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Abstract: In urban vehicular ad hoc networks (VANETs), the complex channel environment and
co-channel interference resulted in the uncertain delay of inter-vehicle packet transmission, which
causes serious delay jitter. Connectivity is proposed as a key metric to describe this uncertainty.
However, existing works lack a discussion of inter-vehicle connectivity in urban VANETS, particularly
with regards to the process of transmitting packets between vehicles. In this paper, we analyze the
connectivity probability of urban VANETs under co-channel interference with both complete and
incomplete information. When the information is complete, we model the time-varying nature of
co-channel interference and channel fading as delay jitter and analyze inter-vehicle connectivity
in a time-varying environment. Then, when complete information is unavailable, we estimate
the probability distribution of co-channel interference by combining the distribution of multiple
parameters with the free space propagation model (Friss) model and Nakagami-m fading model.
The expression for the connectivity performance of vehicle-to-vehicle (V2V) links is derived from
the signal interference plus noise ratio (SINR) of the destination V2V link. Finally, we analyze the
implications of various factors on connectivity, such as the transmit power of the signal, the arrival
rate of packets, the number of channels and vehicles, and the distance between the transmitting
vehicle and the receiving vehicle. The numerical analysis shows that co-channel interference and
signal fading significantly affect inter-vehicle connectivity.

Keywords: vehicular ad hoc networks (VANETS); co-channel interference; connectivity probability;
delay jitter; vehicle-to-vehicle (V2V)

1. Introduction

As an important component of intelligent transport systems (ITS) [1], vehicular ad hoc
networks (VANETs) have received extensive attention from academia and industry [24].
Vehicle-to-vehicle (V2V) communication has been developed as a key technology in en-
hancing transportation and road safety by supporting cooperation among vehicles in close
proximity. Due to the safety imperative, the quality-of-service (QoS) requirements for V2V
communication are very stringent with ultra-low latency and high-reliability [5], especially
in 5G [6,7]. VANETSs also enable collaborative safe vehicle driving; intelligent regional
traffic dispatch; intersection decision support; real-time traffic information distribution;
and applications in interactive streaming communications such as P2P file sharing, video
transmission, and online gaming. The creation of these applications has made it necessary
for VANETS: to deal not only with the transmission of separated packets but also with the
transmission of continuous packets.

However, in urban block scenarios, channel fading and co-channel interference are
severe, and the topology and node density of VANETs constantly change. This leads to
problems such as packet loss, retransmissions and collisions, or even the interruption of
communication in severe cases [8]. As a corollary, end-to-end communication cannot be
guaranteed in VANETs. This indeterminacy greatly raises the risk of urban transport. In
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order to describe this instability, connectivity has been proposed as a key metric to describe
the communication status between vehicles.

1.1. Motivation

Inter-vehicle connectivity plays a critical role in VANETs. However, urban VANETs
face various issues and challenges, such as co-channel interference, which significantly
affects VANETs connectivity. To effectively address these challenges, it is essential to
gain a deeper understanding of the impact of co-channel interference on inter-vehicle
connectivity. Therefore, this paper aims to analyze the impact of co-channel interference
on connectivity using both complete and incomplete channel information. Specifically, we
model the temporal variability of co-channel interference as delay jitter and examine its
effect on VANETSs connectivity. Additionally, we analyze the connectivity of VANETs with
incomplete co-channel interference information when complete information is unavailable.
By utilizing various parameters and estimation methods related to co-channel interference,
along with the free space propagation model (Friss) model and the Nakagami-m fading
model, we can gain a better understanding of the impact of co-channel interference on
VANETs and provide valuable insights for achieving efficient inter-vehicle connectivity.

1.2. Contributions

The main contributions of this paper are summarized as follows.

*  We analyze the impact of time-varying co-channel interference on connectivity in
VANETs with complete information availability. Assuming that the co-channel inter-
ference distribution satisfies an independent identical distribution, the time-varying
nature of co-channel interference is modeled as delay jitter to obtain the connectivity
probability of inter-vehicle packets in urban VANETs.

*  We conduct an analysis on how uncertain co-channel interference affects the connec-
tivity of V2V communication links, where complete information is not available. The
distribution of co-channel interference is estimated using several parameters related to
co-channel interference, such as vehicle position, transmission power, and fading coef-
ficient, in combination with the Friss model and Nakagami-m fading model. The CLT
is also used to estimate the distribution of the total co-channel interference. The inter-
vehicle connection probability is obtained from the SINR of the destination signal.

*  We numerically analyze the impact of several key parameters such as the number of
surrounding vehicles, the arrival rate of packets, and the fading factor, on inter-vehicle
packet connectivity and inter-vehicle V2V link connectivity. We find that the effects of
co-channel interference are non-negligible, both for inter-vehicle V2V links and for
packet transmission. Packet transmission is more sensitive to co-channel interference
when packet arrival rates increase and the fading of the channel becomes severe .

1.3. Paper Outline

The remainder of this paper is structured as follows. Section 3 presents the system
model. Section 4 analyzes the connectivity of VANETs with complete channel information.
Section 5 analyzes the connectivity of VANETs with incomplete channel information.
Section 6 simulates the effect of each parameter on the connectivity. Finally, Section 7
presents the conclusions of the paper.

2. Related Work

Numerous scholars have worked to accurately describe the connectivity between vehi-
cles. It is commonly accepted that inter-vehicle connectivity is impacted by the influence of
traffic flow rate, interference, and signal fading [9,10]. The probability of vehicles commu-
nicating successfully with each other is calculated using information such as the location
of the vehicles and the power of the signals, also known as the probability of connectivity.
Typically, vehicles are considered to be independent of each other and free-flowing on
the road, and their arrival follows a Poisson process. In the literature, numerous V2V
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connectivity studies [11-15] have relied on this assumption. Moreover, other theoretical
and empirical models have been attempted for more accurate traffic modeling in other
traffic conditions [16,17].

Interference and channel fading have a significant impact on connectivity, which are
essential components in the analysis of connectivity. How the communication channel is
modeled impacts the accuracy of inter-vehicle connectivity analysis greatly. Some current
studies relied on the unit-disk model as the signal propagation model [11,12,18,19], which
is a fixed communication range model. If the distance between vehicles is less than the
communication range of vehicles, then the two vehicles are denoted as connected. The
probability of inter-vehicle connectivity is expressed as the probability that the receiving
vehicle is within the communication range of the transmitting vehicle. For example,
B. Pan et al. analyzed the impact of user behavior, namely, the willingness of users to act
as relays to assist others in forwarding messages and other system parameters on the
probability of connectivity in [12]. Additionally, the conclusion that user behavior cannot
be ignored is drawn. In [15], C. Bian et al. analyzed the probability of vehicles or platoons
being connected to the infrastructure either directly or via a relay on a two-way lane. The
communication model of the vehicle is modeled as a unit-disk model. Three different
communication ranges are defined to distinguish between BSs, platoons, and normal
vehicles. In [20], J. Zhao et al. studied the probability of vehicle-to-infrastructure (V2I)
connectivity in a multi-hop network, whereas the unit-disk model defines the propagation
of the signal in an over-ideal and simplistic way, ignoring the fading and co-channel
interference that can occur between vehicles in VANETs. In urban block scenarios, the
buildings, trees, and so on can cause the reflection and refraction of the signal, resulting in
severe channel fading, where there may be instances of co-channel interference between
vehicles. Therefore, the unit-disk model is not suitable for connectivity analysis in urban
VANETs [21,22].

Attempts have been made to analyze inter-vehicle connectivity using models that are
closer to actual fading. The most common models are the Rayleigh, Ricean, and Nakagami-
m fading models. The Rayleigh fading model is used to represent channel randomness in
the absence of line-of-sight signals, while Ricean is used in the presence of direct signals
between two nodes. However, the Nakagami-m fading model is considered more suitable
for describing randomness channels because it can flexibly reflect the diversity of VANETs
scenarios, such as urban, highway, and rural areas, and it is more in proximity to the severe
fading in VANETSs [22]. In [23], S.M. Hanshi et al. utilized the Nakagami-m fading model
to describe the distribution of the received signal strength, verifying that the Nakagami-m
model can represent a wide range of channel randomness scenarios. However, channel
resources are limited, and co-channel interference may occur between vehicles using the
same channel. Not only signal fading but also co-channel interference needs to be taken
into account. In [24], R. Chen et al. evaluated the effect of user behavior on connectivity
probability in a highway scenario. User behavior is defined as a willingness to act as a
relay node for forwarding messages. The Nakagami distribution was modeled for the
user’s transmitted and interfering signals, and a closed-form expression for inter-vehicle
connectivity probability was obtained for both a deterministic and an uncertain number of
interference signals.

However, there are more than just the above issues to consider when it comes to
continuous packet transmission. In a fast time-varying scenario such as urban VANETSs, the
rapid movement of vehicles and channel fading can lead to rapid changes in the SINR of the
received signal, resulting in variations of packet-transmission delay, known as delay jitter.
The phenomenon of excessive delay and jitter in V2V communication can significantly
impact connectivity, leading to packet loss and retransmission, ultimately compromising
quality and stability [25-30]. Although these works analyze the connectivity performance
under fading channels and consider co-channel interference between vehicles, they cannot
handle the challenges posed by the time-varying environment. Therefore, it becomes crucial
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to analyze inter-vehicle connectivity under different environmental conditions, ensuring
effective maintenance of VANETs.

In summary, analyzing inter-vehicle connectivity in VANETs is a complex and multi-
faceted problem that demands a thorough understanding of various factors such as traffic
flow rate, interference, signal fading, and channel models. Extensive research has been
conducted using various theoretical and empirical models to simulate and analyze these
factors accurately. Although some models, such as the unit-disk model, provide a simple
and effective way to analyze connectivity, they fail to consider the impact of attenuation and
interference, which is crucial in urban VANETs. The Nakagami-m fading model provides
greater realism by accounting for these factors. Additionally, the time-varying nature of
VANETs and the impracticality of vehicles obtaining real-time global information presents
significant challenges for inter-vehicle connectivity analysis. Therefore, further research is
necessary to address these challenges.

3. System Model

We consider the VANETSs in the urban VANETSs as depicted in Figure 1. In this model,
vehicles are deployed on the road according to a certain model with a total number of
U. Each vehicle is equipped with a single antenna. On the one hand, each vehicle can
relay messages sent or received; on the other hand, the vehicles are equipped with a V2V
interface to communicate with each other. We assume that there are K limited channels
available for communication and that vehicles choose their channels in a completely random
way. Therefore, co-channel interference between vehicles may occur with a probability
of 1/K. Although there is a temporal correlation between these factors, including the
mobility of vehicles, time-varying fading of signals during transmission, and the number
of surrounding vehicles, they change relatively slowly. Therefore, this article does not
consider their temporal nature. Nevertheless, due to the fluctuating occupation of channels
by surrounding vehicles in each time slot, the interference on the same channel exhibits
some level of temporal correlation. This leads to a delay jitter phenomenon in the packets.

—> V2V link ‘ Transmitting vehicle

— > Interfering link o Receiving vehicle

Figure 1. Urban VANETs model.
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3.1. Traffic Flow Model

In traffic theory, the movement of vehicles is independent. Without a loss of generality,
we assume that vehicles enter the road in a Poisson process with a flow rate of p. Then, the
probability that there are n vehicles on a road of length x can be expressed as

(px)"e P
n!

f(n,x) = ,n > 0. )
Given that the number of vehicles in a certain section is 71, the vehicles are uniformly
distributed over the location, according to the demonstration in the literature [31] . Set the
length of the road as L; and the shortest distance between vehicles as the safe distance Ls.
The probability of the distance between the receiving vehicle and the transmitting vehicle

can be expressed as
1

3.2. Radio Propagation Model

In urban VANETS, the signal is heavily attenuated due to shading by trees and build-
ings and the mobility of vehicles. For a realistic fit, we denote the envelope of the received
dominant signal as R and assume that the envelope meets the Nakagami distribution. The
PDF of the received signal envelope can be expressed as

fr(rim, py) = 1-(2"1)(;)’”#?"—16—;;,2, o

where p, = E(R?), with E(-) being the expectation of a random variable; m is the the
Nakagami fading factor, which represents the loss of the signal during transmission [32];
and m > 0.5, T(m) = fooo x™~le~¥*dx is the Gamma function. The severity of fading on
wireless channels is measured in terms of m, with severe fading occurring when m is small
and weak fading occurring when m is large [33].

The received power P, can be represented by P, = R?. According to the PDF of R,
the random variable P, follows a Gamma distribution as G(m, f;), and the PDF can be

written as
1 m

s\ ym o om—=1,— % br. 4
fo.(prlm, pr) = g () P e (4)
Since the interference is randomly generated by surrounding vehicles, we define the set
{P.i}!, as the set of n independent distributed interference powers. Consequently, the
total co-channel interference power P can be expressed as

n
P c — Z P, ci* (5)
i=1
The effect of the ith interfence signal can be represented as P,; ~ G(m,, ;). The random
variable SINR is defined to represent the SINR of the received signal; it can be expressed as

P, P,

= n
N0 + ):1 Pc,i
1=

/ (6)

where Nj is the power of the additive white Gaussian noise (AWGN).

3.3. Delay Jitter Model

Delay jitter is mapped as the change in packet-transmission delay, depending on the
packet transmission process. In this paper, we use the definition of delay jitter from the
IETF [34]. It is based on the transmission time and delay between the packet transmission’s
beginning and end. As shown in Figure 2, the (k — 1)th packet and the kth packet enter the
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transmission queue at time slot tle‘;il and t’gtq. The time interval between tle‘t;l and t’e‘tq isT
time slots. Then, the (k — 1)th packet and the kth packet starts transmission at time slot
tlt‘s_l and tk. after the same waiting time t,, arriving at the receiving vehicle at time slots

t*=1 and tk, respectively. The transmission times are Ty_; and T, respectively.

k-1 k k-1 k k-1 k
etq tetq tts tts ttc ttc
> t !
K€ 2
T N
IS Tk

Figure 2. Delay jitter model.

According to Shannon’s formula, the delay Ty experienced during the transmission of
the kth packet can be expressed as

T size - sizeln 2 @
*7 wlog,(1+ SINR;)  wlIn(1+ SINRy)’

where size is the size of the packets and w is the bandwidth of the channels. We assume
that both the packets’ size and the bandwidth of the channels are constant. Since the Taylor
series expansion of In(1 + SINR) in the range (0, ) is

1 1
+1(SINR +2)**’

In(1+ SINR) = 2;0 o ®)

we approximate In(1 + SINR) as #RJFZ Then, the delay jitter, which is the difference in
transmission time between two consecutive packets, can be expressed as

sizeln2
2w

Je=The1—Tx = (SINRy_1 — SINRy). 9

When the delay jitter is dramatic, packets become disordered at the receiving vehicle
and may be lost. Therefore, we assume that the packet transmitted between vehicles is
connected when the (k — 1)th packet is received before the kth packet; otherwise, it is not
connected. The connectivity probability of packets is defined as the successful transmission
probability of packets. It represents the probability that the time interval 1 between two
consecutive packets entering the transmission queue is greater than the (k — 1)th packet
transmission time minus the kth packet transmission time, denoted as

Pcoy = Pr{n > J} = Pr{n > Tr_y — Ti}. (10)

4. Probabilistic Analysis of Connectivity in VANETs with Complete Information

In this section, we analyze the connectivity performance of VANETs with complete
information. The time-varying nature of co-channel interference is described as delay
jitter. We utilize the inter-vehicle packet connectivity probability to reflect the connectivity
probability of VANETs. When packets are sent from transmitting vehicles to receiving
vehicles, the transmission delay of packets jitters due to the effects of the co-channel
interference and the unstable channel state of the V2V links. The packets will be disordered
when they are received at the receiving vehicle. To derive an expression for the probability
of inter-vehicle packet connectivity, we assume that co-channel interference is independent
and identically distributed. We first analyze the PDF of the time consumed to transmit
data of size size. Then, the probability that the delay jitter is lower than the interval
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between packets entering the transmission queue is analyzed according to the definition of
delay jitter.

4.1. PDF of the Destination V2V Link’s SINR

We assume that the distance and the communication environment of V2V links be-
tween the interfering vehicle and receiving vehicle are approximately the same. Hence,
all of the interferences have identical distribution statistics. If the number of interfering
vehicles is given, and in accordance with the additivity of the Gamma distribution, we can
obtain the PDF of the total co-channel interference power P, , generated by v vehicles as

1

7.) = ﬁ ome ome—1 7%176,1)
om, pc) T (om.) ( Pe )P e ’ (11)

ch,v (pC,U

where 7. is the average interference power of each interfering signal, and m, is the Nak-
agami fading factor of interfering vehicles. In the actual scenario, the surrounding vehicles
select the transmission channel randomly, and each vehicle may interfere with the link. We
establish whether a vehicle is an interfering vehicle and meets the binomial distribution ;
the probability of that is 1/K. Then, the probability of V' vehicles reusing the link’s channel
can be expressed as

pe(v—o} = () )@= )

where o )18 the combinatorial number, indicating the number of all combinations of

m(m < n) elements from n different elements.
According to the power of AWGN, which is fixed, and (6), (11), and (12), the PDF of
total interfering power P; can be written as

1 1.7 1.7 1 c\om om.—1 _—2¢ (p;—Ny
D=1 (5 )G -0 o (5™ s = Nyt BNy

For the destination V2V links, we assume that the mean value p; and Nakagami fading
factor my of the received signal are both known and that the received signals follow the
Gamma distribution as G(my, pz). Then, the PDF of received signals’ SINR can be obtained
from (4), (6), and (13) and represented as

fsinr(sinr) = /Ooo pife, (pisinr) fp,(pr)dp;. (14)

The (p; — No)vmf1 in (13) is expressed in terms of a Newtonian binomial expansion as
_ 2 /[ om.—1 1
(p1—No)™"™ ' =} ( lcq ) (—No)™" " Hip/h, (15)
k1

m(m—1)---(m—n+1)
n!

(3.478.1) in [35], (14), and (15), the PDF of SINR can be further obtained as

where ( " ) = is a combinatorial number in the form. According to

fsing(sinr) = 2 Zf(v, kl)sinrmdfl(@ + @sinr)*(mﬁkl), (16)
=0 ky Pe  Pd

where f(v, k) is a coefficient independent of SINR, can be expressed as

n 1 4 1 n—ou r(m +k> M UM m my
flok) =( ) @0 = " Fro s (5 (1)

exp( ) (7 L) (et

[

(17)
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4.2. VANETS Connectivity Probability in View of Delay [itter

In general, we assume that there is no correlation between the data transmitted
between vehicles, and the generation of packets meets a Poisson distribution

()u')””e*)”
1p!

f(np, 1) = np >0, (18)

where A is the arrival rate of packets, i.e., the number of packets entering the transmission
queue per second, 1, is the number of packets, and 7 is the duration. In addition, the
probability that there are no packets in an interval T, which is the probability that the packet
generation interval 7 is greater than 7, is given by

Pri{y >t} = f(0,7) = e . (19)
So, the inter-vehicle connectivity probability can be represented by
Peop = e 7. (20)

Define ® = SINRj_1 — SINR; as the difference between two consecutive packet
SINR. According to (16), and after several Newtonian generalized binomial expansions,
the PDF of © can be represented as

f@(Q) = /°° fs[NR(SiT’lrk + G)fSINR(sinrk)dsinrk

i ¥ L flok)felK) & (et

1=00'=0k'1=0 kr=0

n
i < d - 1 ) i < md - 1 + k3 ) (_1)md71+k2+k37k4
3=0 ky=0 ks

92md71+k1 7k27k3

(21)

(@)mfrkrkz*ks(ﬂ)kfr’%*kl )
Pd Pe (ky + kg —mg—ky +1)

The delay jitter | between two consecutive packets can be calculated from ©, and the PDF
of delay jitter | can be calculated as

2w 2wj

fol )- (22)

f1G) =

sizeln2 sizeln2

By substituting (22) into (20), the connectivity probability of inter-vehicle packet transmis-
sion can be calculated as

Py = [ ()
EEE e £ ()

—00'=0k'1=0 k=0

(23)

Ms ”M:

mg—1+ks ) (_1)md—1+kz+k3—k4(@)mﬁ—kl—kz—ks(ﬂ)kﬁ-ks—kl
P — —
4 Pda Pc
( 2w )Zmd+k1 thka—ks ) 2ma+ki+ka—ks [(2mg + k1 +kz — k3)
sizeln?2 (kp +kgy —mg—ky +1)

k4=0

2
I

5. Probabilistic Analysis of Connectivity in VANETs with Incomplete Information

In this section, we use incomplete information to estimate the VANETs connectivity
performance, which is defined as the connectivity probability of inter-vehicle V2V links.
Firstly, to describe the propagation of signals in the urban VANETs accurately, we combine
the Nakagami-m fading model with the Friss model to describe the fading of transmitted
signals in VANETs. Then, the PDF of the total interference power generated by surrounding
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vehicles is estimated from the distribution of multiple factors based on the above model.
Finally, based on a SINR greater than or equal to the threshold xi, we estimated the inter-
vehicle connection probability.

5.1. PDF of Interference Power Generated by Single Vehicle

In Section 4, we assume that the co-channel interference generated by all vehicles
follows an independent identical distribution. However, this is apparently different from
reality. In a practical vehicular network scenario, the magnitude of co-channel interference
depends on the transmitting power of the signal, the distance between vehicles, and the
communication environment. The communication environment varies between vehicles
due to shading and reflections from trees, buildings, and vehicles. The average received
power also varies, depending on the transmitting power of the signal and the position of
the vehicle.

Further to the Nakagami-m fading model, we consider situations where the average
power of the received signal is non-constant. Define P, as the random variable representing
the average received power of the transmission signal, and the distribution of average
received power P, is calculated by the Friss

5 _ BGGA?

~ (4nD)’L’ 29

where P; is the random variable representing transmission power; Gt and G, are the gains
of transmitting antenna and receiving antenna, respectively; A is the wavelength; L is the
system loss factor independent of propagation; and D represents the distance between
the transmitting vehicle and the receiving vehicle. It can be seen that the vehicles are
distributed on the road according to a uniform distribution, from (2). Thus, the PDF of P,
can be calculated from P; and D. We first set the intermediate variable « as

_ GiGrA?

 (4md)’L’ =

and we can obtain P, = aP; from (24). The distribution of the intermediate variable a can
be obtained according to (2). It is given as

B 1 GiGAZ 15
f®) 2(Lg — Ls) (471)2L“ ' 26)

In order to simplify the analysis of the problem, we define the transmission power of
the interfering vehicles to W discrete power levels. The interfering vehicles select one of
these power levels with equal probability as the transmit power of the signal. Therefore,
we assume that the probability of being selected for each power level is 1/W. According to
the total probability theorem

'M=

I
—

P(A) =) P(A[B;)P(B;), 27)
where events By, By, ..., B, form a complete event group, we can obtain the cumulative
distribution function (CDF) of P, and it can be expressed as

W

Y P(prlp) P(py;

i=1
il o GtG )\

:§P<”f>Ld—Ls/a

F(pr)
(28)

min
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Find the derivative of p, for (28); we can acquire the PDF of the average received power P,
of the transmission signal sent by a certain vehicle, as shown by

f(pr) = ZW(Li— L) 1/ ft:jr 7152!’ : (29)

Combining the PDF of average received power P, with the Nakagami-m fading model
gives a more accurate description of the signal fading. The PDF of received power P, can
be written as

fo(pr) = [ £prlp0) (), (30)

where f(pr|py) is the conditional density function of (P;|P,), meeting the Gamma distri-
bution. Then, substituting (4) and (29) into (30), the PDF of the received power can be
expressed as

Prmax 1 GtGr 71 5 05 m moo 1 — L5
= — e m"dp,, 31
ny(pr) /_”min 2gW(Ld 7Ls) (4 Z Pr pr pr ( )
2 .
where prmax = % and Py min = % are the maximum and minimum values,
s d

respectively.

The channel environment between the transmitting vehicle and the receiving vehicle
is fluid due to the relative speed of the vehicles, the multipath effects, and the shadowing
effects. Additionally, the fading factor m responds to the fading of the signal under the
influence of these considerations. We assume that the Nakagami fading factor m is taken
with equal probability from the set My, = (my,mp, m3, ..., mg) with equal probability 1/g,
where g is the total number of Nakagami fading factors m. Substituting the distribution
of the Nakagami fading factor m into (31), we can obtain the PDF of receive power of the
signal generated by single vehicle

Pr.max 1 GtGr __15 m,‘ mi—1 7ﬁp _
— i—te 'dp,. 32
f(p?’) \/_y'min ZgW(Ld _ LS) (4 Z 4 p pr pr ( )

5.2. PDF of Interference Power Generated by Multiple Vehicles

Due to the complexity of co-channel interference, obtaining the PDF of co-channel
interference from multiple vehicles by the convolution method is not practicable. We utilize
CLT to approximate the multi-vehicle interference. According to the CLT, the co-channel
interference caused by single vehicle approximately follows a normal distribution when
the number of vehicles generating the interference is sufficiently large

=Y I ~ N(E(Py),D(P;)/v), (33)
where v is the number of interfering vehicles; D(-) is the variance of a random variable;

N(E(Py), D(Py)/v) is the normal distribution with a expectation of E(P,); and a variance
of D(P;)/v. E(Pr) can be obtained by follows:

E(P) = /0 pef(pr)dpr = /0 prf(pr)dpr. (34)
Substituting (32) into (34) to obtain

o Prmax 1 GiGA2 15
E(P,) = / / ‘
(Pr) 0 pr 0 29W(L; —1) \/;Pr
g

o om;

;pt = F(ml) (

(35)

mifl

eiﬁ*:prdprdpr.

pr
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Due to the expectation of gamma distribution

E(X) = /OoQ xf(x|m, Q))dx

_ . L ﬂ mym—1,—&x (36)
—/0 xF(m)(Q) " leT 0 dx

=0,
E(P,) can be further simplified as

1 Gt Gr _0.5

E(Pr) = W(Ld — Ls) (47_[) rmaxzp : (37)

According to the expectation of receive power, we can deduce the variance D(P,) of
receive power
D(Py) = E(P7) — [E(P)]%, (38)

where E(P?) is the expectation of P?, it can be obtained by following

0 [Prmax 1 GiGA2
E®) = [ 9 o
B)=J P ) 28W(Ly — Ls) (471)2Lp 29
8 . ( )
(mi) " p

Y. p !
t
pt zzlr m

mi—

Lo~ Pr "dp,dp.

m; M
(=) pr
r
For gamma distribution, the mean value can be calculated as
E(X?) =D(X)+ [E(X))* = — + O~ (40)

Substitute (40) into (39) to obtain E(P?); it can be expressed by E(P)

1 8

E(P2) = 3gE<Pr>m,maxz<; +1). 41)

By substituting (41) into (38), the variance of the interference caused by single vehicle D (D)

can be obtained
8

1 1

D(Py) = ?E(Pr)ﬁr,maxz (— +1) — [E(P))% (42)

8 ]

Then, we can obatin that the total co-channel interference caused by v vehicles means the
normal distribution

I ~ N(vE(P;),vD(P)). (43)

In Section 4, we present the case of random channel selection by vehicles; without
contradiction, we assume that the vehicle chooses the channel stochastically. Hence, the
PDF of total co-channel interference I can be written as

fi(pr) = i)N(UE(B)/UD(Pr)) Pr{V = v}

PR I [p1 — vE(p))?
Z( )K =% 27wD(p1)eXp(_ 20D(pr) )

where py is the power of total co-channel interference.

(44)
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5.3. Inter-Vehicle Connectivity Probability with SINR

We define that the V2V link’s condition between the transmitting vehicle and the
receiving vehicle is connected, if the SINR of the receiving signal is greater than or equal to
the threshold ¢. Therefore, the inter-vehicle connectivity probability P, can be defined as

P. = Pr{SINR > ¢}. (45)

For the destination V2V link, the channel environment between the transmitting
vehicle and the receiving vehicle is given, so the Nakagami fading factor m, is determined.
Additionally, the average received power f, can be calculated from the determined transmit
power p; and the distance d between the transmitting vehicle and the receiving vehicle.
Then, the PDF of received power P, meets a Gamma distribution with parameter (m,, p; ).

According to the PDF of the received power of desired signal fp, (p;), the possibility
that the received power of the desired signal is greater than or equal to a certain value f can
be obtained, and it is given by

r(md/ %t)

T(mg) ’ (#6)

Pr{P, >t} = /toofPr(Pr)dPr =

where 1m, is the Nakagami fading factor of the destination link, and I'(m,, t) = |, too xMi—le=Xdy
is the upper incomplete gamma function [35]. In addition, the upper incomplete gamma
function can be represented by the lower incomplete gamma function 7y (m,, t) and the
gamma function

T(mg, t) =T(my) —y(myg,t). (47)

While the lower incomplete gamma function -y (1, t) can be evaluated using the power
series expansion

t
y(myg,t) :/ XMl Xdx
0

0 tmd+5 —t
= L+ 1) (g 79 )
[ £
= t"T (my)e~

t —_—_—
S;O T(mg+s+1)
Hence, the upper incomplete gamma function can be represented by

tS

T(mg,t) =T(mg)(1— t"e! Z m

S=

)- (49)

Substituting (49) into (46), we can obtain

C(mg, 1)

Mg, X (%t)mfrs

Pr{Przt}:Wzl—e pr ;}m (50)
According to (45) and (50), the connectivity probability can be expressed as
P, :Pr{SINR > ¢}
_Pr{N e
=Pr{P > ¢(No+ 1)} (51)
% + stimg
_/ Z(No+pr) Sgo ( prr((m:_i_sp_i_))l) Vu(pr)dpr.
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Substituting (44) into (51), we can reorganize the inter-vehicle connectivity probability P. as

g)s-&-md n n 1.0 1 . nv 1
Fe=1- med+s+1)z(v>(1<) S /20D (pr)

(52)
0 2
S+ Mg\ \gstmg—g /°o (pr—©E(pr))” _ my
N, 1 — " — — (N dpj.
q;)( q ) 0 | PrTexp( 20D (p,) >, (No + pr))dpr
Based on the Equation (3.462.1) in [35], we can obtain
q (p1—vE(pr)®  my
/ prfexp(— ZUD(P ) 5, cPudp
11 m
= (vD(pr)) 2 T(g +1)D—g-1( vD(pr)(p—fé —E(pr))) (53)
oD(pr) ma >, oE(p)]
(B E(p2 + S P,
where Dy (+) is the Parabolic cylinder function; it can be represented by Hermite polynomi-
als Hy(+)
Dy(z) = 279/2e = /41, (\‘2) (54)

Substituting (54) into (53), expression (53) can be reorganized as:

e —vE 2 m
/0 pﬂexp(—(pl(pr))—ﬁfépl)dpl

20D (py)
11 [E(pr)) D(pr) ©
q v r vD(p,) ,m
= (oD(p) T g+ 1) exp(p000) Hogor (5P (54— E(pr))
Substituting (55) into (52), we can obtain the inter-vehicle connectivity probability
(Wfdg)s—kmd L n 1 1.7 s+ my s+mg—q
Fe=1- Zl’md+s+1)g(v)(K) =% g( q )NO 6
y O[E(p)®  maNog oD (pr) g
(20D(p))AT(q + 1) exp( Sy — MR8y (1 S (B ()

6. Numerical Results

In order to analyze the impact of the number of vehicles and the number of channels,
the channel fading factor, the transmission power of transmitting vehicles, and the distance
between vehicles and other parameters on inter-vehicle connectivity qualitatively and
quantitatively, we build a simulation platform with Python under the Nakagami-m fading
channel. Extensive theoretical analyses are carried out to verify the analytical results
by altering key parameters. The curves are drawn for key parameters of the VANETs’
connectivity with complete and incomplete channel information. For guaranteeing the
accuracy of the theoretical analysis, we conducted 10* simulations to reduce the randomness
of the results.

6.1. Connectivity of VANETs with Complete Channel Information

We consider the situation that the communication environments of V2V links between
the interfering vehicle and receiving vehicle are approximately the same, which means
the value of the Nakagami fading factor of interference m, is fixed and equal to 1. We
analyze the probability that the delay jitter between two consecutive packets is less than
the time interval tau between packets entering the transmission queue. The inter-vehicle
packet connectivity probability can be calculated by analytical expression (23). In this
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part, the effects of the V2V links” channel environment, the average received power of the
transmission signal, the number of vehicles, and the packet size are analyzed by changing
the parameters my, py, 1, size; the average received power of interfering signals py is set to
0.1; K is fixed at 50; and the bandwidth is 20 MHz.

Figure 3 describes the analysis results of the delay jitter for different average received
powers of the transmitted signal. It can be seen that an increase in the average received
power leads to smaller delay jitter. This is because the delay decreases as the average re-
ceived power increases. Counter-intuitively, before 30 dBm, a smaller signal fading instead
has more severe delay jitter. This is due to the smaller fading for the destination V2V link,
which is also present for interfering links. This leads to greater co-channel interference,
which dominates the effect on the delay jitter. Overall, in a better communication envi-
ronment, increasing the average received power of the transmitted signal can significantly
reduce the delay jitter due to time variability.

0.35 A

0.30 A

0.25 A

0.20 -

Delay Jitter

0.15 1

0.10 1

0.05 A

L
t —t

0.00 A

2 4 6 8 10
Average Received Power of Transmision Signal

Figure 3. Delay jitter for the different average powers of transmission signal p; and Nakagami fading
factors of destination V2V links m,.

The numerical results of Pc,; (the number of channels and vehicles vary) are shown
in Figure 4. The average received power of the transmission signals is fixed at 5, and the
Nakagami fading factor is 0.5. As the number of vehicles increases, the time-varying nature
of co-channel interference between vehicles becomes more apparent due to the random
nature of channel selection by vehicles. In contrast, when the number of channels increases,
the probability of co-channel interference generation is reduced, resulting in improved
packet connectivity probability between vehicles. As a result, an increase in the number
of vehicles can cause not only cause traffic congestion but also blocked data transmission
between vehicles due to severe delay jitter. This situation can pose a potential threat to
real-world traffic safety. It is important to note that the randomness of vehicle channel
selection and the temporal variability of co-channel interference become more pronounced
with a higher number of vehicles.



Electronics 2023, 12, 2021

15 0f 19

0.9

0.8

0

A
)
2 %0 07
<X
2.,

100

Inter-vehicle Packet Connectivity Probability

150

140

2 40 60 80 100 120

%
% 200
7 Number of Channels

Figure 4. Inter-vehicle packet connectivity probability for different numbers of vehicles n and channels K.

Figure 5 shows how the arrival rate of packets A affects the inter-vehicle packet
connectivity probability for different numbers of vehicles n. With an increase in the packet
arrival rate, the time interval between packet arrivals is reduced, whereas the average
received power of the transmission signals and the number of surrounding vehicles remain
constant. Then, it is even less likely that the delay jitter is greater than or equal to the arrival
time interval between two consecutive packets. This is also reflected in Figure 5, where
the probability of inter-vehicle packet connectivity is better at low packet arrival rates. At
high packet arrival rates, the inter-vehicle packet connectivity probability is more sensitive
to co-channel interference. Therefore, it is important to avoid unnecessary frequent data
exchange between vehicles, which may reduce the success rate of inter-vehicle packet
transmission and potentially prevent the transmission of important information, leading to

safety hazards on the road.

6.2. Connectivity of VANETs with Incomplete Channel Information

We analyze the leverage of V2V links’ channel environments on the connectivity
probability and calculate the analytical results of the inter-vehicle connectivity probability
by means of expression (56). To analyze the effect of the parameters on the connectivity
probability between vehicles, we change the distance d between the transmitting vehicle
and the receiving vehicle, when the transmission power and the number of surrounding
vehicles and channels are under the influence of the different Nakagami fading factors of
destination V2V link m,.

The variation of the inter-vehicle connectivity probability is illustrated in Figure 6,
with increased transmission power of the signals for different channel fading environments.
Intuitively, the inter-vehicle connectivity probability improves significantly when the
transmission power of the signal increases. The inter-vehicle connectivity probability
grows more rapidly with the transmission power of signals when the signal transmits
below 60 dBm, while the growth rate becomes significantly slower above 60 dBm. This
is due to the fact that below 60 dBm, the inter-vehicle connectivity probability is mainly

influenced by the AWGN with fixed power and the probability of receiving a signal with
higher power than the AWGN and less interference in the same channel, while above
60 dBm, AWGN has less influence relative to co-channel interference between vehicles.
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Figure 5. Inter-vehicle packet connectivity probability for the different arrival rate (packets per
second) of packets and numbers of vehicles n.
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Figure 6. Inter-vehicle connectivity probability for the different transmission power of signal p;
under different Nakagami fading factors of destination V2V links ;.

Both the number of channels available and vehicles also affect the co-channel inter-
ference between vehicles to a certain extent. The fewer channels available and the more
vehicles communicating simultaneously, the higher the probability of co-channel interfer-
ence between vehicles, resulting in the deterioration of the communication environment on
the V2V links. Figure 7 shows the connectivity probability for different numbers of channels
and vehicles. The inter-vehicle connectivity increases with the number of channels and
decreases with the number of vehicles. When the number of vehicles is 200 and the number
of channels is 10, co-channel interference between vehicles seriously affects inter-vehicle
communication, and the inter-vehicle connectivity probability is 0. When the number of
channels is 150 and the number of vehicles is 10, co-channel interference in VANETSs is
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negligible and there is good inter-vehicle connectivity performance. Additionally, we can
also obtain the conclusion that increasing the number of channels significantly increases
the probability of inter-vehicle connectivity when the number of channels is less than the

number of vehicles.

=)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0

7.
%50
C1
S
G

150

Inter-vehicle Packet Connectivity Probability

140

20 40 60 30 100 120

o
% 200
v Number of Channels

Figure 7. Inter-vehicle connectivity probability for different numbers of vehicles n and numbers of

channels K.

7. Conclusions

This paper investigates the impact of co-channel interference on the connectivity of
urban VANETs. We analyze the connectivity performance of VANETs with complete and
incomplete channel information separately. In complete channel information VANETs,
the time-varying nature of co-channel interference is reflected in delay jitter, while in
incomplete channel information VANETs, we combine the Nakagami-m fading model
with the Friss model to accurately analyze the impact of multiple factors on inter-vehicle
connectivity. The analysis of the results yields that the delay jitter decreases as the average
received power of the transmitted signal increases. Higher packet arrival rates make inter-
vehicle communication more sensitive to delay jitter. Similar conclusions then apply to
VANETs with incomplete channel information. In conclusion, the temporal variability
of co-channel interference has a significant impact on the connectivity between vehicles.
When complete information is not available, random selection will lead to an unstable
communication link between vehicles. Our study also provides a reference for the design of
VANETs systems on that mitigating co-channel interference between vehicles and ensures
connectivity between them, which is crucial for ensuring the normal operation of traffic.
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