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Abstract—The effective integration of unmanned aerial vehi-
cles (UAVs) in future wireless communication systems depends on
the conscious use of their limited energy, which constrains their
flight time. Reconfigurable intelligent surfaces (RISs) can be used
in combination with UAVs with the aim to improve the commu-
nication performance without increasing complexity at the UAVs’
side. In this letter, we propose a synergetic UAV-RIS communi-
cation system, utilizing a UAV with a highly directional antenna
aiming to the RIS. The proposed scenario can be applied in all
air-to-ground RIS-assisted networks and numerical results illus-
trate that it is superior from the cases where the UAV utilizes
either an omnidirectional antenna or a highly directional antenna
aiming towards the ground node.

Index Terms—Reconfigurable intelligent surfaces, UAV, link
budget analysis, outage probability, average outage duration.

I. INTRODUCTION

ONE OF the major requirements for future wireless
communication networks is the effective integration of

unmanned aerial vehicles (UAVs) [1]. UAVs are envisioned
to be used in a twofold way, i.e., either as i) mobile equip-
ment for a vast number of operations including sensing and
monitoring or ii) as part of the network’s infrastructure for cov-
erage extension, traffic offloading in crowded environments,
and rapid recovery of the network services in cases of emer-
gency. In both use cases, the effective utilization of UAVs
depends on mainly two interrelated factors, the communication
performance, e.g., in terms of data rate, reliability, and latency,
as well as the UAVs’ flight time duration which is limited by
their battery capacity. Thus, it becomes of paramount impor-
tance to increase the communication quality-of-service (QoS),
without increasing the energy consumption at the UAVs. To
this end, UAVs can be used in combination with reconfig-
urable intelligent surfaces (RISs), which can facilitate the
signal beamforming through elements that can shift the phase
of the reflected signals [2], without increasing complexity
at the UAVs’ side in order to meet the requirements of the
aforementioned applications. A potential synergetic UAV-RIS
communication network could face the blockage problem effi-
ciently by exploiting the characteristics of UAV channels as
well as the passive beamforming gain achieved by RISs [3].
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Moreover, the utilization of RIS with UAVs has been exam-
ined as a possible way to achieve Ultra-Reliable Low Latency
Communications (URLLC) [4], [5].

Considering that a RIS will be a stable target with non-
negligible dimensions and high beamforming capabilities,
UAVs can directively transmit towards the RIS in order
to avoid applying complex signal processing algorithms for
beamforming towards the GN which would lead to energy
consumption increase and thus, restricting the UAVs’ function-
ality. The utilization of directional antennas in UAV-assisted
communications has been proved to enhance coverage, there-
fore a synergetic UAV-RIS system is expected to provide
better results [6]. Most of the UAV-RIS works however, uti-
lize UAVs equipped with omnidirectional antenna resulting in
increased beam waste which could be overcome with a highly
directional antenna steered towards the RIS [7]. Existing link
budget models though, do not adequately describe the losses
in the scenario where a highly directional antenna is steered
towards a RIS. Although the losses in RIS-aided communica-
tion systems in highly-directional millimeter wave links were
partially investigated in [8], the derived results may be proven
inaccurate in UAV communication scenarios where the UAV
can be arbitrarily located in the three-dimensional (3D) space.
This is due to the fact that the proposed model in [8] is based
on the assumptions that the radiation footprint and the RIS
axes and center always coincide and either the radiation foot-
print or the RIS is a subarea of each other. Moreover, to fully
investigate the potential of using UAVs and RISs in a syner-
getic way, except of the outage probability (OP), the temporal
variations of the outage also need to be taken into account.
These variations are characterized by the average outage dura-
tion (AOD), which is a second order statistics metric, also
known as average fade duration. The AOD is of paramount
importance for all communication systems and especially for
URLLC, because it facilitates the Markov modeling of wire-
less channels and determines the optimal packet length and
packet error rate [9]. Furthermore, the authors in [10] model
the RIS as a planar array, which cannot be utilized for the cal-
culation of the aforementioned metrics, since the end-to-end
channel is assumed to be free-space and the small-scale fading
is absent. Nevertheless, to the best of the authors’ knowl-
edge, the investigation of second order statistics has never
been attempted in the context of RIS-assisted communication
systems.

To address the aforementioned issues, in this letter, a syn-
ergetic UAV-RIS communication system is proposed and its
downlink performance is analyzed, utilizing a UAV with a
directional antenna aiming to the RIS. Specifically, we provide
a link budget analysis, deriving the average received signal
to noise ratio (SNR) as a function of the UAV’s position in
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Fig. 1. The synergetic UAV-RIS communication system’s layout.

the 3D space as well as closed-form expressions for both OP
and AOD. Furthermore, we provide numerical results which
illustrate the impact of the distance on the average received
SNR and the improved performance of the proposed syner-
getic network compared to the cases where either the UAV
is equipped with an omnidirectional antenna or the higlhy
directional antenna is steered towards the ground node (GN).
Finally, the boundaries of the area where the UAV is permitted
to hover into in order to ensure that the AOD is lower than a
predefined threshold are illustrated.

II. SYSTEM MODEL

We consider a communication network consisting of a
UAV, a RIS and a GN equipped with a single omnidirec-
tional antenna. The UAV is equipped with a highly-directional
antenna steered towards the RIS with beamwidth less than or
equal to 15◦ [8]. The antenna’s radiation pattern can be con-
sidered as a cone with fixed spreading angle and base lying
upon the RIS. Due to the antenna’s high directivity, no direct
link between the UAV and the GN exists as the GN is not illu-
minated from the antenna’s radiation pattern. This will stand,
either if the UAV-GN link is blocked or not. The UAV is
located at an arbitrary point (r , θ, φ), where r is the UAV-RIS
center distance, θ ∈ [0, π] is the elevation angle and φ ∈ [0, π]
is the azimuth angle. Moreover, the RIS is placed onto the
plane y = 0 and it is assumed that the UAV always aims to
a proper point K in order the radiation footprint’s center to
coincide with the RIS center C, which is considered as the
origin of the axes, as illustrated in Fig. 1. The points B and
D are the projection of the UAV on the plane z = 0 and the
projection of B on the x axis, respectively. In addition, φ′ can
be defined similarly to φ by replacing C with K. According
to the conic-section theory, the section of a cone and a rect-
angular plane is either a circle or an ellipse, thus the footprint
upon the RIS plane is also a circle or an ellipse [11]. Thus,
the transmitted signal from the UAV antenna impinges upon
the RIS which consists of N reflecting elements and then it is
reflected towards the GN.

The RIS acts as a passive beamformer which adjusts the
elements’ reflection coefficient phase and shapes the transmit-
ted signal in a desired way. However, as the transmission is
highly directional, the number of the reflecting elements inside
the radiation footprint, i.e., illuminated reflecting elements M,
may be less than the total number of the reflecting elements

N. Thus, the received signal at the GN, Y, can be expressed as

Y =
√

l0GPt

M∑

i=1

|Hi1||Hi2|e−j(ωi+arg(Hi1)+arg(Hi2))X +W , (1)

where X is the transmitted signal for which it is assumed that
E[|X |2] = 1 with E[·] and arg(·) denoting expectation and the
argument of a complex number, respectively. Also, Pt denotes
the transmit power, G = GtGr is the product of the UAV
and the GN antenna gains, and Hi1 and Hi2 are the complex
channel coefficients that correspond to the i-th UAV-RIS and
RIS-GN link, respectively. Moreover, W is the additive white
Gaussian noise, ωi is the phase correction term induced by
the i-th reflecting element, and l0 = l1l2 with l1 and l2 being
the path losses that correspond to the UAV-RIS and RIS-GN
links, respectively. More specifically, l1 equals to the fraction
of the reflecting element’s effective aperture to the radiation
footprint area and l2 can be modeled as l2 = C0(

du
d0

)−n , where
C0 denotes the reference path loss at the reference distance d0,
du denotes the distance of the RIS-GN link and n expresses
the path loss exponent [12]. Furthermore, it should be high-
lighted that due to the UAV’s highly directional antenna and
the UAV-RIS channel’s nature which corresponds to an air
to air channel, there is no fading in the UAV-RIS link, thus
|Hi1| = 1 and arg(Hi1) = 2πri

λ with λ being the carrier’s
frequency wavelength and ri the distance between the UAV
and the ith-reflecting element. Additionally, it is assumed that
|Hi2| is a random variable (RV) following the Nakagami-m
distribution with shape parameter m and spread parameter Ω,
which can describe accurately realistic communication sce-
narios characterized by severe or light fading. Also, each
reflecting element adjusts the phase perfectly in order to can-
cel the overall phase shift, i.e., ωi = −2πri

λ −arg(Hi2). Thus,
the received signal at the GN can be rewritten as

Y =
√
l0GPtHX +W , (2)

where H =
∑M

i=1|Hi2|. By utilizing [13], the system model
can be extended and describe the case where the phase correc-
tion term is not chosen perfectly thus, the overall phase shift
is not nullified.

III. PERFORMANCE ANALYSIS

In this section, we present the average received SNR, the OP
and the AOD for the proposed synergetic UAV-RIS system.

A. Link Budget Analysis

The instantaneous received SNR at the GN is given by

γr = l0Gγt |H |2, (3)

where γt = Pt
σ2 is the transmit SNR and σ2 denotes the

noise power. In (3), we need to determine the path loss l0 of
the proposed synergetic system and to investigate the channel
gain through the calculation of the number of the illuminated
elements. To this end, we first define

g(x ) =

∣∣∣∣
∣
r sin(φ) sin(θ)

tan(φ)
− r sin(φ) sin(θ)

tan
(
x + ξ

2

)

∣∣∣∣
∣

−
∣∣∣∣
∣
r sin(φ) sin(θ)

tan
(
x − ξ

2

) − r sin(φ) sin(θ)

tan(φ)

∣∣∣∣
∣
, (4)
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Fig. 2. Radiation footprint at plane y = 0 and UAV’s location at plane
y = r sin(θ) sin(φ).

where x ∈ [φ, π2 ] if φ ≤ π
2 and x ∈ (π2 , φ] if φ > π

2 .
In the following proposition, we provide the path loss of

the link between the UAV and the RIS.
Proposition 1: The path loss of the UAV-RIS link can be

expressed as

l1 =
S

πr2

⎛

⎝

∣
∣∣
∣∣
sin(φ) sin(θ)

tan(φ)
− sin(φ) sin(θ)

tan
(
φ′ + ξ

2

)

∣
∣∣
∣∣
tan

(
ξ

2

)⎞

⎠

−1

, (5)

where S denotes the effective aperture of the reflecting ele-
ment which equals to its area and φ′ can be calculated with
numerical methods as the root of g(φ′) = 0 .

Proof: See Appendix A.
After the calculation of the footprint area, considering the

position of the UAV, there can be five cases regarding the radi-
ation footprint and its intersection points with the RIS sides.
It should be highlighted that only the areas D1 and D2, which
are illustrated in Fig. 2, need to be calculated due to the geo-
metrical problem’s symmetry. Considering that x1, x2 and z1,
z2 are the intersection point pairs of the footprint with the lines
that define the upper and the right RIS sides, respectively, as
shown in Fig. 2, the cases are the following:

• C1: No intersection points exist, i.e., the footprint is
inside the RIS, thus no spillover losses exist.

• C2: Intersection points k1, k2 exist only in one RIS side
where k ∈ {x , z}.

• C3: All intersection points exist and are on the RIS sides.
• C4: All intersection points exist and only one of each

pair lies on the RIS side.
• C5: All intersection points exist and are beyond the RIS

sides, i.e., the RIS is inside the footprint, thus all the
reflecting elements are being illuminated.

By taking into account the aforementioned cases, in the
following proposition we provide the number of illuminated
reflecting elements as well as the spillover losses which cor-
respond to the radiation footprint parts that lay outside of the
RIS to calculate the average channel gain of the proposed
synergetic system. To this end, we first define EQV =
(t2−t1)α(ξ)β(ξ)

2 which expresses the area of an elliptic arc
which is defined by the origin and two points Q ≡ (m1,n1)
and V ≡ (m2,n2), where V is located counter-clockwise
related to Q [14]. Moreover, t1 is the angle that is shaped
with the major axis and the line that connects the origin
with Q and t2 is the angle that is shaped similarly with V.
These angles can be calculated as in [14, Table 1]. Finally,

TQV =
|m1n2−m2n1|

2 denotes a triangle area whose vertex
coincides with the origin and base is formed from the points
Q ≡ (m1,n1) and V ≡ (m2,n2) [14].

Proposition 2: The channel coefficient H can be approx-
imated with H̃ which follows the normal distribution with
parameters E[H̃ ] = M

Γ(m+ 1
2
)

Γ(m)
( Ωm )

1
2 and Var[H̃ ] = MΩ(1−

1
m (

Γ(m+ 1
2
)

Γ(m)
)2), where Γ(·) is the gamma function and M =

�Ef (1−J )

4α̂β̂
N � with

J =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, if C1
2(Ek1k2

−Tk1k2)
Ef

, if C2

2(Ex1x2−Tx1x2+Ez1z2−Tz1z2)
Ef

, if C3

2(Ez1x2−TRx2
−Tz1R)

Ef
, if C4

1− 4α̂β̂
Ef

, if C5

(6)

denoting the percentage of the footprint area which is lost due
to spillover losses and �·� being the floor operator.

Proof: See Appendix B.
Remark 1: Considering that H̃ follows the normal distribu-

tion, | H̃√
Var[H̃ ]

|2 is a RV following the non-central chi-square

distribution with one degree of freedom and non centrality

parameter equal to E
2[H̃ ]

Var[H̃ ]
, thus the average received SNR

can be calculated as

E[γr ] = l0Gγt

(
E
2[H̃ ] + Var[H̃ ]

)
. (7)

B. Outage Probability and Average Outage Duration

Next, we derive the OP, which is defined as the probabil-
ity that the instantaneous received SNR is below a specified
threshold, in order to evaluate the considered system’s relia-
bility. To this end, we set the parameter z =

√
γthr
l0Gγt

, where
γthr is the outage threshold value of the received SNR.

Corollary 1: The OP can be obtained as

Po(z ) =
1

2

⎡

⎣1 + erf

⎛

⎝ z − E[H̃ ]
√

2Var[H̃ ]

⎞

⎠

⎤

⎦, (8)

where erf(·) is the error function,
Proof: The OP is defined as

Po(z ) = Pr(γr ≤ γthr) = Pr(H ≤ z ). (9)

Considering the approximation H̃ which follows the normal
distribution, we can calculate the OP through the cumulative
density function and derive (8) which completes the proof.

In the following corollary, we provide the AOD which is
defined as the average time that the fading envelope remains
below a specified level after crossing that level in a downward
direction, characterizing the temporal variation of the outage
probability and is closely related to the system’s delay. The
AOD is calculated as the fraction of the outage probability at
a threshold z to the level crossing rate (LCR) at z which is
defined as the rate at which the received signal crosses the
threshold z in the negative direction.
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Fig. 3. (a) Average received SNR versus UAV-RIS distance r. (b) OP versus UAV-RIS distance r. (c) Hovering permitted area boundaries for AOD = 1 ms.

Corollary 2: The AOD can be calculated as

A(z ) =
2Po(z )

√
mVar[H̃ ]

e
− (z−E[H̃ ])2

2Var[H̃ ] fD
√
MΩ

, (10)

where fD is the maximum Doppler spread.
Proof: See Appendix C.

IV. SIMULATION RESULTS

In this section, we illustrate the performance of the proposed
synergetic UAV-RIS system and how it is affected by the
UAV-RIS distance. We examine two communication scenarios
which correspond to a LoS and a non-LoS (nLoS) scenario
between the RIS and the GN, where we set the shape param-
eter of the second link m = 3 for the first scenario and m = 1
for the second one and the spreading parameter Ω = 1 for both
cases. For the second link, we set C0 = −30 dB, d0 = 1 m,
du = 50 m and the path loss exponent n = 2.2 for both sce-
narios. Furthermore, we set the transmit SNR γt = 50 dB, the
threshold value γthr = 20 dB, the UAV’s highly directional
antenna spreading angle ξ = 15◦ as well as the azimuth angle
φ = π

2 , unless it is stated otherwise. Moreover, we set the RIS
dimensions as 2α̂ = 2 m and 2β̂ = 1 m and the number of the
reflecting elements N = 800 which are assumed to have square
area with sub-wavelength dimensions. It should be mentioned
that the inter-distance between the elements is assumed to be
0 and the mutual coupling between the reflecting elements is
neglected. Finally, we calculate the UAV’s highly directional
antenna gain as Gt =

29000
ξ2

[6], and considering that the GN
antenna is omnidirectional, we set Gr = 1.

Fig. 3a illustrates the impact of the UAV-RIS distance to
the average received SNR. As the distance increases, the aver-
age received SNR for the proposed scenario starts to increase
due to the fact that more reflecting elements are being illumi-
nated. However, after a certain distance the average received
SNR increase slower due to spillover losses. The reason why
the average received SNR continues to increase is due to
the fact that the illuminated elements keep increasing as the
UAV moves away from the RIS. When all the elements are
illuminated, the spillover losses continue to increase as the
distance r increases leading to rapid decrease of the average
received SNR. Moreover, to evaluate the performance of the
proposed synergetic network with directional transmission, the
average received SNR is compared with two benchmark sce-
narios where in the first one the UAV is equipped with an

omnidirectional antenna, i.e., Gt = 1, and the GN is served
from both RIS and directly from the UAV, and in the second
one the highly directional antenna is steered towards the GN
and no RIS is utilized. It should be highlighted that the UAV-
GN link for both benchmark scenarios is assumed to not be
affected by small-scale fading which is considered as the best
case scenario. Furthermore, the GN is located at the x = 0
plane as the RIS center and the UAV and forms an angle of
45◦ with the RIS center. Moreover, the path loss for UAV-RIS
and UAV-GN links in the first benchmark is expressed as l2
with C0 = Ae

4π and n = 2 where Ae ∈ {S , λ2

4π} for the UAV-
RIS and the UAV-GN link, respectively, while for the second
benchmark the path loss is given as λ2

4πE ′
f

, where E ′
f is the

radiation footprint that lays on the ground. The maximal aver-
age receiver SNR value of the proposed scenario is greater
than the one of the benchmark scenarios, even if the RIS-GN
link is characterized by Rayleigh fading, i.e., m = 1.

Fig. 3b depicts how the OP is affected from the UAV-RIS
distance. It can be observed that if m = 3 and θ = π

2 , i.e.,
the UAV is at the level of the RIS center, the UAV can ensure
low OP for distances up to 20 m. Thus, Fig. 3b demonstrates
that the cooperation of UAVs equipped with highly direc-
tional antennas and RIS can potentially provide ultra reliable
communications.

In Fig. 3c, we illustrate the area boundaries where the UAV
is permitted to hover into, in order to ensure that the AOD, is
less than 1 ms. Due to the randomness of the wireless envi-
ronment, the UAV can select a proper point in the hovering
permitted area in order to maintain the AOD below 1 ms as
well as the LoS link. The considered scenario is characterized
by low-mobility and, thus, a relatively small value of maxi-
mum Doppler spread, i.e., fD = 5 Hz, has been selected. As
θ diverges from π

2 or the required AOD value decreases, the
area that the UAV can hover into also decreases. Moreover the
fading conditions of the RIS-GN link can also affect the AOD.
Thus, in order to keep the AOD value low, the RIS should
be placed properly in order to ensure good fading conditions
between the RIS and the GN.

V. CONCLUSION

In this letter, we have proposed a synergetic UAV-RIS
system where a UAV equipped with a highly directional
antenna acts as an aerial communication node that serves a
GN with the aid of a RIS. Specifically, we have provided a
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link budget analysis deriving the average received SNR as a
function of the UAV’s position in the 3D space and numer-
ical results which illustrate the superiority of the proposed
system compared to two benchmark scenarios. Moreover, we
have derived closed-form expressions for both the OP and the
AOD which can be used to evaluate the system’s reliability and
latency. The derived performance metrics can also describe the
performance of the proposed synergetic UAV-RIS communica-
tion system in the multi-user case, considering an orthogonal
multiple access scheme, e.g., Time Division Multiple Access
(TDMA).

APPENDIX A
PROOF OF PROPOSITION 1

Let the UAV be in an arbitrary location (r , θ, φ) in the 3D
space. According to Friis’ formula for the received power in
the far-field free space case, the received power is equal to
the radiation pattern section that impinges upon the effec-
tive aperture of the receiver’s antenna. Thus, the path loss
of the UAV-RIS link l1 = S

Ef
where Ef = παβ is the radi-

ation footprint area with radii α and β. The ellipse’s major
radius can be calculated by utilizing the law of cosines as
α = (CD) − (ED) = | r sin(φ) sin(θ)

tan(φ)
− r sin(φ) sin(θ)

tan(φ′+ ξ
2
)

|. The

angle φ′ can be calculated numerically by equalizing the line
segments (CE) and (FC) as shown in Fig. 1 and considering
that g(φ′) = (CE) - (FC). As shown in Fig. 2, the points of
the major axis have elevation angle θ and azimuth angle 0
or π since they are located at the plane y = 0. Furthermore,
the first coordinate of the aiming point is calculated as (CD)
- (KD) as shown in Fig. 1, thus K ≡ (|r sin(θ) cos(φ) −
r sin(θ) sin(φ)

tan(φ′) |, θ, ς) with ς = 0 if φ ≤ π
2 or ς = π if φ > π

2 .
Moreover, the minor axis coincides with the base of the isosce-
les triangle with oppose angle ξ and height r, thus the minor
radius can be expressed as β = r tan( ξ2 ). After the calcula-
tion of the radii, we can calculate the radiation footprint area
Ef and the path loss of the UAV-RIS link l1 which concludes
the proof.

APPENDIX B
PROOF OF PROPOSITION 2

Due to the directional transmission, the incident power at
the RIS is equal to the percentage of the transmit power that
lays inside the RIS. Utilizing the lines that define the RIS
sides and the equation of a rotated ellipse which is given by
(x sin(θ)+y cos(θ))2

α2(ξ)
+

(x sin(θ)−y cos(θ))2

β2(ξ)
= 1, we can deter-

mine the intersection points x1, x2, z1 and z2. Considering
Fig. 2 and the different cases regarding the intersection points
of the radiation footprint with the RIS sides,the correspond-
ing arc areas and triangles are calculated. Next, the area
of the footprint that lies outside of the RIS is calculated
which enables the derivation of M. Since the UAV always
hovers in a location where a large number of reflecting ele-
ments is illuminated, i.e., M � 1, according to the central
limit theorem, H converges to a Gaussian distributed random
variable H̃ .

APPENDIX C
PROOF OF COROLLARY 2

The AOD is defined as [15] A(z ) =
Po(z )
L(z )

. For an arbi-
trary stationary differentiable random process x(t), the LCR is
given by L(z ) =

∫∞
−∞|ẋ |fX ,Ẋ (z , ẋ )dẋ , where ẋ is the first

derivative of x with respect to time and fX ,Ẋ (z , ẋ ) is the joint
probability density function (PDF) of x(t) and ẋ (t) at time
t [15]. Considering that H is a sum of M RVs following the
Nakagami-m distribution, the LCR can be expressed as L(z ) =

fH (z ) σẋ√
2π

, where σẋ = πfD

√
MΩ
m and fH (z ) denotes the

PDF of H [16]. Approximating fH (z ) with the PDF of H̃

which is given by fH̃ (z ) = 1√
2πVar[H̃ ]

e
− (z−E[H̃ ])2

2Var[H̃ ] , (10) is

derived, which completes the proof.
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