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Abstract. Unmanned Aerial Vehicles (UAVs) are
enuvistoned to play a key role in the Sixth-Generation
(6G) and  Beyond  Fifth-Generation  (B5G)
networks.  Resolving spectrum constraints in UAV
communications remains a critical issue. This
article investigates Full-Duplex (FD) UAV-aided
Non-Orthogonal Multiple Access (NOMA) to effectively
utilise the scarce wireless spectrum. Specifically, exact
closed-form formulas for the outage probability of FD
UAV-aided NOMA have been developed. The results
are validated using Monte Carlo simulation in 3GPP
UMi conditions to provide practical guidelines for
real-world deployment. In low transmission power
regimes, the results also reveal that FD UAV-aided
NOMA has a lower outage probability at the downlink
Ground Users (GUs) than HD UAV-aided NOMA.
At high transmit power regimes, FD UAV-aided NOMA
is limited by residual SI at the UAV and interference
from the UAV to the GUs. The numerical results also
show that the transmission power at the UAV should
be significantly lower than that at the Ground Base
station (GB) to ensure low outages at the GUs.
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1. Introduction

The next Sixth-Generation (6G) wireless networks

are envisioned to provide high security, high
reliability, smart, and unlimited connection [I]
and [2]. From self-directed vehicles to Unmanned

Aerial Vehicles (UAVs), 6G technologies are expected
to enable full-fledged architectures for connected
devices and automated systems that demand reliable,
low-latency, high-throughput, and energy-efficient
services. UAVs, which include drones, play critical
roles in beyond 5G and 6G networks due to their
numerous applications in military and commercial
applications such as low-latency communication,
surveillance, navigation, air strikes, and remote
control [I] and [4]. In [4], the Federal Aviation
Administration (FAA) predicts that the number
of commercial UAVs will reach 1.6 million by 2024 due
to the ever-growing and ever-expanding deployment
of UAVs.
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Despite the advancement of 5G-related technologies

like Non-Orthogonal Multiple Access (NOMA),
spectrum scarcity continues to be a serious
concern in UAV-aided networks [5], [6] and [7].

In the literature, conventional NOMA and Orthogonal
Multiple Access (OMA) methods are expected
to operate in Half-Duplex (HD) mode. As a result,
orthogonal spectrum allocation is required for
downlink users. Because the authorised frequency
for UAV-aided communications is being utilised by
multiple current wireless systems, effective resource
allocation is essential to optimally utilise the wireless
spectrum [§] and [9]. In this context, one promising
approach is to develop Full-Duplex UAV-aided

NOMA (FD UAV-aided NOMA) for wireless
communication. When adopted for UAV-aided
networks, FD UAV-aided NOMA allows uplink

and/or downlink transmission of the ground devices
and Ground Base station (GB) to occur within
the same spectrum [I0]. Although the use of FD
and NOMA enhances spectrum efficiency [I0],
the self-interference of FD UAVs can be reduced
using digital or analog interference cancellation
architectures [II]. However, hardware impairments
can lead to imperfect interference cancellation due
to imperfect channel estimation, which eventually
leaks out RSI and limits the performance of wireless
networks [I2] and [13]. On the other hand, FD

UAV-aided NOMA communications are impeded
by small scale fading, shadowing, and route
loss, particularly in the wurban environment, due

to the continual presence of Line-of-Sight (LoS)
blockage and relatively limited LoS to ground devices.
Most studies do not investigate the interference
from the FD UAV to the GUs because of the underlying
network architectures [I14] and [15], which can be
undermined in specific networks, such as cellular
networks with one cell-center GU near the GB and one
cell-edge GU far away from the GB.

To this end, this paper investigates the performance
of FD UAV-aided NOMA, where one GU has a direct
link with the GB and is affected by the self-interference
of the UAV. Specifically, the outage probability of FD
UAV-aided NOMA communications is specifically
compared to traditional Half-Duplex (HD) UAV-aided
NOMA. The following are the paper’s significant
contributions:

e We apply air-to-ground channel models with
the path loss model of 3GPP Urban Micro (UMi)
in order to examine the performance of FD
UAV-aided NOMA in practical scenarios.

e Exact closed-form expressions for the outage
probability of the FD UAV-aided NOMA are
presented and their correctness is validated by
Monte Carlo simulation.

e At low transmit power regimes, it is shown that
FD UAV-aided NOMA exhibits a lower outage
probability than HD UAV-aided NOMA at the GB
and at the downlink Ground devices (GUs).
However, FD UAV-aided NOMA is limited by RSI
at the UAV and at the GUs at high transmit power
regimes.

The paper is organized as follows: First, we
introduce the full-duplex UAV-aided NOMA system
in Sec. Specifically, we present the
system model in Sec. which includes the

channel models for air-to-ground and ground-to-air
communication. In addition, we also present
the Signal-to-Noise-plus-Interference Ratios (SNIRs)
and transmission models in Sec. [ 22 ]
In Sec. we discuss the likelihood of an
outage. Then, in Sec. [ 4. | we present our
numerical findings and provide comments. Finally,
we conclude the study in Sec. [5. ]

2.  System Model

Consider a UAV-aided cooperative NOMA network
consists of a full-duplex UAV that serves as an Aerial
Relay (AR) in aerial cooperative networks, a Ground
Base station (GB), and two Ground User equipment
(GUs), namely GU; and GU3, as illustrated in Fig.
This communication situation might occur in a military
battle scenario when one GU is not accessible
to the terrestrial base stations and one GU must
maintain a considerable distance to avoid being
targeted. We assume that the direct link between
the GB and the GUs is unavailable due to severe
shadowing and large geographical separation, which
is a reasonable assumption in urban and suburban
areas where communication from one wireless node
to another is frequently obstructed by high-rise
buildings.

GU; GU,
GB

Information Link ~ ------- > Interference Link

Fig. 1: Proposed full-duplex UAV-aided cooperative NOMA
system.

2.1. Air-to-Ground Channel Model

We use the air-to-ground channel model presented
in [I6], [I7] and [I8] for Low Altitude Platforms
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(LAP). It should be pointed out that LAPs,
which are quasi-stationary, like helicopters, balloons,
and quadcopters often have an altitude that is within
the troposphere. As a results, LAPs are often
significantly simpler to deploy due to their consistency
with the broadband cellular. LAP technology is
determined by the application, budget, and bandwidth,
for example: Long Term Evolution (LTE)-A
and Worldwide Interoperability for Microwave Access
(WIiMAX), as well as Global System for Mobile
Communications (GSM) and P-25 networks [16].
The channel coefficients of the link from the AR
to the GB and GUs can be presented in a unified form

as:
1 1 T
harx = GAR,XhEM?%,X 771(41)%,XDA:2,X+

(0) TS
Nar,x¥ AR, x>

(1)

+(1 - 6AR7X)hE£;%,X

X € {GB,GU,GU,}, denotes
the distance, h(Alng, 77,(411)%X and hi?;zx, nf}zX are
the air—to—ground7 small-scale fading; the channel
attenuation under the LoS and non-LoS (nLoS)
condition, respectively; k() and x(°) are the path loss
exponents, and €4p x € {0,1} is the identity Random
Variable (RV) depicting whether LoS is available over
the AR-X link, where:

where Dag x,

1
1+ pe—wOarx =)

Elear x] = £larx, (2
where 1 and w are the environment-dependent
coefficients, 0arx = 180arctan(Har/Rar x)/™
denotes the polar angle of the AR with Hspr being
the height of the AR, and Rap, x is the distance from X
and the ground projection of the AR. The Cumulative
Distribution Functions (CDFs) and the Probability
Density Functions (PDFs) of |hf411)%x|2 and |h54§)1)%,x|2
are given as: 7

st (m )"
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(4)
respectively, where mff})i v =1 and mfjl)% x = MAR,X
with mag x being the shape factors of Gamma
distributions and I'(z) = [;° t*~'e~'dt is the Gamma
function.

To this end, let us use a, 5, ¢ and ¢ to represent
the lower subscripts "AR,GB", 7"GB,GU.",
"AR,GU1" and "AR,GUy", respectively, for brevity.
Accordingly, we consider the channel from GB to GU;
experiencing Nakagami-m fading with shape pg

and mean Mg, thus the corresponding channel power
gain, i.e., |hg|?, follows Gamma distribution having
the CDF:

pp—1 (Hj)m

A
E B xm

m!
m=0

—pge

F|h[3|2(x) =1l—-e s

S )

where A\g = nél)DE”(l). Note that the Nakagami-m

channel models are often utilized when the received
signal at GU1 is the aggregation of diffuse and specular
scattering, or when the electric field is the sum
of a strong component, which can be LoS, and many
contributions with scattered components with small
amplitude. Herein, the m parameter associates
the amplitudes of the dominant LoS and scattering
components in the Nakagami-m fading model, where
Rayleigh fading is considered as a special case when
m =1 [26].

2.2. Transmission Model

According to the concept of downlink NOMA [6],
[19] and [20], the GB transmits a superimposed
coded mixture of information signals to the AR
and the GUs. We consider imperfect Self-Interference
(SI) cancellation at the AR and the GU; due to FD
operation at the AR. In addition, AR only decodes
GU3y’s information signal while treating GU1’s signal
as intra-user interference. Hence, the instantaneous

SINR at the AR is formulated as:

APgplhal|?

, 6
1_A)PGB‘ha|2+PAR|hx|2+U,24R ( )

Far =
(

where 0 < A < 1 denotes the power allocation,
Pgp and Pag are the transmission powers of the GB
and the AR, respectively, 0%, denotes the Additive
White Gaussian Noise (AWGN) power at the AR,
and |hy|? specifies the power of the residual SI. We
consider |h,|? follows Gamma distribution with shape
0, and mean \,, thus the PDF of |h,|? is given by:

(%)ex 0,1
Siny 2 () = T(0y) 2> le T 2 >0, (7)
where A, denotes the RSI level at the AR.
The GU; first decodes the interference signal

from GUs,, thus the corresponding achievable SINR is
given by:
APgp|hg|?
(1= A)Pgplhs|? + Parlhol* + 08y
8

FGUQ*)GUl =

where |hy|? denotes the SI power from the AR due
to imperfect SI cancellation at the AR.

When GU; cancelled the GU3’s interference signal
via successive interference cancellation, GU1 decodes
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its own information signal, thus the corresponding
SINR is given by:

FeQe _ (1 — A>PGB|hﬂ|2
Gt Pagr|he|? + oy

)

Hence, the Signal-to-Noise Ratio (SNR) at GU, is
given by:

Py

G

Tou, = —5|hy|?. (10)
U

The e2e SINR at GUs is the minimum achievable
SINR for decoding its information signal, which is given
by:

Igs, =min[Teu,»cu,,Tar, Tov,]. (1)

3. Outage Probability

In this section, we derive the exact closed-form
expressions of the outage probability of the information
signals of GU; and GU5. Outage probability, as a key
performance metric for interference-limited systems,
is defined as the probability that the achievable
e2e SNR or SINR falls below a target threshold.
The SINR threshold ensures that the GUs’ minimal
quality-of-service requirement is met. Mathematically
speaking, the outage probability of GU; and GU4 can
be expressed in unified form as:

OPgy, £ Pr|T85 < reu, } Lj=12 (12
where Ty, 28i — 1 denotes the target
threshold of GU; expressed in terms of

R; ((bitss™1')-Hz™1), ie.,
rate.

the target transmission

Theorem 1. The Outage Probability (OP) at the GU4
can be expressed as:

OPGU1 = F’Yl (01702), (13)
2
A TGUy Ogu 4L Pagp
where ¢; = TR you and cg = .

Proof: ~ Substituting Eq. into Eq.
and utilizing some mathematical manipulations, we
obtain:

OPGU1 = PI‘[B < cie0 + Cl] =

oo (14)
= /0 Fﬁ(C1CQ$ + Cl)f(b('r)dx

Substituting Eq. and Eq. into the above
equation, the OP at the GU; becomes:

(i)

m

Ppp—1 (ke )i e g
. )
OPGUlfle/Z ) e eayie
()
.e_(clc”%l)%i ,\§Z>(i) :1:7"5:)—1(11:,
F(m¢ )
(15)

i i) y—r(®
where )\;) = )\Xné))D¢ _
theorem to expand (cicor + ¢1)? and utilizing
the identity [21I], we obtain F., (c1,c2) in Eq. (20)

() A jmD4jp—1)!
(7—72)'52!

. By applying the binomial

at the top of the next page, where A
This completes the proof of Thm.

Theorem 2. The OP at the GUs can be expressed as:

OPGU2 =1- (1 — F72(03,C4))~

(16)
(1= Fy,(cs5,¢6))(1 = Fip(cr)),
A Pag A TGUg PGB A Pagr
where ¢4 = B €3 S Rorg, (1I8) o €6 = G
AL TGUo P s UGUTGU2
€= A- Tcu,(1-A) o and 7= "Par

Proof: By substltutlng Eq. into Eq. ,
after some mathematical manipulations, the e2e OP
at the GU4 can be rewritten by:

OPgu, =1—=Pr[lLar > 1qu,| Prlcu, > Tqu,] -

-PrTeu,—cu, = Tau,] =
=1-Pr[f > c3(cap+ 1) Prp > c7]-

17F¢(07)

1—Fy, (c3,c4)

‘Pria > cs(cex +1)],

(17)
where the second equality occurs as I'ar, I'qu,—cu,
and I'qy, are independent. Accordingly, the second
probability in the above equation can be derived as:

<mg>)
[ A2

!
0 J

()1

Fy(es,c6) =1 =32, 3005

(escer + c5)7-

D o

—(c=ca Mo I [
e (escex+cs) A(,f) (xi) X — X
T'(6y)

e "3 dx,

(18)
where )\((f) = ngj)D;"‘m By applying the binomial
theorem to expand (cscgxz + c5)? and the utilizing
the identity [2I], we obtain F,,(cs,cs) in Eq. (20)
at the top of the next page, where B( 0a %

This completes the proof of Thm. 2]
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4. Results and Discussion

Monte Carlo simulations are performed in this
subsection to wvalidate the analyses performed
in previous sections. Several systematic insights are
also offered for practical use. In order to evaluate
a FD UAV’s potential in practice, we assume
the UAV is placed at the height Haqr = 20 m,
R, = 60 m and R, = 30 m. In addition, we apply
the 3GPP UMi [22] and [23] and 5G UMi-Street
Canyon [24] path loss models, thus ¢ = 9.61
and w = 0.16 [25]. At the frequency band from 2
to 6 GHz and the distance range from 10 m to 2000
m, 3GPP UMi route loss models for LoS and nLoS
transmission are presented as [22], [23] and [24]
PLpos(D) = 22logy(D) + 28 + 20logyo(fc) dB
and PL,r.s(D) = 36.7log;o(D) + 22.7 +
261og,(f.) dB, respectively. In linear scale, these
path loss models can be rewritten as:

PLpos(D) = 630.9573 - D*2 . (f.)?, (21)

PLaros(D) = 186.2087- D7 (£)26,  (22)

respectively, where f. (GHz) denotes the -carrier
frequency. Using the aforementioned path loss
models, the attenuation coefficients, measured in linear
Makx 2 (630.9573- (f)2) !
and 7'y 2 (186.2087 - (£.)>%)~! [22], [23] and [24].
The path loss exponents are given as (1) = 2.2
and ) = 3.67 |22, |23] and [24]. We consider
the noise power density at —134 dBm-Hz~! with
the bandwidth of 10 MHz and the carrier frequency
fe =3 GHz [I7]. In addition, we assume that o, =
Moreover, the fading figures

scale, are given as

2 _ 2 — 2
O'GU2—0'AR—O'.

of the information links are considered as m, = 3,
m, = 2 and g = 3 and those of the interference links
are 6, = 3 and my = 2.

0 o
1076 Fe--e--e--e--6--6-3
SI Level: 50 dB (Ana.)
‘m — — —-SI Level: 25 dB (Ana.)
_ V- Half-duplex NOMA (Ana.)
107" F \ |
-~ ' o GU; (Sim.)
; _© GU; (Sim.)
5. 2|
_g 10
S
a
S
Is} 103 F
>
O
104 ¢
B==8=—8==8=7
5 0 5

Fig. 2: Outage probability versus the transmission power
Par = Pgg = P (dBm) and RSI level.

In Fig. 2] we investigate the impact of transmission
powers at the GB and AR with varying RSI levels.
The simulation curves perfectly match the analytical
curves, which validates the correctness of the analysis.
In general, as P grows, the likelihood of an outage
reduces, improving network dependability. In low
transmission power regimes where P(dBm) < 0,
the FD UAV-aided NOMA endures a lower outage rate
than the HD UAV-aided NOMA. However, at high
transmission power levels where P(dBm) > 0, the RSI
at the UAV and interference from the UAV to the GUs
limit the performance of FD UAV-aided NOMA
and result in a higher outage probability than HD
UAV-aided NOMA.

100 T T 3
ST Level: 50 dB (Ana.) e -
— — —-SI Level: 25 dB (Ana.) o
—— - Half-duplex NOMA (Ana.) -
-~ 10_1 o  GU; (Sim.) /O/
I~ |_o U, (sim) ﬁ/
%
810%
o
o
(0]
& 3t
= 10
O
10%F
:

Pur/Pas (*)

Fig. 3: Outage probability the ratio between

the transmission power of AR and GB.

versus
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In Fig. we examine the outage probability
versus the ratio % where Pgp(dBm) = 0.
Again, the simulation curves fit precisely with
the analytical curves, confirming the analysis’s
validity. As the considering ratio increases, so does
the received SINR at GU,, lowering the outage
probability of GU5 until it reaches an optimal point.
If the ratio % is increased further, the RSI
at the UAV and the interference from the UAV
will grow significantly worse, reducing GU’s outage
performance. When % is small, e.g., less than
1072, the FD UAV-aided NOMA outperforms the HD
UAV-aided NOMA. As a result, we recommend
the UAV’s transmission power to be substantially lower
than that of the GB in order to achieve excellent

transmission reliability.

5. Conclusion

The potential of FD UAV-aided NOMA for addressing
spectrum shortages in UAV-aided networks is studied
in this paper. For that purpose, closed-form outage
probability equations for the FD UAV-aided NOMA
networks are offered. At low transmit power
regimes, the performance analysis at ground users
revealed that FD UAV-aided NOMA had a lower
outage probability than HD UAV-aided NOMA.
In contrast, at high transmission power regimes, RSI
at the UAV and interference to the downlink GUs
limit the performance of FD UAV-aided NOMA.
To enhance the performance of FD UAV-aided NOMA,
the transmission power of the FD UAV should be much
lower than that of the GB, otherwise high outages may
occur at both GUs.
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