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Abstract—Visible spectrum is an emerging frontier in wireless
communications for enhancing connectivity and safety in vehic-
ular environments. The vehicular visible light communication
(VVLC) system is a key feature in leveraging existing infrastruc-
tures, but it still has several critical challenges. Especially, VVLC
channels are highly correlated due to the small gap between light
emitting diodes (LEDs) in each headlight, making it difficult to
increase data rates by spatial multiplexing. In this paper, we
exploit recently synthesized gold nanoparticles (GNPs) to reduce
the correlation between LEDs, i.e., the chiroptical properties of
GNPs for differential absorption depending on the azimuth angle
of incident light are used to mitigate the LED correlation. In
addition, we adopt a signal-to-leakage-plus-noise ratio (SLNR)-
based precoder to support multiple users. The ratio of RGB light
sources in each LED also needs to be optimized to maximize the
sum SLNR satisfying a white light constraint for illumination
since the GNPs can vary the color of transmitted light by the
differential absorption across wavelength. The nonconvex opti-
mization problems for precoders and RGB ratios can be solved
by the generalized Rayleigh quotient with the approximated shot
noise and successive convex approximation (SCA). The simulation
results show that the SLNR-based precoder with the optimized
RGB ratios significantly improves the sum rate in a multi-user
vehicular environment and the secrecy rate in a wiretapping
scenario. The proposed SLNR-based precoding verifies that the
decorrelation between LEDs and the RGB ratio optimization are
essential to enhance the VVLC performance.

Index Terms—Vehicular visible light communications, gold
nanoparticles, SLNR-based precoder, successive convex approxi-
mation.

I. INTRODUCTION

Vehicular communications become essential to enhance

safety, improve traffic efficiency, and enable autonomous driv-

ing in next generation wireless communications [1]. It is

typical to employ radio frequency (RF) spectra in vehicular

communications while there are several limitations such as the
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shortage of available spectrum, and severe interference and

channel congestion in high density traffic scenarios. Visible

spectrum can be a complementary solution thanks to i) low

interference by high directivity and ii) less implementation

cost by exploiting existing infrastructures [2], [3]. Especially,

due to the widespread adoption of light emitting diodes

(LEDs) equipped in headlights, taillights, and streetlamps for

illumination, vehicular visible light communication (VVLC)

systems are recently being studied to establish the intelligent

transportation system (ITS) as overcoming the limited commu-

nication range and outdoor conditions including high mobility,

fluctuating weather, and dynamic traffic density [4]–[6].

A. Technical Literature Review

There have been many recent works to model the VVLC

channel using the radiation pattern of an LED in outdoor

scenarios. In [4], the vehicle-to-vehicle (V2V) VLC path-

loss was modelled with asymmetrical patterns of headlights in

various weather conditions using ray tracing simulations. The

authors in [7] empirically analyzed the temporal variation of

V2V VLC channels affected by vehicular movements. A ma-

chine learning-based VVLC channel modeling was proposed

to improve the path-loss accuracy considering the vehicular

mobility and environmental information in [8]. In [9], the

V2V VLC path-loss model obtained by signals asymmetrically

radiated from taillights in ray tracing simulations was studied

in comparison with models derived from the measurements

and Lambertian radiation pattern. An infrastructure-to-vehicle

(I2V) VLC path-loss was represented with geometrical param-

eters and evaluated through the bit error rate (BER) derived

by probability density function of path-loss in [10].

With the predefined radiation pattern of an LED, the

transmission area of visible light is limited typically like

the Lambertian radiation pattern. The precoding in VLC

systems only restricts areas radiating signals by controlling

the magnitude of signal from each LED without manually

switching direction. A precoding scheme based on the space-

time block code with orthogonal circulant matrix transform

improved the performance of multiple-input multiple-output

(MIMO) orthogonal frequency division multiplexing (OFDM)

VLC systems in [11]. In [12], the non-orthogonal multiple

access (NOMA) in VVLC systems enhanced the spectral

efficiency by using beamforming techniques and the successive

interference cancellation (SIC). In [13], the blind interference

alignment was performed to achieve high data rates and low

latency by obtaining linearly independent VVLC channels

using a reconfigurable photodiode (PD).
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Many previous works have been studied to mitigate the

interference by ambient light. In [3], the sunlight generating

direct current (DC) was reduced by low-pass filtering. In

[14], the interference from sunlight could be minimized by

optimizing the incident angles of i) transmitted signals and ii)

ambient light arrived at the PDs to maximize the signal-to-

noise ratio (SNR). The interference and ambient light were

spatially filtered by using a liquid crystal panel in [15].

The authors in [16] modulated signals with direct sequence

spread spectrum (DSSS) and sequence inverse keying (SIK)

to minimize the effect of ambient light. A differential optical

receiver was developed to minimize the interference from

ambient light in [17].

VVLC systems including multiple vehicles have also been

investigated to account for practical vehicular environments.

In [18], a receive (Rx) vehicle employed the angular diversity

by multiple PDs when receiving signals from headlights of

multiple vehicles. In [19], the packet delivery ratio (PDR)

was evaluated to verify the effect of multi-user interference

by multiple taillights based on analytical and experimental

approaches. Optical code division multiple access (CDMA)

techniques mitigated the multi-user interference to improve

PDR performance in [20].

B. Motivation

While a few works, e.g., [12], [21], developed precoding

methods for VVLC systems, most of prior works on the multi-

user VLC precoding design considered indoor scenarios. In

[22] and [23], the authors i) discussed the simultaneous pre-

coding and jamming to maximize the signal-to-interference-

plus-noise ratio (SINR) of a legitimate receiver while sup-

pressing the SINR of an eavesdropper, and ii) proposed the

relaxed zero-forcing (ZF) precoding considering both active

and passive eavesdroppers, respectively. In [24], the block

diagonalization precoding when using PDs with different field

of views (FoVs) was analyzed in multi-user MIMO VLC

systems. Optimal precoders to maximize the minimum rate and

sum rate in multi-user multiple-input single-output (MISO)

VLC systems were designed by solving convex optimization

problems with the amplitude constraint in [25]. In [26],

the cell coordination/cooperation strategies and corresponding

precoder designs were proposed to mitigate the inter-cell

interference in multi-user multi-cell VLC systems.

The precoding methods in multi-user VLC systems studied

in these works are based on distinguishable VLC channels

thanks to the sufficient spacing between LEDs. VVLC chan-

nels, however, are highly correlated as a result of densely

positioned LEDs in each headlight. The high correlation forms

a nearly identical vector space for VVLC channels in multi-

user systems, which degrades the sum rate by causing serious

inter-user interference (IUI). A few prior works have studied

for adaptive front-lighting system (AFS) to mitigate the IUI

by forming the sharp radiation pattern to support multiple

vehicles simultaneously [3], [21]. This approach, however,

does not fully use available resources and may not work for Rx

vehicles that are far from a transmit (Tx) vehicle but located

close to each other due to the radiation range of each LED

chip itself. Furthermore, the IUI mitigation using AFS can be

performed only when headlights have a large number of LEDs,

which may cause higher computational complexity to choose

LEDs to suppress the IUI. To enhance the practicality of IUI

mitigation, we need a novel method to decorrelate the LEDs

so that the VVLC channels span distinct vector spaces.

C. Our Contributions

The precoder design in multi-user VVLC systems equipped

with gold nanoparticles (GNPs) can be a solution to achieve

high data rates by reducing the correlation between the LEDs.

GNPs, recently synthesized metamaterials, have chiroptical

properties exhibiting significantly different absorption and

phase delay for left/right circularly polarized light [27]. These

properties vary depending on the wavelength and azimuth

angle of incident light. The transmittance obtained from i) the

differential absorption effect according to the azimuth angle of

incident light and ii) different cell arrangement in a GNP plate

can decorrelate LEDs by making the row spaces of the VVLC

channels be independent, which enables a Tx vehicle to send

independent data to multiple Rx vehicles. After decorrelating

LEDs with GNPs, we adopt a signal-to-leakage-plus-noise

ratio (SLNR)-based precoder to suppress IUI between multiple

Rx vehicles in dynamic vehicular environments.

Our contributions in this paper are summarized as follows.

• We first design a multi-user MIMO VVLC system us-

ing the differential absorption effect depending on the

azimuth angle of incident light and the elaborate cell

arrangement in a GNP plate to reduce the correlation

between LEDs.

• The SLNR-based precoders are obtained using the gen-

eralized Rayleigh quotient based on the approximation

of shot noise that is proportional to the received signal

power.

• We generalize the color mapping method on the CIE 1931

xy coordinates of IEEE standard 802.15.7 to derive a

white color constraint when using multiple LEDs having

RGB light sources.

• The ratios of RGB light sources are optimized by max-

imizing the sum SLNR with the successive convex ap-

proximation (SCA) method under a relaxed white light

constraint.

• The simulation results validate the high correlation of

VVLC channels and justify the half power angle setting

of LED. Moreover, the proposed SLNR-based precoder

design considerably enhances the sum rate in a multiple

access scenario and the secrecy rate in a wiretapping

scenario.

There have been several recent works to verify the feasibility

of VVLC systems by experiments [28]–[31]. We, however,

verify the effectiveness of proposed SLNR-based precoding

method in multi-user VVLC systems by simulations. The dy-

namic color modulation using GNPs was tested by real experi-

ments in indoor scenarios in [27], and optical measurements on

GNPs were carried out under various configurations [32]–[35],

which support the robustness of GNPs across different optical

platforms. In addition, GNPs exhibit remarkable resistance to
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outdoor environments such as dust, aging, and both mechanical

and thermal stress. In particular, gold’s the highest standard

reduction potential leads to exceptional resistance to oxida-

tion and degradation caused by environmental exposure, and

embedding GNPs in a polymer template further enhances their

environmental stability [36]–[38]. Based on these findings, we

expect that GNP-empowered VLC systems are possible for

outdoor applications, e.g., vehicular environments.

In addition, we believe our proposed GNP-empowered

VVLC system will become highly practical in the near future

due to several reasons.

Reason 1: As verified in [39], the fabrication cost of GNPs

is very low, making their mass production possible. Also, a

GNP plate can be produced at a low cost, further facilitating

the mass production [40].

Reason 2: Even though legacy LEDs such as reflector and

projector LEDs are typically used for vehicular headlights to

illuminate surroundings, the RGB LEDs, which can dynami-

cally adapt to proper color temperature and brightness for driv-

ing environments, are also already commercialized [41], [42].

The RGB LED is very useful to improve VVLC performance

since it can provide additional degree of freedom (DoF), e.g.,

wavelength of light. Thus, future vehicles communicating with

each other using visible spectrum would widely adopt the RGB

LEDs to achieve high performance in communications while

ensuring stable illumination.

Reason 3: The commercial LEDs today are typically con-

nected by a shared driver since they do not need to modulate

any signals to perform only a lighting purpose, which makes

the independent modulation difficult. The AFS with the matrix

LED headlight, however, recently demonstrated the feasibility

of independent LED control to prevent the glare for oncoming

vehicles [43], [44]. In [45], the author proposed the LED

matrix managers to develop the intelligent and safe front light

system by dimming LEDs individually. Also, VLC systems

using LEDs, like antennas in RF systems, should modulate

signals independently to effectively transmit data while simul-

taneously illuminating surroundings. In [12], [21], [46], the

AFS has been adopted in VVLC systems to enable the spatial

multiplexing while reducing the IUI. Even though widely used

headlights today may not fully support per-LED modulation,

the proposed SLNR-based precoding in this paper aligns

with emerging trends using smart headlight designs, where

LEDs can be individually controlled for adaptive lighting and

communications.

The remainder of paper is organized as follows. In Section

II, we first present the chiroptical properties of GNPs, derive

the effective VVLC channel integrating the effect of geometric

path-loss, GNPs, and RGB light sources, and then represent

the received signal model. We optimize the SLNR-based

precoder by approximating the shot noise with arbitrary RGB

ratios in Section III. In Section IV, we obtain the white light

constraint for headlights having multiple LEDs by generalizing

the color mapping method of IEEE standard 802.15.7, relax

it to ensure a larger feasible set, and finally obtain the

optimal RGB ratios less absorbed by GNPs employing the

SCA method to maximize the sum SLNR. In Section V, we

provide an algorithm for updating the SLNR-based precoders
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Fig. 1: Transmittance by one cell of a GNP plate depending

on the azimuth angle of incident light with the step size of 5◦.

and RGB ratios alternatingly to maximize the sum SLNR and

analyze the complexity of proposed algorithm. In Section VI,

we discuss the performance improvement by the proposed

precoder design with the chromaticity values of optimized

RGB ratios via simulation results. Finally, we conclude this

paper in Section VII.

Notation: a, a, and A denote a scalar, vector, and matrix.

|a| denotes the magnitude of a. ‖a‖ represents the Euclidean

norm of a. (·)T, (·)∗, and (·)−1 are the transpose, complex

conjugate, and inverse. A normal distribution with mean µ

and variance σ2 is denoted as N (µ, σ2). R+ represents the

set of positive real numbers. 1N , 0N , 1M×N , 0M×N , and IN
denote the N × 1 all-ones and all-zeros vectors, all-ones and

all-zeros matrices with the size M × N , and identity matrix

with the size N × N . The Kronecker product of a and b

is represented as a ⊗ b. max(a, b) is the max function that

returns the largest value between a and b. diag(·) denotes the

diagonal matrix. E {·} is the expectation operator.

II. SYSTEM MODEL

A. Chiroptical Properties of GNPs

The chiroptical properties of GNPs exhibit circular dichro-

ism (CD) and optical rotatory dispersion (ORD) for incident

light, which manifests differential absorption and refraction

of left/right circularly polarized light [27]. The left/right

circularly polarized light experiences different amounts of

phase delay by the differential refraction. These chiroptical

properties themselves can be varied by the type, pattern, and

size of GNPs [39], [47]. The large size of GNPs makes

the chiroptical properties such as CD and ORD to be red-

shifted due to the variation of wavelength that leads to the

localized surface plasmon resonance (LSPR) depending on the

diffraction order [40], [47], which is similar to the different

type of GNPs [27], [48]–[50]. The hexagonal pattern also

has the red-shifted chiroptical properties compared to the

square pattern because the wavelength that induces the lattice

resonance changes [32]. These various configurations of GNPs
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Fig. 2: A multi-user MIMO VVLC system considered in this

paper.

can improve the sum SLNR by better separating the row spaces

of VVLC channels for multiple Rx vehicles, which eventually

enhances the communication performances. We can exploit the

chiroptical properties depending on the various configurations

by controlling polarization, wavelength, and azimuth angle of

incident light for designing the VVLC system with GNPs.

In this paper, however, the polarization is not employed

since it reduces the Tx power from LEDs, which may reduce

communication distance. As neither the transmitter nor the

receiver is equipped with a polarizer, the proposed framework

does not exploit the phase delay effect of GNPs, which

is only observable from variations in the polarization state

and otherwise averaged out as described in “Supplementary

Information” of [51]. Instead, we employ the differential

transmittance depending on the wavelength and azimuth angle

of incident light as depicted in Fig. 1. A GNP plate is

fabricated by stacking GNPs with different types, patterns,

and sizes [27]. By the elaborated arrangement of GNPs, a

GNP plate can consist of several cells with different chiroptical

properties assuming all areas in a cell have the same properties.

We assume the signals radiated from an LED pass through

only one cell among N cells of a GNP plate.

Remark: Note that we exploit the GNP plate to distinguish

the signals for multiple Rx vehicles instead of relying on

wavelength division multiplexing (WDM). WDM requires

many optical filters to separate signals carried by different

wavelengths and may suffer from crosstalk by the wide spec-

tral power distribution (SPD) of light source. On the contrary,

the GNP plate can separate the signals by the chiroptical

properties depending on the azimuth angle of incident light

without using any optical filters. This would significantly

lower the burden on the receivers that typically perform huge

amounts of signal processing for WDM. Especially, in our

proposed GNP-empowered VVLC system, the Rx vehicles do

not suffer from any crosstalk.

B. Effective Channel Model

We consider a multi-user MIMO VVLC system with Nt

LEDs and a GNP plate in each headlight of Tx vehicle and

Nr PDs at the center of each Rx vehicle’s rear-end, as shown

in Fig. 2. Each cell in a GNP plate has different transmittance,

and to design independent precoders for U Rx vehicles, we

assume N ≥ U . The transmitted signals from Nt LEDs of the

i-th headlight to support U Rx vehicles are given as

xi = PTx1Nt
+ αPTx

U
∑

u=1

f ius
i
u, (1)

where PTx = ζIDC is the Tx power with the current-to-light

conversion efficiency ζ and the DC bias for illumination IDC,

α ∈ [0, 1] is the modulation index, f iu and siu are the precoder

and pulse amplitude modulation (PAM) constellation symbol

with E
{

siu
}

= 0 and E
{

|siu|
2
}

= 1 from the i-th headlight

to the u-th Rx vehicle, and i ∈ {1, 2}.

The effective VVLC channel consists of geometric path-loss

and the effect of GNPs and RGB light sources as

H̃i
u = Hi

u diag(G
i
up

i) (2)

with

Gi
u =







(gi
u,1)

T

. . .

(gi
u,Nt

)T






∈ R

Nt×3Nt

+ ,

pi =
[

(pi
1)

T · · · (pi
Nt

)T
]T

∈ R
3Nt×1
+ , (3)

where Hi
u ∈ R

Nr×Nt

+ is the geometric path-loss according

to the Lambertian radiation pattern1, and gi
u,m ∈ R

3×1
+ and

pi
m ∈ R

3×1
+ denote the transmittance by GNPs and the ratio

for RGB light sources in each LED, respectively.

1) Geometric path-loss: The (n,m)-th component of Hi
u,

hi
u,nm, is the geometric path-loss from the m-th LED at the

i-th headlight of Tx vehicle to the n-th PD at the u-th Rx

vehicle. There are line-of-sight (LOS) and non-LOS paths in

Hi
u as [52]

hi
u,nm = (hi

u,nm)L + (hi
u,nm)NL (4)

with

(hi
u,nm)L =

(nLED + 1)APD

2πR2
L,nm

cosnLED φL,nm cos θL,nm,

(hi
u,nm)NL =

(

(nLED + 1)Aref cos
nLED φNL,m cos θNL,m

2πR2
NL,m

)

×

(

APD cosφNL,n cos θNL,n

πR2
NL,n

ρ̄

)

.

(5)

In (5),

ρ̄ =

∫

λ
S(λ)ρ(λ)dλ
∫

λ S(λ)dλ
(6)

is the average reflectance with the spectral reflectance of Rx

vehicle ρ(λ) and the SPD of LED S(λ) =
∑3

c=1 Sc(λ) com-

posed of the sum of SPDs for the RGB light sources Sc(λ),
nLED = − ln 2

ln cos(Φ1/2)
is the Lambertian emission order with

the half power angle of LED Φ1/2, APD and Aref denote the

1While we do not consider different weather conditions in this paper, it
would be interesting to investigate the impact of weather for our proposed
technique as in [4].



5

T(N(λ, φ) ⊗N(λ, φ)∗)T−1 =
1

2

[

N1(λ, φ) 0002×2

0002×2 N2(λ, φ)

]

,

N1(λ, φ) =

[

āL(λ, φ) + āR(λ, φ) āL(λ, φ) − āR(λ, φ)
āL(λ, φ) − āR(λ, φ) āL(λ, φ) + āR(λ, φ),

]

,

N2(λ, φ) = 2
√

āL(λ, φ)āR(λ, φ)

[

cos(∆ϕ(λ, φ)) − sin(∆ϕ(λ, φ))
sin(∆ϕ(λ, φ)) cos(∆ϕ(λ, φ))

]

. (10)

areas of PD and reflector, RL,nm and (φL,nm, θL,nm) are the

distance and the radiation and incidence angle pair of the LOS

path, (RNL,m, RNL,n) and {(φNL,m, θNL,m), (φNL,n, θNL,n)}
are the distances and the radiation and incidence angle pairs

of the non-LOS paths from the m-th LED to the reflector and

from the reflector to the n-th PD, respectively. The indices of

RGB light sources for c = 1, 2, 3 represent red, green, and

blue, respectively.

2) Effect of GNPs and RGB light sources: The chiroptical

properties of GNPs can be represented as the Jones matrix in

the circular polarization domain as

N(λ, φ) =

[√

āL(λ, φ) 0

0
√

āR(λ, φ)e
j∆ϕ(λ,φ)

]

, (7)

where (āL(λ, φ), āR(λ, φ)) and ∆ϕ(λ, φ) are the transmit-

tance pair and differential phase delay for left/right circularly

polarized light with the wavelength λ and azimuth angle φ.

To represent the transmittance by GNPs for unpolarized light,

we transform the Jones matrix in (7) into the Müller matrix

as

M = T(J ⊗ J∗)T−1 (8)

with

T =









1 0 0 1
1 0 0 −1
0 1 1 0
0 j −j 0









, (9)

where J is an arbitrary Jones matrix. The Müller matrix of

GNPs can be denoted as (10) at the top of this page. The

Stokes vector describes all the polarization state as








S1

S2

S3

S4









=









I

Ip cos(2χ1) cos(2χ2)
Ip sin(2χ1) cos(2χ2)

Ip sin(2χ2)









, (11)

where I is the intensity of light, p is the degree of polarization,

and (χ1, χ2) are the ORD and CD. Finally, the transmittance

by GNPs for unpolarized light can be obtained from the first

component of Stokes vector after passing through GNPs as
āL(λ,φ)+āR(λ,φ)

2 .

Note that, without GNPs, the transmitted signals experience

nearly identical channels with just different path-loss. The high

correlation between LEDs, and eventually the high correlation

of channels for multiple Rx vehicles, can be lowered by the

different transmittance thanks to i) the differential absorption

effect of GNPs and ii) cell arrangement with different types,

patterns, and sizes of GNPs in a GNP plate.

The c-th component of gi
u,m can be represented as

giu,m,c =

∫

λ

RPD(λ)Sc(λ)ā
i
u,m(λ)dλ, (12)

for c ∈ {1, 2, 3}, where RPD(λ) is the responsivity of PD, and

āiu,m(λ) =
āi
L,u,m(λ)+āi

R,u,m(λ)

2 is the transmittance by GNPs

with the transmittance for left/right circularly polarized light

(āiL,u,m(λ), āiR,u,m(λ)). We use the index of Rx vehicle u

instead of azimuth angle of incident light in the transmittance

by GNPs.

C. Received Signal Model

The received signal model at the u-th Rx vehicle after

eliminating the DC bias is given as

yu = αPTx

2
∑

i=1



H̃i
uf

i
us

i
u +

∑

v 6=u

H̃i
uf

i
vs

i
v



+ nu, (13)

where nu ∼ N (0, σ2
u) is the noise at the u-th Rx vehicle

with the variance σ2
u = σ2

th +
∑2

i=1 σ
2
sh,u,i with the thermal

noise σ2
th and the shot noise at the u-th Rx vehicle by the i-th

headlight σ2
sh,u,i. The shot noise becomes dominant compared

to the thermal noise for high SNR regions since it is proportion

to the received power as

σ2
sh,u,i = γPTxE

{∥

∥

∥H̃i
u(1Nt

+ α
∑U

v=1 f
i
vs

i
v)
∥

∥

∥

}

, (14)

where γ = 2qB with the electronic charge q and the system

bandwidth B [53], [54]. Thus, the shot noise needs to be con-

sidered for designing precoders in VVLC systems primarily

driving on the high power range.

III. SLNR-BASED PRECODER DESIGN

We first explain the proposed SLNR-based precoder assum-

ing the RGB ratio pi, which determines the effective channel

H̃i
u in (2), is fixed. In Section IV, we elaborate how to design

pi to maximize the sum SLNR. We further assume that the Tx

vehicle only knows the LOS path for the precoder design and

the RGB ratio optimization since the Tx vehicle may not be

able to estimate the non-LOS paths using sensors equipped on

it in practice. In Section VI, we numerically verify the effect

of non-LOS paths on sum rates and secrecy rates.

In typical multi-user MIMO systems, the SLNR maximiza-

tion can be addressed using a function of generalized Rayleigh

quotient as in [55]. In VLC systems, the SLNR maximization

is not the form of generalized Rayleigh quotient due to the shot

noise, whose upper bound having a closed form is derived by

the Jensen’s inequality as

σ2
sh,u,i = γPTxE

{∥

∥

∥H̃i
u(1Nt

+ α
∑U

v=1 f
i
vs

i
v)
∥

∥

∥

}

≤ γPTx

√

√

√

√‖H̃i
u1Nt

‖2 + α2

U
∑

v=1

‖H̃i
uf

i
v‖

2

= σ̃2
sh,u,i, (15)
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xi
u =

∑Nt

m=1

∑3
c=1 P

i
m,cX

i
u,m,c

∑Nt

m=1

∑3
c=1 P

i
m,c

(

X i
u,m,c + Y i

u,m,c + Zi
u,m,c

)
=

[

(tiX,u,1)
T · · · (tiX,u,Nt

)T
]

pi

[

(tiT,u,1)
T · · · (tiT,u,Nt

)T
]

pi
=

(tiX,u)
Tpi

(tiT,u)
Tpi

,

yiu =

∑Nt

m=1

∑3
c=1 P

i
m,cY

i
u,m,c

∑Nt

m=1

∑3
c=1 P

i
m,c

(

X i
u,m,c + Y i

u,m,c + Zi
u,m,c

)
=

[

(tiY,u,1)
T · · · (tiY,u,Nt

)T
]

pi

[

(tiT,u,1)
T · · · (tiT,u,Nt

)T
]

pi
=

(tiY,u)
Tpi

(tiT,u)
Tpi

,

tiX,u,m = [X i
u,m,1, · · · , X

i
u,m,3]

T, tiY,u,m = [Y i
u,m,1, · · · , Y

i
u,m,3]

T,

tiT,u,m = [X i
u,m,1 + Y i

u,m,1 + Zi
u,m,1, · · · , X

i
u,m,3 + Y i

u,m,3 + Zi
u,m,3]

T. (20)

by using the fact E
{

|siv|
2
}

= 1. Even though σ̃2
sh,u,i is

a function of precoders that are the variables of following

optimization problem, we aim to make σ̃2
sh,u,i to be a constant.

This ensures that the SLNR becomes the form of generalized

Rayleigh quotient, which is favorable since the generalized

Rayleigh quotient maximization yields a straightforward solu-

tion. Thanks to high correlation by the very small gap between

PDs in each Rx vehicle, the rank of H̃i
u becomes nearly one

even though the GNPs decorrelate LEDs in each headlight.

The product of effective VVLC channels can be approximated

as

(H̃i
u)

TH̃i
u ≈ λ̃i

uq̃
i
u(q̃

i
u)

T, (16)

with the maximum eigenvalue λ̃i
u and the eigenvector q̃i

u

corresponding to λ̃i
u. In Section VI, the simulation result for

the condition number of H̃i
u depending on the distance verifies

that the approximation in (16) is reasonable. To remove the

impact of precoders, σ̃2
sh,u,i can be further bounded as

σ̃2
sh,u,i

(a)
≈ γPTx

√

λ̃i
u ·

√

√

√

√(1T
Nt
q̃i
u)

2 + α2

U
∑

v=1

((f iv)
Tq̃i

u)
2

(b)

≤ γPTx

√

λ̃i
u

(

∣

∣1T
Nt
q̃i
u

∣

∣+ α

U
∑

v=1

∣

∣(f iv)
Tq̃i

u

∣

∣

)

(c)

≤ γPTx

√

λ̃i
u

(

‖1Nt
‖+ α

U
∑

v=1

‖f iv‖

)

= γPTx(
√

Nt + αU)

√

λ̃i
u

= σ̌2
sh,u,i, (17)

where (a) comes from the approximation in (16), (b) is from

the triangle inequality, and (c) is due to the Cauchy-Schwarz

inequality. Finally, the SLNR maximization problem can be

represented as

(P1) : max
f iu

α2P 2
Tx(f

i
u)

T(H̃i
u)

TH̃i
uf

i
u

(f iu)
T
(

Li
u + (σ̌2

sh,u,i + σ2
th)INt

)

f iu

s.t. ‖f iu‖ = 1, (1-a)

for u ∈ {1, · · · , U}, i ∈ {1, 2}, where Li
u =

α2P 2
Tx

(

∑

v 6=u(H̃
i
v)

TH̃i
v

)

. The optimized precoder f̂ iu is the

eigenvector corresponding to the maximum eigenvalue of
(

Li
u + (σ̌2

sh,u,i + σ2
th)INt

)−1

(H̃i
u)

TH̃i
u.

IV. RGB RATIO OPTIMIZATION

In this section, we first obtain a white light constraint by

generalizing the color mapping method on the CIE 1931 xy

coordinates when using multiple LEDs with the RGB light

sources, and then relax it to have a larger feasible set to search

for a better objective value. Finally, we solve the nonconvex

optimization problem for the RGB ratio under the relaxed

white light constraint by using the quadratic transform and

SCA method.

A. White light constraint

The color of radiated light passing through GNPs is varied

due to the differential absorption depending on the wavelength.

Thus, the transmitted signals from each headlight need to be

elaborately adjusted to satisfy the white light constraint after

passing through the GNP plate. The white light constraint is

important for VVLC systems since the white light has broader

spectra than the light with a specific wavelength, making

it possible to achieve the stable illumination by providing

sufficient reflectance across a variety of surface characteristic.

Also, the human eye is particularly sensitive to red, green,

and blue light. Since the white light stimulates all three types

of photoreceptors simultaneously, it makes the illumination

appear brighter to drivers. At the same time, the sum of RGB

ratios should be one to satisfy the constant unit power from

an LED. In [56], the IEEE standard 802.15.7 considers just a

set of RGB light sources when mapping a color on the CIE

1931 xy coordinates as

x =

3
∑

c=1

Pcxc, y =

3
∑

c=1

Pcyc, (18)

with the sum RGB ratio constraint, i.e.,
∑3

c=1 Pc = 1, where

Pc is the ratio of c-th light source, and the chromaticity values

(xc, yc) of c-th light source are given as

xc =
Xc

Xc + Yc + Zc
, yc =

Yc

Xc + Yc + Zc
, (19)

by normalizing the tri-stimulus values (Xc, Yc, Zc).

In each headlight of vehicles, however, there exist multiple

LEDs to brighten surroundings, and the transmitted light from

multiple LEDs makes one color altogether. We generalize the

color mapping method to use for VLC systems with multiple

LEDs. The CIE 1931 xy coordinates of an arbitrary target

color with chromaticity values (xi
u, y

i
u) by the generalized

color mapping can be represented as (20) at the top of this

page, where P i
m,c is the c-th component of pi

m. In (20),
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(X i
u,m,c, Y i

u,m,c, Zi
u,m,c) are the tri-stimulus values consid-

ering the effect of GNPs, which are given as

X i
u,m,c =

∫

λ

Sc(λ)ā
i
u,m(λ)x̄(λ)dλ,

Y i
u,m,c =

∫

λ

Sc(λ)ā
i
u,m(λ)ȳ(λ)dλ,

Zi
u,m,c =

∫

λ

Sc(λ)ā
i
u,m(λ)z̄(λ)dλ, (21)

where {x̄(λ), ȳ(λ), z̄(λ)} are the color matching functions

denoting the chromatic response of the CIE standard observer.

We can analyze (20) as a method to determine chromaticity

values of the radiated light by comprehensively considering the

ratios of 3Nt light sources, rather than adjusting the individual

chromaticity values of each light source in (19). The condition

to strictly radiate a target white color with chromaticity values

(xw, yw) from the i-th headlight for all U Rx vehicles is

represented as





















(tiX,1 − xwt
i
T,1)

T

...

(tiX,U − xwt
i
T,U )

T

(tiY,1 − ywt
i
T,1)

T

...

(tiY,U − ywt
i
T,U )

T





















pi = Ti
wp

i = 02U , (22)

with the sum RGB ratio constraint 1T
3 p

i
m = 1 for all m ∈

{1, · · · , Nt}, which can be concatenated as






1T
3

. . .

1T
3






pi = Ĩpi = 1Nt

. (23)

The RGB ratios to radiate the target white color can be ob-

tained through the following convex optimization formulated

by considering (22) and (23) as

(P2) : min
pi

∥

∥Ĩpi − 1Nt

∥

∥

s.t. Ti
wp

i = 02U , (2-a)

pi ≥ 03Nt
, (2-b)

for i ∈ {1, 2}. In Section V, we initialize the RGB ratios

pi for several target white colors by (P2) to attain the best

SLNR-based precoders.

B. Relaxation of white light constraint

The white light constraint in Section IV-A may be too

strict to set the RGB ratios since we only focus on a point

on the CIE 1931 xy coordinates for the stable illumination,

resulting in significant power attenuation due to the absorption

by GNPs. In this subsection, we propose to relax the white

light constraint to improve the performance of SLNR-based

precoder. Even though the white light is generally defined

as light that appears colorless to the human eye, it can be

mapped to various points on the CIE 1931 xy coordinates. This

mapping is based on the color temperature, which depends on

the color emitted depending on the temperature of black body.

Fig. 3: MacAdam ellipses on the CIE 1931 xy coordinates

where the figure is obtained from [57].

The SPD per area of ideal black body with the wavelength λ

and temperature K is obtained with the Plank’s law as

SBB(λ,K) =
2hPc

2
s

λ5(e
hPcs
λkK − 1)

, (24)

where hP is the Plank constant, cs is the speed of light, and

k is the Boltzmann constant. The tri-stimulus values by the

ideal black body with the temperature K are represented as

XK =

∫

λ

SBB(λ,K)x̄(λ)dλ,

YK =

∫

λ

SBB(λ,K)ȳ(λ)dλ,

ZK =

∫

λ

SBB(λ,K)z̄(λ)dλ. (25)

The CIE 1931 xy coordinates (xK , yK) for the white color

corresponding to a color temperature K can be obtained in

the same manner as in (19). We will consider multiple white

light such as cool, neutral, and warm white within a finite

white color temperature set K.

Various colors around a target color with specific chromatic-

ity values on the CIE 1931 xy coordinates are indistinguish-

able from the target color to the human eye. The indistinguish-

able colors can be contained in an ellipse, i.e., the MacAdam

ellipse [58], with the permissible deviation as depicted in Fig.

3, which is the standard deviation of color matching (SDCM)

officially used in LED lighting to indicate the light color

deviation. The regions by the MacAdam ellipses for multiple

temperatures are challenging to be indicated clearly on the CIE

1931 xy coordinates since they are overlapped and irregular.
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Instead, we employ the quadrangle of the MacAdam ellipse

for the color temperature K that can be described with four

linear inequalities as [59]






a1,K b1,K
...

...

a4,K b4,K







[

xi
u

yiu

]

+







c1,K
...

c4,K






≤ 04, (26)

for each u ∈ {1, · · · , U} and i ∈ {1, 2}, where aβ,K , bβ,K ,

and cβ,K are the coefficients of linear inequalities consisting of

a quadrangle for β ∈ {1, · · · , 4}. Using (20), the quadrangle

region in (26) is represented as

Ti
u,Kpi ≤ 04 (27)

with

Ti
u,K =







a1,K(tiX,u)
T + b1,K(tiY,u)

T + c1,K(tiT,u)
T

...

a4,K(tiX,u)
T + b4,K(tiY,u)

T + c4,K(tiT,u)
T






.

(28)

The relaxed white color constraint in (27) substitutes for

the strict constraint in (22) to improve the sum rate in the

following RGB ratio optimization.

C. RGB ratio optimization

In this subsection, we optimize the RGB ratios pi to

maximize the sum SLNR metric taking the relaxed white light

constraint discussed in the previous subsection. To express

the SLNR in (P1) as a function of pi with given precoders

f iu =
[

f i
u,1, · · · , f

i
u,Nt

]T
, we have

H̃i
uf

i
u = Hi

u diag(G
i
up

i)f iu

= Hi
u







(gi
u,1)

Tpi
1

. . .

(gi
u,Nt

)Tpi
Nt






f iu

= Hi
u







f i
u,1(g

i
u,1)

T

. . .

f i
u,Nt

(gi
u,Nt

)T






pi

= Hi
uG

i
uF

i
up

i

= H̄i
uF

i
up

i (29)

with

Fi
u =







f i
u,1I3

. . .

f i
u,Nt

I3






. (30)

Using (29), the sum SLNR maximization problem for a color

temperature K can be represented as

(P3) : max
pi,i∈{1,2}

2
∑

i=1

U
∑

u=1

µi
S,u(p

i)

µi
L,u(p

i) + µu(pi) + σ2
th

s.t. Ĩpi ≤ 1Nt
∀i, (3-a)

Ti
u,Kpi ≤ 04 ∀u, i, (3-b)

pi ≥ 03Nt
∀i, (3-c)

where

µi
S,u(p

i) = α2P 2
Tx(p

i)TFi
u(H̄

i
u)

TH̄i
uF

i
up

i,

µi
L,u(p

i) = α2P 2
Tx(p

i)TFi
u





∑

v 6=u

(H̄i
v)

TH̄i
v



Fi
up

i,

µu(p
i) = γPTx

√

√

√

√‖H̃i
u1Nt

‖2 + α2

U
∑

v=1

‖H̃i
uf

i
v‖

2

= γPTx

√

√

√

√‖H̄i
up

i‖2 + α2

U
∑

v=1

‖H̄i
uF

i
vp

i‖2. (31)

In (P3), we also relax the sum RGB ratio constraint (23)

as (3-a) to optimize pi in a larger feasible set. The basic

programming methods in CVX cannot be adopted since the

objective function of (P3) is not convex for the RGB ratios pi.

Instead, we can solve the nonconvex problem (P3) with the

quadratic transform for multiple ratio fractional programming

in [60] and SCA method in [61]. By the quadratic transform,

the objective function of (P3) for a specific u and i is

equivalent to

ξu(p
i) = 2νiu

√

µi
S,u(p

i)− (νiu)
2
(

µi
L,u(p

i) + µu(p
i) + σ2

th

)

,

(32)

where νiu is an auxiliary variable, which is updated to maxi-

mize the surrogate function of (32). Then, the SCA method is

adopted after linearizing
√

µi
S,u(p

i) and µu(p
i) to the first-

order derivatives, which are defined at the ℓ-th iteration of

SCA method as
(

√

µi
S,u(p

i)

)

(ℓ)

=

√

µi
S,u(p

i
(ℓ)) +

α2P 2
Tx(p

i
(ℓ))

TAi
u(p

i − pi
(ℓ))

√

µi
S,u(p

i
(ℓ))

,

(

µu(p
i)

)

(ℓ)

= µu(p
i
(ℓ)) +

γ2P 2
Tx(p

i
(ℓ))

TBi
u(p

i − pi
(ℓ))

µu(pi
(ℓ))

(33)

with

Ai
u = Fi

u(H̄
i
u)

TH̄i
uF

i
u,

Bi
u = (H̄i

u)
TH̄i

u + α2
U
∑

v=1

Fi
v(H̄

i
u)

TH̄i
uF

i
v. (34)

In (33), pi
(ℓ) is the local point of the ℓ-th iteration in the SCA

method. The surrogate function of (32) for the ℓ-th iteration

is given as

ξu,(ℓ)(p
i) = 2νiu,(ℓ)

(

√

µi
S,u(p

i)

)

(ℓ)

−
(

νiu,(ℓ)

)2
(

µi
L,u(p

i) +

(

µu(p
i)

)

(ℓ)

+ σ2
th

)

.

(35)
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Algorithm 1 Sum SLNR maximization by alternating opti-

mization (AO)

1: Initialization: Set ℓ1 = 0 and a stopping threshold ǫ.

2: repeat

3: Set K , aβ,K ,bβ,K , and cβ,K for β ∈ {1, · · · , 4}.

4: repeat

5: Set ℓ1 = ℓ1 + 1.

6: if ℓ1 = 1 then

7: Initialize pi = pi
init using (P2).

8: else

9: pi
init = pi

(ℓ2)
and pi = pi

init.

10: Update f iu as the solution of (P1).

11: Update ξu(p
i) with pi and f iu.

12: Set ℓ2 = 1.

13: Set pi
(ℓ2)

= pi
init.

14: repeat

15: Set ℓ2 = ℓ2 + 1.

16: Update pi
(ℓ2)

as the solution of (P3.1).

17: until
∣

∣

∑

i

∑

u ξu,(ℓ2)(p
i)− ξu,(ℓ2−1)(p

i)
∣

∣ < ǫ.

18: until
∣

∣

∑

i

∑

u ξu,(ℓ2)(p
i)− ξu(p

i)
∣

∣ < ǫ.

19: until calculating the maximized sum SLNR for all color

temperatures K ∈ K.

The surrogate optimization problem for the ℓ-th iteration is

finally given as

(P3.1) : max
pi,i∈{1,2}

2
∑

i=1

U
∑

u=1

ξu,(ℓ)(p
i)

s.t. νiu,(ℓ) =

√

µi
S,u(p

i
(ℓ))

µi
L,u(p

i
(ℓ)) + µu(pi

(ℓ)) + σ2
th

∀u, i,

(3.1-a)

(3-a), (3-b), (3-c).

The RGB ratio optimization problem in (P3.1) can be simply

solved by the quadratic programming (QP).

V. ALTERNATING OPTIMIZATION

We need to obtain the SLNR-based precoder considering

the spectral transmittance by chiroptical properties of GNPs.

The SLNR-based precoders f iu are designed by solving (P1)

after initializing the RGB ratios pi using (P2). Then, the

RGB ratios are optimized in the quadrangle of color temper-

ature K by solving (P3.1) with the SCA method, where the

chromaticity values of optimized RGB ratios pi on the CIE

1931 xy coordinates would gradually move to points with less

absorption by GNPs as demonstrated in Section VI. These

SLNR-based precoder and RGB ratio optimization problems

are alternatingly solved for each color temperature K . The

overall algorithm of the proposed technique is represented in

Algorithm 1.

We also analyze the complexity of AO to clearly show

the practicality of proposed method. The AO iterates solving

the generalized eigenvalue problem in (P1) and the convex

QP problem with linear constraints via the SCA approach

in (P3.1). The complexities of both problems are obtained
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Fig. 4: Condition numbers depending on the distance between

the headlight of Tx vehicle located in (-1, 0, 1.1) m and the

center of PDs at Rx vehicle located in (0, r, 0.9) m.

as O(N3
t ) for the generalized eigenvalue problem [62] and

O(N3
t ) for the QP problem [63]. With the stopping threshold

ǫ, the overall complexity of AO for the worst case can be

computed as O(N3.5
t log(ǫ−1)), which has the polynomial

complexity that is more manageable than the exponential

growth as the input size increases.

VI. SIMULATION RESULTS

In this section, we perform simulations to verify the per-

formance of proposed SLNR-based precoder for multi-user

MIMO VVLC systems in realistic vehicular environments. The

Tx vehicle has two headlights where each headlight consists

of Nt = 4 LEDs. There are U = 3 Rx vehicles equipped

with Nr = 4 PDs located at the center of each Rx vehicle’s

rear-end with the height 0.9 m. The central locations of PDs

at the Rx vehicles are (-3, 20, 0.9) m, (0, 23, 0.9) m, and (3,

19, 0.9) m, which are denoted as 1, 2, and 3-rd Rx vehicles

in order, assuming the road lane width of 3 m. The two

headlights of Tx vehicle are located in (-1, 0, 1.1) m and

(1, 0, 1.1) m, which are denoted as 1 and 2-nd headlights in

order. The LEDs and PDs are positioned with the spacing of

dLED = 4 cm and dPD = 1 cm in a square configuration.

We use the spectral responsivity of PD RPD(λ) in [64] and

the SPDs of light sources Sc(λ) with the center wavelengths

(450, 521, 630) nm in [65]. The spectral transmittance by one

cell of GNP plate depending on the azimuth angle of incident

light is shown in Fig. 1. In the simulation results, we adopt

several parameters as follows: the current-to-light conversion

efficiency ζ = 0.44 W/A, the modulation index α = 0.5, the

half power angle of LED Φ1/2 = 20◦, the areas of PD and

reflector APD = 1 cm2 and Aref = 0.04 m2, the thermal

noise σ2
th = −128.76 dBm [66], the number of cells in a

GNP plate N = 4, and the system bandwidth B = 100 MHz.

The finite white color temperature set K has its components
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Fig. 5: Half power angles of LED Φ1/2 to support Rx vehicles

with the locations of (−3, r+1, 0.9) m, (0, r+4, 0.9) m, and

(3, r, 0.9) m.

as {2700, 3000, 3500, 4000, 4500, 5000, 5700, 6500} K.2 We

consider the aluminum material for the spectral reflectance

of Rx vehicle ρ(λ) in (6) [67].

Fig. 4 shows the condition number depending on the dis-

tance between a headlight of the Tx vehicle and the center

of PDs at an Rx vehicle. The condition number of effective

channel is extremely high due to the correlation between

PDs, supporting the approximation in (16). Even though the

effective channel has a very high condition number, the LED

decorrelation by GNPs makes the nulling of leakage to other

Rx vehicles possible, which will be shown shortly. In Fig. 5,

we also verify how to set the half power angle of LED Φ1/2

to support multiple Rx vehicles with different distance values

r. The half power angle of LED Φ1/2 within each headlight

should be determined carefully considering the location of

Rx vehicle with the largest azimuth angle. For the later

simulations with r = 19 m, the half power angle Φ1/2 = 20◦

setting is reasonable since the half power angles of headlights

need to be larger than 9.4◦ and 8.8◦ to support Rx vehicles.

We derive the sum rate of U Rx vehicles by using the closed

form of upper bounded shot noise and assuming the lower

bound of capacity for the VLC channel as [68]

R ≈
1

2

U
∑

u=1

log2

(

1 +
e

2π
·

∑2
i=1 α

2P 2
Tx(f

i
u)

T(H̃i
u)

TH̃i
uf

i
u

µIN,u

)

(36)

with

µIN,u =

2
∑

i=1



α2P 2
Tx

∑

v 6=u

(f iv)
T(H̃i

u)
TH̃i

uf
i
v + σ̃2

sh,u,i



+ σ2
th.

(37)

2The white color temperature set K is an example to verify the effectiveness
of proposed SLNR-based precoding, which needs to be properly limited
to comply with the vehicular regulations to avoid the glare for drivers of
oncoming vehicles.
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Fig. 6: Sum rate performances depending on the Tx power in

a multiple access scenario.

In Fig. 6, we first compare the two cases of precoding with

different levels of channel knowledge: i) both the LOS and

non-LOS paths and ii) only the LOS path. The former case is

marked with “NL” in the figure. The SLNR-based precoding

with the full channel knowledge has negligible gain compared

to the case of knowing only the LOS path due to the extremely

high path-loss of non-LOS paths, which makes the proposed

method more practical. The effect of GNPs is noticeably

shown from the sum rate of “SLNR with GNPs & w/o AO.” It

outperforms the sum rate of “SLNR w/o GNPs & AO,” which

can be considered as a conventional approach that does not

mitigate the negative effect of densely positioned LEDs within

each headlight, particularly for high SNR regions. GNPs can

form different row spaces of effective VVLC channels for

multiple users, making it possible to simultaneously maximize

signal power and minimize leakage and noise. The proposed

method of “SLNR with GNPs & AO” enhances the sum rate

more effectively than “SLNR with GNPs & w/o AO” using the

RGB ratios for neutral white with the color temperature 4000

K only. Meanwhile, the sum rate of “SLNR w/o GNPs & AO”

shows a weird tendency, i.e., it first increases, then decreases,

and then increases again until it saturates with PTx.3 This

is because the channels share almost the same row space that

unidirectionally varies the signal and leakage for all users. For

mid SNR regions with the Tx power of [25, 35] dBm, the sum

rate of “SLNR w/o GNPs & AO” decreases since the SLNR-

based precoder is not able to simultaneously maximize signal

power and minimize leakage due to the overlapped row spaces

of the channels. In high SNR regions, “SLNR w/o GNPs &

AO” increases the sum rate by using precoders minimizing the

leakage power as it becomes dominant. The maximum ratio

transmission (MRT) precoder shows limited sum rates even

with the decorrelation by GNPs since it solely maximizes the

signal power toward each Rx vehicle without accounting for

the leakage.

3Note that maximizing SLNR does not result in maximizing the sum rate
in general.
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Fig. 7: Chromaticity values of optimized RGB ratios on the

CIE 1931 xy coordinates in a multiple access scenario.

In Fig. 6, we also evaluate the performance of our proposed

SLNR-based precoding method in comparison with a state-of-

the-art benchmark, i.e., the AFS using matrix headlight. The

AFS in [21] employs matrix headlights with a large number

of small LED chips that emit light with the significantly sharp

radiation pattern. To support multiple users while mitigating

the IUI, the transmitter selects one LED per user that yields

the highest received power in a given geometry, i.e., optimal

LED. The rest of LEDs do not transmit signals, but they would

still consume power for illumination purposes. We assume the

same sum power constraint in the proposed VVLC system and

the AFS in [21], i.e., NtPTx = Nt,[21]PTx,[21] with the number

of LEDs used in each matrix headlight Nt,[21] = 84. In Fig.

6, the sum rates of AFS in [21] show high performances in

low SNR regions since the noise is more dominant than the

IUI, which is sufficiently suppressed. Even though the IUI is

mitigated thanks to the sharp radiation pattern, it becomes non-

negligible in high SNR regions by the radiation range of each

LED chip itself. The misalignment, i.e., incorrect selection of

the optimal LED, may cause noticeable performance degra-

dation. When suboptimal LEDs adjacent to the optimal ones

are selected, the misalignment leads to significant performance

loss as in “AFS with subopt.” This means that the sharp

radiation pattern involves a trade-off between the performance

gain from the increased SINR and the degradation caused by

misalignment. Also, the sum rate would be saturated beyond

PTx,[21] = 30 dBm, i.e., corresponding to approximately

PTx = 45 dBm, due to the intrinsic power limitation of LED

chips embedded in matrix headlights. These LED chips can

typically support the maximal transmit power of PTx,[21] = 30
dBm, constrained by their compact physical size and sophis-

ticated control [69]–[71]. In contrast, the proposed method

of “SLNR with GNPs & AO” shows lower sum rates due

to the absorption by GNPs in low SNR regions. In high SNR

regions, however, higher sum rates are achieved since the RGB

LEDs for headlights are capable of i) fully using available

resources for the IUI mitigation while enhancing the signal

power, ii) avoiding potential misalignment issues due to their
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Fig. 8: Convergence of AO for the SLNR-based precoding

method with PTx = 30 dBm.

wide radiation range, and iii) operating at the transmit power

of up to 50 W [41], [42].

In Fig. 7, we analyze the optimized RGB ratios with their

chromaticity values on the CIE 1931 xy coordinates. In the

figure, the black dots denote the chromaticity values of white

light for several color temperatures, and the other indicators,

i.e., squares, triangles, and crosses, represent the chromaticity

values of optimized RGB ratios for the indistinguishable white

light from the i-th headlight of Tx vehicle to the u-th Rx

vehicle denoted as i → u. To achieve the maximal sum

rate gains, the chromaticity values of optimized RGB ratios

are positioned in the cool white quadrangle with the color

temperature 6500 K due to the reduced absorption by GNPs.

The indicators for 1 → 3 and 2 → 1 are positioned at the

edge of quadrangle away from the red color to minimize the

absorption by GNPs as much as possible, which is due to

the low transmittance by GNPs caused from the large azimuth

angle of incident light. The indicators are separated each other

to balance the SLNR in the cool white quadrangle.

We analyze the convergence behavior of AO to verify the

feasibility of proposed method in Fig. 8. Algorithm 1 for AO

converges to the optimized sum SLNR within approximately

8 iterations. This ensures that the proposed SLNR-based

precoding method computationally practical.

We also demonstrate the average communication distance

depending on the target BER using the proposed precoder

design. The average communication distance is obtained from

the distance between the first headlight of the Tx vehicle

and the central rear-end of the second Rx vehicle. The

effective VVLC channel can be approximated as H̃1
2 ≈

(h1
2)L1Nr×Nt

diag(G1
2p

1) by negligible non-LOS path-loss

and high correlation, where (h1
2)L = E{(h1

2,nm)L} is the LOS

path-loss averaged over n and m. An upper bound of BER

for maximum likelihood (ML) detection with M -ary PAM
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constellation can be obtained as [72]

BERM ≈
1

M log2 M

M
∑

j1=1

∑

j2 6=j1

dH(sj1 , sj2)

×Q

(

(h1
2)LPTx

2σ2

∥

∥1Nr×Nt
diag(G1

2p
1)f12 (sj2 − sj1)

∥

∥

)

,

(38)

where dH(sj1 , sj2) is the hamming distance between trans-

mitted symbols sj1 and sj2 , and Q(·) is the Q function. The

approximated BER in (38) for M = 4 is given as

BER4 ≈
3

4
Q(κ) +Q(2κ) +

1

4
Q(3κ) (39)

with

κ =
(h1

2)LPTxd4PAM

2σ2

∥

∥1Nr×Nt
diag(G1

2p
1)f12

∥

∥ , (40)

where d4PAM is the adjacent distance between 4-ary PAM

symbols. Using the LOS path-loss of VVLC channel in (5) and

κ in (40), the average communication distance is calculated as

RL ≈

(

(nLED + 1)APD

2π
cosnLED φL cos θL

×
PTxd4PAM

2σ2κ

∥

∥1Nr×Nt
diag(G1

2p
1)f12

∥

∥

)
1

2

.

(41)

Fig. 9 highlights the need for high Tx power to achieve reliable

communications using LEDs with the Lambertian radiation

pattern. The communication distance will become much longer

with the same transmit power if i) the Rx vehicle is equipped

with more PDs having larger areas or using single photon

avalanche diodes (SPADs) that detect weak signals well [73],

or ii) the LEDs at the Tx vehicle employ more efficient

radiation patterns suitable for vehicular environments [4], [9].

We finally verify the secrecy rate improvement by proposed

SLNR-based precoding method in a wiretapping scenario with

a legitimate vehicle (Bob) and an eavesdropping vehicle (Eve).

In the wiretapping scenario, the central locations of PDs at Bob
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Fig. 10: Secrecy rate performances depending on the Tx power

in a wiretapping scenario.
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Fig. 11: Chromaticity values of optimized RGB ratios on the

CIE 1931 xy coordinates in a wiretapping scenario.

and Eve are (-3, 20, 0.9) m and (0, 23, 0.9) m. The other simu-

lation parameters are the same to the multiple access scenario.

We assume the Tx vehicle knows the channel state information

(CSI) of Eve thanks to estimating geometric information by

front sensors. The secrecy rate can be represented as

Rs = max(RB −RE, 0), (42)

using the achievable rates of Bob, RB, and Eve, RE, given as

RC ≈
1

2
log2

(

1 +
e

2π
·

∑2
i=1 α

2P 2
Tx(f

i)T(H̃i
C)

TH̃i
Cf

i

∑2
i=1 σ̃

2
sh,C,i + σ2

th

)

(43)

with

σ̃2
sh,C,i = γPTx

√

‖H̃i
C1Nt

‖2 + α2‖H̃i
Cf

i‖2, (44)

where C ∈ {B,E}, H̃i
C is the effective VVLC channel for C,

and f i is the proposed SLNR precoder for Bob. In Fig. 10, the

secrecy rates when including the non-LOS paths show almost
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the identical performances to the case where only the LOS

path is considered as in Fig. 6. The SLNR-based precoders

with GNPs show high secrecy rates as increasing Tx power

since they can reduce the leakage toward Eve. “SLNR w/o

GNPs & AO” shows different tendency compared to Fig. 6

since the proposed VVLC system for the wiretapping scenario

only needs to design a precoder f i for each headlight by

considering Bob and Eve. The row spaces of VVLC channels

are restricted by two users in this scenario, which ensures a

larger feasible set different from the multiple access scenario

with three users. Despite this, it has a worse secrecy rate

compared to other SLNR-based methods for most of SNR

regions since Eve can receive intended signals comparable to

those at Bob. The RGB ratio optimization further improves the

secrecy rate performance as in “SLNR with GNPs & AO” by

relatively increasing the signal power more at Bob compared

to Eve thanks to the RGB ratios less absorbed by GNPs while

reducing the leakage toward Eve. Fig. 11 shows almost the

same chromaticity values of optimized RGB ratios in Fig. 7

due to the white light constraint that should be satisfied for

all front regions of the Tx vehicle while maximizing the sum

SLNR. The performance of MRT precoder in Fig. 10 demon-

strates that the multi-user communications can be significantly

vulnerable to eavesdropping as leaked out transmitted signals

particularly in high SNR regions. In Fig. 10, the secrecy rates

of AFS in [21] have similar tendencies as in Fig. 6, but it

decreases in high SNR regions by eavesdropping. It can be

observed in “AFS with subopt” that the misalignment further

increases the risk of eavesdropping.

VII. CONCLUSION

In this paper, we proposed an SLNR-based precoding

method with GNPs in vehicular environments to improve

the sum rate in a multiple access scenario and the secrecy

rate in a wiretapping scenario. GNPs, recently synthesized

metamaterials, have chiroptical properties as differential ab-

sorption and phase delay for left/right circularly polarized

light, which can be controlled by polarization, wavelength, and

azimuth angle of incident light. The transmittance according

to differential absorption effect of GNPs and cell arrangement

with different types, patterns, and sizes of GNPs in a GNP

plate was exploited to decorrelate closely positioned LEDs in

a headlight of the Tx vehicle. A multi-user MIMO VVLC

system with GNPs and RGB light sources within an LED was

modelled incorporating the received power representation of

shot noise. The SLNR-based precoders were obtained from the

generalized Rayleigh quotient with the approximation of shot

noise. We also derived the white light constraint for multiple

LEDs with the RGB light sources using the generalized color

mapping method, and relaxed it to ensure a larger feasible

set to optimize the RGB ratios. Then, we optimized the RGB

ratios to further enhance the performance gain by reducing the

absorption by GNPs under the relaxed white light constraint.

The precoders and the RGB ratios were alternatingly updated

to maximize the sum SLNR. Finally, we demonstrated through

simulation results that the decorrelation effect by GNPs is

essential to support multiple Rx vehicles. The proposed SLNR-

based precoding would be suitable for vehicular scenarios that

demand high data rates and secure communications such as

platooning.

As several future works, the adaptive radiation pattern

design based on simulation studies needs to be adopted for

ensuring the sufficient communication distance in practical

VVLC systems, which also can capture the impact of outdoor

weather condition and variations across different vehicle types

[4], [9]. Tail-to-head VVLC using typically lower power com-

pared to head-to-tail VVLC requires further studies to make

bidirectional vehicular communications possible. To achieve

higher SNR at Rx vehicles in the tail-to-head VVLC, we can

consider several approaches, e.g., i) using SPADs and spatial

filters tailored to the spectra of signals radiated from taillights,

ii) deploying numerous PDs with the large areas to receive

signals better, and iii) implementing better combining methods

using PDs to improve the SINR. With these methods, the

proposed SLNR-based precoding also can be exploited even

for multi-user tail-to-head VVLC under a red light constraint

considering the taillights emitting the light of red wavelength

for warning purposes.
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