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IRS-Assisted Aggregated VLC-RF System:
Resource Allocation for Energy
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Jian Song , Fellow, IEEE, and Zhu Han , Fellow, IEEE

Abstract— Intelligent reflecting surface (IRS) alters the wire-
less channel by dynamically adjusting the propagation of wireless
signals, thereby having the ability to enhance communication
performance. Due to its low power consumption, IRS is expected
to play an important role in improving energy efficiency (EE).
In this paper, both optical IRS (OIRS) and radio frequency
(RF) IRS are employed to assist aggregated visible light com-
munication (VLC)-RF systems, and then a resource allocation
algorithm is proposed to improve EE. To this end, a model
for the IRS-assisted aggregated VLC-RF system is first estab-
lished, followed by the formulated EE maximization problem.
Furthermore, the EE maximization problem is decomposed into
four subproblems, focusing on RF IRS configuration, optical
subchannel assignment, OIRS arrangement, and joint power
allocation. By employing block coordinate descent (BCD), the
four subproblems are solved iteratively. Moreover, simulation
results show the significant EE improvement brought by the IRS
for aggregated VLC-RF systems. In addition, the convergence
and effectiveness of the proposed BCD-based resource allocation
algorithm, as well as the influence of key system parameters on
EE are also demonstrated.
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I. INTRODUCTION

THE rapid evolution of wireless communications has led
to a substantial surge in the proliferation of devices

connecting to wireless networks, which has led to a signif-
icant upswing in energy consumption [2]. Efforts to save
energy have spurred interest in energy-efficient communication
solutions, with visible light communication (VLC) emerging
as a promising option [3]. Utilizing the unregulated visible
light spectrum, information is transmitted while illumination
is provided, where the energy consumed by communication
also serves illumination, resulting in energy savings. Addi-
tionally, VLC leverages light-emitting diodes (LEDs), which
are widely deployed in lighting infrastructure, as transmit-
ters for information transmission. The receiving end employs
photodiodes (PDs) to capture optical signals and demodulate
information. As LEDs are inherently energy-efficient devices,
VLC surpasses traditional radio frequency (RF) communica-
tion technologies in energy efficiency (EE) [4]. However, VLC
relies on line-of-sight (LoS) communication links, resulting
in limited coverage and susceptibility to signal blockage.
Besides, users at the edge of VLC cells suffer from inter-cell
interference from neighboring cells, leading to a decrease in
achievable data rates.

In this case, VLC-RF coexisting systems have emerged as
strong candidates for future wireless communications due to
the complementary benefits of VLC and RF [5]. Specifically,
VLC leverages the spectrum resources within the visible light
band to alleviate the spectrum congestion of RF communi-
cations and improve EE, while RF can provide expansive
coverage and alleviate inter-cell interference of VLC [6]. Addi-
tionally, VLC-RF coexisting systems can be categorized into
hybrid VLC-RF systems and aggregated VLC-RF systems [7],
[8]. In the former, each user is exclusively served by either a
VLC access point (AP) or an RF AP, whereas in the latter,
each user can be simultaneously served by both. Moreover,
the aggregated VLC-RF system offers superior achievable data
rates and more reliable communication compared to the hybrid
VLC-RF system [7], [9]. To enhance the performance of the
aggregated VLC-RF system, various resource allocation strate-
gies should be developed, tailored to particular applications
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and services, while considering the distinct characteristics of
VLC and RF systems. The primary communication metrics
of paramount concern in the aggregated VLC-RF system
encompass the achievable data rate [7], [10], [11] and EE [8],
[12], [13], [14]. To improve the aforementioned communi-
cation metrics, a meticulous allocation of system resources,
including power, bandwidth, and time slots, is typically
necessary.

Recently, intelligent reflecting surface (IRS) has emerged
as a novel paradigm in wireless communications, garner-
ing significant research interest [6], [15]. IRS enables the
reconfiguration of wireless channels by manipulating signal
propagation, thereby offering a novel avenue for enhanc-
ing the transmission capability of wireless communications.
Hence, extensive research has been conducted on optimiz-
ing various performance metrics in IRS-assisted systems,
focusing on the joint optimization of resource allocation
and IRS phases. To maximize the spectral efficiency (SE),
the transmit powers and the IRS phases were jointly opti-
mized in [16]. In [17] and [18], the IRS configuration
methods were proposed to maximize the sum rate of the
IRS-assisted multiple-input single-output and multiple-input
multiple-output systems, respectively. In [19] and [20], IRS
was employed to improve the signal-to-interference-plus-noise
ratio (SINR) by jointly optimizing IRS phases and beam-
forming matrices. Additionally, considering the importance of
physical layer security, the secrecy rate was maximized in [21]
and [22] with carefully designed beamforming matrices and
IRS phases. Moreover, the utilization of IRS has been observed
in simultaneous wireless information and power transfer [23],
mobile edge computing [24], and various other applications,
indicating its significant potential.

Benefiting from the low energy consumption and cost-
effectiveness characteristics of IRS units, IRS is anticipated
to exert a substantial influence in enhancing the EE of com-
munication systems. In RF systems, the challenge of EE
maximization has been studied through the optimization of
phase shifts, beamforming matrix, and transmit covariance
matrix [25], [26], [27], and the intricate tradeoff between
EE and SE has been revealed in [28]. In the context of
VLC, optical IRS (OIRS) can create supplementary commu-
nication links by arranging its units, thereby alleviating the
signal blockage problem [29] and enhancing SE of VLC
systems with low energy consumption [30], [31]. In [32],
the EE maximization problem of the OIRS-assisted VLC
system was studied, confirming the potential of OIRS in
improving EE.

To further improve EE, the OIRS and RF IRS are adopted
into the aggregated VLC-RF system, which brings additional
dimensions of resource, thereby significantly increasing the
complexity of resource allocation. For the purpose of improv-
ing EE through comprehensively utilizing various resources,
the design of resource allocation algorithms tailored for
IRS-assisted aggregated systems is imperative. To address
this issue, the system model is formulated first, and then
the resource allocation algorithm is designed to improve EE.
Specifically, the main contributions of this paper are summa-
rized as follows.

• To the best of our knowledge, it is the first time to employ
both OIRS and RF IRS to assist the aggregated VLC-RF
system, and a comprehensive system model is established.
Moreover, the EE maximization problem is formulated
in detail with the consideration of various constraints
present in the aggregated system.

• A block coordinate descent (BCD)-based resource allo-
cation algorithm is proposed to improve EE. The overall
problem is decomposed into four subproblems by BCD,
focusing on RF IRS configuration, optical subchannel
assignment, OIRS arrangement, and joint power alloca-
tion. Then, these subproblems are iteratively addressed
by the gradient descent (GD) approach, Lagrangian
relaxation heuristics (LRH) method, minorization-
maximization (MM) algorithm, and Dinkelbach-based
sequential fractional programming (SFP), respectively.

• The convergence and effectiveness of the proposed
BCD-based resource allocation algorithm for the EE
maximization problem are verified by comprehensive
numerical simulations. Besides, compared to baselines,
IRSs bring significant EE enhancement to the aggregated
VLC-RF system. Moreover, the influence of key parame-
ters on EE of the IRS-assisted aggregated system is also
revealed.

The remainder of this paper is organized as follows.
In Section II, the channel gain of the IRS-assisted aggregated
VLC-RF system is described. Afterwards, the EE maximiza-
tion problem is formulated in Section III, and the BCD-based
resource allocation algorithm is proposed in Section IV.
Numerical results are presented in Section V, and finally
Section VI concludes this paper.

Notation: In this paper, scalars are denoted by normal
letters (e.g., a and A), while vectors and matrices are rep-
resented as small and large boldface letters (e.g., a and
A), respectively. Besides, sets are expressed by fancy cap-
ital letters (e.g. A). The element at the m-th row and the
n-th column of the matrix A is represented as amn. All-zero
matrix, m-dimensional all-zero vector, m-dimensional all-one
vector, and the imaginary unit are denoted as O, 0m 1m,
and j, respectively. Moreover, (·)T , (·)H , (·)−1, (·)†, rank(·),
and vec(·) are the symbols of transpose, Hermite transpose,
inverse, Moore-Penrose pseudoinverse, rank, and vectorization
operator of a matrix, respectively. In addition, ∥ · ∥F , ∥ · ∥2,
|·|, d, ∂, and ⌊·⌋ denote the symbols of Frobenius norm,
2-norm, absolute value, differential operator, partial operator,
and floor operator, respectively. Besides, diag(a1, . . . ,an) is
a diagonal matrix with the k-th diagonal element of ak, k ∈
{1, 2, . . . , n}. The fields of real number, complex number,
and binary number are denoted by R, C, and B, respectively.
arg min(·) and arg max(·) are the arguments that make the
following expression reach its minimum and maximum value,
respectively.

II. SYSTEM MODEL

The system model of the aggregated VLC-RF system is
illustrated in Fig. 1, with a focus on the downlink vehicular
communications. Multiple vehicles are randomly distributed
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Fig. 1. System model of the proposed IRS-assisted aggregated VLC-RF system.

along a two-lane road, represented as V = {1, 2, . . . , V }.
Besides, each vehicle is equipped with a PD and an antenna,
enabling simultaneous service by both an RF AP and a VLC
AP. Specifically, streetlamps serve as VLC APs, each equipped
with an LED array and a K-unit OIRS on its lamppost. Owing
to the consistency between uniform linear array (ULA) and
lampposts in shape, OIRS units are arranged in the ULA
form for deployment. Meanwhile, the RF AP is equipped
with Z antennas arranged in a ULA, assisted by an N -
unit RF IRS in the form of ULA. All units of an OIRS
and the RF IRS are represented as K = {1, 2, . . . ,K} and
N = {1, 2, . . . , N}, respectively. Besides, both VLC APs
and the RF AP are attached to the centralized control unit,
where the coordination and synchronization of RF and VLC
are accomplished. In addition, based on the channel estimation
method for the mobile scenario in [33], [34], and [35], it is
assumed that the channel state information is known at the
centralized control unit, and all configurations are decided
uniformly and then executed at each AP.

A. VLC System

The set of VLC APs is denoted as M = {1, 2, . . . ,M},
and the vehicles served by VLC AP m are renumerated
and compose a set Vm = {1, 2, . . . , Vm}. To illustrate the
association between VLC APs and vehicles, an association
matrix A ∈ BV×M is formulated, in which av,m = 1 and
0 indicate whether vehicle v is served by VLC AP m or not,
respectively. Since streetlamps are arranged along the road
and the illumination region of each streetlamp is limited, each
vehicle is assumed to be served by its nearest VLC AP. For
vehicle v, the serving VLC AP is mv = arg minm uv,m, and
thus the element of A is given by

av,m =

{
1, m = mv,

0, otherwise.
(1)

VLC mainly relies on the LoS channel, while the non-line-
of-sight (NLoS) channel can be neglected due to the weakness
of diffuse reflection. The VLC channel gain from VLC AP m

to vehicle v is characterized by the Lambertian model, which
is expressed as

h(0)
v,m =


(κ+ 1)σvχ

2Υ
2πu2

v,m sin2 (ψ0)
cosκ (φv,m) cos (ψv,m) ,

if 0 ≤ ψv,m ≤ ψ0,

0, otherwise,

(2)

where uv,m, φv,m, and ψv,m denote the distance between
vehicle v and VLC AP m, the irradiance angle of the LED
array on VLC AP m, and the incidence angle of the PD on
vehicle v, respectively. Besides, κ, χ, σv , Υ, and ψ0 represent
the Lambertian index, the refractive index, the area of PD on
vehicle v, the optical filter gain, and the semi-angle of PD’s
field-of-view, respectively.

With the help of OIRS, the OIRS-reflected channel is
established. Based on the point source assumption [36], [37],
the channel gain from VLC AP m to vehicle v reflected by
the unit k of the m-th OIRS is expressed as

h
(1)
v,k,m =


𭟋(κ+ 1)σvχ

2Υ

2π(u(1)
k,m + u

(2)
v,k)2 sin2(ψ0)

cosκ(φ̂k,m) cos(ψ̂v,k),

if 0 ≤ ψ̂v,k ≤ ψ0,

0, otherwise,

(3)

where u(1)
k,m, u(2)

v,k, φ̂k,m, and ψ̂v,k denote the distance between
VLC AP m and OIRS unit k, the distance between vehicle v
and OIRS unit k, the irradiance angle of the LED array on
VLC AP m, and the incidence angle of the PD on vehicle
v, respectively. Based on the location information of APs,
OIRSs, and vehicles, the spatial angles φ̂k,m and ψ̂v,k can
be calculated according to the law of geometry. Besides, 𭟋 is
the reflectivity of the OIRS unit, which depends on the OIRS
characteristics.

Based on orthogonal frequency division multiple access
(OFDMA), each VLC AP can serve multiple vehicles simul-
taneously. All optical subchannels are denoted as L =
{1, 2, . . . , L}, which are reused among all VLC APs, and each
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with a bandwidth of W1. To describe the optical subchannel
assignment of VLC AP m, the binary matrix Bm ∈ BV×L

is defined, in which bm,v,l = 1 indicates the subchannel l of
VLC AP m is allocated to vehicle v, while 0 signifies non-
allocation. The set of optical subchannel assignment matrices
of all VLC APs is denoted as B = {Bm|m ∈M}.

Since the size of the OIRS unit is infinitely large compared
to the optical wavelength, geometrical optics is suitable for
analyzing OIRS reflections. In this case, the power density
of the reflected optical beam is concentrated in a small area,
ensuring no leakage to other directions [38]. Therefore, the
OIRS-reflected link can only be established when the OIRS
unit is aligned with the VLC AP and PD. Furthermore, when
an OIRS unit is arranged to reflect an optical signal from a
VLC AP to a vehicle, the roll and yaw angles of the OIRS
unit can be calculated utilizing their locations according to
the reflection law. Hence, the problem of configuring OIRS is
equivalently transformed into the arrangement of OIRS units.
For the arrangement of the m-th OIRS, a binary matrix F m

is defined, and the set of all OIRS arrangement matrices is
denoted as F = {F m|m ∈ M}. Within F m, the element
fm,k,v = 1 and 0 signify the unit k of the m-th OIRS is
assigned to vehicle v or not, respectively. Meanwhile, the
concentrated reflected optical beam ensures no power leakage
when fm,k,v = 0. Consequently, the total VLC channel gain
between VLC AP m and vehicle v is expressed as

hv,m = h(0)
v,mav,m +

K∑
k=1

h
(1)
v,k,mfm,k,v. (4)

B. RF System

The channel gain from the RF AP to vehicle v is modeled
by Rayleigh fading [39], [40] as

g(0)
v =

√
ρû
−α0,v

0,v ḡ(0)
v , (5)

where ρ is the path loss at the reference distance d0 = 1 m.
Additionally, û0,v and α0,v correspond to the distance and
path loss exponent of the link from the RF AP to vehicle
v, respectively. The elements of ḡ

(0)
v ∈ CZ×1 are indepen-

dent, identically distributed (i.i.d.) in a complex Gaussian
distribution with zero mean and unit variance. Moreover, the
channel gains from the RF AP to all vehicles are represented
as G(0) = [g(0)

1 , . . . , g
(0)
V ]T .

The channel gains from the RF AP to RF IRS unit n and
from RF IRS to vehicle v are modeled by Rician fading [39],
[40] as

g(1)
n =

√
ρû−α1

1

(√
ζ1

1 + ζ1
g

(1)
n,LoS +

√
1

1 + ζ1
g

(1)
n,NLoS

)
,

(6)

g(2)
v =

√
ρû
−α2,v

2,v

(√
ζ2

1 + ζ2
g

(2)
v,LoS +

√
1

1 + ζ2
g

(2)
v,NLoS

)
,

(7)

where α1 and α2,v represent the path loss exponent of
corresponding links, while û1 and û2,v denote the distances

from RF AP to RF IRS and from RF IRS to vehicle v,
respectively. The elements of NLoS components g

(1)
n,NLoS ∈

CZ×1 and g
(2)
v,NLoS ∈ CN×1 follow a complex Gaussian

distribution with zero mean and unit variance. Besides, the
LoS components g

(1)
n,LoS ∈ CZ×1 and g

(2)
v,LoS ∈ CN×1 consist

of ULA response [39]. The channel gains from RF AP to RF
IRS and from RF IRS to all vehicles are denoted as G(1) =
[g(1)

1 , . . . , g
(1)
N ]T and G(2) = [g(2)

1 , . . . , g
(2)
V ]T , respectively.

The phase shifts introduced by RF IRS are denoted by
a matrix Φ = diag (ϕ1, . . . , ϕN ), where ϕn = ejθn , n ∈
{1, 2, . . . , N}. The phase vector is presented by θ =
[θ1, θ2, . . . , θN ]T . Subsequently, the total channel gains from
the RF AP to all vehicles are expressed as

G = G(2)ΦG(1) + G(0) =
N∑

n=1

ϕnG(2)ΨnG(1) + G(0),

(8)

where Ψn is a zero matrix with n-th diagonal element of 1.

III. PROBLEM FORMULATION FOR EE MAXIMIZATION

In the VLC system, the power allocation is given by P ∈
RM×L, where pm,l signifies the power allocated to subchannel
l of VLC AP m. Notably, when an OIRS unit is arranged
to establish a reflective channel between a VLC AP and a
vehicle, the optical signal from another VLC AP is reflected
towards a different direction. However, the probability of any
PD happening to appear exactly in that direction is quite
low and can be ignored, thereby causing no interference to
other vehicles [31]. Hence, the optical interference received
by vehicle v originates from the LoS channels of other VLC
APs. Consequently, the SINR on subchannel l from VLC AP
m to vehicle v is demonstrated as

γm,v,l =
h2

v,mpm,l∑M
m′=1(h

(0)
v,m′)2pm′,l (1− av,m′) + µ1W1

, (9)

where µ1 is the power spectral density (PSD) of the noise
for VLC. For vehicle v served by VLC AP m, it receives the
interference from the other VLC APs m′ ̸= m, as indicated
by the first term in the denominator of (9). If m′ = m,
then av,m′ = 1 holds, and the term corresponding to m in
the summation is set to zero. Subsequently, the corresponding
achievable data rate for vehicle v via VLC is given by

Rm,v,l =
W1

2
log2

(
1 +

e

2π
γm,v,l

)
. (10)

Following that, the total achievable data rate of the VLC
system received by vehicle v is presented as

Rv =
M∑

m=1

L∑
l=1

bm,v,lRm,v,l. (11)

For the RF communication system, the power received by
each vehicle is represented by q = [q1, . . . , qV ]T , which
can be organized as a matrix Q = diag (q). Assuming the
utilization of zero-forcing (ZF) at the RF AP, the precoding
matrix E ∈ CZ×V is given by

E = G† = GH
(
GGH

)−1

. (12)
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The precoding vector of vehicle v is denoted as ev , corre-
sponding to the v-th column of E. Based on ZF, the achievable
data rate via RF received by vehicle v is expressed as

Sv = W2 log2

(
1 +

qv
µ2W2

)
, (13)

where µ2 and W2 are the PSD of the noise and the bandwidth
of RF, respectively. Consequently, the achievable data rate of
the IRS-assisted aggregated system is given by

RT =
V∑

v=1

(Rv + Sv) . (14)

Considering the power consumption of the RF AP is
tr
(
EQEH

)
, the total power consumption is denoted by

PT =
M∑

m=1

L∑
l=1

pm,l + tr
(
EQEH

)
+ UT , (15)

where UT = MU1 +U2 +NU3 +MKU4 represents the static
power consumption of all hardware components. Specifically,
U1, U2, U3, and U4 are hardware static power consump-
tions of a VLC AP, the RF AP, a unit of RF IRS, and a
unit of OIRS, respectively. Consequently, the EE maximiza-
tion problem of the whole aggregated VLC-RF system is
formulated as

(P0) max
F,B,P ,Q,Φ

η =
RT

PT
(16)

s.t. pm,l ≥ 0, ∀m ∈M, ∀l ∈ L, (16a)
L∑

l=1

pm,l ≤ pm,max, ∀m ∈M, (16b)

qv ≥ 0, ∀v ∈ V, (16c)

tr
(
EQEH

)
≤ qmax, (16d)

M∑
m=1

L∑
l=1

pm,l+tr
(
EQEH

)
+UT ≤Umax, (16e)

fm,k,v∈{0, 1}, ∀m∈M, ∀k∈K, ∀v∈V, (16f)
V∑

v=1

fm,k,v ≤ 1, ∀m ∈M, ∀k ∈ K, (16g)

fm,k,v (1−av,m)=0, ∀m∈M, ∀k∈K, ∀v∈V,
(16h)

|ϕn| = 1, ∀n ∈ N , (16i)
bm,v,l ∈ {0, 1}, ∀m∈M, ∀v∈V, ∀l∈L, (16j)

V∑
v=1

bm,v,l ≤ 1, ∀m ∈M, ∀l ∈ L, (16k)

bm,v,l (1− av,m)=0, ∀m∈M, ∀v∈V, ∀l∈L,
(16l)

Rv + Sv ≥ Rmin, ∀v ∈ V. (16m)

The constraints in the problem (P0) are explained as follows.
Power Allocation Constraints: Constraints (16a) and (16c)

ensure the non-negative power allocation for VLC and RF

systems, respectively. For both VLC APs and the RF AP, the
transmitted powers must not exceed the maximum feasible
power of the corresponding AP, which are guaranteed by (16b)
and (16d), where pm,max and qmax are the maximum feasible
power for VLC AP m and the RF AP, respectively. To guaran-
tee the power consumption of the aggregated system below the
power threshold Umax, the total power constraint is formulated
as (16e).

OIRS Arrangement Constraints: Constraints (16f), (16g),
and (16h) ensure that each element of F m is a binary value
and an OIRS unit is only assigned to no more than one vehicle
served by the corresponding VLC AP.

RF IRS Configuration Constraints: Because the RF IRS
only adjusts the phase of the signal, the phase shift constraint
is formulated as (16i).

Optical Subchannel Assignment Constraints: For an
optical subchannel assignment matrix Bm, constraints (16j),
(16k), and (16l) guarantee that each element is binary, and
each subchannel can only be assigned to no more than one
vehicle served by the corresponding VLC AP.

Date Rate Constraints: To satisfy the quality of service
(QoS) requirements of all vehicles, the achievable data rate
of each vehicle should be larger than Rmin, as formulated
by (16m).

IV. PROPOSED RESOURCE ALLOCATION ALGORITHM

The problem (P0) falls into the category of mixed inte-
ger nonlinear programming (MINLP) problem, a typically
intractable issue proven to be a non-deterministic polyno-
mial (NP)-hard problem [41]. In this section, a BCD-based
resource allocation algorithm is proposed, which decomposes
the problem (P0) into four more solvable subproblems, focus-
ing on RF IRS configuration, optical subchannel assignment,
OIRS arrangement, and joint power allocation, respectively.
When solving a specific subproblem, some variables are
optimized when the remaining variables are fixed, as shown
in Algorithm 1. In each iteration, RF IRS configura-
tion is solved first by the GD approach, as detailed in
Section IV-A. Then, optical subchannel assignment is opti-
mized by the LRH method in Section IV-B, followed by
MM-based OIRS arrangement in Section IV-C. Afterwards,
joint power allocation is solved by Dinkelbach-based SFP,
as shown in Section IV-D. The above process is repeated
until the algorithm converges. In addition, the initial point of
Algorithm 1 is selected as a feasible solution for the problem
(P0). When solving subproblems alternately, the initial point
for each subproblem is the optimization result from the pre-
vious iteration, ensuring the availability of a feasible solution
for each subproblem. Moreover, since the specific form of IRS
has no effect on the above problem formulation, the proposed
BCD-based algorithm is also feasible for the system with IRS
in the form of either ULA or uniform planar array.

A. RF IRS Configuration

With fixed F , B, P , and Q, the total achievable data rate
RT becomes a constant value according to (11) and (13), and
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Algorithm 1 BCD-Based Resource Allocation Algorithm

1: Input: A, {h(0)
v,m}, {h(1)

v,k,m}, G(2), G(1), G(0), and the
error threshold ε1 > 0.

2: Initialization: i = 0, F (0), B(0), Φ(0), P (0), and Q(0)

are initialized.
3: repeat
4: i = i+ 1;
5: Given F (i−1), B(i−1), P (i−1), and Q(i−1), optimize

Φ(i) by GD approach;
6: Given Φ(i), F (i−1), P (i−1), and Q(i−1), optimize B(i)

by LRH method;
7: Given Φ(i), B(i), P (i−1), and Q(i−1), optimize F (i) by

MM method;
8: Given Φ(i), B(i), and F (i), optimize P (i), and Q(i) by

Dinkelbach-based SFP;
9: until |η(i) − η(i−1)| < ε1

10: Output: Φ(i), B(i), F (i), P (i), and Q(i)

thus the problem (P0) is transformed into minimizing the total
power consumption as

(P1) min
θ

Γ1 (θ) = tr
(
EQEH

)
(17)

s.t. (16d), (16e).

If the minimum value of Γ1 (θ) is obtained and satisfies
the constraints (16d) and (16e), the problem (P1) is solved.
Moreover, the GD approach is employed to minimize Γ1 (θ),
and the gradient is calculated based on Lemma 1.

Lemma 1: The partial derivative of Γ1 (θ) with respect to
θn is given by

∂Γ1 (θ)
∂θn

= −2Re
{
jejθntr

(
GHĜG̃n

)}
, (18)

where Ĝ =
(
GGH

)−1

Q
(
GGH

)−1

is a Hermitian matrix

and G̃n = G(2)ΨnG(1).
Proof: The proof is presented in Appendix A. □

Subsequently, the gradient of Γ1 (θ) is given by

∇θΓ1 (θ) =
[
∂Γ1 (θ)
∂θ1

,
∂Γ1 (θ)
∂θ2

, . . . ,
∂Γ1 (θ)
∂θN

]T

. (19)

To sum up, the GD-based RF IRS configuration algorithm
is summarized in Algorithm 2.

B. Optical Subchannel Assignment

For fixed F , Φ, P , and Q, the total power consumption
PT and the achievable data rate Sv become constant values,
and thus the problem (P0) can be simplified to

(P2) max
B

Γ2 (B) =
V∑

v=1

Rv (B)

s.t. (16j), (16k), (16l), (16m). (20)

To solve the problem (P2), the property of Γ2 (B) needs to
be studied first, which is given in Lemma 2.

Algorithm 2 GD-Based RF IRS Configuration Algorithm

1: Input: Q,G(2),G(1),G(0), and the error threshold ε2 >
0.

2: Initialization: τ = 0, and θ(0) is initialized.
3: repeat
4: Calculate ∇θΓ1

(
θ(τ)

)
based on (18) and (19);

5: Calculate the stepsize µτ by backtracking line search;
6: θ(τ+1) = θ(τ) − µτ∇θΓ1

(
θ(τ)

)
;

7: θ(τ+1) = θ(τ+1) − 2π⌊θ(τ+1)

2π ⌋;
8: τ = τ + 1;
9: until

∣∣∣Γ1

(
θ(τ)

)
− Γ1

(
θ(τ−1)

)∣∣∣ < ε2

10: Output: θ∗ = θ(τ)

Lemma 2: Γ2 (B) is a non-decreasing function of bm,v,l.
Proof: Considering (10), (11), and (20) comprehensively,
Γ2 (B) is a linear function of bm,v,l with the non-negative
coefficient Rm,v,l. Therefore, Lemma 2 is proved. □

Based on Lemma 2, the optimal result of problem (P2) is
obtained at the boundary of (16k), which is transformed into∑

v∈V
bm,v,l = 1, ∀m ∈M, ∀l ∈ L. (21)

Since the subchannels of a VLC AP are only assigned
to vehicles it serves, the elements of Bm satisfy bm,v,l =
0 (v /∈ Vm), which are deterministic without optimization.
Consequently, the remaining optimization variables form a
matrix B̂m ∈ BVm×L. In addition, for any vehicle v ∈ Vm, the
condition av,m = 1 is guaranteed, and thus (16l) is satisfied
and then omitted. Moreover, since each vehicle is served by
only one VLC AP, the problem (P2) is decomposed into M
subproblems to accomplish the optical subchannel assignment
for each VLC AP separately, and these subproblems are in the
same form as

(P2-1) max
B̂m

Γ2m(B̂m) =
∑

v∈Vm

Rv(B̂m), ∀m ∈M (22)

s.t. (16j), (21), (16m).

The problem (P2-1) is a generalized assignment problem
(GAP), which is a well-established NP-hard problem [42].
In this paper, the Lagrangian relaxation (LR) method is
employed to solve the problem (P2-1). To decrease the com-
plexity of the problem (P2-1), the data rate constraint is relaxed
into the object function as

Γ̂2m(B̂m) =
∑

v∈Vm

Rv +ϖv (Rv + Sv −Rmin) , (23)

where ϖv ≥ 0 is a Lagrangian multiplier and ϖm =
[ϖ1, . . . , ϖVm

]. Then, the problem (P2-1) is transformed into

(P2-2) max
B̂m

Γ̂2m(B̂m), ∀m ∈M (24)

s.t. (16j), (21).
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For fixed ϖm, the optimal solution of the problem (P2-2) is
given by

bm,v,l =

 1, v = arg max
v′

(ϖv′ + 1)Rm,v′,l,

0, otherwise.
(25)

Based on subchannel assignment in (25) obtained by the
LR method, an upperbound of the problem (P2-1) is attained.
To obtain a tighter upperbound, the subgradient method is
employed to update the Lagrangian multipliers, and the sub-
gradient is given by Jm = [Jm (ϖ1) , . . . , Jm (ϖVm

)], where

Jm (ϖv) = −
∑
l∈L

Rm,v,lbm,v,l − Sv +Rmin, ∀v ∈ Vm.

(26)

Then, the update of the Lagrangian multipliers is given by

ϖ(τ+1)
v = max

{
0, ϖ(τ)

v + Ω
ℵ − ג
∥Jm∥22

Jm (ϖv)
}
, ∀v ∈ Vm,

(27)

where τ , ℵ, and ג represent the iteration number, the upper-
bound, and the lowerbound of Γ̂2m, respectively. Besides, Ω
denotes the control parameter that satisfies 0 ≤ Ω ≤ 2 [43].

Due to the relaxed data rate constraint, the solution acquired
by LR is not always a feasible solution for the problem
(P2-1). As a consequence, a heuristics approach is utilized
to reconstruct a feasible solution close to (25), in which some
subchannels are reassigned from constraint-satisfied vehicles
to constraint-unsatisfied vehicles so that all constraints of the
original problem are finally satisfied, as shown in Steps 9∼20
of Algorithm 3. Specifically, the vehicles served by VLC AP
m, whose data rate constraints are not satisfied, constitute the
set V̂m. For each vehicle v̂ ∈ V̂m, some subchannels assigned
to vehicle v′ ∈ Vm − V̂m are reassigned to v̂ if this transfer
does not violate the data rate constraint of v′. To sum up,
the above LRH-based subchannel assignment is illustrated in
Algorithm 3.

C. OIRS Arrangement

Given fixed Φ, B, P , and Q, the power consumption PT

and the achievable data rate via RF Sv become constant values,
and thus the problem (P0) can be simplified to

(P3) max
F

Γ3 (F) =
V∑

v=1

Rv (F) (28)

s.t. (16f), (16g), (16h), (16m).

To solve the problem (P3), the property of Γ3 (F) is
discussed first in Lemma 3.

Lemma 3: Γ3 (F) is a non-decreasing function of fm,k,v .
Proof: Due to the non-negativity of h(1)

v,k,m and linearity of (4),
hv,m is a non-negative and non-decreasing function of fm,k,v .
In the value range of hv,m, γm,v,l (hv,m) is an increasing
function of hv,m. Besides, Rv (γm,v,l) is an increasing func-
tion of γm,v,l. Therefore, Rv (F) is a non-decreasing function
of fm,k,v because it is a compound function of the above
functions. □

Algorithm 3 LRH-Based Optical Subchannel Assignment
Algorithm

1: Input: A,P ,Q, {h(0)
v,m}, {h(1)

v,k,m}, and F .
2: Initialization: m = 1, τ = 0, ג = −∞, ℵ = ∞, τmax,

and ϖ(0)
v are initialized.

3: repeat
4: Compute {Rm,v,l}v∈Vm,l∈L based on (10);
5: repeat
6: Obtain subchannel assignment B̂m based on (25);
7: The upperbound ℵ = min{ℵ, Γ̂2m(B̂m)};
8: Compute Jm based on (26);
9: V̂m = {v|Rv + Sv −Rmin < 0, v ∈ Vm};

10: for v̂ ∈ V̂m do
11: L̂(τ)

m,v̂ = {l|bm,v̂,l = 0};
12: repeat
13: l′ = arg max{Rm,v̂,l| l ∈ L̂(τ)

m,v̂};
14: v′ = {v| bm,v,l′ = 1};
15: if Rv′ −Rm,v′,l′ + Sv′ −Rmin ≥ 0 then
16: bm,v′,l′ = 0, bm,v̂,l′ = 1;
17: end if
18: L̂(τ)

m,v̂ = L̂(τ)
m,v̂ − {l′};

19: until Rv̂ + Sv̂ −Rmin ≥ 0.
20: end for
21: The lowerbound ג = max{ג,Γ2m(B̂m)};
22: Update ϖ

(τ+1)
m according to (27), τ = τ + 1;

23: until |ℵ − |ג < 1 or τ ≥ τmax.
24: m = m+ 1, τ = 0, ג = −∞, ℵ = ∞;
25: until m > M
26: Output: {B̂

∗
m}M

m=1

Based on Lemma 3, the optimal solution for problem (P3)
is obtained at the boundary of (16g), which is transformed into∑

v∈V
fm,k,v = 1, ∀m ∈M, ∀k ∈ K. (29)

Due to constraint (16f), the problem (P3) is an integer pro-
gramming problem, known to be NP-hard [44]. Consequently,
exhaustive search and the branch-and-bound method emerge
as viable approaches for optimal solution discovery. However,
the complexity of the exhaustive search increases exponen-
tially with the number of optimization variables. Although
the branch-and-bound method mitigates the exhaustive search
complexity, it remains exponential in the worst case. There-
fore, an OIRS arrangement algorithm with low complexity is
proposed as follows. First, constraint (16f) is relaxed to

0 ≤ fm,k,v ≤ 1, ∀m ∈M, ∀K ∈ K, ∀v ∈ V. (30)

Considering the non-negativity of fm,k,v and sum constraint
of (29), fm,k,v ≤ 1 is guaranteed, and thus (30) is simplified
as

fm,k,v ≥ 0, ∀m ∈M, ∀K ∈ K, ∀v ∈ V. (31)

Since each OIRS is only allocated to a vehicle served
by the corresponding VLC AP, the elements in F m satisfy
fm,k,v = 0 (v /∈ Vm), and thus only {fm,k,v| v ∈ Vm} need
to be optimized. The optimized variables can be reduced to
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F̂ m ∈ RK×Vm , with its vectorization and the v-th column
denoted as f̂m = vec(F̂ m) and f̂m,v , respectively. Besides,
for vehicles v ∈ Vm, the condition av,m = 1 is guaranteed,
and thus (16h) is satisfied and can be omitted.

Furthermore, because a vehicle is served by only one VLC
AP, the problem (P3) is decomposed into M subproblems with
the same form as

(P3-1) max
f̂m

Γ3m(f̂m) =
∑

v∈Vm

Rv(f̂m), ∀m ∈M (32)

s.t. (29), (31), (16m).

To address the non-convex problem (P3-1), the MM
algorithm is employed. By solving a series of approximate
convex problems, the solutions of these subproblems con-
verge to the Karush-Kuhn-Tucker (KKT) point of the original
problem [45]. To establish the approximate convex problems,
a lower bound of the objective function needs to be obtained
first. For any non-negative ξ and ξ0, the inequality log2(1 +
ξ) ≥ r log2(ξ) + s holds with coefficients of

r =
ξ0

1 + ξ0
, (33)

s = log2 (1 + ξ0)− r log2 ξ0, (34)

and the inequality is tight for ξ = ξ0 [46]. Subsequently,
a lowerbound of Rv is given by

Rv =
M∑

m=1

L∑
l=1

bm,v,l
W1

2

[
rm,v,l log2

( e

2π
γm,v,l

)
+ sm,v,l

]
.

(35)

The coefficients in the τ -th loop are expressed as

r
(τ)
m,v,l =

e
2πγ

(τ)
m,v,l

1 + e
2πγ

(τ)
m,v,l

, (36)

s
(τ)
m,v,l = log2

(
1 +

e

2π
γ

(τ)
m,v,l

)
− r

(τ)
m,v,l log2

( e

2π
γ

(τ)
m,v,l

)
,

(37)

where γ(τ)
m,v,l is the SINR on subchannel l from VLC AP m

to vehicle v in the τ -th loop. The concavity of Rv is proved
in Lemma 4.

Lemma 4: For v ∈ Vm, Rv(f̂m) is a concave function.
proof: The proof is given in Appendix B. □

Considering the requirements of the MM algorithm, a lower-
bound of Γ3m(f̂m) is adopted as the optimization object, and
the problem (P3-1) is approximated by

(P3-2) max
f̂m

Γ3m(f̂m) =
∑

v∈Vm

Rv(f̂m), ∀m ∈M (38)

s.t. (29), (31),
Rv ≥ Rmin − Sv, ∀v ∈ Vm. (39)

Consequently, its convexity is explored in Proposition 1.
Proposition 1: The problem (P3-2) is a convex problem.

Proof: The objective function, Γ3m(f̂m), demonstrates con-
cavity as it is composed of several individual concave
functions. The constraint (39) is a convex constraint according

Algorithm 4 MM-Based OIRS Arrangement Algorithm

1: Input: A,P ,Q, {h(0)
v,m}, {h(1)

v,k,m},B, and the error
threshold ε4 > 0.

2: Initialization: m = 1, τ = 0, k = 1, and {f̂
(0)

m }M
m=1 is

initialized.
3: repeat
4: repeat
5: Calculate γm,v,l(f̂

(τ)

m ), for ∀v ∈ Vm, and ∀l ∈ L;
6: Calculate r(τ)

m,v,l, s
(τ)
m,v,l according to (36) and (37);

7: Solve problem (P3-2) by IPM and obtain f̂
(τ+1)

m ;
8: τ = τ + 1;
9: until ∥f̂

(τ)

m − f̂
(τ−1)

m ∥2 < ε4

10: f̂
∗
m = f̂

(τ)

m ;
11: repeat
12: v∗ = arg max

v
f̂∗m,k,v;

13: f̂∗m,k,v∗ = 1 and f̂∗m,k,v ̸=v∗ = 0;
14: k = k + 1;
15: until k > K
16: m = m+ 1, τ = 0, k = 1.
17: until m > M
18: Output: {f̂

∗
m}M

m=1

to the Lemma 4. In addition, the constraints (29) and (31) are
affine. Hence, the problem (P3-2) is convex. □

As illustrated in the inner loop of Algorithm 4, the problem
(P3-2) is utilized to replace the problem (P3-1), and then
solved by the interior point method (IPM). When the stop
condition is satisfied, the solution f̂

∗
m converges to the KKT

point of the problem (P3-1). To satisfy the constraint (16f),
a greedy approach is adopted in Steps 11∼15 of Algorithm 4,
obtaining a suboptimal solution of the problem (P3).

D. Joint Power Allocation

For fixed B, F , and Φ, the problem (P0) is simplified to

(P4) max
P ,Q

η =
RT

PT
(40)

s.t. (16a), (16b), (16c), (16d), (16e), (16m).

To solve the problem (P4), the SFP is employed by solving
a series of approximate problems, whose solutions converge
to the KKT point of the original fractional programming
problem [47]. To utilize the SFP, a lowerbound of the EE
is adopted to replace the object function, and thus the approx-
imate problem is demonstrated as

(P4-1) max
P ,Q

Γ4 (P ,Q) =
RT

PT
=
∑V

v=1 (Rv + Sv)
PT

(41)

s.t. (16a), (16b), (16c), (16d), (16e),
Rv + Sv ≥ Rmin, ∀v ∈ V. (42)

To further solve the approximate problem, the VLC
power allocation is expressed as the exponential function in
pm,l = 2cm,l , and related variables are defined as cl =
[c1,l, . . . , cM,l]T and c = [cT

1 , . . . , c
T
L]T . Besides, the sum
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of the interference and noise power received by vehicle v is
denoted as

ϱv,l =
M∑

m′=1

(h(0)
v,m′)

22cm′,l (1− av,m′) + µ1W1. (43)

Following that, the lowerbound of VLC rate Rv(c) is demon-
strated as (44), shown at the bottom of the page. To study
the characteristic of Γ4 (c, q), the property of RT (c, q) is
represented in Lemma 5.

Lemma 5: RT (c, q) is a concave function.
Proof: The proof is given in Appendix C. □

Based on Lemma 5, the category of the problem (P4-1) is
given in Proposition 2.

Proposition 2: The problem (P4-1) is a concave-convex
fractional programming (CCFP) problem.
Proof: Since (15) is an exponential summation of c and an
affine function of q, PT (c, q) is a convex function. According
to Lemma 5, the numerator of (41) is a concave function.
In addition, constraints (16c), (16d), and (16e) are affine
constraints of q. On account of the exponential summations of
c in (16b) and (16e), both constraints are convex constraints.
Additionally, the numerator and the denominator of (41) are
non-negative and positive, respectively. □

To solve the CCFP problem (P4-1), the Dinkelbach
algorithm tackles a sequence of subproblems with the param-
eter β, which are demonstrated as

(P4-2) max
c,q

Ξβ (c, q) = RT − βPT (45)

s.t. (16b), (16c), (16d), (16e), (42).

According to Proposition 2, it is easy to prove that the problem
(P4-2) is a convex optimization problem. In each outer loop
of Algorithm 5, the problem (P4) is replaced by the problem
(P4-1), and then transformed into the problem (P4-2) in the
inner loop, which is solved by the Dinkelbach algorithm.
When the stop condition of the inner loop is satisfied, the
optimization variables converge to the global optimal solution
of the problem (P4-1) [48]. When the stop condition of the
outer loop is satisfied, the solution converges to the KKT point
of the problem (P4).

E. Analysis of Convergence and Complexity

In order to analyze the convergence of the proposed
BCD-based resource allocation algorithm, the convergences
of algorithms solving the four subproblems are analyzed first.

For the problem (P1), the non-decreasing of the object
function is guaranteed by the properties of GD and the
backtracking line search, which is demonstrated as Γ1(Φ(i)) ≤
Γ1(Φ(i−1)).

In the subchannel assignment subproblem, B(i)
m is given by

B(i)
m = arg max

Bm

(Γ2(B(i−1)
m ),Γ2(B∗

m)), (46)

Algorithm 5 Dinkelbach-Based SFP Joint Power Allocation
Algorithm

1: Input: A, {h(0)
v,m}, {h(1)

v,k,m}, F , B, Φ, G(2), G(1), G(0),
and the error threshold ε5, ε6 > 0.

2: Initialization: τ = 0, ι = 0, β(τ,ι) = 0, c(τ,ι), and q(τ,ι)

are initialized.
3: repeat
4: Calculate γ(τ)

m,v,l for ∀m ∈ M,∀v ∈ V,∀l ∈ L based
on c(τ,0) and q(τ,0);

5: Calculate r(τ)
m,v,l, s

(τ)
m,v,l according to (36) and (37);

6: repeat
7: ι = ι+ 1;
8: Solve the problem (P4-2) by IPM and obtain

c(τ,ι), q(τ,ι);
9: Calculate Ξβ(τ,ι−1)(c(τ,ι), q(τ,ι)) based on (45);

10: β(τ,ι) = RT (c(τ,ι), q(τ,ι))/PT (c(τ,ι), q(τ,ι));
11: until Ξβ(τ,ι−1)(c(τ,ι), q(τ,ι)) < ε5;
12: c(τ+1,0) = c(τ,ι), q(τ+1,0) = q(τ,ι);
13: τ = τ + 1, ι = 0, β(τ,ι) = 0;
14: until |η(c(τ,0), q(τ,0))− η(c(τ−1,0), q(τ−1,0))| < ε6
15: Output: c∗ = c(τ,0), q∗ = q(τ,0)

where B∗
m is the output of Algorithm 3. Hence, Γ2(B(i)

m ) ≥
Γ2(B(i−1)

m ) is guaranteed in the i-th loop of Algorithm 1.
In the τ -th loop of Algorithm 4, it can be shown that

Γ3m(f̂
(τ−1)

m ) = Γ3m(f̂
(τ−1)

m ) (47a)

≤ Γ3m(f̂
(τ)

m ) (47b)

≤ Γ3m(f̂
(τ)

m ). (47c)

The equation (47a) holds because Γ3m is tight with respect
to Γ3m at f̂

(τ−1)

m in the τ -th loop. The inequality (47b)
is ensured by the IPM optimization process of the problem
(P3-2), while (47c) holds because Γ3m is the lowerbound
of Γ3m. In addition, a selection procedure similar to (46) is
performed to F m, thereby Γ3(F (i)

m ) ≥ Γ3(F (i−1)
m ) holds in

the i-th loop of Algorithm 1.
Similar to (47a), (47b), and (47c), the non-decreasing prop-

erty of EE in the outer loop of Algorithm 5 is formulated
by

η(P (τ−1,0),Q(τ−1,0))=Γ4(P (τ−1,0),Q(τ−1,0))

≤Γ4(P (τ,0),Q(τ,0))≤η(P (τ,0),Q(τ,0)).
(48)

Subsequently, the non-decreasing property η(P (i−1),Q(i−1))
≤ η(P (i),Q(i)) is ensured in the i-th loop of Algorithm 1.

Based on the above discussions, the non-decreasing property
of EE in the i-th iteration of the proposed algorithm is

Rv(c) =
W1

2

L∑
l=1

bmv,v,l

[
rmv,v,lcmv,l − rmv,v,l log2 (ϱv,l) + rmv,v,l log2

(
eh2

v,mv

2π

)
+ smv,v,l

]
. (44)
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given by

η(Φ(i−1),B(i−1),F (i−1),P (i−1),Q(i−1))

≤ η(Φ(i),B(i),F (i),P (i),Q(i)). (49)

Due to the constraints of the problem (P0), EE is upper-
bounded by a finite value, thereby the convergence of the
proposed algorithm is guaranteed. Nevertheless, since the
objective function is not jointly concave with respect to all
optimization variables, the solution obtained by the proposed
BCD-based algorithm is a suboptimal solution.

To analyze the computational complexity of the proposed
resource allocation method, the complexity of solving each
subproblem is discussed first. The iteration numbers of the
outer loop in Algorithm 1 and Algorithm 2 are denoted as
I1 and I2, respectively.

For Algorithm 2, the computation mainly takes place in the
calculation of the ∇θΓ1 (θ), which is given by O(I2(NZV +
ZV 2 + V 3)).

For Algorithm 3, Step 6 leads to O(VmL) compar-
isons, and Step 8 results in O(VmL) multiplications in τ -th
iteration. To facilitate the adjustment of optical subchan-
nel assignment of Steps 12∼20, {Rm,v̂,l|l ∈ L̂(τ)

m,v̂} are
sorted for each v̂ ∈ V̂m in τ -th iteration, thereby causing
O(
∑|V(τ)

m |
v̂=1 |L̂(τ)

m,v̂| log(|L̂(τ)
m,v̂|)) operations, which is no more

than O(VmL log(L)). Hence, the total computational com-
plexity of Algorithm 3 is given by O(

∑M
m=1

∑I3m

τ=1(VmL +∑|V(τ)
m |

v̂=1 |L̂(τ)
m,v̂| log(|L̂(τ)

m,v̂|))), where I3m is the iteration num-
ber for the problem (P2-1).

In Algorithm 4, the problem (P3-2) can be solved by
IPM with the complexity of O((KVm)3.5 log2(1/ε̂4)) [32],
where ε̂4 is the solution accuracy of IPM. In addition,
Steps 10∼14 result in O(VmK) comparisons. Hence, the
total computational complexity of Algorithm 4 is O(V K +∑M

m=1 I4m(KVm)3.5 log2(1/ε̂4)), where I4m is the iteration
number of the loop for the problem (P3-2).

In Algorithm 5, the iteration number of SFP is O((ML+
V )0.5 log2(1/ε6)) [26]. Besides, the IPM in Step 8 leads
to the complexity of O((ML + V )3.5 log2(1/ε̂5)), where
ε̂5 is the solution accuracy of IPM. Therefore, the total
computational complexity of Algorithm 5 is O(I5(ML +
V )4 log2(1/ε6) log2(1/ε̂5)), where I5 is the iteration number
of the Dinkelbach method.

To sum up, the total computational complexity of the pro-
posed resource allocation method is O(I1(I2(NZV +ZV 2 +
V 3) +

∑M
m=1

∑I3m

τ=1(VmL +
∑|V(τ)

m |
v̂=1 |L̂(τ)

m,v̂| log(|L̂(τ)
m,v̂|)) +

V K +
∑M

m=1 I4m(KVm)3.5 log2(1/ε̂4) + I5(ML +
V )4 log2(1/ε5) log2(1/ε̂5))).

V. SIMULATION RESULTS

In this paper, the proposed BCD-based resource allocation
algorithm for EE maximization in the IRS-assisted aggregated
VLC-RF system is comprehensively evaluated by simulations.
The simulation parameters are listed in Table I, which remain
unchanged in this section unless otherwise stated. Moreover,
five VLC APs are arranged along the road, with identical

TABLE I
SIMULATION PARAMETERS

y-coordinates and z-coordinates of 0.97 m and 8.26 m, respec-
tively, while the x-coordinates of VLC APs are 10 m, 30 m,
50 m, 70 m, and 90 m, respectively. Meanwhile, each OIRS
is placed on a street lamp pole with the same x-coordinate
as the corresponding VLC AP, while the y-coordinate is 0,
and the bottommost unit is positioned at a z-coordinate of
3.75 m. In addition, the locations of RF AP and RF IRS are
(50 m, 157 m, 10 m) and (50 m, −5 m, 10 m), respectively.
Besides, the vehicles with the size of 4 m×2.2 m are randomly
distributed on a two-lane road, with each lane having a width
of 3.5 m. Furthermore, the height of the PD on each vehicle
is 1 m. The IRS-assisted system in this section refers to
the system assisted by both OIRS and RF IRS, whereas the
OIRS-assisted and RF IRS-assisted system refers to the system
aided by only OIRS and only RF IRS, respectively.

A. Simulation of Convergence

Under diverse data rate constraints, the convergence perfor-
mance of the proposed BCD-based algorithm during iterations
is depicted in Fig. 2. It is evident that the proposed algorithm
converges to a stationary point within four iterations, while
a result close to the stationary point is obtained within two
iterations. Furthermore, EE of the IRS-assisted aggregated
system keeps rising in successive iterations, which verifies the
convergence analysis in Section IV-E. With the increasing data
rate constraint Rmin, more communication resources such as
subchannels and powers are allocated to vehicles with weak
channel gain to reach Rmin. Therefore, the EE achieved by the
IRS-assisted aggregated system gradually decreases as Rmin

increases.
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Fig. 2. Convergence of the proposed BCD-based resource allocation
algorithm under different data rate constraints.

Fig. 3. The EE versus the unit number K of each OIRS for various systems.

B. Influence of the IRS Unit Number

To demonstrate the influence of the OIRS unit number on
the IRS-assisted aggregated system, the EE of various systems
versus the OIRS unit number is shown in Fig. 3. In addition,
to illustrate the advantage of IRS-assisted aggregated VLC-
RF system over IRS-assisted single systems in terms of
EE improvement, the OIRS-assisted VLC system and RF
IRS-assisted RF system are simulated, both of which are
optimized according to the proposed BCD-based algorithm.
Moreover, two methods are compared against MM-based
OIRS arrangement, which are random arrangement and not
using OIRS.

As the number of OIRS units K increases, the EE of the
IRS-assisted aggregated system rises constantly, significantly
surpassing that of the RF IRS-assisted aggregated system. This
enhancement is attributed to OIRS units providing additional
reflective VLC links, which strengthen the received signals
while maintaining the same VLC power consumption, thereby
resulting in a higher achievable data rate. Moreover, compared
to IRS-assisted single systems, the IRS-assisted aggregated

Fig. 4. The EE versus the unit number N of RF IRS for various systems.

system also achieves higher EE, confirming its potential to
improve EE. Conversely, when the number of OIRS units
is small, the EE of the IRS-assisted aggregated system is
lower than that of the RF IRS-assisted RF system. This is
because the reflective links constructed by a few OIRS units
only bring slight improvement of achievable data rate, whereas
multiple VLC APs introduce high static power consumption.
Furthermore, if OIRS units are allocated to vehicles randomly,
the EE of the IRS-assisted aggregated system can also be
improved due to the added OIRS reflection links, but the
improvement is far less than that of the MM-based OIRS
arrangement.

The relationship between the number of RF IRS units N
and the EE of the IRS-assisted aggregated system is presented
in Fig. 4, in which the OIRS-assisted VLC system and
RF IRS-assisted RF system are included as well. In addi-
tion, another two RF IRS configuration approaches are also
simulated to verify the performance of GD-based RF IRS
configuration, which are random configurations and not using
RF IRS.

With the increase of N , the reconfiguration of the incident
signal by RF IRS improves the RF channel gains, leading
to the increasing EE of the IRS-assisted aggregated system.
However, if N continues to increase, the achievable data rate
enhancement brought by multiple RF IRS units is limited,
while the static power consumption of RF IRS grows linearly,
so the EE of the IRS-assisted aggregated system experiences
a gradual decline. In contrast to the OIRS-assisted aggre-
gated system, the addition of RF IRS improves the overall
achievable data rate of all vehicles, subsequently improving
EE. In addition, compared with EEs of IRS-assisted single
systems, the EE of the IRS-assisted aggregated system is much
higher, confirming the capability of IRS-assisted aggregated
systems to improve EE. Additionally, if phases of RF IRS units
are selected randomly, the signals reflected by RF IRS and
those from RF AP to vehicles cannot be coherently combined,
and thus the power consumption of the RF subsystem in
the problem (P1) is not decreased. Besides, the static power
consumption of RF IRS increases the total power consumption,
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Fig. 5. The maximized EE under different data rate constraints.

thereby decreasing EE of the IRS-assisted aggregated system
to a level even lower than that of a system without RF IRS.

C. Influence of Data Rate Constraints

The influence of various data rate constraints on the pro-
posed BCD-based resource allocation algorithm is investigated
in Fig. 5, and the advantages of the proposed LRH-based
optical subchannel assignment and Dinkelbach-based SFP
joint power allocation are also illustrated. Meanwhile, the
average achievable data rate among all vehicles and the total
power consumption when EE of the IRS-assisted aggregated
system reaches its maximum are shown in Fig. 6(a) and
Fig. 6(b), respectively. Besides, the simulations in this section
are conducted oriented to the IRS-assisted aggregated system.

As shown in Fig. 5, with the increase of Rmin, the EE
achieved by the proposed BCD-based resource allocation
algorithm initially remains constant and then decreases grad-
ually. When Rmin is less than the achievable data rate of each
vehicle, the data rate constraint becomes invalid, leading to
constant values for EE of the IRS-assisted aggregated system.
As Rmin continues to increase, the data rate constraint of some
vehicles cannot be satisfied. Consequently, more resources
such as optical subchannels and OIRS are reallocated from
other vehicles to these vehicles to ensure the feasibility of data
rate constraint. In this case, the achievable data rate obtained
by utilizing the same resources becomes lower, resulting in a
decreasing EE. For the same reason, the power consumption
increases in both the VLC and RF subsystems in Fig. 6(b),
while the achievable data rate of the VLC subsystem decreases
in Fig. 6(a).

To verify the effectiveness of the Dinkelbach-based SFP
joint power allocation, it is compared with the average joint
power allocation. The average joint power allocation indicates
that the non-static power consumption is uniformly distributed
among all APs when the total power consumption is the
same as that of the proposed BCD-based resource allocation
algorithm. Then, the VLC AP and RF AP allocate power
uniformly to each optical subchannel and each vehicle, respec-
tively. According to Fig. 5, the EE achieved by average

Fig. 6. The average achievable data rate and the total power consumption with
the maximized EE under different data rate constraints in diverse scenarios.

power allocation is much lower than that of Dinkelbach-based
SFP joint power allocation. This disparity arises because the
average power allocation fails to account for the differences in
channel gains among vehicles, thereby preventing the attain-
ment of a higher total achievable data rate as can be seen in
Fig. 6(a).

To illustrate the advantages of the proposed LRH-based
optical subchannel assignment, it is compared to the aver-
age optical subchannel assignment, which strives to distribute
all optical subchannels of a VLC AP to vehicles served by
this AP as equally as possible. For the LRH-based assign-
ment, optical subchannels are assigned to satisfy the data
rate constraints of all vehicles. Consequently, any surplus
subchannels are assigned to vehicles with better channel
conditions to achieve a higher achievable data rate under the
same power consumption, while the achievable data rate of
vehicles with poor channel gains is merely maintained at Rmin.
In addition, as Rmin grows, the optical subchannels also need
to be reassigned to enhance the achievable data rate of these
vehicles, leading to a decrease in the total achievable data rate,
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TABLE II
MOBILITY INFORMATION ABOUT VEHICLES

Fig. 7. The variation of achievable data rate with respect to time.

as shown in Fig. 6(a). In contrast, the average assignment
allocates more subchannels to vehicles with weak channel
gains, so the minimum achievable data rate among all vehicles
is high when EE of the whole system reaches the maximum.
Therefore, as illustrated in Fig. 5, the EE of the IRS-assisted
aggregated system with average optical subchannel assignment
remains relatively stable as Rmin increases. In this case, while
satisfying the data rate constraint, the remaining subchannels
cannot be adopted to maximize the achievable data rate,
thereby causing lower EE than that obtained by the LRH-based
allocation, as revealed in Fig. 5.

D. Influence of Vehicle Mobility

With the intention of evaluating the influence of vehicle
mobility on the IRS-assisted aggregated VLC-RF system,
a simulation is carried out with a vehicle number of 13 and a
data rate constraint set at 10 Mbps. For the purpose of focusing
on the achievable data rate variation of vehicles in typical
scenarios, the movements of four vehicles in different VLC
cells are carefully designed, whose information is shown in
Table II. Besides, for the other vehicles, their initial locations
are random and their speeds are 10 m/s.

When a vehicle is positioned at the edge of a VLC cell,
its achievable data rate remains close to the required data rate
constraint, but it obtains a much higher achievable data rate
when it is located at the center of a VLC cell. This result
can be explained by the fact that while satisfying the data
rate constraint for all vehicles, resources such as OIRS and

power are allocated to vehicles located at the center of the
VLC cell as much as possible due to their strong channel
gain and free from interference. Consequently, these vehicles
obtain high achievable data rates, enhancing the EE of the
whole IRS-assisted aggregated system. In addition, as a vehicle
approaches the center of a VLC cell, its channel gain increases
gradually. When the channel gain of the vehicle becomes the
largest within the VLC cell, more communication resources
are allocated to the vehicle for the purpose of improving the
EE, thereby bringing a fast increase in its achievable data rate.
Conversely, a quick decrease in the achievable data rate also
occurs when the vehicle moves away from the center of a VLC
cell.

VI. CONCLUSION

In this paper, OIRS and RF IRS are utilized to assist
the aggregated VLC-RF system, and the system model is
established in detail. Besides, the resource allocation problem
for EE maximization is formulated with the consideration
of various constraints. Furthermore, the EE maximization
problem is decomposed into four subproblems, and then itera-
tively solved by the proposed BCD-based resource allocation
algorithm, finally obtaining a convergent solution. Specif-
ically, the subproblems of RF IRS configuration, optical
subchannel assignment, OIRS arrangement, and joint power
allocation are optimized by GD, LRH algorithm, MM method,
and Dinkelbach-based SFP, respectively. Moreover, numeri-
cal results indicate that the proposed BCD-based resource
allocation algorithm converges quickly and outperforms other
baselines with the aim of improving EE. Additionally, as the
number of IRS units increases, the EE of the IRS-assisted
aggregated system grows and significantly outperforms that
of aggregated systems without IRS. In summary, OIRS and
RF IRS can significantly enhance the EE of aggregated
VLC-RF systems, showing great potential for future wireless
communications.

APPENDIX A
PROOF OF LEMMA 1

To derive the partial derivative of Γ1 (θ) with respect to θn,
the differential of Γ1 (θ) is derived as

d tr
(
EQEH

)
= d tr

(
QEHE

)
(50a)

= d tr
(

Q
(
GGH

)−1
)

(50b)

= −tr
(
Ĝd

(
GGH

))
(50c)

= −tr
(
Ĝd

(
G(2)ΦG(1) + G(0)

)
GH

)
− tr

(
ĜGd

(
G(2)ΦG(1) + G(0)

)H
)

(50d)

= −
N∑

n=1

tr
(
GHĜG̃ndϕn

)
−

N∑
n=1

tr
(
G̃

H

n ĜGdϕ∗n
)

(50e)

= −
N∑

n=1

2Re
{
jejθntr

(
GHĜG̃n

)}
dθn. (50f)
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∂2Rv

∂cm1,l1∂cm2,l2

=


ςvl1(t

2
v,l1,m1

− ϱv,l1tv,l1,m1), m1 = m2 and l1 = l2,

ςvl1tv,l1,m1tv,l1,m2 , m1 ̸= m2 and l1 = l2,

0, otherwise.
(56)

Eq. (50a) holds because of the properties of the trace. Due
to the rule of matrix differential, Eq. (50c) and (50d) are
guaranteed. Besides, on account of the definition of G̃n

and (8), Eq. (50e) is ensured. Based on the above derivation,
the partial derivative (18) is proved.

APPENDIX B
PROOF OF LEMMA 4

The second derivative of Rv(f̂m) is represented as

∂2Rv(f̂m)
∂fm,k1,v′∂fm,k2,v

=
∂

∂fm,k1,v′

[
W1

ln 2

L∑
l=1

bm,v,lrm,v,l

h
(1)
v,k2,m

hv,m

]

=

−
W1

ln 2

L∑
l=1

bm,v,lrm,v,l

h2
v,m

h
(1)
v,k1,mh

(1)
v,k2,m, v = v′,

0, v ̸= v′.

(51)

Based on the definition of h(1)
v,m = [h(1)

v,1,m, . . . , h
(1)
v,K,m]T , the

Hessian matrix of Rv(f̂m) with respect to f̂m,v is given by

Dm,v =
∂2Rv(f̂m)

∂f̂m,v∂f̂
T

m,v

= −W1

ln 2

L∑
l=1

bm,v,lrm,v,l

h2
v,m

h(1)
v,m(h(1)

v,m)T . (52)

For ∀x ∈ RK×1 and x ̸= 0, the quadratic form of Dm,v is
demonstrated as

xT Dm,vx = −W1

ln 2

L∑
l=1

bm,v,lrm,v,l

h2
v,m

(
xT h(1)

v,m

)2

≤ 0, (53)

which shows that Dm,v is a negative semidefinite matrix. The
Hessian matrix of Rv(f̂m) with respect to f̂m is given by

Dm,v =
∂2Rv(f̂m)

∂f̂m∂f̂
T

m

= diag (O, . . . ,O,Dm,v,O, . . . ,O) .

(54)

It is obvious that Dm,v is also a negative semidefinite matrix,
and thus Rv(f̂m) is a concave function of f̂m.

APPENDIX C
PROOF OF LEMMA 5

To simplify expressions, an auxiliary variable is defined as

tv,l,m = (h(0)
v,m)2 (1− av,m) 2cm,l , (55)

and tv,l = [tv,l,1, . . . , tv,l,M ]T . The second derivative of Rv(c)
is represented as (56), shown at the top of the page, where
ςv,l = ln 2/2ϱ2

v,l ×W1bmv,v,lrmv,v,l.
Therefore, the Hessian matrix of Rv(c) with respect to cl

is given by

D̂v,l =
∂2Rv(c)
∂cl∂cT

l

= ςv,l

[
tv,lt

T
v,l − ϱv,ldiag (tv,l)

]
. (57)

For ∀x ∈ RM×1 and x ̸= 0, the quadratic form of D̂v is
demonstrated as

xT D̂v,lx

= ςv,l

[
xT tv,lt

T
v,lx− xT ϱv,ldiag (tv,l) x

]
= ςv,l

[(
xT tv,l

)2 − xT
(
1T tv,l + µ1W1

)
diag (tv,l) x

]
= ςv,l

[(
x̂T t̂v,l

)2

−
(
t̂
T

v,lt̂v,l

)(
x̂T x̂

)
− µ1W1x̂

T x̂

]
≤ −µ1W1x̂

T x̂ ≤ 0, (58)

where the inequality holds due to Cauchy-Schwarz inequal-
ity and x̂ = [x1

√
tv,l,1, . . . , xM

√
tv,l,M ]T , t̂v,l =

[
√
tv,l,1, . . . ,

√
tv,l,M ]T . The negativity of quadratic form

implies that D̂v,l is a negative semidefinite matrix. Moreover,
the Hessian matrix of Rv(c) with respect to c is given by

D̂v =
∂2Rv(c)
∂c∂cT

= diag
(
D̂v,1, . . . , D̂v,L

)
. (59)

It is easy to show that D̂v is also a negative semidefinite
matrix, thus Rv(c) is a concave function of c.

According to (13), Sv(q) is a function of qv in logarithmic
form, thus it is a concave function of q. Due to the summation
form of RT , the concavity of RT holds, proving Lemma 5.
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