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Abstract—A core vision of the future sixth-generation wireless
networks is to serve, in the most spectral and energy efficient
way, a massive number of devices and/or Internet-of-Things
(IoT) sensors, plenty of which are expected to be low-powered
or even battery-free. In this direction, non-orthogonal multi-
ple access (NOMA) and ambient backscatter communications
(AmBC) are considered as two key promising technologies. In
this work, we present a novel analytical framework for studying
the performance of uplink NOMA-based AmBC systems. Specif-
ically, analytical expressions for both NOMA-users’ and IoT
backscatter device’s (BD) outage probabilities (OPs) are derived
under both perfect and the more realistic case of imperfect
successive interference cancellation (SIC). Likewise, system’s
performance at the high signal-to-noise ratio (SNR) regime is
investigated as well as expressions for the system’s overall average
throughput are also derived. A performance comparison between
the proposed setup and a conventional orthogonal multiple access
(OMA)-based AmBC system is provided as well as it is proved
that the proposed system’s average throughput is equal or even
greater compared to a conventional uplink NOMA system with
two NOMA -users and no BDs.

Index Terms—Ambient backscatter communications, non-
orthogonal multiple access, imperfect successive interference
cancellation, Internet-of-Things, outage probability.

I. INTRODUCTION

As Ericsson predicts, by 2024 more than 22 billion Internet-
of-Things (IoT) devices, with plenty of heterogeneous de-
mands, different quality of experience (QoE) needs and various
energy requirements, will be deployed globally [1]. This huge
number makes the need of massive connectivity as well as of
spectral and energy efficiency more timely than ever.

In this direction, multiple access techniques have proved
to be a key promising technology for the support of massive
connectivity [2]. Specifically, non-orthogonal multiple access
(NOMA) allows plenty of devices to be served simultaneously
in the most spectral efficient way since they share the same
frequency, time or even code resources [3].

In the meantime, apart from the classical non-energy
constrained communication scenarios, the next-generation-
Internet-of-Things (NGIoT) vision is to also support energy
constrained devices [4]. In this direction, ambient backscatter
communications (AmBC) have been proposed and investigated
by both academia and industry. In a typical AmBC scenario,
the so-called backscatter devices (BDs) remodulate and reflect
incident already-existing radio frequency signals (e.g., cellular
or WiFi signals) by changing their antenna impedance [5].

Recently, all the above mentioned advantages have led to an
increased research interest in the combination of AmBC with
NOMA. In [6], a backscatter-NOMA scheme for a system
setup with two downlink cellular users and a passive IoT
device was proposed and investigated, while in [7], and in [8]
a joint transmit power and reflection coefficient optimization
framework and an energy efficiency maximization, respec-
tively, were provided for a similar setup with [6]. Furthermore,
[9] provided an effective capacity analysis for a typical down-
link NOMA AmBC scenario and proved that increased reflec-
tion coefficient at BD leads to increased effective capacity for
BD but decreased effective capacities for the NOMA-users.
Moreover, in [10], and in [11], the outage and the ergodic ca-
pacity (EC) performance, respectively, of a downlink NOMA-
based AmBC system model, where a source multiplexes two
different messages for a single receiver, was investigated.
In [12], a symbiotic AmBC framework, which consisted of
one primary and one backscatter system, was presented and
investigated in terms of EC and coexistence outage probability
(COP). In [13], an uplink throughput maximization problem
was formulated and solved in a communication scenario with
one downlink user and multiple uplink BDs, while, in [14],
a comparison, in terms of users’ outage probability (OP) and
EC, between backscatter communication assisted NOMA and
wireless power transfer (WPT) assisted NOMA networks, was
held. Finally, [15], [16], and [17] focused their analysis on
the physical layer security (PLS) of downlink NOMA-AmBC
networks. More specifically, [15] provided a secrecy analysis
of such systems under I/Q imbalance, while [16] derived
users’ OPs and intercept probabilities (IPs) for such system
models under both residual hardware impairments and channel
estimation errors. In [17], Li et al. introduced a cognitive
radio inspired AmBC setup and investigated its security and
reliability by deriving users’ OPs and IPs.

From the above discussions, it becomes evident that the
great majority of the existing literature focuses on either
downlink NOMA-assisted AmBC system setups or point-to-
point communication setups under the coexistence of one or
multiple BDs, thus, leaving the combination of uplink cellular
and AmBC networks relatively unexplored.

Recognizing this gap, in this work we provide a novel
analytical framework for investigating the reliability of up-
link cellular networks that are able to support AmBC. More
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Fig. 1: System model.

specifically, the contributions of this work can be summarized
as follows. A system setup that occurs from the integration
of AmBC in NOMA-enabled uplink cellular networks is
presented and investigated in terms of both NOMA-users’
and BD’s OPs. In comparison with the great majority of
the existing works that assume perfect successive interference
cancellation (pSIC), in this work, the aforementioned OPs
are derived under both pSIC and the more realistic case of
imperfect successive interference cancellation (ipSIC). Useful
insights for the performance of the proposed system at the high
signal-to-noise ratio (SNR) regime are obtained by evaluating
NOMA-users’ and BD’s diversity orders and system’s average
throughput is also derived. A comparison, in terms of outage
performance, between the proposed setup and a conventional
orthogonal multiple access (OMA)-based AmBC system is
provided as well as it is proved that despite the enhanced
interference levels due to the coexistence of a BD, proposed
system’s average throughput is greater compared to a conven-
tional uplink NOMA system with NOMA-users and no BDs.

II. SYSTEM MODEL

As depicted in Fig. 1, an uplink NOMA-based AmBC
system setup is considered, which consists of a far-cellular
user (U7), a near-cellular user (Us) and an IoT battery-free
BD. Users U, Us intent to transmit their messages to the
base station (BS) exploiting uplink NOMA, while BD takes
advantage of the undergoing transmissions in order to also
transmit its message to the BS over Us’s message. It is
assumed that all nodes are equipped with a single antenna
and the half-duplex mode of operation is considered.

The channels from U;, U to the BS are denoted as hq,
ho respectively, while the channels between U,, BD and
BD, BS are denoted as ho; and hy, respectively. The direct
link between U; and BD is considered negligible since the
distance between these nodes is considered relatively large.
All channels are assumed to be subject to Rayleigh fading
plus additive white Gaussian noise (AWGN) with zero mean
and variance Ny. Hence, the channel coefficients are denoted
by h; ~ CN(0,);) with ¢ € {1,2,2¢t,tb}. Furthermore,
without loss of generality, the distance between U, and BS
is considered shorter than the distance between U; and BS.

Following the uplink NOMA principle, U;, Uy simulta-
neously transmit their messages, x1, x2, respectively, to the
BS. In the meantime, BD, which symbiotically coexists in the

network, takes advantage of the undergoing transmissions and
backscatters xo to the BS with its own message ;. Hence,
the signal received from BS can be modeled as follows:

yps = VPhizy + VPhaws + \/nPhathwraz: +npy, (1)

where P is cellular users’ transmit power, 1 denotes the BD’s
reflection coefficient with 0 < n < 1 [13] and n;, is the AWGN
coefficient at the BS.

According to the fact that in uplink NOMA is crucial to
maintain the distinctness of received signals [18] and given
the double-fading effect in BD’s cascade channel as well as
the generally small 7 value [9], the decoding order at the
BS is considered as (xo,x1,2:). Thus, the received signal-
to-interference-plus-noise ratios (SINRs) at the BS for the
decoding of all messages, considering ipSIC, can be given
as follows:

plha*

y = ) 2
2 T o P+ nplha Pl + 1
plha|?
r}/il = 2 ‘2 ‘ 2 bl (3)
nplhae|?|he|? + plg2|? + 1
- np|h2t|2‘htb|2 4)

© plgi2+plga? + 1

where p = J\% is users’ transmit SNR, g1 ~ CN(0,k1A1),
g2 ~ CN(0, ko A2) with parameters k1, k2 denoting the impact
of ipSIC. It is noted that for j € {1,2} it holds 0 < k; < 1,
where the case k; = 0 refers to pSIC, whereas the case k; = 1
refers to no SIC.

III. PERFORMANCE ANALYSIS

Assume that users transmit with constant data rates R,,,
with m € {1,2,t}, in order to meet their required quality
of service (QoS). In this case, OP becomes a meaningful
performance evaluation criterion. In this section, exact closed-
form expressions for the OPs of all messages in the proposed
setup are derived. Furthermore, useful insights for U;’s, Us’s
and BD’s outage performance at the high SNR regime are
provided and system’s average throughput is also derived.

A. Outage performance of U,

An outage for Uy occurs only if the interference from U;’s
and BD’s messages combined with the AWGN at the BS do
not allow the decoding of 2. Hence Uz’s OP can be given as

Py = Pr (v, <us), )

where uy = 2%2 — 1 is the SINR threshold for successful

decoding of x5. At this point, it is noted that ipSIC does not

affect Us’s OP since message x5 is decoded first at the BS.
The following theorem provides the OP of Us.

Theorem 1. The OP of Us can be evaluated as
Ao/ ge TENST T3

Ao )
W_ig| —1,
(A2 + Aquz)vuanioi A 3.0 <U277)\2t/\tb ©
where Wy, .(-) is the Whittaker function [19, (9.220.4)].

P=1-
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Proof: Applying (2) in (5), we get
PQO:PI' <h22 < |h1|2U2+77Z'LL2+up2) , (7)

where Z = |hoi|?|h|?. Tt is noted that |hi|?, |ho|? are
exponentlally distributed random variables, thus, fj5, 12(x) =

%e % with j€{1,2}, where fx(-) denotes the probability
den51ty function (PDF) of a random variable X . Furthermore,
Z occurs as the product of two exponentially distributed

random variables and its PDF is given as [6] fz(z) =

2 z
Azt Aep Ko (2 A2t Aep
modified Bessel function of the second kind. Considering that
|h1]2, |ho|?, Z are independent with each other, (7) becomes

Pz():/ooofz(2>/oof|h12(y)

u2

Yyuzt+nzuz+
X / fihop2(z) dz dy dz
0

), where K(-) denotes the zero order

®)

:1_-[17

where
o0 X pyugfnprugtugy
h=[ e [ ) dyds O
0 0

By substituting fin2 (), fZ(z) in (9), it occurs

;‘22#/ ( )e
/\zf)\tb V >\2t)\fb
/ e e % dy

[ )
Ug A + A2 )\Qt/\tb A2t b

(s1) /\26_W \/)Tgem ( Ao )

W_ 1o —+
ugA1 + A2 VuanAar 30 U A2t Agp
(10)

where step (s1) comes from [19, (6.614.4)] and some straight-
forward algebraic manipulations. By invoking (10) in (8), we
get (6) and this completes the proof.

ugNz

A2 dz

| |
B. Outage performance of Uy
In order to avoid outage for z1, BS must firstly decode x»
and then attempt to decode x; via SIC. Hence, U;’s OP can
be given as

PP =1—Pr(vyg, > ug, vz, >u1),

where u; =21 — 1.
From the following theorem, a closed-form expression for
U;’s OP can be obtained.

(1)

Theorem 2. The closed-form expression for the OP of Uy
under ipSIC can be given by (12), while under pSIC can be
given again by (12) as soon as ko is set equal to zero.

= _up (1 yupyul A _
pPe=1-— VAN e 7 T Gr TR W_i0 (4) (12)
! (A2 + u2 A1) (A1 + koug Ao + Akauqug)

where A = M\ Aa(MatApn) " (A rug + Aaug + Aqugug) !
Proof: Applying (2) and (3) in (11), we get

Plo =1-—-Pr (|h2|2 > |h1|QUQ +nZus + %,

U
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1-— /000 figa12(w) /000 fz(2) /n:1+wu1+“; fina12(v)

/ fiho 2 () dz dy dz dw
yug+nzus+ 2

X

A Age 7ra G R
(/\1 + k2ul>\2 + /\1]€2U1U2)(/\2 + ’(1,2/\1)
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By invoking [19, (6.614.4)] in (13), we get (12).
In case of pSIC, the extraction of U;’s OP is updated as

L <h22 > [h PPus +nZuz + 2,

. (14)
‘hllz > ﬁZUl + p1> .

By following similar lines with the case of ipSIC, it can be
proved that (14) becomes equal to (13) as soon as ko is set
equal to zero. This completes the proof. [ ]
C. Outage performance of BD

For the successful decoding of x;, BS must firstly decode
29 and z; and then attempt to decode x; via SIC. Thus,

PP =1—Pr(va, > U2, Ve, > U1, Yz, > Ust), (15)

where u; = 2% — 1.

In what follows, we provide a theorem that returns BD’s
OP under three different cases, namely C-I) the elimination of
9 during SIC is perfect, while the elimination of x; during
SIC is imperfect, i.e., arbitrary k;, while ko = 0 is assumed,
C-II) the elimination of z during SIC is imperfect, while the
elimination of x; during SIC is perfect, i.e., arbitrary ko, while
ki = 0 is assumed! and C-III) pSIC is assumed, thus both 1,
x9 are perfectly eliminated during SIC, i.e., k; =ko=0.

Theorem 3. The OP of the BD for cases C-I and C-II can
be obtained via (17) by setting j = 1 and j = 2, respectively,
while for the case of pSIC can be obtamed vm (18) gzven at the

2Xse p>\2 A1 A2 p
top of the next page, where A = S5 VN 6 Variy wTR ma B =

(1 4uy) + B2, 4, = cos(PZr), i  cos(2ZiL),

I cos(”(QQlQ 1)) with M, N and @Q being accuracy-
complexity trade-off parameters,
1
G= @, . case C-1 (16)
Tare T ag. Ty case Cc-11
and a; = Bay A, + %

A similar ipSIC model with C-II was used in [20].
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Proof: For the case C-I, by substituting (2), (3) and (4)
in (15), it occurs

P>l =1—Pr (|h2|2 > |ha|Pug 4+ 1nZug + %,

utlg? n Ut>

|2 > nZus + 2, Z>
p noop

=1- / fig2(w / fZ(Z)/ fina2(y)
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x/ fino 2 () dz dy dz dw
yuz+nzuz+=2
(s2) >
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0
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(19)

where step (s2) can be obtained by following similar steps
with the proofs of theorems 1, 2.
Concerning I, it can be calculated as follows

> z
I = Ko (2 e P2dz
2 /0 0 ( AzMw)

wpw
n np z - (20)
— Kyl2 e B2dz
/0 0 ( Azm>

Integral I5; can be calculated via [19, (6.614.4)] as

£ Iy — .

2y

1
\/ v
Iy, = Ydweren ( 1 )

2v/B BXat A

On the other hand, to the best of authors’ knowledge, Is2
cannot be obtained in a closed form. However, applying the
well-known Chebyshev-Gaussian quadrature, we get

ut + utpw

(ugtugpw)(Pn+1)
j : / wQ _37

A Y
22Xt Aepmp

[22 =~

(22)

Hence, (19) becomes

PPl=1-4 (IQI/O f|gl|2(w)d7«v—/O 122fg12(w)dw>

=1- A(Igl — 13)7
(23)

where

13 = / 122f|gl‘2(w)dw. (24)
0

Invoking (22) in (24), I3 becomes

I = /
0 n=1

XKO<2\/(Ut+uth) wn'i‘l) /1 — 2 dw.

e Ic;\l ﬂ(ut +utpw) i _
e
kl)\l 277pM

B(*t 2 (Y +1))

22Xt Apmp
(25)

Next, I3 will be calculated. By changing variable of y =
(uetuspw) (Yrn+1)

2X2: A epmp - We get
1M
= 200 I Sh VIV )
kl/\lutM —1 (d)n + 1)2 ’
where
I /Oo Ko (2/7) ¢ VPt it g
31 = 11Ut n y
s
:/ YKo (2/7) ¢ VPP IR gy
0
wy (hp+1)

2nA2¢ A

Aot Aep
2r2t A gpne B)‘m)"bJriklMut('wnJrl))dy

- [T ks 2 e
0
27
The first integral of (27) can be calculated via [19,
(6.643.3)]. On the other hand, to the best of authors’ knowl-
edge, the second integral of (27) cannot be calculated in
a closed-form. However, it can be approximated using the
Chebyshev-Gaussian quadrature. Hence, (27) becomes

a; *e?n TUt wn +1)

-3 1

1
ad - w _ /1 2
2 =30 (al) 4N)\2f)\fbr]p Z — i

K (2 \/wwn + )W+ 1)) | e

131 ~

Aot Apnp

u(Pn + 1) (i + 1)
Ao Apmp

(28)
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where a1 = BAos Ay + b2ttt At this point, by firstly
invoking (28) in (26) and then the resultant (26) and (21) in
(23), we get (17) when j =1 and ¢ =

In terms of C-II, we must properly update (19) as follows

PtO’II =1-Pr (|h2|2 > |h1|QUQ +nZus + %,

Ut|92|2 T Ut)
n np

u
|hil? > nZuy + |ga|*ur + ?17 Z >

)y A/ Froapp (w) e~ CHHED 0

z
« K, e 8% dz dw,
/uthrut 0 ( /\Qt)\tb)

7 np

(29)

where step (s3) occurs by following similar lines with the
extraction of (19). By evaluating the double integral of (29)
in a similar manner with the one of (19), it occurs that Pt"’H

can be given via (17) as soon as j = 2 and ¢ is set equal to
- 1)\ uiuz + u1

272 2

For case C- III i.e., the case of pSIC, unlike U;’s OP, but

similarly with a lot of cases in the existing literature [21],
BD’s OP under pSIC cannot be evaluated by just setting k; =
ko = 0 in (17). Hence, it is necessary we update BD’s OP for
the case of pSIC as follows

PP =1 —Ppr <|h2|2 > |h[Pus +nZus + %,

(30)
|h1| > nZuy _‘_7 Z > )
P np
By calculating the above probability in similar manner with
the probability of (19), it can be proved that P> P*’¢ can be
given via (18). This completes the proof.
|

D. High SNR regime

When it comes for system’s overall performance, the diver-
sity order achieved by users is considered a useful insight.
By applying e, % ~ 1 —x and K§7°(2) ~ In(2) in Pg,
pe, pol, petl po pSIC - po. pSIC 4hd by using diversity
order’s definition
log P7, (p)

SIC — iy 08P Y p)
log p

dy, = — lim
p—>00 log p

p—+00

) )

€Y
for ipSIC and pSIC, respectively, it can be straightforwardly
shown that NOMA-users’ and BD’s diversity orders are equal
to zero in all cases, i.e., d,, = d2>7C¢ =0, m € {1,2,t}.
E. Throughput Analysis

Based on NOMA-users’ and BD’s OPs and target data rates,
system’s average throughput can be obtained as

T=>(1-P)Rym, me{1,21} (32)
TPSIC _ Z(l —poPSIAOR - me{1,2,t}, (33)

m

for the cases of ipSIC and pSIC, respectively.
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Fig. 2: OPs of U;, Us; and BD with respect to p for the
proposed system setup and OMA.

IV. NUMERICAL RESULTS & DISCUSSIONS

In this section, both simulations (sim.) and analytical (an.)
results are provided in order to verify the presented analysis
and to examine proposed (prop.) system model’s outage per-
formance versus different system parameters for both pSIC
and ipSIC cases. For the extraction of Figs. 2-4, \; = 0.1,
A2=1.5. A9y =04, A\p=0.4, M=N=Q=15 and R; =0.5,
R>=0.4, R;=0.1 bps/Hz are considered. Furthermore, unless
otherwise mentioned, n=0.01 is assumed.

In Fig. 2, NOMA-users’ and BD’s OPs versus transmit
SNR p are presented. Furthermore, an OMA scheme is also
provided as benchmark. Analytical results coincide with sim-
ulation ones, thus the authenticity of the presented analysis is
further validated. It is illustrated that Us’s OP for the proposed
scheme outperforms OMA until p reaches 10 dBs and then
OMA achieves lower OPs. On the other hand, in terms of Uy,
NOMA outperforms OMA for the whole region of p € [—5, 22]
dBs when pSIC or ipSIC with ke =0.001 is applied. It is also
interesting that even for the case of ipSIC with k3 = 0.01,
NOMA outperforms OMA at the low-to-medium SNR region.
In terms of the BD, it can be observed that, under both pSIC
or ipSIC case C-I with k; = 0.001, the proposed scheme
outperforms OMA for the whole SNR region. Finally, it is
shown that all Uy, U; and BD reach floors at high SNRs; thus,
the analysis presented in section III-D is further validated.

In Fig. 3, NOMA-users’ and BD’s OP for the proposed
scheme and versus reflection coefficient 7, are illustrated when
p =230 dBs. It is obvious that as 7 increases, U;’s, Us’s OP also
increases. This happens since, as (2) and (3) witness, increased
7 leads to increased interference during the decoding of x1, zo.
On the other hand, BD’s outage performance versus 7 shows
a convex behavior, i.e., BS’s OP decreases up to a specific n
value and then begins to increase. This may seem contradictory
since as 7) increases, the SINR ~,, also increases. However,
as (15) witnesses, for the successful decoding of x; it is also
necessary that x4, x; are also successfully decoded. Hence,
the fact that increased 7 leads to increased ., but decreased
vz, and 7y, explains this convex behavior.
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Fig. 4: System’s average throughput for the proposed system
setup and conventional NOMA.

Fig. 4 illustrates system’s average throughput versus trans-
mit SNR p. Except from the proposed NOMA scheme, a
conventional uplink NOMA (conv. NOMA) scheme with 2
users and without any BDs, is also presented as a benchmark.
Interestingly, the proposed scheme reaches the same perfor-
mance or even outperforms conventional NOMA for the SNR
region discussed. This means that system’s overall throughput
remains robust against the enhanced interference levels that
the coexistence of a passive BD adds in the network.

V. CONCLUSION

In this work, an analytical framework for investigating the
outage performance of uplink NOMA-AmBC networks was
presented. Analytical expressions for the OPs of both NOMA-
users and battery-free BD were derived for both pSIC and
ipSIC cases as well as NOMA-users’ and BD’s diversity orders
were evaluated for all cases. Numerical results revealed that
the proposed NOMA-based setup leads to enhanced outage
performance, compared to an OMA-AmBC system, for both
NOMA-users and BD for the most of the practical transmit
SNR values and also proved that the proposed setup outper-
forms a conventional uplink NOMA network with no BDs in

terms of average throughput. As a future work, the PLS of the
proposed uplink NOMA-AmBC system can be investigated.
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