMA. Among all low-priority users,
the low-priority user that can decode signal st!() from base
station .S and has the best channel condition with respect to
high-priority user ul! is selected as the best relay. The best
relay forwards the delayed version of the signal to user ui! in
the same time slot. Various efficient relay selection schemes

have been proposed in the literature. High-priority user u!!

3The constructive combination of the signals from the direct and full-
duplex forwarding links has recently been implemented in [34] based on a
constructive filter and a Viterbi-style decoder.
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constructively combines and decodes the signal received from
base station S and its delayed version received from the
best relay If no low- priority user can successfully decode
signal sii(¢), then user u!' decodes signal s!!(t) only based
on the signal transmitted by base station S.

Case 3: If Qu(t) = 0 and Qr(t) > 0, then base station
S transmits the first and second packets from queue @7, to
users ul and uk, respectively, using NOMA when the first
two packets are intended for different users, and transmits
the first packet from queue Qr, to user ul* using OMA with
power Ps when the first two packets are intended for the same
user or Qr(t) = 1.

Queues @y and @, in the cooperative NOMA system with
full-duplex relaying ®¥CN interact with each other, as the
average service rate of queue Qy (Qr,) depends on the status
of queue @, (Qu). When queue (1, is non-empty, base station
S transmits the first packet from queue QQy using cooperative
NOMA. When queue @1, is empty, base station .S transmits
the first packet from queue QQy using cooperative OMA. The
probabilities of successful packet reception at user u}! under
these two conditions are different. Thus, their average service
rates cannot be directly calculated. To decouple the interacting
queues and facilitate the derivation of the stable throughput
region, we construct two dominant systems, denoted as ®CN
and ®5CN| by using the concept of stochastic dominance,
as discussed in the following.

A. Stable Throughput Region of Dominant System &N

Dominant system ®YCN: If queue @y, is empty, then queue
@1, contributes a dummy packet, while queue Qg acts in the
same manner as in the cooperative NOMA system with full-
duplex relaying ®F“N. In dominant system ®}“N, a randomly
selected low-priority user ul* acts as a full-duplex relay in time
slot ¢ when the following condition is satisfied:

o? i1 Ps }hL t)}
2PS ‘hL
Z Ftha

{(zY)
| (%) + CP + o2
(17

TR L (8 o) =

where TEYN. . (t,an) denotes the SINR of signal si(?)
observed at user u’ in time slot £ when cooperative NOMA
is enabled, ¢ denotes the residual self-interference-to-power
ratio due to imperfect self-interference cancelation, and P, is
the transmit power of the low-priority users.

The service process of queue @y depends on the value of
TEON L (¢, an). Base station S transmits the first packet from
queues Qg to user u}! using NOMA and cooperative NOMA
when TESN, (t,an) < TH and TEN, (t,an) > TH,

respectively. Hence, the average service rate of queue Q in

dominant system ®YCN, denoted as pECN, is given by

pi Nt =P Dy (8 am) > T TSN (8 o) < TH)
+P (FHl\m (t, an) 2T, TR (8 om) ZF‘IL_{I))
(18)

where 'y 1,1 (¢, am) is given in (2). The SINR of signal st(t)

observed at user u}! in time slot ¢+ when cooperative NOMA

is enabled, denoted as FH1|L1 (t,an), can be expressed as

FHI\LI (t,am)

B Oé%PS ‘hll{(t

2
)| Ut — at)
i) + o2 ,

)| ot 4—fa\gHL
Oz%PS ‘hH | f
if TESNp(f an) > Ty,

19)

where gi'%(t) and ((z} — ) denote the Rayleigh fading
channel gain and non-singular path loss between users u!!
and u! in time slot ¢, respectively. The following lemma
provides the stability condition for queue QQy in dominant
system ®ION,

Lemma 3: In dominant system ®¥“N_ queue Qy is stable if

pu (1 + rﬁ)

aH —-Ty haL

2 2
X (1 — %J\Q /B exp (=Ny) v (B,Nuﬁ))
2

+C(an)+ _Q/Bexp(—N4)'y<%,N4rﬁ>, (20)

FCN1

A < pp =exp | —

Ns

28
CPL+02) o

(a2 —THa?)Ps’

-1
, 8/2
(1 + (r%l +(rf)” =2 rary COSHL) ) . NVs =
HG'2
exp (_FthT) Z = ( FthO‘L) Psl(a}), £(at) =

~1
(1 + (Tlf)ﬂ) , o > FthaL, and C(agp) is given in (21),
as shown at the bottom of this page.
Proof: Please refer to Appendix D. [ ]
The service process of queue ()1, can also be divided into
two cases: a) if queue Yy is non-empty, then base station
S transmits the first packet from queue Qr, to user ul’ using
cooperative NOMA; b) if queue QQy is empty, then base station
S transmits the first two packets from queue (1, to users
uY and ul using NOMA when u} # uf and the first packet
from queue Qy, to user ul using OMA when ul' = u}. The
average service rate of queue Qr,, denoted as pfCNL, is

pr Nt =P (Qu(t) > 0) gi s (aw) + P(Qu(t) = 0)

1 1
(1 1) e+ o). @

where N, = o — 2 =

Clom) 7r712//2’Texp N4/€(x1))

PLéx —x )

L'iho Ly.L1 L
——w ) _ N, dryd
(Xp( Hmwl—xﬂ) 5)“ nen

21
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+ P (TEIN L (t an) < T4, Taiora (b an) > T TECY (tan) > Th)  (24)

where P (Qu(t) > 0) = A\ /piN, qlljﬁl;n (aL) is the proba-
bility of successful packet receptlon at user ul* when coopera-
tive NOMA is enabled, and g2 , and ¢2M# are given in (47)
and (48), respectively.

Dependlng on whether or not user u} forwards signal s (¢)
to user uil, the received SINR of signal sy(t) observed at
user ul’ in time slot ¢ can be expressed as

FFCN(t7 aL)
2 L 2,0 L
af Pg |h ‘ 0(x7)
if TECN (¢ >TH
_ Py +02 ) H1ﬁL1( , OV tho 23)
of Ps |hY(t ‘ o(zh)

) if ngiLl(ta aH) < Pt}{l

o2

As a result, we obtain (24), as shown at the top of this page.
The following lemma provides the stability condition for
queue Qr, in dominant system ®TCN,

Lemma 4: Tn dominant system ®YCN_ queue Qy, is stable if

AH 2 2
)\L</‘LFCN1 MFCNI <T26N6 /Bexp( N6)7<55N6r5>

+ _ﬁN 2P exp(—N1)y (%NN“B)

rfﬁ ;7 exp(~Na)y (%,Nﬂﬁ))

AH
+ (1 - FCNl) 7, (25)
My
_ (CPL+a2)F£? (¢Pu+a®)T 2
where Ng = max { (o}, a7 );S’ TP L o >
'l a2, and 7 is given in (10).
Proof: Please refer to Appendix E. [ ]

Based on the average service rates of queues (QQy and
QL, the stable throughput region of dominant system ®YCN,
denoted as RYCN, can be expressed as

(7=l (an)) A A
a (om) +aff™ (am)) 0

RYN = { (Am, AL) <1,
n (ai

for 0 < Ap < ¢iy; (ar) + qﬁ?N(aH)}. (26)

According to (26), stable throughput region RY°N depends on
the self-interference cancelation coefficient.

B. Stable Throughput Region of Dominant System ®5CN

Dominant system ®5CN: If queue Qg is empty, then
queue QQy contributes a dummy packet, while queue @1, acts
in the same manner as in the cooperative NOMA system
with full-duplex relaying ®¥“N. In dominant system ®5CN,
base station S transmits the first packet from queue @, to

user ul’

of queue r,, denoted as py

using cooperative NOMA. The average service rate
PON2 | can be expressed as pf ON? =
qglc‘ﬁl (a1,). Queue Qy, in dommant system ®ECN is stable if
AL < puFON2, The service process of queue Qu depends on
queue Qr,. If queue @1, is empty, then base station .S transmits
the first packet from queue Qg to user ull using cooperative
OMA. If queue @1, is non-empty, then base station .S transmits
the first packet from queue Qg to user ul! using cooperative
NOMA when I‘f{fﬁm(t, an) > T'll and using NOMA when
TEON (¢, an) < TH . Thus, the average service rate of queue

Qu in dominant system ®5CN | denoted as ;5;N2, is given by

pi 2 =P (Qut) =0)¢fiy
+P(Qu(t) > 0) (qiy; (am) + aps ™ (om)),

where P(Qu(t) =0) = 1 — A\/pFCN2, ¢i¢ denotes the
probability of successful packet reception at user ull when
cooperative OMA is enabled, and ¢}, (azr) and ¢5§N (ap) are
given in (49) and (52), respectively. When cooperative OMA
is enabled, the low-priority users that can successfully decode
signal si(¢) are referred to as qualified relays, which form the
decoding set in time slot ¢, denoted as §2(¢) and given by

27)

{uk eU" TR _pe(t) > T4, (28)

where ul,:‘ € U" denotes the k-th full-duplex relay and
FFC (t) o Ps|h£{(t)|2€(x§

H1—Rk CPrto?

We assume that, via coordination signaling between base
station S and user u{l before the packet transmission, each
qualified relay knows the instantaneous channel gain between
itself and user u!l. If decoding set Q( ) is empty, no low-
priority user can help forward signal s (¢) to user ufl. On the
other hand, if decoding set €2(¢) is non-empty, the qualified
relay that has the best channel condition with respect to high-

priority user u!! is selected as the best relay, i.e.,

2
uft = arg _max {PL gt ()| et - xl,:‘)} .29
ReQ(t)
User ull can successfully decode signal sil(t) in time

slot ¢ if the received SNR is not less than the reception
threshold, i.e.,

9 2
Ps [R(0)] () + Py |gl(0)| (el — o)
FHle( ) = 2

g
Z Ftha

(30)

where T'E(g, (1) denotes the SNR of signal st (t) observed at
user uil in time slot ¢ when user uf* acts as the full-duplex
relay.

The probability of successful packet transmission is the
complement of the outage probability. In this context,

an outage occurs when high-priority user ul! fails to decode
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the packet after constructively combining the signals trans-
mitted by the base station and the best relay ubR. By selecting
the best relay, this outage event is equivalent to the event that
all qualified relays are in outage, which means that no low-

priority user satisfies the following condition:
THi—re(t) > T4, and TRy (8) > Tip,, Vo e U™ (31)

The following lemma presents the stability condition for
queue Qy in dominant system ®5CN,
Lemma 5: In dominant system ®5N, queue Qy is stable if

AL
An < /-‘ECN2 = (1 - MFCNQ) qIF-I%j
L

AL
+ - roNg (g (am) + g (am)) ,  (32)
L

FCN2 _ _FCN N FCN
where pp, = quim (av), qui(an) and gg;

given in (49) and (52), respectively, and

aiS = exp (—pn (1+7) ) + fj (K) (-1 ey

(ap) are

J
AN
x (1 — exp (—pH (1 n rH))) (33)
Proof: Please refer to Appendix F. [ ]
After deriving the average service rates of queues

Qu and Qp, the stable throughput region of dominant
system ®5CN, denoted as RECN, can be expressed as

A
RgCN = (>\H; )\L) : T}é
w1

(a85 — afty (am) — gig™ (om)) A

+ <1,
T 41y (on)
for 0 <AL <qiimm (aL)}. (34)
According to (34), stable throughout region RECN depends

on the number of low-priority users and the self-interference
cancelation coefficient.

Based on the above derivations, the following theorem
presents the stable throughput region of the cooperative
NOMA system with full-duplex relaying ®CN,

Theorem 2: The stable throughput region of the cooperative
NOMA system with full-duplex relaying ®F°N for fixed
power allocation coefficients, denoted as RFCN "is the union
of the stable throughput regions of dominant systems &N
and ®FCN e, RFCN = RFCN |y RECN,

Proof: The proof is similar to that of Theorem 1, and
hence, it is omitted here. [ |

Similarly, we resort to numerical analysis to obtain the full
stable throughput region in Section VI.

V. COMPARISON OF NOMA AND OMA

In this section, we derive the stable throughput region of a
baseline OMA scheme and the conditions under which the
proposed NOMA schemes achieve larger stable throughput
regions than the baseline OMA scheme.

>
>

RFCN: O-E-F-D-O
D RON: 0-A-C-D-0
ROMA: 0-A-B-0

o Average arrival rate of queue QL

Average arrival rate of queue Qu

Fig. 2. Stable throughput regions of OMA system ®OMA  opportunistic

NOMA system ®ON_ and cooperative NOMA system with full-duplex
relaying ®FCN,

A. Baseline Orthogonal Multiple Access Scheme

We consider a time division multiple access (TDMA) based
OMA system, denoted as ®OMA 45 a baseline, where base
station S transmits one packet in one time slot. As queues
Qu and @1, do not interact with each other when OMA is
utilized, the stability conditions of these two queues can be
separately analyzed. Base station S transmits the first packet
from queue Qg to high-priority user u{! whenever queue Qg
is not empty, regardless of the status of queue (J1,. The average
service rate of queue Qp in OMA system ®OMA jg QMA —

exp (—pH (1 + r}ﬁl)) When queue Qy is empty, base station

S transmits the first packet from queue @, to user uY. The

average service rate of queue @y is given by pPMA =

P(Qu=0)PTLi(t, 1) >Tw) = (1= Aa/pg™?) ¢2M4,
where ¢°MA is given in (48). The stable throughput region
of OMA system ®OMA is given by

/\H + )\L
(i) B

dri
for 0 < Ag < exp (—pH (1 + rﬁ)) } (35)

ROMA = { (Am, AL) <1,

For the queueing model under consideration, the perfor-
mance comparison between the OMA scheme and the
proposed NOMA scheme is fair in the sense that each user
is served based on its priority and the order of its packets in
the queue, but not based on its CSI.

B. Comparison Between NOMA and OMA

In the following, we present the conditions under which the
proposed NOMA schemes achieve larger stable throughput
regions than OMA. Based on the stable throughput regions
given in (14), (16), (26), (34), and (35), Fig. 2 plots
the stable throughput regions of OMA system ®OMA
(i.e., ROMA: O-A-B-0), opportunistic NOMA system ®ON
(i.e., RON: 0-A-C-D-0), and the cooperative NOMA system
with full-duplex relaying ®F“N (i.e., RFCN: O-E-F-D-0).
The coordinates of the corner points in Fig. 2 are
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O = (0,0), A (pgMA0), B =
(MSNHEq&N\Hl (an)), D = (0,7), E =
(aitr(om) + agif™ (om), aryjm (ov)),
exp (—pH (1 + r%)) and { =exp(—0(1+ rﬁ

Proposition 1: The cooperative NOMA scheme with full-
duplex relaying achieves a larger stable throughput region than
OMA, i.e., ROMA = RFCN  when the following conditions
hold:

OMA
qu\Hl (an) > g <1

(qu,O), and F =
where pgMA =

a + FCN a
qHAIﬂO&; (Iﬂ>, (36)
Mg

qiiLe > G- (37)
Proof: Please refer to Appendix G. [ ]
As qgﬁgl (ar), qN;(am), and ¢E$N(am) are functions of
ar, it is very difficult to derive a closed-form condition
in terms of «p, from (36). Nonetheless, we can obtain all
possible values of ag, that lead to ROMA < RFEN py
evaluating (36) numerically, as (37) does not depend on af.,.
Moreover, the stable throughput region of the cooperative
NOMA scheme with full-duplex relaying can be maximized
by fixing Ay and then maximizing the corresponding average
service rate of queue Qr,, i.e., uf N or uFN2 by optimizing
the value of «of,.
Proposition 2: The opportunistic NOMA scheme achieves
a larger stable throughput region than OMA, i.e., ROMA C

RON, when q&l\ﬂz > g™ and £q811\|IH1 () >
a2 (1 - 45c) hold.

Proof: The proof is similar to that of Proposition 1, and
hence, it is omitted here. [ |

VI. NUMERICAL RESULTS

In this section, we evaluate the stable throughput regions
of opportunistic NOMA and cooperative NOMA with full-
duplex relaying and compare them with the stable throughput
region of baseline OMA. The radius of the circular network
coverage area is r = 1.3 km, where M = 4 high-priority
users are located rgy = 1.2 km away from base station S.
The transmit powers (i.e., Ps and FP;,) and noise power o?
are set to be 1 W and —100 dBm, respectively. We consider
Rayleigh fading channels and the path loss exponent /3 is set
to be 4. The power allocation coefficients of the far and near
users when NOMA is enabled to serve the first two packets
from queue Qr,, (a?,a?), are set to be (0.8,0.2).

Fig. 3 shows the impact of the number of low-priority
users K and self-interference cancelation coefficient ¢ on the
probabilities of successful packet reception at the high-priority
users when cooperative NOMA and OMA are employed
(e, qN (an)+ ¢ESN(an) and ¢EY). The simulation (Sim)
results match the analytical (Ana) results well, which validates
the performance analysis. We observe that ¢ increases
with K, as the probability of selecting a full-duplex relay
with good channel condition with respect to user u}!l becomes
higher because of the spatial diversity gain. On the other hand,
@, (o) +qESN (o) does not change with K, as the intended
receiver of the first packet from queue @y, is selected to act
as a full-duplex relay when it can successfully decode signal
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Fig. 3. Probabilities of successful packet reception at user ulf versus the

number of low-priority users K for different self-interference cancelation
coefficients, ¢, when (a2, a?) = (0.8,0.2) and I'll = 2.
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Fig. 4. Probabilities of successful packet reception at user u
distance with respect to base station, rp, when (aH,aL)
rf =2 ¢=10"12, and K = 4.

stl(t) received from base station S, regardless of its channel

condition with respect to user ull. With better self-interference
cancelation (i.e., a smaller value of (), the probability of
successful packet reception at user uil increases for both
cooperative NOMA and OMA, as the SINR of signal st (¢)
at the low-priority users becomes larger and in turn the
probability of selecting a reliable full-duplex relay increases.

Fig. 4 illustrates the impact of the distance between the base
station and the high-priority users, ry, on the probabilities of
successful packet reception at the high-priority users (i.e., qg(f
and ¢, (an)+¢5TN (o). As ry increases, both probabilities
decrease because of the larger path loss. As the relay with
the best channel condition with respect to user u!! is selected
for cooperative NOMA, the gap between ¢fi§’ and ¢, (am) +
@SN () becomes larger as ry increases. In addition, ¢5 is
always larger than &, (o) +¢55™N (o) because of the higher
base station transmit power for the high-priority user as well

as the higher spatial diversity gain due to relay selection.
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Fig. 5. Stable throughput region for different values of threshold 6 when
(of,0})=(08,02), TH =2, 'k =25, K =4, and ( =10713,

Fig. 5 plots the stable throughput region for various values
of threshold #. For opportunistic NOMA system ®°N and
OMA system ®OMA | the maximum achievable Ay is the same,
as the stable throughput region of opportunistic NOMA system
®ON s equal to the union of the stable throughput regions
of dominant systems ®¢N and ®9N. The stable throughput
region of opportunistic NOMA system ®°N depends on 6.
As 6 increases, the probability of enabling NOMA transmis-
sion decreases, which reduces the transmission opportunities
of the low-priority users. For larger 6, the packet retransmis-
sion probability of high-priority users decreases, which in turn
provides more transmission opportunities to the low-priority
users. With an appropriate choice of # to balance these two
aspects, e.g., 8 = 2.5py in Fig. 5, opportunistic NOMA can
achieve a much larger stable throughput region than OMA.
By enabling the low-priority users to act as full-duplex relays
and assist the high-priority users, the maximum achievable Ay
of the cooperative NOMA system with full-duplex relaying
OFCN s even larger than that of opportunistic NOMA system
®ON due to the cooperative diversity gain. The enhanced
packet reception reliability for the high-priority users can be
exploited to provide more transmission opportunities to the
low-priority users. Thereby, the stable throughput region is
further enlarged.

Fig. 6 shows the stable throughput region for various values
of transmit power allocation coefficients (o, af). When
(a%{,a%) = (0.7,0.3), condition (36) does not hold, and
hence, the stable throughput region of the cooperative NOMA
system with full-duplex relaying ®¥N is not larger than that
of OMA system ®OMA This is because the value of o is not
large enough for the low-priority users to successfully decode
the signals intended for the high-priority users, which is the
prerequisite for performing SIC. By increasing a% to 0.8,
the conditions given in Propositions 1 and 2 hold, and hence
the stable throughput regions of both opportunistic NOMA and
cooperative NOMA with full-duplex relaying become larger
than that of OMA. However, by further increasing aZ from
0.8 to 0.85, the stable throughput region of the cooperative
NOMA system with full-duplex relaying ®¥CN decreases.

—o— Dominant System ®N
—+— Dominant System ®5°N
—<—Dominant System ®PN
- - Dominant System ®9N
~—+— OMA System ®OMA

o
©

Average arrival rate of queue QL
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~
0.2 e ]
e, N,
Pt TN
~ ::'-.:;.\
LR

0 01 02 03 04 05 06 07 08 09 1
Average arrival rate of queue Qg

Fig. 6. Stable throughput region for different values of power allocation
coefficients (0f,al) when 6 = 2py, ' =Tk =2, K = 4, and
¢=10""".
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Fig. 7. Average service rate of queue @, in opportunistic NOMA
system versus threshold 6 and power allocation coefficients (oz%I7 ai) when
A =02TH =Tk =2 and K = 4.

This is because the increased transmission opportunities of
the low-priority users cannot compensate for the reduction of
successful packet reception at the low-priority users due to the
lower transmit power.

Fig. 7 shows the impact of threshold 6 and power allo-
cation coefficients on the average service rate of queue .
If (a4,a?) = (0.8,0.2), the average service rate of queue
Q1, increases with # when # < 0.5 x 107'2. By enabling
NOMA when the channel gain between base station S and
the high-priority users is larger, fewer packet retransmissions
are required for high-priority users, which in turn improves
the transmission opportunities of low-priority users. The
average service rate of queue (), decreases with # when
6 > 0.5 x 1072 and converges to 0.795, as the probability
that NOMA is enabled decreases. By increasing o2 to 0.9,
the optimal threshold # that maximizes the average service
rate of queue ()1, becomes smaller, as allocating more transmit
power to the high-priority users allows NOMA to be used for
smaller channel gain.
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Fig. 9. Full stable throughput region for different numbers of low-priority
users K when 'l =TL =2 and ¢ = 10713

In Fig. 8, we study the impact of reception thresholds
I'll and T on the full stable throughput regions of both
proposed NOMA schemes. For a smaller reception threshold,
the maximum achievable Ay and g, in all schemes increase,
as the probability of successful packet reception at each user
increases. With a smaller reception threshold, the probability
of queue Qy being empty is higher, which leads to more
time slots being available for the base station to serve queue
@1, using NOMA. Hence, the performance gap between the
opportunistic NOMA system (cooperative NOMA system with
full-duplex relaying) and the OMA system becomes larger
when the reception thresholds are smaller. The average service
rate of queue @1, can exceed 1 as NOMA can simultaneously
serve two packets from queue ()1, when queue Qy is empty.

Fig. 9 shows the impact of the number of low-priority
users K on the full stable throughput region. For larger K,
the maximum achievable \;, of both NOMA schemes
increases, as the probability that NOMA can serve the packets
from queue (Jr, increases. The maximum achievable Ay of
the opportunistic NOMA system does not depend on K.
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Fig. 10. Impact of imperfect CSI on full stable throughput region when
' =1Lk =2 K=4,and { =10713,

The maximum achievable A\g of the cooperative NOMA
system with full-duplex relaying increases with K, as more
low-priority users are available and the probability of selecting
a reliable relay becomes higher. Thus, the full stable
throughput regions of both NOMA systems increase with K.

Fig. 10 shows the impact of imperfect CSI estimation on
the full stable throughput region. Adopting the model for
imperfect CSI in [35], we have h2(t) = h2(t) + €(t),i €
{1,2},a € {H,L}, where h2(t) denotes the estimate of
h2(t) at user u? and €(t) is the complex Gaussian channel
estimation error at user u? with zero mean and variance o2 in
time slot ¢. The value of variance o2 reflects the accuracy of
channel estimation. We first obtain the average service rates of
queues Qp and @, for all considered dominant systems via
simulations, which are then used to plot the stable throughput
regions in Fig. 10. Results show that, by increasing the value
of o2 from 0 to 0.01, the full stable throughput regions of all
considered schemes become smaller. This is because channel
estimation errors lead to additional interference as in the SINR
expression, which reduces the probability of successful packet
reception at each user. In addition, the impact of imperfect CSI
on the performance of NOMA is greater compared to OMA,
as the SIC at the user being allocated a lower transmit power
in NOMA is negatively affected by imperfect CSI.

VII. CONCLUSION

In this paper, we studied the performance of downlink
NOMA transmission with dynamic traffic arrival and spatially
random users of different priorities. To reduce the adverse
effect of NOMA on high-priority users, we proposed an oppor-
tunistic NOMA scheme requiring only limited CSI at the base
station. Moreover, we proposed a cooperative NOMA scheme
with full-duplex relaying, where the low-priority users assist
the high-priority users to enhance the network performance.
By utilizing tools from queueing theory and stochastic geom-
etry, we characterized the stable throughput regions of both
proposed NOMA schemes by constructing dominant systems
to decouple the interacting queues. Simulation results validated
the performance analysis. With appropriate parameter setting,
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the proposed NOMA schemes can significantly improve the
transmission opportunities and enhance the stable throughput
region compared to OMA.

There are several interesting topics for future work. First,
the performance analysis of cooperative NOMA with full-
duplex relaying can be extended to multi-cell networks,
where the interference from the base stations and the full-
duplex relays in other cells has to be taken into account.
Second, the proposed performance analysis framework can be
extended to the case where each user exploits retransmission
diversity [36]. Third, the proposed framework can be extended
to the case where more than two users are paired for NOMA
transmission.

APPENDIX A
PROOF OF LEMMA 1
When OMA is enabled the probability of successful packet
reception at user ul is given by
2 o 0
(1)

OMA () (e
( (1+rH))—exp<—9(1+rﬁ)),

(38)

if > pm, otherwise, ¢g9MA(0) = 0, where (a) follows from
the exponential distribution of |k} (t) %,

On the other hand, when NOMA is enabled, the probability
of successful packet reception at high-priority user u!' can be

expressed as

< [n'(1)]

ON
4H1|L1 (am, 0)
PH

2
=P (‘hlf(tﬂ > max{oé2 T ,0

H
PH 8

oo (-2 0} 0 +))

exp( maX{a%{—Ff{la% } rH>

if o > THa?, otherwise, qgﬁm (o, 0) = 0.
By substituting (38) and (39) into (5), the average service
rate of queue @y is given by

ON1 _ qgi\iLi (an,0),
qlgi\/IA(g) + Qgi\im (aHv 9)7 if 0> pp.
According to (40), we set 6 > py to achieve a higher value

of uONt. By Loynes’ theorem [27], queue Qy is stable if (6)
holds.

(39)

if 6 < pu,
BUSPE )

APPENDIX B
PROOF OF LEMMA 2

The probability of successful packet reception at low
priority user u} when paired with high-priority user uil to
perform NOMA is given by

qI(311\|IH1 (av)
=P (Pmi—r1(t,on) > TH, Tra(tan) > Ti)

:P(ihi(t)f ( FtiZL) (b i g(Lxl ))
=E.¢ [exp (—Nl/é(atl NI (41)

)

x

where . [-] denotes the expectation over location coordinate
2} of low-priority user ul. The probability density func-
tion (PDF) of the location of low-priority user u} is given

by f(z}) =1/ (mr?). Hence, we have

% / exp (=i (1+ (1)) rark

- @N 218 exp (= Ny) (%,Nlrﬁ). (42)

When queue Qp is empty and the first two packets from
queue @1, are intended for different users, base station .S trans-
mits the first and second packets from queue @1, using NOMA
based on the distances between their intended receivers and
the base station. Among these two users, the near and far
users are denoted as ul and u} with distances rL and rf,
respectively, and 7% < rF'. Hence, we have oy > av,. As users
u¥ and uf follow the same location distribution, they have the
same probability (. e 0.5) of being the near or far user. For
instance, if r}* < r2, then We have ub = v

ON
driH1 (an) =

= u¥ and uf = uf.
Otherwise, we have uly = u} and u}' = u¥. The paired NOMA
users having the same low priority are ordered based on their
distances to the base station. Due to the uniform distribution
of users u and u%, according to [37], the PDF of the distance
between far user uf and base station S is given by

foE) =4(F)’ it o<k <

When NOMA is enabled, the probability of successful
packet reception at user uf’ is given by

= P (Tpgjn (f,ar) > T5)
= E,p [exp (=No/é(xp))]
(@) %/ exp (_N2 (1 + (7«%)5)) (r%)‘gd?%

T 4/5exp(—N2)v(%,N2rﬁ>, (44)

(43)

qI?fI|\ILn (Oéf)

7“46
if af > I‘than, otherwise, q]?fl‘\ILn ()
by substituting (43).
Similarly, the PDF of the distance between near user ug
and base station S is given by

L L\2
mbzﬁgb—“ﬁ),osesW
T T

When NOMA is enabled, the probability of successful

packet reception at user ul is given by

=0, where (a) follows

(45)

qr?ri\iLf (o)
=P (FLfHLn(ta Otf) Z F%ha FLn(ta an) Z F%h)

= E L [exp (—Ng/e( L))}
TL 3
2—/mp 2 (1 08) (o - ) ark

= =Ny Pexp (- N3)7<%,N3r5)

—~

7“26
4 4
- 7agha Py <ﬁ,N3rﬁ>, (46)
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if o > Fthan, otherwise, qL Lt (o) = 0, where (a) follows
by substituting (45).
Based on (44) and (46), we have

= 0L (a5) + gomis (o). (47)

When OMA is enabled, the probability of successful packet
reception at user u}’ is given by

=P (Tui(t,1) >Ty)
2 _ 2
= %PLQ/BGXP(_PL)'Y (5’Wﬁ>' (48)

By substituting (9), (47), and (48) into (7), the average
service rate of queue @, in dominant system ®¢N can be
derived. By Loynes’ theorem, queue (Jy, is stable if (8) holds.

ON
drive

OMA
L1

APPENDIX C
PROOF OF THEOREM 1

Our proof is based on a similar technique as the proofs
in [16]-[18]. The dominant systems (i.e., ®¢N and ®9N)
are modifications of the original opportunistic NOMA system
®ON_ The queue lengths in the dominant systems are never
shorter than the queue lengths in the original opportunistic
NOMA system ®°N as an empty queue can contribute dummy
packets. The transmission of dummy packets reduces the prob-
ability of successful packet reception by generating co-channel
interference, but does not contribute to the throughput. Hence,
the stability condition obtained for the dominant systems
(e, ®PN and ®9N) is sufficient for the stability of the
original opportunistic NOMA system ®ON,

As only two queues are considered, the stability condition of
the original opportunistic NOMA system ®°N is determined
by the two parallel dominant systems (i.e., ®PN and ®9M).
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region (i.e., line CD in Fig. 2). Similarly, dominant system
OON and the original opportunistic NOMA system ®°N are
also indistinguishable at the boundary of the stability region
(i.e., line AC in Fig. 2). Similar indistinguishability argu-
ments are used in [16]-[18]. Thereby, the stability condition
obtained for the dominant systems (i.e., PN and ®N) is also
necessary for the stability of the original opportunistic NOMA
system ®ON. As a result, we have RON = RON U RN,

APPENDIX D
PROOF OF LEMMA 3

Due to the independence of events {FH1|L1 (t,oq1) > F
and {TESN,,(t,an) < T'H}, the probability of successful
packet reception at user ui! when NOMA is enabled, denoted
as gN, (an), is given by

qgl (om)

=P (Cuyer (b, am) > TH) P (TRTN L (8 o) < TH)

PH (1 + rfl) E Ny
P— D —————— 1 — J—
TP\ Tag ez | { eXp< e(:@ﬂ
pu (1 + rﬁ)
=exp | —

O‘H - FthaL

(1 B _ﬁN 2/B exp (—Ni) v (%,NMB)), (49)

if o > Il a2, otherwise, g, (an) = 0.

The probability of successful packet reception at user ui!

In particular, dominant systems ®P™ and ®P™ explore all when cooperative NOMA is enabled, denoted as ¢fSN (o),
possible choices of the average arrival rates Ar, and Au that  can be expressed as
can lead to a stable system, respectively. In dominant system
OPN, some \p, would cause queue @1, to be always nqn-empty. dFN () (@) E,. |P ((a%{ B Fglai) Pq |h11{ ) |2 o)
As long as queue 1, always has packets to transmit, queue
@1, does not contribute dummy packets and hence the behavior
of dominant system ®PN is identical to that of the original + P |gr( ‘ Uz} - ap) = Tio )
opportunistic NOMA system ®°N. As a result, dominant N,
system ®PN and the original opportunistic NOMA system x P <|hL | =t )> 5 (50)
®ON are indistinguishable at the boundary of the stability !
2
P(Z|h{‘(t\ +PL|g 0] (@t - o¥) > Thho?)
H |2 HL (|2 HL |2 H |2
= / / g (~ 1R ) exo (~ a5 0)*) d|gFh o) d [ 1)
0 PLe(L —az)
H |2 HL (|2 HL 4|2 H(p |2
L [ e (< ) exp (<ol 0f ) dlgtb o a o)
Z
F FH 2 FH 2
——— |exp —% — exp _ZthT + exp _2thT . if Z # Pt(zt — 2b),
1 =YY - S Y .F%;g(iﬂl - 371 ) 23 2?
Prl(zy —zy) (51)
FEIO—Q Ftha

z P _PLK(xl—fo)>7

if Z = Ppl(z}! —2b).
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P (Fg(ljiLl(ta aH) < ngrHlﬁLl(f'a aH) > FENFE?N("" aL) > F%h)

H L 2
11¢;h 11¢;h } g

=P | ma , —
( X{a%—rt}ia% of J Psl(ay

S < k@) <

(CPr +0?)TH )

(a%{ — Fgﬂa%) Pst(x})

(CPL +0%) Ty

x

E,v
1

exp | —max P P
afi —Thot of J £

L >_ex _
7)) " TP\ (o —Tha?) Pst(al)

2 2 2 2
= %]\G 2/6 exp(—N1)y (57]\[17“6) — @Nél 2/6 exp(—Ny)y (B,Nyﬁ), (53)
where (a) follows from the independent channel fading APPENDIX F
assumption across different links. PROOF OF LEMMA 5
By conditioning on location coordinate x%, we obtain (51),
as shown at the bottom of previous page. Given that there are K low-priority users, we have
By substituting (51) into (50), we have
aii =1-P(m(t.1) <Ty)
FCN
ani  (om)
(exp (_ P e?Hh—HU2 L)) B NB) xEay H [1 — P (THini(t) 2 TH)
Ty —xT LR' L
ZEz%[ r— + N uftels
Pr(a —a}) FC H H
x P (Thire(t) > Ty [Tra (6, 1) <TH) ||, (54

X exp (—%) ]

= C(an) + 22&N4_2/6 exp(—Nyg)y (z,NMﬁ), (52)
r2p p

where C(ogg) is given in (21), which can be calculated
numerically using commercial software (e.g., Mathematica).
By substituting (49) and (52) into (18), we obtain the average
service rate of queue (Qy. Hence, queue Qy is stable if

A < N = gy (om) + g SN (am).
APPENDIX E

PROOF OF LEMMA 4

The probability of successful packet reception at user u}

when cooperative NOMA is enabled, if 04%1 > I‘tha%, can be

expressed as

When NOMA is enabled, the probability of successful
packet reception at user ul’ is given by (53), as shown
at the top of this page, where a > TI'lai. By substi-
tuting (24), (47), and (48) into (22), we can obtain the average

service rate of queue (. Hence, queue @y, is stable if

A A
)\L < HECNl = @T%qgﬂﬁl (OéL) +(1-— NE%
n is given in (10).

P (FgcljﬂLl(ta aH) > F?hv FE?N(ta aL) > 11%11)
rh i (CP+o°
=E,. [exp —max{ R— 2,—?} (852 )
! o — Igof, of

2 9
WNG /8 exp (—Ng) (B,Nﬁrﬁ).

; ) 7, where

where P (Pu1(t,1) <Tf) = 1 — exp(—pu (1 —l—rﬁ )
As the K low-priority users are uniformly distributed within
the network coverage area, we have

E,p l II
urey

1P (O (0 2 1)
x P (Thre(t) > Tih T (, 1) < TH) H

1 T 27
(— [ [ (- =)

K
x P (TEGre(t) > T [Taa(t, 1) < TH) )@dﬁdﬁ})

1 r 27
<m/0 /0 <1 — P (TR§_re () > TH,)

K

P (FE?Rk(t) > FngHl(tv 1) < Fgl)) RarRgrR

H 7nk Tl (j7nk
P (FHl (t,1) < Fth)

IS

K

c)
1 —exp (—pH (1 + rﬁ)) ’

where (a) follows from the probability generating func-
tional (PGFL) of the BPP [22], (b) follows from the definition
of conditional probability, (c) is obtained using similar steps
as for deriving (50), and C(1) is given in Lemma 3 by setting
o4 =1and of =0.

= 1—

(55)
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By substituting (55) into (54), we have
qg(f =1- (1 — exp (—pH (1 —l—rﬁ)))

B c)
1 —exp (—pH (1 + rﬁ))

© exp (—pH (1 + rﬁ)) + i <K> (=17 *H(C)y

- \J

(1= exp (=p (1470))) .

where (a) follows from the binomial expansion. By substi-
tuting (56) into (27), we can derive the average service
rate of queue Qg in dominant system ®5°N. Hence, queue
Qu is stable if Ay < pp™™? = (1—=AL/pfN?) ¢ +
A/ pE N (g (om) + aig™ (am)).

K

(56)

APPENDIX G
PROOF OF PROPOSITION 1

Based on Fig. 2, in order for ROMA < RFN to hold, points
D, E, and F have to be on the right side of line AB. To ensure
that point E is on the right side of line AB, condition ¢ >

OMA ghould hold, which is obtained based on the coordinates

Hu
of points A and E. According to (56), condition ¢5§ > pGMA

always holds. In addition, to guarantee that point F is on the
right side of line AB, the Y-coordinate of point F should be
larger than the Y-coordinate of the point that is on line AB
and has the same X-coordinate as point F. Hence, condition

N FCN
griNy (an) > ¢PMA (1 - %) should hold,

where o = 1 — o%. Similarly, to ensure that point D
OMA

is on the right side of line AB, condition 7 > ¢p"",
equivalent to ¢ON, > ¢PMA, should hold, where ¢O, is
given in (47). As a result, cooperative NOMA with full-duplex
relaying achieves a larger stable throughput region than OMA
if both (36) and (37) hold.
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