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Abstract—In this paper, the problem of the deployment and
resource management for visible light communication (VLC)-
enabled, reconfigurable intelligent surfaces (RISs)-assisted un-
manned aerial vehicle (UAV) networks is investigated. In the
considered model, UAVs provide terrestrial users with wireless
services and illumination simultaneously. Moreover, RISs are
utilized to further improve the channel quality between UAVs and
users. This joint placement and resource management problem
is constructed aiming at acquiring the optimal UAV deployment,
RISs phase shift, user and RIS association that satisfies the
users’ needs with minimum consumption of the UAVs’ energy.
An iterative algorithm that alternately optimizes continuous
and binary variables is proposed to solve this mixed-integer
programming problem. Specifically, RISs phase shift optimization
is solved by phases alignment method and semidefinite program
algorithm. Next, the successive convex approximation algorithm
is proposed to settle the UAV deployment problem. The user
and RIS association variables are relaxed to the continuous ones
before adopting the dual method to find the optimal solution.
Moreover, a greedy algorithm is proposed as an alternative to RIS
association optimization with low complexity. Simulation results
show that the proposed two schemes harvest the superior per-
formance of 34.85% and 32.11% energy consumption reduction
over the case without RIS, respectively.

Index Terms—Visible light communication, unmanned aerial
vehicles, reconfigurable intelligent surfaces, energy efficiency.

I. INTRODUCTION

Nowadays, mobile applications such as mobile health com-
puting, mobile object recognition and extended reality are
emerging with the development of novel science and tech-
nology such as visible light communication (VLC) [1] and
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unmanned aerial vehicle (UAV) [2]–[5]. Their requirements for
extremely high data rate, high quality-of-service (QoS), and
ultra-low latency are driving the revolution of mobile wireless
networks [6]–[8]. Fortunately, the reconfigurable intelligent
surfaces (RISs), or intelligent reflecting surfaces (IRSs), can
improve spectrum and energy efficiency in wireless systems
[9]–[11] by reflecting the signals without any signal processing
operations [12]. Phase shift needs to be elaborately optimized
on RIS for a certain communication purpose. However, prob-
lems of phase shift optimization is particular challenging in
considered UAV communication systems, since the phase shift
of RIS has relations with the UAV placement as well.

Recently, a number of existing literature such as [13]–[28]
have focused on the use of RISs in wireless communication.
The maximum weighted sum-rate in RIS-assisted multi-cell
networks was investigated in [13]. The coverage of a downlink
RIS-aided network that consists of one base station (BS) and
a single user was analyzed and maximized in [14]. The work
in [15] optimized the resource allocation in a network that
consists of a RIS-assisted wireless transmitter and multiple
receivers. The joint design of transmit beamforming matrix
at the base station and the phase shift matrix at the RIS
was studied in [16], by utilizing deep reinforcement learning
(DRL). The property of RIS-assisted nonorthogonal-multiple-
access (NOMA) system has been analyzed in [17]–[21]. The
aforementioned works in [13]–[23] studied the applications of
RISs in radio frequency (RF) communication. Meanwhile, the
works [24] and [24]–[28] studied the applications of RISs in
terahertz (THz) band and millimeter wave band, respectively.
However, none of these existing works including [13]–[28]
studied the use of RISs for VLC system.

Thanks to the advantage of tremendous bandwidth, VLC
is a promising paradigm to remedy the problem of spectrum
resource shortage in the next generation wireless networks
[29]–[31]. Besides, VLC has other advantages over RF with
regards to excellent energy efficiency, no health hazards and
so on [32], [33]. Moreover, compared with RIS-aided RF,
RIS-aided VLC can provide communications and illumination
simultaneously. However, the transmitted signals shall be real
and non-negative in VLC, thus the signal process in VLC is
far different from that in RF. Therefore, the aforementioned
conventional methods in RIS-aided RF [13]–[15], [17]–[28]
can not be directly employed in VLC due to its unique
characteristics.

It is well known that VLC is usually applicable to indoor
scenarios. Nevertheless, one can use UAVs to offer both
communications and illumination to terrestrial users in order to
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enable VLC to be utilized in outdoor scenarios since UAVs can
fly to proximity of users [4], [5]. In fact, deploying UAVs as
flying BSs for wireless networks is a flexible and cost-effective
approach to providing on-demand communications. However,
for tomorrow’s ultra dense wireless networks, UAVs deployed
as aerial BSs using RF will interfere with ground devices thus
significantly affecting the performance of the ground network.
In addition, the limited energy will restrict the applicability of
UAVs using RF resource to provide high-speed communication
services for ground users. These challenges can be addressed
by equipping UAVs with VLC capabilities. Indeed, a VLC
system that uses light-emitting diodes (LEDs) to transmit wire-
less signals can provide both illumination and communication
services. Moreover, the altitude of the UAVs increases the
probability of LoS channel for VLC. Therefore, using VLC
can be a promising approach to provide energy-efficient UAV
communications with sufficiently available bandwidth for use
cases, such as midnight in the disaster area. A lot of existing
works has studied the problems related VLC-enabled UAVs.
Particularly, in [34] the power consumption of VLC-enabled
UAVs that must provide communications and illumination is
optimized. Authors in [35] utilized machine learning (ML)
technology to predict the illumination requirements of users
for purpose of optimizing the deployment of the VLC-enabled
UAVs. The use of NOMA techniques for VLC-enabled UAVs
to achieve the maximum sum rate of users was investigated in
[36]. However, the optical wireless channel (OWC) consists of
Line-of-Sight (LoS) channel, which represents the rectilinear
propagation between transmitter and receiver, and Non-Line-
of-Sight (NLoS) channel, which fades severely during the
propagation via reflection, scattering and so on [37], [38].
In outdoor scenario, there exists a lot of obstacles such as
buildings, large billboard and even trees. With the help of RIS,
a UAV-RIS-user link which consists of two LoS sublinks can
be constructed even there exists obstacles between UAV and
terrestrial users.

Motivated by this, a novel framework that enables the UAVs
to jointly use RISs and VLC to serve terrestrial users in
regards to energy efficiency is proposed in this paper. The
key contributions are listed as follows:

• We propose a novel VLC-enabled, RISs-assisted UAV
communication system to achieve higher energy effi-
ciency. Within this system, UAVs offer wireless services
and illumination simultaneously to terrestrial users. Mul-
tiple RISs are deployed to construct additional RISs-
reflecting links. With the help of RISs, the channels
quality between UAVs and terrestrial users is improved,
and thus higher energy efficiency is achieved.

• To coordinate the operations on UAVs and RISs for
optimal energy efficiency, the problem of joint placement
and resource management is studied. In particular, this
problem is constructed as an optimization framework
aiming to acquire the optimal UAV deployment, RIS
phase shift, user and RIS association, while the con-
straints of traffic rate and illumination requirements need
to be satisfied.

• A novel, low-complexity algorithm that alternately opti-

mizes UAV deployment, phase shifts of RISs, user and
RIS association is proposed. In particular, first, the opti-
mizations of RISs phase shift in two application scenarios
are solved by phases alignment method and semidefinite
program (SDP) algorithm, respectively. Then, the non-
convex UAV deployment problem is transformed into a
series of convex subproblems through successive convex
approximation (SCA) method. Besides, the user and RIS
association problem is solved by using relaxation and
dual techniques. Finally, we propose a greedy algorithm
as an alternative to RIS association optimization with low
complexity.

Simulation results show that the gaps between the proposed
schemes and the global optimal scheme are small, which
indicates that the proposed schemes approach the optimal
solution. Besides, our proposed two schemes can yield 34.85%
and 32.11% energy consumption reduction over the case
without RIS, respectively, which shows that RIS can effec-
tively enhance the channel gains between UAVs and users.
From simulations, we can also find that the optimal locations
of UAVs are surrounded by its associated users and RISs.
Furthermore, a small number of users who are distant from
most users are served by an individual UAV, which can reduce
the total transmit power significantly. Moreover, each RIS is
associated with the closest UAV among all UAVs due to the
short distance between UAV and RIS can enhance the channel
gains between UAV and terrestrial users, thus reducing the
transmit power.

The rest of this paper is structured as follows. Section II
elaborates the system model and problem formulation. The
proposed algorithms that alternately optimize UAV deploy-
ment, phase shifts of RISs, user and RIS association are
rendered in Section III. Simulation results are represented in
Section IV. Section V draws the conclusions.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider a geographical area A where a set U of U
terrestrial users need downlink data and illumination service.
A VLC-enabled UAV network which includes a set D of D
UAVs, and a set L of L RISs is deployed to serve such service
needs, as shown in Fig. 1. In this network, each UAV can
provide terrestrial users with communication and illumination
simultaneously.1 For communication service, each UAV can
directly transmit the data to the requested terrestrial users or
it can transmit the data to RISs that will reflect the data to
the terrestrial users. Assume that each UAV can only serve
terrestrial users until it flies into the view (communication
range) of the target users.2 Thereinafter, we use aerial area

1Note that the considered model is especially applicable to some emergency
scenarios, such as disaster relief scenes.

2The differences between UAVs and ground base stations lie in mainly two
aspects. Firstly, the location of ground base station is usually fixed once it is
deployed. However, UAVs can be flexibly deployed due to their unique flying
characteristics. Secondly, conventional base stations are usually deployed on
the ground while UAVs can fly on the air to provide service for users.
This results in the difference of the channels between UAV networks and
convention ground networks as the probability of LoS links in UAV network
is much higher than that in ground networks. Therefore, UAVs is more suitable
to the dynamic scenarios with user mobility and emergency scenarios.
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Fig. 1: The architecture of VLC-enabled UAV multi-cell
networks with RISs assisted.

to represent the area that falls within the service coverage of
one UAV. Moreover, in our network, the rotary-wing UAV is
considered. The UAVs will, with a steady speed, travel across
the aerial area in a steady straight-and-level flight (SLF), and,
then, hover over the aerial area with a steady circular flight
(SCF) to to serve the users. Thus, the UAVs can be regarded
as static aerial base stations during wireless transmission.3

A. Transmission Model

The location of ground user j ∈ U is denoted by
(vj , wj , 0) ∈ A. And the location of UAV i ∈ D is denoted
by (xi, yi, H), in which H is the altitude of each UAV and is
assumed to be identical and fixed for all UAVs. As shown in
Fig. 2, the RISs are deployed on the buildings. The location of
RIS l is denoted by (al, bl, zR). Without loss of generality, the
height of all RISs is assumed to be the same. We consider the
user association among multiple UAVs and users. Specifically,
denote uij as the association between UAV i and ground user
j. If uij = 1, ground user j is served by UAV i; otherwise,
uij = 0. Since each ground user can be served by only one
UAV, we have the following equation∑

i∈D
uij = 1, ∀j ∈ U . (1)

In our model, we consider two types of data transmission links:
1) UAV-users, i.e., the direct line of sight (LoS) link; 2) UAV-
RIS-users, i.e., RIS-reflecting link.

1) Direct LoS link channel model: The direct LoS link
channel gain between UAV i and user j can be expressed
by

hLoS
ij =

{
(k+1)A
2πd2

ij
cosk(ϕij)g(φij) cos(φij), 0 ≤ φij ≤ Ψc,

0, φij>Ψc,
(2)

where k = − ln 2
ln cos(Φ 1

2
) denotes the Lambertian emission order

with Φ 1
2

being the semi angle at half-power of the transmitter.
A represents the physical area of the PD in each receiver and

3In fact, we have to optimize UAVs’ locations at each time slot in the actual
scenario. In other words, the locations of UAVs change at every time slot.
Therefore, UAVs in the considered model can be regarded as dynamic aerial
base stations while they remain static in the duration of each time slot.
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Fig. 2: An RIS-assisted VLC communication system.

dij represents the distance between UAV i and ground user
j. In (2), the light emission and incidence angle from UAV i
to ground user j are represented by ϕij and φij , respectively.
Besides, Ψc ≤ π/2 denotes the receiver’s field of view, and
the gain of the optical concentrator g(φij) is defined as

g(φij) =

{
n2

sin2(Ψc)
, 0 ≤ φij ≤ Ψc,

0, φij>Ψc,
(3)

where n denotes internal reflective index.
2) RIS-reflecting link channel model: For tractability, let

mil denote the association chance between UAV i and RIS
l, such that if RIS l is in the aerial area of UAV i, we have
mil = 1; otherwise, mil = 0. Since each RIS can be located
in only one UAV’s aerial area, then we have the following
equation ∑

i∈D
mil = 1, ∀l ∈ L. (4)

Assuming that all the RISs are furnished with a uniform
linear array (ULA) of M reflecting elements as well as a
controller to intelligently adjust the phase shifts of reflecting
elements with the aid of channel estimation and backhaul
links.4 Denoting Θl = diag{ejθl1 , · · · , ejθlm , · · · , ejθlM } as
the diagonal phase-shift matrix for RIS l, where θlm ∈
[0, 2π), l ∈ L,m ∈ M = {1, 2, · · · ,M} is the phase shift
of the i-th reflecting element of RIS l, and the phase shift θlm
is assumed to be continuously controllable.

Assuming the links between the UAV to the RIS (U-R link)
and the links between the RIS to the ground user (R-G link)
are both LoS channels. Hence, the channel gain of the U-R
link between UAV i and RIS l, denoted by hUR

il ∈ CM×1, is
given by

hUR
il = hLoS

il [1, e−j 2π
λ dϑil , . . . , e−j 2π

λ (M−1)dϑil ]T , (5)

where the vector is the array response of a M -element ULA,
ϑil =

al−xi

dil
represents the cosine of the angle of arrival (AoA)

of the signal from UAV i to the ULA at RIS l, the antenna

4The proposed algorithm can also be extended to the scenario in which each
RIS is equipped with uniform rectangular array (URA) according to reference
[39]. Without loss of generality, we investigate the scenario where each RIS
is equipped with ULA in this paper.

Authorized licensed use limited to: University College London. Downloaded on May 09,2022 at 11:52:14 UTC from IEEE Xplore.  Restrictions apply. 



1536-1276 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2022.3165853, IEEE
Transactions on Wireless Communications

4

separation and the carrier wavelength are represented by d and
λ, respectively, dil represents the distance between UAV i and
RIS l. In (5), hLoS

il represents the path loss of the U-R link
which can be given based on the Lambertian emission model

hLoS
il =

{
(k+1)A
2πd2

il
cosk(ϕil)g(φil) cos(φil), 0 ≤ φil ≤ Ψc,

0, φil>Ψc,
(6)

where ϕil and φil represent the light emission and incidence
angle from UAV i to RIS l, respectively.

Similarly, the channel gain of the R-G link between RIS l
and ground user j, denoted by hRG

lj ∈ CM×1, is given by

hRG
lj = hLoS

lj [1, e−j 2π
λ dϑlj , . . . , e−j 2π

λ (M−1)dϑlj ]T , (7)

where ϑlj =
vj−al

dlj
represents the cosine of the angle of

departure (AoD) of the signal from RIS l to ground user j,
dlj represents the distance between RIS l and ground user j,
hLoS
lj represents the path loss of the R-G link which can also

be expressed according to the Lambertian emission model

hLoS
lj =

{
(k+1)A
2πd2

lj
cosk(ϕlj)g(φlj) cos(φlj), 0 ≤ φlj ≤ Ψc,

0, φlj>Ψc,
(8)

where ϕlj and φlj represent the light emission and incidence
angle from RIS l to ground user j, respectively.

After obtaining the channel gains of both the LoS links and
the RIS-reflecting links, we further define the total channel
gain as the sum of channel gain of LoS link and that of all
the RIS-reflecting links. Mathematically, the total channel gain
between UAV i and user j can be formulated by

hj(qi) =

∣∣∣∣∣hLoS
ij +

L∑
l=1

mil(h
RG
lj )HΘlh

UR
il

∣∣∣∣∣ , (9)

where qi = (xi, yi) represents the horizontal position of UAV
i.

Considering that when terrestrial users are served by UAVs,
they are all static, and the mobility and hovering energy
consumption of all the UAVs is not taken into account in
this paper. In our system model5, multiple energy-constrained
UAVs seek to find optimal deployment and resource allocation
schemes that minimize their energy consumption on serving
the requested downlink data requests.

B. Problem Formulation
Next, we first analyze the service requests and energy

constraints in the system. Assuming the UAVs provide multi-
cell channels to all the terrestrial users, the required data rate
Rt for all the terrestrial users can be formulated by

1

2
log2

(
1 +

e

2π

(
ξPihj(qi)

nw

)2
)

≥ Rt, ∀i, j, (10)

5Note that at every decision slot, the locations of UAVs shall be optimized
to satisfy traffic and illumination requirements of users. The locations of UAVs
not only affect the optimization of RISs phase shift, but also determine user
and RIS association. Furthermore, due to the existence of RISs, there are two
types of data transmission links: the direct LoS link and RIS-reflecting link.
Hence, the considered system model is much more complicated than existing
works [35], [36], [40]–[43], which shows that the conventional method cannot
be directly applied to solve the problem associated to our system model.

where e is Euler number, ξ is illumination response factor of
transmitter, nw denotes the power of additive noise. In (10),
Pi represents the transmit power of UAV i. According to (10),
we obtain the minimum transmit power of UAV i that meets
the traffic rate demands of its serving users

Pi ≥
uijnw

√
2π
e (22Rt − 1)

ξhj(qi)
, ∀i, j. (11)

With respect to the illumination requirements of terrestrial
users served by UAV i, we have

ξPihj(qi) ≥ uijηj , ∀j ∈ U , (12)

where ηj represents the illumination demand of ground user
j.

Then, the joint deployment and resource allocation problem
can be formulated as6

min
qi,ui,mi,Θt,Pi

∑
i∈D

Pi, (13)

s.t. ξPihj(qi) ≥ uijηj , ∀i ∈ D,∀j ∈ U , (13a)

Pi ≥
uijnw

√
2π
e (22Rt − 1)

ξhj(qi)
, ∀i ∈ D,∀j ∈ U , (13b)∑

i∈D
uij = 1, ∀j ∈ U , (13c)∑

i∈D
mil = 1, ∀l ∈ L, (13d)

uij ,mil ∈ {0, 1}, ∀i ∈ D,∀j ∈ U ,∀l ∈ L, (13e)

∥qi − qk∥2 ≥ dmin, ∀i, k ∈ D, i ̸= k, (13f)

where ui = [ui1, ui2, . . . , uiU ] denotes the user association
vector of UAV i, mi = [mi1,mi2, . . . ,miL] denotes the RIS
association vector of UAV i, dmin is the predefined minimum
distance between any two UAVs, and Θt ∈ RL×M denotes
the phase shift matrix which is expressed as following:

Θt =


θ11 θ12 · · · θ1M
θ21 θ22 · · · θ2M

...
...

. . .
...

θL1 θL2 · · · θLM

 . (14)

In (13), the objective function denotes the sum transmit power
of all UAVs. Constraint (13a) represents the illumination
requirements of terrestrial users. The data requirement for each
ground user is given in (13b). Constraint (13c) indicates that
each ground user is served by at most one UAV. Each RIS
can be located in only one UAV’s aerial area as shown in
(13d). Constraint (13e) represents the value space of integer
variables. Constraint (13f) makes sure that the service areas
do not overlap with each other.

As can be seen, problem (13) is non-convex due to the
discrete user association and RIS association variables. Even

6When it comes to day time, the terrestrial users will only have commu-
nication requirements without illumination requirements. Through setting the
illumination requirements of users to zero, the new formulated optimization
problem (13) is applicable to the dark time. Besides, the algorithm proposed in
this paper is also efficient to solve this new problem. Therefore, our proposed
model and algorithm are also applicable to day time.

Authorized licensed use limited to: University College London. Downloaded on May 09,2022 at 11:52:14 UTC from IEEE Xplore.  Restrictions apply. 



1536-1276 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2022.3165853, IEEE
Transactions on Wireless Communications

5

for continuous variables, constraints (13a), (13b), and (13c)
are still non-convex. Therefore, problem (13) is a NP-hard
problem which is generally difficult to solve. Moreover, the
coupling relationship between RISs phase shift and RIS as-
sociation in total channel gain makes this problem more
intractable.7 To this end, an iterative algorithm is proposed
to tackle with this problem. In particular, first, the opti-
mizations of RISs phase shift in two application scenarios
are solved by phase alignment method and SDP algorithm,
respectively. Then, the non-convex UAV deployment problem
is transformed through SCA method to a convex problem. And
the problems of user and RIS association are solved using
relaxation and dual techniques. Finally, we propose a greedy
algorithm as an alternative to RIS association optimization
with low complexity. Through alternately optimizing contin-
uous and discrete variables, the solution of problem (13) can
be obtained in polynomial complexity as can be seen in the
next section.

III. PROPOSED JOINT UAV DEPLOYMENT, AND USER
ASSOCIATION SOLUTION

Next, we first introduce the proposed SDP and SCA-based
algorithm which optimizes the deployment of UAVs and
beamforming on RIS. Then, we explain how to use dual
method and greedy method to optimize the association in the
system.

A. Phase Shift Matrix Optimization and UAV Deployment

In this section, we optimize phase shift of RISs and UAV
deployment with fixed user association and RIS association.
Hence, the optimization problem (13) can be reduced to

min
qi,Θt,Pi

∑
i∈D

Pi, (15)

s.t. Pi ≥
Ajuij

hj(qi)
, ∀i ∈ D,∀j ∈ U , (15a)

∥qi − qk∥2 ≥ dmin, ∀i, k ∈ D, i ̸= k, (15b)

where Aj = max

{
ηj

ξ ,
nw

√
2π
e (22Rt−1)

ξ

}
. Due to the coupling

relationship between phase shift of RISs and UAV deployment
in the total channel gain, problem (15) can be settled in two
steps: passive beamforming and UAV deployment optimiza-
tion.

1) Passive Beamforming Optimization: Note that each UAV
can serve one or more users based on user association and the
algorithm for multi-user scenario [44] is far more complicated
than that for single-user scenario [43]. To further reduce the
computation complexity in passive beamforming optimization,
we divide this subproblem in two application scenarios: only
one user is associated with one UAV and more than one users
are associated with one UAV.

7The prevalent machine learning method can be adopted to solve this
problem, however, the large amount of labels to train neural network is not
easy to obtain. Besides, the methods in existing works [35], [36], [40]–[43]
can not be applied to solve this problem directly since the considered model
is much more complicated and we have more variables to optimize.

a) Only one user is associated with UAV i: In this case,
it is obviously that in order to maximize the received signal
strength, the phases of the received signal shall be aligned at
the ground user. Firstly, with fixed qi, the total channel gain
hj(qi) in (9) can be further expressed by

hj(qi) =

∣∣∣∣∣hLoS
ij +

∑
l∈Li

hLoS
lj hLoS

il

M∑
m=1

ej(θlm+ 2π
λ d(m−1)(ϑlj−ϑil))

∣∣∣∣∣ ,
(16)

where Li = {l ∈ L|mil = 1} denotes the set of RISs
associated with UAV i. Therefore, signals from different paths
are coherently combined at ground user j, i.e., θl1 = θl2 +
2π
λ d(ϑlj − ϑil) = · · · = θlM + 2π

λ d(M − 1)(ϑlj − ϑil) =
0,∀l ∈ Li, or re-expressed by

θlm =
2π(m− 1)d

λ
(ϑil − ϑlj) mod 2π, ∀l ∈ Li,∀m ∈ M.

(17)
That means the arriving signal’s phase of every element from
every associated RIS is the same for a ground user. In this way,
the received signal energy is maximized through the phase
alignment of received signals. Hence, hj(qi) can be further
written as

hj(qi) = hLoS
ij +M

∑
l∈Li

hLoS
lj hLoS

il , ∀i ∈ D,∀j ∈ U . (18)

b) More than one users are associated with UAV i:
When an UAV is serving more than one terrestrial users, the
aligned phase Θt will vary from one user to another if utilizing
phase alignment method, thus brings the trouble to tackle with
problem (15). With fixed ui, mi and qi in (15), the following
problem is formulated for each UAV i (i ∈ D):

min
θlm

l∈Li,m∈M

max
j∈Ui

A2
ju

2
ij∣∣∣hLoS

ij +
∑

l∈Li
(hRG

lj )HΘlhUR
il

∣∣∣2 ,
s.t. θlm ∈ [0, 2π), l ∈ Li,m ∈ M,

(19)

where Ui = {j ∈ U|uij = 1} denotes the set of terrestrial
users associated with UAV i. Problem (19) is a nonlinear
fractional programming which is equivalent to the following
problem:

min
θlm

l∈Li,m∈M

max
j∈Ui

−

∣∣∣hLoS
ij +

∑
l∈Li

(hRG
lj )HΘlh

UR
il

∣∣∣2
A2

ju
2
ij

,

s.t. θlm ∈ [0, 2π), l ∈ Li,m ∈ M.

(20)

To solve problem (20), we utilize semidefinite program (SDP)
algorithm. Denote zlm = e−jθlm , zl = [zl1, · · · , zlM ],∀l,m.
Then Zi ∈ C|Li|×M represents the matrix of all the zl
that satisfy l ∈ Li arranging in rows, where |Li| represents
the number of elements in set Li. The constraint in (20) is
equal to |zlm|2 = 1, l ∈ Li,m ∈ M. Through introducing
Φilj = diag((hRG

lj )H)hUR
il ∈ CM , (hRG

lj )HΘlh
UR
il can be

transformed to z∗
l Φilj . Then, problem (20) can be further

converted to

min
Zi

max
j∈Ui

− 1

A2
ju

2
ij

∣∣∣∣∣hLoS
ij +

∑
l∈Li

z∗
l Φilj

∣∣∣∣∣
2

,

s.t. |zlm|2 = 1, l ∈ Li,m ∈ M.

(21)
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Since hLoS
ij +

∑L
l=1 z

∗
l Φilj is a scalar, then we can obtain∣∣∣∣∣hLoS

ij +
L∑

l=1

z∗
l Φilj

∣∣∣∣∣
2

=(hLoS
ij +

L∑
l=1

z∗
l Φilj)

H(hLoS
ij +

L∑
l=1

z∗
l Φilj). (22)

Denote Φ
(o)(p)
ij = ΦiojΦ

H
ipj , Φ̂ioj = hLoS

ij Φioj , ∀o, p ∈ Li.
Problem (21) can be further expressed as

min
ẑi

max
j∈Ui

− 1

A2
ju

2
ij

(
(hLoS

ij )2 + ẑH
i Qij ẑi

)
, (23)

s.t. |[ẑi]n|2 = 1, n = 1, 2, · · · , |Li|M + 1, (23a)

where

Qij =


Φ

(1)(1)
ij Φ

(1)(2)
ij · · · Φ

(1)(|Li|)
ij Φ̂i1j

Φ
(2)(1)
ij Φ

(2)(2)
ij · · · Φ

(2)(|Li|)
ij Φ̂i2j

...
...

. . .
...

...
Φ

(|Li|)(1)
ij Φ

(|Li|)(2)
ij · · · Φ

(|Li|)(|Li|)
ij Φ̂i|Li|j

Φ̂H
i1j Φ̂H

i2j · · · Φ̂H
i|Li|j 0

 ,

(24)

ẑi =


zT
1
...

zT
|Li|
1

 ∈ C|Li|M+1. (25)

It can be inferred that ẑH
i Qij ẑi = tr(ẑH

i Qij ẑi) =
tr(Qij ẑiẑ

H
i ), where tr(·) denotes matrix trace. In or-

der to solve problem (23), we denote ẑiẑ
H
i as Ẑi ∈

C(|Li|M+1)×(|Li|M+1) and Ẑi shall satisfy Ẑi ⪰ 0 and
rank(Ẑi) = 1. Then, this rank-one constraint is relaxed to
construct a SDP problem

min
Ẑi

max
j∈Ui

− 1

A2
ju

2
ij

(
(hLoS

ij )2 + tr(QijẐi)
)
, (26)

s.t. [Ẑi]nn = 1, n = 1, 2, · · · , |Li|M + 1, (26a)

Ẑi ⪰ 0. (26b)

where (26) and (27) are linear, and the semi-definite constraint
(26) is also convex according to [45]. Therefore, problem (26)
is a standard convex problem, which can be effectively solved
by using the CVX toolbox. Having the obtained solution of
problem (26), we apply a rank-one approximation [45] on Ẑi

to obtain ẑi. Finally, Θt can be obtained.
2) UAV deployment optimization: We further optimize the

UAV deployment qi with fixed Θt. Since ∥qi − qk∥2 in
constraint (15b) is convex with respect to qi and qk, we
employ the first-order Taylor expansion to convert it into a
linear function with respect to qi and qk

∥qi − qk∥2 ≥ 2(q
(r)
i − q

(r)
k )T (qi − qk)− ∥q(r)

i − q
(r)
k ∥2,

∀i, k ∈ D, i ̸= k, (27)

where the superscript (r) represents the value at the previous
iteration. Denote

gr0(qi − qk) ≜ 2(q
(r)
i − q

(r)
k )T (qi − qk)− ∥q(r)

i − q
(r)
k ∥2,

(28)

which is a linear function with respect to qi and qk. Then,
substituting (28) into (15), problem (15) can be rewritten as

min
qi,Pi

∑
i∈D

Pi, (29)

s.t. Pi ≥
Ajuij

hj(qi)
, ∀i ∈ D,∀j ∈ U , (29a)

gr0(qi − qk) ≥ dmin, ∀i, k ∈ D, i ̸= k, (29b)

which is still non-convex due to the constraint (29a). To this
end, we first introduce a group of new variables ĥij ,∀i ∈
D,∀j ∈ U . Then, problem (29) can be further expressed as

min
qi,Pi,ĥij

∑
i∈D

Pi, (30)

s.t. Pi ≥
Ajuij

ĥij

, ∀i ∈ D,∀j ∈ U , (30a)

ĥij ≤ hj(qi), ∀i ∈ D,∀j ∈ U , (30b)
gr0(qi − qk) ≥ dmin, ∀i, k ∈ D, i ̸= k, (30c)

where (30a) is convex, but (30b) is non-convex. Substituting
(9) into (30b), we can obtain

ĥij ≤

∣∣∣∣∣hLoS
ij +

L∑
l=1

mil(h
RG
lj )HΘlh

UR
il

∣∣∣∣∣ =
∣∣∣∣∣hLoS

ij +
L∑

l=1

κ
(r)
ilj h

LoS
il

∣∣∣∣∣ ,
(31)

where κ
(r)
ilj is the coefficient of hLoS

il that can be approximated
by using the AoA of the signal at RIS at the previous iteration.
In (31), only hLoS

ij and hLoS
il are related with qi. Thus, we can

further introduce a new group of variables ĥLoS
ij , ĥLoS

il ,∀i, l, j
into problem (30)

min
qi,Pi,ĥij ,ĥLoS

ij ,ĥLoS
il

∑
i∈D

Pi, (32)

s.t. Pi ≥
Ajuij

ĥij

, ∀i ∈ D,∀j ∈ U , (32a)

ĥij ≤

∣∣∣∣∣ĥLoS
ij +

L∑
l=1

κ
(r)
ilj ĥ

LoS
il

∣∣∣∣∣ , ∀i ∈ D,∀j ∈ U , (32b)

gr0(qi − qk) ≥ dmin, ∀i, k ∈ D, i ̸= k, (32c)

ĥLoS
ij ≤ (k + 1)A

2πd2ij
cosk(ϕ

(r)
ij )g(φ

(r)
ij ) cos(φ

(r)
ij ),

∀i ∈ D,∀j ∈ U , (32d)

ĥLoS
il ≤ (k + 1)A

2πd2il
cosk(ϕ

(r)
il )g(φ

(r)
il ) cos(φ

(r)
il ),

∀i ∈ D,∀l ∈ L, (32e)

where ϕ
(r)
ij and φ

(r)
ij represent the emission and incidence

angle at the previous iteration, respectively. Due to constraints
(32b), (32d) and (32e) are still non-convex, we also use the
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first-order Taylor expansion method as that in (27). Then
problem (32) can be transformed into the following problem:

min
qi,Pi,ĥij ,ĥLoS

ij ,ĥLoS
il

∑
i∈D

Pi, (33)

s.t. Pi ≥
Ajuij

ĥij

, ∀i ∈ D,∀j ∈ U , (33a)

gr0(qi − qk) ≥ dmin, ∀i, k ∈ D, i ̸= k, (33b)

gr1(ĥ
LoS
ij , ĥLoS

il ) ≥ ĥ2
ij , ∀i ∈ D,∀j ∈ U , (33c)

gr2(ĥ
LoS
ij ) ≥ d2ij , ∀i ∈ D,∀j ∈ U , (33d)

gr3(ĥ
LoS
il ) ≥ d2il, ∀i ∈ D,∀l ∈ L, (33e)

where

gr1(ĥ
LoS
ij , ĥLoS

il ) = 2Re

{(
(ĥLoS

ij )(r) +
L∑

l=1

κ
(r)
ilj (ĥ

LoS
il )(r)

)∗

(
ĥLoS
ij +

L∑
l=1

κ
(r)
ilj ĥ

LoS
il

)}
−

∣∣∣∣∣(ĥLoS
ij )(r) +

L∑
l=1

κ
(r)
ilj (ĥ

LoS
il )(r)

∣∣∣∣∣
2

∀i ∈ D,∀j ∈ U , (34)

gr2(ĥ
LoS
ij ) =

(k + 1)A
[
2× (ĥLoS

ij )(r) − ĥLoS
ij

]
2π
(
(ĥLoS

ij )(r)
)2

× cosk(ϕ
(r)
ij )g(φ

(r)
ij ) cos(φ

(r)
ij ), ∀i ∈ D,∀j ∈ U ,

(35)

gr3(ĥ
LoS
il ) =

(k + 1)A
[
2× (ĥLoS

il )(r) − ĥLoS
il

]
2π
(
(ĥLoS

il )(r)
)2

× cosk(ϕ
(r)
il )g(φ

(r)
il ) cos(φ

(r)
il ), ∀i ∈ D,∀l ∈ D,

(36)

which are all linear functions with all the (·)(r) stands for
the value of (·) at the previous iteration. Problem (33) is now
convex which can be figured out the global optimal solution
by using CVX toolbox.

In summery, by the proposed SDP and SCA-based algo-
rithm, the deployment of UAVs and beamforming on RIS
are respectively optimized. However, to reach the optimal
communication performance, the optimization of user and RIS
association must be studied.

B. User Association and RIS Association Optimization

In this subsection, we introduce an optimal closed-form
solution that optimize the association in the system. In par-
ticular, we will optimize user association and RIS association

with fixed UAVs deployment and RISs beamforming. Thus,
the optimization problem (13) can be reduced to

min
ui,mi,Pi

∑
i∈D

Pi, (37)

s.t. Pi ≥
Ajuij

hj(qi)
, ∀i ∈ D,∀j ∈ U , (37a)∑

i∈D
uij = 1, ∀j ∈ U , (37b)∑

i∈D
mil = 1, ∀l ∈ L, (37c)

uij ,mil ∈ {0, 1}, ∀i ∈ D,∀j ∈ U ,∀l ∈ L. (37d)

Because of the coupling relationship between user association
and RIS association in (37a), problem (37) can be solved in
two steps: user association optimization and RIS association
optimization.

1) User Association Optimization: With fixed RIS Associ-
ation mi, we adopt the fractional relaxation method to make
this combinatorial problem tractable. In this case, ui can
take on any real value in [0, 1]. Thus, problem (37) can be
reformulated as

min
ui,Pi

∑
i∈D

Pi, (38)

s.t. Pi ≥
Ajuij

hj(qi)
, ∀i ∈ D,∀j ∈ U , (38a)∑

i∈D
uij = 1, ∀j ∈ U , (38b)

uij ≥ 0, ∀i ∈ D,∀j ∈ U , (38c)

which is a linear programming problem. And the dual problem
of (38) is given by

max
β

D(β), (39)

where

D(β) =


min
ui,Pi

L(ui, Pi,β),

s.t.
∑
i∈D

uij = 1, ∀j ∈ U ,

uij ≥ 0, ∀i ∈ D,∀j ∈ U ,

(40)

with

L(ui, Pi,β) =
∑
i∈D

Pi +
∑
i∈D

∑
j∈U

βij

(
Ajuij

hj(qi)
− Pi

)
, (41)

and β = {βij |∀i ∈ D,∀j ∈ U} is non-negative relaxation
variables with respect to (38a). In order to minimize this linear
objective function of (39), we set the smallest association
coefficient corresponding to the uij be 1 among all the UAVs
with the given ground user j. Hence, we can obtain the optimal
u∗
ij

u∗
ij =

1, if i = argmin
i∈D

βijAj

hj(qi)
,

0, otherwise.
(42)

If there are multiple indexes in satisfying argmini∈D
βijAj

hj(qi)
,

we can choose any one of them.
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To achieve the optimal P ∗
i from (40), we take the first

derivative with respect to Pi considering that (40) is a linear
problem with respect to Pi

∂L(ui, Pi,β)

∂Pi
= 1−

∑
j∈U

βij . (43)

Notice that the optimal P ∗
i = +∞ if 1 −

∑
j∈U βij<0. To

avoid that, we let
∑

j∈U βij ≤ 1. Then the optimal P ∗
i can be

obtained

P ∗
i = max

j∈U

Ajuij

hj(qi)
, ∀i ∈ D. (44)

The value of βij can be updated by the gradient method

βij =

[
β
(r)
ij + ρ

(
Aju

(r)
ij

hj(qi)
− P

(r)
i

)]+
, ∀i ∈ D,∀j ∈ U ,

(45)
where all the (·)(r) stands for the value of (·) at the previous
iteration, [a]+ = max(a, 0), and ρ is a dynamically positive
step-size factor. Since problem (38) is convex and Slater’s
condition is satisfied, strong duality between primal problem
(38) and dual problem (39) holds. Thus, the optimal u∗

i and P ∗
i

with fixed mi can be obtained through iteratively optimizing
primal variables and dual variables.

From (42), we can find that although the feasible range
of uij is relaxed to be continuous, the optimal solution to
problem (38) always satisfies the discrete constraint uij ∈
{0, 1},∀i ∈ D,∀j ∈ U . Hence, the relaxation of uij does
not lose optimality to the primal problem (38).

2) RIS Association Optimization: We now optimize RIS as-
sociation with fixed user association. In particular, we propose
two efficient algorithms, dual method and greedy algorithm,
to tackle RIS association problem.

a) Dual Method: First, we formulate the following op-
timization problem respect to mi:

min
mi,h̃ij ,Pi

∑
i∈D

Pi, (46)

s.t. Pi ≥
Ajuij

h̃ij

, ∀i ∈ D,∀j ∈ U , (46a)

h̃ij ≤

∣∣∣∣∣hLoS
ij +

L∑
l=1

mil(h
RG
lj )HΘlh

UR
il

∣∣∣∣∣ ,
∀i ∈ D,∀j ∈ U , (46b)∑

i∈D
mil = 1, ∀l ∈ L, (46c)

mil ∈ {0, 1}, ∀i ∈ D,∀l ∈ L, (46d)

where {h̃ij |∀i, j} is a group of new introduced variables.
Note that for the optimality of problem (46), constraint (46b)
will always hold with equality. Due to the non-convexity
of constraint (46b), we first rewrite the right hand side of
constraint (46b) due to the fact that mil ∈ {0, 1}∣∣∣∣∣hLoS

ij +
L∑

l=1

mil(h
RG
lj )HΘlh

UR
il

∣∣∣∣∣
2

= Cij0 +

L∑
l=1

Cijlmil +
L∑

l=2

l−1∑
v=1

Cijlvmilmiv, (47)

where Cij0, Cijl, Cijlv are the corresponding coefficients, i.e.,

Cij0 = (hLoS
ij )2,

Cijl = 2hLoS
ij Re{(hRG

lj )HΘlh
UR
il }+

∣∣(hRG
lj )HΘlh

UR
il

∣∣2 ,
Cijlv = 2Re{(hUR

il )HΘH
l hRG

lj (hRG
vj )HΘvh

UR
iv }. (48)

Due to the existence of quadratic terms in (47), we denote
milmiv as Eilv (∀i ∈ D,∀l, v ∈ L, l < v). Thus, Eilv must
satisfies

Eilv ≥ mil +miv − 1, 0 ≤ Eilv ≤ 1,

Eilv ≤ mil,miv, ∀i ∈ D,∀l, v ∈ L, l < v. (49)

Now, problem (46) can be reformulated as

min
mi,h̃ij ,Eilv,Pi

∑
i∈D

Pi, (50)

s.t. Pi ≥
Ajuij

h̃ij

, ∀i ∈ D,∀j ∈ U , (50a)

h̃2
ij ≤ Cij0 +

L∑
l=1

Cijlmil +

L∑
l=2

l−1∑
v=1

CijlvEilv,

∀i ∈ D,∀j ∈ U , (50b)
Eilv ≥ mil +miv − 1, 0 ≤ Eilv ≤ 1,

∀i ∈ D,∀l, v ∈ L, l < v, (50c)
Eilv ≤ mil,miv, ∀i ∈ D,∀l, v ∈ L, l < v, (50d)∑
i∈D

mil = 1, ∀l ∈ L, (50e)

mil ≥ 0, ∀i ∈ D,∀l ∈ L, (50f)

where we have relaxed the integer constraints (46d) with
mil ∈ [0, 1]. Thus, problem (50) becomes convex which can
be tracked by the dual method.

The dual problem of (50) is given by

max
τ ,γ,Γ

D̂(τ ,γ,Γ), (51)

where

D̂(τ ,γ,Γ) =



min
mi,h̃ij ,Eilv,Pi

L̂(mi, h̃ij , Eilv, Pi, τ ,γ,Γ),

s.t.
∑
i∈D

mil = 1, ∀l ∈ L,

mil ≥ 0, ∀i ∈ D,∀l ∈ L,
0 ≤ Eilv ≤ 1,∀i ∈ D,∀l, v ∈ L, l < v,

(52)

with

L̂(mi, h̃ij , Eilv, Pi, τ ,γ,Γ) =
∑
i∈D

Pi −
∑
i∈D

∑
j∈U

[
τij

(
Pi −

Ajuij

h̃ij

)]

−
∑
i∈D

∑
j∈U

[
γij

(
Cij0 +

L∑
l=1

Cijlmil +
L∑

l=2

l−1∑
v=1

CijlvEilv − h̃2
ij

)]

−
∑
i∈D

L∑
l=2

l−1∑
v=1

[Γ1ilv(Eilv −mil −miv + 1) + Γ2ilv(mil − Eilv)

+Γ3ilv(miv − Eilv)] , (53)
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and τ = {τij}, γ = {γij} and Γ = {Γ1ilv,Γ2ilv,Γ3ilv}
are non-negative Lagrange multipliers with respect to the
corresponding constraints in primal problem (50).

Similarly, to minimize the linear objective function in (52),
we set the positive coefficients corresponding to the Eilv be 0

E∗
ilv =

1, if Γ1ilv − Γ2ilv − Γ3ilv +
∑
j∈U

γijCijlv>0,

0, otherwise.
(54)

Due to the constraint
∑

i∈D mil = 1, ∀l ∈ L, we set the
smallest association coefficient corresponding to mil be 1
among all the UAVs with given RIS l

m∗
il =

{
1, if i = argmin

i∈D
Cil,

0, otherwise,
(55)

where

Cil =



−
∑
j∈U

γijCijl −
L∑

v=2

(Γ3ilv − Γ1ilv), if l = 1,

−
∑
j∈U

γijCijl −
l−1∑
v=1

(Γ2ilv − Γ1ilv)−
L∑

v=l+1

(Γ3ilv − Γ1ilv),

if 2 ≤ l ≤ L− 1,

−
∑
j∈U

γijCijl −
L−1∑
v=1

(Γ2ilv − Γ1ilv), if l = L.

(56)
The optimal RIS association (55) indicates that the RIS will
chose the optimal UAV to associate based on large value of
channel coefficient Cijl.

The optimal h̃ij can be achieved through setting the first
derivative of (53) with respect to h̃ij to 0

h̃ij =
3

√
τijAjuij

2γij
, ∀i ∈ D,∀j ∈ U . (57)

Therefore, the optimal P ∗
i ,∀i ∈ D takes the minimum value

that satisfies (50a).
The values of τ = {τij}, γ = {γij} and Γ =

{Γ1ilv,Γ2ilv,Γ3ilv} can be given by the sub-gradient method

τij =

[
τij − ρ

(
Pi −

Ajuij

h̃ij

)]+
, (58)

γij =

[
γij − ρ

(
Cij0 +

L∑
l=1

Cijlmil +
L∑

l=2

l−1∑
v=1

CijlvEilv − h̃2
ij

)]+
Γ1ilv = [Γ1ilv − ρ(Eilv −mil −miv + 1)]

+
,

Γ2ilv = [Γ2ilv − ρ(mil − Eilv)]
+,

Γ3ilv = [Γ3ilv − ρ(miv − Eilv)]
+.

Since problem (50) is convex and Slater’s condition is
satisfied, strong duality between primal problem (50) and dual
problem (51) holds. Therefore, we can obtain the optimal m∗

il

and P ∗
i with fixed uij through optimizing primal variables and

dual variables iteratively. From (55), we can find that although
the feasible range of uij is relaxed to be continuous, the
optimal solution to problem (46) always satisfies the discrete

Algorithm 1 Greedy Algorithm for RIS Association Optimiza-
tion
1: Input: user association ui, phase shift matrix Θt,UAV deploy-

ment qi.
2: Initialize: mil = 0,∀i ∈ D, ∀l ∈ L.
3: For l = 1 : 1 : L do
4: i∗ = argmini∈D

∑
i∈D Pi,

5: mi∗l = 1,
6: End
7: Output: RIS association mi.

Algorithm 2 Iterative Beamforming, Deployment, and Asso-
ciation Algorithm
1: Input: terrestrial users’ locations, altitude of UAV H , data rate

requirement Rt, illumination requirement ηj .
2: Initialize: ui, mi, qi.
3: repeat
4: Passive Beamforming Optimization Θt:

if Only one user is associated with UAV i:
then solve (17);

else:
then solve (26) using (25).

5: UAV deployment optimization qi:
Solve (33) using (28), (34)-(36).

6: User Association Optimization ui:
Solve (42)
Update β using (45).

7: RIS Association Optimization mi:
if using dual method:

then solve (17);
Solve (55) using (48), (56)
Update τ , γ, Γ using (54), (57), (58).

if using greedy algorithm:
then conduct Algorithm 1.

8: until the objective value (13) converges.
9: Output: ui, mi, qi, Θt.

constraint uij ∈ {0, 1},∀i ∈ D,∀j ∈ U . Hence, relaxation of
uij does not lose optimality to the primal problem (46).

b) Greedy Algorithm: To optimize the RIS association
with low complexity, we propose a greedy algorithm that op-
timizes the association at each RIS successively. In particular,
there is no RIS associated with any UAV at the beginning.
Then, step by step, one RIS is added and associated with one
UAV, for the best energy usage efficiency. This algorithm does
not terminate until all the L RISs are associated. The details
of our greedy algorithm are listed as Algorithm 1. Since the
greedy algorithm obtains the optimal association at each RIS
successively which cannot guarantee the global optimality of
all the RIS association, the outcome of this algorithm is a local
optimal solution.

C. Complexity and Analysis

We summarize the proposed algorithm to solve problem
(13) in Algorithm 2. The complexity of Algorithm 2 consists
of solving four subproblems: RISs phase shift subproblem,
UAV deployment subproblem, user association subproblem
and RIS association subproblem. For the RISs phase shift
optimization, we consider two situations: if only one user
is associated with UAV i, the complexity of calculating θlm
is O(LM) according to (17), otherwise, the complexity of

Authorized licensed use limited to: University College London. Downloaded on May 09,2022 at 11:52:14 UTC from IEEE Xplore.  Restrictions apply. 



1536-1276 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2022.3165853, IEEE
Transactions on Wireless Communications

10

solving an SDP optimization problem (26) is O
(
(LM + 1)3

)
.

For the UAV deployment optimization, we use SCA method
to tackle this sub-problem, the complexity at each iteration
is O(S2

1S2), where S1 = 2DU + DL + 3D denotes the
total number of variables and S2 = D(D−1)

2 + 3DU + DL
represents the total number of constraints. To solve the
UAV deployment problem, the number of iterations required
for SCA is O

(√
S1 log2(1/ϵ1)

)
, where ϵ1 is the accuracy

of SCA. And the complexity of UAV deployment can be
given by O(S2.5

1 S2 log2(1/ϵ1)). For the user association
optimization, the complexity of calculating (42) is O(DU).
The iteration number of the user association problem is
estimated by O(1/

√
ϵ2), where ϵ2 denotes the precision of

the dual method in this sub-problem. And the complexity
of user association is given by O(DU/

√
ϵ2). For the RIS

association optimization, in the case of using the dual
method, the complexity of calculating (55) is O(DL).
Besides, the iteration number until (50) converges can be
estimated as O(1/

√
ϵ3), where ϵ3 represents the precision

of dual method adopted in this sub-problem. In the case of
using greedy algorithm, the complexity is O(DL). The total
complexities of the proposed Algorithm 2 with dual method
and greedy algorithm in RIS association optimization are
O
(
L̂[(LM + 1)3 + S2.5

1 S2 log2(1/ϵ1) +
DU√
ϵ2

+ DL√
ϵ3
]
)

and

O
(
L̂[(LM + 1)3 + S2.5

1 S2 log2(1/ϵ1) +DU/
√
ϵ2 +DL]

)
,

respectively, where L̂ is the iteration number of the
proposed iterative algorithm. In conclusion, the calculation
of the proposed optimization algorithms only requires
polynomial computational complexity. For the RIS association
optimization problem, the computation complexity of greedy
algorithm is smaller compared to the dual method.

Since we alternately optimize beamforming on RISs, de-
ployment of UAVs, user association and RIS association,
the solution is not global optimal but a sub-optimal solution
instead. And the optimality is difficult to deduce in theory.
However, the optimization of beamforming on RISs in case of
only one user is associated with one UAV, user association and
RIS association can be proved to achieve the optimal solutions,
respectively. And the SDP method to solve RISs phase shifts
in case of multiple users are associated with one UAV can
guarantee at least a π

4 -approximation of the optimal solution
according to reference [22]. In the next section, we will show
that the gaps between the proposed schemes and the global
optimal scheme are small, which indicates that the proposed
schemes approach the optimal solution.

From this section we can see that the proposed algorithms
are both totally centralized since the control center of this
network needs to know the channel states of all the UAV-
user and UAV-RIS-user links, users and RISs locations as
well as users demand for traffic and illumination. All these
needed information shall be first fed back to the control center
through the backhaul links. Then after the implementation
of the proposed algorithms, the optimal RISs beamforming,
UAV deployment, user association and RIS association are sent
to the corresponding nodes through fronthual links to serve
terrestrial users.

TABLE I: Simulation Parameters

Parameters Symbols Values
Semi-angle Φ 1

2
80◦

Detecting area of each receiver A 1cm2

Altitude of UAVs H 20m
Field of view Ψc 90◦

Internal reflective index n 4.5
Altitude of RISs zR 5m

Minimum distance between two UAVs dmin 10m
Illumination response factor of transmitter ξ 0.9Amp./W

Power of AWGN nw 1× 10−12

IV. SIMULATION RESULTS

In this section, simulations are performed to corroborate the
performance of our proposed algorithms. A 100m × 100m
square area is considered with U = 9 randomly deployed
terrestrial users. L = 3 RISs which has M = 12 reflecting
elements and D = 3 UAVs are also deployed in this specific
area. The required data rate for all the terrestrial users is
Rt = 25bps/Hz and the illumination requirements of all the
terrestrial users are generated randomly and uniformly over
[10−5, 9 × 10−5]. Moreover, the antenna separation d equals
to a half of the carrier wavelength λ. Table I lists other
parameters. Additionally, the initial beamforming parameters
are set with θlm = 0, ∀l,m. And the association of terrestrial
users and RISs are all generated randomly subject to (13c),
(13d) and (13e) at the beginning.

Fig. 3 illustrates the total transmit power of all the UAVs
versus the number of terrestrial users U whose data trans-
mission and illumination requirement are satisfied by UAVs.
Scheme I and Scheme II represent the proposed iterative
algorithm with RISs’ association optimized by dual method
and greedy algorithm, respectively. And the initial scheme
represents the scheme with initial settings. In global optimal
scheme, we randomly set multiple initial points and choose
the one that gets to the minimum transmit power as the global
optimal solution. As can be seen, our proposed two schemes
both work well compared with other schemes. Particularly,
Scheme I outperforms Scheme II due to the fact that greedy
algorithm searches a local optimal solution at each step while
the dual method can find the global optimal solution when
optimizing RISs association. Although the global optimal
scheme can achieve the best performance, the gaps between
the proposed schemes and the global optimal scheme are
small, which indicates that the proposed schemes approach
the optimal solution. Meanwhile, the total transmit power
increases with the number of terrestrial users increasing. This
is because the UAVs have to satisfy the demand of all the
terrestrial users including the newcome terrestrial users. In
addition, the schemes that only optimize one of these four
optimization variables are also shown in Fig. 3. It is obvious
that these four schemes all have the ability to reduce the
total transmit power of UAVs. And the scheme that only
optimizes the user association outperforms the other three
schemes. This implies that the total transmit power can be
constructively reduced with an appropriate user association.
And it is reasonable to only optimize user association when
requiring an urgent deployment. Moreover, we can find that
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there is a plateau when the number of users growths from 10
to 14. This may be explained by that the power needs to be
provided for the newcome users is less than the power needed
by the user who requires the most transmit power in the same
aerial area.

Fig. 4 shows that the total transmit power versus the height
of UAVs H . It is interesting to find that the power required
by the two proposed schemes decreases before it increases.
And when the height is around 60m, the total transmit power
achieves the minimum value. In order to find out the reasons
behind this phenomenon, we also plot a dotted-line that
reflects the changes of transmit power as the UAVs fly higher
when no RISs deployed. We can see that this line increases
monotonously, which indicates that the existence of the UAV-
RIS-user link makes the total channel gain increases first
and turn to decrease later as the increase of the height of
UAVs. This is due to in large part the fact that when the
UAVs fly from 20m to 60m, the value of cosine of emission
angles gets larger. And the impact of the increase of emission

angles on the total transmit power is greater than that of
the increase of UAVs’ height. However, when the height of
UAVs grows more than 60m, the impact of the increase of
the height is greater than that of the increase of emission
angles. When there exists no RISs, only the height of UAVs
has an influence on the total transmit power of all the UAVs.
Hence, in this case, transmit power will always increase as the
height increases. Furthermore, the four schemes that optimizes
part of the variables all emerge similar trends as the proposed
two schemes and global optimal scheme, which can also be
attributed to the UAV-RIS-user links. The random RIS phase
shifts scheme outperforms scheme without RISs, which can
be explained by that the RISs can establish new links, thus
the signals received at the terrestrial users are strengthened.
Moreover, the scheme that only optimizes user association is
least affected as the height rises from 20m to 60m. This is
due to the fact that by allocating terrestrial users to a closer
UAV, the emission angles of UAVs get smaller, thus the impact
of the changes of angles gets reduced. As a comparison, the
total power of the scheme that only optimizes phases, where
the locations of UAVs, RISs association and users association
all keep fixed, does not increase until 80m.

Fig. 5 depicts how the total transmit power of UAVs to
meet the traffic rate and illumination requirement of all the
terrestrial users changes as the number of RISs L varies.
As can be seen, with the number of RISs increasing in this
specific area, the transmit power of all the schemes decreases.
Since a RIS, of which the phase of each reflective elements
is optimized, can greatly improve the channel state between
a UAV and its associated terrestrial users, the total transmit
power will decrease correspondingly as the number of RISs
increases. Adding one RIS with M = 5 reflective elements
yields up to 23.01% and 18.58% reductions with respect to
the total transmit power on average through Scheme I and
Scheme II, respectively. In addition, even though we do not
optimize any variables, the total transmit power can still reduce
by 21.73% on average with initial all the phases equal to
zero each time that a RIS is added randomly. This can be
explained by that the increased RISs can establish new links,
thus strengthening the signals received at the terrestrial users.
Furthermore, the gap between our proposed algorithm and the
global optimal solution reduces as the number of reflective
elements of each RIS increases. In practical scenario, the
number of reflective elements is large in each RIS. Therefore,
our proposed algorithm can achieve a relatively high power
efficiency with a low computational complexity.

Fig. 6 illustrates the total transmit power versus the number
of reflective elements of each RIS M with 6 users and
10 users, respectively. As can be seen, the transmit power
decreases with the number of reflective elements increasing,
which is similar to what is shown in Fig. 5. And the proposed
Scheme I outperforms Scheme II in terms to the total power.
Meanwhile, both Scheme I and Scheme II outperform the
scheme without RISs by up to 29.56% and 22.79% in the
aspects of total transmitting power, respectively, when the
number of terrestrial users is 6. When there are 10 terrestrial
users, the performance of Scheme I and Scheme II yields up
to 34.85% and 32.11% improvement, respectively. According
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to Fig. 5 and Fig. 6, we can find out that increasing the
number of either RISs or reflective elements of each RIS can
constructively reduce the total transmit power.

To further evaluate the computational efficiency of the two
proposed schemes, Table II displays the running time of the
two schemes in an iteration on average when the numbers of
terrestrial users are 9 and 15, respectively. It can be seen that
Scheme I needs more time than Scheme II. This is caused by
the fact that Scheme I searches for a global minimum point
through multiple iterations when optimizing RISs association,
while Scheme II only optimizes one RISs at one time until all
the RISs’ associations are optimized. However, from Fig. 3-6,
we can find that Scheme I outperforms Scheme II in terms to
total transmit power performance. In summary, the deployment
optimized by Scheme I has better power performance, which
are suitable for effective communication. While Scheme II is
preferable for urgent communication due to its less running
time.

TABLE II: Running Time of Two Schemes in an Iteration on
Average

Number of users Scheme I Scheme II
9 4.64s 3.99s
15 11.237s 5.02s

0 10 20 30 40 50 60 70 80 90 100

X axis (m)

0

10

20

30

40

50

60

70

80

90

100

Y
 a

x
is

 (
m

)

UAV-initial

UAV-opt

RIS

USER

USER-association

RIS-association

Fig. 7: One example of Scheme I.

Fig. 7 and Fig. 8 show two illustrative examples of the pro-
posed Scheme I where the initial parameters are set randomly.
In these two figures, the initial and the optimal locations of
UAVs are denoted by triangles and pentacles, respectively. As
can be seen, the optimal locations of UAVs are surrounded by
its associated users and RISs. Furthermore, a small number
of users who are distant from most users are served by an
individual UAV, which can reduce the total transmit power
significantly. In Fig. 8, however, one UAV is idle. This is
because, during the period of optimization, the users who are
originally associated with this UAV lead to less total power
if they are served by the other UAVs. What can be predicted
is that when terrestrial users are close enough to each other,
maybe one UAV is enough. Moreover, as can be seen from
Fig. 7 and Fig. 8, each RIS is associated with the closest
UAV among all the UAVs. This can be explained by that short
distance between UAV and RIS can enhance the channel gains
between UAV and terrestrial users, thus reducing the transmit
power.

V. CONCLUSION

In this paper, we proposed a novel framework of a VLC-
enabled UAV multi-cell network, by leveraging the prevalent
RISs for reducing total consuming power of all the UAVs. An
optimization problem was formulated to dynamically optimize
UAV deployment, RISs phase shift, users and RISs association
to achieve the minimum total transmitting power by taking
into account traffic and illumination demands. An alternating
algorithm was proposed to solve multiple subproblems itera-
tively. Numerical results show the superior performance of our
proposed algorithms over the case without RIS with respect to
energy consumption reduction. And by associating each RIS
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with the closest UAV, we can achieve the minimum transmit
power of all the UAVs. In future work, we will further inves-
tigate UAVs’ height optimization problem for more practical
scenario with obstacles. In this case, the employment of UAVs
should be carefully designed. We will also consider robust
design for UAV assisted VLC systems. Moreover, we will
extend our work to satellite communications. We also expect
to design an algorithm for RISs’ locations optimization in the
future.
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