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Abstract

With the rapid increase in the number of Internet of Things (IoT) devices and
the growing demand for wireless communication, improving energy efficiency and
scaling up network capacity have become a major challenge for next generation
wireless communication systems. Ambient backscatter communication (AmBC)
and non-orthogonal multiple access (NOMA) are promising techniques for sup-
porting energy-efficient and massive connectivity in future IoT networks, while
unmanned aerial vehicles (UAVs) provide flexible coverage when terrestrial links
are unavailable or severely blocked. This paper investigates the performance of
a NOMA-assisted UAV-AmBC network, where the direct links between the base
station and two ground users are blocked. A UAV equipped with a backscatter
device acts as a decode-and-forward relay, while the backscatter link provides an
additional signal copy to enhance transmission reliability. Considering both per-
fect and imperfect successive interference cancellation, analytical expressions for
the outage probability and ergodic capacity are derived under selection combining
(SC) and maximum ratio combining (MRC) schemes. Simulations are provided
to validate the theoretical analysis and evaluate the effects of the reflection coef-
ficient, path loss, residual interference, and signal-to-noise ratio. It is shown that
imperfect SIC degrades the outage performance, whereas increasing the reflec-
tion coefficient improves link reliability. Moreover, MRC achieves lower outage



probability than SC, and the proposed UAV-AmBC-assisted scheme significantly
outperforms the benchmark system without AmBC.

Keywords: Ambient Backscatter Communication (AmBC), Non-Orthogonal Multiple
Access (NOMA), Unmanned Aerial Vehicles (UAV), Outage Probability, Ergodic
Capacity

1 Introduction

The evolution from beyond-5G toward 6G wireless networks is driven by the need
to support ubiquitous coverage, massive connectivity, high spectral efficiency, and
sustainable low-power operation. These requirements are particularly pressing for the
Internet of Things (IoT), where a large number of sensing and monitoring devices are
expected to be deployed in smart infrastructure, industrial automation, healthcare,
transportation, and environmental monitoring scenarios. Many of these devices are
cost-sensitive and energy-constrained, and their batteries may be difficult or even
impossible to be replaced after deployment. Therefore, energy-efficient and scalable
communication mechanisms have become essential for next-generation IoT networks
[1]-2).

Ambient backscatter communication (AmBC) has emerged as a promising candi-
date for such low-power networks because it allows passive or semi-passive devices to
transmit information by reflecting existing radio-frequency (RF) signals rather than
generating dedicated carrier waves. In a typical AmBC system, a backscatter tag har-
vests energy from incident RF signals and modulates its information by changing the
antenna impedance, while the receiver detects the weak reflected signal superimposed
on the ambient waveform [3]-[4]. The authors of [5] proposed an AmBC model com-
posed of a single RF source and a passive tag, and investigated the outage performance
over real Gaussian channels by deriving exact and asymptotic outage expressions. In
contrast to [5], the authors of [6] extended the model to a multi-tag scenario, where
multiple tags coexisted and a tag selection mechanism was applied to evaluate sys-
tem performance. The comparative results showed that the multi-tag configuration
achieved improved outage performance over the single-tag counterpart, demonstrating
the benefits of spatial diversity and opportunistic tag selection. Additionally, con-
sidering the combined effects of hardware impairments and outdated channel state
information, the authors of [7] investigated a more practical multi-tag AmBC sys-
tem and analyzed its performance under imperfect conditions using a low-complexity
tag selection scheme. In [8], the authors proposed a mutualistic symbiotic AmBC
communication system to address the limitations of conventional passive tag access,
enabling spectrum sharing between cellular users and backscatter devices and thereby
improving spectral efficiency. From another perspective, [9] introduced an analyti-
cal framework to evaluate the covert communication performance of AmBC systems
and proposed an optimization scheme to maximize covert throughput under detec-
tion constraints. Furthermore, the authors of [10] proposed a relay-assisted mutualistic
AmBC communication framework, which achieved a performance tradeoff between



outage probability and resource allocation flexibility under energy availability con-
straints. These studies established the analytical foundation of AmBC, but most of
them focused on terrestrial or infrastructure-fixed systems.

As ToT networks become denser, orthogonal multiple access becomes increasingly
inefficient because assigning exclusive time-frequency resources to a large number of
devices limits spectral efficiency and connectivity [11]-[12]. Non-orthogonal multiple
access (NOMA) addresses this limitation by allowing multiple users to share the same
resource block and separating their signals in the power domain through successive
interference cancellation (SIC) [13]. The integration of NOMA with backscatter com-
munication has therefore attracted increasing interest [14]. Specifically, the authors of
[15] proposed a symbiotic communication network that integrated AmBC with NOMA
for IoT devices, achieving spectrum and energy efficiency by enabling IoT transmit-
ters to assist far NOMA users while transmitting their own data. The authors of
[16] derived the outage probability and ergodic capacity of an AmBC-NOMA scheme
under both perfect and imperfect SIC. Their results showed that the proposed scheme
outperformed orthogonal multiple access (OMA) and conventional NOMA in terms of
reliability and spectral efficiency. To overcome the limitations of traditional jamming-
based covert communication in uplink NOMA systems, the authors of [17] proposed an
AmBC system in which the tag simultaneously supported covert signaling and infor-
mation transmission through a multi-objective optimization approach. Furthermore,
the authors of [18] designed a secure AmBC-NOMA system to improve physical-layer
security against randomly located eavesdroppers, where artificial noise was introduced
and protection zones were established around the transmitter to reduce the risk of
interception. These works demonstrated the potential of AmBC-NOMA integration,
yet they were still largely constrained by fixed terrestrial deployment and did not fully
exploit the spatial flexibility of aerial platforms.

In recent years, unmanned aerial vehicles (UAVs) have attracted significant atten-
tion in low-power wireless networks due to their high mobility and flexible deployment
capabilities [19]-[20]. These features make UAVs particularly suitable for applications
in dynamic or remote areas. In such scenarios, integrating AmBC into mobile UAV
platforms provides a practical solution for low-power and large-scale data collection
[21]-[22]. For instance, the authors of [23] proposed a UAV-assisted AmBC system and
formulated a joint optimization problem to maximize the average transmission rate
by jointly designing the UAV trajectory and transmit power. Similarly, the authors
of [24] proposed a hybrid BackCom-HTT system supported by drones, where the
drones acted as mobile energy sources and assisted multiple IoT nodes operating in
backscatter and active transmission modes. To maximize the overall energy efficiency,
they optimized key parameters such as the reflection coefficient and time allocation.
From another perspective, the authors of [25] investigated the outage performance
of a UAV-assisted AmBC system over Nakagami-m fading channels and derived the
outage probability and ergodic capacity. In [26], the authors analyzed a UAV-aided
network integrating AmBC communication and conventional air-ground transmission,
and derived outage probability expressions for both uplink and downlink transmission
under mutual interference. To address security issues, the authors of [27] proposed



a UAV-assisted AmBC communication system with cooperative jamming and ana-
lyzed the secrecy outage probability under artificial noise interference. Furthermore,
the authors of [28] investigated a UAV-aided backscatter communication system with
optimized trajectory planning and signal detection, which improved energy efficiency
and detection performance for passive devices.

The above studies primarily focused on UAV-assisted AmBC communication sys-
tems. However, in scenarios with a large number of users or limited spectrum resources,
NOMA can improve spectral efficiency and system capacity by supporting simulta-
neous transmission over shared resources, thereby providing a scalable solution for
connectivity enhancement and resource allocation. Therefore, the authors of [29] pro-
posed a UAV-assisted NOMA backscatter communication system and optimized the
sum rate using a block coordinate descent method. In [30], the authors investigated
the joint optimization of UAV trajectories in multi-UAV-assisted AmBC communi-
cation networks. To maximize the minimum average rate, a solution built on block
coordinate descent and successive convex approximation was put forward. Numerical
results verified the superiority of the devised method over baseline schemes regarding
rate fairness and overall system performance.

From the above studies, it can be seen that the performance optimization and
analysis of integrated communication systems combining UAV, AmBC, and NOMA
technologies have been widely investigated. It is worth noting that only a few studies
have jointly considered UAV, AmBC, and NOMA for analytical performance eval-
uation. Based on the above analysis, this paper proposes a UAV-assisted AmBC
network model with NOMA-based transmission. The communication channels consist
of Nakagami-m fading channels over UAV links and Rayleigh fading channels via ambi-
ent backscatter devices, and both perfect and imperfect SIC are taken into account.
Based on this framework, the end-to-end reliability and capacity performance are ana-
lyzed by deriving the outage probability and ergodic capacity under SC and MRC
schemes. Specifically, the key contributions of this study are summarized as follows:

i) A NOMA-assisted UAV-AmBC transmission framework is established for sce-
narios where the direct terrestrial links between the base station and ground users
are blocked or severely degraded. In the proposed framework, the UAV serves as an
aerial relay, while the backscatter device mounted on the UAV provides an additional
reflected signal path. This cooperative transmission strategy enables the ground users
to exploit both the UAV forwarding link and the AmBC link, thereby enhancing
transmission diversity in obstructed communication environments.

ii) A mixed-channel analytical model is developed to characterize the considered
UAV-AmBC network. Specifically, Nakagami-m fading is adopted for the BS-to-UAV
and UAV-to-ground-user links, while Rayleigh fading is adopted for the BS-to-
backscatter-device and backscatter-device-to-ground-user links. Based on this model,
the end-to-end signal-to-interference-plus-noise ratio (SINR) expressions are formu-
lated under both perfect and imperfect SIC, providing the basis for reliability and
capacity analysis.

iii) The outage probability and ergodic capacity of the proposed system are derived
under two diversity combining schemes, namely SC and MRC. Different from existing



UAV-assisted AmBC or AmBC-NOMA studies that mainly focus on a single transmis-
sion path, this work jointly evaluates the UAV relay and backscatter paths to analyze
the effect of diversity combining on end-to-end system performance

iv) Through comprehensive simulation experiments, the impact of key system
parameters on the proposed network performance was deeply explored, including the
backscatter reflection coefficient, path loss, residual interference caused by imperfect
SIC, and transmit SNR. In addition, the proposed AmBC-assisted transmission scheme
is compared with the benchmark scheme without AmBC, providing design insights
into the role of AmBC and diversity combining in improving UAV-assisted NOMA
communications.

The remainder of this paper is organized as follows. Section II presents the system
model and channel assumptions. Section III derives the analytical outage probabil-
ity and ergodic capacity under the considered SIC and diversity-combining schemes.
Section IV provides numerical and Monte Carlo simulation results. Finally, Section V
concludes the paper.

2 SYSTEM MODEL

UAV-AmBC

Fig. 1 UAV-AmBC assisted NOMA based network

As shown in Fig. 1, the considered system consists of a Base Station (BS), a
Decode-and-Forward (DF) UAV relay equipped with a Backscatter Device (BD), and
two ground users, denoted by U; and Us,. Due to obstacles or severe shadowing, the
direct BS-to-user links are assumed to be unavailable, and all information is delivered
through the UAV-assisted transmission. Specifically, the BS first superimposes the
information intended for the two users according to the NOMA principle and forwards



the composite signal to the UAV. After decoding, the UAV retransmits the NOMA
signal to the ground users through the downlink. Meanwhile, the BD installed on the
drone reflects the incident RF signal and reflects information to the user through envi-
ronmental backscatter communication. Therefore, each user will receive superimposed
information from the drone forwarding link and the AmBC link. To improve reception
reliability, SC or MRC is employed at the receiver, while both perfect and imperfect
SIC are considered during signal detection. The channel coefficients of the BS-to-UAV
and UAV-to-user links are denoted by hsr and hgy,, respectively, whereas those of
the BS-to-BD and BD-to-user links are denoted by hsp and hpy,, where ¢ € (1,2).
The coordinates of the BS, UAV, and users are given by (ag, bo,0),(z,y, H), (a1, b1,0)
and (ag, bz,0). The distances between the links (T-BS-UAV, UAV-U; , UAV-U, )

are denoted as dg,,dy, and d,.,,, where dg. = \/(1’ - ao)2 +(y— 60)2 +H2dpy, =
\/(x — a1)2 + (y— b1)2 + H? and dyy,, = \/(m - a2)2 + (y— b2)2 + HZ2,

2.1 BS-to-UAV Transmission

In the analysis presented in this paper, two scenarios are assumed: perfect SIC and
imperfect SIC. In the perfect SIC scenario, it is assumed that the receiver is able to
perfectly decode and subtract the interference from previously received signals. In this
ideal case, the SIC process is performed with no errors, allowing each signal to be sep-
arated with perfect accuracy, thereby maximizing the system’s overall performance.
On the other hand, in the imperfect SIC scenario, the receiver faces practical limita-
tions, which prevent the complete elimination of interference. In this case, although
SIC is still applied, some residual interference remains in the decoded signals, leading
to a degradation in the quality of the received signal and a reduction in overall sys-
tem performance. In this paper, we take this aspect into account when analyzing the
signal transmission and decoding processes. The signal received at the UAV is:

2
Z' ].
Yuav = \/ﬁhw (; \/@%) +n; (1)

where z; denote the information transmitted to U; , here x; = v/ Psa1x1 + v/ Psasxs.
Ps represents the total transmission power from the BS, and a; is the power allocation
coefficient form BS to UAV. According to the NOMA protocol, we have Z?:l a; =1
and a; > as . hgr denotes the channel fading coefficient, which is assumed to follow
a Nakagami-m distribution.¢ represents the path-loss exponent and n; denotes noise
at the receiver of U; . In this model, it is assumed that U; is the far user and U, is
the near user. For U; , the received signal at the UAV is:

1
Yoav = —==—hsr (\/Psalim + \/Psa2$2) +ny (2)

Visr



After applying perfect SIC, the received signal at the UAV from user Us is given

by:
1
Yorav = 7\/@%}1\/ Psagwa + no (3)

When imperfect SIC is applied, the received signal at the UAV from user Us is
1

given by:
Yrav = = hsrV/ Y Psaiw1 + hsgy/Psazws + na (4)
Viin

where T denotes the error factor associated with imperfect SIC; when T = 0 | it
corresponds to the case of perfect SIC.

In the first hop of the transmission process, the received signal at the UAV is given
by (1). The signal-to-interference-plus-noise ratio (SINR) for decoding the information
of user Uy at the UAV can be expressed as follows:

2
_ayplhsr| 5)
=
azplhsr|” + dgg
wherep = % , and 0% is the noise power of U;.
1

When perfect SIC is employed, the signal-to-noise ratio (SNR) for decoding the
information of U; is given by:

per a2p|hSR|2
O (6)
SR
wherep = % , and o3 is the noise power of Uy. Assuming o7 = o3.
2
When imperfect SIC is employed, the SNR for decoding the information of U; is
given by:
imp CL2p|h'SR|2
Yo o = P) < (7)
Yaiplhsr|” + dgg

2.2 UAV Energy Harvesting and Relay Forwarding

By utilizing time-switching relay schemes, the UAV relay obtains energy from the RF
signals transmitted by the BS. Hence, the energy level acquired at the UAV relay is:

afPs|hsr|?

T ®)
dgr

Eyav =

where « represents the fraction of the EH time, T is the total time period and (8
denotes the EH efficiency.

The transmit power of the relay is determined by the amount of energy harvested
during the first phase. It is expressed as follows:

Eyav _ 2aBPs|hsg|’

(1-a)f (I-a)dy

U=

(9)



The UAV relay forwards the information to the ground users using the harvested
energy. During the second phase of transmission, the signal received at U; from the

UAV is:
1

yﬁ = Th’RUi

vV %Rru,
where hry, denotes the channel fading coefficient of the UAV-to-U; link, which is
assumed to follow a Nakagami-m distribution. ay ; denotes the power allocation factor

(\/PUGU,1$1 + \/PUGU,2$2> + ny, (10)

for i user, and 37, ay; = 1 . ny, represents the noise at the " ground user.
At U, , the SINR for decoding the information of U; is:
2 2
Hay,1|hsr|"|hru, |
3 )
Hay o|hsr|"|hru, |” + dgrdpy,

Yu2,1 = (11)

where H :?%ﬁ.
When perfect SIC is employed, the SINR for decoding the information of Us is
given by:
_ Hav 2plhsr|*|hru, |
dsrdyy,
When imperfect SIC is employed, the SINR for decoding the information of Us is
given by:

(12)

YU2,2

imp Hay 2p|hsr|’|hru, | (13)
U2,2 —
THaU71P|hSR|2|hRU2 1+ dirdru,

At U, , the received SINR can be expressed as:

Hay 1p|hsg|’|hru, |2
HaU,2P|hSR|2|hRU1 >+ dsrdry,

Yui,1 =

2.3 AmBC-assisted Transmission

Based on the system model, the received signals at ground users U; can be expressed
as

Yne = nhsphpu,on (\/PSalfIfl + \/Psa2132> + na (15)

where 7 represents the backscatter coefficient. hgp denotes the channel fading coeffi-
cient between the BS and the BD, which is assumed to follow a Rayleigh distribution;
hpy, denotes the channel fading coeflicient between the BD and the ground users U; ,
which is assumed to follow a Rayleigh distribution. xp represents the signal from the
backscatter device itself. ny represents the additive Gaussian white noise at U; in the
backscattering link.
The SNR at U; can be expressed as:
go _ _ nPa1Ps|hsl*|hsy, |
ur — 2 2 2
n*az Ps|hss|"|hpu,|” + 01




When perfect SIC is employed, the SNR for decoding the information of Us is given
by:

se _ naxPs|hse|*|hpu,|?
U2 — 2
03

(17)

When imperfect SIC is employed, the SNR for decoding the information of U, is
given by:
2 2 2
5imp.BC _ n“az Ps|hs|”|hBu, |
= =
? Yn2a; Ps|hsp|* |hpu, |* + 022

(18)

2.4 SC and MRC Combining

The effective SINR of users undergoing two-hop communication via the UAV is given
as:
M = min (v;,vu,,i) (19)

where ; denotes the SINR of user U; at the UAV. vy, ; denotes the SINR at user U,
after transmission through the UAV.

The expressions for these two SNRs have been discussed in detail in Section 2.
Therefore, the Cumulative Distribution Function (CDF) of the SINR for users served
via the UAV is given as follows:

Fyr (ven) = P (M < y4p)
= P (min (s, vu,.,i) < Yen)
=1 — P (min (vi,v0,,i) > Ytn) (20)
=1—P(vi>vn) P(yu,i > ven)
=1-[1—=F, (ven)] [1 = Fyy, . (ven)]

The ground user receives signals transmitted from both the UAV and the AmBC link.
Under the SC strategy, the user selects the better link. Accordingly, the SINR under
the SC scheme can be expressed as:

N = max (M, ,ng) (21)

where 75’? denotes the end-to-end SINR at user resulting from the AmBC transmis-
sion. When employing the MRC technique, the overall SINR at user U; is calculated
as the sum of two components Z,,,, = X, + Y, where X, is defined as M , and
Y, corresponds to '75’?.

3 OUTAGE AND ERGODIC CAPACITY
PERFORMANCE ANALYSIS

The effective SNR/SINR of the communication links from the BS to UAV-BC and from
UAV-BC to ground users has been described in Section 2. Based on the perfect and
imperfect SIC scenarios at the UAV and ground users considered in that section, the
outage probability and achievable ergodic capacity at the receiver side are analyzed.



3.1 User Outage Probability for SC Scheme

Outage probability quantifies the likelihood that the received SINR fails to meet a
required quality-of-service threshold 7, , thus indicating a disruption in reliable trans-
mission. Under the SC strategy, the optimal communication link from the source to
the destination can be selected based on signals received through the UAV or AmBC,
aiming to maximize the SINR for ground users while ensuring it remains below the
threshold 7, .When the SC scheme is applied, the outage probability of the end-to-end
link at U; can be expressed as:

Pour! = P (max (M,457) < yun)
=P (V&C < eh, min (y1,70,1) < Yen)
=P (v8° < yu) - P (min (v1,7u,,1) < %n)
= Fv{?f (yen) - [F’n (Yen) + Fyo,a (ven) — Fyy () Fyo,a (%h)]

The PDF and CDF of a single Nakagami-m faded channel can be described by the
following expressions:

2

2m,;" s — m;x
[ (@) = WSUQ ~Lexp ( 0, ) (23)

where m; is the fading shape parameter, ); denotes the average power of the fading
envelope, typically defined as E[2?] , representing the mean received signal power. T' (-)
is the Gamma function.

The CDF of v; and 79 under a single Nakagami-m fading channel can be written

as: 9
my Yth
E - e O L — 24
o (n) = (mh o <B1 — Bﬂm) ) (24)

where 7 denotes the incomplete gamma function. Under the assumption of perfect
SIC, the corresponding CDF of 7, is given by:

Ey, (ven) = (mz, g—j (;“;) 2) (25)

where By = 22 | and By = 22 . Under the assumption of imperfect SIC, the
SR ) SR
corresponding CDF of 75" is given by:
ma2 Vth 2
Foim - AL R U — 2
e () =7 <m2 Qo (Bz - B:Wth) ) (26)

10



where B3 = E‘flp. The CDF of vy, 1 and qu,,2 can be written as:
SR

|

YUq,1 (’Yth)
=P (yu,1 < Vn)
P

HaU,l,O ‘hSR|2 |h'RU1 |2 <
2 2 S = Tth
Hay 2p |hsr|” [hru, |” + dgrdry,

Yth
=P ( |hsr|? |hru, |* < m—%—

#}”w” Apmitma—1, M, me
([ (R ) O
0 L(mp)T(m2) (2:9Q2) 2 152

)ml-‘rmz

my1—mo Yth
_ (M 2 (34—35%h
mo F(mg)F(ml + 1)
2
mims Vth
x GIL [ — ( )
L3 < ngg B4 — B5’Yth

whereB, = dljagglp ,and By = -1av.2p
SRYRU,
See Appendix A.
Under the assumption of perfect SIC, Similarly, the CDF of ~yy, 2 can be expressed
as:

_ mitmo
1 2
1- ma, —mi, 0

F’YU2,2 (Vth)
- P (’YUQ,Q S ’Yth)

Hay 2p |hsr)? |hru, | <
A ds = Tt
SR*RU>

=P

=P (IhSR|2 hru,|? < ?)
6

%h 4 mi+mo—1,, M1, M2
:P</ 6 : — mrfﬁmz Koy —m <2x ”51752)@ .
0 I'(m)l(m2) (Q82) 2 1352
mi+ma
w ('Yth)

@) r(m]j;r(ml +1)

w3l [ _mame (e ? 1— mudme
1,3 02199 \ Bg 1—ma, —my, O
For the case of imperfect SIC, the CDF of ’y{ﬁ% remains identical to that in equation

(27), except that By and By are replaced by Bg and Bz, respectively, where Bg =
Hay 2p and B- — YHay,1p
déRd;{UQ 7 dgg d;tuz ’

The PDF and CDF of a single Rayleigh faded channel can be described by the
following expressions:

P )= 5 exp (~5-) (29)

T 7

11



Fyy,. (@) =1—exp (—/\196) (30)

3
where \; denotes the scale parameter of the Rayleigh distribution.
The CDF of 78? product of two independent Rayleigh fading variables can be
written as:

F,pe ()
=P (’Yg? < ’Yth)
2 2 2
n*a1 Ps |hsg|” |hu
—r (= 2|\ 21|2§%h
n?azPs |hsg|” |hpu, | + of

2

YthO1 (31)

= P ( |hsg)? |hsu,|* < )
< s, n?a1 Ps — n?az Psyn

2
Ytho1

_ fOOO fo(n2n,1Ps—n2a2Ps’Yth)7/ fX(I') fy(y) dl'dy

:1_L\/ YthoF A2 K 2\/ Yeno?
X2V Ai(n?a1Ps—n2a2Psvyin) 1 A1Az2(n?a1Ps—n2a2 Psvyin)

See Appendix B.
Similar to equation (31), the CDF of 75 can be obtained as:

Foge(yn) = P (705 < vin)
_p (772a2PS|hSB|2hBU2|2 < %h>

2
03
2
VthO2 )
n*az Ps

=P (IhS]32|hl3U22 <

2
Yth92

- /OOO /0”2“21’sy fx (@) fy (y) dedy

i 1 YthO3 A2 K |2 Vtho3
X2\ Ain2azPs A A2n?ag Ps
imp,BC

Under the assumption of imperfect SIC, the corresponding CDF of vy, is given
by:

F oo (in)

i BC
= P (157" < yun

2as Ps|hsg|*|heu |2
- P n-azf7s 2 <
(Yn201PS|hSB2hBU2 |2+022 - ’Yth (33)
2 2 o3
= P (Ihspl 1hpval” < Gram 2t )

—1- 1L Yeho3A2 K (2 YthO3
X2V XM (m%azaPs—TnZa1 Psyen) 21 A1Az2(n2az Ps—Yn%a1 Psvyin)

At present, the Outage probabilities under different conditions are discussed:

12



1) Under the assumption of perfect SIC, the outage probability at U; is given by:

YehOi A2

SC,U
Pour!
— ;»

A1 (n%a1Ps — n?azPsyin)

(o

2
YthO1

M2 (n2a1Ps — n?as Psyen)

)

mi+mz
my—ma Vth
my (34—35%}1)
mo I‘(mg)I‘(ml + ].)
2 myp + mag
31 [ maims Veh 1——=
X9 xGis | — ( ) 2
’ Q12 \ B4 — Bsyen 1—my, —-mq, O
2 2
my Vth my Vth
X my, =\ 5—pH +1l+v({m, = | =———
W( e (&—Bm) ) ”( h <B1—Bzm> )
(34)
2) Under the assumption of perfect SIC, the outage probability at Us is given by:
pSCUs _q 1 YehO3 A2 9 Vtho3
ouT Ao\ AnPasPs A1 Aan?ag Ps
mi+ma
mj—mo Yth
my L'(m2)T'(my +1) (35)
2 mi + mo
3,1 mime ( Ytn 1-—"
Ao ()
’ e \ Be I—my, —mq, 0
2 2
ma ( Yth ma [ Vth
X , = | =— 41 = (2
[7(7712 0, (B2>> +”y<m2 0% (Bg))

3) Under the assumption of imperfect SIC, the outage probability at U; is given by:
When imperfect SIC is employed, the outage probability at Uy is identical to that

under perfect SIC.
pSC.imp, Uy _ pSC.U,

oUT oUT (36)
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4) Under the assumption of imperfect SIC, the outage probability at U, is given by:

SC,imp,U,
POUT

—1_ i %hUg/\z K, |2 %hUg
X2 \| A1 (n2aaPs — Yn2a1 Psyen) M2 (n2aPs — Yn2ay Psyin)

>m1+m2
mi+m
x { s gl _Mm2 ( Vth )2 1- %
1.3 21Qy \ Bs — By 1—mg, —-my, O

2 2
ma Vih ma Ve
ma, = +1| + ma, =— ()
7( >0, (Bz—Bsm) ) 7( >0y \ Bz — Bsyun >

3.2 User Outage Probability for MRC Scheme

MRC improves signal reception by coherently combining multiple received signals to
maximize the SNR. Since outage probability depends on whether the received SNR
falls below a predefined threshold, MRC has a direct impact on it. Therefore, in
the following analysis, we employ MRC to evaluate the outage probability under the
considered system model. The outage probability expression at U; is given by:

w ( Yth

mi Be—B7vth
mo F(mg)I‘(ml -+ ].)

X

(37)

C,U;
PYROY = P((X +Y) <)

Yth 38
= / . Fx,..(ven = y) fy,.. (y)dy o

1) Under the assumption of perfect SIC, the outage probability at Uy is given by:

Yth
Four " = / . [1 = (1= Fyy (yen = ) (1= Foo, , (en = ) fre (y)} dy
y=
1= (1= Fy (v =) (1= Fyo, , (un = 9))

Yth 2 2 yo
:/ 1 |77 a2 Psot Ao - Ky <2\/>\1>\2(n2a1Psl?72a2Psy)> dy
y=0 | X

A 2 2N
2 2 (772a1Ps — 772a2PSy) \/)\1(”20‘13381_;20‘21%3,)

(39)
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2) Under the assumption of perfect SIC, the outage probability at Us is given by:

PMRC,Uq
ouT
=[5 [1 = (1= Fy, (yn =) (1= Py, (v = v)) frpe (y)} dy
1= (1= Fy, (yen = 9)) (1 = Fryy o (ven — 9) (40)

— Yth 2 5 d

= 1 1 o3 o Y

=0 x Az vodrg /\177511221:’5 K <2\/ >\1>\2y7722a2Ps>
2\/>\1n2a2Ps

3) Under the assumption of imperfect SIC, the outage probability at U; is given by:

MRC,imp,U;
POUT

= 7 1= (= By o = ) (1= Fow, s o = ) oo (9)] dy
1= (1= Fy (ven =) (1 = Py s (ven — ) (41)
o2
= f:];’;) ! —n*a2Pso* Ao d Ky (2\/*1>\2(712a1yP31*712a2Psy)> dy

2

2
2 _n2 2 yo1<Ao
2(n?a1Ps—n?a2Psy) \/M(nzalps_,p@psy)

4) Under the assumption of imperfect SIC, the outage probability at Us is given by:

PMRC,imp,Ug

ouT
= yt’a [1 - (1 — F’Y;mp (’)’th — y)) (1 — F,Y;;;qu (’Yth — y)) fw’{};p’Bc (y)} dy
1= (1= Fy, (ven =) (1 = Fypp s (ven —9)) (42)
012
= 37;’”(‘) o1 —n?YazPso1?Aa1-K1 (2\/A1A2(n2a1§331—Tn2a2Psy)) dy
2 2(712a1Ps—Tn2a2Psy)2\/Al(,,lza;}l;;?f;,?,zalpsy)

3.3 Ergodic Capacity

Ergodic capacity refers to the average achievable transmission rate over a fading chan-
nel, assuming long-term channel variations and ideal coding. This metric indicates the
average performance of a system and serves as a benchmark for evaluating commu-
nication efficiency over fading channels. The ergodic rate C&AV for the i*" user over
the UAV link is defined as: /

cgty = ;/OOO logy (14 m) far(m)dm (43)
Fyr (m) =P (M <m) =P (min (v;,vv,:) <m) (44)
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Under the assumption of perfect SIC, the ergodic capacities associated with UAV
transmission for users U; and Us can be formulated as:

1 <1 m m 2
UAV _ _ ad -
Co = 21n2/0 1+m 7(’”1’ 0, <Bl—Bzm> )]

mq—my m mi+mz
- (W) (5:25) (45)
mo F(mg)F(ml —+ 1) d
m
2 my + me
% 31 _mimg < m ) 1-— —
1.3 9192 B4 — B5m 1— mo, —ma, 0

1 >~ 1 m m\ 2
CUAV _ / _ 2
Us 9m2 ), 1+m T\ 0, \ B,
o m mi+mo
1_<ml> = () (46)

mo F(mg)F(ml + 1)

2 mi + mo
G312 <m> 1—T
b3 QlQ2 B6 1- ma, —ma, 0

dm

my—ma ( m )m1+m2
T
xG?”l _m1m2 ( m )2 17@
1,3
ngg B6 — B7m 1— Mo, —maq, 0

For imperfect SIC, the C’gZAV is:
0o 2
vav _ 1 / LI PPN m
mpU2 7 92 f, 1+m "y \ By — Bsm
mq Bg—Brm
1 (I
(m2) L(m2)I'(my +1)
In contrast to UAV, with AmBC, there is no need for time slot division as the
AmBC device operates by reflecting ambient signals. Therefore, the ergodic capacity

Céich of the link using AmBC can be expressed as:
1 o0
AmBC __
Ci = i [ W) £ () (48)

where 7 represents the end-to-end SINR from the BS to the ground users U; through
the AmBC link. The ergodic capacities of U; and Us through AmBC can be formulated
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as:

AmBC 1 > 1
mBC _ [ (1 44)—
Co, 21n2/0 n(t+7)5

P
_772a2P50%>\2)\1 - K4 (2\/)\1)\2(77201}31—712021337)) (49)
X . = dry
2 (772(11PS — nQaQPS’Y) \//\1(772(11?351—;2(12135’7)

1= 1
AmBC

- In(1 -
o, 2ln2/0 n(t+7)5

2)\ 2 (5())
« 1 NP B o __"o% dry
vo3xe  MinfazPs A1 don?az Ps
2 Ain2az Ps

For imperfect SIC, the C(iJTp’AmBC is:

cimpAmBo _ 1 /DC In(1 + ’)’)i
Uz 2In2 0 )\2
_nQTGQPSU%)\Q)\l

x 2 2 2 Yo3 A2 (51)
2 (n*ar Ps — Ti*az Ps) \/Al(nzazPs—YnZ‘alPsw)

(5 o7
! )\1)\2 (n2a1Ps — T’OQCLgps’y)

The achievable ergodic capacities C; and Cs for the end-to-end link at U; and Us,
utilizing signals from both UAV and AmBC with SC applied, are given as [31]:

dry

C1 = max (CAV, C{mBO) (52)

Cy = max (Cp Y, CHPC) (53)

The ergodic capacities for imperfect SIC with T > 0 for U; and U, can be derived
using a similar method, as detailed in equations (52) and (53).

3.4 System Outage Probability

The system experiences an outage when either of the two users faces an outage. The
oy SyS .
system outage probability Pni;, is expressed as follows:
In the case of SC, the PS{, is

sys __ pSC,U; SC,Usq SC,U; pSC,U,
Povr = Pour ' + FPour® — Four ' Four (54)
sys __ pSC,imp,U; SC,imp,Us SC,imp,U; pSC,imp,Us
Povr = Pour + Pour — Pour Pour (55)

For the MRC strategy, the calculation method is the same.
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4 RESULTS AND DISCUSSIONS

In this section, we evaluate the proposed network by analyzing its outage probability
and ergodic capacity under Nakagami-m fading. Both SC and MRC techniques are
considered. Analytical results are verified via MATLAB simulations for various sce-
narios with a 150 millisecond time slot and an aerial node altitude of 50 meters. All
parameter values are listed in Table 1.

Table 1 System parameters for
simulation

Parameter Value Parameter Value

« 0.8 B 0.7
S 0.1 n 0.3
ma 4 mo 2
dsr 15m dru, 10m
dru, 20m a1 =ay,1 0.6
az = ay,2 0.4 Q1 =05 1
100 : =0, 3“Ar\a\ysis
7=0.5,Analysis
P,=10d8 71=0.7 Analysis
> O  Simulation

Outage Probability

P5=20dE/

-10 -5 0 5 10 15 20 25 30 35 40
SNR(dB)

Fig. 2 Variation of outage probability of U; with respect v to the under different n

When the v ranges from -10 dBm to 40 dBm, the outage probability of U; signifi-
cantly decreases. The Fig. 2 shows that as 7 increases, the outage probability decreases
accordingly. This is because an increase in the backscatter coefficient leads to stronger
received signals, which improves signal quality. As a result, the system can decode the
transmitted information more effectively and reduce the impact of interference, thus
lowering the probability of an outage. Additionally, increasing the backscatter coeffi-
cient helps improve the multipath propagation effect, allowing stronger signals to be
received through multiple paths and enhancing the system’s robustness.
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O Simulation
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SNR(dB)

Fig. 3 Variation of outage probability of Uz with respect to the v under different ¢

This Fig. 3 plots illustrates the variation of the outage probability of the U, with
respect to the SNR under different path loss conditions. The curves demonstrate that
as the SNR increases, the outage probability decreases, indicating that an improvement
in signal quality helps to reduce the likelihood of communication outage. Furthermore,
the curves under different path loss conditions exhibit noticeable differences, with
higher path loss leading to greater signal attenuation and a higher outage probability.
This highlights that, even with an increase in SNR, the impact of signal attenuation
in poorer propagation environments results in a higher probability of outage.

Fig. 4 shows the variation of the Poyr with respect to the SNR for U; under two
scenarios of perfect SIC and imperfect SIC with different reflection coefficients. As
can be seen from the figure, the outage probability decreases as the SNR increases.
The outage probability of decreases as the backscatter coefficient increases. For the
same reflection coefficient and SNR, the outage probability is higher under the imper-
fect SIC scenario compared to the perfect SIC scenario. Furthermore, as the residual
interference coefficient increases, the variation in outage probability becomes more sig-
nificant. This is because the interference encountered during signal processing becomes
more severe, leading to a notable increase in the outage probability. The performance
degradation caused by imperfect SIC can be compensated by adjusting the backscatter
coefficient.

Fig. 5 shows the relationship between the outage probability of Us and the thresh-
old ¢, - The results consider two different combining techniques, SC and MRC. As
¢, increases, the outage probability of U, also increases. This indicates that a higher
SNR is required to maintain reliable communication with a lower outage probabil-
ity. MRC outperforms SC in terms of outage probability as it maximizes the SNR by
coherently combining multiple received signals, improving signal quality and reduc-
ing the outage probability. In contrast, SC only selects the best signal, failing to fully
utilize the potential of all available signals.

Fig. 6 compares the performance of the proposed scheme with and without AmBC
technology. The system outage probability is analyzed in terms of its impact on SNR.
It can be observed that as the SNR increases, the system outage probability decreases
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Fig. 4 Variation of outage probability of Uz under SIC and imperfect SIC
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Fig. 6 Performance Comparison of the Proposed Scheme with the Scheme without AmBC
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in both cases. However, the outage probability is lower when AmBC technology is
employed. This is because AmBC enables low-power data transmission by reflecting
existing ambient RF signals, thereby enhancing the signal quality. By increasing the
backscatter coefficient, AmBC improves the multipath propagation effect, resulting
in stronger received signals, which in turn increases communication reliability and
reduces interference, leading to a lower outage probability.

10’

Perfect SIC ~=__

Imperfect SIC

ergodic capacity
B

—8— Perfect SIC,T=0,7=0.7 |}
—— Perfect SIC,Y=0,7=0.5
Perfect SIC,T=0,7=0.3

—=&— Imerfect SIC, T=0.1,7=0.7

—&— Imerfect SIC, T=0.3,7=0.5
Imerfect SIC, =0.5,7=0.3
N N N

10—3 L L L L
-10 -5 0 5 10 15 20 25 30 35 40
SNR(dB)

Fig. 7 The Ergodic Capacity of Uz under Perfect SIC and Imperfect SIC with Respect to SNR

In Fig. 7, the ergodic capacity curves as a function of SNR are plotted for both
perfect SIC and imperfect SIC cases, revealing some important observations regarding
the impact of SNR and the use of perfect SIC on system performance. Firstly, the
ergodic capacity increases with the SNR due to the improved signal quality at higher
SNR, which enhances the system’s transmission capability. And as can be seen from
the figure, the ergodic capacity of Us is higher under perfect SIC compared to imperfect
SIC. This is because perfect SIC allows for more effective interference cancellation,
resulting in better signal quality and higher capacity.

5 CONCLUSION

This paper investigates a UAV-AmBC integrated scheme based on NOMA networks.
To accurately model wireless channel conditions, both Nakagami-m and Rayleigh fad-
ing are considered in the uplink and downlink scenarios through the UAV and AmBC
channels. Specifically, Nakagami-m fading is assumed for the channels from the BS to
the UAV and from the UAV to the ground users, while Rayleigh fading is considered
for the channels from the BS to the BC and from the BC to the ground users. Addition-
ally, diversity combining techniques, such as SC and MRC, are applied to the signals
from both the UAV and AmBC for the ground users, with MRC observed to outper-
form SC. The analysis primarily focuses on evaluating the outage and ergodic capacity
performance of the network through the development of analytical expressions. AmBC
plays a crucial role in enhancing the signal by reflecting existing ambient RF signals,
with the backscatter coefficient directly affecting its ability to improve signal quality.
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Compared to perfect SIC, imperfect SIC leads to performance degradation. However, a
proper allocation of the backscatter coefficient and an appropriate SNR threshold can
improve both the outage and ergodic capacity. These findings highlight the potential
of the UAV-AmBC system in improving network performance under realistic channel
conditions.

Appendix A Section title of first appendix
A.1 Proof of (27)

Assuming v = |hggr|*|hru,|?, are given as follows [8][9],

Q™ +mo—1 ml’”l m2m2

fv 2 = my tmo Kmlfmg (2 m1m2) Al
) ) T ) (2620 ™ Va0, (A1)

Respectively, where K, () is the modified Bessel function of the second kind.

— — — mimsa — Yth 3
Make p = mi + mov = m1 —ma,a = 2, /51 g2,z = BB According to [9],

get the equation:

z Q=2 ,u (K=Y ] (BEY _ 2,2
1 n p—v pu+v a‘z
2 'K, (ax)dx = (59 0 (5 )1F2 =i ) +1
o at 2" 2 2 4
+ 2 2,2 2 (42)
p—v __ ptr . mima . mimgz
where 57 — M2, —5— = MmM,a” = 49192 A =0, ¢
mi+mao mytmg
mimg — omi+mz [ mima 2 mi+ma—2 /omi+ma _
Furthermore,(? oo ) =2 ( a0 ) , 2 /2 =

After the calculation, Eq. (57) can be written as:

F’YU1,1 (fyth)

-
Lth mq+ma—1

By—Bs~y 4x mq " 1my™2 mim
=P fO e . mf+m2 Kml*m2 (2:{,‘ Qiﬂ;) dz
F(ml)r(mg)(Qle) 2

m]—mo

m 2 Yin matme mi+m mym Yen 2
— ( 1 — Jth My ma. . 1m2 (__ Jth
- <m2) <B4—Bswh) 15 3 M2, Mt L 2105 (B4—Bs’)’th)

(A3)

According to [26]

1Fy (a5, ;) =

1—a
1-b, 1-—c¢ 0) (Ad)

L@
where 1 F5 (a;b, ¢; x) is a generalized hypergeometric function that represents a series

. . . . 1— .
expansion with specific parameters, while the G?é <—x 1-b f_ e 0 ) is a
Meijer G-function, a more generalized class of special functions used to represent
complex integrals and series with multiple parameters.
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Finally, Eq. (59) simplifies to:

I ( e

F ( )_ @ 2 B4—Bsih
yora\Ten) =\ T(ms)C(my + 1)

2 m1 + me
. G3,1 _m1m2 < Vth ) 1-— ?
13 1Qy \ By — Bsysp, 1—my, —-mq, O

the proof is completed.

>m1+m2

A.2 Proof of (31)
The calculation process of Eq. (31) is as follows:
nygf (yen) = P (’7{1?10 < ’Yth)

- P( a1 Ps |hss” [hsu, [ )

< Vth
n2az Ps |hsg|? |hpu, | + o3

2 2 'Ytha'%
= P ||hsg|” |hBu,|” < ]
{| I Ihsu,| n?a1 Ps — n?az Psyin

'Vtha%
o0 (n2a1Ps—n2as Psvip )y
=/ / FEEIREIY () fy(y) dedy
0 0

2
Yth91

B /Oo/(nzaN’S*nQazPsWh)y ieX <x> dxiex <y> d
o Jo M OPATN NPT )Y
A2 Jo A2 At (a1 Ps — n2azPsyin) y
LT y /°° [ ( y Yino? )} ]
= exp | —— | dy — exp |— (- + B
A2 [/0 P < /\2> Y 0 P A2 A1 (n?arPs — n?asPsyin) y Y

_ Al [Az—z(A-;YKl (2vAx.)

2 2
- 1_ i ’YthU%AQ Kl 9 ")/tho'%
A2\ A1 (n?a1Ps — n?a2Psyn) M Az (n2a1Ps — n2azPsyin)
(A6)
(712 :
where )\1(7]20‘1P’;t—h7]2¢12ps’¥th)y = %. According to [11],

/Ooo exp {— (Ayz + ‘;)]dy = 2<A _ ;2> Y (2vAx) (A7)

where K (-) is the first-order value of the modified Bessel function of the second kind.
The proof is completed.
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