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Abstract—To compensate for severe blockages and achieve
flexible and pervasive network access, UAV-mounted RISs have
recently attracted research interest. In this work, a solar-powered
UAV-mounted RIS (SUR) system is investigated, where solar
cells are utilized to provide supplementary propulsion power. To
maximize the energy efficiency of the SUR system, the optimal
joint active and passive beamforming, as well as the energy-
constrained UAV trajectory, i.e., its velocity and placement, are
derived in closed form. Furthermore, subject to the size, weight,
and power limitations of the UAV, the number of reflecting
elements, the flying and hovering time of the SUR system are
also optimized. Finally, simulations are provided to demonstrate
the effectiveness of the proposed SUR system.

Index Terms—unmanned aerial vehicle (UAV), reconfigurable
intelligent surface (RIS), optimization, energy efficiency.

I. INTRODUCTION

One of the most important objectives in 6G networks is
the provision of seamless and ubiquitous wireless connectivity
with respect to the requirements of different services [1].
However, achieving this solely via terrestrial networks may
be costly and energy inefficient. In this direction, the use of
unmanned aerial vehicles (UAV) to supplement the terrestrial
communication systems, acting as aerial base stations (BSs),
has emerged as an enabler for three-dimensional (3D) network
deployment. Specifically, the advantages of aerial BSs include
the flexibility of network deployment based on the traffic con-
ditions and the required quality of service, as well as the estab-
lishment of pure line-of-sight (LoS) communication, due to the
unique characteristics of aerial-to-ground links [2]. However,
the use of aerial BSs is challenging, mainly due to UAV
fluctuations and the corresponding stringent energy limitations,
since the flight duration and communication capabilities are
constrained by the limited battery capacity. [3]. Hence, a novel
approach is required to further increase the energy efficiency
of UAV-assisted networks and provide reliable communication
regardless of any occurring UAV fluctuations.

A recently proposed idea is to control the wireless propa-
gation phenomenon through reconfigurable intelligent surfaces
(RISs) [4]. In more detail, RISs are programmable meta-
surfaces capable of realizing accurate manipulation of the
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impinging waves through the modification of their reflecting
elements’ reflection coefficient [5]. Therefore, by exploiting
a UAV-mounted RIS, flexible 3D network coverage can be
realized by placing an RIS wherever and whenever is needed
[6]. In this direction, a UAV-mounted RIS-assisted network
was first proposed in [7], where its superiority was shown
over a terrestrial RIS-aided system, while the authors in [8]
presented the benefits of UAV-mounted RISs for wireless
networks due to their flexibility. Interestingly, in [9], an energy
model that takes into account both UAV and RIS weights, as
well as the environmental and UAV’s kinematic conditions
was derived, while it was proven that there exists an optimal
RIS size that maximizes the number of collected data of an
IoT network. Considering the time-constrained nature of UAV-
assisted networks, a solar-powered UAV transmitter system
was investigated in [10] to extend the UAV’s flight duration.
However, to the best of the authors’ knowledge, no prior work
has simultaneously explored the effects of RIS and solar power
on a UAV-assisted system in terms of energy efficiency (EE) of
a UAV-mounted RIS system, considering its unique stringent
size, weight, and power (SWAP) limitations.

In this work, the utilization of a solar-powered UAV-
mounted RIS (SUR) is proposed for communication purposes,
where solar cells (SC) are used to provide supplemental
propulsion power. In more detail, the proposed SUR system is
a rotary-wing drone carrying an RIS and SC that introduces an
important trade-off between communication performance and
consumed energy. Specifically, the performance of the SUR-
assisted system is investigated and optimized in terms of EE,
while taking into account its stringent SWAP limitations. To
maximize the EE, the optimal active and passive beamforming
design, as well as the optimal UAV velocity and placement,
are derived, while obtaining an optimal number of reflecting
elements and SC area. Finally, simulations are provided to
verify the accuracy of the presented analysis and demonstrate
the effectiveness of a SUR-assisted system.

II. SYSTEM MODEL

In this work, a rotary-wing UAV, denoted by R is used at a
specific time instance to facilitate the information transmission
from a ground BS equipped with K antennas, denoted by S, to
a single-antenna ground user, denoted by D. To offer seamless
connection between S and D, it is assumed that R belongs in a
set of drones, which sequentially travel between two charging
stations, assuring that D is continuously served by exactly
one UAV. For the sake of notation simplicity, hereinafter, it
is assumed that the positions of the charging stations coincide
with the ones of S and D.

It should be mentioned that the considered scenario is
assumed to take place in a dense urban area, leading to the
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neglect of any direct links between S and D due to severe
terrestrial blockages. Furthermore, an RIS is mounted on the
UAY, in order to turn the active transmissions into passive
reflections, while SC are utilized to harvest solar energy and
store it into the UAV battery, thus increasing the UAV’s
available energy Ep.

A. Basic assumptions

Let the number of the RIS reflecting elements be equal to
N which are separated by an inter-distance dr. Considering
a uniform planar array RIS [11], its reflecting elements are
arranged properly to create a square area (i.e., N = M?) while
having sub-wavelength dimensions, i.e., spmu € [*/10,2/2],
where A is the utilized wavelength. Therefore, the RIS area
can be expressed as

Agis = (8mu + dr)* M2 9]

Considering the stringent SWAP limitations and the UAV
aerodynamics, we set the area of the RIS equal to the SC
area, i.e., Aris = Agc. Furthermore, as the area of the SUR
system is decided by the UAV’s main body and the carried
components (i.e., RIS, SC), the equivalent SUR area can be
expressed by

A = max{Agss, Asc, S}, 2)

where S denotes the UAV’s effective area and is defined as
S = 7r? with r being the rotor radius of the UAV [3].

To facilitate the path planning of the SUR-aided network,
a 3D Cartesian coordinate system is utilized to specify the
locations of the participating terminals, i.e., I,, € R3*! with
k = {S,R,D}. Therefore, the locations of the participating
nodes are assumed to be given as ls = (0,0,0), Ir(t) =
(R, YR, hr), and Ip = (xp,yp,0). It should be highlighted
that the SUR location (xR, yr) changes over time ¢, within its
trajectory. Therefore, the distance between two nodes can be
expressed in a compact form, given by

dm@’ = Hlﬁ - lﬁ’”? {Kv ’%l} € {S7R7D} (3)

Finally, we assume that the SUR flies at an altitude hgr
and takes a straight flight from S to D. For facilitating the
presentation, the 3D coordinates of node x can be written
as l, = [px,hx]- In more detail, it is assumed that the
presented communication network is based on the fly-hover-
communicate protocol, meaning that the SUR assists in the
S-D communication when it starts to hover [3].

B. Signal transmission
The received signal at D via the S-R-D link, considering
that the SUR is at hovering status, is given by

yp = VPshiip ®Hsrfsz + n, 4

where P, x, and n € CN(0,0?) denote the transmit power
at S, the unit-power transmitted signal, and the additive white
Gaussian noise with zero mean and variance o2, respectively.
In addition, © = diag(ae’?1, ..., ae/?N) denotes the induced
phase shifts by the RIS with o € [0,1] and ¢,, € (0,27
being the reflection amplitude and phase shift of the n-th
element, respectively. Furthermore, fs € CK*1 denotes the
transmit beamforming vector with ||fs||> = 1 [11], while the
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communication channels hf;, € C'*¥ and Hgg € CV*XK,
which are assumed to be LoS, can be described as
27d (5)
® {1 ej%(lwfl)sin(QD)sin(wD)}
and
2mdgR 27dR (0 1 Vsin(0 § T
Hon = /aare 0 5 [1’___’6—JT< ~1ysin( R>cos<WR)}
o T (6)
® [17 o eI B (lel)sin(GR)sin(wR):| a§7

where g, = fod_-° indicates the path loss factor with S

and ~( being the path loss at the reference distance dy = 1 m
and the path loss exponent, respectively, and ag € CE*! is
the transmit array response of S with ||ag||* = K. Finally, g
and wg denote the RIS elevation and azimuth angles of arrival,
fp and wp denote the RIS elevation and azimuth angles of
departure. Therefore, the achievable spectral efficiency (SE)
of the end-to-end SUR-assisted communication is given by

Ps
R = log, (1—|— =)

2
h{{p ©®Hsg fs ‘ ) [bps/Hz]. 0

C. Energy harvesting

By introducing SC on a UAV-mounted RIS, the flight
duration can be extended. Specifically, the flight duration is a
function of the power consumption which is mainly composed
of two parts, i.e., the communication-related energy (i.e., RIS)
and the propulsion energy cost (i.e., UAV motors) [3], [9]. It
should be highlighted that the RIS power consumption comes
from the reflection elements configuration circuitry, which is
in the order of micro-watts, thus it can be neglected [9].
Therefore, the power consumption of a UAV-mounted RIS
system is mainly affected by its flight mechanisms, thus the
total available energy at the SUR system is

Ey = Eg + (Tt + T) P, ®)

where P is the SC harvested power, which can be modeled
as Py, =¢&1 Agce P+ with ¢ and I being constants indicating
the SC efficiency and the solar radiation intensity, respectively.
Moreover, 35 > 0 represents the absorption coefficient of the
clouds, which is affected by the clouds’ altitude [10]. It is
noted that the SC harvested energy is proportional to their area.
However, SC should be designed according to the stringent
SWAP limitations of the SUR system, as shown in (2).

D. SUR Power Consumption
For a rotary-wing UAV with weight w that flies with speed
v, the propulsion power consumption can be modeled as [3]

3/2 . 1 3 2
Pr(v) = \L/Uﬁv + §Op7}3 +Ch (1 + UUQ )7 ©)
\“P/_/ S~—— !

parasitic power

induced power blade profile

where ¥ = \/\/1 + v* favt — v® /202 with p, vy, and v, being
the air density, the mean rotor induced velocity, and the
tip speed of the rotor blade, respectively [3]. Additionally,
Cp = ropsA and Cy, = %psAQ3r3 denote the constant of
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the parasitic status and the blade profile status, respectively,
where rg, s, o, and Q indicate the fuselage drag ratio, the
rotor solidity, the profile drag ratio, and the blade angular
velocity. Furthermore, the weight of the proposed SUR system
can be expressed as w = wy, + agAris + boAsc, where wy,
ag, and by denote the weight of the UAV, the densities per
unit area for the RIS and SC, respectively. Finally, the SUR
power consugnption for the hovering case, i.e., v = 0, is equal

to P, = % + C},, where it can be observed that for the
hovering case, the term of parasitic power does not affect the
SUR system.

III. SUR DESIGN

The utilization of a SUR system introduces an important
trade-off between communication performance and consumed
energy. Specifically, as the SC and RIS areas increase, the solar
harvested energy also increases, and the equivalent channel
conditions enhance. However, such an increase comes with
the disadvantage of larger power consumption, as the motors
need to consume more power to support the flight of the SUR
system due to the increased weight. Hence, the maximization
of EE is expected to balance the communication performance
and the UAV equipment.

In general, the energy efficient use of UAVs is a key
objective in the design of UAV-assisted networks [12]. To this
end, similarly to [12], we define the EE of the SUR system as
the fraction of the number of bits delivered at D to the energy
consumption of the SUR, i.e.,
TwBR

€= U
where B is the channel bandwidth, BR (bits/s) is the end-
to-end channel capacity, and U is the total consumed energy
taking into account energy harvesting, which consists of four
terms and is expressed as

T

U = Pf(v(t))dt + ThPh + ThPcirC
0

[bits/Joule], (10)

_(Tf+Th)PSC' (11)
————

harvested energy
energy for flying, hovering, and RIS circuitry

The first two terms correspond to the energy dissipation
needed for the SUR flying and hovering, while the last
term represents the harvested energy. Furthermore, P, =
N P, + P, denotes the power consumption of the RIS circuitry
with P, and P. being the consumed power by each reflecting
element and the RIS controller, respectively. The minus sign
in front of (T} + T},)Ps indicates that the increase of this
term has a positive impact on EE, which is in line with the
definition of EE used in [13].

Next, the aforementioned metric is maximized, by designing
the optimal flight strategy of the SUR-assisted system, for the
case where S and D have fixed locations and the fly-hover-
communicate protocol is used. Specifically, we design the
proposed SUR system in terms of maximizing £ with respect
to the system’s active/passive beamforming, i.e., fs, ©, the
optimal hovering position of the SUR, i.e., lg, the flying speed
v, the number of reflecting elements NV, the flying time 7}, and
the hovering time 73,. Thus, the aforementioned optimization
problem can be expressed as

(P1) :

max &
fg, ©,1lR, v, N, Ty, T

(12)
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st. Cp:lfs)? =1,
Csy: ¢n S [0,2’”], n= 17-'~7N7
Cs:ap € [071'D] , YR € [OvyD]v

Tt
C4 . / ’U(t)dt = dSD7
0

T
Cs : Pr(v(t))dt + Ty Py + Th Peire = Ev,

0
Ce : Aris = Asc.

Regarding (P1) constraints, C; denotes the power constraint
of the active beamforming design at S and D, while C,
describes the angle constraint of the reflection phase at R.
Furthermore, C3 and C,4 express the SUR departure and arrival
locations and the SUR traveling distance, while C5 ensures
that the SUR system utilizes the available energy to complete
its mission and land at D. Moreover, by substituting (8) into
Cs, it is evident that £ is always non-negative and can be
maximized when U = Eg. Finally, Cq restricts the size of the
SC and RIS, due to the SWAP limitations of the SUR system.

Thus, considering the uncoupled variables, the multi-
variable optimization problem (P1) with given dsp can be
solved by dividing it into the following disjoint sub-problems:
(i) in (P1.1), the maximal SE can be obtained with the optimal
active and passive beamforming, i.e., fg, ® constrained by
C; and C,, respectively, (i) in (P1.2), the optimal hovering
position of the SUR is obtained constrained by Cgs, and (iii)
in (P1.3), the SUR flying speed and the number of reflecting
elements can be optimized, with respect to C4, Cs and Cg
for fixed S and D locations. The corresponding solutions are
provided in the following subsections.

A. Joint Active & Passive Beamforming Design

By setting U = Ep, the optimization problem (P1) with
respect to the optimal beamforming design can be transformed
to the SE maximization problem, i.e.,

(P1.1): max R (13)
f5,©
s.t. Ci; — Ca.

In this direction, the optimal active beamforming vector
at S is f§ = “—; [11], thus the optimal passive beam-
forming design of the SUR system is given as ¢) =
—arg ([thLL [HSRfS]n) . To this end, the maximal SE is

(14)

. P.K(aNpo)* )
R =1 1 .
on: (14 G, = e 2 7
B. SUR Optimal Hovering Position
Subsequently, based on (14), the optimal horizontal place-

ment of the UAV leading to the minimum equivalent gain of
the channel loss is given by
(P1.2): min (h + [[pr — po|*)(h + [lpr — ps[*) (1)
PR
s.t. Cs.

Hence, a closed-form expression for the optimal location of
the SUR is provided in the following proposition.
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Proposition 1. The optimal horizontal position of the pre-
sented SUR system is given by

1 1 hx )2

-+, max|-—|+——) ,0 .

2 J (4 (npnu ) P
Proof: The proof can be omitted, since similar steps are

followed in [11]. [ |

C. SUR Trajectory Design

By taking into account the binary flying status of the SUR in
the fly-hover-communication protocol, (P1) with U = Ep can
be transformed into the maximization problem of the EE when
the SUR is in hovering status. Specifically, the aforementioned
problem can be expressed as

PR = 16)

(P1.3): max TwR" (17)
N, v, Ty, Ty,
s.t. Cyq— Cg.

Proposition 2. The optimal moving strategy for maximizing
the EE can be achieved with constant speed flight v. For the
optimal flying time, from Cy, T = ds% and, considering Cs,
the optimal hovering time is given by

G Pi(v)) %2
b Ph"'Pcirc_]Dsc ’

when Ep+ Py — P;(v)) 42 > 0 and (P, + Peive — Pac) > 0.

(18)

Proof: Cs can be further expressed as

T
Th(Pl1+Pcirc _Rc) :EB +TfF)sc - Pf('l)(t))dt
0 19)
(@) 1 [T
< Ep 4+ Tt Psc — Tt P (7 / ’l)(t) dt) s
T Jo

where step (a) is established by the convexity of P:(v(t))
with respect to v(t) > 0, thus the Jensen’s inequality can
be leveraged, which completes the proof. [ |
1) Optimal design of v with fixed N
Considering a fixed number of reflecting elements N and
the constraints in Proposition 2, the optimal design of speed
v can be transformed to the minimum-energy (ME) speed as

. (Pf(’l)) - PSC)dSD
Ume = argmin ————————
0<v<vmax v

(20)

It should be highlighted that the ME speed also denotes the
SUR system propulsion energy cost per unit traveling distance
[3]. Furthermore, an easily implemented approximation is
preferable to obtain vy, in a tractable closed-form expression,
as presented in the following proposition.

Proposition 3. The optimal ME speed is decided by the non-
complex and non-negative value of

=@ FR) £ (GFFR)? - 4B £ kxo)

me 9 21
(% ( )

here R — g2 -2 +204, p
w g 4p’ k = 9p2 + Yo, and o — ggycl)iog)

with p = % g = ‘37% and C{ = (Cy — Ps). Moreover,
1 r

Yo = (—q — A)F + (—q+ A)S, where A = /@ + m® with
2 2

_ fo*— _ 16f9—gCh _ w??yy
¢= " m=TqgE s and f=T500
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Proof: By applying the Taylor expansion, the propulsion
power consumption in (9) with v # 0 can be given as

Pr(v) ~ pv® + gv* + Cyp + hv ™!, (22)

w3/ 2w,

where h = =¢. By substituting (22) into (20), vme can
be obtained by setting its first order derivative equal to zero,
ie., 2pv+ g — C{av*2 —2h 3% =0. Eventually, the proof is
completed by means of the Ferrari-Cardano method [14]. ®
2) Joint Optimization of N and v
Next, the joint optimization of N and v is considered in
this subsection. Specifically, by substituting (18) and (14) into
(P1.3), the objective optimization can be transformed into a
multivariate optimization problem as
min f(N,v),
where f(N,v) = —T;*(N,v)R*(N) with N > 0 and v > 0.
Herein, (2) can be rewritten as A = MArs=51 %.
First, to obtain the optimal variables in %23), a direct solution
is to let the partial derivation as V  f(N,v) and V, f(N,v).
Although f(N,v) is differentiable over N and v, it is still
hard to obtain the closed-form expression for the stationary
points corresponding to V f(N,v) =0 and V, f(N,v) = 0.
Thus, to tackle this unconstrained non-convex problem and
mitigate persistent oscillations of the conventional gradient
descent scheme, a momentum term can be introduced to ac-
cumulate the gradients from previous iterations and accelerate
the training in a more relevant direction. Therefore, it stands

(23)

dytt = yd{ + Vin(N,0), (24)
N(i+1) _ N(i) _ Ud%+1), (25)
A = 4d) + V£, (N, 0), (26)
U(i+1) _ ,U(i) _ de;i) 27

with dgf,H) and dq(fH) being the momentum term. Also, 7y
is the momentum-related attenuation factor and 7 denotes the
learning rate. Based on the above steps, an overall diagram of
the solution to (P1) is summarized in Algorithm 1.

Lemma 1. With i — oo, the sequence { NV v} generated
by the momentum gradient descent (MGD) converges to a
stationary point {N*,v*} of problem (P1.3).

Proof: First, f(N,v) in (P1.3) is non-convex but dif-
ferentiable over N and v in its feasible region. With fixed
N, for {vi,v2} € (0,vVmax], there exists L; > 0 to meet
Vo f(N,v1) = Vi f(N,v2)] < Lq|lv1 — v2| and a similar
result for N can be extracted by fixing v € S. Thus, the
gradient of f(V,v) in (P1.3) is Lipschitz continuous in its
bounded region, hence, according to the Lyapunov direct
method utilized in [15], the sequence {N*, v*} generated by
the MGD converges to a stationary point. [ ]

IV. SIMULATION

In this section, numerical results for the SUR system are
provided to validate the effectiveness of SC, considering the
UAV-mounted RIS system without SC as a benchmark. Unless
otherwise stated, the system parameters are given in Table L.

In Fig. 1, assuming that Agc = &, the energy consumption
for the SUR flight, i.e., (Ff —7Fc)/v, versus its horizontal
speed v is plotted. For ease of description, we indicate
AP; = Pt — 7Py in the figure, where 7 = {0, 1} indicates the
cases without (wo.) or with (w.) SC, respectively. As it can be
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Fig. 1: Propulsion consumption versus UAV
speed.

Algorithm 1 SUR Design

Input: K, as, dsp, th, Hsr N(O), 0@ and i = 0;

Output: £7;

update f3 %, ¢ = —arg ([th}n [Hsrfs],):

update pg; using (16), Ty using (18);

Repeat
update N+ according to (24) and (25);
update Plany according to (26) and (27);
update ¢ < ¢ + 1;

Until meeting the stopping criteria.

TABLE I: Simulation parameters.

Parameter Value || Parameter Value || Parameter Value
A 0.125 m P 1.225 kg/m? Bs 0.7
vo 4.03 m/s Uy 120 m/s T 05 m
hr 50 m 0 0.6 s 0.05
op 0.012 Q 300 rad/s ) 2

Ps/a? 30 dB Ep 50 kJ 134 0.5 x 1367 W/m?

dr A/10 Somm A5 o 1
wa 50 N ao 30 N/m? bo 10 N/m?
Bo 2 K 16 B 1 MHz
Py 2 pW P, 50 mW

observed, the calculated power consumption in (22) approxi-
mates well the actual power consumption, especially for larger
v values. To find the speed that achieves the minimum energy
consumption as shown in (20), an exhaustive search of vy, is
performed to verify the accuracy of Proposition 3. Moreover,
considering the effect of SC, at the same flight speed, the
SUR can provide communication for a longer duration and
consume less propulsion energy compared with the UAV-
mounted RIS case. Specifically, taking the optimal UAV speed,
the effect of SC in the SUR system can save the propulsion
consumption by approximately 30%, while the communication
time can be almost doubled. Also, two auxiliary lines are
plotted to demonstrate that the obtained vy, corresponds to the
maximum 73, which further explores the relationship between
Propositions 2 and 3.

Regarding the joint optimization of the reflecting elements
and the UAV speed, which aims at maximizing the EE within
the UAV’s trajectory, Fig. 2 is presented to illustrate the joint
effect of N and v on T} R* for the cases of a SUR system. It
can be observed that compared with the UAV-mounted RIS,
a SUR system can increase the EE, since additional energy
is provided through the mounted SC which can support the
utilization of more RIS elements. Specifically, with the optimal
setting, the SUR can achieve almost double EE.

To further explore the efficiency of the MGD-based algo-
rithm, in Fig. 3, the convergence of Algorithm 1 is illustrated.
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Fig. 3: EE versus iteration number.

Moreover, Fig. 3 illustrates the impact of v on the convergence
rate, and specifically, -~y 0.4 and presents the largest
convergence rate for the SUR case, while v = 0.5 is the
optimal value for a UAV-mounted RIS.
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