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Multicell Vehicular VLC System With Optical IRS:
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Abstract—In multicell downlink vehicular visible light com-
munication (VLC) systems, vehicles at a cell edge experience
lower achievable data rates compared with those at a cell
center, primarily due to the weaker channel gain and intercell
interference, leading to unfairness among vehicles. In this article,
a cooperative transmission approach is proposed for a vehicular
VLC system with optical intelligent reflecting surface (OIRS)
to enhance the max-min fairness of the system by leveraging
the additional OIRS-reflected channels and the interference-
mitigating capabilities of cooperative transmission. To this end,
the system model is established, followed by the formulation of a
resource allocation problem aiming at enhancing max-min fair-
ness, in which the minimum achievable data rate among vehicles
is optimized. Then, an effective resource algorithm is proposed,
transforming the original problem into an equivalent form and
subsequently decomposing it into three subproblems, focusing on
OIRS assignment, subchannel allocation, and power adjustment,
respectively. By employing a block coordinate descent algorithm,
the three subproblems are solved iteratively until convergence. In
addition, simulation results confirm the improvement in max-min
fairness brought by OIRS and the proposed cooperative trans-
mission approach. Moreover, compared with various baselines,
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the proposed resource allocation algorithm significantly enhances
in the max-min fairness for the vehicular VLC system, crucial
for this application.

Index Terms—Cooperative transmission, max-min fairness,
optical intelligent reflecting surface (OIRS), vehicular visible light
communications (VLC).

I. INTRODUCTION

W ITH continuous technological advancement, trans-
portation is evolving toward the intelligent

transportation system (ITS), aiming at reducing traffic acci-
dents and improving efficiency. Vehicle-to-everything (V2X)
technology supports communication among vehicles and
between vehicles and infrastructure, ensuring interoperability
among all participants within ITS and providing a foundation
for various ITS applications [2], [3]. Consequently, V2X
has become a key supporting technology for ITS, attracting
widespread attention from researchers.

Currently, two widely used V2X methods are based on
radio frequency (RF) communications [4]. However, the RF
spectrum has been divided for various services, resulting
in spectrum congestion that hinders the ability to satisfy
the escalating service demands. Additionally, communica-
tion congestion in high-density node scenarios and potential
security attacks pose challenges for the evolution of RF-
based V2X technology [5]. Visible light communications
(VLC) provides high-data rate transmission by utilizing the
unregulated broad frequency band of 380 THz to 750
THz, presenting as one of the potential solutions for V2X
technology. Compared with RF-based V2X technology, the
line-of-sight (LoS) directional transmission of vehicular VLC
effectively alleviates interference and makes eavesdropping
more difficult [6]. Besides, vehicular VLC employs low-cost
light-emitting diodes (LEDs) widely adopted in streetlamps
and automobile lamps as access points (APs), thus ensuring
its simple deployment in ITS.

As a crucial component of V2X, infrastructure-to-vehicle
(I2V) employs streetlamps for downlink information trans-
mission in vehicular VLC. However, the coverage area of
a single cell formed by one streetlamp is small, providing
illumination and communication for only a few vehicles. In
this case, multiple streetlamps arranged along the road can
collectively cover vehicles, forming a multicell I2V commu-
nication system. Within these cells, a notable discrepancy
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exists between the channel gain of edge and center vehicles,
leading to unfairness among vehicles. Besides, vehicles at
the cell edge experience intercell interference (ICI) from
neighboring cells, which reduces their achievable data rates
and further exacerbates unfairness among vehicles in multicell
VLC systems [7].

To alleviate ICI, user-centric network design has been
proposed for multicell VLC systems, where amorphous cells
containing multiple APs are dynamically constructed and
adjusted to facilitate collaborative information transmission to
users within each cell [8], [9], [10], [11], [12], [13]. In [10],
amorphous cells were formed through user-AP matching,
with a proposed utility maximization algorithm enhancing
user fairness. Similarly, AP-user pairs were built up accord-
ing to the strength of channel gain in [11], followed by
amorphous cell formation considering interuser distances to
optimize average energy efficiency. Unlike the above works
that treated cell construction and resource allocation sepa-
rately, both tasks were completed together with the aim of
maximizing energy efficiency [12]. Additionally, based on the
constructed amorphous cells, the sum-rate maximization under
the hybrid dimming constraint was investigated by optimizing
the precoding matrix of APs in each cell [13]. Nevertheless,
user-centric design requires the amount of APs to be no less
than that of users [14], which is not suitable for vehicular VLC
where the amount of streetlamps is less than that of vehicles.
Furthermore, by leveraging a multidirection LED array, coop-
eration among multiple LEDs and the utilization of fractional
frequency reuse effectively mitigated ICI [15], [16]. However,
the multidirectional LED array required in this cooperative
scheme does not match existing streetlamps, and cannot be
directly utilized for vehicular VLC. In [17], employing three-
color or four-color LEDs and orthogonal frequency division
multiple access (OFDMA), a spatial signal-to-interference-
plus-noise ratio (SINR) distribution as uniform as possible was
obtained through the well-designed transmission configuration
of frequency distribution, yet the allocation of power and other
resources was not addressed.

Intelligent reflecting surface (IRS) is considered another
approach to enhance fairness of the system because of its
ability to actively modify the wireless channel by altering
incident electromagnetic waves. In VLC, optical IRS (OIRS) is
implemented by mirror arrays, metasurfaces, and liquid crys-
tals, with the detailed properties of different designs discussed
in [18], [19], and [20]. Motivated by cost-effectiveness, low-
energy consumption, and flexible configuration, the application
of OIRS has been widely studied [21], [22], with potential
deployment in transmitters [23], receivers [24], and optical
channels [25]. The deployment of OIRS in optical channels
facilitates the construction of additional reflected links, thereby
enhancing received signal strength and alleviating obstruction
of the LoS link. In vehicular VLC, OIRS were deployed
on the sides of vehicles [26] and streetlamp poles [27] to
enhance both spectral and energy efficiencies in vehicle-
to-vehicle (V2V) communications. In I2V communications
from streetlamps to vehicles, OIRSs were deployed at the
roadside to guarantee the requirements of bit error rate and
achievable data rate [28]. However, existing research on OIRS

application in vehicular VLC primarily focuses on the number
of OIRS units needed to meet performance requirements,
without addressing specific OIRS assignment schemes.

Inspired by the above work, a cooperative transmission
approach is proposed for a multicell I2V vehicular VLC
system with OIRS to improve fairness of the system. On the
one hand, OIRS-reflected links enhance the channel gain of
vehicles at the cell edge, thereby increasing their achievable
data rates. In contrast to existing research on OIRS application
in vehicular VLC, an OIRS assignment method is proposed
for practical application that ensures max-min fairness in
achievable data rates. On the other hand, cooperative trans-
mission enables multiple VLC APs to allocate the same
subchannels to a vehicle and transmit identical information
simultaneously, converting potential ICI into useful signals
and improving service quality. Unlike previous ICI alleviation
methods, the proposed cooperative transmission is applicable
when the number of streetlamps is less than the number
of vehicles, and can be directly implemented with existing
streetlamps without requiring specialized equipment, such
as directional LED arrays. Moreover, the proposed method
incorporates multidimensional resource allocation to further
enhance max-min fairness among vehicles. Specifically, the
main contributions of this article are as follows.

1) A cooperative transmission approach for a multicell
vehicular VLC system with OIRS is proposed, and the
corresponding system model is established in detail. By
leveraging cooperative transmission and OIRS-reflected
links, the achievable data rate of vehicles at the cell
edge is improved, thereby enhancing max-min fairness
of achievable data rates among vehicles.

2) Based on the proposed system model, a resource
allocation problem is formulated to enhance max-min
fairness by the joint allocation of OIRS, subchannels,
and power. Furthermore, an effective resource allocation
algorithm is proposed, in which the problem is initially
reformulated into an equivalent form and then decom-
posed into three more tractable subproblems, which
are solved iteratively by the block coordinate descent
(BCD) algorithm. Within each BCD iteration, the sub-
problems of subchannel allocation, OIRS assignment,
and power adjustment are addressed by the successive
convex approximation (SCA) approach, the relaxation
transformation (RT) scheme, and the minorization–
maximization (MM) method, respectively.

3) The convergence and effectiveness of the proposed
resource allocation algorithm are verified by numerical
results. Compared with various baselines, the substan-
tial improvement in max-min fairness resulting from
both OIRS and the proposed cooperative transmission
approach is also confirmed. In addition, the impact of
key parameters, including the amount of OIRS units
and the maximum power threshold, on the max-min
fairness for the vehicular VLC system with OIRS is also
revealed.

The remainder of this article is organized as follows. The
system model and channel gain of the vehicular VLC system
with OIRS are described in Section II. In Section III, the
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Fig. 1. System model of the OIRS-assisted vehicular VLC system with cooperative transmission.

max-min fairness enhancement problem is formulated, and the
proposed BCD-based resource allocation algorithm is detailed
in Section IV. Furthermore, numerical results are provided in
Section V, and finally Section VI concludes this article.

Notation: Normal letters (e.g., x and X) and boldface letters
(e.g., x and X), and fancy capital letters (e.g., X ) denote
scalars, vectors/matrices, and sets, respectively. Moreover,
(·)T and � denote the transpose and Hadamard product of
matrixes, respectively. Besides, the symbol of absolute value
is presented by |·|. The diagonal matrix is represented by
diag(x1, x2 . . . , xn), whose ith diagonal element of xi, i ∈
{1, 2, . . . , n}. In addition, O, 0m, and 1m represent the constant
matrices and vectors of all-zero matrix, m-dimensional all-
zero vector, and m-dimensional all-one vector, respectively.
Furthermore, R and B demonstrate the fields of real numbers
and binary numbers, respectively. Symbols of � and � denote
that each element on the left-hand side is smaller or equal to
and bigger than or equal to its counterpart on the right-hand
side, respectively. arg max(·) is the arguments that make the
following expression reach its maximum value.

II. SYSTEM MODEL

As shown in Fig. 1, the illumination areas of multiple road-
side streetlamps can cover all vehicles, providing the necessary
infrastructure for I2V VLC [29], [30]. Specifically, streetlamps
function as VLC APs for downlink communication, while each
vehicle is equipped with a photodiode (PD) to receive optical
signals. The index sets of VLC APs and vehicles are denoted
by M = {1, 2, . . . ,M} and V = {1, 2, . . . ,V}, respectively.
Besides, all VLC APs are connected to the centralized control
unit (CCU), which leverages its extensive computing capa-
bilities to make resource allocation decisions [31], ensuring
efficient fairness optimization. The CCU is typically located
within a roadside unit (RSU) or at an edge computing
node [32].

In the vehicular VLC system with OIRS, a vehicle receives
signals from three types of channels, which are the LoS
channels, the OIRS-reflected LoS channels, and non-LoS
(NLoS) channels resulting from the diffuse reflection of
surrounding objects. Due to the high location of streetlamps,
the LoS links between VLC APs and PDs are easy to obtain
without obstruction. Moreover, because of the weakness of the

diffuse reflection, NLoS channel gain can be neglected [33].
Consequently, the characteristics of the LoS channel and
OIRS-reflected channel are discussed in the following.

A. LoS Channel Gains

According to the Lambertian model [34], the LoS channel
gain between VLC AP m and vehicle v is given by

h(0)v,m = (κ + 1)qv�

2πd2
v,m

cosκ
(
ϕv,m

)
cos

(
ψv,m

)
�

(
ψv,m

)
(1)

where κ , qv, and �, represent the Lambertian index, the area
of PD on vehicle v, and the optical filter gain, respectively.
In addition, dv,m, ϕv,m, and ψv,m denote the distance between
vehicle v and VLC AP m, the irradiance angle of the LED
lamp on VLC AP m, and the incidence angle of the PD on
vehicle v, respectively. Moreover, the optical concentrator gain
is given by

�
(
ψv,m

) =
{

χ2

sin2(ψ0)
, if 0 ≤ ψv,m ≤ ψ0

0, otherwise
(2)

where χ and ψ0 represent the refractive index and the semi-
angle of PD’s field-of-view (FoV). Subsequently, the LoS
channel gains between vehicle v and all VLC APs are denoted
by h(0)v = [h(0)v,1, h(0)v,2, . . . , h(0)v,M]T . Furthermore, the matrix of

all LoS channel gains is given by H(0) = [h(0)1 ,h(0)2 , . . . ,h(0)V ].

B. OIRS-Reflected Channel Gains

With the aim of providing additional communication links,
OIRSs with N units are installed on each lamppost, whose
index set is demonstrated as N = {1, 2, . . . ,N}. Existing
lampposts can accommodate OIRS without requiring extra
infrastructure and provide the necessary power supply to
OIRS, thereby reducing deployment costs. Additionally, the
height of the lampposts prevents the OIRS-reflected link from
being obstructed. Furthermore, the OIRS units are arranged in
a uniform linear array to match the shape of the lampposts.
Considering the distance between streetlamps, OIRS on a
lamppost is difficult to reflect the optical signals from other
streetlamps, and only serves its corresponding streetlamp. In
addition, through precise OIRS configuration, light reflection
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is fully controlled, preventing visual interference to the driver
and ensuring compliance with regulatory requirements.

In view of the fact that the size of an OIRS unit is extremely
larger than the wavelength of optical signals, the reflection
of the OIRS unit is suitable to be analyzed by geometrical
optics, especially the reflection law [35]. Moreover, since the
size of LEDs is much smaller than the propagation distance
of optical signals, the VLC AP can be regarded as a point
light source [25]. Following the specular reflection, the optical
signal can be viewed as emitted from a mirror light source
symmetric to the LED about the OIRS unit, passing through
the OIRS unit and arriving at the PD. Consequently, the
specular reflection gain of the OIRS-reflected channel between
VLC AP m to vehicle v reflected by unit n of the mth OIRS
is given by [18] and [36]

gv,n,m =
δ(κ + 1)qv��

(
ψ̂v,n

)

2π
(

d(1)n,m + d(2)v,n

)2
cosκ

(
ϕ̂n,m

)
cos

(
ψ̂v,n

)
(3)

where δ denotes the reflectivity of the OIRS unit. Besides, d(1)n,m

and d(2)v,n represent the distances between VLC AP m and OIRS
unit n, and between vehicle v and OIRS unit n, respectively.
Additionally, ϕ̂n,m and ψ̂v,n stand for the irradiance angle of
the LED lamp on VLC AP m, and the incidence angle of the
PD on vehicle v, respectively. Moreover, the OIRS-reflected
channel gains between VLC AP m to vehicle v reflected by all
OIRS units are denoted as gv,m = [gv,1,m, gv,2,m, . . . , gv,N,m]T .
Consequently, all OIRS-reflected channel gains of vehicle v
are given by Gv = [gv,1, gv,2, . . . , gv,M], which forms the set
G = {Gv|v ∈ V}.

As a vehicle moves, it periodically transmits its motion
state information, such as location and speed, to the CCU
through the uplink communication, thus CCU can predict the
location of all vehicles in a resource allocation period [31].
Subsequently, based on the preknown locations of VLC APs
and OIRSs, the roll and yaw angles of OIRS units can be
calculated according to the reflection law if the OIRS unit is
assigned to align with a VLC AP and a vehicle to construct
a reflected link. As a result, the OIRS configuration problem
is simplified to the assignment of the OIRS association
relationship. To describe the unit assignment of the mth OIRS,
binary variable fm,n,v = 1 or 0 signifies the OIRS unit n of
the mth OIRS is assigned to vehicle v or not. Furthermore,
the unit assignment variables of the mth OIRS to vehicle v is
denoted as f m,v = [fm,1,v, fm,2,v, . . . , fm,N,v]T , which is the mth
column of the matrix Fv = [f 1,v, f 2,v, . . . , f M,v]. Additionally,
the assignment matrices of all OIRSs are included in a set F =
{Fv|v ∈ V}. Furthermore, the total OIRS-reflected channel gain
from VLC AP m to vehicle v is gT

v,mf m,v, and the total OIRS-
reflected channel gain from all VLC APs to vehicle v is given
by

h(1)v = [
gT

v,1f 1,v, gT
v,2f 2,v, . . . , gT

v,Mf M,v

]T
. (4)

Considering both LoS channels and OIRS-reflected chan-
nels, the total channel gains from all VLC APs to vehicle v

are demonstrated as

hv = h(0)v + h(1)v . (5)

Moreover, the mth element of hv is hv,m, which is the total
channel gains from VLC AP m to vehicle v.

III. FAIRNESS ENHANCEMENT PROBLEM FORMULATION

A. Subchannel Allocation and Power Adjustment

Because of the overlapping illumination areas of adjacent
VLC APs, a vehicle may be within the service areas of
multiple VLC APs. Hence, the association variable sm,v is
formulated to represent the potential service relationships
among all APs and vehicles, where sm,v = 1 or 0 indicates
that vehicle v can be served by VLC AP m or not. Therefore,
the value of sm,v depends on the LoS channel gain between
VLC AP m and vehicle v, which is given by

sm,v =
{

1, h(0)v,m > 0
0, h(0)v,m = 0.

(6)

Accordingly, the association matrix is defined as S ∈ B
M×V ,

whose vth column is sv = [s1,v, s2,v, . . . , sM,v]T .
Since a VLC AP affects all the vehicles within its cov-

erage, OFDMA is employed so that a VLC AP can serve
multiple vehicles simultaneously. With the bandwidth W of
each subchannel, all subchannels are reused among all VLC
APs, while the index set of all subchannels is given by
L = {1, 2, . . . ,L}. With the intention of describing the
optical subchannel allocation, a variable bm,v,l = 1 means
that the subchannel l of VLC AP m is allocated to vehicle
v, while 0 stands for nonallocation. For vehicle v, the allo-
cation of the subchannel l of all VLC APs is denoted as
bv,l = [b1,v,l, b2,v,l, . . . , bM,v,l]T , which is the lth column of
the matrix Bv = [bv,1, bv,2, . . . , bv,L]. Consequently, optical
subchannel allocation matrices of all VLC APs form a set
B = {Bv|v ∈ V}. Furthermore, the optical subchannels of VLC
AP m can be only allocated to the vehicles within its serving
region, which means that bm,v,l can only be assigned a value
of 1 when sm,v = 1.

In the vehicular VLC system with OIRS, the power allo-
cated to the subchannel l of VLC AP m is represented as
pm,l, which is the element in row m and column l of power
matrix P. Moreover, the power allocated to a subchannel of
all VLC APs is denoted as Pl = diag(p1,l, p2,l, . . . , pM,l).

When a vehicle is located within the overlapping coverage
of multiple VLC APs, optical signals from nonserving APs
cause ICI, resulting in a reduced achievable data rate. The
proposed cooperative transmission allows multiple VLC APs
to allocate the same subchannels to the vehicle and transmit
identical information upon them, while the transmitted signals
are controlled by the CCU. In this case, potential ICI is con-
verted into useful signals, thus alleviating ICI. As a result, the
achievable data rate for vehicles at the cell edge is improved,
ensuring fairness among vehicles. Moreover, jointly optimiz-
ing the OIRS assignment, subchannel allocation, and power
adjustment in cooperative transmission effectively prioritizes
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resource allocation to vehicles experiencing disadvantaged
reception conditions, thus improving fairness of the system.

B. Problem Formulation

As a result of the concentrated power density of the reflected
optical beam, the energy leaked in directions other than the
reflection direction of the OIRS is negligible [37]. Hence, if
an OIRS unit is aligned with a VLC AP and a PD, its reflected
optical signals do not interfere with other vehicles, demon-
strating the no cross-talk property of OIRS [34]. Therefore, the
ICI received by a vehicle only comes from the LoS channels
from APs that do not serve this vehicle. Specifically, when the
subchannel l of VLC AP m is not assigned to vehicle v, i.e.,
bm,v,l = 0, the power allocated to the subchannel l of VLC AP
m causes ICI to vehicle v through the LoS channel, which is
given by

∑M
m=1(h

(0)
v,m)

2pm,l(1 − bm,v,l). As a result, the SINR
of vehicle v on subchannel l is given by

γv,l =

(
hT

v P
1
2
l bv,l

)2

(
h(0)v � h(0)v

)T
Pl

(
1M − bv,l

) + σ 2
v,l

(7)

where σ 2
v,l is the noise power on subchannel l received by

vehicle v. Based on the proposed cooperative transmission of
multiple VLC APs, the optical powers from the serving VLC
APs are combined, as shown in the numerator of (7). Notably,
whether a VLC AP participates in the cooperative transmission
to vehicle v is not set in advance, but depends on the
optimization result of the subchannel allocation. Subsequently,
due to the different characteristics of RF and VLC, the
Shannon capacity formula cannot be directly applied to VLC,
so a lower bound on the achievable data rate of VLC [38], [39]
is adopted to calculate the achievable data rate of vehicle v as

Rv =
L∑

l=1

W

2
log2

(
1 + e

2π
γv,l

)
. (8)

Selecting an appropriate fairness metric is essential to ensur-
ing fairness among vehicles. Commonly used metrics include
max-min fairness, proportional fairness, and Jain’s index [40].
Max-min fairness focuses on maximizing the achievable data
rate of the most disadvantaged vehicle, thus promoting equi-
table treatment [41]. In this case, the issue of extremely
low-data rates for cell-edge vehicles is mitigated, which is
particularly important for data-intensive applications, such
as cooperative sensing, especially as vehicle movement may
lead them into unfavorable reception conditions. In contrast,
proportional fairness maximizes the sum of the logarithms of
all vehicles’ achievable data rates but often sacrifices the data
rates of disadvantaged vehicles to improve the overall system
performance, potentially resulting in significantly lower data
rates for cell-edge vehicles [42]. Meanwhile, Jain’s index
emphasizes uniformity in achievable data rates across vehicles,
which may result in uniformly low-data rates. Therefore, max-
min fairness is chosen as the fairness metric for the I2V
VLC system, and the corresponding optimization problem is

formulated to maximize the minimum achievable data rate
among all vehicles as

(P0) max
F ,B,P

min
v

Rv (9)

s.t. P � O (9a)

P1L � pmax (9b)

1T
MP1L + Q ≤ Pmax (9c)

Fv ∈ B
N×M ∀ v ∈ V (9d)

V∑

v=1

fm,n,v ≤ 1 ∀ m ∈ M ∀ n ∈ N (9e)

f m,v

(
1 − sm,v

) = 0N ∀ m ∈ M ∀ v ∈ V (9f)

Bv ∈ B
M×L ∀ v ∈ V (9g)

V∑

v=1

bm,v,l ≤ 1 ∀ m ∈ M ∀ l ∈ L (9h)

bv,l � (1M − sv) = 0M ∀ v ∈ V ∀ l ∈ L. (9i)

Constraints in the problem (P0) are explained as follows.
Power Adjustment Constraints: Constraint in (9a) ensures

the nonnegative power allocation for the vehicular VLC
system. To guarantee that the transmitted powers of all VLC
APs are less than their maximum feasible powers pmax =
[p1,max, p2,max, . . . , pM,max]T , constraint in (9b) is formulated.
Besides, the total power consumption of the system less than
the power threshold Pmax is guaranteed by constraint in (9c),
where Q = MQ1 + MNQ2 is the static power consumption of
hardware. Specifically, Q1 and Q2 are hardware static power
consumptions of a VLC AP and a unit of OIRS, respectively.

OIRS Assignment Constraints: The binary property of OIRS
assignment variables is ensured by constraint in (9d). Due
to the fact that an OIRS unit is assigned to at most one
vehicle to construct a reflected channel, constraint in (9e) is
established. Furthermore, constraint in (9f) ensures that each
unit of an OIRS can only be assigned to vehicles within the
serving region of the corresponding VLC AP. Specifically, the
elements of f m,v can be nonzero only if there is a potential
service relationship between VLC AP m and vehicle v, i.e.,
sm,v = 1.

Subchannel Allocation Constraints: Constraint in (9g) guar-
antees the binary property of subchannel allocation variables.
Besides, constraint in (9h) means that any subchannel of a
VLC AP is assigned to at most one vehicle. Moreover, similar
to constraint in (9f), the restriction that each subchannel of
VLC AP m can only be assigned to vehicles within its serving
region is satisfied by constraint in (9i).

IV. RESOURCE ALLOCATION FOR ENHANCING FAIRNESS

On account of the difficulty in solving the problem (P0) in
the max-min form, an auxiliary variable β is introduced to
transform the problem (P0) into an equivalent problem as

(P0-1) max
F ,B,P,β

β (10)

s.t. (9a)−(9i)

Rv ≥ β ∀ v ∈ V . (10a)
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Subsequently, the solution of the problem (P0-1) satisfies

β = min
v

Rv (11)

otherwise, the minv Rv is a better solution, thus leading to a
contradiction.

As both subchannel allocation and OIRS assignment are
integer variables, and the achievable data rate exhibits non-
linearity, the problem (P0-1) is categorized as a mixed
integer nonlinear programming (MINLP) problem. Owing
to the nondeterministic polynomial (NP)-hard property of
MINLP [43], the problem (P0-1) is intractable to be solved
directly. Therefore, the problem (P0-1) is decomposed into
three more solvable subproblems in this section, focusing on
OIRS assignment, subchannel allocation, and power adjust-
ment, which are solved by the SCA approach, RT scheme, and
the MM method, respectively. Furthermore, all subproblems
are solved iteratively according to the proposed BCD-based
algorithm, in which a subproblem is solved while the other
variables are fixed.

A. OIRS Assignment

With the given subchannel allocation B and power config-
uration P, the assignment of OIRS is optimized, thereby the
problem (P0-1) is transformed into

(P1) max
F ,β

β

s.t. (9d), (9e), (9f), (10a). (12)

On account of the binary property of the OIRS assign-
ment variables, the problem (P1) is an integer programming
problem, which has been proven to be NP-hard [44]. While the
optimal solution can be obtained through an exhaustive search
within the feasible region, the computational complexity
increases exponentially as the amount of optimization vari-
ables grows. Although the branch-and-bound method mitigates
computational complexity by narrowing the search space, it
still exhibits exponential complexity in the worst case scenario.
In this section, an algorithm for OIRS assignment with
low complexity is proposed, in which the discrete variables
are relaxed to continuous variables and then reconstructed.
Specifically, the discrete constraint in (9d) is relaxed to a
continuous constraint as

O � Fv � 1N1T
M ∀ v ∈ V . (13)

Based on the nonnegativity of elements in Fv and the sum
constraint in (9e), it can be guaranteed that each element in
Fv is less than 1. Subsequently, the relaxed constraint in (13)
is further improved as

Fv � O ∀ v ∈ V . (14)

Moreover, the nondecreasing property of Rv on Fv is given
in Lemma 1.

Lemma 1: Rv is a nondecreasing function of each OIRS
assignment variable fm,n,v.

Proof: Considering the nonnegativity property of OIRS-
reflected channel gains, as well as the linearity of (4) and (5),
the total channel gain hv,m is a nondecreasing linear function

with respect to fm,n,v. Moreover, owing to the nonnegativity
of hv,m and the quadratic form of hv,m in (7), γv,l(hv,m) is an
increasing function of hv,m. Additionally, the achievable data
rate Rv is an increasing function of γv,l due to the logarithmic
form in (8). According to the monotonicity of the compound
function, Rv is a nondecreasing function of fm,n,v.

As a result of constraint in (10a), the increase of Rv expands
the feasible region of β, thereby leading to a larger β. To
achieve this, on the basis of Lemma 1, the inequality constraint
in (9e) is transformed into equality constraint as

V∑

v=1

fm,n,v = 1 ∀ m ∈ M ∀ n ∈ N . (15)

Based on the above transformation, the OIRS assignment
problem is rewritten as

(P1-1) max
F ,β

β

s.t. (9f), (10a), (14), (15). (16)

On account of the nonconvex constraint in (10a), the
problem (P1-1) is still hard to solve. In this case, a concave
surrogate function is employed to locally approximate Rv,
which approximates the feasible set of (10a) by a convex set
from inside, thereby constructing an approximated subprob-
lem. By constructing and solving a series of approximated
subproblems, the optimization result converges to a stationary
point of the original problem, which is the basic idea of
the SCA algorithm [45]. To find a proper concave surrogate
function, the first-order Taylor expansion is utilized as

(
hT

v ξ v,l

)2 ≥
(

ĥ
T
v ξ v,l

)2 + 2ĥ
T
v ξ v,lξ

T
v,l

(
h(1)v − ĥ

(1)
v

)
(17)

where ĥv and ĥ
(1)
v are obtained based on the OIRS assign-

ment variables F̂ from last iteration, and ξ v,l = P1/2
l bv,l.

Subsequently, the lower bound of SINR for vehicle v on
subchannel l is given by

γ
v,l

=
(

ĥ
T
v ξ v,l

)2 + 2ĥ
T
v ξ v,lξ

T
v,l

(
h(1)v − ĥ

(1)
v

)

(
h(0)v � h(0)v

)T
Pl

(
1M − bv,l

) + σ 2
v,l

. (18)

As a consequence, because of the monotonically increasing
property of the logarithmic function, the surrogate lower bound
of Rv is formulated and the approximated problem of the
problem (P1-1) is expressed as

(P1-2) max
F ,β

β (19)

s.t. (9f), (14), (15)

R1,v =
L∑

l=1

W

2
log2

(
1 + e

2π
γ

v,l

)
≥ β ∀ v ∈ V . (19a)

Similar to (11), the solution of the problem (P1-2) satisfies

β = min
v

R1,v(Fv). (20)

Moreover, to prove the convexity of the problem (P1-2), the
concavity of R1,v(Fv) is discussed first.
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Algorithm 1 SCA-Based OIRS Assignment Algorithm

1: Input: S,H(0),G,B,P, and the error threshold ε1 > 0.
2: Initialization: τ = 0, k = 1, β(0) and F (0) is initialized.
3: F∗ = F (0), R∗ = minv Rv(F (0));
4: repeat
5: Construct the lower bound R1,v(Fv) based on F (τ );
6: Solve the problem (P1-2) by IPM and obtain β(τ+1),

F (τ+1);
7: τ = τ + 1;
8: until |minv Rv(F (τ ))− minv Rv(F (τ−1))| < ε1
9: F = F (τ );

10: repeat
11: Generate F̃

(k)
and reconstruct F̌ (k) based on (22);

12: if R∗ < minv Rv(F̌ (k)) then
13: F∗ = F̌ (k), R∗ = minv Rv(F̌ (k));
14: end if
15: k = k + 1;
16: until k > K
17: Output: F∗

Proposition 1: For ∀ v ∈ V , R1,v(Fv) is a concave function.
Proof: According to (18), γ

v,l
is a affine function of Fv.

Since the log function is concave and nondecreasing, the com-
pound function of the log function and γ

v,l
is concave [46].

Furthermore, R1,v(Fv) is the sum of multiple compound
concave functions and is therefore concave.

Based on Proposition 1, constraint in (19a) is a convex
constraint. Considering the affine objective function and affine
constraints in (9f), (14), and (15), the problem (P1-2) is a
convex optimization problem, which is then solved by the
interior point method (IPM), thus obtaining the continuous
OIRS assignment results F . For the purpose of reconstructing
the binary OIRS assignment, a uniform randomization method
is proposed. To this end, the elements accumulation of F is
first defined as

ϒm,n(v) =
{∑v

v̂=1 f m,n,v̂, ∀ v ∈ V
0, v = 0.

(21)

Specifically, a random matrix F̃ ∈ R
M×N is generated, whose

element f̃m,n obeys uniform distribution from 0 to 1. Then, a
construction of F is given by

f̌m,n,v =
{

1, ϒm,n(v − 1) ≤ f̃m,n ≤ ϒm,n(v)
0, otherwise.

(22)

The above generation of F̃ and reconstruction of F are
repeated K times, thus obtaining K reconstructed OIRS assign-
ment variables. The reconstruction result that maximizes the
max-min fairness is selected as the final OIRS assignment. To
sum up, the above SCA-based OIRS assignment algorithm is
illustrated in Algorithm 1.

B. Subchannel Allocation

Focusing on the subchannel allocation problem, the problem
(P0-1) with the given OIRS assignment F and power config-
uration P is transformed into

(P2) max
B,β

β

s.t. (9g), (9h), (9i), (10a). (23)

In virtue of the binary constraint in (9g), the subchannel
allocation problem is also an integer programming. Similar
to the OIRS assignment problem, the discrete variables are
relaxed first and reconstructed after optimization. Specifically,
the binary constraint in (9g) is relaxed to

O � Bv � 1M1T
L ∀ v ∈ V (24)

where the nonnegativity of elements in Bv is guaranteed.
Furthermore, due to constraint in (9h), which ensures that
the sum of elements is less than 1, each element in Bv is
guaranteed to be less than 1. As a result, constraint in (24) is
simplified as

Bv � O ∀ v ∈ V . (25)

Besides, the following auxiliary variables are introduced to
transform the problem (P2) into a more tractable form as:

θm,v,l = √
pm,l

(
1 − bm,v,l

) ∀ m ∈ M ∀ v ∈ V ∀ l ∈ L.
(26)

Furthermore, the vector of θm,v,l is demonstrated as θv,l =
[θ1,v,l, θ2,v,l, . . . , θM,v,l]T , which is the lth column of �v =
[θv,1, θv,2, . . . , θv,L], and the set of all auxiliary variables is
formulate as ϑ = {�v|v ∈ V}. Subsequently, the inverse
transformation is given by

bm,v,l =
{

1 − θm,v,l√
pm,l
, pm,l > 0

0, pm,l = 0.
(27)

If the power allocated to subchannel l of VLC AP m is 0,
whether this subchannel is allocated or not has no impact
on the objective function, and thus it is assumed that this
subchannel is not allocated to any vehicle. Accordingly,
constraints in (9h), (9i), and (25) are transformed to

V∑

v=1

θm,v,l ≥ √
pm,l(V − 1) ∀ m ∈ M ∀ l ∈ L (28)

(
P

1
2
l 1L − θv,l

)
� (1M − sv) = 0M ∀ v ∈ V ∀ l ∈ L (29)

θv,l � P
1
2
l 1L ∀ v ∈ V ∀ l ∈ L. (30)

As a result of the above variable transformation, the problem
(P2) is relaxed to

(P2-1) max
ϑ,β

β

s.t. (10a), (28), (29), (30). (31)

In an attempt to deal with the difficulty brought by the
nonconvex constraint in (10a), the approximated subproblem
is constructed by replacing (10a) with its global lower bound,
thereby the solution sequence converges to the Karush–Kuhn–
Tucker (KKT) point [47] of the problem (P2-1). To find
a global lower bound of (10a), the following lemma is
introduced.
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Lemma 2: The inequality log2(1+η) ≥ ρ log2(η)+ω holds
for any nonnegative η and η0 with coefficients of

ρ = η0

1 + η0
(32)

ω = log2(1 + η0)− ρ log2 η0. (33)

When η = η0, the expressions on both sides of the inequality
are equal, as are their first-order derivatives [48].

As a consequence, a lower bound of Rv is formulated as

R2,v(�v) =
L∑

l=1

W

2

[
Dv,l

(
θv,l

) − Jv,l
(
θv,l

)]
(34)

where the terms involving ϑ are represented by

Dv,l
(
θv,l

) = 2ρv,l log2

(√
e

2π
hT

v

(
P

1
2
l 1L − θv,l

))
+ ωv,l (35)

Jv,l
(
θv,l

) = ρv,l log2

(
(h(0)v � h(0)v )TP

1
2
l θv,l + σ 2

v,l

)
. (36)

Coefficients ρ(τ)v,l and ω(τ)v,l of the τ th iteration are calculated
according to (32) and (33) with

η
(τ)
0 = e

2π
γ
(τ)
v,l . (37)

Furthermore, on the basis of the first-order Taylor expansion
of the logarithmic function that

log2(α) ≤ log2(α0)+ α − α0

α0 ln(2)
(38)

the upper bound of (36) is obtained as

J(1)v,l

(
θv,l

) = Jv,l

(
θ̂v,l

)

+ ρv,l

ln(2)
·
(
h(0)v � h(0)v

)T
P

1
2
l

(
θv,l − θ̂v,l

)

(
h(0)v � h(0)v

)T
P

1
2
l θ̂v,l + σ 2

v,l

(39)

where θ̂v,l is the optimization result of last iteration.
Accordingly, the lower bound of Rv is further improved and
the approximated problem of the problem (P2-1) is then
constructed as

(P2-2) max
ϑ,β

β (40)

s.t. (28), (29), (30)

R̂2,v =
L∑

l=1

W

2

[
Dv,l

(
θv,l

) − J(1)v,l

(
θv,l

)] ≥ β ∀ v ∈ V .(40a)

To prove the convexity of the problem (P2-2), the concavity
of R̂2,v(�v) is discussed first.

Proposition 2: For ∀ v ∈ V , R̂2,v(�v) is a concave function.
Proof: The logarithmic function is both nondecreasing

and concave, and Dv,l(θv,l) is a composition of the logarithmic
function and an affine function. Therefore, based on the
properties of composition functions [46], Dv,l(θv,l) is concave
with respect to θv,l. Besides, it is obvious that J(1)v,l (θv,l) is an
affine function with respect to θv,l. As a result, R̂2,v(�v) is the
sum of multiple concave and affine functions on l, rendering
it concave.

Algorithm 2 RT-Based Subchannel Allocation Algorithm

1: Input: S,H(0),G,F ,P, and the error threshold ε2 > 0
2: Initialization: τ = 0, β(0) and B(0) is initialized.
3: Transform B(0) to ϑ(0) according to (26);
4: repeat
5: Calculate γ (τ)v,l based on ϑ(τ) for ∀ v ∈ V, ∀ l ∈ L;

6: Calculate ρ(τ)v,l and ω(τ)v,l for ∀ v ∈ V, ∀ l ∈ L according
to (32) and (33);

7: Construct R̂2,v(�v) based on ϑ(τ), ρ(τ)v,l and ω(τ)v,l ;
8: Solve the problem (P2-2) by IPM and obtain β(τ+1),

ϑ(τ+1);
9: τ = τ + 1;

10: until |minv Rv(B(τ ))− minvRv(B(τ−1))| < ε2
11: ϑ∗ = ϑ(τ), m = 1, l = 1;
12: Convert ϑ∗ to B∗ according to (27);
13: repeat
14: repeat
15: v∗ = arg maxv b∗

m,v,l;
16: b∗

m,v∗,l = 1 and b∗
m,v �=v∗,l = 0;

17: l = l + 1;
18: until l > L
19: m = m + 1, l = 1;
20: until m > M
21: Output: B∗

In accordance with Proposition 2, constraint in (40a) is
a convex constraint. In addition, the objective function and
other constraints are affine, so the problem (P2-2) is convex,
which can be solved by convex optimization algorithms. In
the follow-up phase of obtaining the continuous optimization
result ϑ∗, it is inverse transformed to B∗. Consequently, the
binary subchannel allocation is reconstructed by allocating
the subchannel l of VLC AP m to the vehicle v∗ with the
largest b∗

m,v,l among all vehicles, whereupon all constraints of
the problem (P2) are satisfied. To sum up, details about the
proposed RT-based subchannel allocation algorithm are shown
in Algorithm 2.

C. Power Adjustment

In this section, the powers allocated to all subchannels are
optimized with the given OIRS assignment F and subchannel
allocation B. Consequently, the problem (P0-1) is transformed
into

(P3) max
P,β

β

s.t. (9a), (9b), (9c), (10a). (41)

For the sake of convenience, a variable transformation is
introduced as

cm,l = √
pm,l ∀ m ∈ M ∀ l ∈ L (42)

which is the element in row m and column l of matrix C.
Besides, the variables after transformation are defined as Cl =
diag(c1,l, c2,l, . . . , cM,l). Accordingly, constraints in (9a), (9b),
and (9c) are transformed to

C � O (43)
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(C � C)1L � pmax (44)

1T
M(C � C)1L + Q ≤ Pmax. (45)

In conformity with the transformation in (26) and (42), Dv,l

and Jv,l are also demonstrated as

Dv,l(Cl) = 2ρv,l log2

(√
e

2π
hT

v Clbv,l

)
+ ωv,l (46)

Jv,l(Cl) = ρv,l log2

(
(h(0)v � h(0)v )T C2

l (1M − bv,l)+ σ 2
v,l

)
. (47)

In accordance with inequality (38), the upper bound of Jv,l(Cl)

is represented as

J(2)v,l (Cl) = Jv,l

(
Ĉl

)

+
ρv,l

(
h(0)v � h(0)v

)T
(

C2
l − Ĉ

2
l

)(
1M − bv,l

)

ln(2)
(
(h(0)v � h(0)v )T Ĉ

2
l (1M − bv,l)+ σ 2

v,l

) (48)

where Ĉl is the optimization result of last iteration.
Subsequently, the lower bound of Rv with respect to Cl is
formulated and the approximated problem constructed by MM
method for the power adjustment problem is illustrated as

(P3-1) max
P,β

β (49)

s.t. (43), (44), (45)

R3,v =
L∑

l=1

W

2

[
Dv,l(Cl)− J(2)v,l (Cl)

]
≥ β ∀ v ∈ V . (49a)

To prove the convexity of the problem (P3-1), the concavity
of R3,v(C) is discussed first.

Proposition 3: For ∀ v ∈ V , R3,v(C) is a concave function.
Proof: Due to the concavity of the affine function

and the logarithmic function, as well as the nondecreasing
property of the logarithmic function, Dv,l(Cl) is a concave
function with respect to Cl according to the concave-convex
properties of compound functions [46]. On the other hand,
J(2)v,l (Cl) is a quadratic function with positive coefficients of
quadratic terms and hence convex. Therefore, R3,v(C) is a

concave function since it is the sum of Dv,l(Cl) and −J(2)v,l (Cl)

on l.
The objective function of the problem (P3-1) and constraint

in (43) are affine functions of optimization variables, which
are also convex. Additionally, constraints in (44) and (45)
are quadratic constraints with positive coefficients, thus they
are convex constraints. On the basis of Proposition 3, con-
straint in (49a) is also a convex constraint. Consequently, the
problem (P3-1) is a convex optimization problem, which is
solved by the convex optimization algorithms, followed by
the inverse transformation from optimization results C∗ to P∗.
In summary, the MM-based power adjustment algorithm is
represented in Algorithm 3.

D. BCD-Based Algorithm for Fairness Optimization

Based on the above algorithms focusing on OIRS assign-
ment, subchannel allocation, and power adjustment, three

Algorithm 3 MM-Based Power Adjustment Algorithm

1: Input: S,H(0),G,F ,B, and the error threshold ε3 > 0
2: Initialization: τ = 0, β(0) and P(0) is initialized.
3: Convert P(0) to C(0) according to (42);
4: repeat
5: Calculate γ (τ)v,l based on C(τ ) for ∀ v ∈ V, ∀ l ∈ L;

6: Calculate ρ(τ)v,l and ω(τ)v,l for ∀ v ∈ V, ∀ l ∈ L according
to (32) and (33);

7: Construct R3,v(�v) based on C(τ ), ρ(τ)v,l and ω(τ)v,l ;
8: Solve the problem (P3-1) by IPM and obtain β(τ+1),

C(τ+1);
9: τ = τ + 1;

10: until |minv Rv(C(τ ))− minvRv(C(τ−1))| < ε3
11: C∗ = C(τ );
12: Convert C∗ inversely to P∗ according to (42);
13: Output: P∗

subproblems are solved iteratively until the gap of the max-
min fairness during two consecutive iterations is less than the
threshold, as shown in Algorithm 4.

For the purpose of analyzing the convergence of the
proposed BCD-based resource allocation algorithm, the con-
vergences of algorithms for three subproblems are first
discussed. In the τ th iteration of Algorithm 1, the max-min
fairness does not decrease, which is guaranteed by

min
v

Rv

(
F(τ−1)

v

)
a= min

v
R1,v

(
F(τ−1)

v

)
b= β(τ−1)

c≤ β(τ)
d= min

v
R1,v

(
F(τ )v

) e≤ min
v

Rv

(
F(τ )v

)
. (50)

Equation (50a) holds because F(τ−1)
v is the Taylor expansion

point of (17) in the τ th loop. Besides, (50b) and (50d) are
ensured by the property in (20). In addition, the validity of
inequality (50c) is guaranteed by the execution of IPM, while
the inequality (50e) holds because R1,v is a lower bound
of Rv. Furthermore, to avoid possible reduction of the max-
min fairness caused by the reconstruction of binary OIRS
assignment variables, the results of Algorithm 1 are selected
from the reconstructed variables and those obtained in the
previous iteration, which is given by

F (i) = arg max
F

(
min

v
Rv(F (i−1)),min

v
Rv(F∗)

)
. (51)

Accordingly, the nondecreasing property minv Rv(F (i)) ≥
minv Rv(F (i−1)) holds in the ith iteration of Algorithm 4.

Similar to the analysis of (50), the nondecreasing property
for subchannel allocation and power adjustment in the τ th loop
of Algorithms 2 and 3 can also be formulated, respectively.
Additionally, the selection procedure of subchannel allocation
variables is demonstrated as

B(i) = arg max
B

(
min

v
Rv(B(i−1)),min

v
Rv(B∗)

)
. (52)

As a consequence, the nondecreasing property of the Step 6
and Step 7 in Algorithm 4 holds, which is given by
minv Rv(B(i)) ≥ minv Rv(B(i−1)) and minv Rv(P(i)) ≥
minv Rv(P(i−1)) in the ith iteration, respectively.
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Algorithm 4 BCD-Based Resource Allocation Algorithm

1: Input: S, H(0), G, and the error threshold ε4 > 0.
2: Initialization: i = 0, F (0), B(0), and P(0) are given.
3: repeat
4: i = i + 1;
5: With given B(i−1) and P(i−1), solve OIRS assignment

problem by Algorithm 1 and obtain F (i);
6: With given F (i) and P(i−1), solve subchannel allocation

problem by Algorithm 2 and obtain B(i);
7: With given F (i) and B(i), solve power adjustment

problem by Algorithm 3 and obtain P(i);
8: until |minv R(i)v − minv R(i−1)

v | < ε4
9: Output: B(i), F (i) and P(i).

Taking the above discussions into account, the max-min
fairness does not decrease during the iteration of the proposed
BCD-based algorithm, which is formulated as

min
v

Rv

(
B(i−1),F (i−1),P(i−1)

)
≤ min

v
Rv

(
B(i),F (i),P(i)

)
.

Moreover, because of the finite feasible region of the
problem (P0), the max-min fairness is upper-bounded by
a finite value, leading to its convergence as the iterations
proceed. However, since the objective function is not jointly
concave with respect to optimization variables, the solution
provided by the proposed BCD-based fairness enhancement
algorithm is suboptimal.

E. Computational Complexity Analysis

In Algorithm 1 for OIRS assignment, the problem (P1-
2) is solved by IPM with the complexity of O((MNV +
1)3.5 log2(1/ε̂1)), where ε̂1 is the solution accuracy.
Additionally, the computational complexity of OIRS
assignment reconstruction is O(MNL(V + log2(V))).
Considering that the iteration number of Algorithm 1
is O(log2(1/ε1)), the overall complexity of Algorithm 1
is r1 = O(((MNV + 1)3.5 log2(1/ε̂1) + MNL(V +
log2(V))) log2(1/ε1)). Based on the similar analyses, the
computational complexity of Algorithms 2 and 3 are r2 =
O(((MVL + 1)3.5 log2(1/ε̂2) + MVL) log2(1/ε2)) and r3 =
O(((ML + 1)3.5 log2(1/ε̂3)) log2(1/ε3)), respectively, where
ε̂2 and ε̂3 are the solution accuracy in corresponding
algorithms. In summary, for the proposed BCD-based resource
allocation algorithm in Algorithm 4, the iteration number
is O(log2(1/ε4)), and hence the overall computational
complexity of Algorithm 4 is O((r1 + r2 + r3) log2(1/ε4)).

V. SIMULATION RESULTS

In this section, comprehensive simulations are conducted to
evaluate the effectiveness of the proposed BCD-based resource
allocation algorithm for max-min fairness enhancement of
the OIRS-assisted vehicular VLC system with cooperative
transmission. Moreover, the simulation parameters are listed
in Table I, which remain unchanged in this section unless
otherwise stated. As for the simulation scenario, different VLC
APs have the same y-coordinate and z-coordinate, which are

TABLE I
SIMULATION PARAMETERS

Fig. 2. Convergence of the proposed BCD-based resource allocation
algorithm under different noise powers.

0.97 m and 8.26 m, respectively, and their x-coordinates are
10 m, 30 m, 50 m, 70 m, and 90 m, respectively. For each
OIRS, the x-coordinate is the same as that of the corresponding
VLC AP, while the y-coordinate and z-coordinate of its
midpoint are 0 and 4.5 m, respectively. In addition, the size of
each vehicle is 4 m × 2.2 m, and the height of the PD on each
vehicle is 1 m. Besides, vehicles are randomly distributed on
a two-lane road, with each lane having a width of 3.5 m. For
ease of expression, the max-min fairness in achievable data
rates is denoted by Rmin in the following, which stands for the
max-min fairness of the I2V VLC system.

A. Simulation of the BCD-Based Algorithm

The convergence of the proposed BCD-based resource
allocation algorithm under varying noise powers is depicted
in Fig. 2. As the number of iterations increases, Rmin keeps
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(a)

(b)

(c)

Fig. 3. Resource allocation results of the proposed BCD-based algorithm. (a) OIRS assignment. (b) Subchannel allocation. (c) Power adjustment (mW).

increasing and converges within 8 iterations, confirming
the convergence analysis in Section IV-D. In addition, the
proposed BCD-based algorithm significantly improves max-
min fairness through iterations compared to the initial iteration
point, with more pronounced improvements observed as the
noise power decreases. With a noise power of 5 × 10−16 W,
the proposed algorithm improves Rmin by over 180 Mb/s after
several iterations, validating its effectiveness.

When the proposed algorithm converges with a noise power
of 5×10−16 W, the resource allocation results are illustrated in
Fig. 3, with Fig. 3(a) and (b) showing the allocation of OIRS
units and subchannels of VLC APs to specific vehicles, respec-
tively, while Fig. 3(c) presents the power allocation for each
subchannel. The resource allocation results reveal that when a
vehicle is located in the overlapping coverage area of adjacent
cells, both VLC APs can allocate the same subchannel to the
vehicle for cooperative transmission, effectively reducing ICI.
Furthermore, OIRS units in both cells are assigned to this

vehicle to establish OIRS-reflected links, thereby enhancing
its channel gain thus improving its achievable data rate, as
shown by vehicles 3, 4, 7, and 9. In terms of power adjustment,
the proposed algorithm tends to allocate more power to
subchannels utilized by cell-edge vehicles with low-channel
gains, such as vehicle 3. These results demonstrate that the
proposed algorithm effectively mitigates the disadvantages
faced by cell-edge vehicles, ensuring max-min fairness of the
I2V VLC system.

The performance of the proposed algorithm in maintaining
max-min fairness during vehicle movement is illustrated in
Fig. 4. In the simulation, vehicles moving at 10 m/s along
the road serve as an example to demonstrate the impact of
vehicle movement on max-min fairness, while the proposed
algorithm is still applicable in scenarios with other typical
speeds. In this context, the change in relative position between
vehicles and streetlamps is characterized by the movement
time. Throughout the time interval depicted in Fig. 4, each
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Fig. 4. Variation of the max-min fairness Rmin among vehicles with respect
to time.

Fig. 5. Max-min fairness Rmin among vehicles versus the average transmit
SNR with different OIRS assignment methods.

vehicle transitions from one cell to another. As vehicles move,
their changing relative positions to the streetlamps alter the
channel gains, leading to fluctuations in max-min fairness
of the system. Moreover, under different noise conditions,
effectively meets the data rate requirements of disadvantaged
vehicles, further demonstrating the algorithm’s effectiveness
in ensuring max-min fairness during vehicle movement.

B. Comparison With Multiple Baselines

The proposed methods for solving three subproblems are
compared with other benchmarks about OIRS assignment,
subchannel allocation, and power adjustment under different
average transmit signal-to-noise ratios (SNRs), which are
calculated by

SNRave = 10 log10

(
1T

MP1L

MLσ 2
v,l

)

. (53)

Fig. 6. Max-min fairness Rmin among vehicles versus the average transmit
SNR with different subchannel allocation methods.

In Fig. 5, the proposed SCA-based OIRS assignment
method is compared with the following benchmarks, while
the methods for subchannel allocation and power adjustment
remain the same.

1) Random OIRS Assignment: Assign OIRS units to vehi-
cles in the serving region randomly.

2) Average OIRS Assignment: The amount of OIRS units
assigned to each vehicle is as equal as possible.

3) Greedy OIRS Assignment: OIRS units are assigned one
by one to the vehicle with the lowest current achievable
data rate in its service region.

4) Without OIRS: No OIRS is utilized.
As shown in Fig. 5, Rmin increases with the rise in average
transmit SNR for all methods. In the low-SNR region, the
performance of the proposed SCA-based OIRS assignment
method closely resembles that of baselines, as both struggle to
achieve high Rmin due to noise influence. Conversely, the SCA-
based algorithm notably outperforms baselines as the average
transmit SNR grows. Specifically, at an average transmit SNR
of 150 dB, the SCA-based algorithm exhibits over a 140 Mb/s
improvement compared with the case without OIRS and an 86
Mb/s improvement compared with the other three baselines.
Compared with the case without OIRS, the improvement in
max-min fairness results from OIRS enhancing the received
signal strength through the additional reflective links, thereby
elevating Rmin significantly. Furthermore, since LoS channel
gains for vehicles at a VLC cell center are stronger than those
for vehicles at a VLC cell edge, more OIRS units are allocated
to vehicles at a VLC cell edge to enhance their achievable data
rate, thereby ensuring max-min fairness. However, average
and random allocation methods fail to meet this requirement,
resulting in lower max-min fairness compared with the SCA-
based algorithm.

For subchannel allocation, the proposed RT-based scheme
is compared with the following baselines to demonstrate its
effectiveness, while maintaining the same OIRS assignment
and power adjustment methods.

1) Random Subchannel Allocation: Subchannels of an AP
are allocated to vehicles in its serving region randomly.
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Fig. 7. Max-min fairness Rmin among vehicles versus the average transmit
SNR with different power adjustment methods and various cooperative
strategies.

2) Average Subchannel Allocation: The number of sub-
channels assigned to each vehicle is as equal as possible.

3) Greedy Subchannel Allocation: Subchannels are allo-
cated one by one to the vehicle with the lowest current
achievable data rate in its service region.

As demonstrated in Fig. 6, the proposed RT-based scheme
outperforms other baselines at any SNR regions. For vehicles
located at a VLC cell edge, optical signals from multiple
VLC APs lead to ICI. However, with the help of cooper-
ative transmission, the ICI is mitigated when multiple APs
transmit identical information over the same subchannel to a
vehicle. Furthermore, through comprehensively optimizing the
assignment of all subchannels, max-min fairness is effectively
enhanced. On the contrary, random allocation struggles to
allocate identical subchannels of different APs to the same
vehicle, hampering interference mitigation and consequently
limiting the potential enhancement of Rmin. In the case of
average allocation, vehicles with both strong and weak channel
gains are equally treated, thereby hindering effective fairness
enhancement. Besides, for greedy allocation, the possible ICI
is overlooked when subchannels are assigned one by one,
resulting in lower max-min fairness compared with the RT-
based scheme.

In Fig. 7, the proposed MM-based power adjustment is
compared with the following baselines with the same total
power consumption, while the OIRS assignment and subchan-
nel allocation methods remain the same.

1) Random Power Allocation: Power is randomly allocated
to subchannels of all VLC APs.

2) Uniform Power Allocation: For all subchannels of all
VLC APs, the power is uniformly allocated.

Both random and uniform power allocation methods neglect
the difference in channel gain among vehicles and potential
ICI, resulting in ineffective enhancement of achievable data
rates for disadvantaged vehicles. In contrast, these factors are
taken into consideration by the MM-based algorithm, thereby
enhancing max-min fairness. Specifically, at an average trans-
mit SNR of 150 dB, the MM-based algorithm exhibits over

Fig. 8. Max-min fairness Rmin among vehicles versus the amount of OIRS
units N.

a 30% improvement in Rmin compared with the other two
benchmarks.

The advantage of the proposed cooperative transmission
approach is further illustrated by comparing it with the OIRS-
assisted noncooperative VLC system and the OIRS-assisted
fully cooperative VLC system in Fig. 7.

1) Noncooperative System: Each vehicle is served by only
one VLC AP, treating optical signals from other VLC
APs as interference, with no cooperative transmission
allowed.

2) Fully Cooperative System: If a vehicle is within the
serving regions of multiple VLC APs, it is served by
them simultaneously, where the ICI is avoided.

As observed from the simulation in Fig. 7, the proposed
cooperative transmission system with the proposed BCD-based
algorithm demonstrates superior max-min fairness compared
with both the noncooperative and fully cooperative systems.
For the noncooperative system, the ICI caused by multiple
VLC APs is not alleviated, leading to inadequate achiev-
able data rate improvements for disadvantaged vehicles.
Additionally, while the fully cooperative system mitigates
potential ICI, it suffers from inefficient resource utilization.
Particularly, when a vehicle is within the service area of
multiple VLC APs, the same subchannels of these APs are
allocated to the vehicle to mitigate the ICI. However, if the
vehicle’s channel gain from a particular VLC AP is weak,
its contribution to signal enhancement is very limited. In
contrast, reallocating the subchannel of the VLC AP with
weak channel gain to other vehicles effectively improves
their achievable data rates with limited ICI to the current
vehicle, and hence the fully cooperative system struggles to
improve max-min fairness. Compared with these systems, ICI
is alleviated by cooperative transmission with the proposed
BCD-based algorithm, effectively enhancing max-min fairness
while making full use of communication resources.

C. Influence of Key Parameters

The impact of the amount of OIRS units N on max-min
fairness across various noise powers is depicted in Fig. 8, in
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Fig. 9. Max-min fairness Rmin among vehicles versus the maximum power
threshold Pmax.

which Rmin gradually increases as N grows. To be specific, at
a noise power of 5×10−16 W, employing OIRSs with 40 units
results in an improvement in Rmin of over 130 Mb/s compared
with scenarios without OIRS. In the low-noise power situation,
max-min fairness experiences a significant increase as N
increases. This phenomenon arises because the achievable
data rate of vehicles is primarily determined by the strength
of the received signal and interference, both of which are
effectively managed by the proposed BCD-based algorithm.
Conversely, under a high-noise power condition, the achievable
data rate of vehicles is primarily influenced by the received
signal power and noise power. Thus, while increasing N
enhances the received signal strength through the construction
of additional reflective links, the resulting improvement in
achievable data rate is less pronounced compared with low-
noise power scenarios.

In Fig. 9, the variation of max-min fairness in various
systems with the maximum power threshold Pmax is demon-
strated. With the increase of Pmax, Rmin of each system
gradually rises as more power becomes available for disadvan-
taged vehicles, thereby enhancing their achievable data rates.
Moreover, for the cooperative transmission system, utilizing
OIRS results in a substantial improvement in Rmin of over
120 Mb/s compared with the case without OIRS, which
validates the advantage of OIRS in constructing additional
communication links through reflection and enhancing the
received signal strength. In addition, while the noncooperative
system disregards the influence of ICI entirely and the fully
cooperative system avoids it completely, the proposed cooper-
ative transmission strikes a balance between the two extremes.
By enhancing the received SINR through interference elim-
ination while reducing the waste of resources, the proposed
cooperative transmission system achieves higher max-min
fairness compared with other baselines.

VI. CONCLUSION

In this article, a cooperative transmission approach for a
multicell vehicular VLC system with OIRS is proposed to

improve max-min fairness among vehicles, with the construc-
tion of a detailed system model. Consequently, the resource
allocation problem is then formulated and transformed into
an equivalent form, which is then decomposed into three
subproblems, and iteratively solved by the BCD algorithm.
Specifically, the subproblems of OIRS assignment, subchannel
allocation, and power adjustment are addressed by SCA, RT,
and MM algorithms, respectively. Furthermore, simulation
results demonstrate that the proposed BCD-based resource
allocation algorithm yields significant improvements in max-
min fairness of achievable data rates compared with other
baselines. In addition, compared with the vehicular VLC
system with noncooperative transmission and with fully coop-
erative transmission, the proposed cooperative transmission
approach effectively enhances max-min fairness, confirming
its potential to alleviate ICI and fully utilize resources.
Moreover, as the amount of OIRS units and maximum power
threshold grows, the max-min fairness also rises, significantly
outperforming vehicular VLC systems without cooperative
transmission or without OIRS. In future work, the proposed
BCD-based algorithm would be extended to resource alloca-
tion problems aimed at achieving proportional fairness and
sum data rate maximization. Furthermore, the multiobjective
resource allocation problem would be explored to take into
account the tradeoffs among various performance metrics of
I2V VLC systems. Besides, the potential applications of VLC
in V2V communications would be explored, offering new
solutions for communication systems in ITS.
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