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Abstract—Vehicular visible light communications have been
proposed in the framework of 6G communications to potentially
achieve high data rates and extremely low-latency simultaneously.
Although multiple-input multiple-output schemes may achieve
high data rates they are subject to closed-loop transmission in
order to achieve multiplexing gain, also known as degrees of
freedom (DoF). In this work, we propose the concept of colored
reconfigurable photodetector that generates tuples of colors each
providing channel responses linearly independent among them in
order to derive a novel transmission scheme referred to as colored
blind interference alignment (cBIA). It gets rid of the closed-
loop transmission while achieving multiplexing gain, i.e., cBIA
achieves both low-latency, depending on the data packet size, and
high data rates. The proposed cBIA achieves three times the DoF
obtained by traditional non-colored blind interference alignment
(BIA). Simulations results show that the achievable rate of cBIA
outperforms closed and open loop baseline schemes. Besides,
cBIA satisfies the latency requirements of 6G communications.

Index Terms—Vehicular visible light communications, low-
latency, blind interference alignment, multi-color LED.

I. INTRODUCTION

The vehicular ecosystem has recently proposed the vehicle-
to-vehicle (V2V) communications for increasing the reliability
and robustness in vehicular traffic [1]. Achieving high data
rates subject to low-latency is required in vehicular environ-
ments, which leads to bandwidth-demanding communications.
Although radio-frequency (RF) is the most mature technology
for V2V communications, the overcrowded and limited RF
spectrum, the data traffic congestion in a medium or large
user density scenarios, as well as the risk of security attacks,
are pushing back the RF-based V2V conceptual design.

Visible light communications (VLC) are proposed as a
means of exploiting the wide and unregulated optical domain.
The light emitting diodes (LEDs) already employed in vehicles
for illumination and the possibility of deploying multiple
photodiodes around the vehicle structure offer a unique op-
portunity to convert VLC into an enabling technology for
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vehicular communications [2]. Besides, the short-range and
line-of-sight (LoS) links that characterize the V2V scenarios
are favourable for vehicular VLC (V-VLC). The fact that two
or more optical transmitters, e.g., the two front or brake lights,
are typically installed in vehicles, enables the implementation
of multiple-input multiple-output (MIMO) techniques.

Obtaining high data rates by increasing the multiplexing
gain in MIMO systems, also known as degrees of freedom
(DoF), typically requires closed-loop transmission to obtain
channel state information at the transmitters (CSIT), and then
invoking precoding techniques such as zero forcing (ZF) [3].
It is worth noticing that the feedback step in closed-loop
transmission has a direct impact on the transmission period of
data, hampering the achievability of low-latency. Focusing on
open-loop schemes, blind interference alignment (BIA) based
on the concept of reconfigurable photodetector for VLC is
proposed in [4] to achieve multiplexing gain without CSIT.
Fundamentally, a reconfigurable photodetector provides a set
of linearly independent channel responses selecting one of
them through a selector connected to a single signal processing
chain. In [5], it is shown that this concept can be implemented
in vehicles exploiting the angular and lens diversity that their
structure inherently provides. Although BIA applied to V-VLC
based on phosphor coated LEDs obtains satisfactory data rates
and allows us to manage the transmission frame in open-loop
fashion, it is subject to a transmission pattern that may hamper
to achieve extremely low-latency.

In contrast to phosphor coated LEDs, multi-colored LEDs
provide additional DoF to transmit multiple data streams
simultaneously based on wavelength division multiplexing [6].
Then, multiple data streams assigned to each color can be
transmitted simultaneously during a single time slot, which
motivate their use for reducing the latency. However, the
extension of BIA to multi-colored LEDs is not straightforward
since photodetectors just equipped with color filters does not
provide linearly independent channels, which are required for
implementing BIA schemes. In this paper, we propose a new
approach based on exploiting multi-color LEDs referred to as
colored BIA (cBIA) for V-VLC. The target latency of 0.1 ms
proposed for 6G extremely low-latency services is assumed.
The contributions of this paper can be summarized as follows,

1) The concept of colored reconfigurable photodetector is

firstly proposed. It is based on creating tuples composed
of a set of colors, e.g., red, green and blue, following an
angular diversity arrangement. This photodetector archi-
tecture provides linearly dependent channel responses
among the colors of each tuple while the channel re-



sponses from different tuples are linearly independent.

2) The transmission pattern and received signal combina-
tion for subtracting the interference that define cBIA are
derived for a V2V scenario. The same DoF as for non-
colored BIA can be achieved while reducing the latency
by exploiting both the angular and color diversity of the
colored reconfigurable photodetector.

3) The general vehicle-to-multiple vehicles cBIA is de-
rived. The closed-form expressions of the latency, DoF
and achievable rate are determined. The impact of inter-
fering vehicles on the achievable rate is also analyzed.

The performance of cBIA is analyzed considering the low-
beam and high-beam lights models [7]. Simulation results
show that cBIA outperforms the achievable rate of non-colored
BIA and closed-loop schemes such as ZF while ensuring
extremely low-latency in line with the 6G requirements.

II. SYSTEM MODEL

We consider a V-VLC system in which the L = 2,
I = {1,2}, headlights of a vehicle provide illumination and
transmit data to K, k = {1,..., K}, receivers as it is shown
in Fig. 1. Each front light corresponds to a multi-color (red
(R), green (), blue (B)) optical transmitter and the vehi-
cles are equipped with colored reconfigurable photodetectors
as receivers, which are composed of multiple RGB tuples
following an angular diversity arrangement each referred to
as a mode. At the receiver, the signal associated to color
¢ = {R,G,B} is filtered at color ¢’ with an efficiency
Ye,c» Where 7, . = 1. The concept of colored reconfigurable
photodetector is detailed below. The transmitted signal is
denoted by x = [xR,xG,xB}T e R¥LXL where x, =
[%,1 Te, L] is the signal associated to the L optical
transmitters at color ¢ and z; is the signal of transmitter [ at
color c. Thus, the RGB signal of receiver k for mode m at
time ¢ can be written as

y![t] = 6THM (m[t]) x[t] + 2 ]t], ey

where § is the responsivity of the photodiode and I' is the
color filtering matrix given by

YR,R 7YR,G R,B
Yo.R YG.G VG.B| s 2
YB,R 7VB,G 7B,B

I' =

and H¥ (m[t]) € RiX?’L is the channel matrix of user k given
by the mode selected at time ¢,

H" (mt]) = I; ® h* (m[]), 3)

where hl¥l (m[t]) € R'*’ contains the channel responses
between the L transmitters and user k& for mode m and ® de-
notes the Kronecker product. After color filtering, h{¥l (m/t])
generates three colored channel responses hg (mﬂ) c =
{R, G, B}, while color leakage is given by v, - b (ml1]),
¢ # . Note that color leakage is generated by the simul-
taneous transmission of multiple data streams associated to
each color, which are demultiplexed at the receiver by filtering
them. The impact of color leakage directly depends of the
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Fig. 1. Geometry of the scenario for V2V communications. Closed-loop and
open-loop transmission approaches are described.

quality of the optical filters [8]. Moreover, in (1), z[¥! is real
additive white Gaussian noise with variance o2.

A. Optical channel

The geometrical scenario for V2V communications is de-
picted in Fig. 1. The distance between transmitter [ and
receiver k is denoted as dj; and the irradiance and incidence
angles are denoted as (byd and @Ek], respectively. The distance
between the two headlights and the two photodetectors is
denoted by W; and Wy, respectively. At this point, the signal
propagation in vehicular scenarios can be classified into low-
beam and high-beam models [7].

For the low-beam lights, the signal propagation can be
modeled following the Lambertian model. Thus, omitting the
color index for the sake of simplicity, the channel hl[k] is

A p(plk] B cos (oM (k]
hf = {d,z;lR( )T (% )COb (90; ) o < e
0

)
sogk] >V,

where A is the area of detection of the photodiode, ¥,
denotes the field of view (FoV), T (@Ek]) is the gain of the

optical concentrator and R ¢£k]2 = %t cos” Sgbyc]) is the
Lambertian beam distribution, where v is the radiation index

for the radiation semi-angle ¢/, given by ﬁ.
oS 1/2

The path loss for high beam headlights based on ray tracing
is derived in [9] considering the impact of weather effects. In
this case, the resulting channel can be written as

hl[k] = D?cos (qﬁgk])% cos ((pgk]) : exp (,udkl (D)g) , (9

where D = %, Dp is the diameter of the receiver lens, u

is related with the extinction coefficient and, € and { are the
correction coefficients for different weather conditions [9].

B. Colored reconfigurable photodetector

The concept of reconfigurable photodetector is based on
deploying multiple photodiodes in angle and lens diversity
connected to a single signal processing chain through a
selector. For the sake of simplicity, only angular diversity
is considered in this work. For the colored application, the
photodiodes of each RGB tuple follow the same pointing angle
as described in Fig. 2. Each tuple is referred to as a mode of
the colored reconfigurable photodetector. Since the channel



Slot 1 Slot 2 Slot 3
Receiver 1 h[]](l) h|1|(2) hIl](I)
Receiver 2 h[2|(]) h|2|(1) h|2](2)

Fig. 2. Architecture of the colored reconfigurable photodetector. Signal processing for BIA and cBIA schemes assuming a 2 transmitters and 2 receivers. It
comprises 3 symbol extensions (time slots) for BIA. The same structure can be applied to cBIA assuming that each symbol extension corresponds to a color.

variations in each tuple are exclusively given by the filtering
efficiency, the channel responses belonging to the same mode
are linearly dependent. On the other hand, the RGB tuples
of different modes are characterized by distinct angles of
incidence. Since the optical channel depends on the cosine of
the incidence angle, i.e., a non-linear function, the channels
between distinct RGB tuples are linearly independent [4].
Therefore, the proposed colored reconfigurable photodetector
satisfies hyfc] (m) # ahl[f“c] (m') + B, Va,8 € R, m # m/,
where hl[kc] (m) is the channel response from transmitter [ to
receiver k at color ¢ of mode m.

III. COLORED BIA FOR V2V COMMUNICATIONS

Achieving multiplexing gain based on precoding schemes
requires to implement a closed loop for pilot transmission,
channel estimation and transmission of the precoded data that
may lead to a large latency, hampering their implementation
in V-VLC. On the other hand, BIA schemes get rid of the
closed-loop transmission so that both signalling to determine
CSI at the receiver and data are transmitted in the same
frame (open-loop) as described in Fig. 1. Therefore, the
latency mainly depends on the length of this frame, which
can repeat or expand the BIA pattern subject to the latency
requirements. It is worth remarking that the key idea is based
on varying the channel response artificially by selecting modes
that provide linearly independent channel responses, while the
physical channel remains constant. Applied to 6G vehicular
environments, the target latency of 0.1 ms involves a distance
variation of only 3.33 mm for vehicles moving at 120 kTm
As a consequence, it can be assumed that the optical channel
remains constant subject to the considered target latency.

A. Classical non-colored BIA

Let us consider a V2V system in which the two headlights
of a vehicle transmit a data stream each to a vehicle equipped
with two conventional reconfigurable photodetectors as de-
scribed in [5]. Non-colored BIA generates a signal processing
pattern comprising 3 time slots as described in Fig. 2, during
which the signal at transmitter [ is given by

1] = ugll + ul[zl,
(2] = ul", (6)

23] = ul?,

where the color index has been omitted and ugk] is the
symbol transmitted by the headlights [ = {1,2} intended to
reconfigurable photodetector k. That is, during the first slot
each transmitter | sends the sum of the symbols intended
to both users, i.e., two independent symbols per transmitter,
generating interference at the receivers. During the second
and third time slots the transmitters consider a specific user
transmitting exclusively the symbols intended to that user from
the symbols considered in the first slot, i.e., free of interference
because of transmission to the other user.

For the considered example, non-colored BIA transmits 4
symbols comprising 3 time slots, i.e., % DoF are achievable.
For a vehicular implementation, the BIA pattern can be
expended or repeated to meet the latency requirements subject
to this DoF performance as described in [5]. In the following,
an alternative colored BIA is proposed for exploiting the use
of RGB transmitters with the aim of reducing the latency.

B. BIA based on colored reconfigurable photodetector

For the proposed cBIA scheme the headlights of a vehicle
correspond to two RGB optical transmitters. Each color can be
managed as an orthogonal transmission resource. Thus, each
time slot can be assigned to an independent color as depicted
in Fig.2. Therefore, the switching pattern occurs in a single
time slot instead of wasting three of them. For the considered
cBIA scheme, the transmitted signal is

XR L, L r,m
x=|xg| = |1 [11] + |02 [ %2]] , (7)
XB 02 Uz Ig Uz
ull] ul2l
where ul[k] is the symbol of transmitter / intended to receiver

k. Notice that cooperation among transmitters is not required,
i.e., they do not know the symbols sent by other transmitters.

The colored reconfigurable photodetector obtains 6 received
signals in two RGB tuples. However, it is necessary to manage
the linear/non-linear channel responses to satisfy the alignment
criterion; the photodetector £ must receive the intended symbol
in linearly independent channel responses, while transmission
of the interfering symbols occurs in linearly dependent channel
responses. Let us focus on decoding the symbol ul*) without
loss of generality. Specifically, the red and blue signals are



selected from mode 1 while the green signal is selecte
mode 2. Then, the received signal can be written as

y ] [uia) (i ul)
Y (2) hl} (2)ul!
i (1) h%Nnum

i (Dult) 4 75 phip! (1)ul

+ |va, Rh ( (u[1 u[2]) —|—7G73h[G](1)u[2] +
75 (1) (ul) + ul?) + 95 chy (1l

where y ](m) is the signal received at color ¢ for m

of the proposed colored reconfigurable photodetector. Ig
the noise for the sake of simplicity, the signal received during

the selected modes and colors for decoding ul’l is given by
1
X by (D) |17 [BR |72 X
yl=[nl(2) a0 || [ I HY o)
~——
0 2 h[B] (1) 2 Inter-color interference
rank=2 rank=1

Notice that cBIA requires to manage both color and angular
diversity of the colored reconfigurable photodetector to align
the interference. Thus, the symbol ul!! must be contained in a
2-rank matrix, while the interference due to ul? is aligned in
a 1-rank matrix. Both conditions, which are referred to as BIA
criterion, are satisfied exploiting the architecture of the colored
reconfigurable photodetector so that the red and green com-
ponents are linearly independent, i.e., h%](l) # ah[é](Z) + 8,
Va, 5 € R, while the red and blue components are linearly
dependent, i.e., h%](l) = nh[Fll](l), where « is the constant
channel difference between both colors of the same mode.
Notice that a term corresponding to the inter-color interference
depending on the efficiency of the color filtering appears in (9).
Thus, it is possible to align the interference without the
need for three time slots as occurs in non-colored BIA. Notice
that the signal received in the blue component corresponds to
the interference in the red component because of transmission
to user 2. Applying the unitary post-coding matrix Ulll =
1110 -1

Zlo 1 ol the received signal is

Uty = gyu + v, 4+ 20, (10)

T
where H; = [hg](l)T’ h[é] (Q)T} is the resulting 2-rank
channel matrix, Y; = Ul (I3 — T') HMx corresponds to the
inter-color interference and z!!! is the noise after post-coding.
Then, the 2 DoF in ult! can be decoded in a single time slot.
Similarly, the 2 DoF in u/? can be decoded by selecting the
red and blue signals, and the green signal from the modes 2
and 1, respectively. Therefore, the 4 DoF in (7) are achievable
in a single time slot without the need for CSIT, i.e., following
an open-loop transmission scheme. Therefore, the latency is
reduced three times in comparison with non-colored BIA.

IV. COLORED BIA. GENERAL CASE

For the general case, a vehicle transmits information to
{1,...,V} vehicles equipped with two colored
reconfigurable photodetectors each. In contrast to the single

2 3 4 5
ZZZI ul|  ul! 22:1 ul|
wfw | W
uEA] ul? ugA]
iteration #1 iteration #2 iteration #3

Fig. 3. Signal transmission for cBIA considering V' = 2 vehicles.

vehicle-to-vehicle case, multiple time slots must be considered
if transmission to two or more vehicles is assumed.

Let us first focus on the case in which a vehicle transmits
data to V' = 2 vehicles. The transmitted signal is described
in Fig. 3. First, in a dedicated color, e.g., the red color for
the proposed example, 21/ symbols comprising 2 DoF each
are transmitted simultaneously. After that, each symbol is
transmitted in orthogonal fashion during the green and blue
colors of the first and second time slots. Notice that two
time slots are required to allocate the resulting transmission
pattern. However, the red color in time slot 2 still remains
idle, so that a new iteration of the proposed scheme can be
[k] [uﬂ u%] as the symbol
comprising 2 DoF intended to reconfigurable receivers k at
iteration ¢, where k = {1,2} and k& = {3,4} corresponds to
vehicles v = 1 and v = 2, respectively, and uﬁ is the symbol
from transmitter /. The 4 new symbols for iteration ¢ = 2
are transmitted simultaneously in this idle slot. Afterwards,
they are transmitted in orthogonal fashion during the following
time slots. This procedure is extended until considering 5 time
slots, from which the same structure as described above can be
repeated. For the considered example, 4 symbols comprising
2 DoF each are transmitted 3 times during 5 time slots.

Therefore, 221%3 = 21 DoF per time slot can be achieved.

considered. Let us define u;

A. Latency, Degrees of Freedom and Achievable Rate

The methodology described above can be applied straight-
forwardly for V' vehicles equipped with two reconfigurable
photodetectors each. Then, transmitting 2V symbols simulta-
neously and in orthogonal fashion while satisfying the BIA
criterion given by the colored reconfigurable photodetector.
For the general case, the cBIA pattern comprises

if mod(2V +1,3) =0
3|25 +1 if mod(2V +1,3) =1
3[25H] -1 if mod(2V +1,3) =2
time slots, which determine the length of the transmitted

frame, and therefore, the latency. Besides, the achievable DoF
per time slot are

2V+1
3

(1)

Lepia =

4V
2V +1

where DoFpia is the DoF achieved by non-colored BIA.
The power allocated to each data stream is denoted by Py, .
Constant power allocation during the BIA pattern is assumed,
i.e., the optical power is uniformly distributed among the
colors and time slots. After subtracting the interference, the
received signal follows the same structure as in (10). Thus,

DOFCBIA =3 x =3 x DOFBIA7 (12)



the achievable rate, as lower bound of the capacity [10], of
cBIA for vehicle v is given by the rate obtained by its two
reconfigurable photodetectors

2v
1 ed = =
Repia = 3 Z nlogy (det (Iz + %ﬂterHng})>

k=2v—1
(13)
where 7 is the ratio of DoF per time slot assigned to each
receiver, H;, is the channel matrix of receiver k as in (10) so

~ T - T
that Hy = [h[c’“] h[c’ﬂ and Hy,q = {h[ck-ﬂl h[é’““]} 7
¢ # ¢ and R, is the noise plus interference covariance
matrix,

R., =R. + P XY, (14)
2V . . . .
where R, = 0 1 is the noise covariance matrix after

interference subtraction as derived in [11].

Assuming synchronization and joint transmission with ad-
ditional vehicles, the cBIA pattern can be straightforwardly
expanded to consider more than two optical transmitters as
proposed in [5]. In this case, the achievable rate is given
by (13) simply considering the proper size of the resulting
channel and noise plus interference covariance matrices.

However, this approach may result too complex to imple-
ment in vehicular environments. Assuming that the BIA pat-
terns of the vehicles are synchronized, note that the measure-
ment of interference in linearly dependent channel responses
also includes the co-channel interference, which is subtracted
from the slots originally polluted by interference. However,
this interference still remains in the color/time slots employed
for measuring interference. This issue is widely analyzed
in [11]. Subject to synchronization among external interfering
vehicles, the achievable rate is given by (13) in which the
noise plus interference covariance matrix is given by

Vi
R., =R.+Pu XY/ +> " P,B,I (15
’UI:1
|
L,
where vy, vy = {1,...,V;}, refers to the interfering vehicle,

P,, is the optical power transmitted by the interfering vehicle
and f,, is the signal-to-interference ratio regarding the inter-
fering vehicle. On the other hand, interference may appear
in all the color/time slots if external interfering vehicles are
not synchronized in time. In this case, the term I, in the
resultir‘1; noise plus interference covariance matrix is given
by Zv,]:1 WPQ,IH,,,Hg, where H,, corresponds to the
channel matrix associated to the interfering vehicle v;.

V. SIMULATION RESULTS

We consider a V2V communication in which the two
headlights of a vehicle transmits to another vehicle in the
same lane equipped with 2 reconfigurable photodetectors. The
total optical power of each front light is P,y = 28 W
distributed uniformly among the data streams. The distance
between headlights/photodetectors is W; = Wy = 1.5m, the
radiation semi-angle for the low-beam is ¢;,,=10° and the
lens diameter is equal to D = 5 cm for high-beam model [5],
[7]. The reconfigurable photodetectors are located at the car
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Fig. 4. Achievable rate of cBIA for different levels of color leakage. Low-
beam model.

rear and follow an angle diversity arrangement in which each
tuple is oriented +10° parallel to the road and composed of
photodiodes with an area of detection equal to A = 1 cm?,
a responsivity equal to 6 = 0.53 A/W and a FoV equal to
40°. The concentrator gain is set to 7' = 1. The noise variance
as in [12] and clear weather [9] are assumed. The following
baseline transmission schemes are considered; ZF precoding
with the aim of comparing with a closed-loop scheme and
non-colored BIA to determine the impact of implementing a
colored VLC system. Besides, orthogonal transmission of each
symbol is also considered as the simplest open-loop scheme.

The impact of color leakage on the achievable rate of cBIA
is analyzed in Fig. 4. As commented before, the color leakage
depends very much on the LEDs and optical filters used.
Designers must make sensible design-related decisions, such
as the quality of the optical filters and multi-color LEDs.
For this reason, we model the inter-color interference with
different percentages. It can be seen that a rate above 7
bits/sec/Hz is achievable for distances up to 20 meters between
vehicles. For a 1% color leakage the performance of cBIA is
barely affected. However, the achievable rate is reduced about
15% and 25% for a leakage of 5% and 10%, respectively.

The achievable rates of cBIA are shown in Fig. 5 and Fig. 6
for low and high beam models, respectively, compared to the
baseline schemes. It can be seen that cBIA outperforms all the
considered schemes even assuming a color leakage of 10%.
Interestingly, the rate of ZF suffers an abrupt degradation
since it depends directly on the correlation among channel
responses, which increases as the distance between vehicles
becomes greater. The achievable rate for the low-beam model
decreases abruptly for distances beyond 30 m while the high-
beam lights are more suitable for large distances. However,
the channel responses of the photodetector becomes more
correlated since the high-beam model concentrates the light
into a more narrow beam. As a consequence, orthogonal
transmission outperforms ZF, non-colored and cBIA at some
distance, which is equal to 40 m, 57 m and 80 m, respectively,
for the considered simulation.

The latency of cBIA and other open-loop schemes is
depicted in Fig. 7 as a function of the packet size. The
modulation bandwidth is 10 MHz and a 2 bits per symbol
modulation, e.g., a 4 pulse amplitude modulation, for each data
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Fig. 6. Achievable rate of cBIA in comparison with non-colored BIA, ZF
and orthogonal resource allocation. High-beam model.

stream is assumed. In other words, the data rate is exclusively
given by the multiplexing gain. Note that the latency of ZF is
not depicted since it corresponds to a closed-loop transmission
scheme, and therefore, the latency is much greater than open-
loop schemes due to the feedback stage. It can be seen that
cBIA ensures a latency below 0.1 ms for data packets with a
size lower than 8 Kbits, while non-colored BIA and orthogonal
resource allocation are subject to a latency greater than 0.3 ms
and 0.4 ms, respectively, for this packet size.

VI. CONCLUSIONS AND FUTURE DIRECTIONS

In this work, the architecture of a colored reconfigurable
photodetector is proposed to obtain linearly independent chan-
nel responses among multiple colored tuples. Based on this
concept, an open-loop transmission scheme referred to as
cBIA is derived, which exploits the colored transmission to
achieve a multiplexing gain three times greater than non-
colored BIA and reduces the length of the transmission pattern
considerably. Simulation results show that the proposed cBIA
allows us to satisfy the requirements of 6G vehicular commu-
nications such as high data rates or a extremely low-latency.
As future directions, experimental work must be done to
implement and verify the good performance of this proposal in
comparison to the state of the art. Besides, multiple LED color
combinations can be considered, while providing the white
color imposed by road safety regulations. White target color
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Fig. 7. Latency vs. packet size.

can be obtained by combining multiple color LEDs, and each
LED has its own electrical and optical characteristics that may
lead to different results in terms of power and communication
efficiency. Finally, this work must be extended to scenarios
where each vehicle may have more than two transmitters and
two receivers as well as considering the communication links
between vehicles and unmanned aerial vehicles.
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