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On the Performance of RIS-Assisted Dual-Hop
UAV Communication Systems

Liang Yang, Fanxu Meng, Jiayi Zhang, Mazen O. Hasna, and Marco Di Renzo

Abstract—In this paper, to further reduce the bit error rate,
and improve the coverage and reliability of unmanned aerial
vehicle (UAV) communication systems, we propose a reconfig-
urable intelligent surface (RIS)-assisted UAV scheme, where the
RF signal generator sends an unmodulated carrier signal to the
RIS, then the RIS modulates each signal, and we use them
as a transmitter. The UAV is applied as a relay to forward
the information to the destination. In particular, we use a k-µ
distribution to model the RIS-assisted ground-to-air (G2A) links.
With this model, the analytical expressions of outage probability
and average bit error rate (BER) are derived. Results show that
the use of the RIS can effectively improve the coverage and
reliability of the UAV communication systems.

Index Terms—UAV, RIS, k-µ distribution, outage probability,
bit error rate.

I. INTRODUCTION

Unmanned Aerial Vehicle (UAV) communication is playing
an increasingly important role in today’s wireless communica-
tion systems. Due to their small size and flexibility, UAVs are
widely used for rapid networking in communication-disabled
areas. Also, UAVs can be used to network for areas where
signals from the base station are difficult to reach, such as
mountains and deep desert areas.

Research on UAV communication systems is gaining more
and more attention. In [1], a UAV-aided relaying system with
energy harvesting function was proposed, and the outage
probability of different urban environmental parameters was
analyzed. In [2], the secrecy performance of the air to air
(A2A) communication system in the presence of eavesdrop-
pers was studied, which shows that increasing the coverage
of the UAV can enhance the average secrecy capacity. In [3],
the authors analyzed the physical layer security of a UAV
communication system in a Rician fading channel with a
spatial Poisson distributed eavesdropper. In [4], the authors
used the drone as a relay station and optimized the trajectory
of the mobile UAV relay to achieve the maximum throughput.

Reconfigurable intelligent surfaces (RISs) are man-made
surfaces of electromagnetic (EM) material that can be elec-
tronically controlled by integrated electronics. As an emerging
technology, RISs have shown great potential in the commu-
nication field and are expected to become one of the key
technologies of 6G. Recent results show that an RIS can effec-
tively control the wavefront of an impact signal, such as the
phase, amplitude, and frequency, without the need for complex
decoding, encoding, and RF processing operations. In [5], the
authors outlined current research findings and availability of
intelligent reconfigurable meta-surfaces. In [6], the authors
gave a detailed overview and historical review of the latest

solutions of RISs, expounded the differences between the RIS
and other technologies, and the current problems to be solved,
and rethought the communication theoretical model in wireless
networks. In [7], the authors used the RIS to improve the
achievable rate of the UAV-enabled communication system and
proposed an optimization algorithm to maximize the average
achievable rate. In [8], a deep learning method was proposed
to effectively configure the online wireless configuration of
RISs in an indoor communication environment, which could
effectively improve the achievable throughput of the target
user. In [9], applying RISs to a downlink multi-antenna multi-
user communication system was studied.

Different from the downlink transmission system proposed
in [7] where the UAV is used as a transmitter and the RIS
reflects the signal from the UAV to the user, we propose an
RIS-assisted dual-hop UAV communication system where the
RIS is used as a transmitter and the UAV is used as a relay
to further enhance the height and reliability. In this system,
we assume that the RIS is located very close to the radio
frequency (RF) signal generator and then the RIS along with
the RF signal generator can be used as a transmitter to reflect
the signal to the UAV through a ground-to-air (G2A) link.
Notice that using RISs as a transmitter has been investigated
in [6] and references there in. More specifically, if the RIS
consists of N reconfigurable meta-surfaces, and its reflection
phases can be optimized independently of each other, then
a N -stream virtual multiple input multiple output (MIMO)
system can be realized by using a single RF active chain.
Compared with the conventional MIMO system, using the
RIS as a transmitter offers a unique advantage that very large
antenna arrays can be implemented using with a few, possibly
one, RF chain. Thus, the cost of using many RF chains in the
traditional MIMO system can be reduced. In particular, the
main contributions of this work include three parts. First, we
use the k-µ distribution to model the channel fading for the
RIS-assisted G2A link. Second, we present the analysis for
the outage probability and average bit-error rate (BER) of the
presented system. Finadly, the optimal altitude and position of
the UAV are also investigated.

II. SYSTEM AND CHANNEL MODELS

As shown in Fig. 1, consider an RIS-assisted UAV commu-
nication system including an RF signal generator, an RIS, a
UAV relay station, and one destination (D). In this system, we
use the RIS and RF signal generator together as a transmitter
(T) where the RIS is installed to very close to the RF signal
generator, and hence the channel fading between them is
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negligible. Similar to most relaying systems, two time slots
are needed to complete the information transmission. At the
first stage, T sends a signal to the UAV through an RIS-
assisted G2A link, where the RF signal generator sends an
unmodulated carrier signal to the RIS, then the RIS modulates
each signal and optimizes the phase to maximize the signal-
to-noise ratio (SNR) of the received signal at the UAV [6]. In
the second stage, we use the decode and forward (DF) method
and assume that the UAV can successfully decode the received
signal. Then, the UAV sends the decoded signal to D through
an air-to-ground (A2G) link.

RF

RF

RIS

T

D

UAV

o

Fig. 1. System diagram of RIS-assisted UAV communication systems

A. RIS-Assisted G2A Link

In the first time slot, T sends the signal to the UAV through
an RIS-assisted G2A link. First, the RF signal generator
generates an unmodulated carrier signal cos(2πfct) and sends
it to the RIS. Then, the RIS performs the phase modulation
to obtain a modulated signal. Moreover, in the process of the
phase modulation, not only the information bits are modulated,
but also the reflection phase is optimized to maximize the
SNR of the received signal at the UAV. Therefore, the received
signal at the UAV can be written as

yU =

[
N∑
i=1

hie
j(ϕi+wm)

]√
PT + n1, (1)

where hi=
1√
LTU

βie
−ψi is the channel gain, LTU =

10 log 10(lαTU ) +A is the path loss, and A is a constant deter-
mined by the signal frequency and transmission environment,
and lTU =

√
h2 + r2

TU is the distance between T and the
UAV, h is the height of the UAV, rTU is the horizontal distance
between T and the UAV, α is the path loss exponent, PT
is the power of the unmodulated signal, ϕi is the optimized
phase induced by the ith reflecting element of the RIS, wm is
the modulation phase of the information carried by the RIS,
and n1 ∼ CN (0, N0) is the additive white Gaussian noise
(AWGN). From [6], we know that the maximum SNR can

be obtained when ϕi = ψi. Thus, the received signal can be
rewritten as

yU =

√
PT
LTU

[
N∑
i=1

βi

]
ejwm + n1. (2)

From (2), the maximum instantaneous SNR at the UAV can
be expressed as

γU =

(∑N
i=1 βi

)2

PT

N0LTU
=

R2PT
N0LTU

, (3)

where R is the sum of N independent and identically dis-
tributed (i.i.d.) Rician random variables (RVs) βi, i=1, ..., N .

For the G2A or A2G channels in UAV networks, the widely
used model is the Rician fading model due to the existence
of a line-of-sight (LoS) component. However, the G2A link
considered in this work is unlike the ones in the literature since
the RIS is involved. Thus, we can not simply apply the Rician
model to characterize the statistical distribution of the G2A
link. From [10], the physical model of the k-µ distribution
considers that the signal is composed of multipath wave
clusters propagating in the same environment, and each cluster
has its own dominant wave and scattered wave components.
Given that the sum of N i.i.d. Rician RVs is a k-µ distribution,
we model R as a k-µ RV with a probability density function
(PDF) of γU readily given by

fγU (γU ) =
µ(1 + k)

µ+1
2

k
µ−1
2 Ω

µ+1
2

γ
µ−1
2

U

γ̄
µ+1
2

1

exp

(
µ

[
−k − (1 + k)

Ω

γU
γ̄1

])

× Iµ−1

(
2µ

√
k(1 + k)γU

Ωγ̄1

)
, (4)

where γ̄1 = PT
N0LTU

, Ω = E(R2), Iµ−1(·) denotes the
modified Bessel function of the first class and k ≥ 0 is the
ratio between the total power of the dominant components and
the total power of the scattered waves. From [11], the values
of parameters k and µ are given by

µ =
Ω2

(E(R4)− Ω2)

(1 + 2k)

(1 + k)2
, (5)

k−1 =

√
2(E(R4)− Ω2)√

2E2[R4]− Ω2E[R4]− ΩE(R6)
− 2, (6)

where E(R2), E(R4) and E(R6) are the moments of R,
respectively. From [10], E(R2), E(R4) and E(R6) can be
evaluated as

E[Rn] =
n∑

n1=0

n1∑
n2=0

...

nN−2∑
nN−1=0

(
n

n1

)(
n1

n2

)
...

(
nN−2

nN−1

)
×E[βn−n1

1 ]E[βn1−n2
2 ]...E[β

nN−1

N ], (7)

where E[βni ] =
Γ(1+n/2) exp(−Ki)Ωn/2i

(1+Ki)n/2 1F1(1+ n
2 ; 1;Ki), Ωi =

E[β2
i ] is the mean power of βi, E[βni ] is the nth moment of

βi, Ki is the Rician factor of βi, Γ(·) is the gamma function
and 1F1(·; ·; ·) is the confluent hypergeometric function. As
mentioned earlier, the k-µ distribution requires that k is a
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non-negative constant, but computing k by using (6) may not
meet the requirement, which has been observed in [10]. Notice
that the k-µ distribution reduces to the exact Nakagami-m
distribution when µ = m and k → 0.

B. A2G Link

In the second stage, the UAV sends the decoded signal to
D through an A2G link. Then, the received signal at D can be
expressed as

yD = gx+ n2, (8)

where g = 1√
LUD

βUDe
ξi is the channel gain of the A2G link,

and n2 ∼ CN (0, N0) denotes the AWGN noise, and x denotes
the encoded signals. Therefore, the instantaneous SNR at D
can be written as

γD =
|βUD|2 PU
N0LUD

, (9)

where LUD = 10 log 10(lαUD) +A is the path loss, PU is the
transmit power of the UAV, lUD =

√
h2 + r2

UD is the distance
between D and the UAV, and rUD is the horizontal distance
between UAV and D. From [12], the PDF of γD can be written
as

fγD (γD) =
(1 +K)e−K

γ̄2
exp

[
− (1 +K)γD

γ̄2

]
× I0

(
2

√
K(1 +K)γD

γ̄2

)
, (10)

where γ̄2 = PU
N0LUD

, K is the Rician fading factor.
The value of the path loss is usually determined by the

density of obstacles on the propagation path, so we model
the path loss index with LoS probability [13] as α(θ) =
a1PLoS(θ)+b1, where PLoS is the LoS probability, a1 and a2

are determined by the environment and transmission frequen-
cy, θ ∈ {θ1, θ2}, and θ1 and θ2 represent the angles between
the UAV and T, D, respectively. Similarly, we model the Rician
factor as a function of θ. From [14], K(θ) = a2 · eb2θ, where
a2 = k0 and b2 = 2

π ln(k0.5πk0
).

III. PERFORMANCE ANALYSIS

In this section, using the above obtained statistical distri-
butions, we analyze the outage probability and average BER,
respectively.

A. Outage Probability Analysis

The reliability of a communication link is usually assessed
by the outage probability. Since we use the DF protocol at
the UAV, a successful communication requires both links to
be uninterrupted. Thus, the outage probability can be readily
expressed as

Pout = Pr(min {γU, γD} ≤ γth)

= 1− (1− PTU )(1− PUD), (11)

from (3) and (4), PTU can be written as

PTU = Pr(γU ≤ γth)

= 1−Qµ

(√
2µk,

√
2µγth(1+k)

Ωγ̄1

)
, (12)

where Qµ(·; ·) is the Marcum Q-function with parameter µ.
Similarly, from (9) and (10), PUD can be obtained as

PUD = Pr(γD ≤ γth)

= 1−Q1

(√
2K,

√
2γth(1+K)/γ̄2

)
, (13)

with (11), (12) and (13), we can write the overall outage
probability as

Pout =1−Q1

(√
2K,

√
2γth(1+K)/γ̄2

)
×Qµ

(√
2µk,

√
2µγth(1+k)

Ωγ̄1

)
. (14)

B. Average Bit Error Rate

The BER is a good measure of the accuracy of data
transmission. For a dual-hop communication system with the
DF protocol, the average BER can be written as [15]

PBER = PE1 + PE2 − 2PE1PE2, (15)

where PE1 and PE2 are the average BERs for the first
and second hop, respectively. For different binary modulation
schemes, the unified average BER expression is given by [16]

PBER =
qp

2Γ(p)

∫ ∞
0

exp(−qγ)γp−1F (γ)dγ, (16)

where the parameters p and q denote different modulation
schemes, such as p = 0.5 and q = 1 for binary phase shift
keying (BPSK), p = 0.5 and q = 0.5 for binary frequency shift
keying (BFSK), and p = 1 and q = 1 for differential phase
shift keying (DPSK). In this work, we consider the DPSK
modulation.

From [17, eq. (8)] and with (12) (16), PE1 can be exactly
derived as

PE1=(
µ(1+k)

µ(1+k)+Ωγ̄1
)µe−µk1F1

(
µ;µ;

µ2k(1+k)

µ(1+k)+Ωγ̄1

)
(17)

Similarly, using (13) and (16), and [17, eq. (8)], we have

PE2 = (
1 +K

1 +K + γ̄2
)e−K1F1

(
1; 1;

K(1 +K)

1 +K + γ̄2

)
(18)

IV. NUMERICAL RESULTS
In this section, we present the numerical results to verify

our analysis. The parameters used in the following figures
are set to fc = 1GHz, k0 = 5dB, k0.5π =15dB, a1 = -1.5,
b1 = 3.5, p = 1, q = 1, γ̄U = PT /N0 is the average SNR
at the UAV, and ρ = rTU

rTU+rUD
represents the horizontal

distance ratio of the first link to the sum of two links. For the
system without the RIS, we assume that the source with one
antenna communicates directly with the UAV, and the channel
fading follows the Rician distribution. Moreover, all simulation
results are obtained in an urban environment.
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the same height, the outage probability of UAV communication
systems assisted by RISs has been improved significantly.

In Fig. 3, we plot the outage probability curves versus ρ for
dual-hop UAV systems with and without RISs. From Fig. 3,
the system outage probability decreases first and then increases
as ρ increases. As expected, we see that there is an optimal ρ
for a fixed h. The main reason is that the outage probability
of the first hop is very small for small ρ due to the use of
the RIS, and the outage performance is mainly determined
by the second hop. Therefore, increasing ρ means that the
UAV becomes close to the destination and the path-loss in the
second-hop link becomes small, which results in the outage
probability decreasing. However, if continuing increasing ρ,
the first-hop would dominate the system performance. From
Fig. 3, we can observe that the optimal position of the UAV
for the system without the RIS is the middle location between
T and D. But for the system with RISs, we can place the

UAV close to D and then the best outage performance can be
obtained.
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In Fig. 4, we plot the outage probability curves versus γ̄U
for dual-hop UAV systems with and without RISs. As the
γ̄U increases, the outage probability decreases. However, the
outage probability tends to a constant for large γ̄U . Therefore,
the system outage performance is mainly determined by the
second link when RISs are used at the first link. Again, the
outage probability of the system with RISs is obviously lower.
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In Fig. 5, the BER performance is presented when p = 1
and q = 1. As expected, the simulation and analytical results
match very well. Similar to the observations in Fig. 2, the
BER first decreases and then increases when h increases. The
behind reason has been explained in the second paragraph of
this section.
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In Fig. 5, the BER performance is presented when p = 1
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BER first decreases and then increases when h increases. The
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In Fig. 2, we plot the outage probability for our proposed
system with and without RISs. It is clearly observed that the
analytical results are in good agreement with the simulation
results. Increasing h, the outage probability decreases first and
then increases. The fundamental reason is that when h is small,
increasing h can increase the possibility of the LoS transmis-
sion and in turn improves the link reliability. Continuing to
increase h results in a larger path loss and then the path loss
dominates the system performance. Furthermore, under the
same height, the outage probability of UAV communication
systems assisted by RISs has been improved significantly.

In Fig. 3, we plot the outage probability curves versus ρ for
dual-hop UAV systems with and without RISs. From Fig. 3,
the system outage probability decreases first and then increases
as ρ increases. As expected, we see that there is an optimal ρ
for a fixed h. The main reason is that the outage probability of
the first hop is very small for small values of ρ due to the use
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as ρ increases. As expected, we see that there is an optimal ρ
for a fixed h. The main reason is that the outage probability
of the first hop is very small for small ρ due to the use of
the RIS, and the outage performance is mainly determined
by the second hop. Therefore, increasing ρ means that the
UAV becomes close to the destination and the path-loss in the
second-hop link becomes small, which results in the outage
probability decreasing. However, if continuing increasing ρ,
the first-hop would dominate the system performance. From
Fig. 3, we can observe that the optimal position of the UAV
for the system without the RIS is the middle location between
T and D. But for the system with RISs, we can place the

UAV close to D and then the best outage performance can be
obtained.
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In Fig. 4, we plot the outage probability curves versus γ̄U
for dual-hop UAV systems with and without RISs. As the
γ̄U increases, the outage probability decreases. However, the
outage probability tends to a constant for large γ̄U . Therefore,
the system outage performance is mainly determined by the
second link when RISs are used at the first link. Again, the
outage probability of the system with RISs is obviously lower.
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In Fig. 5, the BER performance is presented when p = 1
and q = 1. As expected, the simulation and analytical results
match very well. Similar to the observations in Fig. 2, the
BER first decreases and then increases when h increases. The
behind reason has been explained in the second paragraph of
this section.
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systems assisted by RISs has been improved significantly.

In Fig. 3, we plot the outage probability curves versus ρ for
dual-hop UAV systems with and without RISs. From Fig. 3,
the system outage probability decreases first and then increases
as ρ increases. As expected, we see that there is an optimal ρ
for a fixed h. The main reason is that the outage probability
of the first hop is very small for small ρ due to the use of
the RIS, and the outage performance is mainly determined
by the second hop. Therefore, increasing ρ means that the
UAV becomes close to the destination and the path-loss in the
second-hop link becomes small, which results in the outage
probability decreasing. However, if continuing increasing ρ,
the first-hop would dominate the system performance. From
Fig. 3, we can observe that the optimal position of the UAV
for the system without the RIS is the middle location between
T and D. But for the system with RISs, we can place the
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In Fig. 4, we plot the outage probability curves versus γ̄U
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γ̄U increases, the outage probability decreases. However, the
outage probability tends to a constant for large γ̄U . Therefore,
the system outage performance is mainly determined by the
second link when RISs are used at the first link. Again, the
outage probability of the system with RISs is obviously lower.
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In Fig. 5, the BER performance is presented when p = 1
and q = 1. As expected, the simulation and analytical results
match very well. Similar to the observations in Fig. 2, the
BER first decreases and then increases when h increases. The
behind reason has been explained in the second paragraph of
this section.
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Fig. 5. Average BER versus h for dual-hop UAV systems with and without
RISs

of the RIS, and the outage performance is mainly determined
by the second hop. Therefore, increasing ρ means that the
UAV becomes close to the destination and the path-loss in
the second-hop becomes small, which results in a decreased
outage probability. However, continuing to increase ρ, the first-
hop would dominate the system performance. From Fig. 3,
we can observe that the optimal position of the UAV for the
system without the RIS is the middle location between T and
D. But for the system with RISs, we can place the UAV close
to D and then the best outage performance can be obtained.

In Fig. 4, we plot the outage probability curves versus
γ̄U for dual-hop UAV systems with and without RISs. As
γ̄U increases, the outage probability decreases. However, the
outage probability tends to a constant for large values of
γ̄U . Therefore, the system outage performance is mainly
determined by the second link when RISs are used at the first
link. Again, the outage probability of the system with RISs is
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obviously lower.
In Fig. 5, the average BER performance is presented when

p = 1 and q = 1. As expected, the simulation and analytical
results match very well. Similar to the observations in Fig. 2,
the average BER first decreases and then increases when h
increases, and an optimal operating point can be found.

V. CONCLUSIONS

In this paper, an RIS-assisted UAV communication system
with the DF protocol was proposed, and a k-µ distribution
was used to model the RIS-assisted G2A link. Based on this
model, we analyzed the outage probability and average BER.
The results show that RISs can significantly reduce the average
BER, and improve the coverage and reliability of the proposed
system. In particular, we can place the UAV close to the
destination to obtain the best system performance when the
RIS is applied.
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