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Abstract—This paper analyzes the performance of an aerial-
empowered reconfigurable intelligent surface (RIS) aided com-
munication system under finite channel blocklength. Firstly, we
establish the system model of the UAV-RIS enabled short packet
communication system and derive closed-form approximations
for the cumulative distribution function (CDF) of the received
signal-to-noise-ratio (SNR) of the ground user using a moment
matching method. The approximation results match the sim-
ulation results very well under various conditions, providing
simple method for and shedding light on performance evaluation
for practical system. Secondly, we derive the average error
probability of the UAV-RIS enabled short packet communica-
tion system in closed-form expressions, present the asymptotic
analysis in the regime of high SNR and a large number of RIS
elements and discuss the impact of transmit power and number
of RIS elements on system performance, which provides insights
into energy-efficient and cost-effective system design. Finally, we
conduct Monte Carlo simulations to confirm the accuracy of our
analytical and asymptotic results.

Index Terms—Unmanned aerial vehicle, reconfigurable intelli-
gent surface, short packet communications

I. INTRODUCTION

Ultra-reliable low-latency communication (URLLC) is one
of the main service categories in the future generations of
wireless communications [1]. However, the stringent require-
ments of latency and reliability hinder the applications of
URLLC. Recently, the reconfigurable intelligent surface (RIS)
technology has attracted increasing research attentions in
resolving the above challenges by improving the quality of
received signals both cost-effectively and energy-efficiently.
The recent research evaluated the effectiveness of deploying
RIS to assist URLLC under different scenarios with finite
channel blocklength. In [2] and [3], the authors analyzed the
average decoding error probability and average data rate in
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RIS-aided URLLC systems. In [4], the authors investigated
the average error probability of a RIS-aided URLLC system
supported by wireless energy transfer technology. Moreover,
the authors of [5] studied the throughput maximization in
a RIS-aided multiple-input multiple-output (MIMO) wireless
powered communication networks. Nevertheless, the existing
works considered the case where the RIS is deployed at a
fixed location, which restricts the application of the RIS-
aided URLLC systems. This motivates us to consider the
scenario where the RIS is deployed flexibly in the space to
accommodate various requirements of URLLC systems.

In addition, it is well known that unmanned aerial vehicles
(UAVs) can be a promising technology for future wireless
networks. Additionally, it would be beneficial for equipping
the UAVs with RIS to enhance the network coverage and user
connectivity. Recently, there have been a few works consider-
ing the integration and coexistence of UAV and RIS. In [6], the
authors analyzed the capacity of a RIS-assisted UAV network
where the RIS is equipped on a high altitude airship. The work
in [7] investigated the performance analysis and optimization
of an integrated UAV-RIS relaying system. The authors of [8]
studied a symbiotic UAV-RIS system, where the UAV was
utilized to assist the RIS to reflect its signals as well as enhance
the UAV transmission by using passive beamforming. In [9],
the physical layer security of a UAV-RIS relaying system in
the presence of multiple eavesdroppers is considered. In [10],
the authors investigated the optimization problem of passive
beamforming, transmission blocklength and UAV positioning
of a RIS-aided wireless system with a mobile UAV relay. In
[11], the optimization of beamforming and phase shift design
is considered in a UAV-RIS-enabled wireless system. However,
to the best of the authors’ knowledge, the performance analysis
of UAV-RIS assisted URLLC systems under finite channel
blocklength has not been investigated yet.

Against the above background, we study the performance
of the UAV-RIS enabled URLLC system with short packet
communications. Compared with the existing works, we have
jointly considered the impacts of short-packet communica-
tions, randomness of UAV and the effect of RIS. Moreover,
we have conducted asymptotic analysis and provided some
insights. Specifically, we analyze the average error probability
under finite channel blocklength. By using a moment matching
method to approximate the received SNR as a Gamma random
variable, we first derive closed-form approximations for the
cumulative distribution function (CDF) of the received SNR
of the ground user. Then, we obtain the average error proba-
bility of the UAV-RIS enabled URLLC system in closed-form
expressions. Next, we present the asymptotic analysis when the
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normalized transmit power and the number of RIS elements
are sufficiently large, the trade-off between increasing BS’s
transmit power and equipping UAV with more RIS elements is
discussed. Finally, Monte Carlo simulations are carried out to
evaluate the accuracy of the analytical and asymptotic results.

Notations: We use f(x) and F(z) to denote the prob-
ability density function (PDF) and cumulatlve distribution
function (CDF), respectlvely Qz) = f;o ~>dt denotes
the Q-function. ~y(a, z) fo 2% le~*dz is the lower in-
complete gamma functlon and T'(-) is the Gamma function.
pFy(ap; by; 2) is the generalized hypergeometric function [12,
eq. (9.14.1)]. E represents the mathematical expectation oper-
ator.

II. SYSTEM MODEL

As shown in Fig. 1, we consider a scenario where a single-
antenna ground user communicates with a single-antenna base
station (BS) under finite channel blocklength through a RIS
mounted on a UAV. The UAV acts as a passive relay and
carries a rectangular RIS which consists of N. For the sake
of simplicity, we consider that the distance between the BS
and the ground user D is sufficiently large, thus the direct
link between the BS and the ground user is negligibly weak.
Furthermore, we assume that the UAV-RIS flies randomly
inside a spherical shell with inner radius R; and outer radius
R- while the BS is located at the center of the sphere. To avoid
collision onto the obstacles and in case of losing the control
signal from the BS, it is assumed that the UAV will not fly
into the inner sphere or fly out of the outer sphere. Throughout
this paper, we use dr to denote the distance between the BS
and the UAV-RIS, whereas dyy to denote the distance between
the UAV-RIS and the ground user. In addition, we assume that
the BS-UAV and the UAV-user links suffer from Rician fading
with h; and ¢; denoting the small scale fading of the BS-UAV
and the UAV-user channel and ¢ denoting the index of RIS
element, respectively.

Fig. 1. System model of the UAV-RIS enabled wireless system with short
packet communications. The RIS consists of /N elements and is mounted on
a UAV which flies randomly inside a shell with inner radius R; and outer
radius Ra. The length of the direct link between the BS and the user is D.

ITII. AVERAGE ERROR PROBABILITY ANALYSIS

In the following analysis, we assume that the BS aims to
successfully transmit B information bits over M channel uses.
Therefore, the coding rate of the short packet communications
is given by R = B/M.

A. Received SNR Analysis and Approximation

With optimal phase shift of the i-th (: = 1,2,--- ,N) RIS
element, the received SNR at the ground user is given by

v = p(drdy)” <Z \9i | I> )

where p = IZBQS is the normalized transmit power of the BS
and «a denotes the pathloss factor.

For the sake of simplicity, we rewrite the channel coeffi-
cients in more compact forms as follows

V 1+1 V 1+1
g2 (g1, an]" \/ 2+1 \/ 2+1

where 3; and B2 denote the Rician factors, h and h de-
note the Line-of-Sight (LoS) and None-Line-of-Sight (NLOS)
components of h while g and g denote the LoS and NLoS
components of g, respectively [9].

From the above analysis, we directly infer that |h;| is a
Rician random variable with noncentrality parameter v; =

h2[hy, o hy

,@ﬁq and scale parameter o1 = m namely, |h;| ~

Rician(vy, o1) . Similarly, we have |g;| ~ Rician(vz, o2) with
_ _B _ 1

Vo = sz_l and 09 = m

Defining &; = |g;| |h;|, we further rewrite vy as

Y = pldrdy)” (Z &) &

Leveraging a moment matching method [2], the random vari-
able Z & (vazl &;)? can be approximated by a Gamma
distributed random variable with shape parameter E =
% and scale parameter 6 = w. With the
help of the moments of random variable &;, the first and second
order moments of random variable Z can be calculated as

follows

pldrdy)™“Z. (3

N N
EZ] =) E[&¢]+ > EGIE[
1=1 172775:]1
2 “4)
E[Z?] =E 252 + Z &i&;
1,7=1
i#]

Moreover, the m-th order moment of &; can be calculated
leveraging the m-th order moments of |g;| and |h;| which can
be expressed as

E[|h:|™] = o7"2™/20(1 + m/2) Ly /o
Ellg:™] = 05'2™/*T(1 + m/2) Ly s

(_V12/20%)5

5
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where L,(2) = 1Fi1(—q;1;2) denotes the Laguerre polyno-
mial with the ¢-th order.

After some tedious mathematical derivations, we can obtain
the approximated shape parameter k and scale parameter 6.
Therefore, the CDF of « conditioned on dr and dyy can be
approximated as follows

1 - x

E, (zldr,du) = ——~(k, - ).

o el ) = o (o)

In sphere coordinates, the position of the UAV can be

expressed as (r,0, ) where r = dp is the distance between

the UAV and the BS, and 6 € [0, 27] and ¢ € [0, 7/2] denote

the azimuth and elevation angles, respectively. Similarly, we

denote the position of the ground user as (D, 0y, ¢y ). With

the aforementioned preliminaries, we obtain the expression of
dy as

(6)

du = \/r? + D? — 2r Dsin psin @y cos (6 — Oy) + cos @ cos @u].

@)

Since we have r = dr and dy is also a function of r, 8, ¢ in

sphere coordinate, the unconditional CDF of the ground user’s
received SNR can be given by

Fyp () ®)

where the mathematical expectation is taken over random
variables 7, 6, and .

To the best of the authors’ knowledge, it is quite challenging
to derive the exact expression of F,, (x). The difficulty stems
from the randomness of di;. To tackle this issue, we first use
Gauss-Chebyshev quadrature approximation method [20] to
calculate F,, (x). Specifically, the mathematical expression of
unconditional CDF of the ground user’s received SNR in (8)
could be further rewritten as

% 27 Ro

Fy () = / / /
2 3r? 1
/ / / ’YU fl}'"" 0790) R3 R,j ' E

Leveraging change of variables, we obtain

= E[F"/U ($|T', 97 SD)]?

F U (.’E|T’7 07 So)f(rv 07 tp)drd@dgo

gdrd@dgo. )
0

1 1 pl
x):/ / / 9o (zlu, v, s)dudvds, (10)
—1J-1J-1
where
a 3(R2 — Ry)
g—yU(I|U,1),S) - 8<R§, . Rglg)
RQ - Rl RQ + R1 i T
F 2 i
x F,, (g; 5 u 5 ,7rv—|—7r,43—|-4> (11D
L (B Bat B ?
2 2

Finally, using Gauss-Chebyshev quadrature approximation
method, the unconditional CDF of the ground user’s received
SNR could be expressed as follows

P () ~ (%)3 x
w (12)
> U= @)1= )1 = 5) - gy (@i, v, s1),

i4,k=1

IEEE 3
where W is the number of samples, u; £ cos (3=17), v; £
cos (2=2m) and sj, £ cos (Ztn).

As will be discussed in Section IV, the unconditional
CDF obtained from Gauss-Chebyshev approximation method
matches the exact CDF very well when system parameters
take various values.

However, although the Gauss-Cehbyshev approximation
provides an efficient method for numerical evaluation of the
system performance, it is still quite challenging to find the im-
pact of system parameters such as transmit power and number
of RIS elements on system performance. To further discuss
such issue, we consider a scenario where the mathematical
expression of unconditional CDF could be further simplified.
Specifically, we assume that the distance between the BS and
the ground user is much larger than that between the BS and
the UAV-RIS such that Ry < D holds. In such context, we
have dyy =~ D [13]. Note that this assumption also gives a
lower bound of the performance of the system. With the help
of [14, eq. (1)], the CDF of the SNR can be approximated as

Ro
E,, (2) = E[F,, (z]r, 6, 0)] ~ /R E,, (e]r) f(r)dr

_/R2 3r2 1
w BB T(h)

where ) £ leﬂyé.
Finally, utilizing [12, eq. (8.351.2), (9.210.1)], [15, eq.
(1.14.1.8)] and variable transformations, we obtain the approx-

imation of F,, (x) in closed form as follows

Ry
%/ ltail’y(k ot A)dt
(R} — ROL(k) Jre o pD—f

(k, Qar®)dr

F"/U(x) ~

RS )
=na* / thta-1e St B (1 k4 1; Qat)de
JRg

= na* (R§*F(a, R3) - RY™F (2, RY)),

(14)
where 1 = ak(m%)?%_R?)F@) and the function F(x,t) is
defined as

. 3 .. 3 .
F(z,t) = oFo(k + a,k;k + S + 1, k+1;—Qxt). (15

B. Average Error Probability Analysis

In finite blocklength coding regime, the average decoding
error probability given a transmission rate R can be calculated

as [16]
oL (v)-R
V(v)/M
where the expectation is taken over the received SNR ~.
Moreover, C(y) = logy(1 + ) is channel capacity and

Viv) = (1 — (H_%)g (log,(e))® denotes channel dispersion.

Due to the complicated structure of Q-function, it is in-
tractable to obtain a closed-form expression for the average

e=E , (16)
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decoding error probability. Therefore, we leverage a linear
approximation of Q-function as follows [17]

Q <W> ~ 2(7)

V(v)/M
L, v<¢
1
=5 VM@ —0), (<y<g, (17
0, ¥=¢€
_ R _ _ 1
wherey_\/WTlﬁ_Q 1, (=10 mand

E=0+ 2y\1/T’ respectively.

Using the above linear approximation of Q-function and
integral by part, the average decoding error probability can be
approximated as [18]

+oo £
m/o E(x)fw(x)da::u\/ﬂ/c E,,(z)dz.  (18)

Finally, by substituting (14) into (18) and leveraging [15, eq.
(1.16.1.1)], we obtain the average decoding error probability
in closed form as follows

— Z/\/i (6% (0% QA (0%
e I (RG(E G RY) - BIPGEGRD)
(19)
where
G(z,y,t) 2 2" U (2, 8) — " H(y, 1),  (20)
and
. 3. . . 3
H(z,t) 2 sFy(k+ =,k k+1;k+ =41, k+1,k+2; —Qut).
Q «

2y

C. Asymptotic Analysis

Theorem 1. At high SNR regime where p is sufficiently large,
the average decoding error probability can be given by
2° A nvv M Y (R gk+3 C];—H)-
7 alk+1)
Proof. According to [12, eq. (8.354.1)], at high SNR regime,
the conditional received SNR can be approximated as

- R 22)

Foo°(alr) ~ r(lk)v(if’ p;iag)
LSS e (@)t @y
T = nlk+n) (k)

Therefore, the unconditional SNR can be approximated as

Ra Qrre k
FE7>(2) ~ / (ar)” klgiEk)) Flr)dr
) AR1 ! (24)
B 30k (ng-i-l’» _ R(l)zk-‘r?)) xfc
ak(ak + 3)(R3 — R (k)

Finally, by substituting (24) into (18), we obtain (22). O]

Remark 1. A careful investigation on the above equation
reveals that € — 0 when p — +00, which can be directly
obtained by substituting lim, o Q = lim, ,ocn = 0 into

IEEE ¢

equation (22). This result shows that the average decoding
error probability can be limited to arbitrarily small by in-
creasing the transmit power of the BS.

Theorem 2. As the number of RIS elements is sufficiently
large, equation (19) also characterizes the asymptotic average
error probability, namely,

—OON

EN X —————

771/\/7 ( gk+3 _ R?fc+3><gi€+l _ Cfc+1).

25
(k+1) (22

Proof. From (4) we observe that the shape parameter k and
the scale parameter 6 increase monotonically with respect to
N. Hence, we have th_,oo]AC = oo and limN_moé = o0.
Furthermore, according to [19], for sufficiently large /Af, we
have the following asymptotic expansion of w(l%7 Qxre)

+oo
. : « Qare)n
Tim y(k, Qur®) ~ (Qure)ke=er Z (:2#7 (26)
k—o0 n=0 (k)n—H

where (-),, is the Pochhammer symbol. As k is sufficiently
large, the items with » > 0 in the above summations are
negligible due to limj_, Q“}:a = 0. In addition, it is obvious
that  — oo leads to € — 0. Therefore, we obtain

1 7. e
lim ~(k, Qzr®) ~ %(ero‘)ke_gm ~

N —oc0

1 i
=(Qarv)k. @27
k

The proof is then complete after some similar mathematical
manipulations as in Theorem 1. O

Remark 2. Equation (25) characterizes the asymptotic impact
of the number of RIS elements on the average error probability.
By substituting limNﬁool% = oo into (25) one can observe
from (25) that € — 0 when N — oo, namely, the average
error probability vanishes when the number of RIS elements
N is sufficiently large.

Based on Remark 2 and recalling the conclusion in Re-
mark 1, the performance of the system could be enhanced by
either increasing the power consumption of BS or equipping
more RIS elements on the UAV. One may directly figure
out that increasing the number of RIS elements is a more
promising method in URLLC compared with increasing the
transmit power of the BS, because the former method does not
lead to more power consumption of BS. However, carrying
more RIS elements causes more power consumption of the
UAV. Therefore, if the additional power consumption of the
UAV is no more than that of the BS, increasing the number
of RIS elements will be more cost-effective and energy-
efficient than increasing BS’s transmit power. We summarize
this conclusion in the following Remark 3.

Remark 3. Given the number of RIS elements N, we denote
average decoding error probability € = E(p|N) as a function
of BS’s transmit power p, and p = E7L(€|N) is its inverse
function. As the number of RIS elements increases by one, the
performance gain of the system indicated by the correspond-
ing decrease of error probability could be given as A€ =
E(p|N) — E(p|N +1). Assuming the number of RIS elements
remains unchanged, to achieve a same performance gain, the
BS’s power budget should increase by 5p = £~ (e + A€) —
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Suppose carrying one more RIS element results in an increase
of energy consumption JE of the UAV, increasing one more
RIS elements is energy-efficient and cost-effective if and only
if 6p > dF holds.

IV. SIMULATION RESULTS

Unless otherwise specified, the parameters are set as fol-
lows: B = 500 bits, M = 500 channel uses, Ry = 8 m,
Ry =10m, D =150 m, a = 2, f = 2.4 GHz, 6. = 0, = \/4
and f; = B3 = 3 dB. All the Monte Carlo simulations are
conducted by averaging over 107 channel realizations.

Fig. 2 illustrates the empirical CDF of the ground user’s re-
ceived SNR and its approximation based on Gauss-Chebyshev
quadrature. It is shown that the Gauss-Chebyshev quadrature
approximation results match the exact CDF in various pa-
rameters settings. Therefore, Gauss-Chebyshev approximation
is an efficient method for numerical evaluation of system
performance.

In Fig. 3, we present the approximate and empirical CDFs
of the received signal under different normalized transmit
power p and the number of RIS elements N. Fig. 3 shows
that the proposed moment matching method provides a precise
approximation to the distribution of the received SNR, which
is sufficiently general to accommodate various circumstances.

Fig. 4 depicts the average error probability versus the block-
length M with the information package size being B = 500
bits. It can be readily found that an increase in the blocklength
makes a decrease in the average error probability since a
larger blocklength leads to a lower transmission rate, which
guarantees the communications to be more reliable. The fact
that lower transmission rate leading to lower error probability
indicates the trade-off between reliability and efficiency in the
UAV-RIS aided short packet communications, which should
be carefully tackled in URLLC scenarios. Moreover, one can
notice that the more RIS elements are equipped, the lower
error probability are obtained, which demonstrates that the
deployment of RIS can enhance the performance of short
packet communications systems.

In Fig. 5 and Fig. 6, we examine the average error proba-
bility versus the normalized transmit power and the number
of RIS elements, respectively. Note that in both figures, the
circles marked as Analysis depict the results from directly
calculating the numerical integration (16), while the diamonds
labeled as Approximation represent the results derived by (19).
Due to computational complexity, the simulation, analysis and
approximation results are constrained to be no smaller than the
order of 1075, which generally accommodates most of the
reliability requirements for URLLC applications. From Fig. 5
and Fig. 6, we observe that the analysis and approximation
results are consistent with the simulation results. Moreover,
the asymptotic results show that the average error probability
vanishes quickly as the transmit power or the number of
RIS elements increases. Therefore, as far as the condition in
Remark 3 is met, deploying RIS will be more cost-effective
and energy-efficient compared with increasing the BS’s power
budget.

—— Simulation (p = 10 dB, N = 30, D = 50 m)
Approximation (p = 10 dB, N = 30, D = 50 m)
— Simulation (p = 20 dB, N = 30, D = 50 m)
O Approximation (p = 20 dB, N = 30, D = 50 m)
— Simulation (p = 20 dB, N = 40, D = 50 m)

2 Approximation (p = 20 dB, N = 40, D = 50 m)
Simulation (p =30 dB, N = 30, D = 50 m)
Approximation (p = 30 dB, N = 30, D = 50 m)

— Simulation (p = 30 dB, N = 30, D = 100 m)
L ©  Approximation (p = 30 dB, N = 30, D = 100 m)
2 25 3 35 4 45 5

Tu

Fig. 2. Gauss-Chebyshev Quadrature Approximate and empirical CDF of
received SNR in various parameters settings.
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Fig. 3. Approximate and empirical CDF of received SNR.
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V. CONCLUSION

This paper analyzes the average error probability of a
UAV-RIS enabled wireless system with short packet com-
munications. We derive closed-form approximations for the
average error probability under finite channel blocklength. The
proposed approximation method provides a simple tool for and
shedding light on performance evaluation for practical system.
Analytical and simulation results reveal that the integration
of UAV and RIS is a potential solution to enhance the
performance of URLLC systems. Moreover, the asymptotic
analysis unveils that the average error probability vanishes
as either the transmit power or the number of RIS elements
is sufficiently large. It is also shown that if the additional
power consumption of equipping one more RIS elements
on the UAV is small enough, the deployment of RIS will
be more cost-effective and energy-efficient. Therefore, RIS
will be a promising technique for supporting short packet
communications in wireless networks.
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