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Abstract: In this paper, a downlink energy efficiency maximization problem is investigated in an
intelligent reflective surface (IRS)-assisted visible light communication system. In order to extend
wireless communication coverage of the onshore base station, an IRS mounted on a unmanned
aerial vehicle (UAV) is introduced to assist an onshore lighthouse with simultaneously providing
remote ship users wireless communication services and illumination. Aiming to maximizing the
energy efficiency of the proposed system, a resource allocation problem is formulated as the ratio
of the achievable system sum rate to the total power consumption under the constraints of the
user’s data requirement and transmit power budget. Due to the non-convexity of the proposed
problem, the Dinkelbach method and mean-square error (MSE) method are adopted to turn the non-
convex origin problem into two equivalent problems, namely transmit beamforming and reflected
phase shifting. The Lagrangian method and semidefinite relaxation technique are used to obtain
the closed-form solutions of these two subproblems. Accordingly, an alternative optimization-
based resource allocation scheme is proposed to obtain the optimal system energy efficiency. The
simulation results show that the proposed scheme performs better in terms of energy efficiency over
benchmark schemes.

Keywords: energy efficiency; intelligent reflecting surface; visible light communication

1. Introduction

Nowadays, the increase in maritime activities has led to significant demands on
maritime communications, such as high reliability, high data rate and low latency. Although
maritime communication users who are close to an offshore base station can acquire
broadband wireless service, massive maritime communication requirements cannot be
fulfilled due to the special communication environment and limitation of communication
infrastructures deployment. To extend the wireless communication converge of an offshore
base station, relay communication technology, such as an aerial relay and intelligent
reflective surface (IRS), have been introduced to assist in offshore maritime communication
scenarios. On one hand, owing to its maneuverability, aerial relay nodes can be utilized to
extend the wireless communication coverage of an onshore base station to offshore maritime
users for on-demand service by increasing the line of sight (LoS) communication range [1].
On the other hand, an IRS is regarded as a promising assisted wireless communication
technique for improving communication performance, especially in an LoS link block
scenario [2]. Recently, IRS-aided cooperative communication has been investigated to
improve the signal quality [3]. In most existing works, an IRS is usually deployed at
fixed locations such as a building, but it is difficult to find an appropriate place in a
maritime environment.

In addition, the restricted communication resources, especially communication band-
widths, largely impede the maritime communication service ability. Recently, to scale up
the range of available frequency bands, new spectrum resources for wireless communica-
tions, such as terahertz or visible light bands, are being considered. Optical communication
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is capable of providing higher transmission rates and larger bandwidths that can fulfill
the need for high-quality data transmission. Visible light communication (VLC) is one of
the most promising optical communication technologies that enables both communication
and illumination [4]. Compared with traditional radio frequency (RF) communication,
VLC has the advantages of low power consumption, no electromagnetic interference, large
available bandwidth, high transmission power, security, and no need for spectrum authen-
tication [5]. Despite the above advantages, VLC technology has limitations and places high
requirements on the transmission environment, such as an optical intensity modulation
bandwidth limited by high data rate transmission and a limited range, which prevents
its implementation communication systems from improving. Fortunately, an IRS can be
merged into a VLC system to create an effective virtual LoS link by flexibly adjusting the
phase shift of its passive reflect elements even if there is no direct link between a transmitter
and a receiver.

Several existing works have studied IRS-based VLC systems. In [6], the authors studied
the role of IRSs in improving link reliability in a non-orthogonal multiple access (NOMA)
VLC system. In [7], the main application scenarios and technical challenges of using an
IRS for VLC were discussed with a focus on the three advantages of IRS-assisted visible
light communication: larger signal coverage range, more relaxed lighting requirements,
and faster communication speed. In [8], the implementation of an IRS for an indoor VLC
system has been discussed to solve the problem of LoS blocking. This paper considers
indoor communication scenes and ignores outdoor fading. In [9], the authors proposed
two intelligent reflection systems based on programmable hypersurfaces and mirrors to
focus the incident optical power to the visible light communication receiver. It also found
that NLoS components in VLC systems include specular reflection, diffuse, diffraction, and
scattering paths, among which the specular reflection path is the most important. In [10],
the authors developed a novel physical layer security technique for VLC systems composed
of light fixtures assisted by mirror array sheets serving as an IRS. In Although VLC is
regarded as an alternative for the fully occupied radio frequency bands in the near future,
its LoS blockage issue is still one of the main challenges that hinders the communication
performance of VLC systems. In [11], the channel modeling and performance analysis have
been investigated in an LoS VLC-enabled vehicular system. The authors have derived a
closed-form expression for the maximum achievable link distance versus the probability
of error for the proposed system and analyzed the impact of the parameters, including
a single-photon avalanche diode, background noise, and the system parameters for the
path loss. Recently, the IRS has also drawn much attention for its potential for enhancing
the link performance in a maritime communication scenario [12,13]. In [12], an IRS-aided
maritime cooperative communication system has been discussed where multiple relay
ships each equipped with an active decode-and-forward relay and a passive IRS assist
the downlink transmission between the base station (BS) and the destination ship. In [13],
the authors have designed a robust transmit and reflecting beamforming scheme for a
non-orthogonal multiple access (NOMA) offshore communication system where an IRS
is deployed to assist the communication from a terrestrial base station to two ship users.
Energy efficiency is studied in [14,15], by jointly optimizing the beamforming of the base
station, by controlling the phase shift of IRSs impulse signal, and by jointly optimizing
the distribution of transmitting power and the phase shift of surface-reflecting elements.
In [16], the system energy efficiency was studied in a multi-user VLC system. Although
the aforementioned works have sufficiently discussed the resource allocation problem in
indoor IRS-assisted VLC systems, they do not consider its resource allocation problem
in outdoor communication scenarios. In fact, one can use an IRS-assisted aerial node to
offer both communications and illumination to terrestrial users in order to enable VLC
to be utilized in outdoor scenarios, since aerial relay nodes, such as unmanned aerial
vehicles (UAVs), can fly in the proximity of users [17,18]. Deploying UAVs as relay nodes
to assist extending the onshore BS service coverage is a flexible and cost-effective approach
to providing on-demand communication for offshore maritime users.
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To boost the system data rate, the resource allocation problem has been well stud-
ied in IRS-assisted communication systems [19–23]. In [19], a system energy-efficiency
maximization problem was studied in a terrestrial communication scenario. In [20], the
authors studied IRS phase shifting for a VLC system to improve a system sum rate. Joint
transmitter beamforming and phase shifting optimization schemes have been discussed
in [21–23] for multiple output and single input VLC systems. Although the aforemention
works discussed the resource allocation problem in terrestrial communication scenarios,
especially in indoor scenarios, the resource allocation problem has not been well discussed
in IRS-VLC maritime communication scenarios.

1.1. Motivation and Contribution

Motivated by the discussion above, in this paper, we study a resource allocation
scheme for an IRS-assisted VLC communication system, where transmitter beamforming
and IRS phase shifting are discussed to improve the total system energy efficiency. To the
best of our knowledge, an energy-efficient resource allocation problem for an IRS-VLC
system in an offshore communication scenario has not been discussed yet in the existing
works. We aim to maximize the energy efficiency (EE) of the maritime communication sys-
tem for multiple remote ship users constrained by transmitter power budget and users’ rate
requirements. To measure the non-convexity of the formulated EE problem, we adopt the
Dinkelback method and mean-square error (MSE) method to turn the origin problem into
two subproblems, namely transmitter beamforming and IRS phase shifting. Accordingly,
an alternative optimization (AO)-based resource allocation problem is designed to obtain
the optimal system EE. The main contributions of this paper can be summarized as follows:

(1) To enlarge the wireless communication coverage and improve the communication
service ability with limited broadband in offshore areas, we propose an IRS-assisted
VLC system, where an IRS mounted on a fixed located UAV is utilized to extend the
onshore VLC base station service coverage.

(2) In the proposed system model, we propose and solve the joint VLC transmit beam-
forming and the IRS phase shifting for maximizing the system’s energy efficiency.
This joint optimization problem is solved by alternatively solving two subproblems,
i.e., VLC transmit beamforming and IRS phase shifting. Accordingly, an alterna-
tive optimization-based energy efficiency maximization algorithm is proposed by
closed-form optimal solutions obtained from two subproblems.

(3) Numerical results demonstrate that the proposed joint optimization algorithm pro-
vides better performance compared with the benchmarks. Also, it is shown that
the energy efficiency of the maritime communication system can be improved by
applying the proposed joint optimization algorithm.

1.2. Paper Structure

The rest of the paper is organized as follows. Section 2 provides the details of the IRS-
assisted VLC system model. The energy efficient optimization problem is also formulated.
Section 3 presents an algorithm. Numerical results are presented and discuss in Section 4.
Section 5 concludes the paper.

Notations: AH and AT denote the conjugate, conjugate transpose, and transpose of
matrix A, respectively. ∥x∥ denotes the Euclidean norm of vector x. tr(·) denotes the trace
of the matrix. Re(·) denotes the real part of its parameters. I denotes the unit matrix. R+

denotes the set of positive real numbers. Table 1 shows the operation symbols and their
definitions in this paper.
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Table 1. Symbols and Descriptions.

Symbol Description

AH Conjugate transpose of matrix A
AT Transpose of matrix A
∥x∥ Euclidean norm of vector x
tr(·) Trace of the matrix
Re(·) Real part of its parameters

A∗ Conjugate of matrix A
I Unit matrix

R+ Set of positive real numbers

2. System Model and Problem Formulation
2.1. System Model

As shown in Figure 1, we consider a VLC-enabled UAV-IRS-assisted maritime commu-
nication system, where a VLC transmitter is deployed on the top of the lighthouse located
onshore and attempts to transmit signals to K remote ship users. As the direct links between
the onshore transmitter and ship users are unreachable, an IRS mounted on a rotary-wing
UAV is adopted to assisted communication from the VLC transmitter to ship users. In this
paper, we focus on optimizing the VLC-transmitted beamforming and IRS phase shifting
for an energy-efficient IRS-assisted VLC transmission system; thus, we assume that the
UAV is located in an arbitrary coordinate above the ship users. Here, the VLC transmitter is
equipped with L LEDs for data transmission and L = {1, · · · , l, · · · , L} denotes the set of
LEDs. The IRS is equipped with N reflecting elements and N = {1, · · · , n, · · · , N} denotes
the set of IRS reflecting elements. The ship users set is denoted by K = {1, · · · , k, · · · , K}.

Figure 1. System and signal model. (a) shows the VLC-enabled UAV-IRS-assisted maritime commu-
nication system model. (b) shows the signal model that signal is transmitted from VLC transmitter to
user ships assisted by IRS.

For simplicity, we consider linear beamforming at an LED transmitter without loss
of generality. Thus, suppose that the data symbol intended for the kth ship user can be
expressed as

xk =
K

∑
k=1

ωksk (1)

where ωk ∈ CL×1 is the corresponding beamforming vector, sk, k ∈ K is the zero-mean
source information symbol, and E(|sk|2) = 1.
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We assume the link between the UAV to the IRS and the link between the IRS to the
ship users are both LoS links, and the perfect channel state information (CSI) of all links is
known by the VLC transmitter. Hence, according to [18], the channel gain between the nth
IRS to the kth ship user can be expressed as follows:

hn,k = δ
A(m + 1)
2π(dn,l)2 cosm(θ)go f cos(φ) f (φ) (2)

where dn,k is the distance between the nth IRS to the k ship user. θ and φ are the angles of
irradiance and incidence, respectively. δ is the reflectance of the IRS unit, A is the physical
area of the user, m = − ln 2

ln cos(∆1/2)
is the Lambertian emission with ln cos(∆1/2) being the

semi-angle at half-power of the transmitter, go f is the optical filter gain, and f (φ) is the
optical concentrator gain which results from the relationship between φ and the field of
view (FOV).

Thus, for the kth ship user, the received data signal can be expressed as

yk = ρkhk
HΦG

K

∑
j=1

ωjsj + nk (3)

where hk = [h1,k, h2,k, . . . , hN,k] ∈ CN×1 denotes the channel vector between the IRS and the
k ship user, and G ∈ CN×L denotes the received matrix between the VLC transmitter and
the IRS. Φ = diag(β1ejθ1 , β2ejθ2 , . . . , βnejθn) denotes the IRS phase shift matrix , which rep-
resents the diagonal matrix composed of N passive reflecting elements, while θn ∈ [0, 2π]
and βn ∈ (0, 1] denote the nth phase shift value and the reflection amplitude. In this paper,
we focus on studying the impact of IRS phase shifting on system performance. Considering
that each element experiences a similar communication environment, we assume that the
IRS provides a maximum reflection amplitude and set βn = 1, (n ∈ N ) to omit the affect of
reflection amplitude and focus on discussing shifting on system performance. ρk denotes
the user device responsively and nk is the additive Gaussian white noise (AWGN) obeying
the distribution N (0, σ2

k ), where σ2
k is the variance value.

Accordingly, the signal to interference and noise ratio (SINR) of the kth ship user is
given by

rk =

∣∣ρk(hH
k ΦG)ωk

∣∣2
K
∑

i=1,i ̸=k

∣∣ρk(hH
k ΦG)ωi

∣∣2 + σ2
k

(4)

The classical Shannon capacity formulation is not suitable for a VLC due to unique con-
straints such as non-negative amplitude and real-valued amplitude. Instead, a tight lower
bound is proposed for a dimmable VLC in [20], so that the instantaneous rate achievable
by the k ship user can be expressed as

Rk =
1
2

Blog2

(
1 +

e
2π

rk

)
(5)

where B ∈ R+ is the modulation bandwidth, and e is the value of the natural logarith-
mic constant.

The total power consumed by the proposed system considered for operation consists
of the LED transmission power and the hardware static power consumed in the LED,
and the IRS controller power consumption. It is particularly important to emphasize that
the IRS does not consume any transmit power because its reflector is a passive element
that does not directly change the magnitude of the incoming signal. Any amplification
gain provided by the IRS is obtained by properly adjusting the phase shift of the reflector
element so that the reflected signal is phase-shifted coherent. Therefore, the total system
power consumption can be expressed as
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Ptotal =
K

∑
k=1

∥wk∥2 + PLED + PIRS (6)

where PLED and PIRS are the hardware static power consumed by the LED device and IRS
controller, respectively. The IRS power consumption depends on the type and resolution of
the individual reflective elements, and for a smart surface with N identical reflective units,
its power consumption is PIRS = NPn(b), where Pn(b) is the power consumption of each
reflecting unit of the IRS having b-bit resolution.

Accordingly, the energy-efficiency (EE) performance of the proposed system can be
obtained as the ratio of the achievable system sum rate (bps) to the total power consumption
(joules), i.e.,

ηEE =
Rtotal
Ptotal

=

K
∑

k=1
Rk

K
∑

k=1
∥wk∥2 + PLED + NPn(b)

(7)

2.2. Problem Formulation

Our goal is to maximize the EE of the proposed system by jointly optimizing the
transmitted beamforming vector and the reflected beamforming vector. Mathematically,
we can state the EE maximization problem as follows

P1 : max
Φ,wk ,k∈K

ηEE (8a)

s.t. log2

(
1 +

e
2π

rk

)
≥ R′

k ∀k ∈ K (8b)

K

∑
k=1

∥wk∥2 ≤ Pmax (8c)

θn ∈ [0, 2π] ∀n ∈ N (8d)

where R′
k is the kth users’ minimum rate requirement and Pmax is the L LEDs’ total trans-

mission power budget. Constraint (8b) guarantees the kth ship user’s minimum data rate
requirement. Constraint (8c) denotes that the transmit power from LEDs cannot exceed
their total power budget. Constraint (8d) guarantees the validity of the IRS phase shift
value. It can be observed that the objective function is non-convex and the beamforming
vector and IRS phase shifts are coupled in both objective function and rate requirement
constraint. Thus, P1 is a non-convex optimization problem that is challenging to solve.

3. The Proposed EE Resource Allocation Scheme

In this section, we propose an EE resource allocation scheme to solve the formulated
EE maximization problem. Due to the non-convexity of P1, to efficiently solve this problem,
we decouple it into two subproblems, namely, VLC transmitter beamforming and IRS phase
shifting. Then, an alternative optimization (AO)-based algorithm is proposed to obtain the
suboptimal system EE. The details are given below.

3.1. Optimal VLC Transmitter Beamforming

For any given phase shifting matrix value Φ, P1 can be rewritten as

P2 : max
wkk∈K

ηEE (9a)

s.t. log2

(
1 +

e
2π

rk

)
≥ R′

k ∀k = 1, 2, ..., k (9b)

K

∑
k=1

∥wk∥2 ≤ Pmax (9c)
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It can be observed that P2 is a non-convex optimal problem for the fractional objective
function (9a). Since the fraction is difficult to solve, we apply the Dinkelbach method [21] to
convert the objective function (9a) into a difference function. Thus, we introduce a variable
λ = ηEE and rewrite the objective function of P2 as

Rtotal − λ

(
K

∑
k=1

∥wk∥2 + Ptotal

)
(10)

We define Zk = ρk(hH
k ΦG); then, (10) can be rewritten as

1
2

B
K

∑
k=1

log2

1 +
e

2π

|Zkωk|2
K
∑

i=1,i ̸=k
|Zkωi|2 + σ2

k

− λ

(
K

∑
k=1

∥ωk∥2 + Ptotal

)
(11)

We use the WMMSE method [24] to handle Equation (11). By introducing a linear decoding
matrix Uk, the kth user’s received signal yk is reconstructed as an evaluation signal vector
ŝk, which can be represented by ŝk = UH

k yk, whereUk ∈ C1×1 is the decoding matrix for the
kth user.

Ek = E
[
|(ŝk)− sk|2

]
=
(

UH
k Zkωk − I

)(
UH

k Zkωk − I
)H

+
K

∑
i=1 ̸=k

UH
k

(
Zkωiω

H
i ZH

k

)
Uk + σ2

k UH
k Uk (12)

where I is an identity matrix. Then, we transform the fractions in log2

log2


(

K
∑

i=1,i ̸=k
|Zkωi|2 + σ2

k

)
+ e

2π |Zkωi|2(
K
∑

i=1,i ̸=k
|Zkωi|2 + σ2

k

)


= log2

((
K

∑
i=1,i ̸=k

|Zkωi|2 + σ2
k

)
+

e
2π

|Zkωi|2
)
− log2

((
K

∑
i=1,i ̸=k

|Zkωi|2 + σ2
k

)) (13)

Introduce the additional variable Qk ∈ C1×1, and apply it to the first term.

log2

((
K

∑
i=1,i ̸=k

|Zkωi|2 + σ2
k

)
+

e
2π

|Zkωi|2
)

= log2Qk (14)

The modulation bandwidth B is removable and is treated as a constant during optimization.
In addition, a first-order Taylor expansion of log2Qk in the objective function is performed.
Assuming that Qk is a small quantity, we have ln(Qk) ≈ ln(Qo) +

Qk−Qo
Qo

, where Qo is
the value of Qk at some reference point. Choosing the reference point Qo = 1 because
log2(1) = 0 simplifies the calculation, and bringing Qo = 1 into the Taylor expansion, the
ln(Qk) ≈ Qk − 1.

Now, we compute tr(QkEk), where Qk is the extra variable for the kth user. Since
Qk ∈ C1×1, it can be moved to the front of the matrix, yielding tr(QkEk) = Qk tr(Ek).

Move the summation symbols in tr(QkEk) to the outside of the objective function in
(P2), and then convert it to multiplication using properties of logarithmic operations. Then,
we have

K

∑
k=1

[
ln(Qk)−

K

∑
k=1

Qk tr(Ek)− log2

(
K

∑
i=1,i ̸=k

|Zkωi|2 + σ2
k

)
− λ

(
K

∑
k=1

∥ωk∥2 + Ptotal

)]
(15)
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By introducing the additional variable Qk, the objective function of P2, in the form
of (11), can be rewritten as

K

∑
k=1

[ln(Qk)− tr(QkEK)]− λ

(
K

∑
k=1

∥ωk∥2 + Ptotal

)
(16)

Then, we can rewrite P2 as following

P2′ : max
Qk ,Uk ,ωk ,λ

K

∑
k=1

[ln(Qk)− tr(QkEk)]− λ(
K

∑
k=1

∥ωk∥2 + Ptotal) (17a)

ln(Qk)− tr(QkEk) ≥ R′
k (17b)

s.t.
K

∑
k=1

∥ωk∥2 ≤ Pmax (17c)

For P2’, the optimal solutions of Uk and Qk are obtained when the first-order deriva-
tives of the objective function with respect to w are 0, respectively, as

Uopt
k = J−1hH

k ωk (18)

and
Qopt

k = E−1
k (19)

where J = ∑K
k=1(Zkωk)(Zkωk)

H + σ2
k I.

Now that the auxiliary matrices Uk and Qk have been optimized, we focus on opti-
mizing the ωk, k ∈ K. Specifically, introducing Lagrange multipliers under the transmitter
power budget constraint (17c) yields the following Lagrange function.

Γ =
K

∑
k=1

K

∑
i=1

tr(QkUH
k Zkωiω

H
i Uk)−

K

∑
k=1

tr(QkUH
k Zkωj)

−
K

∑
k=1

tr(QkωH
l ZH

k ) + λ
K

∑
k=1

tr(ωlω
H
l + Ptotal) + µk

K

∑
k=1

tr(ωlω
H
l − Pmax)

(20)

where k, i, j, l ∈ K. The first-order derivative Γ(ωk, λ, µk) obtains

ω
opt
l (λ, µk) =

ZH
k UkQk

K
∑

k=1

K
∑

i=1
ZH

k UkQkUH
k Zk + (λ + µk)I

(21)

To obtain the complementary relaxation conditions for ωk following de-optimization,
λ and µk goes to satisfy the constraint (17c). According to

λopt =
M

K
∑

k=1
tr(ωlωl

H) + Ptotal

(22)

where M =
K
∑

k=1
tr(QkUkZk) +

K
∑

k=1
tr(QkωH

l ZH
k )−

K
∑

k=1

K
∑

i=1
tr(QkUk

H
k Zωiω

H
i ZH

k Uk).

As the power limit is substituted into the Lagrangian equation, the last variable µ
is introduced

K

∑
k=1

tr[ωl(µk)ω
H
l (µk)] = Pmax (23)
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Thus, the closed form of the optimal µ∗
k can be obtained according to [25].

µ∗
k =

√√√√√ L
∑

l=1
[Ξ]MMSE

Pmax
(24)

where [·]MMSE is the MMSE operation factor, and Ξ = ∑K
k=1 TH(ZH

k UkQkQH
k UH

k Zk)T, and
we have TΛTH = ∑K

i=1 ZH
i UkQkUH

k Zi

3.2. IRS Phase Shifting

In this subsection, we focus on optimizing the phase shift matrix Φ. By being given
ωk, k ∈ K and matrix operations on P1, the phase shift optimization problem can be
formulated as

P3 : min
Φ,θn

tr(ΦAΦB)− tr(ΦC)− tr(ΦCH) (25a)

s.t. tr(ΦCH) + tr(ΦCH
1 )− tr(ΦHAkΦB) ≥ R

′
k (25b)

0 ≤ θn ≤ 2π ∀n ∈ N (25c)

where Ak = hk
HUkQkUH

k hk, B = G ∑K
j=1 ωkωk

HGH and C = hHωkQkUH
k G,

C = ∑K
k=1 Ck. (25b) is the minimum data rate requirement constraint transformed from (8b).

Using the matrix constancy equation of SDR, we have

tr(ΦHAΦB) = ϕH(A ⊙ BT)ϕ (26)

tr(ΦC) = cTϕ (27)

where c denotes the set of diagonal elements of C, and ϕ =
[
β1ejθ1 , · · · , βnejθn , · · · , βNejθN

]
denotes the vector of diagonal element of Φ. Then, P3 can be expressed as

P3′ : min
ϕ,θn

ϕHΨϕ − 2Re{ϕH
k c} (28a)

s.t. 2Re{ϕHc} − ϕHΨϕ ≥ R
′
k (28b)

0 ≤ θn ≤ 2π ∀n ∈ N (28c)

where Ψ = A ⊙ BT is also a non-negative semidefinite matrix. The above equation is
difficult to solve due to the non-convex constraint. Therefore, we apply the sequential
fractional programming (SFP) optimization method to obtain approximate subproblems;
then, we solve the problem by introducing a non-negative x. Using the Lagrangian pairwise
decomposition method, we have

P3′′ : max
ϕ

2Re{ϕHtn}+ 2xRe{ϕH(c − Ψϕ(n))} (29a)

s.t. 0 ≤ θn ≤ 2π ∀n = 1, 2, ..., N (29b)

For a given x, the optimal solution is ϕ(x) = ej(tn+x(c−Ψϕ(n))), where tn = c + (ΛmaxIN −
Ψ)ϕn is the maximum eigenvalue of Ψ. According to monotonicity, x should satisfy

x
(

2Re{c − Ψϕ(n)} − R
′
k

)
= 0. (30)

Then, we have
Υ(x) = 2Re

{
ϕ(x)H

(
c − Ψϕ(n)

)}
(31)
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Therefore, only by finding the correct x can the required phase shift be obtained. As
shown in Algorithm 1, this process is repeated until the stopping criterion is satisfied. In
each iteration, the value of x is adjusted to improve the objective function Υ(x) based on a
comparison with a threshold value R

′
k. The result can be obtained by Algorithm 1.

Algorithm 1 IRS Phase-Shifting Algorithm

Initialize: x = 0 and set the iteration counter j = 0.
Compute the maximum eigenvalue Λmax of Ψ.
While the stopping criterion is not met:

a. Solve P3′′ using the current value of x to obtain the optimal solution ϕ(x).
b. Compute Υ(x) = 2 Re{ϕ(x)H(c − Ψϕ(n))}.
c. If Υ(x) < R, increase x using a line search or other optimization method.
d. Update the iteration counter: j = j + 1.

Output the optimal solution ϕ(x) as the solution to the phase shift optimization problem.

3.3. EE Maximization Algorithm

In this subsection, an AO-based resource allocation scheme is proposed in Algorithm 2
according to the closed-form solutions obtained in Sections 3.1 and 3.2. Algorithm 2 is an
iterative optimization process where different variables are updated according to different
subproblems in each iteration until certain convergence conditions are reached.

Algorithm 2 AO-based EE maximization algorithm.

Input: K, PLED, Pn(b), Pmax, σ2, R
′
k, hk, G and ε > 0

Initialize: Φ, ωk to feasible values
While |η(l+1)

EE − η
(l)
EE|2 > ε, do

Optimize with respect to ωk to obtain Φ
Introduce variables λ, Uk, Qk, µk for iterative optimization

repeat
Update Uk, Qk by (14)
Update λ by (18), µk by (19)

until all the variables in the transmit beamforming matrix are obtained
Optimize with respect to Φ to obtain ωk
Update ωk with SFP method, SCA and Lagrange Pairing Method
End while
Output:Φ and ωk

4. Simulation Result

In this section, numerical results are provided to illustrate the performance of the
315 proposed algorithms. The coordinates of IRS and LEDs are (8, 0, 4) m and (−12, 4, 8) m,
respectively. Assume that users are randomly and uniformly placed in an IRS-centered
circle with a radius of 6 m. According to the white LED light channel modeled in [26]
and its communication performance and corresponding parameters discussed in maritime
communication [27], we set the noise with a power density of −86 dBm/Hz. The simulation
parameters are given in Table 2.
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Table 2. System parameters.

Parameter Value Parameter Value

Bandwidth B 20 MHz δ 0.5
LED hardware static power PLED 2 mwatt gof 1

The area of an IRS unit 10 × 10 cm2 m 1
The number of LEDs 6 A 4 cm2

The number of IRS units 16 φ 80◦

Total emission power constraint, Pmax 20 watt Pn(b) 0.5 mwatt
LED location coordinates (8, 0, 4) m
IRS location coordinates (−12, 4, 8) m

Minimum data rate requirement, Rmin 0.5 bps/Hz

The average convergence performance of the algorithm, which is the convergence
of the iterative WMMSE method, is given in Figure 2 below. The results show that the
algorithms have a fast convergence rate. It also can be observed that with a lower power
budget, the optimal value can be obtained with a faster convergence speed. That is because
the available power for signal transmission is limited. This limitation makes it easier for
the system to find the optimal solution that meets the constraints. The constraints of the
problem become tighter, reducing the search space, and leading to smaller changes in the
power adjustment with each iteration.

Figure 2. Convergence performance of the proposed Algorithm 2 under an LED power budget.

A comparison of the iterative convergence process of various noise power algorithms is
presented in Figure 3 below. The different initializations, denoted as 1, 2, and 3, correspond
to the noise power levels of σ2 = −76 dBm, −86 dBm, and −96 dBm, respectively. The
results demonstrate that the algorithm converges rapidly, typically requiring only four to
six iterations to reach convergence. Based on these findings, the proposed algorithm is
deemed to be an effective solution for the problem at hand.
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Figure 3. Convergence of the proposed algorithm under different initialization cases.

Figure 4 shows the system energy efficiency constrained by different transmit power
budgets under different phase-shifting algorithms. We introduce IRS-assisted VLC under
IRS random phase shift using the interior point method as benchmarks. In Figure 4,
we can observe that at the beginning of the curve, the energy-efficiency value increases
gradually with the increase of Pmax. As Pmax becomes larger and sufficiently large, the
energy efficiency gradually converges to a constant value. In other words, it first increases
monotonically with the maximum transmitting power and then reaches a maximum value.
After meet the maximum value, the system’s energy efficiency can only offer a slight
increase with the transmit power increasing. This observation provides a theoretical basis
for selecting an appropriate maximum total power.

Furthermore, it is evident from Figure 3 that the proposed scheme performs better
than the other two methods. The maximum value of energy efficiency can reach 14.2, which
is significantly better than the typical interior point method and IRS with random phase.

Figure 4. System energy efficiency versus LEDs transmit power budget under different phase-
shifting algorithms.
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Figure 5 illustrates the system energy efficiency performance versus the different
numbers of IRS-reflecting elements.It is shown in figure 5 that the system energy efficiency
improves as the increasing number of IRS-reflecting elements. This improvement is primar-
ily attributed to the fact that using more elements enhances the signal and achieves better
communication performance for the users.

Furthermore, the algorithm is also analyzed and compared with a random phase IRS
approach, considering different numbers of LED transmitters. It is evident that the energy
efficiency of both schemes, the proposed scheme and the scheme with random phase IRS,
increases with the increase in the number of reflective elements. With the same number of
LED transmitters, the proposed scheme in this paper consistently exhibits higher energy
efficiency than the random phase scheme.

However, it is worth noting that the improvement eventually becomes less pronounced
as the number of reflecting elements (L) increases. This is primarily because a fixed
Pmax, when increasing L, narrows the feasible domain of each LED channel, leading to
diminishing returns in terms of energy-efficiency improvement.

Figure 5. Energy efficiency versus number of reflecting elements.

5. Conclusions

In this paper, we studied an energy-efficient resource allocation scheme in an IRS-
assisted VLC system for offshore maritime communication. The formulated EE maximiza-
tion problem has been solved by jointly optimizing the transmission beamforming and IRS
phase shifting. Due to the non-convexity of the proposed problem, the Dinkelbach method
and mean-square error (MSE) method are adopted to turn the non-convex origin problem
into two equivalent problems, namely transmit beamforming and reflected phase shifting.
The Lagrangian method and SDR technique are used to obtain the closed-form solutions of
these two subproblems. Accordingly, an AO-based resource allocation algorithm is pro-
posed to obtain optimal system EE. The simulation results demonstrate that the proposed
algorithm can obtain a better system EE performance over benchmark schemes.
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