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Abstract. In the context of ambient Backscatter sys-
tems, Backscatter devices (tags and readers) transmit
data by employing existing Radio Frequency (RF) sig-
nals. Most prior works consider perfect hardware im-
pairment and apply the Orthogonal Multiple Access
(OMA) technique, but this paper investigates the case
of Outage Probability (OP) reduction situation when
the hardware is imperfect, especially when the Non-
Orthogonal Multiple Access (NOMA) technology is ap-
plied. Consequently, we design a downlink of trans-
mission from base station to destination to highlight
different performances among users.  Furthermore,
to indicate the impact of levels of hardware impairment,
we develop the closed-form expressions of OP for differ-
ent kinds of users. Finally, extensive simulation results
validate the analysis and illustrate the effectiveness of
the proposed system.

Keywords

Ambient Backscatter, hardware

outage probability.

impairment,

1. Introduction

To implement a unique symbiotic radio approach
for the Internet of Things (IoT) to serve low-energy
users, the Backscatter technique has been proposed
as an emerging technique [1], [2], [3], [4], [5] and [6].
Under Backscatter Communication (BackCom) scenar-
ios, the surrounding RF signals, such as cellular base
stations, ambient TeleVision (TV) towers, and Wi-Fi
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access points, enable the Backscatter Device (BD) to
convey information from them via throughput modu-
lating and reflecting such received signals. To overcome
the interference existing in the Backscatter receivers,
one can deploy a cooperative ambient Backscatter sys-
tem since both the primary system and the Backscatter
that provides the RF carrier or the RF signals.

In recent times, many studies have proposed to
use ambient Backscatter as a collaborative commu-
nication device in the IoT and cellular networks [7],
[8], [9] and [I0]. In particular, the authors in [7]
presented the error performance of BackCom in the
existence of ambient interference, in which a relay
is the BD and the performance comparison is con-
ducted by examining both Decode-and-Forward (DF)
and Amplify-and-Forward (AF) based Backscatter re-
laying schemes. It is similar to [7], the work in [§] has
also investigated the outage performance of the cooper-
ative relaying system with the Backscatter application.
By analyzing three different cases of the reflection co-
efficient, the authors have found the optimal reflec-
tion coefficients. The resource and power allocation
problem of the collaborative ambient Backscatter sys-
tem is addressed in [9]. Regarding the energy har-
vesting application in the ambient Backscatter system,
the authors of [10] designed a Wireless Power Transfer
(WPT) technique with the low-power BackCom to sus-
tain battery-less wireless networks. In this paper, they
deployed a Power Beacon Station (PBS) for a BackCom
network wirelessly powered system. Reference [I]
designed a proper waveform since the waveform was
transmitted by a harvested energy-based reader. The
authors in [12] explored dense BackCom systems by
employing a dedicated energy source powered by Power
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Beacons (PBs) into a BackCom system to provide sig-
nals for backscattering. They derived the formulas for
the OP. It is noted that transmission capacity metric
can be achieved using stochastic geometry. By jointly
optimizing the relay strategy and the PB’s beamform-
ing for a PB-based BackCom network, the optimal sys-
tem capacity can be achieved in [II]. By considering
the value of the PB’s transmit power, the time and the
reflection coefficient in the PB can be evaluated, the
authors in [I3] studied the energy efficiency maximiza-
tion for the wireless powered BackCom system.

A wide range of applications is considered for Am-
BackCom systems [I4], [15], [16], [I7], [18], [19]
and [20]. More specifically, the authors in [14] de-
signed the Plora as an ambient BD that application
for batteryless IoT devices, the authors in [I5] and [16]
studied an AmBackCom system using the Maximum
Likelihood (ML) detection where differential modula-
tion is adopted in the tag. Further, the authors in [I7]
considered the Bit Error Rate (BER) using an ML
detector. The work in [I8] developed a time alloca-
tion factor to achieve the best throughput. The au-
thors in [I9] studied Backscatter cognitive radio net-
works by examining the throughput maximization for
the secondary system. In [20] the authors studied the
secondary system by considering different energy con-
sumption models and the formula of ergodic capacity
is computed. They considered joint optimization of the
transmit power of the primary signal and the reflection
coefficient of the secondary ambient Backscatter.

The authors in [2I] investigated Multiple-Input
Multiple-Output (MIMO) underlay spectrum-sharing
systems by considering the performance of spatial mod-
ulation in three practical deleterious effects including
outdated Channel State Information (CSI), transceiver
Hardware Impairments (HIs) and imperfect CSI. By
considering the joint impact of transceiver HIs and
channel estimation errors, the authors in [22] studied
the performance of a Cognitive DF Multi-Relay Net-
work (CDFMRN) with a direct link. [23] examined
massive MIMO-based distributed detection by consid-
ering transceiver HIs at both a massive-antenna Fu-
sion Center (FC) and multiple single-antenna sensors.
There is a wonderful association of Backscatter with
NOMA that is shown in [24], [25] and [26]. Specif-
ically, the authors in [24] have proposed a NOMA-
Backscatter system and its application in a symbiotic
system of cellular and IoT networks. As an updated
version of [24], the authors in [25] have studied the ap-
plication of NOMA-Backscatter system to cellular net-
works, the research results have shown that the system
achieves outstanding performance when increasing the
number of antennas at the Base Station (BS). The work
in [26] proposed the combination of Reconfigurable In-
telligent Surface (RIS) with NOMA as a good solution
to help reduce power consumption and hardware cost
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as well as increase the network performance. In ad-
dition, the effects of hardware impairment on Multi-
relay networks and NOMA Full-Duplex networks were
examined in detail in [27] and [28], respectively.

From the above analysis, it has been shown that the
ambient Backscatter system is considered a promising
technology that is receiving a lot of attention and re-
search. However, there are very few works that consid-
ered the Backscatter system in the existence of HIs [29].
We are motivated by the above analysis and novel re-
sults in [24] and [29], this paper considers degraded
system performance metric, i.e. OP, to evaluate the
performance of users in the primary and Backscatter
networks. The main contributions and novelty of our
work are shown as follows:

e We propose a novel Symbiotic communication
model using Backscatter combine with the NOMA
scheme, namely NOMA-Backscatter. Especially
Backscatter’s imperfect hardware is also consid-
ered.

e From the proposed model, we derive the closed-
forms of OP as a function of transmitting Signal-
to-Noise Ratio (SNR). Furthermore, the key pa-
rameters affecting the system performance are also
carefully analyzed and evaluated.

e Next, the Monte Carlo simulations present the
outage performance to validate our analysis. Our
research results have shown that the outage per-
formance of the NOMA-Backscatter system can
be significantly enhanced compared to the conven-
tional OMA-Backscatter scheme.

2.  System Model

A cooperative ambient NOMA-Backscatter system is
examined as Fig. [l In this model, a Primary Trans-
mitter (PT) intends to send a signal to a primary re-
ceiver (Dp) and IoT receiver (Dy) in the context of
the NOMA scheme. Precisely, the PT will broadcast
the superposition signal = (k) = \/oqz1 (k)+/axs (k)
to other devices in the networks, where z; (k) and «;,
(i = 1,2) denotes the information symbols and the
power allocation coefficients of D; and Dp, respec-
tively, such that oy + a2 = 1 and a3 < as. In ad-
dition, to enhance the information transmission from
PT to Dy and from PT to Dp, a Backscatter device,
namely BD, has been implemented to support signal
forwarding in the network system. In this context, we
will analyze two possible scenarios: the BD only serves
Dy corresponding to Scheme 1 and the B.D serves both
Dy and Dp that corresponding to Scheme 2.
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Fig. 1: The ambient system.

2.1. Scheme 1: The BD Only Serves

Dy

In this scenario, We assume that only D; is accessible
by the BD, a passive BD conveys its own signal by
riding on the RF signal from PT. The received signal
at the Dy can be written as (|8] and [27]):

yr = g1 (x (k) + ppr) + pr+
+veBPgsc (k) z (k) + oy (k),

where we can see the main parameters that are de-
scribed in Tab. In addition, z; (k), (i = 1,2) and
¢ (k) are distributed as independent and identically dis-
tributed (i.i.d.) zero-mean circularly symmetric com-
plex. It is noted that symbols have their normalized

(1)
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Tab. 1: Mathematical notations used in this article.

Symbol Description
Pr(.) Probability of an event
CN (m,n) Coith mean i and varianee n
E[.] Expectation operator
21 (k) The k-th symbol to be
transmitted by PT to Dy
The k-th symbol to be
o1 (k) transmitted by PT to Dp
ai Power allocation parameters of Dy
a9 Power allocation parameters of Dp
c (k) The k-th symbol to be transmitted by BD
P The transmit power at PT
The Additive White Gaussian
o1 (k) Noise (AWGN) with CN (0, No)
op (k) The normalized AWGN at Dp with CN (0, No)
TI The threshold SNR at D; [§]
TBD The threshold SNR at BD
Tp The threshold SNR at Dp
The transmitted and received aggregate
Rpr level of impairments at PT [27] and [28]
o The transmitted and received aggregate
I

level of impairments at Dy

. The transmitted and received aggregate
R level of impairments at Dg

The normalized reflection coefficient of BD
with 0 <& <1 [8] and [9]

J¢] The backscatter efficiency with 8 <1 [§] and [9]
The Rayleigh fading channel responses
go from the PT — Dp with channel gains

following as go ~ CN (0,70)

The Rayleigh fading channel responses
g1 from the PT — Dj with channel gains
following as g1 ~ CN (0,71)

The Rayleigh fading channel responses
g2 from the PT — BD — Dy with channel
gains following as go ~ C'N (0, 72)

The Rayleigh fading channel responses
g3 from the PT — BD — Dp with channel
gains following as g3 ~ C'N (0,73)

variance of E {|a:t (k:)|2] = 1and E {|c(k:)|2} = 1.
pwpr and py are the distortion noise with zero mean

. 2 .
and variance k%, P and k2P|g;|, respectively.

As in [9], by utilizing Successive Interference Can-
cellation (SIC), user Dy recovers c (k). To decode the
backscatter signal ¢ (k), the user Dy first decodes x5 (k)
by treating the signal z; (k) and c (k) as interference,
then decodes z (k) and finally ¢ (k) with the SIC tech-

nique.

We continue to compute the Signal-to-Interference-
plus-Noise Ratio (SINR) to decode x5 (k), SINR is
given by:

Oézp|91|2
2 2 2 ’
a1plg1]” + (KB + £7) plorl” + eBplg2]” + 1( |
9

Y12 =

where p = ]\%.
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Then, SNR is used to decode z (k) and it is formu-
lated by:

a1plg1 |2

(K} + 13) plor|* + eBplgal* + 1
Finally, SNR is used to decode ¢ (k) and it is formulated
by:

3)

Y=

2
£6plg2|
—
(Kpp +K7) pla|” +1

Next, the signal received at Dp can be computed by:

YP = go (\/alpxl (k) + VagPzxs (k) + upT) +
+MR + ap (k) )

(4)

YBD =

()

where pg is the distortion noise with zero mean and
. 2
variance £%P|gol”.

Therefore, the SNR to decode x5 (k) at Dp is given
as:

1= caplon . ©
aiplgol® + (k37 + £3) plgol” + 1
2.2. Scheme 2: The BD Serves Both

DI and Dp

In this part, we consider the assumption that the BD
can transmit the signal to the Dp. Therefore, the re-
ceived signal at the Dp can be expressed as:

Y2,p = go ( (k) + ppr) + pR+
+VEBPysc (k) x (k) + ap (k).

Therefore, the SNR to decode x5 (k) at Dp is given as:

(7)

042/)\90\2
aplgol” + (k3 + k%) plgol” + eBplgs|” +(1 |
8

Y2,PT =

3. Performance Analysis

In this section, the analytical expressions of the OP for
Dy, BD and Dp are derived to reflect the performance
of the considered system.

It is noted that all channels follow the Rayleigh dis-
tribution with the Cumulative Distribution Function
(CDF) and the Probability Density Function (PDF)

can be expressed by Fj, 2 (¥) = 1 — exp ( and

_z
Nu

flgup? () = %exp (—ni) , where u € {0,1,2,3}.

3.1. OP of DI

For Dy, the outage event will not occur when D can
successfully decode signal x5 (k) and z1 (k) from PT.
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Thus the OP of D; can be expressed as [24]:

I
PcSug =Pr(yr2 <7p,y <71) =
=1-Pr(yr22>7p,v1 >71).
Q

(9)

The complementary event € in the expression Eq. @
can be rewritten as:

o 2
Q=Pr amlgl2+m;pg|1f|12|;sﬁpgzl2+l Z 7P, =
«
mﬂ\gl\;fs%lp\gz\z-s-l =
g1 > (Bplgz]*+1)
=Pr - P ,
max ((az—‘rp;}i—‘rpm)’ (051—7—‘{'1K1))

(10)
let 6 =

) and it is noted that

in which k1 = kb + kI, we

TI
(ae—Tpa1—7Tpk1)’ (@1 —T1K1)
strict constraint here is as > Tpay + TpK1, 1 > TrK1.
Therefore, €2 can be given as:

max (

) (Eﬂplgzl2+l)9
Q=Pr||gp)*>—mmL— | =
p

S (1 — Fl,,p2 (W>)fg22 (2) da.

p

(11)
Base on CDF and PDF of |g;|* and |go|°, Q can be
given as:

0 e () o (Y,

P 7 7
1 0 & 0 1
= —exp (—) / exp (— <€B + ) x> dr =
2 m 0 m 2
1 ( 0 ) 1
= — eXp —_—— —_—
2 pm ) 8+ L
M e <_9)
Oefn2 + m om)

Continuing to perform some simple calculations, we

can obtain PO(Q

Proposition 1: For Dj, the OP of the Backscatter
system can be expressed as:

0
pO 1 M () 13
‘ 0eBne +m P pm (13)

(12)

as following proposition.

3.2. OP of BD

If Dy fails to decode x; (k) or ¢ (k), the outage event for
BD occurs, and thus the OP of BD can be expressed

(© 2021 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING
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as [24):

Po(ftD) =1-Pr(y;2 > 7p,y1 > 71,780 = TBD) =

=1—-Pr(yr2>71p,71 > 711)Pr(vBp > TBD) -

©1 (S}

(14)

From Eq. , 0 is calculated similarly to Eq. .
Further, ©5 can be written as:

2
£
©2 =Pr(ypp > 7p) = Pr 76'0‘922‘ >7Bp | =
k1plgi]” +1

TBD (mplgll2 + 1)

=Pr \92|2 > Bp =
oo 1
= ﬁ) (1 - F\92\2 (TBD(}ZZ);_'—)>>flgll2 (z) de.

(15)
Base on CDF and PDF of |g;|* and |g1|°, © can be

given as:

TBD

— P <_€ﬁpn2> '

'fooo exp <— <7'56an21 + 7711> x) dr =
= iexp <— TBD ) ! =
m eBpmz ) TEREL 4 -

__ P <_TM> .
TBpK1M + €BM2 eBpn2

From Eq. and Eq. into Eq. (14)), the closed-
form formula of the OP for user BD as Proposition 2
below.

Proposition 2: The closed-form of OP for user BD
is given by:

9
ASRQI LS <—> :
out 0B +m P\ om

L B, (_TW> _
TBDK1M + €812 eBpm2

17
—1_ m 6n2 ) (a7)
Ocfny +m Tepk1M + €PN2
( 9 TBD )
exp | —— — .
o eBpm2

3.3. OP of Dp in Scheme 1

The outage events of D p occur when D p cannot decode
message x2 (k) from PT successfully. The OP of Dp is

(© 2021 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

expressed as:

Po(upt) =Pr(yp <7p) =

2
:1—PI‘ 3 a22p|gO| 3 2 ZTP =
a1p|gol” + (Kpp + k%) plgol” +1
(g — TPy — TpK2) p

oo ( i)
=1l—exp| — )
(ag — Tpay — Tpka) p1o

where kg = K%p + K%.

(18)

3.4. OP of Dp in Scheme 2

The outage events of Dp, in this case, may occur when
Dp cannot successfully decode message z (k) from
PT. Therefore, the OP of Dp is expressed as [24] in

Eq. .

3.5. Asymptotic OP

To have a better understanding of the outage behavior,
we investigate the asymptotic of the OP by considering
p — oo. Consequently, the asymptotic expression for
OP at D;, BD and Dp are respectively written by:

it

Pésl)m =1-— 20
Y OcBn2 +m (20)
(BD) _ 1 m eBn2
asym ’ (21)
0cfBne +m TepK1M + €812
P) _
Pa(Sern - 07 (22)
pEPT) _ 1 _ (g — TPy — TPK2) Mo (23)
asym

TpeBN + (g — TPy — Tpka2) Mo

4. Simulation Results

In this section, the correctness of the theoretical results
is verified by Monte Carlo simulations. Unless other
stated, the main simulated parameters values of the
Monte Carlo simulation can see in Tab.

In Fig. [2| we plot the outage performance of three
users, Dy, Dp and BD for Scheme 1, which are versus
transmit p at the PT. The curves in this figure are de-
rived from the analytical results in Eq. , Eq. ,
Eq. 7 Eq. , and Eq. 7 respectively. Since
the OP is a function of p, the higher p results in the
lower OP, which is equivalent to a better outage per-
formance. It should be noted that the user Dp does
not reflect factor in this scheme while two users D and
BD have the impact of €. In addition, it can be seen
from Fig. 2| that the higher the reflection coefficient,
the worse outage performance of D; and BD gets. This
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2
azp|gol

P(z’PT) =Pr ('727PT < TP) =1-Pr

out

Tp (55/’\93\2 + 1)

2 2 2 Z
ai1plgol” + Kaplgol” +ebplgs]” +1

TP

Tp (eBpr + 1)

=1-P ?> =1- 1-F dr =
| loel”= (a2 — Tpay — Tpk2) p /0 ( Igolz<<CY2_7'P041_TP’fz)P>)fg3|2 (o) de

TP

Tpef

1 > 1
:1—exp<— >/ exp(—( +>x>dm=
3 (g — Tpa1 — TpK2) Pio 0 (g — Tpay — TpK2) Mo M3

(g — Tpa1 — TpK2) Mo

=1- exp [ — .
TpePN3 + (o — Tpay — Tpka) Mo ( (g — Tpay — TpK2) pno)

Tab. 2: Main parameters for numerical results [8] and [28].

Parameter Value
Power allocation parameters a1= 0.4, as= 0.6
The normalized reflection coefficient e=0.6

71 =7p = —10 (dB),
Tp = —20 (dB)
no =1,m1 =0.5,

The threshold SNR

Channel gains

n2=n3=0.1
K=Kpp=K; =
i i 1 PT I
Hardware impairment levels — kp = 005

<

Outage probability

= Scheme 1: D; Analysis 7]
= = Scheme 1: BD Analysis
—¥— Scheme 1: Dp Analysis

<
)
T

Asymptotic

O Scheme 1: Dp Simulation
QO &= 0.4 Simulation

O e= 0.9 Simulation

20 -15  -10 -5 0 5 10 15 20 25 30

Fig. 2: Outage performance comparisons of the backscatter sys-
tems versus SNR as changing .

can be explained by increasing the reflection coefficient
¢ which causes the interference from Backscatter to
increase and as a result, the system performance de-
creases. In this circumstance, ¢ = 0.4 is reported as
the better case. At high p regime, OP performance of
Dy and BD meets floor value while OP performance
of Dp has significant improvement. Furthermore, The
absolute match between the simulation curves and the
analytical curves showed the correctness of our analysis
and calculation above.

Figure [3] shows the comparison of Dp’s outage per-
formance in the presence and absence of BD link cor-
responds to Scheme 1 and Scheme 2. We can easily see
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Fig. 3: Outage performance comparisons of Dp in Scheme 1
and Scheme 2 versus p .

from Fig. [3]that Scheme 1 has a far superior outage per-
formance than Scheme 2 in the high SNR region. The
key explanation for this is that the interference signal
from the BD induces an outage performance decrease.

10°
= 107
E
<
el
[}
=
SR SR AR N RN~ e~ o
o
& o
it
=
C 102 ~.|—Scheme 1: D; Analysis
../= = Scheme 1: BD Analysis

—3¥¢— Scheme 1: Dp Analysis

=¥ Scheme 2: Dp link BD Analysis

eeeenes Asymptotic

O = 0.05 Simulation
O £= 0.8 Simulation
103 I I I I
-20 -10 0 10 20 30 40
p (dB)

Fig. 4: Outage performance comparisons of the backscatter sys-
tems versus p as changing K = kpp = K = K.
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In Fig. [ the impact of hardware impairment on
OP performance can be reported. In particular, lower
hardware impairment, kK = Kpp = K; = kp = 0.05
leads to the better performance among two considered
cases.

By assigning different power levels to each signal for
users Dy, Dp, we can achieve differences among the
performance of two users, shown in Fig. [f] It can be
explained that aq,as lead to different power to pro-
cessing signals for two users, which is confirmed by
considering the expression Eq. . Besides, increasing
the a; means that as is reduced as well, and therefore,
when the value of a; is enhanced, the outage perfor-
mance of D; will obviously increase while the outage
performance of the Dp will be decreased.

e

Outage probability

= Scheme 1: D; Analysis
..|= = Scheme 1: BD Analysis
..| == Scheme 1: Dp Analysis
—¥= Scheme 2: Dp link BD Analysis
-------- Asymptotic

O ;= 0.2 Simulation

0 a;= 0.4 Simulation

<
M)

107
2 -5 -0 -5 0 5

p (dB)
Fig. 5: Outage performance comparisons of the backscatter sys-
tems versus p as changing a;.

-
e

Scheme 1: D; Analysis

— = Scheme 1: BD Analysis
—3— Scheme 1: Dp Analysis
—3% Scheme 2: Dp link BD Analysis

O Simulation

—HB— Scheme 1: D; (OMA)

=3 Scheme 1: BD (OMA)

s+ Scheme 1: Dp (OMA)

e+ Scheme 2: Dp link BD (OMA)

Outage probability
g

-
o
S
T

107 *
20 15 10 5 0 5 10 15 20 25 30

Fig. 6: Outage performance comparisons of the Backscatter

systems and OMA versus p.

In Fig.[6] we compared the outage performance of the
proposed NOMA-Backscatter with the OMA scheme,
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where PT would transmit x; (k), z2 (k), and sine wave
signals for Dj, Dp, and BD in three orthogonal time
slots, respectively, to verify the potential performance
improvement of the proposed system model. It can be
clearly seen from Fig. [] that the outage performance
of NOMA-Backscatter outperforms the OMA scheme.

5. Conclusion

This paper has studied the performance of three kinds
of users in the ambient BackComs underlying cellular
system in the context of hardware impairment and the
information transmission is based on the NOMA prin-
ciple. In particular, we derived the outage probabili-
ties for destinations in the primary networks and users
in downlink transmissions of the Backscatter networks.
We indicated the impact of various main parameters on
such outage performance. Our results confirmed that
the outage performance of the NOMA-Backscatter sys-
tem can be significantly improved by selecting a reflect-
ing and Backscatter ratio and our proposed schemes
can achieve lower outage capacities at high SNR region.
It also shows that the use of the outage performance is
affected by levels of HIs. We provided detailed guide-
lines for design Backscatter in poor condition as under
a situation of imperfect hardware.
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