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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.

I. INTRODUCTION

ECENTLY, 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
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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
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-
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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
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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.

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
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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 ef 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:

e 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.

o 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.

o To characterize the OP slope in the non-asymptotic SNR
regions, the analytical expressions of the finite SNR
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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 (u,aQ) refers to the complex Gaussian ran-
dom distribution with mean g and variance o2. K, (-) stands
for the modified Bessel function of the second kind with order
v. The whittaker function is denoted as W ,, (-). E (-) signifies
the expectation of the random variable enclosed.

II. SYSTEM MODEL

A novel hybrid ABCom/RCom NOMA-assisted TW sys-
tem model operating over Nakagami-m fading channels is
considered 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
Jocus 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, obtaining perfect CSI is challenging
due to practical factors. To address this, we introduce a
channel estimation method. For the ABCom system, we
assume that the cascaded channels can be approximated as
a single channel to facilitate channel estimation algorithms
to obtain CSI [45, 46]. For RCom, direct channel estimation
algorithms can be employed to obtain CSI. Then, we denote
as hy,, = h;h,. By employing linear minimum mean square
error (LMMSE), the channel coefficient can be written as
Sfollows:

hn - iln + €n, (1)

where h,, stands for the estimated channel coefficient, and
en ~ CN (0,02) represents the estimated channel error
of channel h,. Further, }Aln and e, are independent and
orthogonal because of the orthogonality of the LMMSE
algorithm. The estimated channel power gains hp, hpg
HAD, ﬁBD and iLRB Jfollow the gamma distributions with

E ( iLBD —Qp, E (‘/&R‘Q) —Qp E (‘EAD‘Q) = Qup,
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Time slot 1 Time slot 1

ABCom >
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Time slot 3 > RCom

Time slot 2 channel

Fig. 1.

2 2
FE ( iLDB’ > =QpB, F <’}ALRB‘ ) = Qgp and with fading
parameters mp, MR, MADy, MpDBy, 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

System model of hybrid NOMA-assisted TW communications.

second phase, node R sends information to node B using the 7S,=

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 S, and S, whose power allocation
coefficients are denoted as b and 1 — b, respectively, satisfying
b <05 and E (|S1|2> =F (\S2|2) = 1. The transmitted
signal of node A can be expressed as

4= \VbPsS1 + /(1 —b) PsSs, 2

where P4 indicates the transmitted power of node A.
Then, the received signal at node B for ABCom can be
expressed as [12]

Yp= (iLB +€B) Sa+pB (ﬁD+6D> Sac(t)+ng, 3)

where hp = hp + ep,hp = haphgpp, c(t) represents
the signal of BD, and (3, which is used to normalize c (t) with
E (\c (t)|2> = 1, is the reflection coefficient; np signifies the
additive white Gaussian noise and ng ~ CN (0, 02)

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

Y = (i"i + ei) Sa+ng, “4)

where n; signifies the additive white Gaussian noise and n; ~
CN (0,02).

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

YB, = (BRB + eRB) Sr+ng,, (5)

4

where Sp = /0P.S1 + /(1 —b) P.S3, np, signifies the
additive white Gaussian noise and np, ~ CN (0,02), and
P, indicates the transmitted power of node R.

A. Received SINR

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

(1~ ) plis|
Vs, = , (6)
mh4-+6p+ﬁwhp\+ﬁ%$-+1

where p = 1;—9 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 S can be represented as

hp

.2
bp ’

(1_b)P§’hB‘+6 p+ B2p ‘hD‘+,32p52 +1’ (7)

where ¢ € [0, 1] stands for the ipSIC parameter characterizing

the severity of the imperfection. In particular, § =1 and { =0
represent no SIC and perfect SIC, respectively.

Similarly, when decoding signal ¢ (t) of BD, the instanta-

neous SINR can be written as

ﬂ2

c = 8

7= pelhsl® + 65p + B2p0% ®

2) Received SINR for RCom: In the ﬁrst time slot, the

received SINR at node i (: € {B,R}) with respect to the

detection of Sy and S; can be expressed as

Ys, = 2 ’ &)
bplh;| +62p+1
and
2
) bp|h;
'7,%‘1 = 2 ’ (10)
hi| +dip+1
respectively.

In the second time slot, the received SINR at node B with
respect to the detection of So and S; can be expressed as

. 2
(1 - b) Pr hRB’
Ve = — : (11)
bp:|hrB|" + 0xppr +1
and
B bp, ilRB‘
7512 = R P} ) (12)
£(1 =) pr|hirs| +0%ppr +1

respectively, where p, = % stands for the transmitted SNR

of node R, i.e., p. = p.
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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 pB

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 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) Sy can be
successfully decoded by node B; 2) S; can be successfully
decoded by node B. Therefore, the OP of node B for ABCom
at a given target rate is defined by

PBt—l Pr{log, (147s,) > R1,logs (147s,) > Ra}. (13)

In practice, two target rates 2, and Ry are generally differ-
ent because of different quality-of-service (QoS) requirements.
For the purposes of mathematical simplicity and comparison,
we let Ry = Ro = 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]

B R
logy (1+p)°

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

(14)

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

mB—ln

A1A§A2A'1“_w1 Wi (02)

y (15)

n=0k=0 3271 pke™ S

where 0 = 2B — 1 = (1+p)" — 1, A =

max((lfbefebﬁ[bfﬁ.fe(lfb)])’ w1 = maptppal,

>\_ = —(n + w - k2 v = W

f(1+ AD:J@)F( +F(g§55(mDB)?QADQDB)W1n‘, i -

BTy Ae = 0%p + 0HpB% + 1,
and wo = W’M.

Proof: See Appendix A. ]
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To gain deeper insights and conduct diversity gain anal-
ysis, 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

mp—1n k—woq
A AR A AW L
=1y Y e et & (16

n=0 k=0 prELphen 2

2) Outage Probability of BD: Similarly, BD can success-
fully decode the information when all the three following
conditions are satisfied: 1) Sy can be successfully decoded
by node B; 2) S7 can be successfully decoded by node B;
3) ¢(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.

out,p—ro0 (p7 T)

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

PEP (p,r) = PE,(p,r) + A1+ A2 — A5, (18)

A, max (m i), Ag =

where  Ag = A5 B%p

ckA,(8%p )""‘A’c

ws m,AD—ngB +n — k _ 1,
N(QADQDB)an 0¢ Aq1Ep+1
__¢BYUS — 18P . —
wa IR B2QapQpp’ U5 - 1-A0ep Pi =
cos[(2i—1)7] ] cos[(2j—1)7] B _ Ao (p;+1)
o i 3K = 2
mp—1 n nx
. TATAzAzy/1—p;?
A = Z Z Z B1A182+tAcA, Ky (2 \% B3)’
n=0 k=01=0 B;WSET
mp—1 n kA A Akg2@1gw
_ (—1)* A, A, A*B2719™1
A, = X =i Wi (@),
n=0 k=0 ¢k—=71pke 2 T Qpép
_ AZ(WJ+1) _ By —
By = =5 Bs = ghay As =

mBln

w(—1)*AzA B V1 =
E Z E ( ) = 132I32‘L7+L9Pi KZ"-’ (2 B4)’

n=0 k=0j= O(BA )y k(EP)" Qp0Acép

By = 94575133’ 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.

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

P()Bit?p—}oo (p,T) = P()B;t ,p—r00 (paT) + A?J + Ago -

( 1)2U7TA AgAzAln\/ 1—(p1;2

Az®, (19)

mp—1 n

where AS® = Z > E

=i Or(2v+1)31—wsBs—v(1—1n\/_Ba)*l’

mp—1 n

AP = Y (=1)*4, 4,487 =7 W)\U(W4) and

n=0 k=0 0" F1pkEF~=1e 2
n (VBa).

ComeTl o K rAsAng/1-p,°
Z Z Z on— kgw 31632—21733 —ZJ

Proof: When x — 0, employing the approximate

expression of the exponential function e” ~ 14z and the zero-

order Bessel function of the second kind Ko (z) ~ —In (%)
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PR =1- Pr{log, (1+7s,) > Rlogy (1+7s,) = R,logy (1+7.) > R} (17
and performing a series of basic2 mathematical slope of the log-log plot of OP with respect to SNR [38].
manipulations, we can approx1mate e_ LIS P 1, T}lle?,dtl;e t?at?%mhiicai deﬁnli)tlionds tamd tderivation .[Ziro;efrsgs
ﬁ;HOO( 1) _ Br related to the f- at variable data rate are provided. The
andw4 K. ,gi o ) I(2vt 1) (1 In ) and DMT is the essential trade-off of any communication systems,
e~ T Hage T o =", by which we can obtain (18). M reflecting the key relation between transmission efficiency and

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 ipCSL
Therefore, 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 Sy or S fails, the outage event will occur at node
B, the OP at node B for RCom can thus be expressed as

Pht=(1-PP") (1-PP™), (20)

out
where PBF1 and PPE2 represent the probability of node B
successfully decoding signals S; and Ss 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

T (mB, 7A§I;m5)
pPBER =(1-——"27 21
out (p’T) T (mB) ( )
O T G o)
F(mR)F(mRB) ’
0(6%p+1) 6(6%p+1
where Ap = max( $_Bb_b9), b(—(Bl—b)9)>'
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

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 IOg Pout,’y—)oo )
y—00 log

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

(22)

dp =dpp =0. (23)

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

d(pr) = -5 Ol 1), 24)

Pout (p;7) dp

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:

o When A1 = =-, we have
dp (p,r) = —=5—U, (25)
Pout( )

where

mp—1 n

(D2Wy o, — D:

Z Z 2 A, 21)72 3)’ (26)

n=0 k=0 ,0‘6"957T
@ = Ak?i?% Bs = Wil (- %) -
(2= (=M @) Be = k- @ -

_1-0[(pC2) "t —bCT Y] w2 Co(1—b) _

1, D = L) Al melh p, -
(Be—1)(1—b)Co—(kp~'+D1)C10~* Bs(1—b)Cs

pkC3P66-Bs » Ds =
C1=1—b1+p), and Cy =r(1+p)" "

ClBG+19—BG pk 4

o When A1 = C%, we can similarly derive
p
d ,r)=——5——Uj, 27
AP .
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1
2 where
3 mp— n
D5W>\ v (@2) — Ds)
4 = ;o (28
5 g g pePﬂB 72
6 bpCa—0Cs | bwaC.
7 03 = b* 5((1 Tb) 0), D4 = P fpcs)B + 29%32 D5 -
(Be—1)bCo—(kp™ " —D4)C30 bCs B-0B6
g C3B672pk—19—Bo , and Dg = %-
10 Proof: The proof of Theorem 4 can be completed by
1 simply taking the derivative of (14) with respect to p. [ |
12 Similarly, we have the following theorem to derive the
13 analytical expression of the finite SNR diversity gain of node
14 BD for ABCom.
12 Theorem S. The analytical expression for the finite SNR
17 diversity gain of BD for ABCom can be computed as
18 d (U +L+L-1 29
19 BD(py ) P(E“:D(p,’f')( 1 1 2 3)7 ( )
20 where
21 . .
22 P N G s .
23 1= . o\ T (30)
24 n=0 k=0 p (W)\w (w4) Q7+ T)
25
2% o When Ay = 071 and Ny = 225 the expressions of I
27 and I3 can be calculated by
28 mp—1n
0" B10Q4Q17
29 ZZZW% (Q1 By et ) OD
30 n=0k=0i=0 1
31
32 el QoQ15
33 N "(Q12 £ g ﬁ), 32)
34 n=0 k=0 j=0 By
35 _ G(Blﬁ2p+1)
36 where B; = B "e” ~ 7195 | Bg = 20 + C; — b,
37 By = &0+ Ci, Bip = pi+1 Bu = ¢; +1,
38 A Nx Vi1—p;2 /192
39 2 = géziv—k: Vi = %; Vs = %, D7 =
40 Koy (VAB3) By, Dy = EHD210=r Ca(QuintCy Do)
P 1
41 Dy = DnC — PbC2D1cg, Dy = G ” 6%¢,
Bg+nBg)Dig—6By D
jé D11 = D1g—pCaQ14, Q1 = 2p520(1rf;+n49r)2,31§;97n9 5,
. BIOWS[(BS+BQ)6/)C201DlO_BQQZDQ]
44 QQ - 2QB92D%0012 bl
45 Q3 — CepCi— O(gl)zpb02), Q4 _ CzPBZSﬁDQwZ)D]gQGDn
46 !
47 Qs = Qgikg’;{l, Qo = Kav—1 (2vB3) + Kau 41 (2\/ 3),
48 Q7—w Qs Qs = (A — F*) Wy (m4) —
Ko, (2v/Ba
49 [Uz_(x—ﬁ)}w“v(wm Qy = ()
50 B, T3e YBrE
51 Q10 = D11 + kDo, Q11 iiBg (k—n) +Bg] Ok Cy,
Q11pD10—60 """ ByoQ10)Q
gg Q12 = ( L 1(232 k+2D2 2 10) 9: QlS =
B b)pCy D1o—Bg D11]+2D?
54 allEnpusmul 20 Qu = b+ 25
55 Q15 = Koy—1(2v/Bs) + Koupr (2v/By),
56 Qe = f,iég‘ész (2vBi), Qir = 733\/‘}%‘}}?0,
+Q3tos+o: BioB!
g; B = & ﬁilg_n_zﬁgcﬁ ", and B
QolwsQ13+2pw3Q4QoB
59 pFHIp2 )

o When Ay =

0 _ 0
: e and Ay = =5 Iy and I3 can be
rewritten as

mp—1 n

N
=2 0. Vibr
n=0 i=0

mgln

0n+1E3
(0 arnse) . o

=SS e b
n=0 k=035=0

14n)0 " —(14+k)(C2p) "' 4nbCy "

where  C = ( 7(1)029“5)_1;(21)2?1012: L

— 6(C1—pbCh) B

C;i_k o ?iéﬁloe—i—l) + (QCQB(%M;C’ C, =

( ﬁﬂcégn(k B =0(Cap_0)=6Cs | Q17<3,
2B ek nyQ c 0 en ot

Ey= B Q;gﬁggli%( 2p—0) By = %

Qopte T57%

o When A1 = ;)Ts and Ny = %, the expressions of I

and I3 can be calculated as

Sy o
I V1D7(05012 o H) (35)
n=0 k=0i=0 C3p%p
mp—1 n
Z ZZVSQQ (Sa + By — Er), (36)
n=0 k=0 j=0
where ¢ = B> [prg—HC’l] + 3C40, ¢ =
: )
sapGpr T 2@ @ = 2629,421/3)QDB/)2’ 4 =
(1+k5_27;)k€§§ng+k)e Es =« _,_7%(!’/;2 9 — Qi and
5 +
E; = Q15<334sz;; -
Qo0 F k Qpogp

o When Ay = ? and Ay = ﬁQ , the following expres-

sions Iy and 13 can be derived as
mp— 1 n

Z ZZV1D7 (C? — Es + 9073321) , (3D

n=0 k=0 ¢=0

mp—1 n K

I3 Z Z _ Q15618 >7 (38)

=0 k—0j=0" Qov'Ba

where Bis = 20 + (1+n—92503*1) (1-b), g5 =
C3—0%¢, 64 =0+C3, 5= (k+1)p 02583_1312

= &0b+es(1+n), o7 = %, g =
C3 (Cy+ 0 — 0%€Cy), Cy = —(1—0)p&Cs, s =
[(2+b)50+203002]90383—92E4§14’ Glo=¢e3+Cy — 2902£p’

A2QpB; ' (pCses)?
Cgpb(l+2£9)€3 £4010 c — pC2C;579(Cg+0)
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V3Qq <§17Pk

ken k ek—n -

Csb 9
§12— Rl 14 =
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B2pFT2e2 » S17 = B2 pF+2c,0n—F )
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2
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Proof: The proof of Theorem 5 can be completed by

simply taking the derivative of (17) with respect to p. [ ]

Remark 3. From Corollary 3, Theorem 4 and Theorem 5, we
can find that with the increase of SNR, the finite SNR diversity



oNOYTULT D WN =

Transactions on Mobile Computing

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 (24), we can derive
the finite SNR diversity gain of node B as
p__ OPZE(p,r)

dBR p,r)=— out
)= = BER (o op

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

dpr (p,r) = _PB+(7~> (FL + Fy), (40)

out

(39)

where

o When Ar = C%, the expressions of Fy and Fy can be
rewritten as

omp
mipEgme—le” 750Cs (Cypb — 0Cs)

F, = , 41
T Ty agrreriopr @Y
Copb—0C3) G
Fy = (Cap 3) 32’ (42)
F(mR)F(mRB)C3
= Omp
mRgmRr—1," ORCsp
where Gy = S%RC;RRAPMRH . Ga =
"”RBA'”RB*I _ARmRgRp
RB R QRBP | and Gs =

HmRB GmR

I ZmRB, 70391%3/)) G1+7T (mR, 70391%0) Go.

o When Agp = -2, F) and F5 can be easily obtained as
C1

Om
M gmE—le” T5E1s [Cyp (1 — b) — 0C]

F =
1 F(mB)QngmB+1clm3+l

; (43)

[Ozp (1 — b) — 901] G4
F(mR)F(mRB)C% ’

= (44)

where G4 = (F (mRB, cﬁygzgp) Gi+T (mR, %) GQ)

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

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 P4 under the
condition of the nonideal and ideal (52 = 0,¢ = 0) condi-
tions. First, we observe that the simulation results generated

8
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Fig. 2. The OP versus P, with ideal and nonideal conditions.

10°

® Simulation B
4 Simulation BD
Analysis

Black (b=0.3)

Red (b=0.2)

Outage Probability
=

10-2 L L L L L L L L
0.2 0.4 8 0.6 0.8 1.0

Fig. 3. The OP versus 3 with different power distribution coefficients.
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Fig. 4. The OP versus b with ideal and ipSIC conditions.

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
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Table T
Table of Parameters for numerical simulations.

Channel fading parameters mp =1, map =4, mpg =1
Gamma distribution parameters of channel gains | Q5 =8, Qap =2, Qpp = 0.6
Power distribution coefficients of NOMA b=0.3

Target data rate R =0.05

Average noise power 0?2 =1

Reflection parameter =04

Severity parameter of ipSIC £=0.3

Error parameter of CSI 62 =0.04

Accuracy-complexity trade-off parameters N =120, K =20

—O— Analysis B (ABCom)
—/— Analysis BD (ABCom)
—— Analysis B (RCom)
Black (£=0.3)

Red (&=0.2)

Diversity Gain

0 ] | ] | ] | ] | ] | ]
-5 0 5 10 15 20 25
Py
Fig. 5. Finite SNR diversity gain versus P4 with the different ipSIC
parameters.

compared with [47], while the RCom curve can be represented
as the simplified result 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 P, increases, OPs for both ABCom and
RCom under nonideal and ideal conditions decrease, which
means that the reliability performance can be improved by
increasing Py4. It is worth noting that for ABCom, the OPs
approach to constants, indicating a zero-diversity order. The
reason is that when P4 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 ¢ (t) to be
decoded in the process of information transmission.

'Compared with [47], our study considered the more practical situation of
existing ipSIC and ipCSI in ABCom system, which increased the practicabil-
ity 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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(b) f-DMT curves of BD with different 3.

Fig. 6. f-DMT curves of B and BD with different 3.

Fig. 3 depicts the OP of ABCom versus /3 adopting different
power distribution coefficients with Qg = 2, Qpp = 2,
mp = 1 and P4 = 0 dBW. By comparison, it can be found
that the OP of node B and the BD in the lower /3 region have
different trends for the curve of . Specifically, for node B, its
OP increases with the increase of 3; but for node BD, it shows
that the OP first decreases and then increases with the increase
of 3. This means that with the increase of 3, the interference of
the reflection link will increase correspondingly, and it will be
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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 3 is very large, the reliability
performance of node BD deteriorates as the interference of
node B decoding its own signal becomes larger. However,
when [ 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
B = 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
ideal and ipSIC conditions, where R = 0.01 and P4 = 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.

Fig. 5 demonstrates the finite SNR diversity gain versus Py
with different £&. We understand that d (p, 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 them?. Specifically,
when P4 = 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 P4 = —1 dBW. Similarly, for RCom, we
can also clearly observe from Fig. 2 that OP decreases rapidly
with the increase of Py, 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
¢ leads to the deterioration of the finite SNR diversity gain
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
& 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 5 with mpg = 8, Qpp = 6, £ = 0.05 and
P4 = 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 /3 can

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

10

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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APPENDIX
APPENDIX A: PROOF OF THEOREM 1

From (5) and (6), we can expand the OP of node B for
ABCom further as follows:

Pl =1—Pr{ys, > 2% — 1,75, > 27 — A} (406)
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1

pPR = Pr{y8 < 0,48 <0} =1-Pr{~+§ > 0,45 >0}
(53)

AR
—1-Prijhp> 2B N2
{| | P I'(mp)

:1—Iw{mm2ZAlwﬂmmmﬂmmF+AJ},

J1

where .J; can be obtained in (47) which is given at the top of
the next page.

Substituting (47) into (46) gives the exact result of (14) and
proves Theorem 1.

APPENDIX B: PROOF OF THEOREM 2

From (5), (6), and (7), we can expand the OP of node BD
for ABCom further in (48), which is shown on the top of the
next page, where Jo can be obtained in (49) which is given
on the top of the next page; J3 and .J4 can be obtained in (50)
and (51), respectively, as follows:

T (m Al(ﬁ'-;;werA c)
Js = /
VN T (mp)
A1 (B py+Ae
wp(mB,(;:)
B /0 r (mB)
A4 (BPpy+Ac)

/A2 r (mB o

Fihani?hos? (¥) dy
(50)

Fihani?hos? (¥) dy

Fihani2hos? (¥) dy

PfRQ = Pr {752 < 9,7?1 < 9,7522 <46 732 < 9} (54)
AR A
—1P’I"{hR|> |hRB‘> R}
P p

r (th AR) r (mRB7 AR)
—1_ p r)
I (mR) I (mRB)
Substituting (53) and (54) into (52) gives the exact result
of (20) and proves Theorem 3.

0 I' (mp)
mB 1 A
2(B%py + A )
- OB;“D (p’ 7') n'ﬂn / A1(,’32011+A ) "|hAD I{hpe|? (y)dy
= Jl - Ala
and
B? 0A,
mB, gzggp )
Ji= T (mp) finan2inos)? (¥) dy
(51
mpBp— 1 n
= 2 / by —04c) 4 (v)d
= @i ] a. — naplEinos i (4) 4y

:A2_A37

Substituting (49), (50), and (51) into (48) gives the exact
result of (17) and thereby proves Theorem 2.

APPENDIX C: PROOF OF THEOREM 3

From (19), we can expand the OP of node B for RCom
further in (52), which is shown at the top of the next page,
where PPF1 and PBR2 can be obtained in (53) and (54),

o
respectively.
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(
x (1= Prilog, (1495) = R log, (14+95) = Rlog, (1+452) = R.log, (1+157) = R})




