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Vehicular ad hoc network (VANET) brings an excellent solution to ensure road safety and transportation efficiency in critical
environment like tunnel. Particularly, radio link connectivity of vehicle-to-vehicle (V2V) significantly influences the performance
of VANETs. The communication range of the radio systems is a random variable in reality due to the channel fading effect.
Therefore, the connectivity model between vehicles in realistic environment is a key for accurate evaluation of system per-
formances. In this paper, we study the V2V connectivity performance in the presence of channel randomness for tunnel en-
vironment. Firstly, based on channel measurement campaign, empirical path loss (PL) and small-scale fading channel models are
established. Secondly, we study the influence of large-scale fading parameters on V2V connectivity. Thirdly, based on real small-
scale fading characteristics, we derive the V2V connectivity probability between any two vehicles under Nakagami fading channel
for one-dimensional VANET, and give the closed-form of V2V connectivity probability. Finally, we study the influences of various
parameters (i.e., Nakagami fading factor, vehicle density, and neighbor order) on V2V connectivity performance. Results show
that with the Nakagami fading shape factor increases, the connectivity probability increases. The shadowing fading can improve
connectivity in the VANET; the path loss exponent, transmission distance, and signal-to-noise ratio (SNR) threshold have
a negative impact on connectivity probability. The transmit power, vehicle density, and path loss threshold value have a positive
impact on connectivity.

1. Introduction

Vehicular ad hoc network (VANET) is a subset of the mobile
ad hoc network (MANET); it includes self-organizing ve-
hicle and roadside infrastructure. In the VANET, vehicles
and infrastructures are equipped with wireless communi-
cation equipment for real time information exchange, which
is a fundamental of the efficient and safe intelligent trans-
portation system [1-3]. Particularly, the radio link con-
nectivities of vehicle-to-infrastructure (V2I) and vehicle-to-
vehicle (V2V) is a key metric to assess the VANET com-
munication performances in terms of both communication
range and vehicle networking that strongly affect advanced

techniques like cooperative communication and positioning.
Therefore, it is a meaningful work to study the connectivity
in the VANET.

Due to factors like propagation loss, the dynamic
characteristic of VANET topology, high speed of vehicle
movement, and the occlusion of other vehicles, the received
signal strength of a specific link changes rapidly, even drops
down below the level of system sensitivity. As a result,
established communication links may be interrupted or even
lost. Over the past years, the connectivity of VANETSs has
been extensively studied, where the research focuses on the
following aspects: (1) the influence of traffic and weather
factors on connectivity (e.g., the traffic flow, vehicle density,
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the distribution of vehicle and its speed, weather conditions,
and traffic lights); (2) the effect of wireless propagation
environments on connectivity (e.g., path loss (PL) model,
Nakagami fading, Weibull fading, Rice fading, Rayleigh
fading, and communication range); (3) different modelling
approaches of connectivity; (4) performance enhancing
method of connectivity, such as the deployment of roadside
unit (RSU), and multihop communications.

Several research studies mainly concentrate on the im-
pacts of various factors on VANET connectivity. In [4, 5], the
influences of communication range, vehicle speed, the safe
distance, size of vehicle, traffic lights, and overtaking of
vehicles on connectivity were analyzed. The dependency
between the connectivity of the VANET and mobility was
studied in [6-13]. In [11], authors analyzed the effects of
vehicle mobility on the VANET connectivity probability
based on a measurement data set. Simulation results showed
that the connectivity probability decreases with a power-law
decline if vehicle speed is greater than certain threshold,
whereas the connectivity is not affected if the vehicle speed is
below the threshold. In [14-16], the authors analyzed the
impacts of transmission ranges of both base station (BS) and
vehicle, vehicle density, and the distance between adjacent
BSs on connectivity performance given different commu-
nication channel models, specifically, unit disk (UD) model
and log-normal shadowing model. When studying the
factors that affect the connectivity of the VANET, the impact
of user behavior on connectivity cannot be ignored. The
effect of user behavior on V2V and V2I connectivity was
analyzed in [17, 18].

Besides, wireless propagation environments have shown to
have significant impact on the connectivity. In [17, 19-26],
theoretical fading models (e.g., Rayleigh, Rice, Weibull, and
Nakagami) were considered, based on which the authors
presented analytical models. Moreover, the impacts of different
channel parameters (e.g., shadow fading, PL exponent, and
small scale fading parameters) on the link connectivity
probability of the VANET were studied in these papers. In [27],
the dual-slope PL model and its impact on the V2V con-
nectivity are evaluated. Results showed that the connectivity
probability is higher in the line-of-sight (LoS) environment
than in the obstructed line-of-sight (OLoS) environment in
shorter transmission distance; in longer transmission distance,
the V2V connectivity probability is higher in the OLoS en-
vironment than that in the LoS environment. A larger path loss
exponent may result in a smaller connectivity probability [28].
In [24, 25, 29], the effect of lognormal shadowing on con-
nectivity probability was analyzed. It is shown that lognormal
shadowing can improve the VANET connectivity.

The previous work on the connectivity performance
analysis of the VANET mainly based on queuing theory
[30-34] or geometric-assisted analytical models [35]. Re-
cently, a lot of analytical models were developed for ana-
lyzing the connectivity probability in the VANET. In [36],
authors presented a connectivity model to estimate the
downlink and uplink connectivity performances for the
infrastructure-based VANET. Based on the path loss model,
small-scale fading, and traffic flow model, a continuous
connectivity model was developed [1, 37]. In [38, 39], under
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the assumption that the entrance and exit of the highway are
uniformly distributed and the vehicle arrival process can be
viewed as obeying the Poisson distribution. In [40], the
vehicular network was simplified and modeled as geometric
elements of lines and points. In addition, authors assumed
that the arrival of vehicles obeys Poisson distribution, and
analyzed the capacity and connectivity performance between
two adjacent RSUs in the highway scenario. In [41], authors
took into account the vehicles mobility and the large-scale
channel fading, the moving vehicles were divided into
clusters, and a clustering assumption based analytical model
was proposed. The proposed model includes two parts,
namely, catch-up process and forwarding process. In [42],
the cell transmission model was adopted to capture mac-
roscopic traffic flow dynamics, and study the connectivity
performance in the freeway environment.

Both vehicle movement and channel fading have an
impact on vehicle connectivity [19-22, 27, 28, 41-46].
Considering both the mobility of vehicles on the road and the
characteristics of channel fading can make us have a deep
understanding of the VANET connectivity performance.
Some authors considered both vehicle mobility and channel
fading to study the influences of various parameters on
connectivity probability [21, 23]. Then, we aim to discuss the
research on the influence of small scale fading on vehicle
connectivity in this paper. In [21], authors considered channel
fading characteristics, and derived the connectivity proba-
bility of two consecutive vehicles in one dimensional (1D)
VANET under channel randomness, specifically, Rayleigh,
Rice, and Weibull fading channels. In [22], authors presented
the V2V connectivity probability of two consecutive cars in
the 1D VANET under the Nakagami fading channel. These
authors only considered the connectivity of two consecutive
vehicles in the 1D VANET, they did not consider connectivity
between any two vehicles. However, in the real VANET,
sometimes two vehicles will be blocked by other vehicles or
barriers. In this case, the density of vehicles and the degree of
channel fading will be different, so the connectivity between
two vehicles will also be different. The study on connectivity
probability between two consecutive vehicles is not suitable
for the analysis of vehicle connectivity between any two
vehicles. Hence, it is meaningful to study the connectivity
between any two vehicles. However, there is little research on
V2V connectivity probability of any two vehicles under the
small-scale fading channel. Although authors proposed the
probability of any two cars are connected under the Rayleigh
channel in [23], Rice, Weibull, and Nakagami fading channels
were not considered. It is very important to study the con-
nectivity performance between any two vehicles under small-
scale fading in OLoS and non-line-of-sight (NLoS) cases.

Table 1 summaries various connectivity models and
corresponding parameters considered in the literature. The
research studies on vehicle connectivity mainly focus on
urban [55, 65], highway [47, 51, 66], and intersection sce-
narios [53, 58, 59]. There are very few studies on vehicle
connectivity for the tunnel scenario that is a critical use case
in the traffic system. In [47], the minimal safe distance was
considered, and the connectivity was analyzed in a highway
tunnel, where, however, only the vehicle transmission range
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and vehicle density were considered without incorporating
the channel fading effect. Furthermore, in realistic OLoS and
NLoS scenarios, the fading of signal amplitude usually does
not follow the ideal Rayleigh distribution due to the complex
propagation environment. In outdoor environment, it has
been reported that fading of signal amplitudes usually follow
distributions with higher degree of freedom like Weibull and
Nakagami distributions. However, there exist very limited
research studies of the small-scale fading model for the
tunnel environment.

In this work, we focus on filling the gap in analyzing the
connectivity performance in a more generalized scenario for
the tunnel environment, i.e., between any two vehicles (two
vehicles are blocked by other vehicles) where the traditional
connectivity model between two consecutive vehicles is not
suitable anymore. As a key contribution, we take into ac-
count a more realistic small-scale fading model rather than
the Rayleigh distribution to derive the connectivity proba-
bility. We extend the study in [22] from two adjacent ve-
hicles to any two vehicles. Based on the channel
measurement data in a typical tunnel scenario in Munich,
Germany, we analyze the small-scale fading characteristics.
Measurement results show that the Nakagami-m distribu-
tion is the best fitted fading model for the tunnel envi-
ronment. Thereafter, the connectivity probability between
any two vehicles under Nakagami-m and log-normal
shadow fading channels for a 1D VANET is derived. Fur-
thermore, we analyze the influences of Nakagami-m fading,
large-scale fading, and traffic parameters on V2V
connectivity.

The key contributions of this paper are summarized as
follows:

(i) A well calibrated channel measurement campaign
was carried out in a typical tunnel environment in
Munich, Germany. The signal amplitude is found to
experience the Nakagami-m fading rather than
Rayleigh fading.

(ii) Based on the small-scale fading characteristics ob-
tained from the measurement data in the tunnel, we
propose a closed-form connectivity probability
between any two vehicles under the Nakagami-m
channel and log-normal shadowing channel for
a one-dimensional VANET. Furthermore, we also
analyze the effects of the Nakagami fading factor,
the neighbor order, and the threshold value of re-
ceived SNR on connectivity performance.

(iii) We study the influences of large-scale fading pa-
rameters on VANET connectivity. We demonstrate
that the shadowing fading has a positive impact on
V2V connectivity.

The rest of this paper is organized as follows: in Section 2,
a channel measurement campaign in the tunnel is described.
Thereafter, the PL and small-scale fading characteristics are
studied in Section 3. The V2V connectivity probability
considering the PL model is presented, and the influences of
large-scale fading parameters on V2V connectivity are an-
alyzed in Section 4. We propose the V2V connectivity

probability model between any two vehicles under Naka-
gami fading for a one-dimensional VANET in Section 5.
Moreover, we discuss the influences of various parameters
on V2V connectivity probability in this section. Finally,
some concluding remarks are described in Section 6.

2. Channel Measurement Campaign

To study the channel propagation characteristics in tunnels,
we conducted the channel measurement campaign in
a tunnel, as shown in Figure 1. Figure 1 illustrates the
measurement environment; the tunnel is located close to the
city of Munich, Germany. During the measurement process,
a Medav RUSK-DLR broadband channel sounder was used
to measure the channel characteristics data, and obtain the
channel frequency response (CFR). The orthogonal fre-
quency division multiplexing (OFDM) signal was emitted by
the transmitter at a center frequency of 5.2GHz. The
bandwidth of the signal is 120 MHz. The receiver received
the CFR H (¢, f ), where t; = k- £, t; is the measurement
time grid, k denotes the time index of the measured data,
k=1,2,3,--+,and f, is the frequency associated with the bin
z,2=0,1,...,N — 1, where N stands for the subcarrier’s
number. We can acquire the complex channel impulse re-
sponse (CIR) h(t;,7,) by taking the inverse Fourier
transform of CFR H (¢, f,), where 7, = z - 7, = z/B, Bis the
bandwidth, 7, denotes the delay resolution, and 7, = 1/B.
Table 2 summarizes the channel measurement parameters.

During the measurement, the transmitter was in one car
and the receiver was in the other car; the transmitting and
receiving antennas were mounted on the roof of two ve-
hicles. The rubidium atomic clock is widely used to achieve
time synchronization between the receiver and the trans-
mitter. Without loss of generality, we also made use of two
rubidium atomic clocks on the transmitter and receiver side.
In order to obtain the ground truth of distance between the
receiver and transmitter, accurate position information are
essential. However, due to the nature of the tunnel, signal
blockage by concrete walls handicaps the successful re-
ceiving of global navigation satellite system (GNSS) signals.
Therefore, ground-based augmentation approach is con-
sidered. Both transmitter and receiver were equipped with
GNSS receivers, together with the inertial measurement unit
(IMU) and LIDAR. Therefore, it is possible to combine all
different sensor measurements to acquire the positions of
the vehicle.

Two cars were travelling in the same direction in the
tunnel. In addition, the speed and the distance between two
vehicles vary with the actual density of the traffic flow during
the channel measurement. For the LoS scenario, there exists
a clear visual LoS path between the receive antenna (RX) and
transmit antenna (TX). For the OLoS scenario, the LoS path
between receive antenna and transmit antenna is partially
blocked by other cars with small sizes. As for the NLoS
scenario, there exist vehicles with large sizes (e.g., bus, van,
and truck) located in between the RX and TX such that the
visual LoS path is completely blocked. The vehicle carrying
the transmitter is called the transmitting vehicle and the
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F1GURE 1: Measurement environment.

TaBLE 2: Channel measurement parameters.
Parameter Value
Center frequency 5.2GHz
Transmit power Max. 37dBm
Bandwidth B 120 MHz
Measurement type SISO
Signal period 12.8 ys
Number of carrier 1537
Measurement time grid 1.024 ms
Transmit antenna height 2m
Receive antenna height 1.88m
Transmit and receive antenna Omnidirectional
Position measurement GNSS, IMU, and LIDAR
Measurement scenarios Tunnel

vehicle carrying the receiver is called the receiving vehicle.
The camera is located in the transmitting vehicle. Based on
the video information, we can know whether there are other
vehicles obscured between the TX and RX during the
channel measurement and the size of the obscured vehicles.
We determined the LoS, OLoS, and NLoS scenarios by
manual calibration. During the measurement, the receiving
vehicle is in front and the transmitting vehicle is behind.
When analyzing the video information, if there are other
vehicles obscured between the TX and the RX, draw a circle
with a certain radius taking the receiving vehicle in the video
as the center, and if the receiving vehicle in front can be seen,
we consider it as an OLoS scenario. When the receiving
vehicle in front cannot be seen, we consider it as the NLoS
scenario. In other words, when transmitting and receiving
vehicles are obscured by small cars between them, the re-
ceiving vehicle is not completely obscured; this scenario can
be seen as the OLoS scenario. When the transmitting and
receiving vehicles are obscured by large trucks, the receiving
vehicle is completely obscured, this scenario can be seen as
the NLoS scenario. When analyzing the video information, if
there are no other vehicles obscured between the transmitter
and the receiver, there is a LoS path; this scenario can be seen
as the LoS scenario. Combining the real time of channel
measurement campaign, we can estimate the real time of
LoS, OLoS, and NLoS scenarios. Through channel mea-
surement, we can obtain CFR data and the time information
of the CFR signal. The obtained CFR data can be converted
to CIR data. Each CIR has a corresponding real time
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information. Based on the obtained time information of LoS,
OLoS, and NLoS, we can divide the collected CIR data into
LoS, OLoS, and NLoS scenarios.

Figure 2 shows the LoS scenario in the tunnel. Figure 3
depicts the OLoS scenario in the tunnel, where the LoS path
is obstructed by small cars. Figure 4 illustrates a NLoS
scenario in the tunnel. The transmitter and the receiver were
obstructed by a blue van as shown in Figure 4, where the
receiver was travelling in front of the blue van.

3. Measurement-Based Results

In this section, we aim to study the large-scale and small-
scale fading characteristics based on the measured data in
the tunnel.

3.1. Path Loss and Shadow Fading. The log-distance PL
model in [67] is a widely used propagation model to describe
the power loss during transmission; it is defined as follows:

P, (d) = e+ 10nlog (d) + X, (1)
10

where d stands for the distance between RX and TX, P; (d)
stands for the PL at distance d, € represents a constant
reference value, n represents the PL exponent and is the
shadowing fading, which is usually a random variable that
follows a zero-mean Gaussian distribution (in dB scale), and
its standard deviation is o.

In combination with the video information obtained
during the channel measurements, the measurement data
can be split into three independent data sets, namely, LoS
condition, OLoS condition, and NLoS condition. We esti-
mate the parameters (i.e., 1, ¢, and o in equation (1) of the
path loss model using the least square method. The mea-
surement PL and theoretical PL model for different scenarios
are depicted in Figures 5-7.

Generally, shadow fading in the dB scale usually follows
a zero-mean Gaussian distribution [68, 69]. The shadow
fading values are extracted from measurement data, and
fitted with a Gaussian distribution. The extracted PL model
parameters for different environments are listed in Table 3. It
illustrates the PL exponent # in LoS cases, and it is smaller
than the n in OLoS and NLoS cases. Because of the wave-
guide effect in the tunnel, the obtained PL exponent # in the
tunnel is less than the value in free space. This conclusion is
consistent with theory in [70].

3.2. Small-Scale Amplitude Fading Modelling. To mitigate
the influence of large-scale fading, a sliding window of 50
wavelengths in length was utilized to average and normalize
the power. We estimate the distribution of the received
signal amplitudes. We statistically modeled the received
amplitudes distribution using six different distributions,
which are widely utilized in V2V scenario, such as Rayleigh
distribution, Rice distribution, normal distribution, log-
normal distribution, Nakagami-m distribution, and Wei-
bull distribution. The Kolmogorov-Smirnov (KS) test with
a confidence level 95% is applied to identify the best fit
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FIGURE 2: LoS scenario.

FIGURE 4: NLoS scenario.
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FiGURE 5: The path loss model for LoS scenario in the tunnel.
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FIGURE 6: The path loss model for OLoS scenario in the tunnel.
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FIGURE 7: The path loss model for NLoS scenario in the tunnel.

TABLE 3: Parameters for the PL model.

Scenarios n € o

LoS 1.196 53.719 1.458
OLoS 1.265 52.96 2.23
NLoS 1.785 50.595 2.385

distribution function [71]. The goodness of fit (GoF) value of
the KS test is usually used to evaluate the best fit of a dis-
tribution. The GoF value can be calculated by
& =sup,|Fy (h) — F(h)|, where sup, stands for the
supremum operator and F(h) and Fy (h) denote the the-
oretical and empirical cumulative distribution functions
(CDFs) of the measurement data h, respectively. The lower
GoF value indicates a better fit for the model.



Table 4 illustrates the obtained GoF values of various
distributions. It can be seen that the Nakagami-m distri-
bution has the smallest GoF value in the LoS, OLoS, and
NLoS cases. Results showed that the Nakagami-m distri-
bution is suitable for describing channels’ randomness in the
tunnel environment. This finding is consistent with the
results in [72, 73].

4. Large-Scale Fading Model and Connectivity

In the VANET, the vehicles transmit information through
multihop communication, therefore the connectivity of the
VANET is very important in determining VANET com-
munication capacity [11]. Moreover, the connectivity of the
vehicular network is correlated with positioning accuracy of
the vehicle and Cramer-Rao lower bound of localization in
VANETs [74], improvement of connectivity probability is
helpful to improve vehicles’ positioning accuracy. Therefore,
VANET connectivity is a meaningful topic, and it is widely
studied. In this section, we firstly discuss modelling ap-
proach of V2V connectivity based on log-distance path loss
model. Secondly, based on simulations, we present the in-
fluence of large-scale fading on V2V connectivity.

4.1. Single-Link Connectivity Probability. In VANETS, each
vehicle can be seen as a transmission node. The distance
between two vehicles denotes d. We define that these two
vehicles are connected when the PL is less than the PL
threshold value P,, saying the received power is still above
the sensitivity level of a system so that the signal can be
detected and retrieved. Given the log-distance PL model in
(1), the V2V connectivity probability P.(d) of any two
vehicles at a distance d is defined as follows:

P,(d) = P{P, (d)<P,}

= P«ls + 10nlog (d) + X, <Pt}
10

e— P, + 10nlog (d)
= 0.5erfc< o 10 ),

(2)

where #n denotes the path loss exponent, € denotes a constant
reference value, d stands for the distance between the re-
ceiver and transmitter, ¢ denotes the standard derivation of
shadowing fading, and P, is the path loss threshold value.
When the P; is larger than path loss threshold P,, the re-
ceived signal is too weak to be detected. As a consequence,
the radio connection is lost between these two vehicles.
erfc(-) is a complementary error function, which is written
as follows:

fe(t)=— [ e 3)
erfc(t)=—| e " dx
NP

Due to the monotonicity of the function erfc(-), it in-
dicates that the PL exponent has a negative effect on con-
nectivity performance. The PL threshold and shadow fading
have a positive impact on V2V connectivity performance.
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4.2. Influence of Large-Scale Fading on Connectivity.
Based on the measurement results, we discuss the influence
of large-scale fading parameters on vehicle connectivity
performance. In this subsection, we set simulation param-
eters based on the estimated parameters of the PL model in
the NLoS scenario. We set ¢ = 50.595, the shadow fading
standard deviation o = 2.385, path loss exponent n = 1.785,
PL threshold value P, ranges from 60dB to 100dB, and
transmission distance ranges from 1 m to 1000 m. Figure 8
presents the impacts of the path loss threshold value and
transmission distance on connectivity probability. It in-
dicates that as the distance between RX and TX gradually
increases, the V2V connectivity probability gradually de-
creases. If the PL threshold value increases, the V2V con-
nectivity probability increases.

Figure 9 depicts the influence of the PL exponent # on
V2V connectivity, in which the simulation parameters are
given as follows: & =50.595, the standard deviation of
shadow fading 2.385, intervehicle distance d = 200 m, and
the PL exponent » ranges from 1 to 2.5. The setting of the
path loss threshold value is related to many factors, such as
transmit power, the system bandwidth, and system re-
quirements. In this paper, we set the path loss threshold
value P, = 90dB. It can been that connectivity probability
decreases when 7 increases.

Figure 10 illustrates the influence of shadowing pa-
rameter ¢ on V2V connectivity, in which the path loss
exponent n = 1.785 and the shadowing parameter o ranges
from 0.1dB to 10dB. It shows that the larger the shadow
fading standard deviation o is, the higher the V2V con-
nectivity probability becomes. Therefore, it is concluded that
shadow fading standard deviation ¢ can improve connec-
tivity performance. This conclusion is in agreement with the
earlier finding, in which the greater shadow fading standard
deviation ¢ leads to higher connectivity performance of
VANETS [20, 24].

5. Small-Scale Fading Model and Connectivity

Based on the measured data, results show that the channel in
tunnel experiences the Nakagami-m distribution. However,
the analysis of V2V connectivity between any two vehicles
under the Nakagami channel in tunnels has not yet been
studied. In this section, firstly, we derive a closed-form
connectivity probability between any two vehicles under
the Nakagami-m channel for a one-dimensional VANET,
which has not been given in the literature. Secondly, based
on the proposed connectivity model, we discuss the in-
fluences of Nakagami-m fading parameters on V2V
connectivity.

5.1. Traffic Flow Model. We take into account the 1D
VANET, the vehicles are in a free-flow state in the network,
so the vehicle movements are independent of each other. For
the free-flow traffic model, the number of vehicles passing
through the observation point obeys the Poisson distribu-
tion. The arrival time of adjacent vehicles obeys the expo-
nential distribution. The distance between two consecutive
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TaBLE 4: The GoF for different distributions.

Scenario Normal Log-normal Rayleigh Rice Weibull Nakagami-m
LoS 0.0228 0.0351 0.3808 0.0247 0.0625 0.0184
OLoS 0.0676 0.0729 0.0814 0.0610 0.0548 0.0489
NLoS 0.1084 0.1044 0.0833 0.0902 0.0889 0.0829
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FiGure 8: The impacts of path loss threshold value and trans-
mission distance on connectivity probability in NLoS scenarios.
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FIGURE 9: The effect of PL exponent n on V2V connectivity.

vehicles obeys an exponential distribution, we define it as the
adjacent vehicle distance. In the VANET, because two ve-
hicles may be obscured by other vehicles, the distance of any
two vehicles has a different meaning than the distance of two
adjacent vehicles, and we need to distinguish between these
two cases. So, the distance between any vehicles can be
defined as intervehicle distance. In this paper, X is a ran-
dom variable representing the distance between the j-th car
and the (j+ 1)-th car. The probability density function
(PDF) of X jisas follows:

fx,() = pe, (x20), @

where p denotes average vehicle density.
Under the free-flow state, it is assumed that the vehicle
speed is a discrete-time stochastic process, which obeys the

Standard deviation of shadow fading [dB]

FIGURE 10: The impact of ¢ on connectivity probability.

Gaussian distribution. We focus on the tunnel environment
where speed limitation is usually applied due to safety
reasons. Therefore, in this paper, we assumed that the vehicle
speed obeys a truncated Gaussian PDF, which can be cal-
culated by [12]:

g() = f)

= W’ (Vinin SV < Vina)> (5)

where v,,;, denotes the lower bound of velocity and v,,,,
stands for the upper bound of velocity. In equation (5), f (v)
can be defined as follows:

Fy=—2 exp('(‘" ””)2> ©)
av\/ﬁ 207 ’
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where ¢, stands for the standard deviation of velocity, u,
represents the average velocity, v,,,, = ¢, + 30,, and v ;) =
u, — 30,. Then, equation (5) can be written as follows:

2f(v)
erf (Vipax — /0, N2 ) = erf (vyin — p,/0,V2)’

gv) = (7)
where v, V<V, erf (-) represents the error function,
and v denotes the vehicle speed.

We define the distance between one vehicle and its g-th
neighbor as the intervehicle distance Z,. Generally, by
calculating the sum of q adjacent vehicle distances X;, we
could obtain the intervehicle distance Z . As a result, the
intervehicle distance can be calculated as Z, = ¥1,X;. The
PDF of Z, is given by [23]:

. _ Pq q-1_—px 8
fzq(xvq)—mx e’ (8)



10

where p stands for the average vehicle density, g represents
the neighbor order, and (-)! stands for the factorial operator.

5.2. Connectivity in Nakagami-m Fading Channels.
According to the measurement results in Section 3, it is
found that the Nakagami-m distribution can describe the
fast fading well in the tunnel. In addition, it has been proven
that compared to other considered fading models (i.e.,
Rayleigh, Weibull, and Rice), the Nakagami-m distribution
is the most suitable model to represent the V2V channel
randomness in both NLoS and LoS VANET environments
[71]. Therefore, the analysis of the connectivity performance
under Nakagami-m fading is meaningful for the design of
Internet of vehicles system in the tunnel. In the following,
the mathematical representation of V2V connectivity
probability under the Nakagami-m channel is presented.

The probability of two nodes correctly send and receive
signals can be represented as a function of the received SNR.
When the distance between the receiver and transmitter is d,
the SNR at the receiver is calculated by [23]

W?BP;
ae .~

noise

y(d) = 9

where y represents SNR, n denotes the PL exponent, P, ;.
denotes the total additive noise power, and P; represents the
transmit power; 8 = G;Ggc?/(47f,)* denotes a constant
value, where ¢ represents the speed of light; G, and G stand
for the RX and TX gains, respectively. During the mea-
surement, omnidirectional antennas were employed,
therefore, we set Gy = 1 and G = 1. f, presents the carrier
frequency. In equation (9), the noise power P, ;. is defined
as P i = K, TB, where T stands for temperature in K, B
denotes the transmission bandwidth, and
K, = 1.38 % 10-2% J/K denotes the Boltzmann constant.

Itis assumed that E{W?} = 1, the received average SNR y
with distance d can be written as [21]:

BPr

V=P (10)

Given the condition that the received signal magnitude
follows the Nakagami distribution. The PDF of the received
signal magnitude w is defined as [71]:

zmmem—l _me
: = 11
Sfo(w;m, Q) T (m) exP( 5 ) (11)

where w > 0 denotes the received signal magnitude and m is
the shape factor, which determines the severity of channel
fade. When m is equal to 1, the distribution yields to the
Rayleigh distribution. When <1, the distribution yields
more severe fading. Q is the scale parameter and TI'(:)
represents the Gamma function.

Furthermore, the PDF of the received SNR considering
the Nakagami fading model can be written as [25]:

m m—1 _
fy(]/)=<ﬂ> l):(m)exp<ﬂ>, (12)
¥ ¥
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where m denotes the shape factor, y represents the received
SNR, and y denotes the average SNR.

When the received SNR y is more than the given SNR
threshold ¥, the vehicles are connected, and the transmitted
message can be decoded correctly. Therefore, the probability
of accurately received transmitted information at a distance
d is as follows:

P(y(d)>¥) = j: £, (ndy

00 m m-1
o fm\y —my
_J\” <y> F(’”)exp< 3 )dy 1)

B I'(m,m¥/y)
- I'(m)

>

where I'(m,mV¥/y) represents the incomplete Gamma
function:

T (m, m¥/7) = J: <?> i exp(ﬂ >dy. (14)
. -

4

If m is a positive integer, I'(m) = (m —1)!. I'(m,a) is
calculated by [75]:
k

a
7 (15)

m-1
[(mya)=(m-1)xe* Z
k=0

Together with equation (15), equation (13) can be further

modified and represented as follows:
P(Y (d) > \Il) = e(‘M‘l‘d"Pnuisc/ﬂPr) mzl (m\ydnplr:;ise/ﬁPT)k) (16)
k=0 :
where f3 is a constant value, Py denotes the transmit power,
m stands for the shape factor of the Nakagami distribution, n
denotes the PL exponent, ¥ stands for the SNR threshold
value, and P, ;.. represents the noise power.

In [22], authors considered the vehicle connectivity
performance of two consecutive cars, however, the V2V
connectivity between any two vehicles is not analyzed. In-
spired by [22], we extend the two adjacent vehicles to any
two vehicles to analyze the vehicle connectivity in the 1D
VANET. In this paper, we consider that a wireless radio link
is established if SNR y is larger than the given SNR threshold
value . The probability that the vehicle and its g-th
neighboring vehicle are connected is given by

P, = P(y(x) 2‘1’|Zq = x)

B Jjjzofv(w'fzq(x;q)dxdy

00 oo [ 4 " =1 _<n/iy+Px> (17)
o
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After calculation, equation (17) becomes

P, j S0, (ks dy
(18)

(m\IIPnolSe/ﬁP )
(q— 1! Z[ Wy,

where

W, = J % o ((mYP g BPr ) 4p)  mktg=1 g (19)
0

There is an integral term in equation (18), and the in-
tegral term is complicated to calculate. In this paper, we
consider the derivation in [22] to calculate the integral in
equation (18). The integral is given by

JOO xt— le— (ux+sxh) dX

0

1 . (20)
b
u
— (Zn)(l—blz)bt—(l/z)u—r x Gb,}l}
Yl st |t t+b-1
AR

where G is the Meijers G function, t and u are greater than
0,sis also bigger than 0. It should be noted that equation (20)
is valid when b is a positive integer value. Taking equation
(20) into equation (18), we obtain

PS — Z (m\Panse/ﬁPT) nk+q— I/ZP—(nk+q)

1 (21)
x Gn,l pnﬁPT
Y mPP et |nk+q  nk+1)+q-1 [
n 7 n
with
p’ 1-n/2

w, = 2m) Y, 22

where f3 is a constant value, n denotes the PL exponent, and
P stands for the transmit power. p denotes average vehicle
density, m is the shape factor of the Nakagami distribution,
Y denotes the SNR threshold value, and P, ;.. represents the
noise power.

Therefore, for integer values of n and m, there exists the
closed-form solution to the connectivity probability given by
equation (21). However, for noninteger values of n and m, it
is very hard to acquire a closed-loop solution to equation
(17). Equation (21) is also the innovation point of this paper.
The closed-loop expression of the V2V connectivity prob-
ability between any two vehicles under Nakagami-m fading
is not given by others.

A special case would be with two consecutive vehicles,
where the consecutive vehicle distance obeys an exponential
distribution; its PDF is fx (x). As a result, the probability of
two consecutive vehicles connected is calculated as [22]

noise

11
P, =P(y(x)2¥IX, = x)
B JZO J:O Fy W fx, (x)dx dy
o], e (23)

e (px+m‘l’x”an§C/ﬁPT) xnk dx,

mz: m\ypnmse/ﬁPT) J>oo

0

where #n denotes the PL exponent, P, denotes the transmit
power, P, .. is the noise power, p denotes average vehicle
density, and ¥ denotes the SNR threshold value. B is
a constant value and 8 = G;Grc?/ (4nf,).

For integer values of n, taking equation (20) into
equation (23) results in [22]

2 )1 n/2 Z m\Panse/ﬁPT) nnk+1/2p—nk71

1 (24)
><(;n,l PnﬁpT
Ll mwp . n | nk+1 n(k+1)

yeeas
n n

noise

Therefore, in this special case the closed-form solution to
the V2V connectivity probability of two consecutive vehicles
in equation (23) is written as equation (24).

5.3. Impact of Nakagami-m Fading on V2V Connectivity.
VANET connectivity is a function of vehicle mobility, ve-
hicle density, SNR threshold, transmit power, and channel
fading parameters. These parameters are directly correlated
with the connectivity. In the following, we will discuss the
influences of these parameters on V2V connectivity.

In this section, we set f = 2.1 107>, average vehicle
density p =0.02 vehicles/m, the transmit power P =37
dBm, PL exponent n = 1.785, and the shape factor of the
Nakagami distribution m ranges from 1 to 10. Figure 11
shows the effect of Nakagami fading parameter m on the
proposed V2V connectivity probability. Simulation results
showed that as m increases, the V2V connectivity probability
increases. Therefore, the Nakagami fading parameter m has
a positive effect on V2V connectivity performance.

Figure 12 shows the influence of the SNR threshold ¥ on
connectivity probability. Results showed that the SNR
threshold has a significant impact on V2V connectivity. A
larger SNR threshold ¥ results in a smaller V2V connectivity
probability. This finding is consistent with the earlier con-
clusion in [21].

Furthermore, the impact of average vehicle density on
the V2V connectivity under Nakagami fading is illustrated
in Figure 13, where p ranges from 0.001 to 0.1 vehicles/m.
The result shows that the variations in vehicle density impact
the communications’ connectivity of the VANET. In free
traffic state, the V2V connectivity probability increases with
increasing vehicle density.
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Figure 14 illustrates the results of relation between the
connectivity probability and the transmit power Py, where
we can conclude that increasing the transmit power en-
hances the connectivity probability. Figure 15 shows the
dependency between single-link connectivity probability
and the neighbors’ order g in the Nakagami fading channel.
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The result shows that the connectivity is significantly
influenced by the neighbors’ order. The farther neighbors’
results in lower connectivity probability.

6. Conclusion

In this paper, we studied the V2V connectivity models
considering the log-distance PL model and Nakagami-m
fading model based on measurement results. First, we an-
alyzed the channel characteristics in the tunnel, and found
that compared to Rice, Rayleigh, Weibull, normal, and log-
normal distributions, the Nakagami-m distribution is the
best fit distribution for the signal amplitude fading in the
tunnel scenario. Based on this finding, for the integer path
loss exponent and fading factor, we derived a closed-form
solution for the V2V connectivity probability of any two
vehicles under the Nakagami channel. In addition, we
studied the influences of large-scale and small-scale fading
parameters on V2V connectivity performance. A bigger
shape factor of Nakagami fading will result in a larger
connectivity probability. The neighbor order also affect the
vehicle connectivity in the VANET. The higher the neighbor
order, the smaller the connectivity probability. If the PL
exponent increases, the V2V connectivity probability
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decreases. The shadow fading has a positive impact on
connectivity probability. When the path loss threshold in-
creases, the V2V connectivity probability increases, whereas
if the SNR threshold increases, the connectivity probability
decreases in Nakagami fading. Furthermore, we analyzed the
influences of transmit power, transmission distance, and
traffic parameters on V2V connectivity. Results showed that
the higher the transmit power, the greater the connectivity
probability. A larger transmission distance will bring smaller
V2V connectivity probability. In free traffic flow, the V2V
connectivity probability increases with increasing vehicle
density.
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