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Abstract—The integration of device-to-device (D2D) communi-
cations with cooperative non-orthogonal multiple access (NOMA)
can achieve superior spectral efficiency. However, the mutual
interference caused by D2D communications may prevent NOMA
from divering its high spectral efficiency advantage. Mean-
while, the low adaptability of the fixed transmission strategy
can decrease the reliability of the cell-edge user (CEU). To
further improve the spectral efficiency, we investigate a device-
to-multi-device (D2MD) assisted cooperative NOMA system,
where two cell-center users (CCUs) and one CEU are paired
as a D2MD cluster. Specifically, the base station directly serves
the two CCUs while communicating with the CEU via one
CCU. Moreover, we propose an adaptive aggregate transmission
scheme using dynamic superposition coding, pre-designing the
decoding orders and prior information cancellation for the D2MD
assisted cooperative NOMA system to enhance the reliability
of the CEU. We provide the closed-form expressions for the
outage probability, diversity order, outage throughput, ergodic
sum capacity, average spectral efficiency, and spectral efficiency
scaling over Nakagami-m fading channels under perfect and
imperfect successive interference cancellation. The numerical
results validate the correctness of the analytical derivations and
the effectiveness of the proposed scheme.

Index Terms—Cooperative relaying, non-orthogonal multiple
access, outage probability, spectral efficiency, imperfect successive
interference cancellation.

I. INTRODUCTION

S a significant carrier of future communication services,
the Internet of things (IoT) supported by intelligent
terminal devices possesses extensive and diversified applica-
tions, such as industrial automation, massive machine-type
communications and smart city [1], [2]. The high service
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quality required by the applications above imposes many
severe challenges to the performance of future wireless net-
works, including ultra-high device access density and ultra-
high spectral efficiency (SE) [3], [4]. Recently, non-orthogonal
multiple access (NOMA) adopting successive interference
cancellation (SIC) and superposition coding has raised consid-
erable attention because it can achieve remarkable SE [5], [6].
Unlike orthogonal multiple access (OMA), NOMA actively
introduces inter-user interference through resource sharing,
and it performs SIC at the receiver to realize successful
decoding for enhancing the overall system SE and providing
massive connectivity [7], [8].

Due to the attractive SE superiority of NOMA, some
researchers have integrated device-to-device (D2D) commu-
nications with NOMA to obtain superior performance gain
[9]-[15]. Specifically, resource allocation optimization is a
promising research direction for D2D-aided NOMA systems.
In [9], Zhao et al. jointly optimized the subchannel and power
allocation for a NOMA enhanced D2D system, where the D2D
transmitter can use NOMA to communicate with multiple D2D
receivers. In [10], Pei et al. proposed an iterative algorithm
with low complexity to maximize the energy efficiency for
D2D underlaying energy harvesting-based NOMA networks
via the joint optimization of power control and time allocation.
Pan et al. in [11] maximized the sum rate of D2D users
for D2D underlaying NOMA-based systems by solving the
channel assignment and power control problem. Zheng et al.
in [12] investigated the power allocation and user clustering
for D2D underlaid uplink NOMA networks. In [13], Dai
et al. discussed the interlay and underlay modes for D2D-
assisted NOMA networks and jointly designed the resource
management and mode selection. In [14], a two-stage game
approach was proposed by Li ef al. to maximize the unilateral
energy efficiency for D2D-assisted uplink NOMA systems.
Moreover, Sun et al. in [15] proposed a traffic offloading
scheme for D2D-enabled NOMA networks and maximized the
capacity achieved by the D2D network using the optimization
of power control and subchannel assignment.

A. Related Work

To simultaneously acquire higher SE and broader coverage,
cooperative relaying has also been applied to NOMA-based
networks [16]-[28]. In [16], Ding et al. proposed a cooperative
NOMA scheme using user prior information and designed a
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user pairing strategy to reduce the system complexity. Based
on this work, the influence of relay selection on cooper-
ative NOMA was further investigated in [17]. Liu et al
applied simultaneous wireless information and power transfer
(SWIPT) to cooperative NOMA in [18], where near users
perform as energy harvesting relays to assist far users. A
dynamic cooperative NOMA scheme was characterized for the
multicast cognitive radio network by Lv et al. in [19] to attain
better outage performance. Cao et al. analyzed the secrecy
performance of the cooperative NOMA system with a multi-
antenna full-duplex relay in [20]. In [21], Zhong et al. pro-
posed a full-duplex relay-assisted cooperative NOMA scheme
and validated the performance gain achieved by the proposed
scheme over the half-duplex relay aided cooperative NOMA
scheme. Si et al. studied a cooperative NOMA scheme using
spatial modulation and SWIPT in [22], where the stronger user
with energy harvesting and full-duplex characteristics helps the
weaker user. In [23], joint beamforming and power-splitting
control was proposed by Xu et al. to maximize the achievable
data rate of the strong user for multiple-input single-output
(MISO) and SWIPT-based cooperative NOMA systems. Qian
et al. minimized the overall-latency of the cellular aided mo-
bile edge computing system in [24], where spectrum sharing
and NOMA are exploited to realize the cooperation between
the cellular user and the edge-computing user. In [25], a joint
power and time optimization was presented by Bae et al. to
minimize the system outage probability of cooperative NOMA
with a two-way relay. Moreover, Yuan et al. proposed an
iterative algorithm using a successive convex approximation
in [26] to optimize the system energy efficiency for full-
duplex-based cooperative SWIPT NOMA systems. In [27],
Zhou et al. investigated the beamforming design problems
for cooperative MISO-NOMA cognitive radio networks using
SWIPT to improve the security of the primary network. In
[28], Wu et al. proposed the vertical decomposition and a
layered-algorithm to maximize the overall throughput for the
NOMA-based cooperative relaying system.

Although NOMA can improve the SE of the cooperative re-
laying system, the cooperative procedure inevitably suppresses
the SE superiority of NOMA. Therefore, many research efforts
have been devoted to combining D2D communications and
cooperative NOMA to increase the SE and device access
density [29]-[34]. In [29], Zhang et al. analyzed the outage
probability for the proposed D2D-assisted cooperative NOMA
scheme, where the near user acts as a full-duplex relay to
help the far user. Kim er al. in [30] considered a D2D-
aided cooperative NOMA system using the dedicated relay
and presented a power allocation scheme to maximize the
capacity scaling. In [31], Xu et al. evaluated the outage
performance and outage throughput for the D2D aided uplink
cooperative NOMA system. In [32], Li et al. proposed a D2D
content sharing strategy for the cooperative NOMA system
considering social ties and studied the performance in terms of
the social-aware rates. Moreover, Kader et al. in [33] proposed
a D2D-aided uplink cooperative NOMA system, where the
near users can directly communicate with the base station
(BS), and the far user connects with the BS with the aid of one
near user. In [34], Zou et al. applied the D2D technology to
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a downlink coordinated direct and relay transmission (CDRT)
system and validated the advantage of ergodic sum capacity
over the OMA scheme.

B. Motivation and Contributions

The use of D2D communications in cooperative NOMA
can further improve the system SE. However, the introduction
of D2D may cause mutual interference between D2D users
and cellular users, and thus indirectly burying the high SE
potential of NOMA. Meanwhile, in the D2D-assisted cooper-
ative NOMA system, the low adaptability caused by the fixed
transmission strategy can decrease the reliability of the cell-
edge user (CEU) and system throughput. Currently, the ex-
isting works integrate D2D communications with cooperative
NOMA and design a fixed transmission strategy to enhance
the SE, but they ignore the measurement of the reliability of
the CEU. Moreover, the existing studies only consider a simple
channel model (i.e., Rayleigh fading channels) and perfect
SIC, which is not realistic in practical applications. Moti-
vated by these observations, considering Nakagami-m fading
channels and imperfect SIC, we investigate a device-to-multi-
device (D2MD) assisted cooperative NOMA system. Besides,
we propose an adaptive aggregate transmission scheme using
dynamic superposition coding, pre-designing the decoding
orders and prior information cancellation. It is worth noting
that D2MD is a one-to-many D2D communication type, and
one D2D transmitter can simultaneously broadcast data to
several D2D receivers in a D2MD cluster [35]. The proposed
system model can be treated as Scenario 2B in [35], which is
a critical 3GPP D2D communication scenario. Moreover, the
proposed scheme can be applied to other practical application
scenarios such as the general cellular network and light IoT
network.

The contributions of this paper are summarized as follows.

e The existing D2D-assisted cooperative NOMA schemes
using a fixed transmission strategy may reduce the reli-
ability of the CEU and cannot provide sufficient design
space to improve SE. To cope with this issue, we first
present a D2MD assisted downlink cooperative NOMA
system consisting of one BS, one CEU and two cell-
center users (CCUs), where these three users are paired
as a D2MD cluster. Specifically, the BS can directly
communicate with the CCUs while connecting with the
CEU via one CCU.

o To further enhance the SE and the reliability of the CEU,
we propose an adaptive aggregate transmission scheme by
adopting the prior information cancellation and designing
dynamic superposition coding and decoding orders. The
proposed scheme can be straightforwardly extended to the
massive-user or multi-cell scenarios by using user pairing
and hybrid multiple access.

o We characterize the performance of the proposed scheme
in terms of communication reliability and effectiveness.
Specifically, the closed-form expressions for the outage
probability, outage throughput, ergodic sum capacity, and
average SE are derived over Nakagami-m fading channels
with imperfect SIC.
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o To gain more insights, we analyze the asymptotic perfor-
mance for the outage probability and average SE in the
high transmit power region. Based on this, the diversity
order and SE scaling achieved by the proposed scheme
are further investigated.

o Compared with the conventional D2D-assisted CDRT (D-
CDRT) scheme, the proposed scheme can transmit more
data streams with the same amount of time resource. The
proposed scheme can achieve better outage performance
of the CEU, outage throughput and average SE under
perfect and imperfect SIC. The SE superiority of the
proposed scheme over OMA comparisons with perfect
SIC is validated through simulations. Moreover, we study
the impact of some practical factors, including fading
parameters, distance settings and imperfect SIC on the
average SE.

C. Organization

The rest of the paper is organized as follows. Section II
introduces the system model of D2MD-assisted cooperative
NOMA. Section III presents the design of the proposed
adaptive aggregate scheme. In Section IV, the closed-form
expressions for the outage probability, outage throughput,
diversity order, ergodic sum capacity, average SE, and SE
scaling are derived. Numerical results and conclusions are
provided in Section V and Section VI, respectively.

Notations: In this paper, Fz(z) and fz(z) represent the
cumulative distribution function (CDF) and the probability
density function (PDF) of the variable Z, respectively; the
meaning of the operator E(-) is to obtain the expectation value;
the operation =’ = Z(z — 2’) denotes that =’ can be obtained
by replacing z with 2’; “—” means “approaching” and “~”
represents “be proportional to”.

II. SYSTEM MODEL

We consider a downlink D2MD-enabled cooperative
NOMA system shown in Fig. 1, where the BS can directly
communicate with two CCUs (i.e., U; and U;) while serving
a CEU (i.e., Us) via a decode-and-forward relaying user (i.e.,
Us) due to the significant obstacle between the BS and Us .
Specifically, the system model consists of a D2MD cluster, in
which U, is a potential D2D transmitter, and U; and Us are
within the proximity detection region of Us. All nodes have
a single antenna and operate in half-duplex mode. Hereafter,
let subscripts s, 1, 2, and 3 denote the BS, U;, U and
Us, respectively. Assume that each channel link is subject to
independent Nakagami-m block fading, and all the receiver
nodes suffer from the additive white Gaussian noise with zero
mean and variance Ny. The block fading means the channel
changes over different blocks while remaining constant within

! Although a three-user system is investigated in this paper, the proposed
scheme can be directly applied to a multi-user system (i.e., more than three
users) by using user pairing. For instance, the existing user pairing methods
in [18] and [36] can group users. Then the conventional orthogonal multiple
access is used to distinguish different user pairs, and the proposed scheme is
performed in each group [36]. Using user pairing can effectively reduce the
system complexity and inter-user interference for NOMA-based systems [37].
Besides, the analysis can also be directly extended to a multi-user system by
using the random near user and random far user selection method in [18].
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Fig. 1. System model. An illustration of the proposed adaptive aggregate
transmission scheme for the D2MD assisted cooperative NOMA system with
one BS, two CCUs and one CEU.

one block. To reduce the system complexity, we can easily
extend the proposed system model to the massive-user or
multi-cell scenarios via the existing user pairing and hybrid
multiple access in [36].

The channel coefficient, channel gain and fading parameter
between x and y are denoted by hgy, Ayy and mg,, respec-
tively, where z,y € {s,1,2,3},  # y. The expectation of A,
is 24y = Godyyy~ “°, where o and G represent the path loss
exponent and the channel gain for reference distance (i.e., 1
m), respectively, and d,, denotes the distance between x and
y. In this paper, we assume that ds; < dgo and das < dog,
which may not satisfy As; > Aso and Aa3 > Aop. Note that the
proposed scheme can be directly used in practical application
if a feasibility-check procedure is performed to ensure the
above distance conditions. Moreover, the proposed scheme
can also be easily extended to other distance assumptions via
downlink NOMA.

III. ADAPTIVE AGGREGATE TRANSMISSION SCHEME

To offload the data traffic and improve the SE, we propose
an adaptive transmission scheme for the D2MD-enabled coop-
erative NOMA system. One transmission block is divided into
two consecutive and equal phases in the proposed scheme to
complete downlink NOMA and D2D multicast transmissions,
as detailed below.

A. First Phase

In the first phase (i.e., t1), the BS broadcasts the signal
X;l = Z?:1 va;Psx; to U; and U, using power-domain
superposition coding, where P; is the transmit power of the
BS, the signal x; contains the required information for U,
i € {1,2,3}, and a; represents the corresponding power
allocation coefficient. Since the condition dg; < dso holds and
Us is a CEU, the power allocation coefficient should satisfy
Z?Zl a; = 1 and a3 > as > aq. The received signals at U,
j € {1,2}, can be written as

Vit = by X0l m

where nl* ~ CN(0,Ny), k € {1,2}, denotes the complex
additive white Gaussian noise at the receiver U; in tj.
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The CCU U, first decodes z3 by treating x; and x2 as
noise, and then cancels x3 and performs SIC to decode x5 by
treating x1 as noise. Note that, based on downlink NOMA,
U, does not need to decode z; in the first phase. Meanwhile,
the CCU U; uses SIC to decode x3, x2 and x; sequentially.
Therefore, the received signal-to-interference-and-noise ratios
at Uj, j € {1,2}, for decoding x5 and x5 in ¢; can be
respectively expressed as

ryt_l _ Asja'?)ps (2)
13 )\sj (al + (12) Ps + 17
AsiQ2Ps
Voo = S 3)

)\sj (a1 + Iﬁ:;jlag) ps + 1’

where the transmit signal-to-noise ratio (SNR) p; is denoted
as p, = 11\37';’ and the fractional error factor fﬁ?fl represents
the residual interference levels for imperfect SIC. Specifically,
the value range of the fractional error factor is from zero
to one. The factor value equals zero means that perfect SIC
is performed, while the factor value equals one represents
that no SIC is performed. Moreover, the received signal-to-
interference-and-noise ratio at U; for decoding z; in t; can
be expressed as

)\slalps
As1 (/ifﬁzag + /{"11,3a3) ps + 1’

“4)

i
71,11 -
where r', and x}'; are the fractional error factors.

B. Second Phase

Since U; and Uy cannot always decode x3 successfully in
the first phase, we propose an adaptive transmission scheme
to improve the SE. Moreover, the predetermined decoding
order is designed to reduce the decoding complexity while
guaranteeing the reliability of the CEU.

Let the binary numbers A; and As represent the decoding
results for z3 at Uy and Uy in ¢, respectively, where A; =0
and A; =1, j € {1,2}, denote failed decoding and successful
decoding, respectively. A two-bit binary number A = A; A,
indicates the combination of two outage events. For instance,
“A = 3 (decimal form)” denotes the event that both U; and
U, can decode x3 successfully in the first phase.

During the second phase (i.e., t2), the BS transmits X2 =
V/Psz) to Uy, where ) is a new downlink signal required
by U;. Meanwhile, Uy attempts to forward x3 to Us as a
decode-and-forward relay while acting as a D2D transmitter
to communicate with U; and Uz via NOMA-based D2D
multicast communication. Specifically, the user U, broadcasts
a superposed signal Xﬁ"‘ for case A, and X§2 can be expressed
as

where z4, and x4, are the desired D2D signal for U; and
Us, respectively, P, is the transmit power of Us, and b;“,i S
{1,2, 3} is the power allocation coefficient with Zle b = 1.
Due to do3 < do; and the cooperative transmission of xgs,
the power allocation coefficients should satisfy 1 > bi' >
b4 > b5t > 0 via downlink NOMA when Us can decode
x3 successfully in the first phase (i.e. A = 1,3). Conversely,

Authorized licensed use limited to:

if Uy cannot decode x5 in the first phase (i.e., A = 0,2), the
power allocation coefficient b3' in (5) should be set to b5 = 0.
Meanwhile, based on downlink NOMA, the power allocation
coefficients b{* and b4 should satisfy 1 > b > b > 0.
Therefore, the received signals at U; and Uj in the second
phase can be respectively expressed as

+ ha V Psxll + nt127 (6)
Y32 =has <, [bA Py g, +1/ b4 Py, + bg‘Pux3>
+ g, (7

where the flag value w” € {0,1} indicates whether the
interference term \/bg‘Puxg in (6) exists.

When both U; and U; can decode x3 successfully in the
first phase (i.e., A = 3), U; can estimate \/b‘34Pu in the
second phase and use the decoded z3 to cancel the interference
\/bgAPul‘g in (6). Therefore, the flag value w4 should satisfy
@ =w?=w?=0and w! = 1.

The received signals in (6) and (7) contain multiple signal
components, which means that the diversity and uncertainty
of decoding orders at U; and Us in the second phase may
cause high complexity in practical implementation. To cope
with this issue, we propose a predetermined decoding order
strategy via power allocation coefficient design. Specifically,
the D2D transmission is typically over the short distance,
and thus the condition (257 < (257 is more general than
251 > (27 in practice. In the proposed strategy, Us first
attains statistical channel information (2,7 and (25; by using a
two-step channel estimation [37]. Then, the power allocation

coefficient is designed as bf' > FL > max{bs', bs'} at Us,
Pu

where « E e is a scale factor. Therefore, U; can use SIC to
decode x4, and x} sequentially by treating the non-decoded
signals as noise, while the decoding order at Us in the second
phase is pre-determined as x4,, x3 and x4,. The received
signal-to-interference-and-noise ratios for U; to decode g4,
and ) in case A can be respectively expressed as

,yt2,A _ )\21b’f‘aps ®)
L, )\slps + )\21 (bé4 + wAb?I)A) aps + 1’
t2,A As1Ps

’Y r= ’ (9)
RV (26 + bf + =464 ) ap, + 1

where mﬁ":’lA is a fractional error factor.

Moreover, the received signal-to-interference-and-noise ra-
tios for Us to decode x4,, x3 and x4, in case A can be
expressed as

p2A Aasbilaps (10)
3%y )\23 (b124 + b?) aps + 17
t2,A _ Aasbstaps (11
3,73 A t27AbA pA 17
23 (F31 01 + 05 | aps +
to,A )\23b’24aps (12)

V32a, =
Tdg )\23 (/{é%éAb‘f‘ —+ /Qg%éAbéq) apg +1
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. = . A R,
where ng‘:iA, mgféA and fifféA represent fractional error factors. and Eﬁf'ziA, respectively. Moreover, let p; = 2/ — 1 and
Based on (4), (9) and (12), the achievable rate for the data 05 2 9R: _q

streams of 1, x} and x4, can be respectively expressed as

1
Co, = §log2 (1+1%,) (13)
1
Cih = 5log; (1 + vf?;;f) ; (14)
1 A
ci, = 5o, (1 n ygf;cdg) . (15)

To perform SIC, U; needs to decode z2 in the first phase
and Us must decode z4, during the second phase. Therefore,
based on (3), (8) and (10), the achievable rate for the data
streams of z2 and x4, can be respectively expressed as

1 3 L1 1

Cpy = 510g2 (1 + min {7112,7;1,2 }) , (16)
1 . A A

Cfdl = 5log2 (1 + min {’yffidl ,'yffg’adl }) . (17)

The first-link and second-link achievable rates of 3 at
Uy and Us are jlog, (1+173',,) and jlog, (1+7§f£ ,
respectively. Meanwhile, the achievable rate of x3 at U; in
the first phase is log, (14 7',,). The achievable rate of
cooperative decode-and-forward relaying is dominated by the
worst link, and U; must decode x3 for SIC in the first phase
[38]. Therefore, using [38, eq. (5)], (2) and (11), we can
express the achievable rate for z3 as
_ L

. LA
Cf, = Slogs (1+min {4it, 98,0850 ) (®)

IV. PERFORMANCE ANALYSIS

This section investigates the performance for the proposed
scheme over Nakagami-m fading channels. Due to the adap-
tive characteristics of the proposed scheme, the performance
analysis is quite difficult. In view of this, we use classification
discussion and approximation method to obtain closed-form
of various metrics for proving the effectiveness of the pro-
posed scheme and the scarcity of analysis. Specifically, the
closed-form expressions for the outage probability and outage
throughput of the proposed scheme are derived when the target
data rates are fixed beforehand to satisfy the quality of service.
Conversely, we use the ergodic sum capacity and average SE to
evaluate the performance of the proposed scheme if the target
rates change dynamically according to the channel qualities.
Similar to [8], the following derivations can provide guidance
for system optimization, such as SE maximization.

A. Outage Probability and Outage Throughput

The event that the receiver node y can decode the signal
y successfully in the first phase is denoted by Ef/li7
{$log(1+ 'y;g) > Ry}. Similarly, the inequality Ei?gA

3 log(1 + 73;‘) > Rg} represents that the signal Z can be
decoded at the receiver node z in t, for case A, where y €
{12}, g € {m, 22,23}, 2 € {2,3}, 2 € {w3,27, 24, Tds }»
and Ry and > are the target data rates of  and z, respectively.
The complement sets of E;‘Q and Eif;f‘ are denoted as Ef/ly

> e

Before decoding z1, U; must sequentially decode z3 and
xo first. Therefore, we can use (2), (3) and (4) to calculate the
outage probability for U; to decode z; in the first phase as

Pigit =1=Pr (B, 0B, N B,)
=1—-Pr ()\S]_ > maX{¢1a ¢27 ¢3})
— Py (031) , (19)
where ¢~)1 = max {¢1, p2,1,P3},  P2; =
Paoy and ¢3 — Pz

Ps (a27(a1+’€;‘}1a3)§01’2) Ps(GS*(al‘i’aZ)(P:Lg) ’
Note that the conditions ¢; > 0, ¢2; > 0 and ¢35 > 0

should be guaranteed via power allocation coefficient design
to implement NOMA successfully in practice. Moreover,
F\., () denotes the CDF of the variable As;; with Gamma
distribution. Specifically, if the channel coefficient hg,
follows Nakagami-m distribution, the CDF of the channel
gain A, exhibiting Gamma distribution can be written as

Mgy —1 3
ZMy 1/ zmy,
szy(z)zl_e}{p(_ 2 y) 2 i'(!) y) e

Yy i=0

Since Uz must adopt SIC to decode x5 after decoding zs,
we can use (2) and (3) to calculate the outage probability for
U, to decode xo during the first phase as

Pyoit =1—Pr (B, N EyL,,)

=1—Pr(As2 > max{¢a2, ¢3})
= F)\sz (&2) )

where ¢ = max{2 2, ¢3}.

Based on the proposed scheme, Us may decode x3 suc-
cessfully in two cases (i.e., A = 1,3). Therefore, the outage
probability for Us to decode x3 in the second phase can be
expressed as

2L

t2,x3 __ t2,:
Pt =1-3 B (22)

where P22™ = Pr(A = k) Pr(ERF N ERF|A=F).

, 3,24 3,x3
. t2,1 ¢ t
Using 7313, 'yéfzs, V372, @nd 737, we can calculate P2

as
Péfi“ =Pr ()\51 < P3, A2 > P3, Aoz > QN%)
= Fi,, (¢3) (1 — Fx,; (¢3)) (1 — Fxys (&é)) , (23)

A _ A JAY A _ Pay
st 5 = oo, 0 = ity
. va,
and ¢g = Pos . The inequalities ¢3' >

aps (b4 — (k521 00 02 ) oy )
0 and gbgl > ( should be satisfied to apply NOMA successfully.
Otherwise, the outage probability for Us to decode z3 is
always one. s

2,

2 t2,3
Similarly, based on 'ﬁlxs, 7513:3, V30 *", the non-
: : Ty

3,z3°

and ~y.
outage probability ngémg’ can be calculated as

P2y =Pr <>\51 > @3, As2 > @3, Aoz > 953)
=(1=Fy, (62)) (1= Fa (62)) (1= Fsy (65)) - 29)
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Substituting (23) and (24) into (22), we obtain P§2O§§ .

According to the proposed scheme, U; may decode z4,
successfully in four cases (i.e., A = 0, 1,2, 3). Therefore, the
outage probability for U; to decode x4, during the second
phase can be expressed as

t2,%ay 8 12,24
[:)17011'51 =1- ZE:O ]Pl,fc 17
to,x - k T
where P’ = Pr(A = k) Pr(E%) |A = k).
For simplicity, applying [39, eq. (3.351.1)] to the following
integral, we define

(25)

NV
Li(n*,n, 1) =/ 2exp(—pz)dz
0

! y n n'n
_Mn+1 —exp (_77 /’L) Z€1=0 81!,“77761“"1 .

Based on (20) and (26), we can use 'yfjm, 7;363,

'yﬁg and the binomial expansion of (z+p,~1)! =
»Tdy
] 2,Tdy

A .
g a i1 —1 01
> =0 (il)ps z' to calculate Py "' as

*E1

(26)

ta,

Pro ™ =Pr (A < ¢3, A2 < ¢3, Aa1 > As1ps5+09)

M1 Ps P2
=L (¢37i1 +mg — 1, 21p¢5>
291

ms1

Qsl

+

X Fa, (¢3) A7, 27)
where
o Pea, (282)
*aps(bf — (05 + @408 )pa,, )
Ms1 maop—1 i i\ p i1
AA _ mgs1 21 s
b 2™ T (mg) Zz‘zo Zilzo i) 1!
m21¢?>l < m21¢34)
X —) exp| —2>), (28b)
( 221 P 221

where I'(-) is the Gamma function. Note that the condition
#2 > 0 should be met to implement NOMA successfully in
practice.

Following the same steps in (27), we can obtain Pﬁxdl as

IPtl?izdl :Pr()‘51 < ¢37 >‘32 > ¢3, )‘21 > /\slpsq% + Qbé)

m?lpsd)%)
221

ms1

=Ly (éﬁsail +mg — 1, = +

Qsl
x (1= Fy, (93) 4]

t2,2
1,zq,

(29)

Moreover, using 'ﬁlm, 'yélm, v and binomial expan-

. ta,Zq
sion, we can calculate ;"5

P1% " =Pr (A1 > é3, Asz < 03, Aa1 > As1ps¢? + ¢2)

. M1 Psd?
=Ly <¢3721 +ms1 — 1, 21p¢5>
{221

ms1
-Qsl

+

x Py, (¢3) A7, (30)
where the function Lo follows [39, eq. (3.351.2)] with
£2(Conp) 2 [ exp (~pz) s
c
_ n nlC*1
=exp (—Cp) Zsl=0 751!Mn761+1 . (3D
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t2,3

122> and binomial
»Tdq

Similar to (30), we can use 7&3, ’yéfm, ¥

. . to,Tq
expansion to obtain ;"5
.

to,x
]P)1273Td1 =Pr (/\81 > ¢3, Ag2 > ¢3, Ao > /\slpsqﬁg + gbg)

+ m21ps¢g>
921

ms1

Qsl

:‘CQ <¢37i1 + mgs1 — 1a

x (1= Fi,(¢3)) A7 (32)
tCombining 25), (27), (29), (30) and (32), we obtain
2,%dy
l,out -

Theorem 1: The outage probability for U; to decode z) in

the second phase can be written as
’ 3 ’
tz,w tg,w
Pioa =1-)  PH™ (33)

where
Il . m 0 S mS
]P)ﬁél :{Agl (‘Cl <¢37]1 +m81_17%+ 1)
21

24
. Mo Yps Mg
— Ly (€0 g — 1, 2Ll Tosl
1(51a31+m1 Oy +951>

) Mo1ps 0 m
- A92 (LI (¢3a]2 + ms1 — 17 M + Sl)
2510, 51

N
) M21psPy Mg
- L 0 g —1, —=77
1<§1,32+m1 ot 91>>}

X Fi,, (¢3) 6 (69 — ¢u199) , (34a)
PP =PPe (&) — €1, 69 — o, 60 — o)
(1 - F>\ 2 (¢3))
X A2 (34b)
FAsz ((bS)
x! . m 2 m
Byt = 0 (omar 41,7205 )
Az (e L Mmaps 97 ma
AjQ‘CQ <£27m51 + 72 13 021 (Pa:/l + Qsl) }
X Fx., (¢3) 0 (6% — @ur 63) (34c)
P =P (65 — €5, 02 = ¢, 0% — o)
(1—"Fy,, (93))
X — (344)
F>\52 (¢3)
where
1
A
= : (352)
o (K21 b + b5 + wAbg)ap,
(¢154 + ¢174) P
& =min{ 22— s b (35b)
' (923174 — Pz ¢?)ps
&' =max{ ————1 py 8 (35¢)
? (925174 - ‘Pmﬁé?)ps
A Mmg™ _mg1 98
S ) ( 221 )
mao;—1 J j m21¢‘54 J (ps)jl
T () (ae) B e

ma1—1 «—J J Moy 2 7 ps \7 .
AA _ 21 7 s |
2 Zj:() ZjQ:O (jg) ( (291 P, /3

M1 m21¢’74>
L S . (35¢)
2™ T (mg1) P ( {291 (

Ms1

X (_1)j—j2
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and the values of the step function 0(z) are zero and one for
z <0 and z > 0, respectively.
Proof: See Appendix A. ]
The outage probability for Us to decode x4, in the second
phase should be discussed in four cases (i.e., A = 0,1,2,3),
and the corresponding expression can be written as

t2,Tqy 3 t2,Zdg
Pyou” =1- Z;;ZO P?),E )

t — 1. 1. —
where P.7"" = Pr(A = k) Pr(E$) N ERS |A=k).
R »Td 7 Tdg .
When the events that both U; and lUQ cannot decode x3 in
the first phase occur (i.e., A = 0), we can use 7?:1:3’ 'yéfm,
t2,0 t2,0 2,%Ldg

(36)

¢
V3.2q, a0 737, to calculate P35 ™ as
to,T ~
Py = Pr (Asl < @3, As2 < P3, A2z > ¢9;)

= F,, (¢3) Fi,, (¢3) (1 — Fh, (&2)) , (3D
where ¢ = max {¢7, ¢¢'} and  ¢f =
Prag Similarly, the condition

aps (b8 = (k823" b +45257 08 ) 0ay, )
gbg? > 0 should be met, otherwise the outage probability for
Us to decode x4, is always one.

If U; cannot decode z3 in the first phase while Us can
decode 3 successfully (i.e., A = 1), the non-outage proba-
bility for Us to decode x4, during the second phase can be
calculated as

PL = Pr (A1 < é, A2 > 63, Mg > )
= Py, (68) (1= Fa, (69) (1 - Faag (63)) 0 38)

where (i;? = max {éﬁf, ¢é47 ¢§4}-

Similar to (37), using 7{',.,. 75, ygg’il and ~'22

Big,> WE

to,xq.
can calculate ;"5 “* as

P;fézd?’ =Pr (>\sl > ¢3, A2 < P3, Aoz > Qgi)

= (1= Py, (68)) P (69) (1 - Fas, (67)) - G9)

When the events that both U; and U, can decode x3
successfully during the second phase occur (i.e., A = 3), the
non-outage probability for Us to decode =4, can be calculated

. t1 t1 t2,3 t2,3 t2,3
by USING Y1y, Voleys Vinn, » V3as a0 V3%, s

P}jf@ =Pr (/\51 > ¢3, Ago > @3, Aag > ég)
=(1="Fx,, (¢3)) (1 = Fx,, (¢3))

(1 ()

Substituting (37), (38), (39) and (40) into (36), we obtain
Py

Based on the derivations of the outage probability, the
following theorem provides the diversity orders of all the
data streams to investigate the diversity gain of the proposed
scheme.

Theorem 2: The achievable diversity orders achieved by the
data streams x1, x2, T3, ), x4, and x4, are one, one, one,
zero, zero and one, respectively.

Proof: See Appendix B. ]

(40)

Furthermore. using (19), (21), (22), (25), (33) and (36), we
can write the outage throughput for the proposed scheme as

T =(1-Pi) Ry, + (1 — PyS32) Ry,

2,out
+ (1= Pi5i) By + (1= Pt ) By,
(1= Pl ) Bug + (1= Piit® ) Ruye @1
B. Ergodic Sum Capacity and Average SE

When the target data rates vary dynamically according to the
channel qualities, the ergodic sum capacity for the proposed
scheme can be expressed as

~ ~ ~3

Coum = Z\ﬁ:ex Ci + ZW&GX s
where C; = E[C;], C2 = E[C2], X € {z1,2,} and X €
{{173, TdyyTds, xll}

For simplicity, we first provide some defined functions
and integral calculation equations before deriving the ergodic
capacity. Applying [39, eq.(3.353.5)] to the following integral,
we have

A [ 2"
L =
3(n, 1) /0 T

_ Z"il (1) (k — D"
+ (=1)" " exp(p)Ei(—p),
where Ei(-) is the exponential integral function. Using the vari-
able substitution, binomial expansion and [39, eqgs.(3.351.2)
and (3.351.4)], we can define the following integral as

La(n,m,m" )A/oo 2 exp (—pz)dz
41, 1,1 1) = T SXp(—H
o (z+n9)"

= ZZFO <,71> (=n")""Mexp (un”)

N _7 _A)(n*)"2 _
exp (—pn*) 220 2o M%>m —-n20,

(42)

exp(—pz)dz

(43)

—(=p)T M IE{(—un* —un*
x| ) el )
n—m—2 (—pn")" (—m —ns—2)! ’
x Z%:é (77—711—11)! ’ ’

where n* denotes a constant. Moreover, we give an integral
calculation equation

> [T 1—-Fz(z) 3
/0 ln(erl)fz(z)dzf/O —="2dz.

1+2 (“43)

Let X, é )\Sl(al—i—nﬁl’Qag + ,%'il,?)ag)ps and X> é
A1 (Ki'ya2 + K1'gas)ps. Using (4), (13) and (45), we have

~ 1 *1-F *®1-F
R ECNE PRy S W
2In2 | Jy 1+ 0 142
1 msi
= Ay Ly dy,
21n2{ - 3( Y 2 (a1 + w1502 + KY'305) Ps)
msi
- Ad £3 (d27 > }a (46)
’ Q41 (kY502 + Ki'3a3) ps
ms1—1 Me1 & |
where Adl - Zdl:o (-fzsl(a1+’it112;2+’iilga3)ps) /d1.7
. 2 d
mg1—1 Me1
Ad, - d2=0 (Qsl(ﬁi%ga2+’€§%3a3)l)s) fdal,
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A .

Fx, (x) = F,\ﬂ(( g T+ e ) and Let V = Vizj’. The CDF of V can be written as
a1+ry ra2+Ky 3a3)ps ,xh T '

Fy(v) = 1= Ap(v+ Fy)~mmelexp (= g-v) by

_ X
Fra() = B (Goaimas
L3(n,00) = 0 holds.
For mathematical tractability, we assume that U; and U,
suffer the same residual interference as 3 (ie., k%', = Hé{l

when U; and Uj; perform imperfect SIC to decode z3 in the
first phase. Let YV = min(As1, As2), Y1 2 Y(a; + az +
mﬁflag)ps and Y5 2 Y(ay + mﬁflag)ps. Using the order
statistic, we can obtain the CDF of Y as

Fy(y)=1-(1-F\,(y) (1 - F.(y)
ms1 mg2
=1-Ayste — 47
Y eXp( <Qsl+952>y)’ 47)
h A, = ma—1 5 mea—1 (me | (mee | | |
where e - Z6‘1:0 e2=0 21 [ /61'/62"
Furthermore,

the CDFs of Y; and Y, can be writ-
ten as Fy,(y) = Fy and Fy,(y) =

). Note that the equation

(a1+as+ritas)ps
Fy <+) respectively. Using (3), (16), (45) and
(a1+n1,1a3)p5

(47), we can calculate Cﬂmz as
- 1 *1-F *1-F
2In2 (/g 14y 0 14y

1
:m{ﬂelﬁs(m +e9,01)— A, L3(e1+e,02)}, (48)

where 4., = A((an +aa +ya) ) 7 A,

—eé1— 51/82s514+ms2 /262
Ac((a1 + K1Y a AT g9, = Mal/latmaa/ls g4
e(( 1+ 1,1 3) pg) 1 (a1+a2+ni%1a3)ps
62 — msl/nslj‘msZ/QsZ.
(a1+nf1a3)ps
. . . . = A
The ergodic capacity of x3 is determined by U =
A

min{Uy, Uz, Us}, where Uy = ’yffmg, Us = wéfxa and Us
’Yézwi The CDF of U;, i € {1,2,3} is given by

F‘, ) < 9i7
Fy,(u) = { v () Z> 6 (49)

Fy, (u) = Bulemiem)
F)‘52((a37(a1+a2)u)ps)’ FU:; (’LL) =
9, — 6, — —us

aitaz and

F u
A23((bg—(n?f’b%w%)u)aps ’
(3

03 = . Using (49) and order statistic, we have

3
1521 b3 +by
Fy(u) =1 =1_ (1 — Fy,(u))

— { 1 -1y (1~ FUi (),
L,

u < 0,
"y (50)

where 0 = min{0y, 03}. Based on (18), (45) and (50), we can
use Gaussian-Chebyshev quadrature to approximate 033 as

_ 1 I, (1- Fy (u
Cg — / 7,—1( UZ( ))du
3 2In2 J, 1+u
~ or ZNl V1I—=1Z 3, (1 - ng(qnl)) 51)
41n2 n1=1 Ny 1+Qn1 ’
where ¢,, = W, Vp, = COS(2Z}V:17T), and Nq is a

complexity-accuracy tradeoff parameter.

using (9), (20) and the binomial expansion, where A; =

mal me1—1 f £\ (fitmo—1)! N _f
T T ) 2ofm0 2o f1=0 (fl) T (%)f frmma

t2,373 3\ ~Mma21 _
X (kP70Y + b3) a"map il and Ry =
ma1 {251

ety Thus, using (14), @5, (46), @),

and the partial fraction decomposition, we can calculate the
closed-form expression of C?, as
1

=3 Af o Uf Ms1
zh = fitma1 exp (7 N v) dv
2In2 0 (U+F1) <1+U) s1Ps
Af fitma 1 = mMs1
- S F
21n2{2f2=1 (Flfl)h 4(f7f7 17981/)5)
1 ms1
2
+ (Fl _ 1)f1+m21 £3(‘f7 Qslps)}7 (52)

where f: fi+mor — fo+ 1
Let Wi 2 422 | Wy 2 4822 and W 2 min{W;,Wa}.

Similar to (50), the CDF of W can be expressed as
Fyy(w) =1 =T (1 — Fy, (w))

_ 112 _F _o
_ 1-17_, (1 — Fw, (w)), w<bg;%b§7 53)

3

1, w > [y
whee  Fw(w) = P (s
Fy, (w) = 1L = Ay(w)G(w)~ 917,
Gw) = Egwepmm T oo Aw) =

71 N mg
PR 9120 %Slvgzilr(nisl)g!(gﬂ)g(ggl)psgl (91 + ma1 —

Ww o maw
1)! Towwan ) P\~ T bieyap oo Therefore, we

can use (17), (45), (53), and Ga}ussian—Chebyshev quadrature
to obtain an approximation of C'3 4, A8

_ b N2
3 ~ 1
Cmdl N4(b% —+ bg) In2 anzl N2
> H?:l(l - FWi(an))
1+ gn,

; (54)

141y, b8 _
where ¢,, = (4tn, )by 2n2 171'), Ny denotes a

e Ve = 08 | o
complexity-accuracy tradeoff parameter.
Following the same steps in (46), we can use .

calculate C3 as
‘3

t2,3

3,24, to

A mag
c? {Ahl,cg <h1, )
s 2In2 a3 (B+ w55V + 6175705 ) ap,

ma3
—Ah2£3(h2, T2313 | 1233 )}7 (55)
2, 2
(223 ("53,2 by +r373 bg) aps
h1

where A, = Syt s /ha!

' M=00\ 223 (b3 +5%7 b3 4% b aps

ha
—1
and Ay, =5 % L ho!.
m = 2=\ Gima e, ) /2

Combining (42), (46), (48), (51), (52), (54) and (55), we
obtain Cyym.
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Based on [40, eq.(3.104)] and (42), the average SE can be
defined as the average number of delivered bits per bandwidth

>

Cse = 7 (56)
where Wy represents the occupied bandwidth. To analyze the
average SE of the proposed scheme, we consider the unit time
(i.e., 1 s) and normalized bandwidth (i.e., W = 1 Hz) in this
paper. Therefore, using the previous analysis of the ergodic
sum capacity, we obtain Csg = Cium.

The following theorem gives the SE scaling of the proposed
scheme to achieve more insights into the average SE.

Theorem 3: In the high transmit SNR region (i.e., ps —
00), the SE scaling of the proposed scheme with perfect and
imperfect SIC are log,ps and zero, respectively.

Proof: See Appendix C. [ |

C’sum
)
B

V. NUMERICAL RESULTS

In this section, we adopt extensive Monte Carlo simula-
tions to investigate the performance of the proposed adaptive
transmission scheme with both perfect and imperfect SIC.
Specifically, the outage probability, outage throughput and
average SE of the proposed scheme (Prop.) are compared
with the conventional D-CDRT scheme in [34] using the same
simulation parameters. In the simulations, we consider two
distance settings, i.e., Case I: dg; = 80 m, dso = 90 m,
do1 = 15 m, and dogz = 5 m; Case II: dg; = 50 m, dgo = 55
m, d2; = 10 m, and do3 = 5 m. The channel gain for reference
distance, the path loss exponent, the noise power, and the scale
factor are set to Go = —40 dB, ag = 2.7, Ng = —110 dBm,
and a = 0.05, respectively. Moreover, the target data rates
are set to Ry, = Ryy = Ryy = Ry, = 0.3 bit/s/Hz and
R, = Ry, =0.1bit/s/Hz. The power allocation coefficients
are a; = 0.01, as = 0.09 and a3 = 0.9, and the power
allocation coefficient combinations (A, b‘f‘, b‘24, bg‘) are set
to (0, 0.99, 0.01, 0), (1, 0.9, 0.01, 0.09), (2, 0.99, 0.01, 0)
and (3, 0.9, 0.01, 0.09). For simplicity, we assumed that all
the fractional error factors (e.g., k%', and /ﬁfiA) equal kg for
imperfect SIC [41]. ’

To implement NOMA successfully, the conventional D-
CDRT scheme requires power control at BS. Since ds; < dso
and da3 < da1, the power allocation coefficients of the D-
CDRT are set as a1 = ag + az, ae = a1, ag = b3 + b3 and
ez = b3, while the corresponding power ratio is assumed to
be § = % for fair comparisons.

A. Outage Probability and Outage Throughput

In Fig. 2, we plot the outage probability for U; to decode
x1 in t; (Pf}o’{ftl) versus the transmit power of BS with both
perfect SIC and imperfect SIC. Fig. 2 validates that the ac-
curate theoretical results for the proposed scheme are in good
agreement with the simulation ones. Fig. 2 illustrates that the
proposed scheme achieves the same outage probability for U
in t; as the conventional D-CDRT scheme. This is because the
decoding procedure and parameter settings (i.e., the target data
rates, power allocation coefficients and fractional error factors)

of the proposed scheme are consistent with the conventional

Authorized licensed use limited to:

B

3 Myy=2
1p=0.08"

[

Outage Probability
Outage Probability

y Prop.ana
104 ——- Approx.

O  Prop.sim.-Case I
—-+-— D-CDRT-Case I

Prop.ana
104 ——- Approx.

O  Prop.sim.-Case I
—-+-— D-CDRT-Case |
QO Prop.sim.-Case II O Propsim.-Case II
1075 —-X-— D-CDRT-Case Il 10-5 —-X-— D-CDRT-Case II

-30 20 -10 0 10 20 30 -30 20 -10 0 10 20 30
P _(dBm) P_(dBm)

(a) Perfect SIC (b) Imperfect SIC

Fig. 2. Outage probability for Uy to decode 1 in t1 (i.e., piurly

1,out

one. Although the decoding process of x; is affected by the
residual interference caused by imperfect SIC, this process
will not face the adjacent-channel interference. Therefore, the
outage probability corresponding to x; becomes large with
the increase of the residual interference level, while it has
no error floors for large Ps. Meanwhile, the asymptotic lines
are well-matched for the corresponding theoretical lines in the
high transmit SNR region, which verifies the correctness of the
approximate result and diversity order analysis in Theorem 2.

Fig. 3 compares the outage probability for Us to decode x3
ints (ie., Py2%8) of the proposed scheme and the conventional
D-CDRT scheme. From Fig. 3, the simulations of the proposed
scheme agree well with the corresponding theoretical results,
and the asymptotic lines gradually coincide with the theoretical
ones when P; increases. Unlike the stationary transmission
scheme of the conventional D-CDRT scheme, the proposed
scheme designs an adaptive aggregate transmission and a pre-
determined decoding order strategy, and thus Us can receive
x3 in t9 as long as U, can decode x3 successfully in ¢;. Based
on this, the proposed scheme can achieve a lower szoﬁg than
that of the conventional D-CDRT scheme with perfect and
imperfect SIC, and the performance superiority becomes more
evident in Case II. The proposed scheme has better robustness
for facing imperfect SIC than that of the conventional D-CDRT
scheme.

Fig. 4 shows the relationship betwg,en the outage probability
for Uy to decode z in t5 (i.e., Pfi;itl) and the transmit power
of BS. In this figure, the simulation results are consistent
with the theoretical ones. Since U; suffers the inter-user
interference from Uy in ¢2, both the proposed and conventional
schemes have error floors for the outage probability related to
a} for large P;. Specifically, when perfect SIC is performed,
the proposed scheme has a higher error floor for large Ps than
the conventional scheme due to the aggregation transmission.
However, the proposed scheme using the adaptive transmis-
sion can achieve better outage psarformance for small Ps. If
imperfect SIC is performed, Plt 20111 in the conventional scheme
significantly decreases, while this phenomenon is not apparent
in the proposed scheme because of adaptive transmission.
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In Fig. 5, the outage probability for U; to decode x4, in to
(i.e., Pltzozs ') versus the transmit power of BS is illustrated.
The simulation results of the proposed scheme agree with the
corresponding theoretical results perfectly. It is worth noting

that the decoding process of x4, for the proposed scheme
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and conventional one will not suffer the residue;l interference,
and thus imperfect SIC has no impact on P;>.*. Due to

,out
the interference from BS, Pfii: ! for the proposed scheme
and conventional one are subject to error floors for large
Ps, which verifies that Pfiitd ! has the diversity order of
one. Meanwhile, the asymptotic line gradually coincides with
the corresponding error floor with the increase of Ps. The
proposed scheme achieves a higher error floor of Pltzoif ! for
larger Ps because a portion of the transmit power at Uz is
allocated to x43. Conversely, the proposed scheme can attain
lower P, “ue! for small Py, which benefits from the design of
adaptive transmission.

Fig. 6 and Fig. 7 depict the outage probabilities for U,
and U3 to decode x3 and x4, in t; and ¢ (ie., P;O]fﬁ and
P;Z()is *), respectively. In these two figures, the correctness of
the theoretical analysis for the proposed scheme is verified
through simulations, and the asymptotic result is well-matched
with the theoretical value. The proposed scheme can use the
same amount of time resource to transmit two extra data
streams (i.e., x2 and x4,) compared with the conventional
scheme. From Fig. 6, we observe that Pgtlofftz in Case II is
lower than that in Case I. This is because Case II has a
larger g2 than that in Case 1. As expected, Pztloﬁf becomes
large as the residual interference level increases. In Fig. 7,
the lines for P;zoﬁs % in Case I almost coincide with that in
Case II under perfect and imperfect SIC, because both Case
I and Case II have the same ds3. Besides, imperfect SIC can

increase ngoif %, which is consistent with the analysis in (36).

Moreover, both P;lofftz and P;metd ® have no error floors, and
they can attain the diversity order of one.

In Fig. 8, the outage throughput versus P is illustrated
under both perfect and imperfect SIC. The simulations validate
the theoretical results in (41). Fig. 8 shows that the proposed
scheme can attain high outage throughput than the conven-
tional scheme. This is because the proposed scheme can use
the same amount of time resource to transmit two more data
streams through aggregate transmission. Meanwhile, since the
outage throughput is affected by the outage probability and
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Fig. 8. Comparison of outage throughput between the proposed scheme and
the conventional D-CDRT.

target data rate for large Ps, both the proposed and conven-
tional schemes have the ceilings of the outage throughput. The
outage throughput for Case II is better than that for Case I in
the low-medium transmit power region because the channel
quality of Case II is better than that of Case I. However, for
large P, the outage throughput of Case II is almost the same
as that of Case I. This is because the error floor determines
the outage throughput, and the error floor differences between
Case I and Case II shown in both Fig. 4 and Fig. 5 are tiny for
large P;. Besides, the outage throughputs achieved by x/ and
x4, are much less than the other signals, and thus imperfect
SIC has a limited impact on the outage throughput.

Fig. 9 plots the coverage of Us versus the transmit power
of BS. Specifically, the coverage of Ujs is defined as the
maximum coverage radius that U; can achieve when the
outage-based quality-of-service constraint of Us is met. Here,
we set dg; = 50 m, dgo = 55 m and do; = 10 m. The
outage probability threshold is assumed to be 10~2. Note that
the distance doz should satisfy 0 m < doz < 10 m due
to dag < do21. Fig. 9 shows that the proposed scheme can
achieve larger coverage of Us than the conventional D-CDRT
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scheme in the low-medium transmit power region, which is
consistent with the results discussed in Fig. 3. Moreover, both
the proposed scheme and the conventional D-CDRT scheme
can attain the same maximum of the coverage of Us in the
high transmit power region.

B. Average SE

Fig. 10 shows the relationship between the average SE
and the transmit power of BS. To investigate the average SE
difference between NOMA-based schemes (i.e., the proposed
scheme, D-CDRT [34] and CDRT [38]) and OMA-based
schemes, we design two benchmarks using time division mul-
tiple access (TDMA) (i.e., OMA-I and OMA-II) for fair com-
parisons. Specifically, OMA-I divides the whole transmission
period into seven phases and adopts TDMA to transmit six
signals of the proposed scheme. Similarly, OMA-II completes
the transmission of four signals in the conventional scheme by
using five phases. In Fig. 10, the theoretical analysis results of
the average SE for the proposed scheme are perfectly matched
with the corresponding simulation ones. The analysis of SE
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scaling in Theorem 3 is also verified. The proposed scheme
realizes the aggregation transmission of multiple data streams
and outperforms the conventional scheme in terms of average
SE under both perfect and imperfect SIC. When perfect SIC is
performed, the proposed scheme and the D-CDRT scheme can
achieve better average SE compared with CDRT and OMA-
based schemes. Instead, the opposite results can be observed
in the high transmit power region for imperfect SIC. This is
because imperfect SIC significantly affects the average SE of
the proposed scheme and the D-CDRT scheme, resulting in the
existence of SE ceiling for large Ps. Moreover, since Case II
has better channel qualities than Case I, the achievable average
SE in Case II is superior to that in Case I.

Fig. 11 plots the average SE versus the Nakagami-m line-
of-sight parameter m,,. From Fig. 11, we can observe that the
proposed scheme can attain the best average SE performance
compared with the other benchmarks under perfect SIC and
imperfect SIC with a slight residual interference level. The
average SE becomes better with the increase of m,, because

Authorized licensed use limited to:

larger m,, represents better channel quality. However, the
increase rate of the average SE becomes smaller when m,,
increases, especially under imperfect SIC. This is because
the average SE is affected by the channel quality, power
allocation coefficient and residual interference, and imperfect
SIC becomes the main influencing factor when the channel
quality is good enough and the power allocation coefficient
setting is fixed.

Fig. 12 plots the average SE versus different ds; and dss.
Without loss of generality, we set 51 m < ds; < 63 m and 51
m < ds2 < 63 m in Fig. 12 (a) and Fig. 12 (b), respectively,
which follows the construction rules of the triangle. In this
figure, three observations can be drawn in the following. 1)
The average SE achieved by all the schemes decreases as ds;
becomes large. This is because the increase of ds; makes the
channel quality of h,; worse, resulting in the achievable SE
reduction of z; and 2 for all the schemes. Meanwhile, the
change of ds; does not affect the achievable capacity of the
other signals. 2) With the increase of dys, the average SE for
NOMA-based schemes (i.e., the proposed scheme, D-CDRT
and CDRT) remains almost constant under both perfect and
imperfect SIC. This is because although large dso can slightly
reduce the achievable capacity of x5 because of the worse hgo,
the average SE contributed by x5 is very limited compared
with all the other signals. 3) For OMA-based schemes, the SE
realized by x5 is crucial for the overall average SE. Therefore,
the average SE for OMA-I and OMA-II decreases significantly
as dso increases due to the decrease of the achievable SE for
xo caused by the increase of dgs.

VI. CONCLUSION

We studied a D2MD assisted cooperative NOMA system,
where two CCUs and one CEU are paired as a D2MD cluster,
and the BS can directly communicate with two CCUs and
connect with the CEU with the help of one CCU. To further
improve the reliability of the CEU and the SE, we design an
adaptive aggregate transmission scheme by adopting dynamic
superposition coding, pre-designing the decoding orders, and
prior information cancellation. Moreover, we evaluated the
performance for the proposed scheme in terms of outage
probability, diversity order, outage throughput, ergodic sum
capacity, average SE, and SE scaling over Nakagami-m fading
channels with both perfect and imperfect SIC. The correctness
of the analytical results was validated through simulations. It
is shown that the proposed scheme can achieve better outage
performance of the CEU, outage throughput, and average SE
under both perfect and imperfect SIC than the conventional
D-CDRT scheme. When the level of residual interference is
low, the proposed scheme can also attain superior SE than the
OMA schemes. To further improve the achievable SE, we will
investigate the related power allocation optimization problem
and extend the proposed scheme to a multiple-input multiple-
output scenario in future work.

APPENDIX A
PROOF OF THEOREM 1

In the second phase, U; can adopt SIC to decode x| after
decoding x4,. Based on the proposed scheme, the outage
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probability for U; to decode zj should be discussed in four
cases (i.e., A =0,1,2,3) and given in (33).

If both U; and U, cannot decode x3 successfully in the
first phase (i.e., A = 0), Uz only transmits =4, and x4,
via superposition coding in the second phase. Based on the
proposed predetermined decoding order strategy, Us can use
SIC to decode x} after removing x4,. In this case, we can
use it g o e vﬁd and fth’, to calculate the non-outage
probability for U; to decode x} as

Pt2v$/1
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where the PDF of the channel gain A, is fi,,(2) =
(z;)nzy) ay ﬁ exp ( , and the step function J(z)
Ty Ty

are zero and one for z < 0 and z > 0, respectively. Usmg (26)
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and some integral calculations, we can calculate P} as
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Similarly, if A = 1, U, will broadcast the combination of
T3, Tq, and x4, in the second phase. Therefore, U; decodes
x4, and x} sequentially by treating x4, and x3 as noise. Based

g M1
ms1T(ms1)
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When A = 2, U; can decode x5 successfully while Us
cannot decode x3 in the first phase. Therefore, U; transmits
the combination of =4, and x4, in the second phase. In this
case, Uy decodes x4, and z sequentially by ttreating xdgt a2s

27 25

noise. Based on this, we can use fyilxd, 72 Logr Vag, and v %7
’ 1 s Ly

to calculate the non-outage probability for Uy to decode ) as

. (60)
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Similar to (58), we can use (31) and some integral calcula-
tions to rewrite (61) as
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Similarly, U; can decode xq, and ] sequentially in the
second phase by treating x4, as noise when both U; and U,
can decode z3 successfully (i.e., A = 3) in the first phase.
This is because U; can use the known signal of z3 to remove
the corresponding interference caused by xs3. Following the

where £5' = max

. t t
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Subst1tut1ng (59), (60), (62) and (63) into (33), we obtain
Pri-
The analytical results in Theorem 1 can be used to minimize
the outage probability for U; to decode x| by formulating

. (63)
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the optimization problem and designing the power allocation
coefficient.

APPENDIX B
PROOF OF THEOREM 2

When the variable z satisfies z — 0, we can obtain the
approximation of exp(—z) — 1 — z by using the Maclaurin
series [36]. Based on this, the CDF function in (20) with z — 0
can be approximated as
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F)‘”(Z):m '(-Q y) .
TY* Ty

Using (19), (21), (22), (25), (33), (36) and (64), we can re-
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and Pfoitd?’ for high SNR region (i.e., ps — 00) as

~ ms1
1 M1
tl,wl ~ ! s1¥1 65
Lout ms1 ( Qsl > ’ ( )
1 (75 ms2
t1,22 mgso@2
P2,0ut ~ ms2! < 982 > ) (66)

t2,23
P3,out ~

1 [ dsmea\™2 1 (Gmag\
3Mg2 3M23
67
m52!< 2 ) +m23!< {293 > » (67

mslmsl

_ me‘l (mzlﬂséﬁg)i
024" T (mgy) 4—~i=0 297

(m51+i— 1)' s Mles(ﬁg i
—— | ==+ —="> 68

to,x
P2 dq ~1

1,out

mslmsl

Qslmﬂr(msl)

P~ GG ((68) - (8)™)
+ C2G3 ((éﬁ)m - (Ni)mn) — (3 (é?)m
+ GGG ((6)™ + (@ — (@
- ()™,

P3ms1 Mt | _ [ ¢3ms2 =2 |
9] /msl., CQ = 7] /msg. and

Zm21*1 (msl —+ Z — 1)'

Pt2 755/1 ~1 —
i=0 7!

1,0out

(70)

where (; = = -

G=92) /masl

The diversity order corresponding to the outage probability
P, can be defined as
IOg P out

D (Py) = — lim

(71
ps—oo log ps
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Therefore, substituting (65)-(70) into (71), we have
1,21 1,22 2,T: l2,0
D (Pli) = D (i) = D (i) = D (P) = 1
and D (Pffc;jg) =D (Pfi;jjl) —0.

The analytical results verify that the data streams 2 and
T4, achieve the diversity order of zero due to the inter-
channel interference. However, the data streams xi, x2, 3,
and x4, will not suffer from the inter-channel interference, and
thus they can achieve the diversity order of one. In practical
applications, the power allocation coefficients related to data
streams 1, T2, T3, and x4, should be reasonably designed to
avoid the waste of power resources while ensuring the outage
performance, because the outage probabilities corresponding
to these data streams have error floors when the transmit SNR
becomes large.

APPENDIX C
PROOF OF THEOREM 3

The following approximations, i.e., exp(—z) ~ 1 — 2z and
Ei(z) = E* + z + In(—z) always hold for z — 0, where E*
denotes the Euler constant [36]. When the proposed scheme
performs perfect SIC, applying the above approximations to
(46) and (55), we can obtain C,, ~ 3log,p, and C’g@ ~
Llog,p, in the high transmit SNR region. Due to the SC
characteristics of NOMA, the ergodic capacities for the other
signals are interference limited, and they gradually become
constant with the increase of p,. Specifically, if p;, — oo,
we can use (14), (16), (17) and (18) to obtain the following
approximations

C3 ~E {;logQ (1 + /\2/1\;);401) } , (72a)
Co, ~ %logz (1 n Z?) , (72b)
a3, ~ ]E{;logz (1 +min{ A:jl;’jl‘;)%a, bgbj o })} (72¢)
C3 ~ %logQ (1+min{a1‘fa2,lg§}). (72d)

Based on the above analysis and (42), the SE scaling of the
proposed scheme with perfect SIC is logyps.

Moreover, imperfect SIC causes the residual interference,
and thus the ergodic capacity approximations of the proposed
scheme for p; — 0o can be written as

Cy, ~ %log2 (1 + w> (73a)
Co, ~ %log2 (1 + a1+af:’im> (73b)
033 = %IOgQ (1+min {(alcfaz) ’ (ngz)fll)é—kbg)}) , (73¢)
Cg/l ~ {élogz <1+ A1 (HfiAblA/}:;)‘é—FwAb?) a)}7 730

1 . )\21()?0& b%
C? ~ T =log,(1
za, {2 °g2< +mm{)\51+)\21b§a’ b3 +b3

1
C’ﬁds ~ ilog2 <1 + (

)}7 (73e)

(73f)

3

b3 )

t2,313 t2,3713 '
Ky b7 + Kg'y b3)

estrictions apply.
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Combining (42) and (73), we obtain that the SE scaling
becomes zero when the proposed scheme performs imperfect

SIC.

Based on the above discussions, the corresponding rationale
can be summarized as follows. When perfect SIC is performed,
only z; and x4, are not affected by the inter-user interference
or the inter-channel interference. Therefore, the growth rate of
Cy, and C3 0 with the increase of p; is %logzpS in the high
SNR region, while the ergodic capacities for the other signals
are almost constant. Conversely, if imperfect SIC is performed,
the transmissions of all the signals are affected by interference
such as inter-user interference, inter-channel interference, and
residual interference. Therefore, the SE scaling becomes zero.
The analytical results in Theorem 3 can provide theoretical
support for effectively improving the SE under high SNR
condition.
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