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Abstract—Internet-of-vehicles (IoV) is an emerging paradigm
with significant potential to improve traffic efficiency and driving
safety. Here, we focus on the design of a novel visible light
communication (VLC)-assisted scheme to enable driving safety-
related IoV services that require ultra-reliable and low-latency
communications (URLLC). Specifically, the vehicle-to-vehicle
(V2V) communication mode is adopted to satisfy the ultra-low
latency requirement of URLLC in roadside infrastructure-less
IoV systems. In the outdoor V2V-VLC scenarios, the quality of
the received optical signal is degraded by path loss, atmospheric
turbulence and additive noise. In addition, the short-packet
feature of URLLC introduces inevitable data decoding errors
and imperfect channel state information (CSI). Against this
background, we aim to investigate the reliability performance
of URLLC in outdoor V2V-VLC systems, which is described by
the average packet loss probability under given user-plane trans-
mission latency. Firstly, we consider the ideal case of a perfect
CSI at receiver, and derive an analytical expression of average
packet loss probability. Further, a closed-form approximation is
provided to simplify the numerical calculation. Next, we extend
the theoretical analysis to a practical V2V-VLC system with
imperfect CSI at the receiver. Through numerical results, we
validate the accuracy of our designed theoretical framework and
propose some preliminary ideas to enable driving safety-related
IoV services in outdoor V2V-VLC systems.

Index Terms—IoV, URLLC, short-packet, visible light commu-
nication, vehicle-to-vehicle.
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I. INTRODUCTION

In recent years, the road traffic injuries caused by the human
operation errors have become one of the main components of
accidental death around the world [1]. To overcome this global
issue, the concept of Internet-of-vehicles (IoV) is proposed as a
promising solution, which attempts to realize the cooperation,
connectivity and automation of vehicle nodes [2], [3]. With the
aid of IoV communications, the intelligent vehicles can deliver
real-time information (e.g., road conditions, route suggestions
and emergency alerts) with other vehicles and roadside units,
and coordinate to improve the traffic efficiency and road safety.
As one of the key technologies for the implementation of IoV,
the vehicle-to-vehicle (V2V) communication is a compelling
paradigm to enable the driving safety-related IoV applications
(e.g., cooperative awareness and emergency warning) with the
millisecond-level latency requirement and ultra-high reliability
constraint of 99.999% and above. In fact, the aforementioned
driving safety-related V2V scenarios can be classified into
the category of ultra-reliable and low-latency communications
(URLLC), which is envisioned as one of major paradigms for
supporting numerous mission-critical Internet-of-Things (IoT)
applications in the 5G wireless networks [4]-[6].

To guarantee the stringent latency and reliability constraints
of URLLC in vehicular networks, there have been some related
works [[7]-[|11] focused on this challenging issue and provided
several constructive solutions. For instance, the authors in [7]]
analyzed the negative impact of fast-varying channel state due
to the high mobility in vehicular networks, and then developed
a twin-timescale radio resource allocation framework to reduce
the frequency of instantaneous channel estimation, while mini-
mizing the required transmission latency of all vehicular users.
The authors in [8] focused on the research of high throughput-
oriented transmission design for URLLC in a hybrid mmWave
and sub-6GHz vehicular network, and proposed a directional
vehicle algorithm for this circumstance. Moreover, the authors
in [9] introduced a novel Markov chain model to characterize
the end-to-end transmission behaviors of URLLC in vehicular
networks, and the corresponding link adaptation protocol was
developed to maximize the network throughput while ensuring
the latency and reliability constraints. Also, the authors in [[10]]
focused on the reliability analysis and learning-based resource
allocation for URLLC in the V2V wireless network, where the
tail distributions of real-time queue length were investigated to
describe the overall reliability in this scenario. Meanwhile, the
authors in [11]] studied the issue of URLLC-aware computation



offloading in a space-assisted vehicular network, and designed
an asynchronous deep reinforcement learning-based algorithm
to maximize the average throughput of this system. Obviously,
the aforementioned URLLC-oriented transmission strategies in
the finite blocklength regime are based on the radio frequency
(RF) technologies, which seem to be sufficient to ensure the
requirement of driving safety-related V2V scenarios at the time
being. However, with the growing market penetration of V2V
solutions, the limited RF spectrum is unaffordable for URLLC
in high-density road traffic scenarios.

As a powerful alternative to the existing RF-based solutions,
the visible light communication (VLC) technology is regarded
as a promising paradigm for enabling V2V applications in the
future ITSs [[12]]-[14]. In typical V2V-VLC system, the vehicle
uses its own light-emitting diode (LED)-based headlights and
taillights as optical transmitters, and installs the photodetectors
as receivers [15]). Specifically, the V2V-related information is
delivered in the form of modulated optical data signal, which
uses the visible light spectrum with wavelength of 380-780nm
as the carrier. Compared to the RF-based solutions, the V2V-
VLC paradigm has significant advantages such as large system
bandwidth, anti-electromagnetic interference, high data rate
and low infrastructure cost [[16]. However, the aforementioned
advantages of V2V-VLC scheme are highly dependent on the
line-of-sight (LOS) propagation, which is not always available
in the V2V system due to the mobility of vehicle nodes. Apart
from this, the performance of V2V-VLC system is degraded
by some negative impacts of the outdoor environment, such as
atmospheric turbulence [[17] and solar irradiance [18]]. Hence,
the URLLC-oriented transmission strategies for outdoor V2V-
VLC system should be meticulously designed.

A. Literature Review

With the deployment of emerging vehicular communication,
networking and sensing technologies, the issue of road safety
in the IoV has received extensive attention from both academia
and industry [19]]. Against this background, the V2V commu-
nication provides some use cases with the potential to improve
road safety and prevent traffic accidents, such as the exchange
of basic safety messages (BSMs) and/or cooperative awareness
messages (CAMs) [20]. The research scope of this manuscript
is confined to the VLC-assisted safety message dissemination
in the roadside infrastructure-less IoV system. Around this
issue, there have been some representative works analyzed the
system performance and presented constructive solutions. For
example, the authors in [21] considered the V2V-VLC system
with randomly distributed interferers, and analyzed the outage
performance of this system via leveraging the tool of stochastic
geometry. Also, the authors in [22]] provided a comprehensive
channel modeling and performance analysis for outdoor V2V-
VLC systems with random lateral shift between the transmitter
and receiver. Specifically, the outage probability and diversity-
multiplexing tradeoff of outdoor V2V-VLC system was studied
in [22]], where the negative impacts due to path loss, shadowing
and atmospheric turbulence were jointly considered. Moreover,
the authors in [23]] presented outdoor measurement results to
reveal how the dynamic road traffic impacts the performance of

V2V-VLC systems, including the average bit error rate (BER)
and average inter-vehicular distance. Considered the impact of
vehicle headlight radiation pattern on the system performance,
the authors in [24] established a statistical path loss model to
characterize the large-scale fading of vehicular VLC channels
with dynamic road traffic. The authors in [25] investigated the
performance of V2V-VLC systems in the presence of sunlight
noise, and the authors in [26]] developed an extended-Kalman
filter to mitigate the negative impact of sunlight noise. On the
other hand, the multi-hop relaying technology is beneficial to
improve the received signal-to-noise ratio (SNR) of modulated
optical data signal, thanks to the cooperative diversity gain. In
view of this, the authors in [27] and [28] respectively analyzed
the BER and coverage range of multi-hop V2V-VLC systems
under different weather conditions, and verified that the multi-
hop relaying can provide a significant performance gain.

In typical URLLC-related scenarios, the data transmission is
performed in the form of short packets to acquire an extremely
low user-plane transmission latency (e.g., less than 1ms). From
an information-theoretical perspective, the short-packet feature
of URLLC will introduce an unavoidable decoding error under
arbitrarily high SNR regime [29]]. Apparently, the short-packet
feature is not considered in the aforementioned literatures, and
thus cannot be employed for the URLLC-oriented transmission
design. Hence, the theoretical analysis for URLLC in the V2V-
VLC system requires a novel methodology distinct from that
utilized in [21]]-[28]]. Apart from the short-packet feature, the
extremely low transmission latency of URLLC also introduces
an inevitable channel estimation error at the receiver, since the
pilot length for channel training is very short [30]]. Inspired by
these features above, there have been several related literatures
focused on the theoretical analysis and resource allocation for
URLLC systems with short-packet characteristic and imperfect
channel state information (CSI). For instance, the pilot-assisted
transmission design for URLLC system with zero-forcing (ZF)
detection and shadow fading was investigated in [31]], and the
authors in [32] focused on the statistical queueing analysis for
pilot-assisted downlink URLLC systems with periodical arrival
process and imperfect CSI. In this scenario, the authors in [[32]
derived the expression of queueing delay violation probability
via using the tool of stochastic network calculus. Meanwhile,
the authors in [33]] considered the application of cell-free (CF)
technique in massive multiple-input multiple-output (MIMO)-
enabled URLLC systems with limited pilot length, and derived
the lower bounds of downlink ergodic data rate in this system.
On the other hand, the authors in [34]] and [35]] considered the
security enhancement issue for pilot-assisted URLLC systems
in the presence of passive eavesdropping attacks, and provided
some ideas for designing the artificial noise (AN)-assisted pilot
and data transmission strategies to improve the secrecy perfor-
mance of URLLC systems in the presence of randomly located
eavesdropping nodes and imperfect CSI at the legitimate link.

B. Motivations, Contributions and Organizations

Nevertheless, the VLC-related and URLLC-related solutions
provided in the aforementioned works are not applicable to the
reliability analysis and transmission design in our considered
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Fig. 1. Graphical representation of outdoor V2V-VLC system model, where the leading vehicle (LV) uses two LED-based taillights Tx1 and Tx2 to transmit
the driving safety-related messages in the form of modulated optical data signals, and the following vehicle (FV) utilizes the photodetector Rx installed at the

center of bumper to receive the modulated optical data signals.

V2V-VLC system. The main reasons are explained as follows:
On the one hand, the VLC-related literatures mentioned above
[21]-[28] are based on the ideal assumption of infinite block-
length, which is no longer valid for URLLC system with short
codeword blocklength. On the other hand, the URLLC-related
literatures mentioned above [31]]-[35] are in the category of the
RF-based transmission design, which is not applicable for our
V2V-VLC system. To the best of our knowledge, the reliability
analysis and transmission design for URLLC in outdoor V2V-
VLC system, is still an open research issue.

Against the above backgrounds, the main focus of this paper
is to provide some preliminary ideas for this unresolved issue.
Specifically, we focus on the deployment of VLC technology
to enable the driving safety-related URLLC services in outdoor
infrastructure-less vehicular systems. Here, we assume that the
safety message dissemination is performed in the V2V manner,
i.e., the leading vehicle (LV) uses its own LED-based taillights
to transmit the driving safety-related messages in the form of
modulated optical URLLC signals, and the following vehicle
(FV) uses the photodetector to decode the received optical data
signal. In fact, the short-packet feature of URLLC introduces
an inevitable decoding error and a non-zero channel estimation
error, which greatly deteriorates the reliability performance of
URLLC. Based on the descriptions above, the contributions of
this manuscript are summarized as follows:

1) Without loss of generality, we first introduce a composite
fading model to describe the propagation environment in
the outdoor V2V-VLC scenarios, in which the quality of
received optical data signal is degraded by the path loss,
atmospheric turbulence, ambient-induced shot noise and
thermal noise. Based on this composite fading model, we
investigate the reliability performance of our V2V-VLC
system in the idea case of perfect CSI, and calculate the
average packet loss probability in this circumstance.

2) In practical V2V-VLC systems, the channel estimation
error is inevitable due to the limited pilot length and the
Doppler effect. Inspired by this, we extend the reliability
analysis to the V2V-VLC system with imperfect CSI at
receiver. Specifically, the analytical expression of packet
loss probability in this circumstance is derived via using
the numerical integrations and special functions, and the
closed-form approximation of packet loss probability is

also presented via using the first-order approximation of
Gaussian Q-function and Gauss-Chebyshev quadrature.

Moreover, numerical results illustrate how the average packet
loss probability of URLLC in outdoor V2V-VLC system under
different atmospheric conditions varies with some parameters,
and provide some enlightening conclusions.

The rest of this paper is organized as follows: In Section II,
we introduce the outdoor V2V-VLC system model considered
in this paper, and provide some basic preliminaries. Then, the
reliability performance of V2V-VLC system in the idea case of
perfect CSI is analyzed in Section III, and we further analyze
the reliability performance of practical V2V-VLC system with
imperfect CSI in Section IV. Numerical results and discussions
are provided in Section V, and this manuscript is concluded in
Section VI.

II. SYSTEM MODEL AND PRELIMINARIES

Here, we are interested in the driving safety-related URLLC
applications (e.g., cooperative awareness and emergency warn-
ing) in a roadside V2V-VLC system, and the system model is
depicted in Fig.[I] In this system, we assume that two vehicles
follow each other in a highway segment with a width of Lg. In
particular, the leading vehicle (LV) periodically collects some
internal information (e.g., speed, position and road condition),
and delivers these mission-critical information to the following
vehicle (FV) in the form of modulated optical URLLC signals.
Meanwhile, the width of each vehicle is equivalent to d,, and
the LV-FV longitudinal distance is set to d. For the transceiver
structure, we assume that the LV utilizes its two taillights Tx1
and Tx2 as VLC transmitters, and a photodetector Rx installed
at the center of the bumper of FV is employed as VLC receiver.
Also, Tx1 and Tx2 are horizontally separated with a distance
of dix, and the propagation distance of VLC links i = {1,2}
from Tx ¢ to Rx is expressed as r; L /&2 + Lf, where L; is
the lateral shift of Tx 7 relative to Rx. For ease of notation, we
denote the LV-FV relative lateral shift as L = (L;+Ls)/2, and
we have L < Ly — d,.

Remark 1. Here, we consider the V2V-VLC paradigm in the
context of urban road traffic environment. For convenience, the
LV and FV in Fig.|l|can be treated as stationary nodes within
the transmission duration (e.g., less than 1ms) of each driving
safety-related URLLC message. In fact, even when the LV and



FV are driving at the maximal allowable speed of 120km/h in
urban road areas, the movement distance of LV and FV within
one millisecond is only 3.33cm. Hence, the movement distance
of LV and FV during the transmission process of each URLLC
message is much less than 3.33cm, which is negligible in the
theoretical analysis of our considered V2V-VLC system. W

A. Error Probability of Short-Packet Communications

In typical URLLC-related V2V systems, the mission-critical
information is encoded into short codewords to guarantee the
millisecond-level latency requirement. Therefore, it is assumed
that each URLLC message sent from the LV must be delivered
within a target deadline of ms = 7B (channel uses), where 7
is the codeword blocklength in the time domain, and B (Hz) is
the available bandwidth. Seen from the information-theoretical
results in [29], the maximal achievable rate of URLLC system
with given codeword blocklength m and target decoding error
constraint wy € (0, 1), is tightly approximated by [29, Eq. (2)]

Rs(7) =logy(1+7) — [ —-=Q7 (@), M
where « is the effective SNR at the Rx, V() =
(14+)72) is the channel dispersion, and Q1 (-) is the inverse
of Gaussian Q-function with Q(z) = \/% [ e~t*/2dt. Then,
we introduce the concept of average packet loss probability to
characterize the reliability performance of our system, which is
defined as the probability that the URLLC message with given
payload size of £ cannot be successfully decoded at Rx within
the given latency bound m. Therefore, the average packet loss
probability of our V2V-VLC system is accordingly obtained as

logy (14 z) — L/my
w= / < N >fw(2)dz, @)

where f.,(z) represents the probability density function (PDF)
of instantaneous effective received SNR .

(logy €)*(1—

B. VLC Channel Model

In particular, the URLLC data signals y =
received by Rx is mathematically written as

[yl,y2]T c R2><1

y = khz + z, (3)

where x > 0 is the responsivity of photodetector, and x stands
for the optical signal transmitted by the LV. Here, we assume
that E[|2|?] = pr in which pr is the transmit electrical power.
Meanwhile, h = [hy, ho]7 is the channel state vector of VLC
links i € {1,2}, and each element in h € R?*! is modelled as

hi = Bivs, i€ {1,2} 4

where (3; is the path loss coefficient related to the geographical
location, and v; is the propagation loss component caused by
the outdoor atmospheric turbulence. On the one hand, the path
loss coefficient of outdoor V2V-VLC systems can be expressed
as [36]

51’ = (m7+ ]gAR COSs

2mr;

"(0:)T (1i)g (i) cos i, @)

where m £ —In(2)/ In(cos(©1 /2)) is the order of Lambertian
emission, and O/, indicates the semi-angle of Tx1 and Tx2.
Meanwhile, Ap is the detection area of Rx, 6; and 1); indicate
the angle-of-irradiance and angle-of-incidence of the VLC link
1 € {1, 2}, respectively. Seen from the layout in Fig. [} we can
derive that cos §; = cos; = d/r;. Apart from this, T (¢;) and
g(1;) stand for the optical filter gain and optical concentrator
gain, respectively. Specifically, the expression of g(;) is given
as follows:

7712
9(t:) = { A C
0, i > Yrov,
where Upoy denotes the field-of-view (FOV) of photodetector
Rx, and n > 0 is the refractive index of optical concentrator.
On the other hand, the propagation loss component of outdoor
V2V-VLC systems is modelled as a random variable following
the gamma-gamma distribution. Therefore, the PDF of v; can
be expressed as [37]]

itbi

o Q(Gibi) - 2

where I'(-) stands for the Gamma function [38, Eq. (8.310-1)],
and K, (-) is the modified Bessel function of second kind with
order v [38, Eq. (8.407-1)]. Meanwhile, the parameters a; and
b; that related to the atmospheric conditions are given by

-1

di = (exp 12/5)7/6‘| - 1) )
12/0) 5/6 -1

bi = <6X - 1) ) (9)

where w? £ 0.5C207/671/ 92 £ oDZ/(4r;) and ¢ £ 27 /A,
Notice that A denotes the carrier wavelength, Dy is the aperture
diameter of Rx, and Cg is the refractive structure parameter.
Remark 2. As mentioned above, the photodetector installed
at the center of the bumper of FV has a constrained FOV angle
VUrov. Meanwhile, the VLC transmitters of LV have a limited
semi-angle O /. Together with the layouts in Fig. [2| we can
obtain that the VLC links become unserviceable as long as the
LV-FV relative lateral shift of this system is beyond the safety-
critical threshold Ly, 2 dtan(min(0 5, ¥rov)) + %x. That
is, if there exists L > Ly, it can be deemed that the photode-
tector is located in the “dead zone” region of VLC and cannot
receive the modulated optical signals from the LV. More details
will be illustrated through numerical results. ]

%TM_IKai,bi (2 aibiz), (7

0.49w?
(1+0.18092 + 0.56w

0.51w (1 + 0.69w
(14 0.992 + 0.6202w, /")

5/6

C. Additive Noise Model

In particular, z = [z1, 22]7 in (3) denotes the additive noise
vector, where each element z; with i € {1, 2} is modelled as a
real-valued Gaussian variable with zero mean and variance o2.
In practical outdoor V2V-VLC systems, the additive noise z; is
composed of two main components, namely, thermal noise and
shot noise. Hence, the variance of z; is mathematically written
as [39]

2 2 2
0; = Oth + 0 shot> (10)
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Fig. 2. Diagram of LV-FV misalignment and the safety-critical threshold Ly}, of LV-FV relative lateral shift. Here, we have Ly, £ d tan(min(@l/Q, Yrov))+
dix/2: (a) The case of L < Ly, i.e., the VLC links are serviceable and the photodetector Rx can receive the modulated optical signals, and (b) The case of
L > Ly, i.e., the photodetector Rx is located in the “dead zone” region such that the VLC links become unserviceable.

where o and o7, . are the variances of thermal noise and
shot noise, respecf:ively. On the one hand, the thermal noise of
our V2V-VLC system contains two main components, namely,
feedback-resistor noise and field-effect-transistor (FET) noise.
Therefore, the expression of o2 is written as

8 KT, 1672 KT,
O-tQh = %T}ARIQBZ + TBWH%A%IgBS, (11)
v
feedback—resistor noise FET noise

where K3 is the Boltzmann constant, T, indicates the absolute
temperature in Kelvin scale, G, denotes the open-loop voltage
gain, n is the fixed capacitance of Rx per unit area, I» and I3
stand for the noise bandwidth factors, ¢ is the transconductance
of FET, and ¢ denotes the FET noise factor. On the other hand,
the shot noise of our V2V-VLC system is modelled as

O’Z'Q,shot = 2qrB [pThi + Igqu.ARg(’L/Ji) SinQ(\I/Fov)], (12)

where ¢ stands for the electron charge, p is the transmission
coefficient of peak filter, and €2 denotes the irradiance that falls
within the spectral range of Rx, i.e.,

Aup DN, Ti)

Q = eak T\ 4\
e km}z\mx D(A,Tk)

d, (13)

where Ay, and Ay refer to the lower and upper spectral limits
of the optical bandpass filter at Rx, respectively, Speak denotes
the peak spectral irradiance, and the function ®(\, T},) stands
for the spectral irradiance of Blackbody radiation model. Here,
we have ®(\, Ty,) £ 2mec?\ =% /(e5¢/ AKBTk) _ 1), where ¢ is
the Planck constant, ¢ denotes the speed of light, and 7}, is the

average temperature of solar surface in Kelvin scale.

III. ANALYTICAL FRAMEWORK FOR URLLC IN
V2V-VLC SYSTEMS WITH PERFECT CSI

In this section, we consider the ideal case of perfect CSI at
the Rx, and investigate the average packet loss probability of
URLLC in this circumstance. Under the assumption of perfect
CSL, the received electrical SNR of each VLC link i € {1, 2}
is accordingly expressed as 7; = (kprh;)?/0? £ 7;h2, where
¥; = (kpr)?/0?. Together with @) and (7)), the PDF of ~; can
be derived via replacing the integral variables and taking some
manipulations, and we have

[aibi/(ﬁi ﬁ)] aith;
T'(a;)T(b;)
a;b;

X Kg —p. | 2 _z%.
lbl< BivYi )

Meanwhile, we assume that the FV uses the selective combin-
ing scheme to maximize the received SNR, and thus the post-
processing SNR at Rx is expressed as v = max{7;,y2}. Since
the spacing between Tx1 and Tx2 is sufficiently large, we can
assume that v, and 75 are mutually independent. Motivated by
this, the average packet loss probability w of URLLC in our

a;+b;
74 i_q

f%‘, (Z) =
(14)




V2V-VLC system is expressed as

2 aithy
e om0~ /m,
-0, | Q( T BI )

xzaM*lK 23 |dz
aibi Bivi '

Nevertheless, the calculation of Eq. @[) is intractable due to its
complicated form. Hence, we attempt to simplify the integral-
form expression of w via using a first-order approximation of
Q(lerltitlme ) o A(4) with [40]

VY /ms
L, 7 < Nw
A 29 3 -9svms(Y=0), mw<v<wp  (16)
0, Y Z Yups
where 9

4 1 L 9L/ms __ L 1

- \/WC_Q/ ]"YIW_C 205\/ms
and yup = £ ¢ —|— T \/W Taking some manipulations, the packet
loss probability w in (T3] can be approximated as

%f[ A(yi)] ﬂxﬁH/

Yw
where I, fo f+: (y)dy indicates the cumulative distribu-
tion (CDF) of received electrical SNR ~;. For convenience, the
expression of F, (z) and its derivation process are provided in
the following theorem:

’Yup

2dz, (17

Theorem 1. By replacing the integration variables and taking
some manipulations, the expression of F.,(z) is obtained as
1 2,1 Cle
Fyi(2) = popps O

i [z 1
T(a)C(by) &\fa“bz,()] (1)

where G7;"'[-] is the Meijer’s G-function [38, Eq. (9.301)].

Proof: Seen from Eq. (T7), the general expression of F., (z)
is mathematically written as

_ [azbz/(ﬂzﬁ)] =D

Z +b i q
X Yy Kal—b
0

By setting u = (y/z)7 and x; = [aibi/(Biv/7i)] ? the integral
term Z;(z) is rewritten as

- ! aitbi ooip. 1
:i(z)z/ 4z s K (2(xa2)
0

(é)/ X; GQO[ Xizu? ]du
0 al» %

where (a) is derived from [38, Eq. (9.34-3)], and we can further
derive the following expression via substituting (20) into (I9)

abi 2\, (19
RV e

M—‘

)du
(20)

and taking some manipulations, i.e.,

Pooumt -
F, (2)= — Gy Tzu’ du
6= [ e o) e
(2 1 G21 1
T(a;)T(b;) X% s, 05,0

where (b) is derived from [38, Eq. (7.811-2)]. Furthermore, we
can obtain the expression of F,,(z) shown in (18] via substitu-
ting xi = [aibs/(8:/30)]” into @I). n

Inspired by the result in Theorem 1, we can further derive a
closed-form approximation of average packet loss probability
w by leveraging the Gauss-Chebyshev quadrature method, and
the general expression of Gauss-Chebyshev quadrature is given
as follows [41]]:

b N
b—a T 5 (b—a b+a
/a g(2)dz =~ 5 7:21 N 1—tjg(2tj+2), (22)

where N is the number of terms with the complexity-accuracy
tradeoff and ¢; = cos (2§ Nl ) Hence, the average packet loss

probability w in the ideal case of perfect CSI is approximated

as follows:
i B 1
aT 9 bla O] dz

2
(©) Yup — Nw N m
:ﬂ,ﬁ T s
2F (a;)T Z:N
1
a’i7bi70’

Yup 19 /

w = H / s G a:b

i=1"Y Vw F(az) ( l) 5

G2 1 azbz ;Y\lwt' + ;Y\up
/81 ’L

(23)

where (c) is derived via using the Gauss-Chebyshev quadrature

. = up—VNw S _ JYuptNw

method. Meanwhile, we have 7y, = Top M | Fup = LRz
and t; = cos (%TF)

Remark 3. To obtain a comparable result, we also investigate
the conventional outage probability of V2V-VLC system in the
premise of infinite blocklength. Under the ideal assumption of
perfect CSI, the outage probability of our V2V-VLC system is

mathematically written as

H Fy, (n)

_ H a2:1 aib; %h 1
F i ’3 57, a;, bzv 0

where vt = 9L/ms _ 1, and the relationship between the finite
and infinite blocklength cases will be illustrated via numerical
results. ]

Wout =

(24)

IV. ANALYTICAL FRAMEWORK FOR URLLC IN V2V-VLC
SYSTEMS WITH IMPERFECT CSI

In practical V2V-VLC systems, the channel estimation error
is inevitable due to the limited pilot length and Doppler effect.
Therefore, the impact of channel estimation error on the V2V-
VLC system performance should be taken into consideration to
gain a comprehensive insight. In this section, we consider the
V2V-VLC system with short-packet feature and imperfect CSI,



and analyze the reliability performance of URLLC in this case.
Under the assumption of imperfect CSI, the estimated value of
h; is mathematically written as [42]

hi = ¢hi + /1 - ¢2¢;,

where ¢ € [0, 1] denotes a parameter that related to the channel
estimation accuracy, and ¢ = 1 corresponds to the special case
of perfect CSI. Meanwhile, the estimation error ¢; is modelled
as a zero-mean Gaussian random variable with variance of 2,
and we assume that h; and ¢; are mutually independent. Also
the received electrical SNR of each VLC link i € {1,2} w1th
imperfect CSI is expressed as 3; = (kprhs)2/o2 £ 3;h2, a

we recall that 4; = (kpr)?/0?. Through some mampulations,
the PDF of 7; is presented in the following theorem:

(25)

Theorem 2. By replacing the integration variables and taking
some manipulations, the expression of fs,(z) is obtained as

o(2) 5 S an(Z)sa(y2)

?

f’?i (Z) =

21 (ai)L(bi)\/27(1 — ¢2)7iz0c,i
(26)
where A; 1 (2), B; (%) and C;(z) are respectively given by
(1-¢%0
Aik(2) = [222] ; (27
_1]1—2k
Bun(e) = G| - G2 = oty | ] e8)
and )
cie) = (- 5=y ) 2

Proof: Seen from Eq. (23), the estimated channel gain i is

the sum of two random variables. For convenience, we denote

= ¢h; and Y; = y/1 — ¢?¢;, and we have h =X, +Y.

By replacing the variables and taking some manipulations, the
PDFs of X; and Y; are respectively expressed as

72[(12b1/(¢ﬁl)]% %bi,l aibi
S YRR Y Rais, (2 ¢>/3ﬁ>’
(30)
and
Fri(2) = e ex (—ZZ) (31)
YT ol Do T\ 201 é%)02, )

Based on the convolution theorem, the PDF of 711 is given by

2= / T W) (= — vy,

and we can further derive the following expression via substi-

tuting (30) and (ZI) into (B2):

Ly o) T e (- )
3 T (@) (bi)y/27(1 — o

(32)

20 (2),
(33)

where the integral term = Eig )( ) is equivalent to

oo 2
=D _ . Y
0=, oo (-

Jer(a=dm)

_1Ka1-7bl- (2 [aibi/(05)] y) dy
aitbi Nk

aibi =0

a;+b;
2

Xy

(34)
where (d) is derived via leveraging the transformations in [38,
Eq. (1.211-3)], [38, Eq. (7.813-1)] and [38, Eq. (9.34-3)]. Also,
the terms A; ,(z) and B, 1 (z) are respectively given by

1— 2\ 52 . k
Aip(z) = [(2(;)0] , 35)
and
Bi(2) = Gy | - C(;ﬁ( — ")l 1ai_ f’“} (36)

Therefore, the expression of f; (z) is derived via substituting

(34)-(B6) into (F3), i.e.,

PR WINEIE
o ® 37)

D(ai)T(bi) /27 (1 = ¢?)oe,q

where C;(2) £ exp ( W) Together with ¥; = 7;h2
and (37), the mathematical expression of f,(z) is obtained as

5 C(\/j> kij:()(_kll)kAi’k(\/j>Blk< j)
f5:(2) O (a:)D (b)) /27 (1 — 62)7:200. ’

(38)
and the proof is completed. ]

Inspired by the result in Theorem 2, the exact expression of
average packet loss probability with imperfect CSI is obtained
as follows:

~ 71 > logy(1+ 2) — £/m,
= Uoar)re) /0 Q( V(z)/ms >

(y5)(5)
X ' i Vil g,
V 27T(1 - ¢2)’7i20'€,i
(39)
Obviously, the calculation of Eq. (39) is also intractable due to
its complicated integral form. Using a similar method in (I6),

the average packet loss probability o can be approximated as

wﬁFH/

Mw
where F, ( fo f5:(y)dy indicates the CDF of ;. For the
sake of convemence the closed-form expression of F, (z) and
its derivation process are provided in the following theorem:

’Yup

(40)

Theorem 3. By replacing the integration variables and taking



some manipulations, the expression of F5,(z) is obtained as

< ()P (D e

> > Aik1(2)Bi ki (2)
P = N = | 41)
v V27 (a;)T(b;) ’
where jzkl(z) and gi,k,l(z) are respectively given by
I—k+
~ 1 z 2
i = 5 42
A ,k,l(z) 2k+l |:(1 — ¢2)052i’}’i:| ( )
and
Bika(2)
1,3 B k—=20,1—a;,1-10;
=G|~ = s 5
aibi(1 = ¢%)o2, \ 7 | 2k, k—20—1
43)

Proof: Seen from Eq. (38), the general expression of F5, (z)
is mathematically written as

F:Yz()

i ”(”) (2), 44
' 9
V2rT(a:)T(bi) 1= k!
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where the integral term =, (z) is expressed as

=0 (2)
N
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aib
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2k+1 \/ ]- - 720'51
i oy 2 [V 1-2k
Bi 1-¢ )Ue’i\/; aiabi]dy.
45)
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By setting & = (y/z)? and leveraging [38,Eq. (1.211-3)], the
=@

integral term = ,?(z) can be rewritten as

[I]

(46)
1=0
where the term /lel(z) is given by
I—k+
~ 1 z 2
i = , 47
Aia(?) 2k+1 [(1 - ¢2)052i%} @7

and the term gzkl(z) is expressed as

B; a(2)

2 [' o[- BT ol
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48)
where (e) is derived from [38, Eq. (9.31-2)], and (f) is derived
from [38, Eq. (7.811-2)]. Therefore, we can further acquire the
following expression via substituting (46)-(@8) into (@4):

< (CDFER (D e
> > Ai o1 (2)Bi g1 (2)
== TP (49)

V21T (a;)T(b;) ’

TABLE I
SIMULATION PARAMETERS OF V2V-VLC SYSTEM

Parameter Notation Value
LED semi-angle O1/2 60°
Detection area of Rx Agr 0.8 cm?
Optical filter gain T (;) 1
Refractive index n 1.5
FOV of Rx Urov 60°
Responsivity of photodetector K 0.54 A/W
Boltzmann constant Kp 1.38 x 10~23 /W
Absolute temperature Ta 298K
Open-loop voltage gain Gy 10
Capacitance per unit area n 112pF/ cm?
Noise bandwidth factors I 0.562
I3 0.0868
FET transconductance I3 30mS
FET noise factor © 1.5
Electron charge q 1.602 x 10~19¢C
Peak filter coefficient 1o 1
Lower spectral limit Alw 380 nm
Upper spectral limit Aup 780 nm
Planck constant 5 6.63 x 1073475
Speed of light c 3 x 108 m/s
Average solar surface temperature Ty, 6000 K
Variance of estimation error 037 i 0.1
and the proof is completed. |

Inspired by the result in Theorem 3, we can further derive a
closed-form approximation of average packet loss probability
with imperfect CSI as follows:

Yup
H /nw \/ﬂl" (a;)T

1l
Z . g( !)
X-Aikl()Nikl( )dz

(Ng) 2 195\/7’75(7up_71w) (_ = N 1
~11 2v/27T (a;)T(b;) 2 ;; ZN

i=1 k=0 j=1

1= 2 4; 11wt + Fup) Bika Gt + Fup)

(50)
where (g) is derived via using the similar method in Eq. (23).
Meanwhile, we recall that 3, = 2257 5, = w and
tj = cos (2%;,1 7).

Remark 4. Similar to Eq. (29), the outage probability of our
V2V-VLC system in the premise of imperfect CSI is given by

= () e (D s
2 > Z A i1 (Ven) Bi e i (Vth)
= H =0 k' = (51
out — )
i=1 v2rl(a;)I'(bi)
and recall that vy, = 2L/ms _ 1, [ |

V. NUMERICAL AND SIMULATION RESULTS

In this section, we show the average packet loss probability
of URLLC in our considered V2V-VLC system under different
atmospheric turbulence conditions, including the weak, moder-
ate and strong turbulences [43]]. Moreover, the impact of some
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Fig. 3. The average packet loss probability of URLLC in the outdoor V2V-VLC system under different local standard time and atmospheric conditions, where
ms = 400 (channel uses) and the LV-FV relative lateral shift is set to L = 10m.

TABLE II
THE MEASURED PEAK SPECTRAL IRRADIANCE IN BEIJING, CHINA [45]

Time  6:00  7:00 800  9:00  10:00  11:00  12:00

Speak 8635 15343 22024  347.86 45412 51384  547.69

Time  13:00  14:00  15:00  16:00  17:00  18:00  19:00

Speakc 50874 45631 34265 25091 178.19 11242 63.58
TABLE III

THE MEASURED PEAK SPECTRAL IRRADIANCE IN WUHAN, CHINA [46]

Time 6:00 7:00 8:00 9:00 10:00 11:00 12:00
Speak 10.43 48.01 98.12 19598 29848  393.84 44297
Time 13:00 14:00 15:00 16:00 17:00 18:00 19:00
Speak 45305 41847 36528  266.57 171.41 111.51 48.11

particular transmission parameters (e.g., codeword blocklength
and transmit power of optical data signals, LV-FV longitudinal
distance and relative lateral shift, channel estimation accuracy,
semi-angle of Tx and FOV angle of Rx) is also investigated.
Unless otherwise specified, the main simulation parameters are
presented as follows: In this system, the LV and FV following
each other in a four-lane road segment with the width of Ly =
15m, and the width of each vehicle is set to d, = 2m [44]. The
transmit power of optical data signals is equal to pr = 20dBW,
the LV-FV longitudinal distance is equal to d = 50m, and the
horizontal spacing between Tx1 and Tx2 is set to dy,, = 1.5m.
On the other hand, we assume that each URLLC message sent
from LV contains £ = 256 information bits, the total available
bandwidth is set to B = 20MHz, and the system parameters
related to the VLC channel gain and additive noise are listed
in Table[l] To emulate the impact of solar irradiance in outdoor
V2V-VLC scenarios, the measured peak spectral irradiances in
Beijing [45] and Wuhan [46]], China are employed to evaluate
the system performance, which are given in Tables [[I] and [TI}
respectively. Moreover, all the simulation results are calculated
by averaging 10,000 channel realizations.

Seen from an overall perspective, the curves in Fig. 3} Fig.[7]

indicate that the theoretical results calculated by Egs. (23) and
(30) roughly coincide with the Monte-Carlo simulation results.
Therefore, we can conclude that the theoretical framework in
this manuscript is accurate to evaluate the average packet loss
probability of URLLC in outdoor V2V-VLC systems. On the
other hand, it can be clearly seen that the average packet loss
probability of our V2V-VLC system is at a relatively high level
in the case of stronger atmospheric turbulence and vice versa.
Therefore, we can summarize that the atmospheric turbulence
has a significant negative impact on the reliability performance
of URLLC in the outdoor V2V-VLC environment. In addition,
it can also be observed that the average packet loss probability
of V2V-VLC system in the ideal case of perfect CSI is always
lower than that of imperfect CSI.

In Fig.[3] we demonstrate the average packet loss probability
of URLLC in our V2V-VLC system with different atmospheric
conditions and peak spectral irradiance. To gain more insights,
we employ the measured values of peak spectral irradiance in
two representative regions in China, i.e., Beijing (located in the
area of North China) and Wuhan (located in the area of central
China). On the one hand, it can be seen from Table [[I] that the
peak spectral irradiance of Beijing changes with the local time
and achieves the maximal value at the Beijing standard time of
12:00. Apparently, the increase of peak spectral irradiance will
lead to the degradation of reliability performance, owing to the
background noise from solar radiation. Therefore, the average
packet loss probability of outdoor V2V-VLC system in Beijing
also achieves the maximal value at 12:00 of the local standard
time. On the other hand, it can be observed from Table [II]] that
the peak spectral irradiance of Wuhan has a maximal value at
the Wuhan standard time of 13:00, and the average packet loss
probability of outdoor V2V-VLC system achieves the maximal
value at this time. Based on the discussions above, we can find
that the geographic location and local time have a significant
impact on the reliability performance of V2V-VLC system. In
other words, the impact of solar irradiance is indispensable for
the reliability analysis of URLLC in our considered V2V-VLC
system.

In Fig.[d we demonstrate the average packet loss probability
of URLLC in our V2V-VLC system under different transmit
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Fig. 4. The average packet loss probability of URLLC in the outdoor V2V-VLC system vs. the transmit power of optical data signals pp (dBW), where ms =
400 (channel uses), the LV-FV relative lateral shift is set to L = 10m. Also, we have ¢ = {0.4,0.6,0.8,0.9} (i.e., imperfect CSI) and ¢ = 1 (i.e., perfect
CSI). Moreover, the measured peak spectral irradiance in Beijing at 17:00 (i.e., Speak = 178.19 W/m?) is employed as the reference value of solar irradiance.
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Fig. 6. The average packet loss probability of URLLC in the outdoor V2V-VLC system vs. the field-of-view (FOV) angle ¥ pov (degree), where ms = 400
(channel uses), the LV-FV relative lateral shift is equal to L = 10m, the peak spectral irradiance is equal to Speax = 178.19 W/m? and the LED semi-angle of

VLC transmitters is set to © /5 = {40°,60°,80°}.

power of optical data signals pp (dBW), where the measured
peak spectral irradiance in Beijing at the local standard time of
17:00 (i.e., Speak = 178.19 W/m?) is adopted as the reference
value of solar irradiance in outdoor V2V-VLC environment. It
can be clearly observed that the average packet loss probability

of our V2V-VLC system significantly declines as the transmit
power pr becomes higher, due to the received electrical SNR
at each VLC link is accordingly improved. Meanwhile, we can
clearly observe that a higher transmit power should be assigned
to the optical data signal for ensuring the reliability constraint
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Fig. 7. The average packet loss probability of URLLC in the outdoor V2V-VLC system vs. the LV-FV longitudinal distance d (m), where ms = 400 (channel
uses), the peak spectral irradiance is set to Speak = 178.19 W/m? and the LED semi-angle of VLC transmitters is set to ©/2 = {20°,40°,80°}.

when the atmospheric turbulence is stronger. That is, a higher
transmit power is required to overcome the negative impact of
atmospheric turbulence in the outdoor V2V-VLC environment.
In addition, it can also be clearly seen that the average packet
loss probability of URLLC in V2V-VLC system rises sharply
as the parameter ¢ becomes smaller. That is, the degradation of
channel estimation accuracy severely deteriorates the overall
reliability of URLLC in the outdoor V2V-VLC system.

In Fig.[5] we demonstrate the impact of transmission latency
(i.e., the codeword blocklength) on the reliability performance
of URLLC in our V2V-VLC system. Similar to the settings in
Fig.[] the average packet loss probability of URLLC system in
Beijing at the local standard time of 17:00 is employed as the
reference metric. Firstly, the average packet loss probability of
our V2V-VLC system significantly declines as the increase of
mg, due to the required data rate £/m becomes smaller. That
is, the reliability performance of our V2V-VLC system can be
improved via loosing the latency bound. Secondly, the average
packet loss probability that derived from the finite-blocklength
information theory is much higher than the traditional outage
probability with the ideal assumption of infinite blocklength,
and aforementioned gap become smaller as the increase of m.
Seen from this phenomenon, we can draw the conclusion that
the conventional outage probability is no longer applicable to
measure the degree of reliability loss of URLLC in our V2V-
VLC system, due to it vastly overestimates the achievable rate

of short-packet communications.

In Fig.[6] we demonstrate the average packet loss probability
of URLLC in V2V-VLC systems under different field-of-view
(FOV) angle ¥roy of photodetector Rx and LED semi-angle
©1 /2 of VLC transmitters. On the one hand, it can be observed
that the average packet loss probability of outdoor V2V-VLC
system significantly decreases when the LED semi-angle ©, /5
becomes narrower. Apparently, when the VLC transmitters use
a narrower light beam, the photodetector Rx is able to capture
more transmit power, which implies that the received electrical
SNR at each VLC link is accordingly improved. On the other
hand, the average packet loss probability of outdoor V2V-VLC
system gradually increases when the FOV angle Yoy of Rx
becomes wider. In practical, the photodetector Rx with a wider
FOV angle can collect more transmit power of optical signals.
However, a wider FOV angle also implies that the background
noise from solar radiation is amplified. Obviously, in our V2V-
VLC system, the negative impact of amplified solar radiation
noise is dominant when the FOV angle becomes wider, which
severely deteriorates the reliability performance of URLLC.

In Fig.[7} we demonstrate the average packet loss probability
of URLLC in our considered V2V-VLC system under different
LV-FV longitudinal distance d and relative lateral shift L. On
the one hand, it can be clearly observed that the average packet
loss probability of our V2V-VLC system rises as the increases
of LV-FV longitudinal distance and relative lateral shift, which



implies that the path loss and Tx-Rx misalignment will lead to
a severe degradation of reliability performance of URLLC in
the outdoor V2V-VLC environment. On the other hand, it can
be seen from Figs. that the packet loss probability of
URLLC is always equal to one when the LV-FV longitudinal
distance d is lower than a threshold d;;, £ tan(miﬁ(_(_)‘?/’;/’ %PFOV))
for each given LV-FV relative lateral shift L. That is, if d < dy,
holds, the photodetector Rx is said to be located in the “dead
zone” region of VLC links and cannot receive the modulated
optical data signals from the LV. Apparently, the range of this
region is related to the minimal value between the FOV angle
and LED semi-angle, i.e., min(©, /2, ¥rov). Meanwhile, the
decline of min(©, /2, Yrov) will lead to the augmentation of
“dead zone” region of VLC links. Seen from this phenomenon,
we can conclude that designing an appropriate combination of
LED semi-angle O, /> and FOV angle ¥roy is fundamental to
ensure the accessibility of V2V-VLC paradigm in the outdoor
wireless environment.

VI. CONCLUSION

In this manuscript, we focused on the driving safety-related
URLLC services (e.g., cooperative awareness and emergency
warning) in an outdoor V2V-VLC system with short codeword
blocklength. Firstly, we introduced a composite fading model
to describe the propagation environment in the outdoor V2V-
VLC scenarios, in which the impacts of path loss, atmospheric
turbulence, ambient-induced shot noise and thermal noise were
considered. Under this composite fading model, we proposed
the concept of average packet loss probability to characterize
the reliability performance in this system. Then, we developed
a theoretical framework to analyze the packet loss performance
of URLLC in the outdoor V2V-VLC system. In particular, we
first considered the idea case of perfect CSI, and derived the
analytical expression of average packet loss probability. Then,
we extended the theoretical framework to the practical V2V-
VLC systems with imperfect CSI. Meanwhile, the closed-form
expressions of average packet loss probability were provided
to simplify the calculation. Numerical results depicted how the
average packet loss probability of our V2V-VLC system under
different atmospheric conditions changes with specific system
parameters, and verified that the theoretical framework in this
research work is accurate to calculate the average packet loss
probability of URLLC in the outdoor V2V-VLC system. More
importantly, this manuscript provided some preliminary ideas
for supporting driving safety-related IoV services in the future
wireless networks.
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