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Abstract—As vehicles trajectories are unpredictable and
changing dynamically, vehicle-to-vehicle visible light communi-
cation (V2V-VLC) experiences a dynamic channel. In this work,
we conduct measurements taking into account different realistic
inter-vehicle distances and ambient noise levels at different times
of the day in order to model and verify the dynamic V2V-VLC
channel. We also derive the average channel capacity bounds
by considering the impact of traffic at different times of the
day, atmospheric turbulence and fog. Considering both peak and
average optical power levels constraints, we derive the upper
and lower bounds by using sphere packing and constraint relax-
ation methods, as well as truncated-exponential and truncated
Gaussian distributions, respectively. The results show that the
constraint relaxation method provides an improved estimation for
the upper bound, whereas the truncated exponential distribution
tightens the lower bound with a minimum gap of 0.4 bit/s/Hz
during rush hour and in a clear weather condition. We also show
that the average capacity bounds of V2V-VLC are less affected
by atmospheric turbulence and fog, and that the capacity during
rush hours is higher by 0.7 bit/s/Hz than during late hours.

Index Terms—dynamic traffic conditions, dynamic vehicular
traffic density, vehicular visible light communication (VVLC),
channel model, vehicular communications, visible light commu-
nication (VLC).

I. INTRODUCTION

ehicle-to-vehicle (V2V) communication is part of traffic

management technologies that aims to reduce conges-
tion, CO5 emission, and road accidents [1]. Several radio
frequency (RF)-based technologies were proposed to con-
nects vehicles, including dedicated short-range communica-
tions (DSRC), IEEE 802.11p, and LTE-V2V [2]. However,
due to the high-demand on RF-based communication, these
technologies are prone to interference and bandwidth limita-
tion [3]-[5]. V2V visible light communication (V2V-VLC), is
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complementary to RF-based wireless schemes, which utilizes
the front and taillights of vehicles to support ubiquitous V2V
communications with reduced co-band interference [5]. Hence,
it refocuses the use of RF spectrum to other applications.

V2V-VLC links are geometry-dependent due to the street
layouts, vehicles types, and front and taillights configura-
tions [5], [6]. This work investigates the use of headlights
to enable V2V-VLC and to determine the channel capacity
at different times of day. The irregular radiation patterns of
headlights adds a random factor to geometric changes caused
by vehicle movement. In addition, the channel experiences
fluctuating gain and fading as a result of vehicles movement
at different speeds as well as different weather conditions (i.e.,
turbulence), respectively.

Furthermore, when estimating the channel capacity (Ceap)
of V2V-VLC both average and peak power constraints as well
as the random channel gain due to mobility and turbulence
needs considering.

The following section reviews the literature on V2V-VLC
capacity considering mobility, atmospheric turbulence (AT),
weather and transmitted optical peak and average power
constraints.

A. Related Works

The impact of dynamic traffic, weather conditions including
atmospheric turbulence (AT) on the V2V-VLC channel have
been studied in the literature [7]-[11]. Due to the AT, the
optical power fluctuates randomly as a result of signal fad-
ing [7], [11]-[13]. The performance of V2V-VLC with AT was
modeled by a gamma-gamma distribution and using aperture
averaging (AA) [11]. It was shown that AA stabilizes the
system performance under AT conditions. Due to the relatively
short inter-vehicular transmission range in V2V-VLC systems,
in [7] a log-normal model was used to describe turbulence. The
study also considered the impact of weather and shadowing.
It was shown that receivers (Rxs) with hemispherical lens
maximize the signal-to-noise ratio (SNR).

In [14]-[17], the average channel capacity (Cyyg) of an opti-
cal wireless communication (OWC) link considering different
AT models were investigated. A fixed point-to-point optical
link was considered without accounting for peak and average
optical power constraints.

The works in [18]-[25] focused on the tight upper and
lower bounds for C.,, with Gaussian noise and under the
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peak and average power constraints. Maximizing the mutual
information between the channel input and output under
positive and average optical intensity constraints over all
possible input distributions was used to derive the lower
bound of Ccap. The study in [19] used the continuous input
with truncated-exponential distribution to determine the lower
bound. In [24], a truncated-Gaussian distributed input was
proposed to determine the lower bound. However, the study
in [25] showed the capacity achieving probability measure is
discrete for a conditionally Gaussian channel with bounded-
input constraints.

Three methods are used to derive the capacity upper bounds,
which are sphere packing; duality; and constraint relaxation.
Sphere packing is a common method used to determine
the communication channel capacity, which states that if a
codeword is transmitted through a channel, then the received
vector is contained in a sphere around the transmitted code-
word [23], [24]. In [21], and [22], the sphere-packing upper
bound argument method was used to show that there is a
gap of at least 0.5 bit per transmission between lower- and
upper-bounds on C,p,, which approaches zero at higher optical
SNR. However, in [23], the gap between the upper- and lower-
bounds derived in [21], and [22] was attributed to the mathe-
matical approximation inaccuracies of the intrinsic volumes
of the simplex. Therefore, in [23] alternative mathematical
approximations of the intrinsic volumes of the simplex were
proposed to derive a tight upper bound at higher SNR. In [26],
the output entropy was considered to be larger than the input
entropy for a point-to-point indoor signal-dependent Gaussian
noise VLC channel. The channel capacity derivation solved the
optimal input probability density function (PDF) optimization
problem by using the variational method. In [19], the duality
method was adopted to derive dual expressions for the upper
bound for a free space optical link. Note, to derive the upper
bound in [24], and [19]; the input constraints were relaxed to
a variance constraint by finding the channel input distribution,
which maximized the mutual entropy between the channel
input and output.

In [27], the well-known water-filling principle, which relies
on a Gaussian distribution of the signal at the channel input,
was adopted to determine the theoretical Cq,p, upper bound for
a perfectly linear optical transmission system. The study relied
on the electro-optical nonlinearities compensation techniques
to achieve linearity in VLC using commercial light emitting
diodes. Similarly, the works in [15], [19], [28], and [29]
considered the classical capacity C = Wlogy(1 + SNR),
where W is the channel bandwidth and SNR is the received
instantaneous electrical SNR, to provide an approximation of
the maximum achievable data rate for a strictly linear system.
In addition, channel model is band-limited with a defined
bandwidth when the power dissipation by the DC component
is excluded.

Most of the previous studies considered static VLC systems
to derive closed-form expressions for Cc,p. Limited works
have investigated the impact of mobility on Cc,p, of outdoor
VLC systems, particularly in V2V-VLC [30].

Atmospheric
Turbulence

Wi

N —

Headlight
Pattern

-

Fig. 1: A typical V2V-VLC link between a transmitting
vehicle V4 using its headlight as Txs to send data to the
vehicle in front V. The VLC link can experience atmospheric
turbulence and fog.

B. Motivation and Original Contribution

The motivation of this study is to investigate the Ceap
of a V2V-VLC link in a realistic outdoor environment by
considering the dynamic traffic and atmospheric conditions
(i.e., turbulence and fog). To the best of author’s knowledge, no
works have been reported on the link capacity considering the
dynamic vehicle separations under different traffic conditions.

The novelty and original contributions of this study are as
follows:

¢ Conduct experimental channel measurements to model
the dynamic V2V channel. Measurements are conducted
at different times of the day considering realistic inter-
vehicle distances and ambient noise levels. Based on
realistic traffic measurements from motorways (i.e., M6
and M42) in the UK, the inter-vehicle distance values are
determined.

o Consider a non-negative real value of the optical signal
and the average optical power constraints in VLC to
derive the closed-form expression for the average lower-
and upper-bound on V2V-VLC Cq,p.

o Study the impact of vehicle mobility and dynamic traffic,
headlight radiation patterns, and weather conditions (i.e.,
fog and turbulence) on the average bounds of Ccap.

o Compare sphere packing and constraint relaxation meth-
ods to derive the closed-form expression for the upper
bound of Cgyp.

e Compare truncated-exponential and truncated Gaussian
distributions to derive the closed-form expression for the
lower bound of Cc,p.

The rest of the paper is organized as follows. The V2V-
VLC channel model is presented in Section II. The V2V-VLC
Ccap bounds are derived in Section III. Numerical results are
discussed in Section IV. Finally, conclusions are drawn in
Section VI.
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II. V2V-VLC CHANNEL MODEL

A typical V2V-VLC link is shown in Fig. 1. It consists
of a transmitting vehicle V4 using its headlight as Txs to
send data to the vehicle in front Vp with a photo-detector
(PD)-based Rx. Note, (i) the data signal can be information
from the roadside infrastructure or the vehicles behind Vj;
(#i) vehicle headlights have asymmetrical radiation patterns,
which cannot be described by the traditional Lambertian
model; and (7i¢) vehicles are driving in a realistic outdoor
environment with dynamic traffic, atmospheric turbulence and
weather conditions.

The transmitted intensity modulated optical signal com-
posed of m independent symbols X=(X1,X5,. .., X,,) propa-
gates through a free-space channel with a variable gain of h;.
The received signal is expressed as [31]:

Y = hX +n; (1)

where n represents the additive white Gaussian noise (AWGN)
vector with zero mean and standard deviation o,, which
represent all noise sources. The channel gain is given as
in [14], [17], [32]:

ht = hghahw; (2)

where h, represents geometrical changes as a result of ve-
hicles’ speed and headlight radiation patterns, h, and h,
represent atmospheric turbulence and fog, respectively. Note
the channel gain is subject to random fluctuations, but its co-
herence time 7. is normally in the range of milliseconds [33],
[34], which is considerably shorter than the data symbol
duration (typically in the range of micro-to-nanoseconds), e.g.,
considering sampling rate values of 200 kHz and 200 MHz,
respectively in [33], [34]. Hence, the V2V-VLC channel can
be considered as a block slow-fading channel, and therefore
h; is considered to be flat [14], [32].

The work in [30] developed a V2V-VLC path loss model,
which is equivalent to hy, and considered the impact of both
vehicles” mobility and the headlight designs. The study used
(7) realistic traffic measurements to describe the mobility and
inter-vehicular distance during the late (0:00-3:00) and rush
(12:00-15:00) hours; and (i) the empirical radiation pattern
of Toyota Altis headlight provided in [35], [36]. For the V2V-
VLC channel, the resulting path loss (in dB) is given as [30]:

173

PL(J?; /J/cvo-c) = m

_ (I797#6)2 )
2

Qemax €XP ( p
fom T
Qemin 3985.4 — y?
where the incident angle 6 ~ U(0,6,) varies between 0 and
the maximum incident angle of 6,. The integral boundaries
are given as emin = 63.13 cos (27(6,)/173) and aemax =
63.13 cos (27 (0, + 90)/173), 0. = 49.4904/log (10) and
te = 695.3 — 49.4914/log (10), where g and pg4 are the
parameters of the distribution related to the inter-vehicular
distance. The results in [30] also showed that the path loss
in V2V-VLC can be closely approximated by a normal distri-
bution. Hence, h, is defined by a logarithmic transformation
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Fig. 2: The CDF of h, for propagation distance varies
according to the inter-vehicular distance values on M6 and
M42 motorways at the rush and late hours from (12:00-15:00)
and (0:00-03:00), respectively.

of the path loss, which is given by a log-normal distribution
with parameters p, and oyt

1 1
P = —ex
hg (g ) o, m g p

In most V2V systems with a short transmission range the
weak turbulence regime is considered, and h, is modeled by
a log-normal distribution [7], with parameters u, and o,:

1 1 log (ha) — fta)?
Py (ha) = 7exp(_ M)
ooV 27 he 20%

The impact of h,, on static OWC was studied in [37].
The works in [14], and [17] considered weather impact to
determine the average C.,,. The atmospheric losses due to
weather conditions are modelled by Beer-Lambert law for a
fixed transmission range, where h,, depends on the visibility
range [37] as given by:

hw — e_LAdw ()‘)

(log (g) *ug)z). @

2
209

&)

(6)

where L is the propagation distance and Ag,(A\) is the
attenuation coefficient due to different weather conditions. The
coefficient A4, () (in dB/km) is given as [38], [39]:

where [ is the visibility range and 7 is a visibility range-
dependent parameter for different weather conditions [39].
The V2V-VLC channels are dynamic and subject to varying
transmission ranges. The mean transmission range (i.e., the
inter-vehicular distance) values during rush and late hours
are 12.37 m and 48.72 m, respectively [30]. As can be
seen from Table I, the impact of different weather conditions
becomes more significant for longer distances (in Km). Fig. 2
shows the cumulative distribution functions (CDF) of h,,
(dB) in (6) as a function of varying inter-vehicular distances
during the rush and late hours of (12:00-15:00) and (0:00-
03:00), respectively. The figure illustrates that h,, (dB) fits the
normal distribution (i.e., h,, has a log-normal distribution in

(dB/km) ()
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TABLE I: Attenuation values under different weather condi-
tions [39] and parameters of h,, distribution.
Weather Visibility Agw (Lws Ow) (Hw, Ow)
Condition range (km) | (dB/km) Late Rush
Clear 20 0.7 -0.037, 0.005 -0.15, 0.012
Haze 2 7.77 -0.417, 0.050 | -1.64, 0.138
Thin fog 1.5 10.5 -0.560, 0.067 -2.22, 0.187
Heavy fog 0.5 34.69 -1.863, 0.223 -7.33, 0.616

the normal scale) with the parameters given in Table I, which
shows that the standard deviation value o, under different
weather and traffic conditions are low, i.e., h,, values are
clustered around the mean value. Note the short transmission
distance in V2V (i.e., tens of meters) means that the variation
in received power (i.e., standard deviation in Table I) caused
by atmospheric conditions is relatively small compared to
the power variation due to geometrical losses and turbulence.
Therefore , we assume that, except for the additional attenua-
tion parameter fi,,, i.e., i, = Pallg + 11w Weather conditions
do not affect channel gain distribution [8].

Considering that the random variation of the gain due to A,
is independent of A, the channel gain in (2) can be described

by a log-normal distribution with parameters jiy,, = fiqftg+ o
and oy, = (o7, of + pj, 1) — i, 1, [40]:
1 (log (he) — ptn,)*
Pudlh (- lorth) Zpnl®y g
lt( t) rhtep 20’}2” ()

Because the channel is randomly varying, C.ap must be
considered as a random variable. Thus, the average capacity
value is calculated to indicate the average best rate for error-
free transmission [15], [41].

III. V2V-VLC CHANNEL CAPACITY

The optical average and peak power of the transmitted
signal X (which is the channel input) are constrained due to
the eye safety and other practical considerations. The optical
peak power A and the average optical power must meet the
following constraint [19], [32]:

PX > A] =0, ©)

E[X] < (10)

where ¢ is a constant.
In addition, the ratio between £ and A is defined as:

A
o =

(1)

S

where « €[0,1].

Considering a memoryless V2V-VLC channel, Cec.p
C(A,¢) is given by the supremum of the mutual information
between the channel input X and output Y over all laws as:

C(A,e) =supI(X,Y) = supI(X, hX + n).
Px Px

12)

where Px is the distribution of X.

Note that, (12) shows that the mutual information between
X and Y is affected by h;. Since the V2V-VLC channel is a
random time-varying channel, we must consider the random

variation of the channel to find the average achievable rate
with the arbitrarily small probability of error [15], [17]. Hence,
Cave (also known as ergodic capacity) is given by [17]:

Cues = (C(A,2) = / T O )P (h)dhe. (13)

In the following sections, we present upper and lower
bounds on Caye (C(A,¢)) using different methods and con-
sidering A and ¢ constraints.

A. The average capacity lower bound

The entropy-power inequality (EPI) is used to determine the
lower bound on Cq,, [19], [32], [42], which is given by:

C(Ae)

vV
~

(X,Y)

(Y) = h(Y]X)

(h+X 4+ n) — h(n)

log <€2h(htX) i th(n)) — h(n)
h2 2h(X)

log( t8

Ul
2role +

(14)

N = N = S S

Note that from (14), the lower bounds can be found by
choosing an input distribution Px that maximizes the entropy
h(X). To determine the tight bounds both continuous and
discrete input distributions are proposed. In this work, we
focus only on continuous input distributions as outlined below.

1) Truncated-Exponential and Uniform Input Distributions:
The work in [19] proposed using truncated-exponential and
uniform input distributions Px to maximize the entropy h(X)
under the peak and average constraints. As a result, the lower
bound on the C¢,p, is given as [19], [32]:

2
1 h2AZe2m” 1—e k" 1
C’(A €)> 7log (1+ t27'rea'721 ( Z* ) ),fOT Oé<§
log(1+27re<72) fOT Ot:%
15)
where p* > 0 is a unique solution of B 16;”M =5

Using (8), (13) and (15), the average capa01ty is calculated
by solving (16) (given at the bottom of the next page)

Using z = log (hy), we = 2:5,2 e, wy = 2;1?, e =
pin, + 0.51og (we) and pg = pn, + 0.51og (wq), (16), is re-

written as:

fooo log(1 + ezz)

(z— ue

exp( o )dz for a<

=

1

(C(Ae)) 2 m

fooo log(1 + e2?)
2
exp ( — 7(22;’2‘1) )dz7 for a= %
ht
a7
Using the equality log (14 €) = Y2,/ (—1)k1y2k /k
and the definition of the scaled complementary error function
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erfex(y) = exp(y?)erfe(y) [15], [43], the integral in (17) is bound can be written as:

solved as: +o0 1
] -1
(C(A,e)) > 0.5exp (2/; ) Z%
pe | N~ (-1 o
(C(A,g)) > 0.5exp (20%”) kz_l A erfcx( 14 ) n erfcx( 1j )
B f V20p, V2 V2o,

erfcx< fe ) +erfCX< fe )] 2 j ]
V2 Vaon, V2 V2o, + \/;Wexp (2’;; ) + (uj)erfc< é‘;h) (23)

hy
20 e
+ \/ﬂexp <2/;%t> + (,ue)erfc<\[ ht), (18)  where p; = pup, +log(m). .
Having calculated the average capacity lower bound, the
average capacity upper bound is derived in the following
for o < , and section.
too (1) B. Average capacity upper bound
(C(A,e)) > 0.5 eXp( H ‘; ) Z — In this study, we consider two methods to calculate the
203, k=1 k average capacity upper bound on the V2V-VLC channel:

[t sphere packing and constraint relaxation.
erfcx( ) + erfcx( ) 1) Sphere Packing Average Capacity Upper Bound: The
\[ \[Uht V2o V20n, upper bound on Cc,p, of VLC is given by [44]:
20 Hd d o =t .
— f 19 5=) 27 P hie\©
+ o exp <20_%L ) + (Md)er C(\/éo'h ) ( ) C(A, 8) S 1Og2 (271') Y _ . (i) 7 (24)
\ t t (C*)Qc*(l _ C*)g(l—c ) On
f 1 where the numerical coefficients y=0.74 and (5=1.75 were
ore=s: determined to tighten the lower bound on the complementary

2) Truncated-Gaussian Distribution: The work in [24] used  error function and the optimized parameter ¢* € [0, 1] satisfies:
truncated-Gaussian distribution to calculate the lower bound

on Cc,p because Gaussian distribution achieves the capacity 2log,(c*) — §1Og2(1 —c*) =

of the AWGN channel. The resulting lower bound on the C’mp 2

is given by (20) at the bottom of the next page (where, P  (x) 1 1 1 ( e ) 1 1 1 hie )5
and FS ,(x) are the PDF and CDF of the input Gaussian log4 ®2\27) " 5 0g2(7) + log n ] (25)

dlstrlbutlon with a mean and standard deviation of (i, ©)). Using (8), (13) and (24), the average capacity upper bound

for 7 = & and fi < ¢, the suboptimal lower bound [32] and  ap be calculated as:
its average capacity are given respectively as:

1
(C(A,e)) =
h2e2 V2 10%( )
t ) et
C(A 5) 710g (1+ 2,”60,7%)7 (21) /OO o (i)?a? (%)c*
0 & (c*)2e" (1 — c*)g(l—c*) On
and 1 (log (he) — pn)?
o exp ( B )dht. (26)
1 o h2e? . : .
C(A,e I / 710 14 —t The solution of (26) is given as:
(C4,e)) = 204,V 2mlog (2) Jo Tt g( o2 ) -
log (hy) — pn)? C(A,e)) < m
exp ( — M dhy.  (22) (C(4,¢)) log (2)
2 2
Oh, & < (= )2a -1/8 c
+ log [ — 5 T 3 — (> , @27
* _ a*)3(1—¢c*)/2¢*
Following the same derivation steps in (18), the average lower log (2) (e)?(1—e) In
—u* 2 1 h 2
fooo h%log <1 + 2};;‘72 e <1_Z*“ ) > exp ( _ (og(he)—pun,)” Og(gz)i”hf) )dht, for a< %
1

(C(Aye)) > —— (16)

204,V 21
2
Iy 7= log (1—1—;?71422) exp(—(log(zt#)dht, for a=
+ Teo? o3

‘'t

(SIS
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where the optimized parameter c* is given by:

—% 3 —x
2log,(c*) — 510g2(1 —c") =

1 1 e 1 €
L — 7103;4 + B log, (7277) ~3 log,(a) + logy (Un)'
(28)

Note that only the average power constraint is considered
using sphere packing to derive the upper bound on Cc,p, [44],
and [32].

2) Constraint relaxation: Considering that X is a ran-
dom variable which meets the peak and average constraints
in (9) and (10), the maximum variance of the input E[(X; —
E[X;])?] = e(A — ¢) is achieved by a binary distribution
Px = (1 — §)0(X) + §6(X — A) [24], [32]. Hence, the
upper bound on C¢,;, is given by [19], [32]:

2
C(A,e) <log (1 +e(A- 5):3) (29)

From (8), (13), and (29), the average capacity upper bound is
given by the solution of the integration:

2 42
log <1+o¢(loz)ht§1 >

Un
log (he) — pn)?
ht

< m / y

exp(—

Similar to (17), by changing the variables y = log (h;) and
wy = a1l — oz)f—2 and following some manipulation, (30) is
re-written as: "

1 /OO 9
log | 14+ e
O’ht\/Qﬂ' 0 ( )

(y N .uu)Q
QO'EH

(C(4,¢)) <

exp(— )dy. (31

where (i, = pn, + 0.51og (wy).
Similarly, using the equality
T2 (=1)F 1y /k and erfex(y) =

[43], the integral in (31) is solved as:

log (1 + ) =
exp(y?)erfe(y) [15],

+o0 k1
(C(A,e)) <0.5exp (21:}% ) Z ( 1}2 +
/) k=1

Hu

erfcx(f fah) " erfcx(f Vaon, )1

20 M, M
+ ——exp | —5 | + (g )erfe 32
V2T P (20&) <M ) (\/ﬁaht> (32)
The convergence analysis of (18), (19), (23), and (32) is
provided in Appendix A.

C(A,e) = max

v

Io (1+

DN | =

The following section presents simulation results and dis-
cussions to examine the validity of the derivation and the
obtained average capacity bounds.

IV. RESULTS AND DISCUSSION

As part of the modelling of the dynamic V2V system, we
have measured the channel gain considering the realistic inter-
vehicle distances and the ambient noise levels at different
times of the day using the experimental setup depicted in
Fig. 3. We have used headlights of Ford Fiesta 2002, where the
original bulb is replaced with commercial LED lamps. Prior to
the measurement, the headlights were adjusted in accordance
with ECE R112 regulation. All key dimensions are shown
in Fig. 3. An analog power meter console with a standard
photodiode sensor (Thorlabs 100A and S120C) was mounted
at a height of 640 mm above the ground facing headlights.
Measurements were conducted on 8, 9, and 21 February 2023
from 12:00-2:00 and 17:30-19:30, which correspond to the
rush and late hours, respectively, of the day. According to
traffic data collected from the multiple-loop sensors on M42
and M6 on 21, 24, and 28 November and 6, 7, and 8 Decem-
ber 2017, respectively, the distances were measured. With a
lane width of 3.65 m, the mean values of the distance for
the rush (12.00-15.00) and late hours (00.00-03.00) of the
day are D;ygp = 12.37 m and Djyie = 48.72 m, respectively.
In order to estimate the distribution that best describes the
received power, we applied a curve-fitting method based on
Normal, log-normal, Gamma, and Nakagami distributions. The
standard error values of the parameters of the distribution are
used to evaluate the distribution fitting. In Table II, we provide
the parameters for the Normal, log-normal, Nakagami, and
Gamma distributions as well as their standard error values
during rush and late hours. Among all distributions, the log-
normal distribution provides the best fit with the least standard
error, which matches well with the analytical expectation
for the log-normal distribution for the channel gain in (8).
Fig. 4 (a) shows the CDFs of the measured received power
values along with the Normal, log-normal, Nakagami, and
Gamma distributions during the rush and late hours. Note that
Fig. 4 (b) confirms this result by showing the CDFs of the
path loss (in dB), which fits a normal distribution given in [30]
during the rush and late hours.

To validate the mathematical analysis in section III, we carry
out a simulation-based study with parameter values shown in
Table III. According to [32], it is sufficient to study the channel
capacity for v < 0.5, since a channel capacity with a peak
constraint has similar properties to a channel with an average
and peak constraints with o < 0.5. Hence, we only considered
the case for a <0.5 to investigate Clyyg.

Fig. 5 illustrates the numerical average capacity us-
ing (16), (22), (26), and (31) as a function of the average opti-
cal SNR &/, for sphere packing and constraint upper bounds,

2~2
hiv

PS5 (0)).

(20)

(FS

[, 0

(4) = FG,(0)(1+ ")
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Fig. 3: The measurement setup.

TABLE II: Parameters for different distributions that are expected to describe the received power.

Time Distribution Mean value (W) L Estimation error pg (%) o4 Estimation error o4 (%)

log-normal 40.56 n 3.79 0.74 0.09 0.52

12:00-14:00 (rush hours) Nakagami 40.56 n 28.85 274.00 1661.72 2470.27
Normal 40.56 n 40.56 30.5 4.04 21.6
Gamma 40.56 n 103.69 1106.67 0.39.13 4.19
log-normal 14.13 0.2.52 291 0.50 2.07

17:30-19:30 (late hours) Nakagami 1442 1.12 8.23 258.29 1421.61
Normal 14.16 p 14.167 44.33 7.60 31.42
Gamma 14.16 p 4.08 32.366 3.47 29.32

TABLE III: Simulation parameters.

Symbol Parameter Values
o2 AWGN variance 1014 [41]
Ha AT log-normal 0.4 [7]

distribution parameter
03 AT log-normal 0.8 [7]
distribution parameter
g geometrical log-normal -74.7 dB [30]
distribution parameter-Rush
og geometrical log-normal 5.4 [30]
distribution parameter-Rush
g geometrical log-normal -102.8 dB [30]
distribution parameter-Late
03 geometrical log-normal 3.2 [30]
distribution parameter-Late

as well as truncated-exponential and truncated-Gaussian lower
bounds compared to plots obtained using (18), (23), (27),
and (32) for ¢ = A/4 at rush hours during (12:00-15:00) and
under a clear weather condition. As expected, the figure shows
the adequacy between the results obtained by the analytical
and numerical expressions. The figure also demonstrates (7)
the truncated-Gaussian exhibits a tighter lower bound than
others for all values of SNR, which is highly desirable in
vehicular communications with different illumination levels;
(#4) at the SNR > 10 dB, sphere packing, which considers
the average power constraint only, is characterized by a looser
upper bound compared to other; and (7i7) at SNR < 4,
dB sphere packing is tighter to the truncated-Gaussian lower

bound. The constraint relaxation upper bound provides much
improved realization of the upper bound on C¢,,. However,
the gap between the average upper bound obtained using
constraint relaxation method and the average lower bound
obtained using the truncated-exponential is < 0.5 bit/s/Hz at
low SNR values. The gap increases by up to 1 bit/s/Hz at high
SNR values (i.e., > 10 dB).

The impact of dynamic traffic on the VVLC average Ceap
as a function of the average optical SNR ¢/o,, for the four
bounds during the rush and late hours, under a clear weather
condition, and for ¢ A/4 bounds is depicted in Fig. 6.
Note that, (i) all plots show lower values of 0.7 bit/s/Hz
for the C,yg for late hours compared with rush hours. This
is expected because the inter-vehicular distance is relatively
longer at late night hours, and hence, the path loss values are
larger [30]; (i%) the truncated-exponential lower bound show
the tighter bound for both case; (ii¢) at lower optical SNR
of < 0 dB, sphere packing upper bond is closer to truncated-
Gaussian and beyond the SNR of 2.5 dB it is much lighter
bound compared with others, see Fig. 6(a); and (iv) during
the late hours, sphere packing display the lighter bound for all
values of optical SNR compared with the others. The figure
shows that the constraint relaxation upper bound, truncated-
Gaussian lower bound, and truncated-exponential lower bound
have lower values of Clyy at late hours than rush hours, with
the latter displaying the tighter bound in both figures. Due
to the dynamic traffic environment, the sphere packing upper
bound is less dependent on the channel variation. The reason
for this is that the channel variation results in variation in peak
power, which is not considered in the sphere packing method.
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Fig. 4: The measured CDFs as a function of a channel gain
for: (a) received power, and (b) channel gain during the rush

and late hours.
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Fig. 5: Cavg vs. average SNR /0, for e = A/4 at rush hours
between 12:00-15:00 and under a clear weather condition.
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Fig. 6: The impact of dynamic traffic on VVLC average sphere
packing upper bound, constraint relaxation upper bound,
truncated-exponential lower bound and truncated-Gaussian
lower bound at (a) rush hours (12:00-15:00) and (b) late
hours (00:00-03:00) for ¢ = A/4 and clear weather.

Fig. 7 shows Cyye bounds given in (27), (32), (18), and (23)
as a function of the peak optical SNR A /o, for a range of € of
A/10, A/4, and A/2 at rush hours and clear weather. The plots
show the same patterns as in Figs. 5 and 6, with the average
constraint relaxation upper bound and uniform distribution
lower bound being tighter for ¢ = A/2, see Fig. 7(c).

The impact of AT on C,,, bounds against the average
optical SNR ¢/o,, for all cases at rush hours, clear weather,
and for ¢ = A/4 is illustrated in Fig. 8. The figure shows
that the average sphere packing upper bound is not affected
by the AT. However, the average constraint relaxation upper
bound, truncated-exponential lower bound and the truncated-
Gaussian lower bound display a drop in Caye by 0.2 bit/s/Hz
at low values between -5 dB and 5 dB under the AT regime.

The difference decreases to 0.1 bit/s/Hz at high SNR values,
i.e., the impact of AT can be reduced by increasing the SNR
values. In general, the observed change in Cl,,, is insignificant
for all SNR values and therefore, AT impact can be negligible.

Finally, Fig. 9 depicts the impact of weather on C,,s bound
as a function of the average optical SNR ¢/c, for all cases
and for clear, haze, and heavy fog conditions during the rush
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Fig. 9: C,y, bounds under selected weather conditions: clear,
haze, and heavy fog at rush hours and for e = A/4.

hours and for e = A/4. The results show that different weather
conditions do not have a noticeable impact on the achievable
Cavg. This is because the mean value of the channel gain
W, 18 < -70 dB and -100 dB due to dynamic traffic during
the rush and late hours. Additive attenuation due to weather
conditions causes further reductions of pp,, and hence, its
impact becomes negligible.

V. CONCLUSIONS

This paper has calculated the average channel capacity
upper bound using the sphere packing and constraint relax-
ation and lower bound by assuming a channel input with
a truncated-exponential or truncated Gaussian distribution.
We also considered a channel model that accounted for the
impact of dynamic traffic during the rush and late hours,
atmospheric turbulence, haze and fog as well as constraints
on the peak and average transmitted optical power for safety
and practical considerations. The results demonstrated that
higher average capacity of 0.7 bit/s/Hz was achievable during
rush hours compared to the late hours and with a negligible
impact of weather conditions. The constraint relaxation and
the truncated-exponential distribution methods provided tight

Authorized licensed use limited to: COVENTRY UNIVERSITY. Downloaded on October 02,2023 at 10:11:50 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3320889

bounds with a minimum gap of 0.4 bit/s/Hz during the rush
hours and under the clear weather condition. Tighter channel
bounds can be achieved by finding an optimal channel input
distribution. In addition, the study revealed that the V2V-
VLC channel variation is influenced by the dynamic traffic
environment. Hence to overcome channel variation, adaptive
transmission and reception techniques are required.
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APPENDIX

A. Convergence analysis for infinite series expressions

The first term in (18), (19), (23), and (32) is infinite series
expression. To find the convergence, this term is rewritten as follows:
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where g denotes fie, ftqa , ftj OF [y, in (18), (19), (23), and (32),
respectively.

Considering a sufficiently large Value of K, in the second term B,
erfex(x) diverges to erfex(x) ~ z— Hence, the second term B is
reduced to [43]:
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When p > 0 the term B dlverges to [43]:

200,

w2
where 3(-) is given by [43]:

o= (5 =) -me(3)) oo

where I'(+) is the Gamma function.

B= (—1)K{3(K+1—/;)—6(K+1+l;)} (35)
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