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Abstract— In this paper, we consider downlink non-orthogonal1

multiple access (NOMA) transmission with dynamic traffic2

arrival for spatially random users of different priorities.3

By exploiting limited channel state information, we propose an4

opportunistic NOMA scheme to enable NOMA for high- and low-5

priority users when high-priority users experience good channel6

conditions. Opportunistic NOMA improves the transmission7

opportunities of low-priority users while reducing the adverse8

effect of NOMA on high-priority users. Moreover, we propose9

a cooperative NOMA scheme with full-duplex relaying, where10

low-priority users act as full-duplex relays to assist the high-11

priority users. The high-priority user constructively combines the12

signal and its delayed version transmitted by the base station13

and a selected relay, respectively. The adopted relay selection14

scheme takes into account the users’ spatial distribution, queue15

status, and channel conditions. By using tools from queueing16

theory and stochastic geometry, we derive the stable throughput17

regions of both proposed schemes. Furthermore, we derive the18

conditions under which the proposed NOMA schemes achieve19

larger stable throughput regions than orthogonal multiple access20

(OMA). At the expense of a higher implementation complexity21

and with appropriate parameter setting, cooperative NOMA with22

full-duplex relaying achieves a larger stable throughput region23

than opportunistic NOMA, which in turn outperforms OMA.24

Index Terms— Non-orthogonal multiple access, stable25

throughput, dynamic traffic arrival, full-duplex relaying,26

spatially random users.27

I. INTRODUCTION28

TO MEET the rapidly increasing traffic demand29

caused by the proliferation of mobile devices and30

data intensive applications, non-orthogonal multiple access31

(NOMA) [2] has been proposed as a promising technique to32

enhance the spectral efficiency of the fifth generation (5G)33
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cellular network. With NOMA, multiple users can simultane- 34

ously be served by exploiting the power domain rather than 35

the time and frequency domains as in orthogonal multiple 36

access (OMA). By appropriately allocating the transmit power 37

at the base station to multiple users with diverse channel 38

conditions, NOMA can achieve a balance between network 39

throughput and user fairness. 40

NOMA has recently received considerable research 41

interest [3]–[9]. Specifically, the system-level performance of 42

downlink NOMA transmission is evaluated in [3], which 43

shows that transmit power allocation and user pairing are 44

two important design aspects of NOMA. An optimal power 45

allocation strategy is proposed in [4] to maximize the sum rate 46

of multiple-input multiple-output (MIMO) NOMA networks. 47

The authors in [5] formulate a joint transmit power and 48

subcarrier allocation problem for maximization of the sum 49

rate of multi-carrier NOMA networks and solve the problem 50

using matching theory. The impact of user pairing on the 51

performance of NOMA is investigated in [6], which shows that 52

NOMA achieves a better performance when the paired NOMA 53

users experience more distinct channel conditions. The authors 54

in [7] derive the outage probability of MIMO-NOMA for both 55

uplink and downlink transmission. In addition, the outage 56

probability of a cooperative NOMA scheme is analyzed 57

in [8], where a relay is selected to forward packets to paired 58

NOMA users having different priorities and the low-priority 59

user is served in an opportunistic manner. However, all of 60

the aforementioned studies focus on resource allocation and 61

performance analysis for NOMA with backlogged traffic. 62

Full-duplex communication can enhance the spectral effi- 63

ciency by allowing the radios to simultaneously transmit and 64

receive on the same frequency channel. The main challenge 65

for realizing full-duplex communication is the self-interference 66

due to signal leakage, which significantly degrades the perfor- 67

mance gain achieved by full-duplexing [10]. Nevertheless, 68

with the advancement of analog and digital self-interference 69

cancelation techniques, full-duplex radios have been success- 70

fully implemented [11]. The rate region of full-duplex links 71

in orthogonal frequency division multiplexing systems is 72

analyzed in [12]. The authors in [13] develop a joint power 73

and subcarrier allocation policy to maximize the weighted 74

sum throughput of multi-carrier NOMA systems, where the 75

full-duplex base station simultaneously serves multiple uplink 76

and downlink users. Furthermore, full-duplex relaying has 77

recently attracted significant interest [14], [15]. The authors 78

in [14] compare the spectral efficiency of half- and full-duplex 79

relaying strategies, and propose a joint opportunistic mode 80
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selection and transmit power adaptation scheme to optimize81

spectral efficiency. However, the performance of full-duplex82

relaying in NOMA systems with dynamic traffic arrival and83

spatially random relays has not been studied yet.84

Different from the aforementioned studies, we consider85

downlink NOMA transmission with dynamic traffic arrival86

and spatially random users of different priorities. For dynamic87

traffic arrival, the stable throughput region [16]–[19] is an88

important performance metric and defined as the set of89

achievable packet arrival rates given that all queues are90

stable. However, according to the NOMA principle, a low-91

priority user is allowed to share the frequency channel and92

transmit power with a high-priority user, which may reduce93

the reception reliability of the high-priority user and lead to94

queue instability. In NOMA, the low-priority user, which is95

allocated a lower transmit power, needs to decode the signal96

intended for the high-priority user first before decoding its97

own signal. Hence, the low-priority user can act as a relay98

and assist the transmission of the high-priority user. However,99

when half-duplex relaying is used, an additional time slot is100

required for packet forwarding, which reduces the spectral101

efficiency. Full-duplex relaying has the potential to mitigate102

this disadvantage. The performance gain achieved by full-103

duplex relaying can be further improved by relay selection,104

where the selection should take into account the residual self-105

interference, the queue status, and the spatial distribution of the106

potential relays. Considering dynamic traffic arrival together107

with NOMA leads to interacting queues, which complicates108

the performance analysis. In particular, the service process109

of a given queue depends on the status of the other queue,110

as the status of both queues determines whether NOMA can111

be enabled. Furthermore, channel state information (CSI) plays112

an important role in designing user pairing and transmit power113

allocation strategies. As full CSI is difficult to obtain in114

practice, the impact of limited CSI [20] on the performance115

of NOMA should be investigated.116

To address the aforementioned issues, we first propose an117

opportunistic NOMA scheme exploiting limited CSI, where118

NOMA for high- and low-priority users is enabled only if the119

channel gain between the base station and the high-priority120

user does not fall below a certain threshold. NOMA for the121

low-priority users is also enabled by exploiting the differ-122

ences of the low-priority users’ distances to the base station.123

By appropriately setting the threshold to trigger NOMA,124

the opportunistic NOMA scheme improves the transmission125

opportunities of the low-priority users without degrading126

the performance of the high-priority users. Furthermore,127

we propose a cooperative NOMA scheme with full-duplex128

relaying, where the low-priority users act as full-duplex129

relays to help forward packets to the high-priority users.130

By exploiting cooperative diversity to enhance the proba-131

bility of successful packet reception at the high-priority users,132

the number of packet retransmissions for the high-priority133

users is reduced, which in turn further improves the trans-134

mission opportunities of the low-priority users. The main135

contributions of this paper are summarized as follows:136

• We develop a theoretical performance analysis framework137

for downlink NOMA transmission with dynamic traffic arrival138

and spatially random users of different priorities. This analyt- 139

ical framework provides a better understanding of the benefits 140

and limitations of NOMA. 141

• We decouple the interacting queues caused by dynamic 142

traffic arrival and NOMA by allowing empty queues to 143

contribute dummy packets. Tools from queueing theory and 144

stochastic geometry are applied to characterize the stable 145

throughput region of opportunistic NOMA. 146

• We derive the stable throughput region of cooperative 147

NOMA with full-duplex relaying, taking into account the 148

residual self-interference, spatially random low-priority users, 149

and relay selection. Studying both opportunistic NOMA and 150

cooperative NOMA with full-duplex relaying provides insights 151

regarding the tradeoff between network performance and 152

implementation complexity. We also derive the conditions 153

under which the proposed NOMA schemes achieve larger 154

stable throughput regions than OMA. 155

• Simulation results validate the analysis of the probabilities 156

of successful packet reception. Numerical results show that, 157

with appropriate parameter setting, both proposed NOMA 158

schemes can outperform OMA, and cooperative NOMA with 159

full-duplex relaying can achieve a larger stable throughput 160

region than opportunistic NOMA at the expense of a higher 161

implementation complexity. The impact of the relevant design 162

and system parameters (e.g., the threshold to trigger NOMA 163

and the power allocation coefficients) on the stable throughput 164

regions of the proposed NOMA schemes is also evaluated. 165

The rest of this paper is organized as follows. We describe 166

the system model in Section II. In Section III, we present the 167

opportunistic NOMA scheme and derive its stable throughput 168

region. We describe the cooperative NOMA scheme with full- 169

duplex relaying and characterize its stable throughput region 170

in Section IV. In Section V, we present the conditions under 171

which the proposed NOMA schemes achieve larger stable 172

throughput regions than OMA. Numerical results are provided 173

in Section VI. Finally, Section VII concludes this paper. 174

II. SYSTEM MODEL 175

Consider a downlink transmission scenario consisting of 176

one base station and multiple users, as shown in Fig. 1(a). 177

Base station S is located at the center of the circular network 178

coverage area with radius r. Over a single frequency channel, 179

time is divided into slots of constant durations. Users are 180

categorized into two groups with different priorities, i.e., K 181

low-priority users in set UL and M high-priority users in 182

set UH. The locations of low-priority users are assumed to 183

follow a binomial point process (BPP) [21], [22]. Specifically, 184

for each time slot, K low-priority users are independently and 185

uniformly distributed within the network coverage area. On the 186

other hand, the high-priority users are located rH meters away1
187

1The 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 QH and the first packet from queue QL to high-priority user uH

1 and low-priority user uL
1 using

NOMA, respectively.

from base station S in a random direction. Base station S and188

all users have a single antenna.189

Base station S is equipped with two queues of infinite190

size, denoted as QH and QL, which store the packets to be191

transmitted to the high- and low-priority users, respectively,192

as shown in Fig. 1(b). The packet arrival at base station S for193

each user follows an independent and stationary process. For194

ease of presentation, the average arrival rates of users having195

the same priority are assumed to be identical, but the analysis196

can be extended to a general scenario with diverse average197

arrival rates. The average arrival rates of queues QH and QL198

are given by λH = MλH and λL = KλL (packets per time199

slot), where λH and λL denote the average arrival rates for200

each high- and low-priority user, respectively. Packets for users201

having the same priority have the same size in bits and are202

served in a first-in first-out (FIFO) manner. Each packet is203

transmitted in one time slot.204

The channel between any two transceivers suffers from205

path loss and Rayleigh fading. A packet can be successfully206

decoded only if the received signal-to-interference-plus-noise207

ratio (SINR) is not smaller than a required reception threshold.208

Upon successfully (or erroneously) receiving a packet from209

base station S, the corresponding receiver sends feedback210

that indicates the packet success or failure to base station S211

via an error- and delay-free control channel. After successful212

reception, the packet is removed from the queue at base213

station S. Otherwise, base station S retransmits the packet214

until it is successfully decoded. We denote QH(t) and QL(t)215

as the queue lengths of QH and QL in time slot t, respectively.216

A queue is said to be stable if its queue length has a limiting217

distribution as time goes to infinity. For high-priority queue,218

we have lim
t→∞ P (QH (t) < l) = F (l) and lim

l→∞
F (l) = 1.219

If the arrival and service processes of a queue are jointly220

stationary and ergodic, by Loynes’ theorem [27], the sufficient221

condition for the stability of queue QH is that λH < μH,222

where μH (packets per time slot) is the average service223

rate of queue QH. The network is stable when both queues224

QH and QL are stable. In this work, the stable throughput225

region is defined as the set of arrival rates of queues QH and 226

QL that lead to a stable network for fixed power allocation 227

coefficients and threshold to trigger NOMA. The full stable 228

throughput region refers to the union of the stable throughput 229

regions over all possible values of the power allocation coef- 230

ficients and threshold to trigger NOMA. 231

In order to reduce the implementation complexity, 232

we consider the case when two users are paired for NOMA 233

transmission. Such a two-user NOMA scheme is included in 234

the 3rd Generation Partnership Project (3GPP) standard [28] 235

and considered in [4] and [6]–[8]. We denote the intended 236

receivers of the first packet from queue QH and the first 237

packet from queue QL by uH
1 and uL

1 , respectively. When 238

NOMA is performed to serve users uH
1 and uL

1 in time slot t, 239

the superimposed signal transmitted by base station S is 240

αH

√
PSsH

1 (t) + αL

√
PSsL

1 (t), where PS denotes the transmit 241

power of base station S, αH and αL denote the transmit 242

power allocation coefficients for the high- and low-priority 243

users, respectively, and sH
1 (t) and sL

1 (t) denote the signals 244

intended for users uH
1 and uL

1 in time slot t, respectively, 245

with E

���sH
1 (t)

��2� = E

���sL
1 (t)

��2� = 1. Here, E (·) denotes 246

statistical expectation. The paired NOMA users are ordered 247

according to their priorities for being served [8]. As user uH
1 248

has a higher priority, we have αH > αL and α2
H + α2

L = 1. 249

Before transmission begins, the base station informs user 250

uL
1 that it is expected to perform successive interference 251

cancelation (SIC) by sending a corresponding control informa- 252

tion, which includes information about the allocated transmit 253

power and is attached to the user’s scheduling information, 254

as suggested in [28, pp. 15]. 255

The superimposed signal received at user ua
1 , a ∈ {H, L}, 256

in time slot t is given by 257

ya
1 (t) =

�
αHsH

1 (t) + αLsL
1 (t)

��
PSha

1(t)
�

� (xa
1) + na

1(t), 258

(1) 259

where ha
1(t) denotes the Rayleigh fading channel gain between 260

base station S and user ua
1 in time slot t, na

1(t) denotes the 261
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additive white Gaussian noise (AWGN) at user ua
1 with zero262

mean and variance σ2 in time slot t, xa
1 denotes the location263

of user ua
1 , �(xa

1) =
�
1 + (ra

1 )β
�−1

and ra
1 denote the non-264

singular path loss and the distance between base station S and265

user ua
1, respectively, and β denotes the path loss exponent.266

Hence, |ha
1(t)|2 is an exponential random variable with unit267

mean.268

After receiving the signal from base station S, high-priority269

user uH
1 treats the signal intended for low-priority user uL

1 as270

interference and decodes its own signal based on SINR271

ΓH1|L1 (t, αH) =
α2

HPS

��hH
1 (t)

��2 �
�
xH

1

�

α2
LPS

��hH
1 (t)

��2 �
�
xH

1

�
+ σ2

, (2)272

where ΓH1|L1 (t, αH) denotes the SINR of signal sH
1 (t)273

observed at high-priority user uH
1 when paired with low-274

priority user uL
1 in time slot t.275

Low-priority user uL
1 first decodes the signal intended for276

high-priority user uH
1 with SINR277

ΓH1→L1(t, αH) =
α2

HPS

��hL
1 (t)

��2 �
�
xL

1

�

α2
LPS

��hL
1 (t)

��2 �
�
xL

1

�
+ σ2

, (3)278

where ΓH1→L1(t, αH) denotes the SINR of signal sH
1 (t)279

observed at user uL
1 in time slot t.280

If low-priority user uL
1 successfully decodes signal sH

1 (t),281

i.e., ΓH1→L1(t, αH) ≥ ΓH
th, where ΓH

th denotes the threshold282

required to successfully decode the packets intended for the283

high-priority users, then low-priority user uL
1 removes signal284

sH
1 (t) from received signal yL

1 (t) by applying SIC, and decodes285

its own signal with signal-to-noise ratio (SNR)286

ΓL1(t, αL) =
α2

LPS

��hL
1 (t)

��2 �
�
xL

1

�
σ2

, (4)287

where ΓL1(t, αL) denotes the SNR of signal sL
1 (t) observed288

at user uL
1 in time slot t.289

When NOMA is enabled, users uH
1 and uL

1 can successfully290

decode their own signals if events {ΓH1|L1 (t, αH) ≥ ΓH
th}291

and {ΓH1→L1(t, αH) ≥ ΓH
th, ΓL1(t, αL) ≥ ΓL

th} occur, respec-292

tively, where ΓL
th denotes the threshold required to successfully293

decode the packets intended for the low-priority users. Base294

station S simultaneously serves users uH
1 and uL

1 , at the cost295

of reducing the probability of successful packet reception at296

high-priority user uH
1 . Specifically, by sharing the frequency297

channel and transmit power, the received SINR at high-298

priority user uH
1 decreases, i.e., ΓH1|L1 (t, αH) < ΓH1(t, 1) =299

PS

��hH
1 (t)

��2 �
�
xH

1

�
/σ2. Hence, to guarantee the stability of300

queue QH, NOMA cannot always be enabled, especially when301

the average arrival rate λH is large.302

To facilitate our analysis, for the remainder of this paper,303

we make the following assumptions. The protocol overhead304

due to feedback from the users to the base station is much305

smaller than the packet size and is neglected. The fading306

coefficients are assumed to remain invariant during one time307

slot and vary independently over different time slots and across308

different links, as in [23]–[26] and [29]. At the end of each309

time slot t ∈ Z
+, the locations of the low-priority users change310

according to a high mobility random walk model within311

the network coverage area as in [23]–[25] and [29]. Hence, 312

the displacement theorem [30] can be applied and the user 313

locations are independent across time slots, which enables the 314

derivation of tractable performance results, providing useful 315

insights on the network performance. 316

III. OPPORTUNISTIC NOMA 317

In this section, we propose an opportunistic NOMA scheme 318

to improve the transmission opportunities of low-priority 319

users while reducing the adverse effect of NOMA on high- 320

priority users, and characterize the stable throughput region. 321

We assume that only limited instantaneous CSI is available at 322

base station S. First, when queue QH is non-empty in time 323

slot t, one bit of information is sent back from high-priority 324

user uH
1 to base station S. In particular, high-priority user uH

1 325

sends feedback 1 to base station S if the instantaneous channel 326

gain,
��hH

1 (t)
��2 �

�
xH

1

�
, is not less than a threshold, θ, and sends 327

feedback 0 to base station S otherwise. Second, when queue 328

QH is empty in time slot t, users uL
1 and uL

2 send back their 329

distances to base station S, where uL
2 denotes the intended 330

receiver of the second packet from queue QL when available. 331

Based on the limited CSI, NOMA is enabled by base station 332

S in an opportunistic manner. 333

We denote the opportunistic NOMA system as ΦON, where 334

base station S transmits the first packet from queue QH 335

whenever it is non-empty due to its high priority to be served. 336

The packet transmissions depend on the status of queues 337

QH and QL, and are discussed in the following. 338

Case 1: If QH(t) > 0 and QL(t) > 0, then base station 339

S transmits the first packet from queue QH and the first 340

packet from queue QL to users uH
1 and uL

1 , respectively, using 341

NOMA with fixed power allocation coefficients
�
α2

H, α2
L

�
342

when
��hH

1 (t)
��2 �(xH

1 ) ≥ θ, and transmits the first packet from 343

queue QH to user uH
1 using OMA with power PS when 344��hH

1 (t)
��2 �(xH

1 ) < θ. 345

Case 2: If QH(t) > 0 and QL(t) = 0, then base station 346

S transmits the first packet from queue QH to user uH
1 using 347

OMA2 with power PS . 348

Case 3: If QH(t) = 0 and QL(t) > 0, then base station S 349

transmits the first and second packets from queue QL to users 350

uL
1 and uL

2 , respectively, using NOMA when the first two 351

packets are intended for different users (i.e., uL
1 �= uL

2 ), and 352

transmits the first packet from queue QL to user uL
1 using 353

OMA with power PS when the first two packets are intended 354

for the same user (i.e., uL
1 = uL

2 ) or QL(t) = 1. 355

The average service rate of queue QH depends on the 356

status of queue QL. When queue QL is empty, base station 357

S transmits the first packet from queue QH to user uH
1 using 358

OMA. When queue QL is non-empty, base station S transmits 359

the first packet from queue QH to user uH
1 using NOMA with 360

probability P

���hH
1 (t)

��2 �(xH
1 ) ≥ θ

�
= exp

�
−θ

�
1 + rβ

H

��
. 361

Similarly, the average service rate of queue QL also depends 362

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 QH. Hence, queues QH and QL interact363

with each other and their average service rates cannot be364

directly calculated. In this context, stochastic dominance [31]365

is a useful tool and can be used to decouple the interacting366

queues and to characterize the stable throughput region.367

By using stochastic dominance, we construct two dominant368

systems ΦON
1 and ΦON

2 based on the original opportunistic369

NOMA system ΦON. In the following, we derive the stable370

throughput regions of dominant systems ΦON
1 and ΦON

2 , and371

then show that the stable throughput region of the original372

opportunistic NOMA system ΦON is equal to the union of the373

stable throughput regions of dominant systems ΦON
1 and ΦON

2 .374

A. Stable Throughput Region of Dominant System ΦON
1375

Dominant system ΦON
1 : If queue QL is empty, then queue376

QL contributes a dummy packet when high-priority user uH
1377

sends feedback 1 to base station S, while queue QH acts378

in the same manner as in the original opportunistic NOMA379

system ΦON.380

In dominant system ΦON
1 , the service process of queue381

QH depends on the condition of the channel between base382

station S and user uH
1 . Base station S transmits the first packet383

from queue QH to user uH
1 using OMA and NOMA when384 ��hH

1 (t)
��2 �(xH

1 ) < θ and
��hH

1 (t)
��2 �(xH

1 ) ≥ θ, respectively.385

Note that the average probability of successful packet recep-386

tion at each high-priority user is the same. Hence, the average387

service rate of queue QH, denoted as μON1
H , is given by388

μON1
H = P

�
ΓH1(t, 1) ≥ ΓH

th,
��hH

1 (t)
��2 �(xH

1 ) < θ
�

389

+ P

�
ΓH1|L1 (t, αH)≥ΓH

th,
��hH

1 (t)
��2 �(xH

1 )≥θ
�
, (5)390

where the first and second terms of the right-hand side of (5)391

represent the probabilities of successful packet reception at392

high-priority user uH
1 when OMA and NOMA are enabled,393

denoted as qOMA
H1 (θ) and qON

H1|L1 (αH, θ), respectively. The394

following lemma provides the stability condition for queue395

QH in dominant system ΦON
1 .396

Lemma 1: In dominant system ΦON
1 , queue QH is stable if397

λH < μON1
H = exp

�
−ρH

�
1 + rβ

H

��
− exp

�
−θ

�
1 + rβ

H

��
398

+ exp
	
−max



ρH

α2
H − ΓH

thα
2
L

, θ

��
1 + rβ

H

��
, (6)399

where ρH = ΓH
thσ

2/PS , θ > ρH, and α2
H > ΓH

thα2
L.400

Proof: Please refer to Appendix A.401

The service process of queue QL in dominant system ΦON
1402

depends on the status of queue QH. If queue QH is non-empty,403

then base station S transmits the first packet from queue QL to404

user uL
1 using NOMA when

��hH
1 (t)

��2 �(xH
1 ) ≥ θ. If queue QH405

is empty, then base station S transmits the first and second406

packets from queue QL to users uL
1 and uL

2 using NOMA407

when those two packets are intended for different users (which408

occurs with probability 1− 1
K ), and transmits the first packet409

from queue QL to user uL
1 using OMA when the first two410

packets are intended for the same user (which occurs with411

probability 1
K ). As all low-priority users follow the same412

location distribution, the average probability of successful413

packet reception at each low-priority user is the same. The 414

average service rate of queue QL, denoted as μON1
L , can be 415

expressed as 416

μON1
L = P(QH(t) > 0)P

���hH
1 (t)

��2 �
�
xH

1

� ≥ θ
�

qON
L1|H1 (αL) 417

+ P(QH(t) = 0)
		

1− 1
K

�
qON
L1L2+

1
K

qOMA
L1

�
, (7) 418

where P(QH(t) > 0) = λH/μON1
H , qON

L1|H1 (αL) is the prob- 419

ability of successful packet reception at user uL
1 with power 420

allocation coefficient αL when paired with user uH
1 , qON

L1L2 is 421

the summation of the probabilities of successful packet recep- 422

tion at users uL
1 and uL

2 using NOMA, and qOMA
L1 denotes 423

the probability of successful packet reception at user uL
1 using 424

OMA. For two paired low-priority users (i.e., uL
1 and uL

2 ), 425

the transmit power allocation coefficients for the users closer 426

to and farther from the base station are denoted as αn and αf , 427

respectively, with α2
n +α2

f = 1. The following lemma presents 428

the stability condition for queue QL in dominant system ΦON
1 . 429

Lemma 2: In dominant system ΦON
1 , queue QL is stable if 430

λL < μON1
L =

λH

μON1
H

exp
�
−θ

�
1 + rβ

H

��
qON
L1|H1 (αL) 431

+
	

1 − λH

μON1
H

�
η, (8) 432

where μON1
H is given in (6), 433

qON
L1|H1 (αL) =

2
r2β

N
−2/β
1 exp (−N1) γ

	
2
β

, N1r
β

�
, (9) 434

η =
	

1 − 1
K

��
qON
Lf|Ln (αf) + qON

Ln|Lf (αn)
�

435

+
1
K

qOMA
L1 , (10) 436

qON
Lf|Ln (αf) =

4
r4β

N
−4/β
2 exp (−N2) γ

	
4
β

, N2r
β

�
, (11) 437

qON
Ln|Lf (αn) =

4
r2β

N
−2/β
3 exp (−N3) γ

	
2
β

, N3r
β

�
438

− 4
r4β

N
−4/β
3 γ

	
4
β

, N3r
β

�
, (12) 439

qOMA
L1 =

2
r2β

ρ
−2/β
L exp(−ρL)γ

	
2
β

, ρLrβ

�
, (13) 440

N1 = max


ρH
α2

H−ΓH
thα2

L
, ρL

α2
L

�
, N2 = ρL

α2
f −ΓL

thα2
n

, N3 = 441

max


ρL
α2

f −ΓL
thα2

n
, ρL

α2
n

�
, ρL = ΓL

thσ2/PS , α2
H > ΓH

thα
2
L, α2

f > 442

ΓL
thα

2
n, and γ(w, v) =

� v

0 e−zzw−1dz is the lower incomplete 443

Gamma function [32]. 444

Proof: Please refer to Appendix B. 445

Dominant system ΦON
1 is stable if both queues QH and QL 446

are stable, i.e., both λH < μON1
H and λL < μON1

L hold. As a 447

result, based on Lemmas 1 and 2, the stable throughput region 448



6 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

of dominant system ΦON
1 , denoted as RON

1 , is given by449

RON
1 =

�
(λH, λL) :

λL

η
450

+

�
η − exp

�
−θ

�
1 + rβ

H

��
qON
L1|H1 (αL)

�
λH

ημON1
H

< 1,451

for 0 ≤ λH < μON1
H

�
. (14)452

B. Stable Throughput Region of Dominant System ΦON
2453

Dominant system ΦON
2 : If queue QH is empty, then queue454

QH contributes a dummy packet, while queue QL acts in455

the same manner as in the original opportunistic NOMA456

system ΦON.457

In dominant system ΦON
2 , base station S transmits the458

first packet from queue QL to user uL
1 using NOMA when459 ��hH

1 (t)
��2 �(xH

1 ) ≥ θ. The average service rate of queue QL460

can be expressed as μON2
L = exp

�
−θ

�
1 + rβ

H

��
qON
L1|H1 (αL).461

Queue QL in dominant system ΦON
2 is stable if λL < μON2

L .462

The service process of queue QH in dominant system ΦON
2463

depends on queue QL. If queue QL is empty, then base464

station S transmits the first packet from queue QH to user465

uH
1 using OMA. If queue QL is non-empty, then base station466

S transmits the first packet from queue QH to user uH
1467

using NOMA and OMA when
��hH

1 (t)
��2 �

�
xH

1

� ≥ θ and468 ��hH
1 (t)

��2 �
�
xH

1

�
< θ, respectively. The average service rate469

of queue QH in dominant system ΦON
2 is given by470

μON2
H = P(QL(t) = 0)μOMA

H471

+ P (QL(t)>0)
�
qOMA
H1 (θ)+qON

H1|L1 (αH, θ)
�
, (15)472

where μOMA
H = exp

�
−ρH

�
1 + rβ

H

��
, P(QL(t) = 0) = 1 −473

λL/μON2
L , and qOMA

H1 (θ) and qON
H1|L1 (αH, θ) are given in (38)474

and (39), respectively. Queue QH in dominant system ΦON
2 is475

stable if λH < μON2
H .476

The stable throughput region of dominant system ΦON
2 ,477

denoted as RON
2 , is given by478

RON
2 =

�
(λH, λL) :

λH

μOMA
H

479

+

�
μOMA

H − qON
H1|L1 (αH, θ)−qOMA

H1 (θ)
�

λL

exp
�
−θ

�
1 + rβ

H

��
μOMA

H qON
L1|H1 (αL)

< 1,480

for 0 ≤ λL <exp
�
−θ

�
1+ rβ

H

��
qON
L1|H1(αL)

�
. (16)481

The following theorem presents the stable throughput region482

of the original opportunistic NOMA system ΦON.483

Theorem 1: The stable throughput region of the original484

dominant NOMA system ΦON for fixed power allocation485

coefficients and threshold θ, denoted as RON, is equal to the486

union of the stable throughput regions of dominant systems487

ΦON
1 and ΦON

2 , i.e., RON = RON
1 ∪RON

2 .488

Proof: Please refer to Appendix C.489

Due to the complexity of analytically deriving the full 490

stable throughput region, we resort to numerical analysis 491

to obtain the full stable throughput region in Section VI, 492

as in [17] and [18]. 493

IV. COOPERATIVE NOMA WITH 494

FULL-DUPLEX RELAYING 495

The proposed opportunistic NOMA scheme enhances the 496

stable throughput region by providing more transmission 497

opportunities to the low-priority users without improving 498

the performance of the high-priority users. In this section, 499

we propose a cooperative NOMA scheme with full-duplex 500

relaying to improve the reception reliability of the high-priority 501

users with the help of the low-priority users. By exploiting the 502

cooperative diversity gain, the transmission opportunities of 503

the low-priority users can be further increased. The cooperative 504

NOMA system with full-duplex relaying, denoted as ΦFCN, 505

is described as follows. 506

Case 1: If QH(t) > 0 and QL(t) > 0, then base station S 507

transmits the first packet from queue QH and the first packet 508

from queue QL to users uH
1 and uL

1 , respectively, using 509

cooperative NOMA with fixed power allocation coefficients 510

(α2
H, α2

L). Before transmission begins, base station S informs 511

low-priority user uL
1 to act as a full-duplex relay. In accor- 512

dance with the NOMA decoding strategy, low-priority user 513

uL
1 decodes signal sH

1 (t) intended for high-priority user uH
1 514

before performing SIC. By utilizing suitable channel coding 515

(e.g., convolutional coding), low-priority user uL
1 can decode 516

signal sH
1 (t) after a delay of δ symbol durations. Hence, after δ 517

symbol durations, low-priority user uL
1 , which is assumed to be 518

a full-duplex node, simultaneously receives the superimposed 519

signal from the base station and forwards the delayed version 520

of signal sH
1 (t) to high-priority user uH

1 [14], [33]. Full- 521

duplex relaying prototypes have been reported in the literature, 522

e.g., [34]. High-priority user uH
1 constructively combines 523

and decodes the signal transmitted by base station S and 524

its delayed version forwarded by user uL
1 .3 At the end of 525

time slot t, low-priority user uL
1 performs SIC to remove the 526

contribution of signal sH
1 (t) from its received signal, and then 527

decodes its own signal sL
1 (t). The delay δ can be made much 528

smaller than the packet size, and hence, it is neglected for the 529

analysis in this paper. On the other hand, if user uL
1 cannot 530

successfully decode signal sH
1 (t), then user uL

1 remains silent 531

in time slot t and decodes the signals without suffering from 532

the self-interference caused by full-duplex relaying. 533

Case 2: If QH(t) > 0 and QL(t) = 0, then base station S 534

transmits the first packet from queue QH to high-priority user 535

uH
1 using cooperative OMA. Among all low-priority users, 536

the low-priority user that can decode signal sH
1 (t) from base 537

station S and has the best channel condition with respect to 538

high-priority user uH
1 is selected as the best relay. The best 539

relay forwards the delayed version of the signal to user uH
1 in 540

the same time slot. Various efficient relay selection schemes 541

have been proposed in the literature. High-priority user uH
1 542

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 from543

base station S and its delayed version received from the544

best relay. If no low-priority user can successfully decode545

signal sH
1 (t), then user uH

1 decodes signal sH
1 (t) only based546

on the signal transmitted by base station S.547

Case 3: If QH(t) = 0 and QL(t) > 0, then base station548

S transmits the first and second packets from queue QL to549

users uL
1 and uL

2 , respectively, using NOMA when the first550

two packets are intended for different users, and transmits551

the first packet from queue QL to user uL
1 using OMA with552

power PS when the first two packets are intended for the same553

user or QL(t) = 1.554

Queues QH and QL in the cooperative NOMA system with555

full-duplex relaying ΦFCN interact with each other, as the556

average service rate of queue QH (QL) depends on the status557

of queue QL (QH). When queue QL is non-empty, base station558

S transmits the first packet from queue QH using cooperative559

NOMA. When queue QL is empty, base station S transmits560

the first packet from queue QH using cooperative OMA. The561

probabilities of successful packet reception at user uH
1 under562

these two conditions are different. Thus, their average service563

rates cannot be directly calculated. To decouple the interacting564

queues and facilitate the derivation of the stable throughput565

region, we construct two dominant systems, denoted as ΦFCN
1566

and ΦFCN
2 , by using the concept of stochastic dominance,567

as discussed in the following.568

A. Stable Throughput Region of Dominant System ΦFCN
1569

Dominant system ΦFCN
1 : If queue QL is empty, then queue570

QL contributes a dummy packet, while queue QH acts in the571

same manner as in the cooperative NOMA system with full-572

duplex relaying ΦFCN. In dominant system ΦFCN
1 , a randomly573

selected low-priority user uL
1 acts as a full-duplex relay in time574

slot t when the following condition is satisfied:575

ΓFCN
H1→L1(t, αH) =

α2
HPS

��hL
1 (t)

��2 �(xL
1 )

α2
LPS

��hL
1 (t)

��2 �(xL
1 ) + ζPL + σ2

576

≥ ΓH
th, (17)577

where ΓFCN
H1→L1(t, αH) denotes the SINR of signal sH

1 (t)578

observed at user uL
1 in time slot t when cooperative NOMA579

is enabled, ζ denotes the residual self-interference-to-power580

ratio due to imperfect self-interference cancelation, and PL is581

the transmit power of the low-priority users.582

The service process of queue QH depends on the value of583

ΓFCN
H1→L1(t, αH). Base station S transmits the first packet from584

queues QH to user uH
1 using NOMA and cooperative NOMA585

when ΓFCN
H1→L1(t, αH) < ΓH

th and ΓFCN
H1→L1(t, αH) ≥ ΓH

th,586

respectively. Hence, the average service rate of queue QH in587

dominant system ΦFCN
1 , denoted as μFCN1

H , is given by 588

μFCN1
H = P

�
ΓH1|L1 (t, αH) ≥ ΓH

th, ΓFCN
H1→L1(t, αH) < ΓH

th

�
589

+ P

�
ΓFCN

H1|L1 (t, αH)≥ΓH
th, ΓFCN

H1→L1(t, αH)≥ΓH
th

�
, 590

(18) 591

where ΓH1|L1 (t, αH) is given in (2). The SINR of signal sH
1 (t) 592

observed at user uH
1 in time slot t when cooperative NOMA 593

is enabled, denoted as ΓFCN
H1|L1 (t, αH), can be expressed as 594

ΓFCN
H1|L1 (t, αH) 595

=
α2

HPS

��hH
1 (t)

��2 �(xH
1 ) + PL

��gHL
1,1 (t)

��2 �(xH
1 − xL

1 )

α2
LPS

��hH
1 (t)

��2 �(xH
1 ) + σ2

, 596

if ΓFCN
H1→L1(t, αH) ≥ ΓH

th, (19) 597

where gHL
1,1 (t) and �(xH

1 − xL
1 ) denote the Rayleigh fading 598

channel gain and non-singular path loss between users uH
1 599

and uL
1 in time slot t, respectively. The following lemma 600

provides the stability condition for queue QH in dominant 601

system ΦFCN
1 . 602

Lemma 3: In dominant system ΦFCN
1 , queue QH is stable if 603

λH < μFCN1
H = exp

⎛
⎝−

ρH

�
1 + rβ

H

�

α2
H − ΓH

thα2
L

⎞
⎠ 604

×
	

1 − 2
r2β

N
−2/β
4 exp (−N4) γ

	
2
β

, N4r
β

��
605

+ C(αH)+
2N5

r2β
N

−2/β
4 exp(−N4)γ

	
2
β

, N4r
β

�
, (20) 606

where N4 = (βPL+σ2)ΓH
th

(α2
H−ΓH

thα2
L)PS

, �(xH
1 − xL

1 ) = 607

	
1 +

�
r2
H +

�
rL
1

�2 − 2 rHrL
1 cos τL

1

�β/2
�−1

, N5 = 608

exp
�
−ΓH

thσ2

Z

�
, Z =

�
α2

H − ΓH
thα

2
L

�
PS�(xH

1 ), �(xL
1 ) = 609�

1 +
�
rL
1

�β
�−1

, α2
H > ΓH

thα2
L, and C(αH) is given in (21), 610

as shown at the bottom of this page. 611

Proof: Please refer to Appendix D. 612

The service process of queue QL can also be divided into 613

two cases: a) if queue QH is non-empty, then base station 614

S transmits the first packet from queue QL to user uL
1 using 615

cooperative NOMA; b) if queue QH is empty, then base station 616

S transmits the first two packets from queue QL to users 617

uL
1 and uL

2 using NOMA when uL
1 �= uL

2 and the first packet 618

from queue QL to user uL
1 using OMA when uL

1 = uL
2 . The 619

average service rate of queue QL, denoted as μFCN1
L , is 620

μFCN1
L = P (QH(t) > 0) qFCN

L1|H1 (αL) + P(QH(t) = 0) 621

×
		

1 − 1
K

�
qON
L1L2 +

1
K

qOMA
L1

�
, (22) 622

C(αH) =
1

πr2

� r

0

� 2π

0

exp
�−N4/�(xL

1 )
�

1 − Z

PL�(xH
1 −xL

1 )

	
exp

	
− ΓH

thσ2

PL�(xH
1 − xL

1 )

�
− N5

�
rL
1 drL

1 dτL
1 (21)
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qFCN
L1|H1 (αL) = P

�
ΓFCN

H1→L1(t, αH) ≥ ΓH
th, ΓFCN

L1 (t, αL) ≥ ΓL
th

�

+ P
�
ΓFCN

H1→L1(t, αH) < ΓH
th, ΓH1→L1(t, αH) ≥ ΓH

th, Γ
FCN
L1 (t, αL) ≥ ΓL

th

�
(24)

where P (QH(t) > 0) = λH/μFCN1
H , qFCN

L1|H1 (αL) is the proba-623

bility of successful packet reception at user uL
1 when coopera-624

tive NOMA is enabled, and qON
L1L2 and qOMA

L1 are given in (47)625

and (48), respectively.626

Depending on whether or not user uL
1 forwards signal sH

1 (t)627

to user uH
1 , the received SINR of signal sL

1 (t) observed at628

user uL
1 in time slot t can be expressed as629

ΓFCN
L1 (t, αL)630

=

⎧⎪⎪⎨
⎪⎪⎩

α2
LPS

��hL
1 (t)

��2 �(xL
1 )

ζPL + σ2
, if ΓFCN

H1→L1(t, αH) ≥ ΓH
th,

α2
LPS

��hL
1 (t)

��2 �(xL
1 )

σ2
, if ΓFCN

H1→L1(t, αH) < ΓH
th.

(23)631

As a result, we obtain (24), as shown at the top of this page.632

The following lemma provides the stability condition for633

queue QL in dominant system ΦFCN
1 .634

Lemma 4: In dominant system ΦFCN
1 , queue QL is stable if635

λL < μFCN1
L =

λH

μFCN1
H

�
2

r2β
N

−2/β
6 exp (−N6) γ

	
2
β

, N6r
β

�
636

+
2

r2β
N

−2/β
1 exp(−N1)γ

	
2
β

, N1r
β

�
637

− 2
r2β

N
−2/β
4 exp(−N4)γ

	
2
β

, N4r
β

��
638

+
	

1 − λH

μFCN1
H

�
η, (25)639

where N6 = max



(βPL+σ2)ΓH
th

(α2
H−ΓH

thα2
L)PS

,
(βPL+σ2)ΓL

th

α2
L PS

�
, α2

H >640

ΓH
thα2

L, and η is given in (10).641

Proof: Please refer to Appendix E.642

Based on the average service rates of queues QH and643

QL, the stable throughput region of dominant system ΦFCN
1 ,644

denoted as RFCN
1 , can be expressed as645

RFCN
1 =

�
(λH, λL) :

�
η − qFCN

L1|H1 (αL)
�

λH

η
�
qN
H1 (αH) + qFCN

H1 (αH)
� +

λL

η
< 1,646

for 0 ≤ λH < qN
H1(αL) + qFCN

H1 (αH)

�
. (26)647

According to (26), stable throughput region RFCN
1 depends on648

the self-interference cancelation coefficient.649

B. Stable Throughput Region of Dominant System ΦFCN
2650

Dominant system ΦFCN
2 : If queue QH is empty, then651

queue QH contributes a dummy packet, while queue QL acts652

in the same manner as in the cooperative NOMA system653

with full-duplex relaying ΦFCN. In dominant system ΦFCN
2 ,654

base station S transmits the first packet from queue QL to655

user uL
1 using cooperative NOMA. The average service rate 656

of queue QL, denoted as μFCN2
L , can be expressed as μFCN2

L = 657

qFCN
L1|H1 (αL). Queue QL in dominant system ΦFCN

2 is stable if 658

λL < μFCN2
L . The service process of queue QH depends on 659

queue QL. If queue QL is empty, then base station S transmits 660

the first packet from queue QH to user uH
1 using cooperative 661

OMA. If queue QL is non-empty, then base station S transmits 662

the first packet from queue QH to user uH
1 using cooperative 663

NOMA when ΓFCN
H1→L1(t, αH) ≥ ΓH

th and using NOMA when 664

ΓFCN
H1→L1(t, αH) < ΓH

th. Thus, the average service rate of queue 665

QH in dominant system ΦFCN
2 , denoted as μFCN2

H , is given by 666

μFCN2
H = P (QL(t) = 0) qFC

H1 667

+ P (QL(t) > 0)
�
qN
H1 (αH) + qFCN

H1 (αH)
�
, (27) 668

where P (QL(t) = 0) = 1 − λL/μFCN2
L , qFC

H1 denotes the 669

probability of successful packet reception at user uH
1 when 670

cooperative OMA is enabled, and qN
H1(αH) and qFCN

H1 (αH) are 671

given in (49) and (52), respectively. When cooperative OMA 672

is enabled, the low-priority users that can successfully decode 673

signal sH
1 (t) are referred to as qualified relays, which form the 674

decoding set in time slot t, denoted as Ω(t) and given by 675

Ω(t) =
�
uR

k ∈ UL : ΓFC
H1→Rk(t) ≥ ΓH

th

�
, (28) 676

where uR
k ∈ UL denotes the k-th full-duplex relay and 677

ΓFC
H1→Rk(t) =

PS|hR
k (t)|2�(xR

k )

βPL+σ2 . 678

We assume that, via coordination signaling between base 679

station S and user uH
1 before the packet transmission, each 680

qualified relay knows the instantaneous channel gain between 681

itself and user uH
1 . If decoding set Ω(t) is empty, no low- 682

priority user can help forward signal sH
1 (t) to user uH

1 . On the 683

other hand, if decoding set Ω(t) is non-empty, the qualified 684

relay that has the best channel condition with respect to high- 685

priority user uH
1 is selected as the best relay, i.e., 686

uR
b = arg max

uR
k
∈Ω(t)


PL

��gHR
1,k (t)

��2 �(xH
1 − xR

k )
�

. (29) 687

User uH
1 can successfully decode signal sH

1 (t) in time 688

slot t if the received SNR is not less than the reception 689

threshold, i.e., 690

ΓFC
H1Rb(t) =

PS

��hH
1 (t)

��2 �(xH
1 ) + PL

���gHR
1,b (t)

���
2

�(xR
b − xH

1 )

σ2
691

≥ ΓH
th, (30) 692

where ΓFC
H1Rb(t) denotes the SNR of signal sH

1 (t) observed at 693

user uH
1 in time slot t when user uR

b acts as the full-duplex 694

relay. 695

The probability of successful packet transmission is the 696

complement of the outage probability. In this context, 697

an outage occurs when high-priority user uH
1 fails to decode 698
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the packet after constructively combining the signals trans-699

mitted by the base station and the best relay uR
b . By selecting700

the best relay, this outage event is equivalent to the event that701

all qualified relays are in outage, which means that no low-702

priority user satisfies the following condition:703

ΓFC
H1→Rk(t) ≥ ΓH

th and ΓFC
H1Rk(t) ≥ ΓH

th, ∀ uR
k ∈ UL. (31)704

The following lemma presents the stability condition for705

queue QH in dominant system ΦFCN
2 .706

Lemma 5: In dominant system ΦFCN
2 , queue QH is stable if707

λH < μFCN2
H =

	
1 − λL

μFCN2
L

�
qFC
H1708

+
λL

μFCN2
L

�
qN
H1(αH) + qFCN

H1 (αH)
�
, (32)709

where μFCN2
L = qFCN

L1|H1 (αL), qN
H1(αH) and qFCN

H1 (αH) are710

given in (49) and (52), respectively, and711

qFC
H1 = exp

�
−ρH

�
1 + rβ

H

��
+

K�
j=1

	
K

j

�
(−1)j+1(C(1))j

712

×
�
1 − exp

�
−ρH

�
1 + rβ

H

���1−j

. (33)713

Proof: Please refer to Appendix F.714

After deriving the average service rates of queues715

QH and QL, the stable throughput region of dominant716

system ΦFCN
2 , denoted as RFCN

2 , can be expressed as717

RFCN
2 =

�
(λH, λL) :

λH

qFC
H1

718

+

�
qFC
H1 − qN

H1(αH) − qFCN
H1 (αH)

�
λL

qFC
H1 qFCN

L1|H1 (αL)
< 1,719

for 0 ≤ λL < qFCN
L1|H1 (αL)

�
. (34)720

According to (34), stable throughout region RFCN
2 depends721

on the number of low-priority users and the self-interference722

cancelation coefficient.723

Based on the above derivations, the following theorem724

presents the stable throughput region of the cooperative725

NOMA system with full-duplex relaying ΦFCN.726

Theorem 2: The stable throughput region of the cooperative727

NOMA system with full-duplex relaying ΦFCN for fixed728

power allocation coefficients, denoted as RFCN, is the union729

of the stable throughput regions of dominant systems ΦFCN
1730

and ΦFCN
2 , i.e., RFCN = RFCN

1 ∪RFCN
2 .731

Proof: The proof is similar to that of Theorem 1, and732

hence, it is omitted here.733

Similarly, we resort to numerical analysis to obtain the full734

stable throughput region in Section VI.735

V. COMPARISON OF NOMA AND OMA736

In this section, we derive the stable throughput region of a737

baseline OMA scheme and the conditions under which the738

proposed NOMA schemes achieve larger stable throughput739

regions than the baseline OMA scheme.740

Fig. 2. Stable throughput regions of OMA system ΦOMA, opportunistic
NOMA system ΦON, and cooperative NOMA system with full-duplex
relaying ΦFCN.

A. Baseline Orthogonal Multiple Access Scheme 741

We consider a time division multiple access (TDMA) based 742

OMA system, denoted as ΦOMA, as a baseline, where base 743

station S transmits one packet in one time slot. As queues 744

QH and QL do not interact with each other when OMA is 745

utilized, the stability conditions of these two queues can be 746

separately analyzed. Base station S transmits the first packet 747

from queue QH to high-priority user uH
1 whenever queue QH 748

is not empty, regardless of the status of queue QL. The average 749

service rate of queue QH in OMA system ΦOMA is μOMA
H = 750

exp
�
−ρH

�
1 + rβ

H

��
. When queue QH is empty, base station 751

S transmits the first packet from queue QL to user uL
1 . The 752

average service rate of queue QL is given by μOMA
L = 753

P (QH = 0) P (ΓL1(t, 1) ≥ Γth) =
�
1 − λH/μOMA

H

�
qOMA
L1 , 754

where qOMA
L1 is given in (48). The stable throughput region 755

of OMA system ΦOMA is given by 756

ROMA =

�
(λH, λL) :

λH

exp
�
−ρH

�
1 + rβ

H

�� +
λL

qOMA
L1

< 1, 757

for 0 ≤ λH < exp
�
−ρH

�
1 + rβ

H

���
. (35) 758

For the queueing model under consideration, the perfor- 759

mance comparison between the OMA scheme and the 760

proposed NOMA scheme is fair in the sense that each user 761

is served based on its priority and the order of its packets in 762

the queue, but not based on its CSI. 763

B. Comparison Between NOMA and OMA 764

In the following, we present the conditions under which the 765

proposed NOMA schemes achieve larger stable throughput 766

regions than OMA. Based on the stable throughput regions 767

given in (14), (16), (26), (34), and (35), Fig. 2 plots 768

the stable throughput regions of OMA system ΦOMA
769

(i.e., ROMA: O–A–B–O), opportunistic NOMA system ΦON
770

(i.e., RON: O–A–C–D–O), and the cooperative NOMA system 771

with full-duplex relaying ΦFCN (i.e., RFCN: O–E–F–D–O). 772

The coordinates of the corner points in Fig. 2 are 773
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O = (0, 0), A = (μOMA
H , 0), B = (0, qOMA

L1 ), C =774 �
μON1

H , ξqON
L1|H1 (αL)

�
, D = (0, η), E = (qFC

H1 , 0), and F =775

(qN
H1(αH) + qFCN

H1 (αH), qFCN
L1|H1 (αL)), where μOMA

H =776

exp
�
−ρH

�
1 + rβ

H

��
and ξ = exp

�
−θ

�
1 + rβ

H

��
.777

Proposition 1: The cooperative NOMA scheme with full-778

duplex relaying achieves a larger stable throughput region than779

OMA, i.e., ROMA ⊂ RFCN, when the following conditions780

hold:781

qFCN
L1|H1 (αL) > qOMA

L1

	
1 − qN

H1(αH) + qFCN
H1 (αH)

μOMA
H

�
, (36)782

qON
L1L2 > qOMA

L1 . (37)783

Proof: Please refer to Appendix G.784

As qFCN
L1|H1 (αL), qN

H1(αH), and qFCN
H1 (αH) are functions of785

αL, it is very difficult to derive a closed-form condition786

in terms of αL from (36). Nonetheless, we can obtain all787

possible values of αL that lead to ROMA ⊂ RFCN by788

evaluating (36) numerically, as (37) does not depend on αL.789

Moreover, the stable throughput region of the cooperative790

NOMA scheme with full-duplex relaying can be maximized791

by fixing λH and then maximizing the corresponding average792

service rate of queue QL, i.e., μFCN1
L or μFCN2

L , by optimizing793

the value of αL.794

Proposition 2: The opportunistic NOMA scheme achieves795

a larger stable throughput region than OMA, i.e., ROMA ⊂796

RON, when qON
L1L2 > qOMA

L1 and ξqON
L1|H1 (αL) >797

qOMA
L1

�
1 − μON1

H
μOMA

H

�
hold.798

Proof: The proof is similar to that of Proposition 1, and799

hence, it is omitted here.800

VI. NUMERICAL RESULTS801

In this section, we evaluate the stable throughput regions802

of opportunistic NOMA and cooperative NOMA with full-803

duplex relaying and compare them with the stable throughput804

region of baseline OMA. The radius of the circular network805

coverage area is r = 1.3 km, where M = 4 high-priority806

users are located rH = 1.2 km away from base station S.807

The transmit powers (i.e., PS and PL) and noise power σ2
808

are set to be 1 W and −100 dBm, respectively. We consider809

Rayleigh fading channels and the path loss exponent β is set810

to be 4. The power allocation coefficients of the far and near811

users when NOMA is enabled to serve the first two packets812

from queue QL, (α2
f , α

2
n), are set to be (0.8, 0.2).813

Fig. 3 shows the impact of the number of low-priority814

users K and self-interference cancelation coefficient ζ on the815

probabilities of successful packet reception at the high-priority816

users when cooperative NOMA and OMA are employed817

(i.e., qN
H1(αH) + qFCN

H1 (αH) and qFC
H1 ). The simulation (Sim)818

results match the analytical (Ana) results well, which validates819

the performance analysis. We observe that qFC
H1 increases820

with K , as the probability of selecting a full-duplex relay821

with good channel condition with respect to user uH
1 becomes822

higher because of the spatial diversity gain. On the other hand,823

qN
H1(αH)+qFCN

H1 (αH) does not change with K , as the intended824

receiver of the first packet from queue QL is selected to act825

as a full-duplex relay when it can successfully decode signal826

Fig. 3. Probabilities of successful packet reception at user uH
1 versus the

number of low-priority users K for different self-interference cancelation
coefficients, ζ , when (α2

H, α2
L) = (0.8, 0.2) and ΓH

th = 2.

Fig. 4. Probabilities of successful packet reception at user uH
1 versus its

distance with respect to base station, rH, when (α2
H, α2

L) = (0.8, 0.2),
ΓH

th = 2, ζ = 10−12, and K = 4.

sH
1 (t) received from base station S, regardless of its channel 827

condition with respect to user uH
1 . With better self-interference 828

cancelation (i.e., a smaller value of ζ), the probability of 829

successful packet reception at user uH
1 increases for both 830

cooperative NOMA and OMA, as the SINR of signal sH
1 (t) 831

at the low-priority users becomes larger and in turn the 832

probability of selecting a reliable full-duplex relay increases. 833

Fig. 4 illustrates the impact of the distance between the base 834

station and the high-priority users, rH, on the probabilities of 835

successful packet reception at the high-priority users (i.e., qFC
H1 836

and qN
H1(αH)+qFCN

H1 (αH)). As rH increases, both probabilities 837

decrease because of the larger path loss. As the relay with 838

the best channel condition with respect to user uH
1 is selected 839

for cooperative NOMA, the gap between qFC
H1 and qN

H1(αH)+ 840

qFCN
H1 (αH) becomes larger as rH increases. In addition, qFC

H1 is 841

always larger than qN
H1(αH)+qFCN

H1 (αH) because of the higher 842

base station transmit power for the high-priority user as well 843

as the higher spatial diversity gain due to relay selection. 844
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Fig. 5. Stable throughput region for different values of threshold θ when
(α2

H, α2
L) = (0.8, 0.2), ΓH

th = 2, ΓL
th = 2.5, K = 4, and ζ = 10−13 .

Fig. 5 plots the stable throughput region for various values845

of threshold θ. For opportunistic NOMA system ΦON and846

OMA system ΦOMA, the maximum achievable λH is the same,847

as the stable throughput region of opportunistic NOMA system848

ΦON is equal to the union of the stable throughput regions849

of dominant systems ΦON
1 and ΦON

2 . The stable throughput850

region of opportunistic NOMA system ΦON depends on θ.851

As θ increases, the probability of enabling NOMA transmis-852

sion decreases, which reduces the transmission opportunities853

of the low-priority users. For larger θ, the packet retransmis-854

sion probability of high-priority users decreases, which in turn855

provides more transmission opportunities to the low-priority856

users. With an appropriate choice of θ to balance these two857

aspects, e.g., θ = 2.5ρH in Fig. 5, opportunistic NOMA can858

achieve a much larger stable throughput region than OMA.859

By enabling the low-priority users to act as full-duplex relays860

and assist the high-priority users, the maximum achievable λH861

of the cooperative NOMA system with full-duplex relaying862

ΦFCN is even larger than that of opportunistic NOMA system863

ΦON due to the cooperative diversity gain. The enhanced864

packet reception reliability for the high-priority users can be865

exploited to provide more transmission opportunities to the866

low-priority users. Thereby, the stable throughput region is867

further enlarged.868

Fig. 6 shows the stable throughput region for various values869

of transmit power allocation coefficients (α2
H, α2

L). When870 �
α2

H, α2
L

�
= (0.7, 0.3), condition (36) does not hold, and871

hence, the stable throughput region of the cooperative NOMA872

system with full-duplex relaying ΦFCN is not larger than that873

of OMA system ΦOMA. This is because the value of α2
H is not874

large enough for the low-priority users to successfully decode875

the signals intended for the high-priority users, which is the876

prerequisite for performing SIC. By increasing α2
H to 0.8,877

the conditions given in Propositions 1 and 2 hold, and hence878

the stable throughput regions of both opportunistic NOMA and879

cooperative NOMA with full-duplex relaying become larger880

than that of OMA. However, by further increasing α2
H from881

0.8 to 0.85, the stable throughput region of the cooperative882

NOMA system with full-duplex relaying ΦFCN decreases.883

Fig. 6. Stable throughput region for different values of power allocation
coefficients (α2

H, α2
L) when θ = 2ρH, ΓH

th = ΓL
th = 2, K = 4, and

ζ = 10−13 .

Fig. 7. Average service rate of queue QL in opportunistic NOMA
system versus threshold θ and power allocation coefficients (α2

H, α2
L) when

λH = 0.2, ΓH
th = ΓL

th = 2, and K = 4.

This is because the increased transmission opportunities of 884

the low-priority users cannot compensate for the reduction of 885

successful packet reception at the low-priority users due to the 886

lower transmit power. 887

Fig. 7 shows the impact of threshold θ and power allo- 888

cation coefficients on the average service rate of queue QL. 889

If (α2
H, α2

L) = (0.8, 0.2), the average service rate of queue 890

QL increases with θ when θ < 0.5 × 10−12. By enabling 891

NOMA when the channel gain between base station S and 892

the high-priority users is larger, fewer packet retransmissions 893

are required for high-priority users, which in turn improves 894

the transmission opportunities of low-priority users. The 895

average service rate of queue QL decreases with θ when 896

θ > 0.5 × 10−12 and converges to 0.795, as the probability 897

that NOMA is enabled decreases. By increasing α2
H to 0.9, 898

the optimal threshold θ that maximizes the average service 899

rate of queue QL becomes smaller, as allocating more transmit 900

power to the high-priority users allows NOMA to be used for 901

smaller channel gain. 902
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Fig. 8. Full stable throughput region for different values of reception
thresholds ΓH

th and ΓL
th when K = 4 and ζ = 10−13 .

Fig. 9. Full stable throughput region for different numbers of low-priority
users K when ΓH

th = ΓL
th = 2 and ζ = 10−13.

In Fig. 8, we study the impact of reception thresholds903

ΓH
th and ΓL

th on the full stable throughput regions of both904

proposed NOMA schemes. For a smaller reception threshold,905

the maximum achievable λH and λL in all schemes increase,906

as the probability of successful packet reception at each user907

increases. With a smaller reception threshold, the probability908

of queue QH being empty is higher, which leads to more909

time slots being available for the base station to serve queue910

QL using NOMA. Hence, the performance gap between the911

opportunistic NOMA system (cooperative NOMA system with912

full-duplex relaying) and the OMA system becomes larger913

when the reception thresholds are smaller. The average service914

rate of queue QL can exceed 1 as NOMA can simultaneously915

serve two packets from queue QL when queue QH is empty.916

Fig. 9 shows the impact of the number of low-priority917

users K on the full stable throughput region. For larger K ,918

the maximum achievable λL of both NOMA schemes919

increases, as the probability that NOMA can serve the packets920

from queue QL increases. The maximum achievable λH of921

the opportunistic NOMA system does not depend on K .922

Fig. 10. Impact of imperfect CSI on full stable throughput region when
ΓH

th = ΓL
th = 2, K = 4, and ζ = 10−13 .

The maximum achievable λH of the cooperative NOMA 923

system with full-duplex relaying increases with K , as more 924

low-priority users are available and the probability of selecting 925

a reliable relay becomes higher. Thus, the full stable 926

throughput regions of both NOMA systems increase with K . 927

Fig. 10 shows the impact of imperfect CSI estimation on 928

the full stable throughput region. Adopting the model for 929

imperfect CSI in [35], we have ha
i (t) = ĥa

i (t) + �ai (t), i ∈ 930

{1, 2} , a ∈ {H, L}, where ĥa
i (t) denotes the estimate of 931

ha
i (t) at user ua

i and �ai (t) is the complex Gaussian channel 932

estimation error at user ua
i with zero mean and variance σ2

	 in 933

time slot t. The value of variance σ2
	 reflects the accuracy of 934

channel estimation. We first obtain the average service rates of 935

queues QH and QL for all considered dominant systems via 936

simulations, which are then used to plot the stable throughput 937

regions in Fig. 10. Results show that, by increasing the value 938

of σ2
	 from 0 to 0.01, the full stable throughput regions of all 939

considered schemes become smaller. This is because channel 940

estimation errors lead to additional interference as in the SINR 941

expression, which reduces the probability of successful packet 942

reception at each user. In addition, the impact of imperfect CSI 943

on the performance of NOMA is greater compared to OMA, 944

as the SIC at the user being allocated a lower transmit power 945

in NOMA is negatively affected by imperfect CSI. 946

VII. CONCLUSION 947

In this paper, we studied the performance of downlink 948

NOMA transmission with dynamic traffic arrival and spatially 949

random users of different priorities. To reduce the adverse 950

effect of NOMA on high-priority users, we proposed an oppor- 951

tunistic NOMA scheme requiring only limited CSI at the base 952

station. Moreover, we proposed a cooperative NOMA scheme 953

with full-duplex relaying, where the low-priority users assist 954

the high-priority users to enhance the network performance. 955

By utilizing tools from queueing theory and stochastic geom- 956

etry, we characterized the stable throughput regions of both 957

proposed NOMA schemes by constructing dominant systems 958

to decouple the interacting queues. Simulation results validated 959

the performance analysis. With appropriate parameter setting, 960
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the proposed NOMA schemes can significantly improve the961

transmission opportunities and enhance the stable throughput962

region compared to OMA.963

There are several interesting topics for future work. First,964

the performance analysis of cooperative NOMA with full-965

duplex relaying can be extended to multi-cell networks,966

where the interference from the base stations and the full-967

duplex relays in other cells has to be taken into account.968

Second, the proposed performance analysis framework can be969

extended to the case where each user exploits retransmission970

diversity [36]. Third, the proposed framework can be extended971

to the case where more than two users are paired for NOMA972

transmission.973

APPENDIX A974

PROOF OF LEMMA 1975

When OMA is enabled, the probability of successful packet976

reception at user uH
1 is given by977

qOMA
H1 (θ) = P

	
ρH

�(xH
1 )

≤ ��hH
1 (t)

��2 <
θ

�(xH
1 )

�
978

(a)
= exp

�
−ρH

�
1 + rβ

H

��
− exp

�
−θ

�
1 + rβ

H

��
,979

(38)980

if θ > ρH, otherwise, qOMA
H1 (θ) = 0, where (a) follows from981

the exponential distribution of
��hH

1 (t)
��2.982

On the other hand, when NOMA is enabled, the probability983

of successful packet reception at high-priority user uH
1 can be984

expressed as985

qON
H1|L1 (αH, θ)986

= P

���hH
1 (t)

��2 ≥ max



ρH

α2
H − ΓH

thα
2
L

, θ

�
1

�
�
xH

1

�
�

987

= exp
	
−max



ρH

α2
H − ΓH

thα
2
L

, θ

��
1 + rβ

H

��
, (39)988

if α2
H > ΓH

thα
2
L, otherwise, qON

H1|L1 (αH, θ) = 0.989

By substituting (38) and (39) into (5), the average service990

rate of queue QH is given by991

μON1
H =

�
qON
H1|L1 (αH, θ), if θ ≤ ρH,

qOMA
H1 (θ) + qON

H1|L1 (αH, θ), if θ > ρH.
(40)992

According to (40), we set θ > ρH to achieve a higher value993

of μON1
H . By Loynes’ theorem [27], queue QH is stable if (6)994

holds.995

APPENDIX B996

PROOF OF LEMMA 2997

The probability of successful packet reception at low-998

priority user uL
1 when paired with high-priority user uH

1 to999

perform NOMA is given by1000

qON
L1|H1 (αL)1001

= P
�
ΓH1→L1(t, αH) ≥ ΓH

th, ΓL1(t, αL) ≥ ΓL
th

�
1002

= P

���hL
1 (t)

��2≥ ρH�
α2

H−ΓH
thα

2
L

�
�(xL

1 )
,
��hL

1 (t)
��2≥ ρL

α2
L�(xL

1 )

�
1003

= ExL
1

 
exp

�−N1/�(xL
1 )

�!
, (41)1004

where ExL
1

[·] denotes the expectation over location coordinate 1005

xL
1 of low-priority user uL

1 . The probability density func- 1006

tion (PDF) of the location of low-priority user uL
1 is given 1007

by f(xL
1 ) = 1/

�
πr2

�
. Hence, we have 1008

qON
L1|H1 (αL) =

2
r2

� r

0

exp
�
−N1

�
1 +

�
rL
1

�β
��

rL
1 drL

1 1009

=
2

r2β
N

−2/β
1 exp (−N1) γ

	
2
β

, N1r
β

�
. (42) 1010

When queue QH is empty and the first two packets from 1011

queue QL are intended for different users, base station S trans- 1012

mits the first and second packets from queue QL using NOMA 1013

based on the distances between their intended receivers and 1014

the base station. Among these two users, the near and far 1015

users are denoted as uL
n and uL

f with distances rL
n and rL

f , 1016

respectively, and rL
n ≤ rL

f . Hence, we have αf ≥ αn. As users 1017

uL
1 and uL

2 follow the same location distribution, they have the 1018

same probability (i.e., 0.5) of being the near or far user. For 1019

instance, if rL
1 ≤ rL

2 , then we have uL
n = uL

1 and uL
f = uL

2 . 1020

Otherwise, we have uL
n = uL

2 and uL
f = uL

1 . The paired NOMA 1021

users having the same low priority are ordered based on their 1022

distances to the base station. Due to the uniform distribution 1023

of users uL
1 and uL

2 , according to [37], the PDF of the distance 1024

between far user uL
f and base station S is given by 1025

f(rL
f ) = 4

�
rL
f

�3
"

r4, 0 ≤ rL
f ≤ r. (43) 1026

When NOMA is enabled, the probability of successful 1027

packet reception at user uL
f is given by 1028

qON
Lf|Ln (αf) = P

�
ΓLf|Ln (t, αf) ≥ ΓL

th

�
1029

= ExL
f

 
exp

�−N2/�(xL
f )

�!
1030

(a)
=

4
r4

� r

0

exp
�
−N2

�
1 +

�
rL
f

�β
�� �

rL
f

�3
drL

f 1031

=
4

r4β
N

−4/β
2 exp (−N2) γ

	
4
β

, N2r
β

�
, (44) 1032

if α2
f > ΓL

thα2
n, otherwise, qON

Lf|Ln (αf) = 0, where (a) follows 1033

by substituting (43). 1034

Similarly, the PDF of the distance between near user uL
n 1035

and base station S is given by 1036

f(rL
n ) = 4

rL
n

r2

	
1 − (rL

n )2

r2

�
, 0 ≤ rL

n ≤ rL. (45) 1037

When NOMA is enabled, the probability of successful 1038

packet reception at user uL
n is given by 1039

qON
Ln|Lf (αn) 1040

= P
�
ΓLf→Ln(t, αf) ≥ ΓL

th, ΓLn(t, αn) ≥ ΓL
th

�
1041

= ExL
n

 
exp

�−N3/�(xL
n)

�!
1042

(a)
=

4
r2

� r

0

exp
�−N3

�
1 + (rL

n )β
��	

rL
n − (rL

n )3

r2

�
drL

n 1043

=
4

r2β
N

−2/β
3 exp (−N3) γ

	
2
β

, N3r
β

�
1044

− 4
r4β

N
−4/β
3 γ

	
4
β

, N3r
β

�
, (46) 1045
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if α2
f > ΓL

thα
2
n, otherwise, qON

Ln|Lf (αn) = 0, where (a) follows1046

by substituting (45).1047

Based on (44) and (46), we have1048

qON
L1L2 = qON

Lf|Ln (αf) + qON
Ln|Lf (αn). (47)1049

When OMA is enabled, the probability of successful packet1050

reception at user uL
1 is given by1051

qOMA
L1 = P

�
ΓL1(t, 1) ≥ ΓL

th

�
1052

=
2

r2β
ρ
−2/β
L exp(−ρL)γ

	
2
β

, ρLrβ

�
. (48)1053

By substituting (9), (47), and (48) into (7), the average1054

service rate of queue QL in dominant system ΦON
1 can be1055

derived. By Loynes’ theorem, queue QL is stable if (8) holds.1056

APPENDIX C1057

PROOF OF THEOREM 11058

Our proof is based on a similar technique as the proofs1059

in [16]–[18]. The dominant systems (i.e., ΦON
1 and ΦON

2 )1060

are modifications of the original opportunistic NOMA system1061

ΦON. The queue lengths in the dominant systems are never1062

shorter than the queue lengths in the original opportunistic1063

NOMA system ΦON as an empty queue can contribute dummy1064

packets. The transmission of dummy packets reduces the prob-1065

ability of successful packet reception by generating co-channel1066

interference, but does not contribute to the throughput. Hence,1067

the stability condition obtained for the dominant systems1068

(i.e., ΦON
1 and ΦON

2 ) is sufficient for the stability of the1069

original opportunistic NOMA system ΦON.1070

As only two queues are considered, the stability condition of1071

the original opportunistic NOMA system ΦON is determined1072

by the two parallel dominant systems (i.e., ΦON
1 and ΦON

2 ).1073

In particular, dominant systems ΦON
1 and ΦON

2 explore all1074

possible choices of the average arrival rates λL and λH that1075

can lead to a stable system, respectively. In dominant system1076

ΦON
1 , some λL would cause queue QL to be always non-empty.1077

As long as queue QL always has packets to transmit, queue1078

QL does not contribute dummy packets and hence the behavior1079

of dominant system ΦON
1 is identical to that of the original1080

opportunistic NOMA system ΦON. As a result, dominant1081

system ΦON
1 and the original opportunistic NOMA system1082

ΦON are indistinguishable at the boundary of the stability1083

region (i.e., line CD in Fig. 2). Similarly, dominant system 1084

ΦON
2 and the original opportunistic NOMA system ΦON are 1085

also indistinguishable at the boundary of the stability region 1086

(i.e., line AC in Fig. 2). Similar indistinguishability argu- 1087

ments are used in [16]–[18]. Thereby, the stability condition 1088

obtained for the dominant systems (i.e., ΦON
1 and ΦON

2 ) is also 1089

necessary for the stability of the original opportunistic NOMA 1090

system ΦON. As a result, we have RON = RON
1 ∪RON

2 . 1091

APPENDIX D 1092

PROOF OF LEMMA 3 1093

Due to the independence of events {ΓH1|L1 (t, αH) ≥ ΓH
th} 1094

and {ΓFCN
H1→L1(t, αH) < ΓH

th}, the probability of successful 1095

packet reception at user uH
1 when NOMA is enabled, denoted 1096

as qN
H1(αH), is given by 1097

qN
H1(αH) 1098

= P
�
ΓH1|L1 (t, αH) ≥ ΓH

th

�
P
�
ΓFCN

H1→L1(t, αH) < ΓH
th

�
1099

= exp

⎛
⎝−

ρH

�
1 + rβ

H

�

α2
H − ΓH

thα2
L

⎞
⎠ExL

1

#
1 − exp

	
− N4

�(xL
1 )

�$
1100

= exp

⎛
⎝−

ρH

�
1 + rβ

H

�

α2
H − ΓH

thα2
L

⎞
⎠ 1101

×
	

1 − 2
r2β

N
−2/β
4 exp (−N4) γ

	
2
β

, N4r
β

��
, (49) 1102

if α2
H > ΓH

thα
2
L, otherwise, qN

H1(αH) = 0. 1103

The probability of successful packet reception at user uH
1 1104

when cooperative NOMA is enabled, denoted as qFCN
H1 (αH), 1105

can be expressed as 1106

qFCN
H1 (αH)

(a)
= ExL

1

%
P

��
α2

H − ΓH
thα

2
L

�
PS

��hH
1 (t)

��2 �(xH
1 ) 1107

+ PL

��gHL
1,1 (t)

��2 �(xH
1 − xL

1 ) ≥ ΓH
thσ

2
�

1108

×P

	��hL
1 (t)

��2 ≥ N4

�(xL
1 )

�&
, (50) 1109

P

�
Z

��hH
1 (t)

��2 + PL

��gHL
1,1 (t)

��2 �(xH
1 − xL

1 ) ≥ ΓH
thσ2

�

=
� ΓH

thσ2

Z

0

� ∞

ΓH
thσ2−|hH

1 (t)|2 Z

PL�(xH
1 −xL

1 )

exp
�
− ��hH

1 (t)
��2� exp

�
− ��gHL

1,1 (t)
��2�d

��gHL
1,1 (t)

��2 d
��hH

1 (t)
��2

+
� ∞

ΓH
thσ2

Z

� ∞

0

exp
�
− ��hH

1 (t)
��2� exp

�
− ��gHL

1,1 (t)
��2�d

��gHL
1,1 (t)

��2 d
��hH

1 (t)
��2

=

⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

1
1 − Z

PL�(xH
1 −xL

1 )

	
exp

	
− ΓH

thσ
2

PL�(xH
1 − xL

1 )

�
− exp

	
−ΓH

thσ2

Z

��
+ exp

	
−ΓH

thσ
2

Z

�
, if Z �= PL�(xH

1 − xL
1 ),

ΓH
thσ2

Z
exp

�
− ΓH

thσ2

PL�
�
xH

1 − xL
1

�
�

, if Z = PL�(xH
1 − xL

1 ).
(51)
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P
�
ΓFCN

H1→L1(t, αH) < ΓH
th, ΓH1→L1(t, αH) ≥ ΓH

th, Γ
FCN
L1 (t, αL) ≥ ΓL

th

�

= P

�
max



ΓH

th

α2
H − ΓH

thα2
L

,
ΓL

th

α2
L

�
σ2

PS�(xL
1 )

≤ ��hL
1 (t)

��2 <

�
ζPL + σ2

�
ΓH

th�
α2

H − ΓH
thα2

L

�
PS�(xL

1 )

�

= ExL
1

%
exp

	
−max



ρH

α2
H − ΓH

thα2
L

,
ρL

α2
L

�
1

�(xL
1 )

�
− exp

�
−

�
ζPL + σ2

�
ΓH

th�
α2

H − ΓH
thα2

L

�
PS�(xL

1 )

�&

=
2

r2β
N

−2/β
1 exp(−N1)γ

	
2
β

, N1r
β

�
− 2

r2β
N

−2/β
4 exp(−N4)γ

	
2
β

, N4r
β

�
, (53)

where (a) follows from the independent channel fading1110

assumption across different links.1111

By conditioning on location coordinate xL
1 , we obtain (51),1112

as shown at the bottom of previous page.1113

By substituting (51) into (50), we have1114

qFCN
H1 (αH)1115

= ExL
1

%⎛
⎝

�
exp

�
− ΓH

thσ2

PL�(xH
1 −xL

1 )

�
− N5

�

1 − Z

PL�(xH
1 −xL

1 )
+ N5

⎞
⎠1116

× exp
	
− N4

�(xL
1 )

�&
1117

= C(αH) +
2N5

r2β
N

−2/β
4 exp(−N4)γ

	
2
β

, N4r
β

�
, (52)1118

where C(αH) is given in (21), which can be calculated1119

numerically using commercial software (e.g., Mathematica).1120

By substituting (49) and (52) into (18), we obtain the average1121

service rate of queue QH. Hence, queue QH is stable if1122

λH < μFCN1
H = qN

H1(αH) + qFCN
H1 (αH).1123

APPENDIX E1124

PROOF OF LEMMA 41125

The probability of successful packet reception at user uL
11126

when cooperative NOMA is enabled, if α2
H > Γthα2

L, can be1127

expressed as1128

P
�
ΓFCN

H1→L1(t, αH) ≥ ΓH
th, Γ

FCN
L1 (t, αL) ≥ ΓL

th

�
1129

= ExL
1

%
exp

�
−max



ΓH

th

α2
H − ΓH

thα2
L

,
ΓL

th

α2
L

� �
ζPL + σ2

�

PS�(xL
1 )

�&
1130

=
2

r2β
N

−2/β
6 exp (−N6) γ

	
2
β

, N6r
β

�
.1131

When NOMA is enabled, the probability of successful1132

packet reception at user uL
1 is given by (53), as shown1133

at the top of this page, where α2
H > ΓH

thα2
L. By substi-1134

tuting (24), (47), and (48) into (22), we can obtain the average1135

service rate of queue QL. Hence, queue QL is stable if1136

λL < μFCN1
L = λH

μFCN1
H

qFCN
L1|H1 (αL) +

�
1 − λH

μFCN1
H

�
η, where1137

η is given in (10).1138

APPENDIX F 1139

PROOF OF LEMMA 5 1140

Given that there are K low-priority users, we have 1141

qFC
H1 = 1 − P

�
ΓH1(t, 1) < ΓH

th

�
1142

×ExR
k

% '

uR
k ∈UL

(
1 − P

�
ΓFC

H1→Rk(t) ≥ ΓH
th

�
1143

×P
�
ΓFC

H1Rk(t) ≥ ΓH
th

��ΓH1(t, 1) < ΓH
th

� )&
, (54) 1144

where P
�
ΓH1(t, 1) < ΓH

th

�
= 1 − exp

�
−ρH

�
1 + rβ

H

��
. 1145

As the K low-priority users are uniformly distributed within 1146

the network coverage area, we have 1147

ExR
k

% '

uR
k ∈UL

#
1 − P

�
ΓFC

H1→Rk(t) ≥ ΓH
th

�
1148

×P
�
ΓFC

H1Rk(t) ≥ ΓH
th

��ΓH1(t, 1) < ΓH
th

� $&
1149

(a)
=

�
1

πr2

� r

0

� 2π

0

	
1 − P

�
ΓFC

H1→Rk(t) ≥ ΓH
th

�
1150

×P
�
ΓFC

H1Rk(t) ≥ ΓH
th

��ΓH1(t, 1) < ΓH
th

��
rR
k dτR

k drR
k

�K

1151

(b)
=

�
1

πr2

� r

0

� 2π

0

	
1 − P

�
ΓFC

H1→Rk(t) ≥ ΓH
th

�
1152

× P
�
ΓFC

H1Rk(t) ≥ ΓH
th, ΓH1(t, 1) < ΓH

th

�

P
�
ΓH1(t, 1) < ΓH

th

�
�

rR
k dτR

k drR
k

�K

1153

(c)
=

⎛
⎝1 − C(1)

1 − exp
�
−ρH

�
1 + rβ

H

��
⎞
⎠

K

, (55) 1154

where (a) follows from the probability generating func- 1155

tional (PGFL) of the BPP [22], (b) follows from the definition 1156

of conditional probability, (c) is obtained using similar steps 1157

as for deriving (50), and C(1) is given in Lemma 3 by setting 1158

α2
H = 1 and α2

L = 0. 1159
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By substituting (55) into (54), we have1160

qFC
H1 = 1 −

�
1 − exp

�
−ρH

�
1 + rβ

H

���
1161

×
⎛
⎝1 − C(1)

1 − exp
�
−ρH

�
1 + rβ

H

��
⎞
⎠

K

1162

(a)
= exp

�
−ρH

�
1 + rβ

H

��
+

K�
j=1

	
K

j

�
(−1)j+1(C(1))j

1163

×
�
1 − exp

�
−ρH

�
1 + rβ

H

���1−j

, (56)1164

where (a) follows from the binomial expansion. By substi-1165

tuting (56) into (27), we can derive the average service1166

rate of queue QH in dominant system ΦFCN
2 . Hence, queue1167

QH is stable if λH < μFCN2
H =

�
1 − λL/μFCN2

L

�
qFC
H1 +1168

λL/μFCN2
L

�
qN
H1(αH) + qFCN

H1 (αH)
�
.1169

APPENDIX G1170

PROOF OF PROPOSITION 11171

Based on Fig. 2, in order for ROMA ⊂ RFCN to hold, points1172

D, E, and F have to be on the right side of line AB. To ensure1173

that point E is on the right side of line AB, condition qFC
H1 >1174

μOMA
H should hold, which is obtained based on the coordinates1175

of points A and E. According to (56), condition qFC
H1 > μOMA

H1176

always holds. In addition, to guarantee that point F is on the1177

right side of line AB, the Y-coordinate of point F should be1178

larger than the Y-coordinate of the point that is on line AB1179

and has the same X-coordinate as point F. Hence, condition1180

qFCN
L1|H1 (αL) > qOMA

L1

�
1 − qN

H1(αH)+qFCN
H1 (αH)

μOMA
H

�
should hold,1181

where α2
L = 1 − α2

H. Similarly, to ensure that point D1182

is on the right side of line AB, condition η > qOMA
L1 ,1183

equivalent to qON
L1L2 > qOMA

L1 , should hold, where qON
L1L2 is1184

given in (47). As a result, cooperative NOMA with full-duplex1185

relaying achieves a larger stable throughput region than OMA1186

if both (36) and (37) hold.1187
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