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ABSTRACT Article information:

In this paper, we consider the impact of imperfect channel state infor-
mation (CSI) on outage probability of users in an ambient backscatter
(AB) enabled nonorthogonal multiple access (NOMA) network. In our
proposed scheme, a source node communicates with two destinations via
a radio frequency-powered device. Such device is assume with ability of
backscattering the signals from the base station. We derive expressions
to show outage probability of main nodes in such system. The analytical
expressions for the outage probability are checked with Monte-Carlo simu-
lations. It has been shown that the analytical results match the simulation
results. In particular, the user with higher allocated power exhibits its per-
formance better than another 10%-15% when signal to noise ratio (SNR)
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at the source node is 30 dB.
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1. INTRODUCTION

The deploymentation of the backscattering tech-
nology, namely backscatter communications (BC),
has been thoroughly investigated in the literature [1—-
7]. In particular, by exploiting the incident radio-
frequency (RF) signals, the backscatter device (BD)
in BC modulates its own information before reflect-
ing the modulated signals to the corresponding re-
ceiver. Therefore, the BD does not require the
power-consuming active components such as analog-
to-digital /digital-to-analog converters, oscillators. To
implement low data rate networks, AB communi-
cation is proposed as promising transmission ap-
proach. As main advanatge, the AB devices do not
need any supply infrastructure/specific power stor-
age [1-4]. Once data transmission is required for the
backscattering procedure, the AB transmitter (AB-
Tx) switches its modes including the non-reflect and
reflect modes (which correspond to the bits ‘0’ and
‘1", respectively). To decode the information from
the received backscattered signals, the envelope de-
tection and averaging techniques are employed at the
AB receiver (AB-Rx) [2]. The AB can be easily im-

plemented together with any wireless communication
node since AB can be deployed without complex cir-
cuitry and encoding/decoding schemes [3, 6]. As main
characteristic, the operation of BC depends on the ex-
istence of RF signals and the active components. As a
result, the BC is normarlly co-deployed with existing
communication systems. The authors in [3] explored
prototype example of a full duplex AB, in which a
WiFi AP decodes the backscatter signals reflected by
different IoT sensors while it transmits signals to nor-
mal WiFi clients in the same time. However, the
availability of the ambient RF signals results in the
performance of the backscatter communication since
AB depends on the ambient nature of signals.

Regarding power consumption, a BD can Operate
at low power as several uW [8]. The authors in [9]
introduced where the secondary receiver is co-located
with the primary receiver to form BC-aided cogni-
tive radio. In such a network, the weighted sum-rate
of both the secondary and primary links are maxi-
mized. In [10], to achieve optimal ergodic capacity in
the spectrum sharing system, the reflection coefficient
of BD and the transmit power of the primary trans-
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mission were jointly optimized, while the BD’s inter-
ference to the primary receiver is treated to be less
than a predefined threshold. In [11], the cooperative
backscatter system with a dedicated source node is
studied to split each transmission into two time slots,
and such system adopted the harvest-then-transmit
(HTT) protocol. Further, by optimizing the time du-
rations of two time Slots and the reflection coefficient,
the authors examined maximized achieved rate. In
several studies, cooperative backscatter communica-
tion systems has also been studied in term of the per-
formance analysis. For example, the authors in [12]
derived formulas of the outage probabilities for both
BC and the legacy transmission (LT) with a couple
of transmission modes. The authors in [13] presented
system to select the backscatter link to minimize the
outage probability of the backscatter receiver based
on the optimal reflection coefficient. Due to the extra
co-channel interference caused by the backscattered
signals, the degraded performance can be reported in
the above works [9-13]. Moreover, the backscatter-
assisted systems that considers how to select the ap-
propriate working mode between the active radio or
passive radio, i.e., using batteries or BC in [11,14]
in terms of the outage performance and symbol error
rate, respectively. Different from [10-13], reference
[15] studied a decode-and-forward (DF) enabled one-
way cooperative ambient backscatter communication
(CABC) system. In the system reported in [16], the
source node relies on a DF enabled relay node to send
its information to the destination node while the tag
embedded in the relay node can convey its own in-
formation to the associated source by backscattering
the difference signal produced by the two hops. It
is worth noting that the scheme in [16] deployed the
unidirectional communication for both the relaying
transmission (RT) and BC.

On the other hand, to help AB transmit signals to
much more users, NOMA is proposed since NOMA
is recognized as an important technique for future
wireless communication systems. In such NOMA,
the transmitter transmits signals to multiple users in
the same radio resource, due to its appearing bene-
fits such as support for massive connections and en-
hanced spectrum efficiency [17-19]. Specifically, by
superposing the messages in power domain, one can
delpoy systems, namely power-domain NOMA sys-
tems, multiple users share the same time-frequency
resource block [19]. In this system, the succes-
sive interference cancellation technique is adopted in
the receiver to cancel inter-user interference within
the same cell [20,21]. The studies in [22,23] pre-
sented uplink and downlink NOMA to exhibit op-
timal user pairing schemes. The authors in [24] ex-
plored a NOMA-enhanced wireless powered commu-
nication system to find optimal time and power re-
source allocation. The authors in [25] explored the
system’s sum rate for millimeter-wave communication

with assistance of NOMA approach.

Recently, the authors in [26] studied backscatter
receiver to implement a NOMA-enhanced monostatic
backscatter communication system with co-located
carrier transmitter. They derived formulas of the out-
age probability and average number of successfully
decoded bits. In [27], a NOMA-enhanced bistatic
backscatter communication network was considered
in terms of the throughput performance and its op-
timal value. Motivated by recent work [26,27], this
paper studies system performance of two users which
benefit from both AB and NOMA techniques.

2. SYSTEM MODEL

In this section, we will provide a backscatter-
NOMA model, which incorporates the IoT system
with a symbiotic radio (SR) model, which are the
special cases of the backscatter-NOMA system.

Table 1: MATHEMATICAL NOTATIONS USED
IN THIS ARTICLE.

Symbol |Description

Pr(.) Probability of an event

CN (z,y)|Complex Gaussian distribution with mean
z and variance y

E[] Expectation operator

Ei(.) The exponential integral function

Ki() The modified Bessel function

$1 The messages with unit power transmitted
to Dl

So The messages with unit power transmitted
to D2

v(t) The t-th symbol to be transmitted by BD

P The total transmit power of the BS

€ The power allocation parameters of s; with
SPe=1,0<¢ <1

10) A complex reflection coefficient

w1 The complex Gaussian noise at D; with
wy ~ CN (O, §2)

Wa The complex Gaussian noise at Dy with
wy ~ CN (0, §2)

hgt The channel responses from the BS to D;
with h31 ~CN (O, >\Sl)

hga The channel responses from the BS to Do

with hgy ~ CN (0, Ag2)

The channel responses from the BS to BD
with hgg ~ CN (0,)\33)

gB1 The channel responses from the BD to D,
with aB1 ~ CN (0,)\31)

The channel responses from the BD to Dy
with gga ~ CN (0, Ap2)

gaB2

TS1 The error term, which is typically modeled
as a complex Gaussian distributed random
variable with CN (0, kg1) [28], [29]

TS2 The error term, which is typically modeled
as a complex Gaussian distributed random

variable with CN (0, kg2) [28], [29]
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Fig.1: System Model.

We consider in Fig. 1 a downlink backscatter-
NOMA system. In this regard, the system contains
the base station (BS), BD, and two NOMA users. In
term of NOMA users, we divide two kinds such as the
nearby cellular user (D7), and the far-away cellular
user (D). To conduct NOMA transmission, the BS
transmits the superposition signal to D; and Dy at
the same resource block with different powers. In the
context of AB, the node BD transmits its information
to D; over the signal received from BS.

In term of NOMA concept, it is noted that Dy
is considered as a IoT reader. In particular, D; de-
codes the information of Dy first, then its own infor-
mation, finally detecting the BD’s information. This
is achieved using successive interference cancellation
(SIC) strategy. It is assumed that Do decodes its own
information only. In what follows, we provide the re-
ceived signal and signal-to-interference-plus-noise ra-
tio (SINR) models at Dy and Ds.

2.1 The received signals at D,

The superposition message at the B.S can be writ-

ten as
s =+/e1Ps; + \/eaPso, (1)

The BD backscatters the BS’s signal to D; with
its own message v (¢), where E [|v (t)ﬂ = 1. Thus,

D receives two types of signals: direct link signal
from the BSS and the backscatter link signal from the
BD.

The received signals at D; can thus be written as
[30], [31]

yp1 = (hs1 +7s1) s + dhspgpisv (t) + w1, (2)

As mentioned earlier, D, first decodes s, then sy,
and finally v (t) with SIC technique. When decoding

s2, the SINR is given by

2
Vs _ €2P|h51|
1+2 — )
erplhsi|® + plo*|hssl*lgpi|” + prst + %
3
where p = ?2.

It is assumed that sy can be decoded successfully,
it can be subtracted from yp1, and then D; decodes
its own message s1, in which the SINR is given by

B €1P|hS1|2
= 3 3 2 :
plol"|hse| |lgB1]” + prsi +1

(4)

Ys1

Further, conditioned on perfectly decoding s, the
BD message v (t) can then be decoded at D; based
on SIC technique. Given s, the SNR to decode v (t)
at Dy can be formulated by

_ plo|hss)lgs)? (5)
prs1+1 .

v

2.2 The received signals at D,

The received signals at Do can be written as
yp2 = (hs2 + Ts2) s + dhspgpasv (t) + we,  (6)

Noted that user Dy only decodes its own message
so by treating other signal components as interfer-
ence. To decod sz, the SINR is computed by

2
_ g2p|hs2|
- 2 2 2 2 :
e1plhsal” + plo|"|hsB|"|gB2] +pf~€52+1(
7

Ys2

As shown in Fig. 1, if the BS does not serve Ds, the
backscatter-NOMA system turns into an AB-NOMA
system. In this case, ;1 is equal to 1, i.e., [30]. The
received signal at D; in the AB-NOMA system is ex-
pressed as (2). In the AB-NOMA system, D first
decodes s; then v (t) and the corresponding SINR
and SNR are given by (4) and (5) with e; = 1, re-
spectively. If the BD does not exist, the backscatter-
NOMA system turns into a conventional downlink
NOMA system.

In next section, we will analyze the performance
for backscatter-NOMA SR system in terms of outage
probability. Since the performance of conventional
NOMA system has been analyzed in [32], and thus
we omit it in this paper.

3. OUTAGE PROBABILITY ANALYSIS

It is necessary to compute expressions of the out-
age probability to exhibit performance analysis since
the target rates of users are determined by their re-
quired quality of service (QoS). In particular, we will
study the outage probability performance for the AB-
NOMA system.
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3.1 Outage probability of D,

To deploy AB-NOMA, if D; can not decode s;
successfully, we define this event as the outage event.
The outage probability of D; in AB-NOMA is given
by [30]

OPpy = Pr(vs1 < vp1)
=1-Pr(ys1 >vp1)- (8)
N

Proposition 1. The closed-form expression for
the outage probability of D; is given by

€151

OPDI =1+ —
vp1l9* AsBAB1

€151
X exp 3
Yp1]0|" AsBAB1

. €1As1
xBi|——88L )
vp1|¢|"AsBAB1
9)

where vp; = 22#0i — 1 the target SINR to decode
s; and Rp; are the target rate for D;.

_ Yp1(prs1 +1)
€1PAs1

Proof: By definition, ¥ denotes the complemen-
tary event at D; and is calculated as (10).

Applying [33, Eq. (3.352.4)] and some polynomial
expansion manipulations, ¥ can be calculated as

€1As1

1|9 AsBAB1

€1As1
X exp S
Yp1|dl" AsBAB1

) €1As1
>< El _2— .
Y110 AsBAB1

Substituting (11) into (8), (9) can be obtained.

vp1 (prs1 + 1)
- PN (11)
1PAS1

The proof is completed.

3.2 Outage probability of BD

If D, fails to decode s; or v (t), the outage event
for BD occurs, and thus the outage probability of
BD can be expressed as [30]

OPgpp =1—Pr(ys1 > vp1,Y% > VBD)
=1—Pr(ys1 > vp1)Pr(vw > v8D).-
\J Ay

(12)

where ygp = 22780 — 1 and Rpp is the target rate
for BD.

Proposition 2. The closed-form expression for
the outage probability of BD without direct link is

given by

€1As1

OPgp=1+ —+5"+—
vo118)* AsBAB1

€1As1
X exp 5
Yp1|d" AsBAB1

. €1As1
Yp1|dI" AsBAB1

4 1 4 1
y \/ vBD (pEs1 + )K1 ( vBD (prs1 + ))

_ b1 (prs1 +1)
€1PAs1

plo*AspAp1 pléI* AsAs
(13)
Proof: By definition, A; can be expressed by

1
A, =Pr |hsB|2 > JEDAPESL T ) (ZRSI +2 )
plol"|gpl

1 ° vBD (prs1 + 1) x
= exp | ———5>——-—— | dz
A1 Jo plo|“Aspx AB1

— \/47313 (prs1 + 1)[(1 (4’YBD (prs1 + 1)>

plo*AspAp1 plo* AspAp1
(14)
where the lase equation follows from the fact that
fooo exp (—% — wx) dr = H%Kl (\/513) in [33, Eq.
(3.324)].

By combining (14) and (12), (13) can be obtained
and the proof is completed.

3.3 Outage probability of D,

According to NOMA protocol, we have the outage
event if Dy cannot decode message so successfully.
The outage probability of Dy is expressed as

OPpy = Pr(ys2 < vp2)
=1—Pr(ys2 > vp2).
——— ——
o

(15)

Proposition 3. The closed-form expression for
the outage probability of Dy without direct link is
given by
(€2 — Yp2g1) As2
vp2|d*AsBAB2

— A
X exp ((52 YD2€1) As2

OPpy; =1+

o2 (prs2 +1)
(€2 — vp2e1) pAs2

vp2|6|* AsBAB2
« Ei _(52—75251)>\52 .
Yp2|d|" AsBAB2
(16)
Proof: By definition, © can be formulated by

(17).
Using result in [33, Eq. (3.352.4)] and applying

N——
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U =Pr | |hs1

g1p

1 1 (
= ———ex
AsB AB1 P

vp1 (prs1 +1) )/ / ’YD1|¢| y
exp +
€1PAS1 €151

, D1 (p\¢|2|h53|2|931\2 + prs1 + 1)
>

B ( YD1 (prs1 +1)>/ €151 ( Y >
= —exp|——""22 5 exp | —~ | dy.
AB1 £1pAs1 0 Yp1lo|" Aspy +e1hs1 AB1
2 2 2
, D2 (P|¢| \hs|"|gB2|” + prs2 + 1)
© =Pr |h32
P (52 - 7D2€1)
_ 11 > (_ Yp2 (prs2 + 1 ) / / exp vp2p|¢l’y n LI exp (_y) dzdy

AsB AB2 p (g2 — Yp2e1) As2 p(e2 —vp2e1) As2  Asm AB2

vp2 (prs2 + 1)

p (g2 — Yp2g1) As2

1
exp [ —
T Am2 P < p (€2 — Yp2£1) ASZ) /0

o
vp2p|0*AsY + p (62 — Yp2e1) Asa

Yy
——— | dy.
)\32) Y

(17)

some further manipulations, © can formulated by
(€2 — Yp2¢1) As2
vp2|¢|*Asp A2

(€2 — Yp2e1) As2

X exp 5 -
Yp2|d|" AsBAB2

x FEi (—

(e2 — Yp2e1) )\32>
Combining (18) and (15), (16) can be obtained.

Y2 (prs2 + 1)
(€2 — vp2e1) pAs2

vp2|o*AsBAB2
(18)

The proof is completed.

4. NUMERICAL RESULT

In this section, numerical results are presented to
evaluate the proposed performance of the AB-NOMA
SR system. Here, the target rates for Dy, Do, and
BD are RD1 = RD2 = 0.5 (bpS/HZ), RDB = 0.1
(bps/Hz), respectively. In addition, we set Ag; =
)\SQ = >\SB = 1, /\Bl = 08, >\Bl = 0.2, g1 = 03,
¢ = 0.1, we let K = kg1 = Kg2 = 0.001. In this re-
gard, we provide the outage probability performance
for the AB-NOMA system.

Outage probability

2 I o T 1
10 @rreerennnns o
—— D, Analysis
........ D, Analysis
= = BD Analysis
O ¢= 0.1 Simulation
{  ¢= 0.5 Simulation
10_3 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
p (dB)
Fig.2:  Outage probabilities versus BS transmit

power p in AB-NOMA as changing ¢.

In Fig. 2, we can see trends of outage probability
for three node, D1, Dy and BD. Among these cases,
Dy shows its best performance. The main reason is
that power allocation factors are different for these
nodes. Further, high SNR p can improve SINR and
then the outage behavior can be improved thought-
fully. Since ¢ leads to higher noise terms to SINR, the
corresponding outage performance becomes worse. In
this case, ¢ = 0.5 is reported as worse case.
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Outage probability

N
<
0

m— D)} Analysis 2 SRTE
........ Dy Analysis
= = BD Analysis
O %= 0 Simulation
{ #=0.001 Simulation
10_3 | | | | L L I
0 5 10 15 20 25 30 35 40
p (dB)
Fig.3:  Outage probabilities versus BS transmit

power p in AB-NOMA as changing k = kg1 = Kg2.

We can see the impact of imperfect SIC level to
outage performance in Fig. 3. Due to existence of
k coefficient to SINR, then the outage probability
depends on such factor k. In these curves, Monte-
Carlo simulation is matched with analytical simula-
tion, which confirms the exactness of derived expres-
sions. Similar trends of three nodes can be observed
in this figure.

Outage probability

o —— D, Analysis

8 -------- D, Analysis

= = BD Analysis

O Simulation

103 I I I I I L L L
0 01 02 03 04 05 06 07 08 09 1
[0}

Fig.4:  Outage probabilities versus BS transmit

power ¢ in AB-NOMA with p = 40 (dB).

We can see the impact of the refection coefficient
on outage performance in Fig. 4. Due to existence
of ¢ coefficient in the expressions in term of SINR,
then the outage probability depends on such factor ¢.
In these curves, significant deduction occurs at these
curves due to the impact of he refection coefficient .
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-------- D, Analysis

= = BD Analysis
QO &= 0.2 Simulation
Q== 0.3 Simulation

10.3 L L L L L I L
0 5 10 15 20 25 30 35 40
p (dB)
Fig.5:  Outage probabilities versus BS transmit

power p in AB-NOMA as changing ¢ .

In Fig. 5, since €1 results in different values of
SINR for these nodes Dy, Dy and BD, we can see
the impact of the £; on outage performance of user
Dy in Fig. 5. Therefore, we can change SINR to
control the outage probability. In these curves, gaps
among outage probabilities are resulted by this power
factor.

10° . T . _o—0—0
o7
& -0 -O- -O- -O- -O- -O—- ©- ©- O~ e;"e;‘-e—e -9
8 ¢
>—o—<>+-o—-o—<>—4>-+>—"g~"e?-e—e— 3
'l TS .

Outage probability

- <
I S et A i
102F e ¢
o &
-Q _____ m— [); Analysis
§ ssssnnns Dy Analysis
= = BD Analysis
O p= 20 (dB) Simulation
0 p= 30 (dB) Simulation
10_3 L 1 L I L L
03 0.4 05 06 07 08 09 1
Rp1 (bps/Hz)
Fig.6: Outage probabilities versus BS data rate

Rp1 = Rpo in AB-NOMA as changing p.

In Fig. 6, since data rate Rp; contains in the
expressions of SINRs, then outage probability de-
pends on such factor Rp;. Therefore, higher value
of Rpy leads to worse performance. In these curves,
the worst performance of outage probability occurs
as Rp1 = 1 for user Dy regardless of transmit SNR

p.
5. CONCLUSION

This paper has presented performance of three
users by exploiting NOMA and AB techniques. It
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can be reported that power allocation factors are
main factor to outage performance. The transmit
SNR at the BS contributes to variations of SINR,
then the outage probabilities in many situations de-
pend on this factor significantly. As can be seen from
results, benefiting from BD, the two NOMA users
are seen via the gaps since different system parame-
ters assigned for them. The backscatter is important
mechanism to improve outage probability for far dis-
tant users. The analytical results are matched with
Monte-Carlo simulation to show outage probabilities
for these main destinations in the AB-NOMA system.
Moreover, depending level of imperfect CSI, the out-
age probability changes to indicate the role of quality
of channels in such system.
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