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Exploiting Multi-Hop RIS-Assisted UAV
Communications: Performance Analysis
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M. Majid Butt, Senior Member, IEEE, Philippe Sehier, and Muhammad Ali Imran, Fellow, IEEE.

Abstract—Future wireless communication networks are expec-
ted to extensively utilise unmanned aerial vehicles (UAVs) and re-
configurable intelligent surfaces (RISs) to improve performance,
extend coverage, and enhance energy efficiency. In this paper,
the fundamental limits of the system performance of a multi-
hop RIS-assisted UAV communication system are analysed and
characterised. We derive accurate closed-form approximations
for the statistical distributions of the RIS-assisted channels which
are then exploited to derive an analytical expression for the
signal-to-noise ratio (SNR), outage probability, and bit error rate
(BER). Moreover, we derive outage probability expressions in the
high SNR regime. Our analysis demonstrates that strategically
placing RIS with an adequate number of elements can effectively
enhance the performance of UAV communications in different
fading scenarios. RIS dynamically adapts to changing channels
and user positions, enhancing performance as the UAV navigates
diverse geographical areas, when ideal Line of Sight (LoS)
conditions may not be consistently attainable due to the UAV’s
altitude and dynamic mobility.

Index Terms—Reconfigurable intelligent surfaces, unmanned
aerial vehicle, outage probability, bit error rate.

I. INTRODUCTION

Due to their distinct characteristics of mobility and flexibil-
ity, unmanned aerial vehicles (UAVs) have become key enabler
for many applications in wireless communications. The de-
ployment of UAV nodes requires reconfiguring conventional
terrestrial networks to tackle challenges, such as dynamic
positioning, extensive mobility, and the diverse characteristics
of the UAV channels [1]. Reconfigurable intelligent surfaces
(RISs) can be exploited in UAV communications and improve
the overall performance of UAV communications [2].

Several researchers proposed frameworks to investigate the
deployment of RIS in UAV communications. In [2], the
authors proposed an optimisation framework for trajectory
design and passive beamforming to maximise data rates of
a RIS-assisted UAV communications system. In our previous
work in [3], we proposed an analytical framework to char-
acterise the outage probability performance of RIS-assisted
UAV networks taking into consideration two implementation
scenarios, namely, i) UAV serving as an aerial base station
(BS) and ii) UAV functioning as an aerial user equipment
(UE). We examined the impact of the number of RIS elements
and UAV altitude on the outage performance. Our study in
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[3] also focused on the development of channel models and
fading parameters that consider the unique characteristics of
UAV communication. Considering a dual-hop RIS-assisted
UAV communication system, with the assumption that the
UAV serves as a relay to extend the coverage of a ground
source node, the work in [4] proposed a performance analysis
framework to investigate the outage probability, bit error rate
(BER), and average capacity of the system under study. While
the findings of this work are useful for understanding the
impact of the RIS on the performance of UAV communication
networks, they do not offer practical design insights. This
stems from the fact that the framework in [4] is based on
the assumption that the link between the source and the RIS
undergoes Rayleigh fading, and hence, a LoS component does
not exist. Nonetheless, it is widely known in the literature on
RIS, such as the study in [5], that the RIS attains its highest
channel gain when positioned in close proximity to either the
source or the destination, and hence, increasing the likelihood
of establishing a link with a LoS component between the RIS
and the source. Additionally, the derived BER expression in [4]
is useful to examine the BER performance for one modulation
scheme only, rendering the use of this expression to be limited.

This work explores a multi-hop RIS-assisted UAV com-
munication system with the UAV serving as a relay node.
This setup is particularly suitable for various scenarios, such
as rural connectivity, disaster response, urban connectivity
enhancement, and temporary events, to improve wireless com-
munication by bridging gaps, extending coverage, mitigating
obstacles, and enhancing reliability. Additionally, we consider
a more generic fading model where the links are modelled
by the generic Nakagami-m distribution, which can be sim-
plified into the Rayleigh distribution, signifying the presence
of pure NLoS fading characteristics. Furthermore, a one-to-
one mapping between the m parameter and the Rice K
factor enables the Nakagami-m distribution to serve as an
approximation for the Rice distribution [6]. We also consider
a realistic scenario with a direct non-line-of-sight (NLoS) link
between the source and the destination for a more general
cooperative system. The inclusion of RIS and the utilisation
of UAV relays present notable challenges to the analysis due to
their distinctive characteristics and operational scenarios when
compared to BSs or UEs. These challenges primarily involve
the mathematical modelling and analysis techniques employed.
An analytical framework that accurately evaluates the coverage
probability and the reliability of the proposed system is
developed. We start with deriving the channel distributions
of the RIS-assisted link using the Laguerre series method
and then utilise the approximated SNR distribution to obtain
accurate approximations for the system outage probability and
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Fig.1. Multi-hop RIS-assisted UAV system model.

BER for generic binary modulation schemes. To gain deeper
insights into the system’s performance, an asymptotic or high
SNR regime analysis of the outage probability is conducted.
To the best of our knowledge, this is the first time that the
performance of RIS-assisted multi-hop systems operating in
composite fading environments with a direct link between the
source and destination is examined. The following sections are
organised as follows. Section II provides an overview of the
system model. In Section III, the SNR outage probability and
BER are derived for the proposed systems. Section IV presents
the numerical results. Finally, Section V concludes the paper.

II. SYSTEM MODEL

A RIS-assisted multi-hop UAV wireless communication
system is shown in Fig.l. We consider the case where a
source node (S) is serving a ground user (G) and there is
an aerial relay node (U) available to assist in transmission. A
RIS (R) equipped with M reflecting elements is positioned
atop a building to assist the link between S and U. U receives
the signal from S through a RIS-assisted ground-to-air (G2A)
link, it then transmits the signal to the ground user using the
decode and forward (DF) relaying protocol. In our framework,
it is assumed that each node is equipped with a single antenna,
and G uses selection combining (SC) to select between signals
received from either the direct or the relay links. A time-
division channel allocation scheme comprising two time slots
is implemented. This configuration enables multiple terminals
to collaborate in transmitting to the destination. During the first
time slot, source S transmits its signal to both nodes U and G.
If the received SNR at node U is above a certain threshold,
it decodes the received message and then forwards the source
signal to destination D in the second time slot [7]. In this
paper, the generic Nakagami-m distribution is adopted as a
multipath fading model of S-R and R-U channels. We also
assume that the envelope of the direct channel between S and
G is modelled as a Rayleigh distribution.

A. G2A RIS-assisted Link

In the first transmission stage, the S transmits the signal to
U through the RIS-assisted G2A link. The signal received by
the UAV can be written as

M
Y1 = [Z hsri€? hrui| T1 + n1, )

i=1

where hsp,i = \/pdgpuie < and hpy; = \/pdgCie™ %

represent S-R and R-U links channel gains, respectively, p is

the path loss at reference distance of 1m, dsr and dgry are the
distances between S-R and R-U, respectively, « is the pathloss
exponent, ;1 and ( denote the multipath fading coefficients
modelled by independent Nakagami-m distributions, ¢; is
phase-shift applied by the i element of the RIS, z; is the
transmitted signal from S, and ny ~ CA (0, Np) is the additive
white Gaussian noise (AWGN) at U with zero mean and N
variance.

From [2], the instantaneous SNR can be maximised by
aligning the phases of the signals at U, ie., ¢ = €+ 0,
therefore, from (1), the maximum instantaneous SNR at U
can be written as

Pl(Z?il hsr,ihrUqi)?

= =7, X} 2
Ysu N, Y1415 (2)
where P; is the transmit power, 7y; = % is the average

transmit SNR, and X; = Zf\il hsr.ihry,. It can be noticed
that X is the sum of M double Nakagami-m independent
random variables (RVs). The probability density function
(PDF) of double Nakagami-m is expressed as [8]

_ 4,Ym,1+m,2—1
in (’7) - I, T'(me) (Qe /g ) (M1 Fm2)/2

2 )
XKy —m, (Q'VHizl szg>

where T'(+) is the gamma function, §; is the average fading
power, m; is the shape parameter, and K, (-) is the v"-order
modified Bessel function of the second kind.

The n™-order moment of the RV Y;, can be given by [8]

o Tr Dlme+n/2) (Q0\™?
=0 =TT ()

Since E (Y;™) is a linear operator, implying that E(X;) =
M(E(Y;)) holds true. Additionally, assuming that Y; is inde-
pendent for all values of i, then Var(X;) = M(Var(Y;)).

Using the first term of a Laguerre series, PDF of X; can
be tightly approximated as follows [9]

3)

4

1 7\ v
=7 7 5
Fsw () = D (b) eXp{ b}’ ®)
where a = (\];Ja(r}(()l()l); —1land b = VEE(;?)) are parameters

defined through the mean and the variance of Xj;.

B. A2G link

In the second relay transmission phase, U sends the decoded
signal to G. The received signal at G can be represented as

Y2 = hygxa + no, (6)

where hyrg = 4/ pdljgﬁe_j‘l’ is the channel gain for the U-G
link, dy¢ is the distances between the nodes U-G, 3 denote
the multipath fading coefficient modelled as an independent
Nakagami-m distribution, xo is the transmitted signal from
the UAV, and ny ~ CN (0, Np) is the AWGN at G with zero
mean and Ny variance.
From (6), the SNR of the U-G link can be given by
s lhvel” _

Ywa N, 72X22, )



where P, is the transmit power of U, 7, = % is the
average transmit SNR, and X, is modelled by an independent
Nakagami-m RV. From [6], the PDF of X, can be expressed

as

m3
2mg

_ _ =3 2msz—1 _@ 2 8
f'YUG(’V) F(mg)ﬂgl?”y exp ( ngy ) ) ( )

where T'(+) is the gamma function, {23 is the average fading
power, and ms is the shape parameter.

C. Direct Link
In addition to the dual-hop cascaded link, we assume to have

a NLoS link between S and G. The direct signal received by
the user can be represented as

yp = hsgx1 + n3, 9

where hge = 1/pdggue ™" is the channel gain for S-G
link, dg¢ is the distances between the nodes U-G, v denotes
the multipath fading coefficient modelled as an independent
Rayleigh distribution, and n3 ~ CA (0, Ny) is the AWGN at
G with zero mean and Ny variance. Hence, the SNR of the
direct link can be expressed as

Pilhsal?  _
YsG = To = ’YlX%a

where X p is modelled by an independent Rayleigh RV. From
[6], the PDF of Xp can be given by

frsa (V) = %6_7 /(2 )a

where o is the scale parameter of the distribution.

(10)

(1)

III. PERFORMANCE ANALYSIS

This section focuses on evaluating the performance of the
proposed system by analysing the outage probability and BER.

A. Outage Probability

With SC, the destination terminal selects the signal with the
largest received SNR. The instantaneous end-to-end SNR at G
can then be expressed as

12)

Ysc = max Vi

jEdirect,relay
where 7; is the jM path received signal SNR.
The outage probability corresponds to the probability that
the system fails to meet a desired threshold SNR, ~;5,. Hence,
the end-to-end outage probability can be written as

Pout = Pr [’Ysc < ’Yth] . (13)

Since the «y;’s are independent, the outage probability can be
expressed as [10]

Pou = H

jéEdirect,relay

Priy; <] (14

Assuming a DF protocol at the aerial relay node, an outage
occurs when either one of the links is in outage. According,

the outage probability for the relay-assisted transmission can
be written as

Pout,relay =1- (1 - Poul,SU) (1 - Pout,UG) . (15)

Similar to [11], from (5) the outage probability at the UAV
for S-U RIS-assisted link can be given by

VVth
~ (a +1,5 T}%)

I(a+1)
where ~(-,-) is the lower incomplete gamma function and

Ly = p*(dgp)(dgp)-
From (8), F,u,ua can be given by

Pout,SU =Pr [’YSU < ’Vth} = y (16)
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It can be seen that P,,; of the RIS-assisted link is a
decreasing function of the square root of the transmission
SNR and the path loss between nodes. This suggests that the
RIS-assisted link may exhibit better robustness to variations
in these parameters compared to the U-G link.

Finally, the outage probability of the direct link can be
obtained as
/ (20 2y Ls) ,

Pow,sg =Pr[ysg <yn] =1—e 7" (18)

where L3 = pdgg.

Here, we derive a closed-form expression for the outage
probability in the high SNR regime to provide further context
for the system performance.

At high SNR (v — o0), the outage performance of the relay-
assisted transmission can be asymptotically written as

Pout ,relay — Poﬂt,SU + PoAut,UG' (19)

By exploiting [18, eq. (8.354.1)], Pou,su can be evaluated at
high SNR values as

n 5, a+n+1
ZOO (=1 (\/ 71;‘)
n=0 (a+n-+1)betn+1
g‘ft,SU = (20)

I(a+1)
The initial term in the summation presented in (20) signific-
antly outweighs the remaining terms. Hence, after considering
that term only and with some simple mathematical manipula-
tions, (20) simplifies to

_ (a+1)
2

2n

b2
M
Y [(a+ 1)1 - ﬁ

The asymptotic outage probability over Nakagami-m channels
can be evaluated as [12]

P ngnS_l Yn )
Out,UG F(m3> /}72

Similarly, the asymptotic outage probability for the direct
channel over the Rayleigh fading can be given by [12]

oo ~
Pout,SU — [

(22)
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B. BER Analysis

The unified unconditional average BER expression for SC
communication and arbitrary binary modulation schemes is
given by [13]

P

q < -1
Pppr= — Dar=lE (y)d 24
BER () /0 ey e (V) d, (24)

where p and ¢ are modulation scheme related parameters [4].
From (14) and (15), F,__ () can be given by

Fy . (V) = (Fysy (V) + Fype (1) = Fryso (V) Fyye (7))
X s (v

(25)
where F,,, F,, ., and F, , are the cumulative distribution
functions of sy, Yug, and vsqg, respectively. Hence, the

integral at (24) becomes an integral of three terms as follows

P
Pogr = %(m(h + 1 - Iy), (26)
where,
o0
L = / e_q’Y’yp_lF’YSU (’7) F’YSG (’7) dry, 27
0
b= [ e () P ()b, @9
and
I3 = / e—q'y,yp—lFA/SU (’7) F’YUG (7) F’Ysc; (7) dy. (29)
0

The integral I; can be solved through integration by substi-
tution followed by exploiting [14, Eq.(2.10.3.9)] to derive the
expression of (30), shown at the bottom of this page.

where . Fp(.) is the confluent hypergeometric function [14].

D + ms) (s )
msl(m3)q(Ptms)

. 31
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The third integral term contains two lower incomplete gamma
functions with different arguments which makes it difficult to
evaluate. To overcome this, a series representation of the lower
incomplete gamma function is used to replace the F ., (7)
term, resulting in

1 0o (_1)k(b\/ﬁ’ )k+a+1
F _ viim 32
50 ) = T ; Kla+k+1) G2

After some mathematical manipulations the integral /5 can be
rewritten as

I3 =

1 f: _1k(bm)—(k+a+l)
I(a+1) pors kl(k 4+ a4+ 1)I'(m3)

o ptkta—1 m3Yth
X e_q’y,yp 2 Y <m3a _ d’Ya
/0 Q3Lavo

which consists of a sum of integrals of the form given in [14,
Eq.(2.10.3.2)]. Consequently, I3 can be evaluated as in (34),
shown at the bottom of this page.

(33)

IV. NUMERICAL AND SIMULATION RESULTS

This section presents numerical findings aimed at gaining
insights into the impact of the RIS size and UAV positioning
(altitude) on the performance of the system. To verify our
analysis, MATLAB is employed to generate Monte Carlo sim-
ulation by using 108 realisations, and the following simulation
parameters: P, = Po» = 49 dBm, p = —1 dB, Ny = —110
dBm, o = 3.5 and 2.8 for S-G and S-R links, respectively, and
2.2 for both R-U and U-G links. The horizontal distances S-R,
R-U, U-G, and S-G are 70, 320, 60 and 320 m, respectively.

Fig. 2(a) shows end-to-end outage probability as a function
of the UAV height with respect to the ground. The analytical
results are consistent with the simulations, which demonstrates

The integral I, can be evaluated by applying [14, the accuracy of the proposed approximation. Furthermore, The
Eq.(2.10.3.2)] to obtain outage probability of the multi-hop system demonstrates a
T S L\2
R (bm) g-Crratnpep (2ot 1y pofatl 2pratl ] a+1+1:<bm)
I'a+1) 2(a+1) 2 2 2 272 4q
( 1 >a+2 ( 1 )2 (30)
" bIim g~ @rrat2)/2p 2p+a+2 Py a+2 2p+a+2;§’a+4: bvIim
2(a+2) 2 ) 2 2 202 4q
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(34)
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noteworthy enhancement with the increase in the size of RIS.
Thus, a sufficiently high number of RIS elements ensures a
reliable connection between S and U, hence, in that case, the
outage of the system is mainly determined by A2G link. This
result is particularly useful for design considerations, where
for the UAV operating at a specific height, a certain number
of RIS elements are used to reach a desired performance and
vice versa. Our investigation yields an additional noteworthy
insight, indicating that a RIS with a sufficient size can maintain
a reliable link between S and U when U moves closer to G.

The system’s outage performance, represented in Fig. 2(b),
is evaluated in relation to the transmit SNR for various
numbers of RIS elements. The analytical results closely match
the simulation findings, demonstrating the consistency of the
proposed analysis. A noteworthy observation is that the per-
formance of the system with a larger RIS closely resembles
the high SNR performance of the system with a smaller RIS.
For instance, when comparing a RIS with 64-elements to an
16-element RIS, it is observed that the former achieves a
similar outage performance at a transmit SNR of 50 dB as the
latter does at an SNR of 65 dB indicating that employing a
larger RIS can attain energy-efficient and reliable connections
to meet the demands of diverse propagation environments. It
is also worth noting that the high SNR asymptotic behaviour
aligns with the exact results.

Fig.2(c) represents end-to-end BER different modulation
schemes as a function of the UAV height. As expected,
the simulation matches the analytical results. Moreover, the
series expansion used to replace the lower incomplete gamma
function in (32) converges for the given parameter values.
It can be clearly seen that a RIS with a sufficient size can
stabilise the performance and maintain a reliable connection,
and the behaviour of the average BER performance is similar
to the outage performance behaviour.

V. CONCLUSION

This study presents a framework to examine the perform-
ance of RIS-assisted UAV communications. Closed-form ac-
curate approximations for the SNR distribution of the RIS-
assisted UAV networks over Nakagami-m fading channels,
outage probability, and average BER for the proposed system
were derived. These expressions were exploited to evaluate

the outage and error performance of the proposed systems.
Furthermore, high SNR outage probability expressions were
also derived and analysed. These results highlight the effect-
iveness of RIS in optimising system performance according to
specific requirements or constraints. Our study shows that the
integration of RIS presents an efficient solution, particularly
in complex and dynamic environments where maintaining LoS
connections might not always be feasible or optimal.
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