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Abstract—The upcoming sixth generation (6G) driven Internet-
of-Things (IoT) will face the great challenges of extremely
low power demand, high transmission reliability and massive
connectivities. To meet these requirements, we propose a novel
hybrid ambient backscatter communication (ABCom) or relay
communication (RCom) assisted non-orthogonal multiple access
(NOMA) network, which simultaneously enables traditional relay
networks and ABCom-assisted IoT networks. Specifically, we
investigate the reliability and the finite signal-to-noise ratio (SNR)
diversity-multiplexing trade-off (f-DMT) of the proposed system
to characterize the outage performance of the proposed system in
the non-asymptotic SNR region. We derive the outage probability
(OP) and the finite SNR diversity gain when two sources aim to
communicate through either ABCom or RCom. On the basis
that the results of Monte Carlo simulation and analysis are in
perfect agreement, we discover that in the high SNR regime,
the OP for ABCom tends to be a constant, leading to a zero
diversity gain and an error floor, while the OP for RCom is
monotone decreasing with respect to the SNR. Also, compared
with the imperfect successive interference cancellation (ipSIC)
mode, the reliability of the system under the ideal condition
is significantly improved; Moreover, in the lower multiplexing
gain regime, for both ABCom and RCom, the higher finite
SNR diversity gain results in better system reliability, which
provides good opportunities for ABCom to adapt f-DMT and
improve relevant performance metrics by adapting the reflection
parameter.

Index Terms—Ambient backscatter communication, diversity-
multiplexing trade-off, non-orthogonal multiple access, outage
probability, two-way cooperative relaying.
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I. INTRODUCTION

RECENTLY, the Internet of Things (IoT) has been boom-
ing around the world driven by the fifth generation

(5G) mobile communications, and it is predicted that the
number of IoT connected devices will increase from 21
billion in 2017 to 125 billion in 2030 [1]. To fulfill the
device connectivity requirements, major countries around the
world have focused on the studies of the sixth generation
(6G) mobile communication technologies. Nevertheless, high
energy consumption, as well as the shortage of spectrum
resources, yields negative effects on intelligent connection of
IoT devices. Therefore, energy-saving communications, also
known as the extremely low-power communications or green
communications, has proceeded for 6G networks [2]. As a
consequence, various prospective technologies have been pro-
posed to support extremely low-power communications with
massive devices connected, for example, ambient backscatter
communication (ABCom) [3], non-orthogonal multiple access
(NOMA) [4], and cooperative relaying [5].

Because of the performance advantages in power consump-
tion, spectral utilization, and deployment flexibility, ABCom
reveals its significance as one of the solutions to the challenges
apropos of extremely low-power communications [6]. Based
on these characteristics, ABCom has become one of the
research hotspots in academia in recent years [7–9]. The
concept of ABCom was initially raised in [10] as a ground-
breaking technology for diverse wireless application scenarios.
In ABCom, backscatter device (BD) modulates and reflects
its own signal to the reader with the aid of the surrounding
radio frequency (RF) signals, such as TV, cellular and Wi-
Fi signals [11]. In the meantime, the realization of such a
self-sufficient ABCom system, which can operate in certain
harsh scenarios without reliable power supplies for wireless
transmissions, needs to work out the two main challenges of
signal interference and security and reliability, which is also
the motivation of this research.

More in-depth investigations of ABCom can be found in
[12–15]. In [12], the authors put forward a frame system
of cognitive ABCom coexisting with illegal eavesdroppers to
explore the reliability and security of the proposed framework.
Yang et al. in [13] proposed a cooperative ABCom system
by considering two kinds of fading channels to explore the
potential capacity for the low-power IoT. Considering the
ABCom network with multiple BDs in [14], a backscattering
link is randomly selected to reflect received signal so as
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to minimize the outage probability (OP) of the backscat-
tering link. In order to explore the reliability and security
performance of practical NOMA-assisted cognitive ABCom
networks, the authors in [15] considered the in-phase and
quadrature-phase imbalance at RF front-ends and the existence
of an eavesdropper. In addition, ABCom has been widely used
in smart home, intelligent transportation systems and other
fields [16, 17]. The authors of [16] designed the first battery-
free video streaming camera to collect energy from two light
sources, outdoor and indoor, and backscatter video up to 13
frames per second over a distance of 150 feet. In [17], Hansini
et al. proposed a secure backscatter communication between
two smart cars in vehicle-mounted AD-hoc networking to
provide users with comfortable and easy driving environment.

It is inevitable that the quantity of connected devices in
IoT will maintain ever-growing in the future, which puts
forward extremely challenging needs, such as high spectral
efficiency and massive connectivity [18]. Actuated by this set-
ting, NOMA has appealed to wide attention from the industry
and academia in recent years [19]. Unlike the traditionary
orthogonal multi-access (OMA), NOMA permits all served
users to share the same frequency/time/code domain resources
through power multiplexing. This is achieved by sending a
superimposed signal from the transmitter and recovering each
individual signal through successive interference cancellation
(SIC) at multiple receivers [20]. In particular, it is also worth
noting that NOMA can allocate less power to users with
superior channel conditions and more power to users with
inferior channel conditions, so as to achieve user fairness and
improve the holistic performance of the system [21].

To further enhance the overall system performance, the
design and exploration of NOMA assisted ABCom systems
can not only resolve the matter of spectrum scarcity in com-
munications, but also continue to exert the virtues of ABCom
systems with low cost and energy consumption [22–24]. The
authors of [22] proposed an ABCom-NOMA network and
derived the analytical expressions of the OP and the ergodic
capacity to analyze the relationship between cellular and IoT
networks. In [23], the system performance of ABCom-NOMA
networks was discussed by deducing the analytical expressions
of the effective capacity of NOMA users and BD. Taking
overall consideration of the more practical error factors such as
imperfect SIC (ipSIC), channel estimation errors, and residual
hardware impairment, Li et al. in [24] introduced an ABCom-
NOMA network interfered by artificial noise and studied its
physical layer security (PLS).

Recently, on account of the rapid progress of network
topology for wireless communications, the present mode of
communications has translated to an incorporation of de-
centralized and concentrated communication rather than the
conventional unitary centralized communication, and sundry
cooperative communication technologies are increasingly and
widely applied [25–28]. Specifically, the destination node cre-
ates a virtual multiple-input-multiple-output (MIMO) system
by sharing other users’ antennas without the need to configure
multiple antennas to gain diversity [29]. Cooperative relay
technology makes full use of the broadcast characteristics of
wireless communication, not only reduces the power consump-

tion and bandwidth of the terminal without increasing the
complexity of the system, but also significantly improves the
spectrum efficiency, throughput and capacity of the system
[30, 31].

The advantage of relay channel is that it can realize reliable
communication between the source node and the destination
node with the help of relay [32]. The cooperative relay
paradigm has promising applications and has recently received
research attention [33–35]. In [33], the authors designed a
downlink NOMA system with cooperative full-duplex (DF)
relay, in which a near user acts as the relay for a far user, and
explored the reliability of the considered system by deducing
the OP and ergodic sum rate when the power distribution of BS
and relay is fixed. The authors of [34] proposed a cooperative
NOMA network in which the base station communicates with
two users through an energy-harvesting relay, and analyzed the
influence of different NOMA power distribution strategies of
fixed power distribution and cognitive radio on simultaneous
wireless information and power transfer (SWIPT) systems.
Designed the NOMA assisted cognitive radio (CR) ABCom
network, Le et al. in [35] assumed that the relay node can
simultaneously collect/decode and backscatter the received
source signal, and derived the OP and ergodic capacity of
the receiving node.

Although it is well known that cooperative communica-
tions is a suppositional or distributed manifestation of MIMO
paradigm [36], however, the great deal of studies on MIMO
systems concentrated on acquiring the maximum diversity
gain or multiplexing gain. In fact, the acquisition of both
single maximum gains is one-sided, making it untoward to
contrast the performance between diversity and multiplexing
schemes. As a consequence, the authors in [37] proposed a
disruptive idea that two genres of gains can actually be realized
synchronously in a known channel, but there is a trade-
off between them, namely the diversity-multiplexing trade-off
(DMT), which is a more realistic view to deal with both gains.
To characterize this aspect, Narasimhan in [38] introduced
a more practical performance metric called the finite SNR
DMT (f-DMT). The research on the performance of f-DMT
makes up for the deficiency of the research on the combined
performance of diversity gain and multiplexing gain.

The f-DMT has been extensively discussed in [39–41] from
different perspectives. In [39], by deducing the analytic expres-
sions of the lower bound on OP and the f-DMT, the authors
discussed the analog network coding protocol performance of
channelless coding for two-way relay systems. To solve the
challenge of spectrum deficiency in aviation industry, Tan et al.
in [40] proposed a hybrid-duplex aeronautical communication
system, which is composed of one full duplex terrestrial station
and two half-duplex aerial stations. Then, the analytical OP
and f-DMT expressions are obtained for the SIC detectors. The
authors of [41] analyzed the DMT of the dynamic Quantified
Mapping forward strategy of the half-duplex single relay
network, and obtained the optimal DMT of the proposed relay
network.
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A. Motivation and Contributions

Although ABCom, NOMA and cooperative communica-
tion have been well discussed in the above literature, the
research on hybrid ABCom or relay communication (RCom)-
assisted NOMA networks is still in its infancy. Motivated
by this, we propose a hybrid ABCom/RCom-assisted NOMA
networks system, which incorporates RCom enabling con-
ventional transmission and ABCom enabling short distance
IoT network. Benefiting from the characteristics of low-power
reflection communications, f-DMT is adopted as the perfor-
mance evaluation metric since ABCom devices always operate
in the low-to-moderate SNR regions. Therefore, f-DMT is
an effective way to characterize the outage performance of
ABCom assisted IoT networks.

To the best of our knowledge, there is no work on studying
the f-DMT performance of the hybrid ABCom or RCom-
assisted NOMA networks systems, and only a few relevant
research works can be found in [42–44]. Zhang et al. in [42]
first proposed an intelligent reflection surface (IRS) assisted
MIMO system based on large random matrix theory and
then derived the analytical expressions of OP and f-DMT
of the considered system. However, it is obvious that IRS
and ABCom are backscattering technologies with different
characteristics, the studies on IRS cannot are applicable to
ABCom. In [43], the authors put forward an opportunistic
source selection scheme for ABCom assisted cooperative relay
communication systems and derived the analytical expressions
of OP for the relaying and backscattering transmission. Yet,
NOMA and f-DMT were not involved in this study. Li et al. in
[44] investigated the affect of in-phase and quadrature phase
imbalance (IQI) on the reliability and security of ABCom-
NOMA systems by deriving the analytical expressions of OP
and intercept probability (IP). However, f-DMT were not taken
into consideration.

Based on a large amount of research works on ABCom,
NOMA, and cooperative communication, in order to support
the communications of both cellular and IoT networks, this
paper analyzes f-DMT of hybrid ABCom or RCom-assisted
NOMA networks systems to explore the advantage of ABCom
on the performance of NOMA-assisted relay systems for
current IoT communications of lower power, and we adopt
the traditional RCom system as the benchmark. The main
contributions of this paper are summarized as follows:

• We propose a hybrid ABCom/RCom-assisted NOMA
system to satisfy the ever-increasing demands of low-
power transmission, high spectrum utilization, multi-
scenario applicability, and multi-user connectivity, which
incorporates two modes: ABCom and RCom, to complete
the information exchange through backscattering or relay
forwarding. In the short-distance communication, the
ABCom mode can be used to achieve low-power com-
munication, and in the service of remote communication
can be used RCom mode, and can be switched according
to the different needs of communication coverage, so as
to expand the application range of the communication
system.

• The analytical expressions for the OP of the transmit

signal from the source to the NOMA users are calculated
based on the statistical characteristic of signal to interfer-
ence plus noise ratio (SINR). Based on these expressions,
we probe into the reliability performance of the proposed
network. The results show that in the high SNR regime,
the OP for ABCom tends to be constant, leading to the
zero diversity gain and the error floor, while the OP for
RCom is monotone decreasing with respect to the SNR.

• To characterize the OP slope in the non-asymptotic SNR
regions, the analytical expressions of the finite SNR
diversity gain and the f-DMT are derived,. The simulation
results indicate that, for both ABCom and RCom, the
higher finite SNR diversity gain results in better system
reliability. In addition, simulation results also indicate
that we can adapt the reflection parameter of ABCom
to manage the f-DMT in an efficient manner.

B. Organization and Notations

The rest of the paper is planned as follows. Section II depicts
the model of the hybrid ABCom/RCom NOMA-assisted TW
system. Section III formulates and analyzes the OP and f-DMT
of the considered system. Section IV verifies the accuracy
of the analysis in the previous section through computer
simulations and presents the numerical results. Section V
concludes the paper.

The following notations are used to indicate the special
symbols used in the rest part of this paper. Pr (·) represents the
probability of the random event enclosed. fX (·) is denoted as
the probability density function (PDF) with respect to random
variable X . CN

(
µ, σ2

)
refers to the complex Gaussian ran-

dom distribution with mean µ and variance σ2. Kv (·) stands
for the modified Bessel function of the second kind with order
v. The whittaker function is denoted as Wλ,µ (·). E (·) signifies
the expectation of the random variable enclosed.

II. SYSTEM MODEL

A novel hybrid ABCom/RCom NOMA-assisted TW system
model operating over Nakagami-m fading channels is consid-
ered as illustrated in Fig. 1. Specifically, the system involves
a hybrid of two modes, where two source nodes A and B
can exchange information through either the ABCom mode or
the RCom mode. To streamline our discussion and focus the
work the following assumptions are made: 1) A single antenna
is equipped at all nodes; 2) All channels follow independent
Nakagami-m distributions.

In this configuration, we assume that it is difficult to obtain
perfect CSI due to some practical factors, so the channel
estimation method is introduced. For the ABCom system, we
assume that the cascaded channels can be approximated as
a single channel to facilitate channel estimation calculations
[45, 46]. Then, we denote as ĥn = ĥiĥp. By employing
linear minimum mean square error (LMMSE), the channel
coefficient can be written as follows:

hp = ĥp + ep, (1)

where ĥp stands for the estimated channel coefficient, and
ep ∼ CN

(
0, δ2

e

)
represents the estimated error of channel hp.
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Fig. 1. System model of hybrid NOMA-assisted TW communications.

Further, ĥp and ep are independent and orthogonal because
of the orthogonality of the LMMSE algorithm. The estimated
channel power gains ĥB , ĥR, ĥD, and ĥRB follow the gamma

distributions with E

(∣∣∣ĥB∣∣∣2) = ΩB , E
(∣∣∣ĥR∣∣∣2) = ΩR,

E

(∣∣∣ĥAD∣∣∣2) = ΩAD, E
(∣∣∣ĥDB∣∣∣2) = ΩDB , E

(∣∣∣ĥRB∣∣∣2) =

ΩRB and with fading parameters mB , mR, mAD, mDB ,
mRB , respectively.

For ABCom, the entire information exchanging process is
divided into two phases. In the first phase, node A communi-
cates with node B through the direct and backscattering links.
In the second phase, nodes A and B exchange identities. For
RCom, the whole information exchange process is divided into
four phases. In the first phase, node A transmits information
through both of the direct link and the relaying link. In the
second phase, node R sends information to node B using
the DF relaying protocol. In a similar process, node B sends
signals to node A in the third and fourth phases. Due to the
symmetry of the system model and the reciprocity of the
channel, the signal reception of node B is analyzed as an
example without loss of generality. As detailed in [35], for
the purpose of improving the quality of service for users and
improving the spectrum efficiency, the NOMA technique is
introduced. Then the transmitted signal of node B should be
divided into two parts S1 and S2, whose power allocation
coefficients are denoted as b and 1− b, respectively, satisfying
b < 0.5 and E

(
|S1|2

)
= E

(
|S2|2

)
= 1. The transmitted

signal of node A can be expressed as

SA =
√
bPAS1 +

√
(1− b)PAS2, (2)

where PA indicates the transmitted power of node A.
Then, the received signal at node B for ABCom can be

expressed as [12]

yB =
(
ĥB + eB

)
SA + β

(
ĥD + eD

)
SAc (t) + nB , (3)

where c (t) represents the signal of BD, and β, which is used
to normalize c (t) with E

(
|c (t)|2

)
= 1, is the reflection

coefficient; nB signifies the additive white Gaussian noise and
nB ∼ CN

(
0, σ2

)
.

Similarly, the received signal at node i (i ∈ (B,R)) for
RCom in the first time slot can be expressed as

yi =
(
ĥi + ei

)
SA + ni, (4)

where ni signifies the additive white Gaussian noise and ni ∼
CN

(
0, σ2

)
.

For RCom, considering the use of the DF relaying protocol
at node R, the received signal in the second time slot of node
B can be expressed as

yBr =
(
ĥRB + eRB

)
SR + nB2 , (5)

where SR =
√
bPrS1 +

√
(1− b)PrS2, nB2

signifies the
additive white Gaussian noise and nB2

∼ CN
(
0, σ2

)
, and

Pr indicates the transmitted power of node R.

A. Received SINR

1) Received SINR for ABCom: Considering the NOMA
process, node B first detects S2 and treats S1 and BD’s signal
as the interference. Thus, the received SINR at node B with
respect to the detection of S2 can be expressed as

γS2
=

(1− b) ρ
∣∣∣ĥB∣∣∣2

ρb
∣∣∣ĥB∣∣∣2 + δ2

Bρ+ β2ρ
∣∣∣ĥD∣∣∣2 + β2ρδ2

D + 1
, (6)

where ρ = PA
σ2 stands for the transmitted SNR.

According to the protocol of NOMA, node B then decodes
S1 using SIC. In this study, we consider the practical condi-
tions for the presence of ipSIC in the system [34]. Therefore,
the instantaneous SINR at node B with respect to the detection
of S1 can be represented as

γS
1
=

bρ
∣∣∣ĥB∣∣∣2

(1− b) ρξ
∣∣∣ĥB∣∣∣2+δ2

Bρ+ β2ρ
∣∣∣ĥD∣∣∣2+β2ρδ2

D + 1
, (7)

where ξ ∈ [0, 1] stands for the ipSIC parameter characterizing
the severity of the imperfection. In particular, ξ = 1 and ξ = 0
represent no SIC and perfect SIC, respectively.

Similarly, when decoding signal c (t) of BD, the instanta-
neous SINR can be written as

γc =
β2ρ

∣∣∣ĥD∣∣∣2
ρξ|hB |2 + δ2

Bρ+ β2ρδ2
D + 1

, (8)

2) Received SINR for RCom: In the first time slot, the
received SINR at node i (i ∈ {B,R}) with respect to the
detection of S2 and S1 can be expressed as

γiS2
=

(1− b) ρ
∣∣∣ĥi∣∣∣2

bρ
∣∣∣ĥi∣∣∣2 + δ2

i ρ+ 1
, (9)

and

γiS1
=

bρ
∣∣∣ĥi∣∣∣2

ξ (1− b) ρ
∣∣∣ĥi∣∣∣2 + δ2

i ρ+ 1
, (10)

respectively.
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In the second time slot, the received SINR at node B with
respect to the detection of S2 and S1 can be expressed as

γB2

S2
=

(1− b) ρr
∣∣∣ĥRB∣∣∣2

bρr|hRB |2 + δ2
RBρr + 1

, (11)

and

γB2

S1
=

bρr

∣∣∣ĥRB∣∣∣2
ξ (1− b) ρr

∣∣∣ĥRB∣∣∣2 + δ2
RBρr + 1

, (12)

respectively, where ρr = Pr
σ2 stands for the transmitted SNR

of node R, i.e., ρr = ρ.

III. OUTAGE PERFORMANCE AND FINITE-SNR DMT
ANALYSIS

In this section, we conduct a comprehensive analysis the
reliability performance of the proposed hybrid ABCom/RCom
NOMA-assisted TW system in terms of OP. Additionally, the
asymptotic expression of OP in the high SNR region is also
derived. Finally, we analyze and discuss the diversity gain
d and multiplexing gain r for the proposed system, as well
as the f-DMT to characterize outage performance at non-
asymptotic SNRs. Both the finite SNR diversity gain and f-
DMT measure the slope of OP at a given SNR. Specifically,
given that wireless communication systems usually operate in
low-to-moderate SNR regions, the expressions of the finite
SNR diversity gain are derived enable a detailed analysis of
the damping rate of OP and offer insights into the outage
performance of the proposed hybrid systems.

A. Outage Performance Analysis for ABCom

The outage event can be defined as when the instantaneous
rate of links is below the target rate.

1) Outage Probability of node B: Here, we study the
complementary event of outage, which happens when the
two following conditions are both satisfied: 1) S2 can be
successfully decoded by node B; 2) S1 can be successfully
decoded by node B. Therefore, the OP of node B for ABCom
at a given target rate is defined by

PBout=1−Pr {log2 (1+γS2
)≥R1, log2 (1+γS1

)≥R2} . (13)

In practice, two target rates R1 and R2 are generally differ-
ent because of different quality-of-service (QoS) requirements.
For the purposes of mathematical simplicity and comparison,
we let R1 = R2 = R, and the same assumption can be found
in [43].

Accordingly, multiplexing gain r determines how the given
target rate R scales following the finite SNR and is given by
[37]

r =
R

log2 (1 + ρ)
. (14)

Next, we have the following theorem and an associated
corollary to derive closed-form expression of the OP at node
B.

Theorem 1. For Nakagami-m fading channels, the analytical
expression of OP of node B can be computed as

PBout (ρ, r) =1−
mB−1∑
n=0

n∑
k=0

Ā1A
k
e Ā2∆k−$1

1 Wλ,υ ($2)

β2$1ρke
−$2

2 +
Ae∆1
ρΩB

, (15)

where θ = 2R − 1 = (1 + ρ)
r − 1, ∆1 =

max( θ
(1−b−θb) ,

θ
[b−θξ(1−b)] ), $1 = mAD+mDB−1

2 ,
λ = −(n + $1 − k), υ = mAD−mDB

2 ,

Ā1 =
Ckn

Γ(mAD)Γ(mDB)(ΩADΩDB)$1n! , Ā2 =
Γ(n+mAD−k)Γ(n+mDB−k)

(ΩB)k−$1
,Ae = δ2Bρ + δ2Dρβ

2 + 1,

and $2 = ΩB
ΩADΩDB∆1β2 .

Proof: See Appendix A.
To gain deeper insights and conduct diversity gain analysis,

we analyze the asymptotic expression of OP for node B in the
high SNR regions.

Corollary 1. Under the condition of high SNR, the asymptotic
expression of OP of B can be written as

PBout,ρ→∞ (ρ, r) = 1−
mB−1∑
n=0

n∑
k=0

Ā1Ā2∆k−$1
1 Wλ,υ ($2)

β2$1ρke−
$2
2

. (16)

2) Outage Probability of BD: Similarly, BD can success-
fully decode the information when all the three following
conditions are satisfied: 1) S2 can be successfully decoded
by node B; 2) S1 can be successfully decoded by node B;
3) c (t) can be successfully decoded by the BD. The OP of
BD for ABCom at a given data rate R is thus defined in (16),
which is given at the top of the next page.

Again, we have the following theorem and an associated
corollary to derive closed-form expressions for the outage
performance analysis of the BD.

Theorem 2. For Nakagami-m fading channels, the analytical
expression of the OP of BD can be calculated as

PBDout (ρ, r) = PBout (ρ, r) +A1 +A2 −A3, (18)

where ∆2 = Ae max
(
θ$5

β2ρ ,
θ
β2ρ

)
, Ā3 =

CknĀ1(β2ρ)
n−k

Ake

N(ΩADΩDB)
1
2 ΩBn

, $3 = mAD+mDB
2 + n − k − 1,

$4 = ΩBθξ
β2ΩADΩDB

, $5 = ∆1ξρ+1
1−∆1θξρ

, ϕi =
cos[(2i−1)π]

2N , ϕj = cos[(2j−1)π]
2K , B1 = ∆2(ϕi+1)

2 ,

A1 =
mB−1∑
n=0

n∑
k=0

N∑
i=0

π∆n
1 Ā3∆2

√
1−ϕi2

B
−$3
1 e

B1∆1β
2+Ae∆1

ρΩB

K2υ

(
2
√
B3

)
,

A2 =
mB−1∑
n=0

n∑
k=0

(−1)kĀ1Ā2A
k
eβ

2$1θ$1

ξk−$1ρke
$4
2

− Ae
ΩBξρ

Wλ,υ ($4),

B2 =
∆2(ϕj+1)

2 , B3 = B1

ΩADΩDB
, A3 =

mB−1∑
n=0

n∑
k=0

K∑
j=0

π(−1)kĀ3∆2B
$3
2

√
1−ϕj2

(θAe)
n−k(ξρ)ne

B2β
2ρ+θAe

ΩBθAeξρ

K2υ

(
2
√
B4

)
,

B4 = B2

ΩADΩDB
, and N and K are the accuracy-complexity

trade-off parameters.

Proof: See Appendix B.
To obtain more insights and as well as to carry out the

diversity gain analysis, we analyze the asymptotic expression
of OP of node BD in the high SNR region.
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PBDout = 1− Pr {log2 (1 + γS2
) ≥ R, log2 (1 + γS1

) ≥ R, log2 (1 + γc) ≥ R} (17)

Corollary 2. Under the condition of high SNR, we can obtain
the asymptotic expression of OP for BD as

PBDout,ρ→∞ (ρ, r) = PBout,ρ→∞ (ρ, r) +A∞1 +A∞2 −A∞3 , (19)

where A∞1 =
mB−1∑
n=0

n∑
k=0

N∑
i=0

(−1)2υπAeĀ3∆2∆1
n
√

1−ϕi2

Γ(2υ+1)B1
−$3B3

−υ(1−ln
√
B3)

−1 ,

A∞2 =
mB−1∑
n=0

n∑
k=0

(−1)kĀ1Ā2Aeβ
2$1

θ−$1ρkξk−$1e
$4
2
Wλ,υ ($4), and

A∞3 =
mB−1∑
n=0

n∑
k=0

K∑
j=0

(−1)kπĀ3Ae∆2

√
1−ϕj2

θn−kξnρkB2
−$3B4

−υ ln
(√
B4

)
.

Proof: When x → 0, employing the approximate
expression of the exponential function ex ≈ 1+x and the zero-
order Bessel function of the second kind K0 (x) ≈ − ln

(
x
2

)
and performing a series of basic mathematical

manipulations, we can approximate e
−B1∆1β

2+Ae∆1
ΩBρ

ρ→∞
≈ 1,

and K2υ

(
2
√
B3

) ρ→∞
≈ (−1)2υBv3

Γ(2υ+1)

(
1− ln

√
B3

)
, and

e
−$4

2 + Ae
ΩBξρ

ρ→∞
≈ e−

$4
2 , by which we can obtain (18).

Remark 1. From Theorem 1, Theorem 2, Corollary 1 and
Corollary 2, it becomes evident that with the increase of
SNR, the OP gradually decreases until it tends to a non-zero
constant. This implies the existence of an outage floor of the
proposed system with the presence of ipSIC and ipCSI. There-
fore, the quality of SIC and CSI is of paramount importance
for the reliability of the proposed NOMA-assisted TW-ABCom
system.

B. Outage Performance Analysis for RCom

Based on the NOMA and DF relaying protocol, it can be
known that for node B or node R, when the decoding signal
of either S1 or S2 fails, the outage event will occur at node
B, the OP at node B for RCom can thus be expressed as

PBRout =
(
1− PBR1

o

) (
1− PBR2

o

)
, (20)

where PBR1
o and PBR2

o represent the probability of node B
successfully decoding signals S1 and S2 in the first and second
time slots, respectively.

Next, we have the following theorem to derive the closed-
form expression of the OP at node B for RCom.

Theorem 3. For Nakagami-m fading channels, the analytical
expression for the OP of node B for RCom can be computed
as

PBRout (ρ, r) =

1−
Γ
(
mB ,

∆RmB
ΩBρ

)
Γ (mB)

 (21)

×

1−
Γ
(
mR,

∆RmR
ΩRρ

)
Γ
(
mRB ,

∆RmRB
ΩRBρ

)
Γ (mR) Γ (mRB)

 ,

where ∆R = max

(
θ(δ2

Bρ+1)
1−b−bθ ,

θ(δ2
Bρ+1)

b−(1−b)θ

)
.

Proof: See Appendix C.

Remark 2. From Theorem 3, we can discover that, it becomes
evident that the OP decreases, the reliability performance
of the system is thereby improved. Different from the outage
performance as analyzed for the BD, there does not exist an
outage floor at node B, and, hence, a non-zero diversity order
is achievable.

C. Finite SNR DMT Analysis for ABCom

The finite SNR diversity gain has been regarded as an
important criterion to evaluate the outage probability slope
at particular SNR levels, which is defined as the negative
slope of the log-log plot of OP with respect to SNR [38].
Then, the mathematical definitions and derivation processes
related to the f-DMT at variable data rate are provided. The
DMT is the essential trade-off of any communication systems,
reflecting the key relation between transmission efficiency and
reliability characterized by multiplexing gain r and diversity
gain d, respectively.

The diversity order, also known as the diversity gain under
infinite SNR, can be used to characterize the effect of system
and fading parameters on the OP of the proposed NOMA
network, and thus to further estimate the reliable performance
of the system, which can be understood as the rate at the high
SNR regions the OP decays with the increase of SNR.

According to [24], we have the following definition of the
diversity order as

d = − lim
γ→∞

logPout,γ→∞
log γ

. (22)

Corollary 3. The diversity orders of node B and the BD for
ABCom can be obtained according to (15), (21), and (27) as

dB = dBD = 0. (23)

Meanwhile, according to [38], the finite SNR diversity gain
can be expressed as

d (ρ, r) = − ρ

Pout (ρ, r)

∂Pout (ρ, r)

∂ρ
. (24)

Simultaneously, for the sake of mathematical realizability,
we assume that the CSI is known in the following DMT
derivation.

Theorem 4. The analytical expression for the finite SNR
diversity gain of node B for ABCom can be computed as
follows:
• When ∆1 = θ

C1
, we have

dB (ρ, r) = − ρ

PBout (ρ, r)
U1, (25)
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where

U1 = −
mB−1∑
n=0

n∑
k=0

ε1
(D2Wλ,υ ($2)−D3)

ρe
∆1
ρΩB
−$2

2

, (26)

ε1 = Ā1Ā3∆2

β2$1 , B5 = Wλ,υ ($2)
(
λ− $2

2

)
−[

υ2 −
(
λ− 1

2

)2]
Wλ−1,υ ($2), B6 = k − $1 −

1, D1 =
1−θ[(ρC2)−1−bC−1

1 ]
ΩBρC1C

−1
2

+ $2C2(1−b)
2θC1

, D2 =

(B6−1)(1−b)C2−(kρ−1+D1)C1θ
−1

ρkC
2B6
1 θ−B6

, D3 = B5(1−b)C2

C
B6+1
1 θ−B6ρk

,

C1 = 1− b(1 + ρ)
r, and C2 = r(1 + ρ)

r−1.
• When ∆1 = θ

C3
, we can similarly derive

dB (ρ, r) = − ρ

PBout (ρ, r)
U1, (27)

where

U1 = −
mB−1∑
n=0

n∑
k=0

ε1 (D5Wλ,υ ($2)−D6)

ρe
∆1
ρΩB
−$2

2

, (28)

C3 = b − ξ (1− b) θ, D4 = bρC2−θC3

ΩB(ρC3)2 + b$2C2

2θC3
, D5 =

(B6−1)bC2−(kρ−1−D4)C3θ

C3
B6+2ρk−1θ−B6

, and D6 = bC2B5θ
B6

C
−B6+2
3 ρk

.

Proof: The proof of Theorem 4 can be completed by
simply taking the derivative of (14) with respect to ρ.

Similarly, we have the following theorem to derive the
analytical expression of the finite SNR diversity gain of node
BD for ABCom.

Theorem 5. The analytical expression for the finite SNR
diversity gain of BD for ABCom can be computed as

dBD (ρ, r) =
ρ

PBDout (ρ, r)
(U1 + I1 + I2 − I3) , (29)

where

I1 =

mB−1∑
n=0

n∑
k=0

(−1)
k
ε2θ

$1e
$4
2 + 1

ΩBξρ

ρk
(
Wλ,υ ($4)Q7 + C2Q8

θ

)−1 , (30)

• When ∆1 = θ
ρC1

and ∆2 = θ$5

β2ρ , the expressions of I2
and I3 can be calculated by

I2 =

mB−1∑
n=0

n∑
k=0

N∑
i=0

V1D7

(
Q1 − E1 −

θnB10Q4Q17

ρkΩBC1
n−1

)
, (31)

I3 =

mB−1∑
n=0

n∑
k=0

K∑
j=0

V2θ
k−n

(
Q12 − E2 −

Q9Q15

ρk
√
B4

)
, (32)

where B7 = B
$3

1 e
−
θ(B1β

2ρ+1)
ρC1ΩB , B8 = 2ξθ + C1 − bθ,

B9 = ξθ + C1, B10 = ϕi + 1, B11 = ϕj + 1,

ε2 = Ā3Nπ
ξnρn−k , V1 =

ε2
√

1−ϕi2
N , V3 =

ε2
√

1−ϕ2
j

K , D7 =

K2υ

(√
4B3

)
B8, D8 =

(k+1)D10−ρkC2(Q14+nbC−1
1 D10)

ρ−kC1
−n ,

D9 = D11C1 − ρbC2D10, D10 = C1 − θ2ξ,
D11 = D10−ρC2Q14, Q1 = C2ρ

k+1(B8+nB9)D10−θB9D8

β2C1
nρk+n+2D2

10θ
−n ,

Q2 =
B10$5[(B8+B9)θρC2C1D10−B9θ

2D9]
2ΩBρ2D2

10C1
2 ,

Q3 = C2ρC1−θ(C1−ρbC2)

ΩB(ρC1)2 , Q4 = C2ρB8D10−B9θD11

2β2ρ2D2
10

,

Q5 = ΩBξkρ+1
ΩBξρ2 , Q6 = K2υ−1

(
2
√
B3

)
+K2υ+1

(
2
√
B3

)
,

Q7 = (2$1+$4)C2

2θ − Q5, Q8 =
(
λ− $4

2

)
Wλ,υ ($4) −[

υ2 −
(
λ− 1

2

)2]
Wλ−1,υ ($4), Q9 =

K2υ(2
√
B4)

B
−$3
2 e

θB2β
2ρ−θ

ΩBρξ

,

Q10 = D11 + kD10, Q11 = [B9 (k − n) +B8] θk−nC2,

Q12 =
(Q11ρD10−θ1+k−nB9Q10)Q9

β2ρk+2D2
10

, Q13 =
B11[(ξ−b)ρC2D10−B9D11]+2D2

10

2ΩBξ(ρD10)2 , Q14 = b + 2θξ,
Q15 = K2υ−1

(
2
√
B4

)
+ K2υ+1

(
2
√
B4

)
,

Q16 = B11Q4

2ρΩBξ
K2v

(
2
√
B4

)
, Q17 = B7Q5Q6B10

2
√
B3D7

,

E1 =
Q2+Q3$5+$3Q4B10B

−1
1

ρk+1θ−n−1β2C1
n , and E2 =

Q9θ$5Q13+2ρ$3Q4Q9β
2

ρk+1β2 .
• When ∆1 = θ

ρC1
and ∆2 = θ

β2ρ , I2 and I3 can be
rewritten as

I2 =

mB−1∑
n=0

n∑
k=0

N∑
i=0

V1D7

(
C5 +

θn+1E3

Cn1 ρ
k+1β2

)
, (33)

I3 =

mB−1∑
n=0

n∑
k=0

K∑
j=0

V3Q9 (C7 + E4 − E5), (34)

where C5 =
(1+n)θ−1−(1+k)(C2ρ)

−1+nbC−1
1

(C2θn+1)−1β2ρk+1C1
2−n ,

C6 = Q3 (B10θ + 1) + θ(C1−ρbC2)

2ΩB(C1ρ)
2 , C7 =

(1+k−n)C2ρ−(1+k)θ
β2ρk+2θn−k , E3 = $3(C2ρ−θ)−θC6

θ + Q17ς3,

E4 = β2B2θ
k−n+ΩBξ$3(C2ρ−θ)

ΩBξβ2ρk+2 , E5 = θk−nQ15ς3B2
$3+ 1

2

Q9ρke
B2ρβ

2−θ
ΩBθξρ

.

• When ∆1 = θ
ρC3

and ∆2 = θ
β2ρ , the expressions of I2

and I3 can be calculated as

I2 =

mB−1∑
n=0

n∑
k=0

N∑
i=0

V1D7

(
C5C1

2−2n − θn+1E6

Cn3 β
2ρn+1

)
, (35)

I3 =

mB−1∑
n=0

n∑
k=0

K∑
j=0

V3Q9 (ς4 + E4 − E7), (36)

where ς1 = B10θ
2 [bρC2 − θC1] + 3C1θ, ς2 =

ς1
2ΩB(C1ρ)

2 + 2Q3, ς3 = C2ρ−θ
2β2ΩADΩDBρ2 , ς4 =

(1+k−n)C2ρ−(1+k)θ
β2ρk+2θn−k , E6 = ς2 + $3(ρA2−θ)

ρθ − ς3Q17, and

E7 = Q15ς3B4
$3+ 1

2

Q9θn−kρke
B4ρβ

2−θ
ΩBθξρ

.

• When ∆1 = θ
ρC3

and ∆2 = θ$5

β2ρ , the following expres-
sions I2 and I3 can be derived as

I2 =

mB−1∑
n=0

n∑
k=0

N∑
i=0

V1D7

(
ς7 − E8 +

θn$3ς11

Cn3 ρ
n

)
, (37)

I3 =

mB−1∑
n=0

n∑
k=0

K∑
j=0

V3Q9

ρkθn−k

(
ς17ρ

k

θk−n
− E9 −

Q15ς18

Q9

√
B4

)
, (38)

where B12 = 2θ +
(
1 + n− θ2ξC3

−1
)

(1− b), ε3 =
C3−θ2ξ, ε4 = θξ+C3, ς5 = (k + 1) ρ−1−C2ξε3

−1B12,
ς6 = ξθb + ε4 (1 + n), ς7 = C2ς6−θε4ς5

ρk+1β2C3
nε3θ−n

, ς8 =
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C3

(
C4 + ς10 − θ2ξC4

)
, C4 = − (1− b) ρξC2, ς9 =

[(2+b)ξθ+2C3ρC2]θC3ε3−θ2ε4ς14

∆2ΩBB
−1
1 (ρC3ε3)2 , ς10 = ε3 +C4 − 2θC2ξρ,

ς11 = C2ρb(1+2ξθ)ε3−ε4θς10

β2ρn−k+2ε23
, ς13 = ρC2C3−θ(C3+θ)

ΩB(ρC3)2 ,
ς12 = C2bε3−ε4θς10

∆2β2(ε3ρ)
2 , ς14 = C3ε3− 2ρC2C3 (1− b+ n) +

C4θ
2, ς15 = (k + 1) ε3 + C4 − 2θξC2ρ, ς16 =

ς14ρε3−θ1+k−nε4ς15

β2ρk+2ε23
, ς17 =

[ς6+(k−2n)ε4]C2ρ−θε4ε−1
3 ς15

β2ρk+2ε3θn−k ,

ς18 = bC2ρε3−ε4ς10

β2(ρε3)2 , ς19 = ρC2C3−θ(C3+C4)
ΩBρ2C3

2 , E8 =

$5(ς9+ς19+2Q17ς11)
Cn3 β

2θ−n−1ρ2n−k+1 , and E9 =
θ$5(ΩBρ

2ξς18−1)
β2ΩBξρ3 +$3ς18.

Proof: The proof of Theorem 5 can be completed by
simply taking the derivative of (17) with respect to ρ.

Remark 3. From Corollary 3, Theorem 4 and Theorem 5, we
can find that with the increase of SNR, the finite SNR diversity
gain decreases, which is roughly consistent with the varying
trend of the OP slope. In addition, from the perspective of
f-DMT, a smaller multiplexing gain results in a higher finite
SNR diversity gain.

D. Finite-SNR DMT Analysis for RCom

For RCom, according to the definition in (23), we can derive
the finite SNR diversity gain of node B as

dBR (ρ, r) = − ρ

PBRout (ρ, r)

∂PBRout (ρ, r)

∂ρ
. (39)

Theorem 6. The analytical expression of the finite SNR
diversity gain of node B for ABCom can be computed as

dBR (ρ, r) = − ρ

PBRout (ρ, r)
(F1 + F2) , (40)

where
• When ∆R = θ

C3
, the expressions of F1 and F2 can be

rewritten as

F1 =
mmB
B θmB−1e

− θmB
ΩBρC3 (C2ρb− θC3)

Γ (mB) ΩmBB ρmB+1CmB+1
3

, (41)

F2 =
(C2ρb− θC3)G3

Γ (mR) Γ (mRB)C2
3

, (42)

where G1 =
m
mR
R θmR−1e

− θmR
ΩRC3ρ

Ω
mR
R C

mR−1

3 ρmR+1
, G2 =

m
mRB
RB ∆

mRB−1

R

Ω
mRB
RB ρmRB+1 e

−∆RmRB
ΩRBρ , and G3 =

Γ
(
mRB ,

θmRB
C3ΩRBρ

)
G1 + Γ

(
mR,

θmR
C3ΩRρ

)
G2.

• When ∆R = θ
C1

, F1 and F2 can be easily obtained as

F1 =
mmB
B θmB−1e

− θmB
ΩBC1ρ [C2ρ (1− b)− θC1]

Γ (mB) ΩmBB ρmB+1C1
mB+1 , (43)

F2 =
[C2ρ (1− b)− θC1]G4

Γ (mR) Γ (mRB)C2
1

, (44)

where G4 =
(

Γ
(
mRB ,

θmRB
C1ΩRBρ

)
G1 + Γ

(
mR,

θmR
C1ΩRρ

)
G2

)
.

Proof: The proof of Theorem 6 can be completed by
simply taking the derivative of (20) with respect to ρ.

Remark 4. From Theorem 6, we can find that with the
increase of SNR, the finite SNR diversity gain decreases, which
is roughly consistent with the varying trend of the OP slope. In
addition, from the perspective of f-DMT, a smaller multiplexing
gain results in a higher finite SNR diversity gain.

IV. NUMERICAL RESULTS

In this section, the numerical results are obtained through
106 repeated trials of Monte Carlo simulations to confirm the
correctness of the theoretical analysis in Section III. Unless
otherwise specified, all parameter settings used in this section
are given in Table I.

Fig. 2 plots the relationship between OPs and PA under
the condition of the nonideal and ideal conditions. First, we
observe that the simulation results generated by the Monte
Carlo method for ABCom and RCom are in good agreement
with their analytical results. As shown in the Fig. 2, the
ABCom curve represents the in-depth research work compared
with [47], while the RCom curve can be represented as the
simplified result1 of [48]. Obviously, we can see that our
work reduces the power consumption of the system within
a certain range while achieving highly reliable long-distance
transmission. As PA increases, OPs decrease, which means
that the reliability performance can be improved by increasing
PA. It is worth noting that for ABCom, the OPs approach to
constants, indicating a zero-diversity order. The reason is that
when PA approaches infinity, SINR approaches a constant,
which in turn leads the OP to approach a constant, indicating
that there is an error floor for the system. In addition, we can
also see that for either RCom or ABCom, the value of OP
with ideal condition is always smaller than that of nonideal
condition. This shows that nonideal condition has detrimental
effects on the reliability of NOMA-assisted ABCom systems.
From Fig. 2, it is also clear that the nonideal condition
severity parameter has a greater effect on BD than node B
for ABCom because BD applies SIC twice to decode signal
c (t). Similarly, we can clearly observe that the OP of RCom
is significantly smaller than that of ABCom, which is also
because for ABCom, BD has its own signal c (t) to be decoded
in the process of information transmission.

Fig. 3 depicts the OP of ABCom versus β adopting different
power distribution coefficients with ΩB = 2, ΩDB = 2,
mB = 1 and PA = 0 dBW. By comparison, it can be found
that the OP of node B and the BD in the lower β region have
different trends for the curve of β. Specifically, for node B, its
OP increases with the increase of β; but for node BD, it shows
that the OP first decreases and then increases with the increase
of β. This means that with the increase of β, the interference of
the reflection link will increase correspondingly, and it will be
more difficult for node B to decode its own signal, leading to
the deterioration of its reliable performance. The same is true
for node BD. Similarly, when β is very large, the reliability
performance of node BD deteriorates as the interference of

1Compared with [47], our study considered the more practical situation of
existing ipSIC and ipCSI in ABCom system, which increased the practicability
of the study. However, compared with the work in [48], we also consider the
basic communication scenario of RCom system to serve as the benchmark
for this considered system.
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Table I
TABLE OF PARAMETERS FOR NUMERICAL SIMULATIONS.

Channel fading parameters mB = 1, mAD = 4, mDB = 1
Gamma distribution parameters of channel gains ΩB = 8, ΩAD = 2, ΩDB = 0.6
Power distribution coefficients of NOMA b = 0.3
Target data rate R = 0.05
Average noise power σ2 = 1
Reflection parameter β = 0.4
Severity parameter of ipSIC ξ = 0.3
Error parameter of CSI δ2e = 0.04
Accuracy-complexity trade-off parameters N = 20, K = 20
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Fig. 2. The OP versus PA with ideal and nonideal conditions.
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Fig. 3. The OP versus β with different power distribution coefficients.

node B decoding its own signal becomes larger. However,
when β is small, it becomes easy to decode the signal of
node B, while it becomes difficult to decode that of node
BD. Consequently, we can find from the Fig. 3 that when
β = 0.35, the optimal reliability performance of node BD
can be obtained. Longitudinally, when the power distribution
coefficient b is reduced, the reliable performance of both nodes
B and BD becomes worse.

Fig. 4 manifests the effect of power allocation factor b on
the outage performance of the considered TW system under
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Fig. 4. The OP versus b with ideal and ipSIC conditions.
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Fig. 5. Finite SNR diversity gain versus PA with the different ipSIC
parameters.

ideal and ipSIC conditions, where R = 0.01 and PA = 0
dBW. As can be seen from Fig. 4, with the increase of b, the
OP decreases first and then increases. This trend points out
that there exists an optimal power allocation factor minimizing
the OP, so that the system can obtain the best reliability.
Specifically, we can find that the optimum reliability of the
hybrid TW system is achieved when b = 0.325. On the other
hand, the presence of ipSIC significantly reduces the reliability
of the system, which verifies the correctness of Remark 1.
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(a) f-DMT curves of B with different β.
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Fig. 6. f-DMT curves of B and BD with different β.

Fig. 5 demonstrates the finite SNR diversity gain versus PA
with different ξ. We understand that d (ρ, r) is proportional to
the negative slope of the OP curve. It can be seen from Fig.
2 that within the finite range of SNR for ABCom, the OPs
decrease prominently, thus leading to appear a highlighted
peak in a finite SNR diversity gain in Fig. 5. The RCom
curve in the Fig. 5 can be viewed as a special case of [48],
and our simulation results are similar to them2. Specifically,
when PA = 0 dBW, the maximum value of the finite SNR
diversity gain can be acquired for node B. By the same token,
for the BD, the peak value of finite SNR diversity gain can
be obtained when PA = −1 dBW. Similarly, for RCom, we
can also clearly observe from Fig. 2 that OP decreases rapidly
with the increase of PA, resulting in the rapid increase of the
finite SNR diversity gain for RCom as illustrated in Fig. 5.
In addition, we can observe that for ABCom, the decrease of
ξ leads to the deterioration of the finite SNR diversity gain

2The author of [46] considered the existence of wireless energy collection
in RCom systems, but our work considers a more practical situation with
ipSIC.

so that the system can obtain poor reliability performance.
Moreover, it is also apparent that ipSIC exists a greater impact
on the BD, because the BD applies SIC more times than node
B when decoding information. But for RCom, the decrease of
ξ leads to the increase of the finite SNR diversity gain so as
to result in better system reliability performance.

Fig. 6 presents the f-DMT of node B and the BD versus
different β with mDB = 8, ΩDB = 6, ξ = 0.05 and
PA = 2 dBW. As can be seen from the simulation results in
Fig. 6, the finite SNR diversity gains of ABCom and RCom
reduce with the increase of multiplexing gain. The results
reveal that the diversity gains of both node B and node BD
deteriorates, in which case the reliability performance of the
system deteriorates. From the longitudinal observation of Fig.
6(a) and 6(b), it can be seen that the reduction of β can
improve the finite SNR diversity gain, thereby improving the
reliability performance.

V. CONCLUSION

In this paper, we studied the reliability performance of
hybrid ABCom/RCom NOMA-assisted TW systems in the
presence of ipSIC. The expressions of the OP of source and the
BD and the finite SNR diversity gains of both were derived,
and the asymptotic expressions of OP at high SNR were also
derived. The derived results showed that ipSIC can degrade the
reliability performance of the considered system to a certain
extent. Through simulations of the proposed system under
various setups, we can also come to a conclusion that f-DMT
is easier to manage with a lower multiplexing gain and a lower
reflection parameter, by which the proposed system achieves
better reliability performance.
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