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Abstract. Reconfigurable Intelligent Surfaces (RIS)
are recognized as a promising technology that boosts
spectral efficiency, elevates data speeds, and minimizes
latency. This study explores the performance of UAV
communication networks that are equipped with RIS to
serve edge users, particularly considering the effects of
hardware impairments within Rician-fading channels.
By using the moment method to simplify the analysis,
we derive the probability density function (PDF) and
cumulative distribution function (CDF) for the system.
Furthermore, we derive the asymptotic outage proba-
bility (OP) to gain insights into system performance at
high signal-to-noise ratio (SNR). Numerical results val-
idate the analytical derivations and and illustrate the
influence of the main parameter into the system.
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1. Introduction

The Internet of Things (IoT) technology is garnering
significant interest due to its vast potential to inter-
connect billions of devices across many applications.
Motivated by economic and environmental consider-
ations, as well as the magnitude of the forthcoming

IoT system, the development of energy-efficient, high-
bandwidth wireless technology is becoming essential
|[1H4]. Reconfigurable intelligent surfaces (RIS) repre-
sent a transformative technology in wireless communi-
cation, capable of modifying the wireless environment
to enhance spectrum and energy efficiency. It is re-
garded as an outstanding opportunity and a legitimate
green resolution initiative in the forthcoming wireless
communication [6-8]. In particular, RIS consists of
surfaces composed of electromagnetic materials regu-
lated by integrated electronic devices with distinctive
wireless communication functionalities. The intelligent
radio environment is a wireless network that converts
the wireless network landscape into a reconfigurable in-
telligent space, managed by telecommunications oper-
ators, and facilitates effective information transmission
and processing [9HL1].

The UAV-assisted communication system has at-
tracted widespread attention in recent years due to
its on-demand deployment, high flexibility, and low
cost [12}/13]. One of the most significant advantages of
building a UAV-assisted wireless communication net-
work is that it is easy to build a line-of-sight (LoS)
channel between the UAV and the ground user, for
ease of enhancing the system performance [14}[15]. The
authors in [16] have examined the civil uses of UAV
networks from a communication standpoint, including
their features. They furthermore presented experimen-
tal findings from other studies. A study report by
the authors in [17] detailed many challenges faced in
UAV communication networks to provide robust and
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Tab. 1: Comparison between the novelty of our work and previous papers.

Ref./Prop. | UAV-RIS

Hardware impairment

OP Expression | Diversity order | EC Expression

32]

[33]

34]

1351

NENENENEN
ANENE P

Our study

ANENENENEN
ASENESENEN
NESESENEN

dependable wireless transmission. [18] conducted an
extensive study and emphasized the possibilities for
the provision of low-altitude UAV-based IoT services
via aerial platforms. The cybersecurity of UAVs was
examined in [19], addressing both real and simulated
threats. Additionally, [20] examined the most promi-
nent routing protocols for UAVs and evaluated the per-
formance of the leading current routing protocols. The
trade-off between reliability and security in UAV com-
munications employing energy harvesting relays was
comprehensively investigated in [21]. The study high-
lighted the impact of energy harvesting constraints on
both the reliability of data transmission and the confi-
dentiality of sensitive information, offering insights into
optimizing system design under such dual objectives.

On another hand, the RIS-equipped UAV communi-
cations is a promising technology that improves service
delivery to users at the edge or in locations where di-
rect transmission is challenging [22-29|. In particular,
|22] investigated the performance of the RIS-equipped
UAV-based emergency wireless communication system
by getting the new channel statistics for the probabil-
ity density function (PDF) and cumulative distribution
function (CDF), and deriving the closed-form expres-
sion for the achievable rate, bit error rate (BER), and
outage probability (OP). In the RIS-equipped UAV
system equipped with energy harvesting capabilities,
the authors in [23| have introduced the mathemati-
cal expressions to derive the OP, effective throughput,
and average bit error rate of the system. In [25], the
authors developed a RIS coupled to a UAV inside a
massive multiple-input multiple-output (MIMO) net-
work and articulated a method for determining the op-
timal power control coefficients at the base station and
phase shifts of the RIS to maximize overall throughput.
In |26], the secrecy performance of RIS-assisted satel-
lite communication networks under Shadowed-Rician
fading channels was investigated. The authors derived
closed-form expressions for the secrecy outage proba-
bility (SOP) and a lower bound on the secrecy capacity,
thereby providing analytical insights into the influence
of RIS configuration parameters and satellite channel
characteristics on secure communications. Extending
this line of inquiry, [27] analyzed RIS-assisted satellite-
UAV cooperative communication networks, explicitly
considering the impact of RIS phase alignment errors.

In addition, |28] proposed a novel partial multiplexing
power-frequency multiple access (PFMA) scheme for
simultaneously transmitting and reflecting RIS (STAR-
RIS)-assisted networks. This strategy aimed to elim-
inate the need for successive interference cancellation
while enhancing spectral and energy efficiency. The
authors derived closed-form expressions for the outage
probability and ergodic capacity under Nakagami-m
fading, and formulated a joint power and bandwidth al-
location optimization problem to maximize overall sys-
tem throughput. By leveraging active reconfigurable
repeaters, the authors in [29] addressed the simultane-
ous requirements of reliability, security, and covertness,
paving the way for enhanced performance in both ter-
restrial and aerial communication scenarios. In prac-
tical communication systems, the transmitter and re-
ceiver hardware of wireless nodes are often influenced
by non-ideal properties, such as I/Q imbalance, ampli-
fier amplitude nonlinearity, and phase noise (Residual
Hardware Impairment, RHI) [30,31]. To the best of
our knowledge, there are no work concerns on the per-
formance of RIS-equipped UAV communication in the
context of hardware limitations. Table[llshow the com-
parison between the novelty of our work and previous
papers. Thus, the primary contribution may be sum-
marized as follows:

e We proposed the RIS-equipped UAV communica-
tion network under the presence of imperfect with
the channels follows Rician fading channels. Fur-
thermore, a source transmits the signal to the de-
vice with the help of the RIS-equipped UAV by
setting the optimal phase shift.

e By applying the moment method, we presented
the new channel statistics for the PDF and CDF.
Next, the closed-form and approximated expres-
sions for OP and average ergodic capacity (EC)
are derived. The asymptotic OP is also expressed
to get insight on the proposed system.

e We presented the numerical results and discussion
to verify our analysis and show the impact of the
main parameters on the system.

The subsequent sections of this work are summa-
rized as follows: Section describes the system
model of the suggested schemes. The derivation for
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the performance of the system is conducted in Section
Section [4. ] presents simulation and theoretical
findings, while Section concludes the paper.

Notations: E{-} is the expectation, Iy(z) is the zero-
order modified Bessel function of the first kind [51, Eq.
8.445], K,(z) is the modified Bessel function of the
second kind [51} Eq. 8.446], I'(x) denotes the Gamma
function [51, Eq. 8.310], v(.,.),I'(.,.) are the upper and
lower incomplete Gamma functions |51, Eq. 8.350].

2.  System Model

UAV-RIS

Device

Fig. 1: A proposed UAV-RIS system model.

In this paper, we considered a UAV-aided RIS com-
munication network that includes a source (S), UAV-
RIS (U) composed of N reflecting meta-surfaces, and a
device (D) as in Figure where S, and D are equipped
with a single antenna. Usually, metropolitan structures
and mountains may obstruct or hinder the connection
between the source and terminal devices. In these
cases, UAV-RIS is needed to implement aided com-
munication and improve the signal quality. Moreover,
we assume that all channels are independent and iden-
tically distributed (i.i.d.) and that the RIS controller
can acquire comprehensive channel state information
(CSI) [36]. Regarding the UAV network, we consider
the three-dimensional Cartesian coordinate (z,y, z) il-
lustrated in Figure [ Furthermore, the UAV-RIS is
located at (ry cos (vu ), sin (¢u) , zv) as [42], where
we consider the fixed-wing UAV-RIS to have a circular
trajectory with a radius ry, altitude zy and the angle
pu. In addition, the S and D are located at (z g, ys,0),
and (zp,yp,0), respectively. Based on these results,
we are able to determine the Euclidean distance from
S to U and U to D as follows:

deu — (ru cos (py) — x5)2 (1a)
+ (ru sin (eu) — ys)? + (20)*
(xp — 1y cos (@U))Q
dyp = , 1b
o +(yp — rusin (pu))? + (2v)° ()

Due to the UAVs’ high altitude, the UAV-ground
channels often have a strong LoS connection with some
multi-path components because of the ground’s reflec-
tion/scattering, vegetation, etc. [37]. According to 38|,
the channel of UAV-ground can be modeled by Rician
fading. Moreover, the Rician factor and path-loss co-
efficient are given respectively as [39]

Q2K j
)

(2)

1

Kj = e Tj = a3Pros + ay,
where j € {SU,UD}, Pros = (1+ age @sritas)™
) is the el-
evation angle and aq, a9, as, oy, as, ag are the environ-
ment and frequency dependent constants. Next, under
the hardware impairment, the actual received signal at
D is given as

denotes the LoS probability, x; = arcsin ( T

hsv,hup, 6“"”
yp = Z

T (zs +m) +m +np, (3)

where zg is the transmit signal and F {|x5|2} = Pg

with Pg is the transmit power, np ~ CN (0, Ng) de-
notes the additive white Gaussian noise (AWGN), ¢,
denotes the phase shift of n-th reflecting element of
UAV-RIS, hsy, = gsu, e %", and hyp, = gup, e 0"
are the channel coefficients from S to n-th reflecting el-
ement of UAV-RIS and from n-th reflecting element of
UAV-RIS to D, respectively, 1, and 6,, are the phases
of the channel, g5y, , and gyp, are the magnitudes of
the channel coefficients, n; ~ CN (0, anS) denotes the

272
. . . } KT‘Z Ps
distortion noise from source, 1, ~ CN (O7 m)
denotes the distortion noise from device, ki, s, are

measured as error vector magnitudes (EVMs), and Z =

N
> hsu,hup, = 1hp+0, [40,41],

n=1
the maximized instantaneous signal-to-distortion-plus-
noise ratio (SDNR) at D is given by

. Next, by setting ¢,

PsZ?
TP = Per?Z? + Psr2Z2 + dy difp No
- v 7 )
(k7 + K2) pZ% + d Y di’p
where p = ]I\D,—i is the average signal-to-noise ratio
(SNR).

3. Performance Analysis of
UAV-RIS network

3.1. Channel modeled

To calculate the system performance metrics further,
we consider all the channel coefficients to follow Rician
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fading. Thus, the PDF of g; is given as [42-44]

21+ K,) e~ ””Io o [Ki (LK) )
J)2 Q]

fo; () =

(1+K
Qje 5
(5)

where €); denotes the average power, we can express as

= 2(K) e K r(1+ K)\ !
for @) =3 —— - (T .
k=0 (k)2 e % ° !

(6)
Furthermore, the PDF of Z,, £ gsu, gup, can be cal-
culated as
yi 1 T
) = ;fgSUn (y) ngDn ; d (7>
0
With the help of (5)), we can formulate as
-y > KSU KUDW b
eKsu-‘rKUD
kl Okz 0
y ( (1+ Ksu )’“*1 ((1+KUD)>’“2“
Qsu Qup
Ji 2k ~2ka—1, ~(tKsu),2 (1KUD) (22
X /y 1—afk2— Qsu QuD v dy. (8)
0

Based on |51, Eq. 3.471.9] and after some algebraic
manipulations, fz (z) can be obtained as

KSU Y (Kyp)*
fZ" Z Z eKSU+KUD
F=0 g0 (
ki+tko+2
" ((1 + Ksy) (1+ KUD))
QsuQup

kg [y (1+ Kup) (1 + Ksu)
Qup Qsu
9)
Based on the PDF of Z,,, we can derive the [-th moment

of Z,,, which is obtained as follows:

o0

uz, (1)=F [Zfl] = /Jilfzn () dx.

0

(10)

From @D and after some mathematical manipulations,
we can be obtained by

Z i k'KSU

k1=0 ko= 0

2
(Kup)*
2 o Ksu+Kup

QsvQup

!
- (\/(1+KSU)(1+KUD)>
xF<l+k1+1>F(;+k2+1>,

(11)

Based on the [-th moment of Z,,, we can approximate
Z, to a gamma distribution, and Z to a sum gamma
distribution. Furthermore, the PDF and CDF of Z can
be defined as

_ e (By)

fZ (LE) = 1_‘ (aZ) —/3233, (12)
Fa (@) = T2, (13)
where
_NEZ) N, (P
2T VarlZ T g, (2) = [z, (D)) 14
_ E[Zn] _ Hz, (1)
e Val] T @ -

Moreover, after some variable substitutions and ma-
nipulations with Fyz2(z) = Fz(y/r) and fz(z) =
1/[2y/z]fz(v/x), the PDF and CDF of Z? are respec-
tively defined by

(Bz)"" ez

frr (@) = a5 (1)
Fpe () = W. (17)

3.2. Outage probability Analysis

The OP is defined as the instantaneous SDNR below
the threshold. Thus, the OP at D can be given by

Pout =Pr (P)/D < Pyth) P (18)

where v, = 2 — 1 and Ry, are the target rates.
From , the OP can be rewritten as

udidg )
T = (5 + )

With help , the closed-form expression of OP at D
is obtained as

Y <Oézyﬂz

Py = Pr <22 < (19)

vendstt dpt

p[t=ven (nF+r2)]

T(az) Veh <
1 Vb >

1
(Kt +'€2)
(w7 +'€2)
(20)

Pout:

To get the insight into the proposed system, the
asymptotic OP at D in high SNR (i.e. p — o) is
analyzed. By applying the series representation of the
incomplete Gamma function in |51, Eq. 8.354.1], we
get

v (a, Br) "= (52) '

(21)
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Putting into , the asymptotic OP at D is ob-
tained as
(o7 T, T ZZ
poo o B2)” ( vndst dyp ) o
T (Nag +1) \p[l—vn (57 + £2)]
(22)

From , the diversity order of the proposed system
is ¢ in high SNR p — occ.

3.3. The average ergodic capacity

The average EC of the system can be calculated by

5 (z)
Cp=F]| 1 ———dz.
b= E [logs (1 +7p)] ]/ g,
0
(23)
Where F.,, () is expressed as
2d"SU 4TUD
P (“”’Z\/ [(ﬁ) 1
Vo () = 1-— a7 T < (K?_{m)
! T )
(24

Substituting into 7 the average EC can be ex-
pressed by

1 dTSUdTUD
T (O‘va’Z pu—<+n>
o d
Cp = In2T (az) 21" (az) / 1+ v
0
(25)

It is difficult to obtain the closed-form expression
of the average EC. Therefore, we apply the Gaussian
Chebyshev [45,46] to approximate the average EC. And
the approximate average EC can be obtained as

L a0 (24 )

Cp ~
P T2 (s + A2) — (1+9,))
(1+19i)dTSU 4TubD

T T %

where 9; = cos (22_117r).

Numerical results and
Discussion

4.

This section presents numerical findings from the pre-
viously developed expressions to validate the preced-
ing study. Monte Carlo simulations are used to val-
idate the outcomes as [47-50]. In the absence of al-
ternative specifications, the parameters are established

as follows: ry = 10lm], oy = «/8, (xs,ys,0) =
(10,5,0)[m], (p,yp,0) = (-10,5,0)[m], a1 = Ko,
ap = 2/mIn(kr/2/K0), ko = 5dB, ko = 15dB, ag =
—1.5, o = 3.5, a5 = 4.88, ag = 0.43, k2 = K2 = 0.01,
Ry, = 0.1 [b/s/Hz|, and N = 8.

10°
>
=102
< Ry, =0.1
2
2
sl
o
E 4
= -4 L
& 10
O Simulation
Analytical
- — —Abymptotlc
1 0—6 (o] L . h v
10 15 20 25 30 35 40

Transmit SNR [dB]

Fig. 2: Outage probability versus transmit SNR [dB] with the
different of target rate Ryp,.

In Figure[2] we plot the OP versus transmit SNR in
dB with different target rates Ry,. As can be observed,
the simulation, analytical, and asymptotic results are
perfectly matching to verify our analysis. Furthermore,
the outage performance is significantly improved when
transmit SNR increases to 15 dB for R, = 0.1 [b/s/Hz|
and 25 dB for Ry, = 0.5 [b/s/Hz|. In addition, when

" decreasing the target rate Ry, it leads to a smaller

threshold for OP. Thus, the outage performance is also
improved.

100' OO0 OGO OO TH 00006
>
= 10
=
2
2
sl
o
ﬁ 4
= -4 L
& 10
o N = 8 Simulation
v N = 16 Simulation
¢ N = 32 Simulation
Analytical
10-6 | | 1 |
0 5 10 15 20 25 30

Transmit SNR [dB]

Fig. 3: Outage probability versus transmit SNR [dB] with vary-
ing the number of reflecting elements N.

Figure [3] presents the OP as a function of the trans-
mit SNR in dB for different numbers of reflecting ele-
ments N. The simulation, analytical, and asymptotic
results exhibit a near-perfect agreement, thereby con-
firming the accuracy of the proposed analysis. Further-
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more, increasing the number of reflecting elements N
enhances the outage performance, particularly at low
SNR values. Specifically, to achieve an outage prob-
ability of 1075, an SNR of 22.5 dB is required when
N = 8, whereas the required SNR decreases to 15 dB
and 8 dB for N = 16 and N = 32, respectively. This
result highlights the advantage of increasing N, as the
system can achieve the desired performance with lower
transmit power levels.

1 00 T L v—\g\; T
} \
> \ \ \
=102 \ ‘\Y T ]
P
\
g \ \\ \$
% \ ¥ \
%D \\j \\ \\
g . \
E 10t e
o # =2 =001 Simulation] | v |
v K} =k?=0.5 Simulation “\D \ “\
% k7 = k2 =1 Simulation \ \\ \
Analytical \ \ \‘*
106 I \ ‘ A .
10 15 20 25 30 3 40

Transmit SNR [dB]

Fig. 4: Outage probability versus transmit SNR [dB] with vary-
ing the factor of hardware impairments.

Figure [ illustrates the simulation results of OP ver-
sus SNR in dB for various hardware impairment factors
k. The results demonstrate the impact of hardware
impairments on system performance. Specifically, as
hardware impairments increase, a higher SNR is re-
quired to achieve the same OP. For instance, to achieve
an OP of 1079, an SNR of around 30 dB is required
when x = 0.01, whereas the required SNR increases to
32 dB and 38 dB for k = 0.5 and k = 1, respectively.
This finding underscores the detrimental effect of hard-
ware impairments, as achieving the desired system per-
formance necessitates higher transmit power levels.

o N = 8 Simulation 5
¢ N = 16 Simulation
5 * N = 32 Simulation
_4? Analytical
g
Zaf
&)
.8
20
=
&
g 2r
g
[
<
1t
0 . .
0 10 20 30 40 50

Transmit SNR [dB]

Fig. 5: Average ergodic capacity versus transmit SNR [dB| with
varying the number of reflecting elements N.
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Figure[5]depicts the EC versus SNR (dB) varying the
number of reflecting elements N. At low SNR levels,
the gaps between the curves are pronounced, indicat-
ing a substantial improvement in average capacity as
N increases. However, the curves converge to a sin-
gle point at the higher SNR level, suggesting that the
impact of increasing the number of reflecting elements
becomes marginal at high SNR levels, resulting in min-
imal differences in ergodic capacity.

5 T T :
o K} =2 =0.01 Simulation
= K7 = K2 = 0.1 Simulation

abl + k? = k2 = 0.5 Simulation
,4? Analytical
3]
3
a
o]
S 4l
.2
E :
50 B
& 1"

ol
)
o0
93
Z

10 H—

P e
A
0 ! . . . .
10 15 20 25 30 35 40

Transmit SNR [dB]

Fig. 6: Average ergodic capacity versus transmit SNR [dB| with
varying the factor of hardware impairments and N = 16.

Figure [6] illustrates several curves of EC versus SNR
(dB) for different hardware impairment factors x, with
N = 16. The results demonstrate the influence of hard-
ware impairment levels on EC. Specifically, as the value
of Kk decreases, the gap between the curves becomes
more pronounced at higher SNR levels, highlighting
the increasing impact of hardware impairments on sys-
tem performance as the SNR grows.

5. Conclusion

This work considered the performance of the RIS-
equipped UAV communication network under the im-
pact of hardware impairments. Furthermore, the
closed-form, approximated expression of OP and av-
erage EC, and the asymptotic OP are also expressed
to evaluate the performance of our proposed system.
Moreover, Monte Carlo Simulation is employed to ver-
ify the analysis and show the performance of the sys-
tem. The performance is significantly improved when
increasing the transmit power, number of elements of
UAV-RIS, and decreasing the factor of hardware im-
pairments.

This study established a precise mathematical
framework for performance assessment; yet, it presents
various avenues for future research, including multi-
antenna sources, energy harvesting challenges, and im-
perfect channels.
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