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ABSTRACT 

In this paper, we present an analytical model to determine the network connectivity probability of a linear vehicular ad- 
hoc network (VANET) formed by communication equipped vehicles on a two-way street scenario. We consider the 
highway to be consisting of two lanes with vehicles moving in both directions on these lanes and focus on the probabi- 
lity of being able to convey messages from a source vehicle to a destination vehicle, which may be multiple hops away. 
Closed form analytical expression is obtained for the network connectivity probability in the presence of Nakagami 
fading channel. In our model, the transmission range of each vehicle is modeled as a random variable due to channel 
fading. The analytical results are validated by extensive simulations. 
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1. Introduction 

Vehicular Ad-Hoc Networks (VANETs), which allow 
vehicles equipped with wireless communications devices 
to form a self-organized network without the requirement 
of permanent infrastructures, are highly mobile wireless 
ad-hoc networks envisioned to provide support for pas-
senger safety, traffic management and entertainment ap-
plications by enabling both vehicle-to-vehicle (V2V) as 
well as vehicle-to-infrastructure (V2I) communications 
[1]. The Dedicated Short Range Communications (DSRC) 
has been proposed as the emerging technology that sup-
ports vehicular communications. The Federal Communi-
cation Commission (FCC) in USA has approved 75 MHz 
of spectrum between 5850 and 5925 MHz for DSRC to 
enhance safety and productivity of the transportation 
systems. The Task Group known as IEEE 802.11 p has 
recently proposed an amendment to the 802.11 standard 
to support communications in vehicular environments [1]. 
The IEEE working group 1609 has been formed to spe- 
cify additional layers of the protocol stack. The combina-
tion of IEEE 802.11 p and the IEEE 1609 protocol suite 
is designated as WAVE (Wireless Access in Vehicular 
Environments). The overall WAVE architecture includes 
IEEE standards 1609.1 to 1609.4 (for resource manage-
ment, security architecture, networking services, and 
multichannel operation, respectively), and IEEE 802.11 p 
(for MAC and PHY) [1-3]. 

Network connectivity is a fundamental requirement in 
VANETs, i.e., all vehicles on a highway segment should  

be able to communicate with each other directly, or via 
multiple hops between intermediate vehicles. To ensure 
that a time critical message from a source vehicle is con-
veyed to another (destination) vehicle which may be 
multiple hops away, the highway segment should have a 
certain number of vehicles equipped with wireless com-
munication devices. It is the task of a network designer to 
determine the minimum number of vehicles (or minimum 
vehicle density) necessary to form a fully connected 
network. Moreover, characterizing the connectivity of 
VANETs when the vehicle density is low and the speed 
of the vehicles and the flow are independent, i.e. in 
free-flow phase, is a crucial research challenge for rea- 
lizing commercial VANET applications. 

In the literature, several attempts have been made to 
analyze the connectivity properties of VANETs (e.g. 
[4-15]). The connectivity analysis of VANETs in [4] 
advocates a dynamic transmission range for each vehicle 
to adapt to the frequent topology changes. In [5], network 
connectivity of one-dimensional VANET has been ana-
lyzed using a queuing theoretic approach. In [6], authors 
present a technique to improve the connectivity in 
VANET by adding extra nodes known as mobile base 
stations. The connectivity properties of a mobile linear 
network with high speed mobile nodes and strict delay 
constraints are investigated in [7]. In [8], VANET con-
nectivity has been analyzed based on a comprehensive 
mobility model. A new analytical model for VANET 
connectivity based on product-form queuing networks 
has been proposed in [9]. Authors of [10] presented con-
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nectivity analysis of both one way and two way highway 
scenarios assuming that all vehicles maintain a constant 
speed. In [11], authors analyzed the connectivity of mes-
sage propagation in a two-dimensional VANET, for 
highway and city scenarios. In [12], authors address the 
effects of intersections and two-dimensional road topo- 
logy on the connectivity of VANETs in urban areas. An 
analytical model to investigate the impact of vehicle 
speed on VANET connectivity has been presented in [13] 
assuming vehicles’ transmission range to be determinis-
tic. In [14], authors present an analytical model to com-
pute the network connectivity probability of VANET on 
one-way street in the presence of channel fading. In [15], 
authors analyze connectivity properties of one-dimen- 
sional VANET from a queuing theoretic perspective to 
find the average connectivity distance and average clus-
ter size, in the presence of fading. 

In this paper, differently from the above, our aim is to 
develop an analytical model to find the network connec-
tivity probability of a VANET on a two-way street sce-
nario shown in Figure 1. In this case, we consider the 
highway to be consisting of two lanes (say, lower lane 
and upper lane), with vehicles moving in both directions 
on these lanes. If the connectivity probability on a spe-
cific lane (say, lower lane), is less than 1, then the net-
work formed by vehicles on this lane may consists of 
more than one cluster, (where a cluster is defined as a 
unit of connected vehicles), between which no commu-
nication is possible. If the connectivity probability is low, 
then the chance of having multiple clusters is high and 
vice versa. To ensure that a time critical message from a 
source vehicle is conveyed to another vehicle which may 
be multiple hops away, all the vehicles on the lane seg-
ment should be able to communicate with each other 
directly, or via multiple hops between intermediate vehi-
cles, to meet this requirement, the network must consist 
of only one connected cluster. 

To improve the probability of connectivity on a typical 
lane (say, lower lane), and to ensure that the network on 
this lane consists of only one cluster, it may be possible 
to take advantage of vehicles moving in the opposite di-
rection on the second lane (say, upper lane). This means 
 

 

Figure 1. Vehicles on a typical two-lane highway. 

that, if there is a link failure on the lower lane, the link 
connectivity can be restored with the help of opposing 
vehicles on the other (upper) lane. Let us consider a spe- 
cific scenario shown in Figure 1, where there is a two- 
way street (say, lower lane and upper lane), and where a 
packet is being relayed from the left end of a road seg-
ment (vehicle A) to the right end of the segment on the 
lower lane (vehicle B). Assume that along the multi-hop 
route from A to B, the packet from a vehicle i  cannot 
be forwarded to another vehicle  on the same lane 
because the inter-vehicle distance i

V

1iV 

X , is greater than the 
vehicle’s transmission range. Thus the connectivity on 
the lower lane will be lost at this point. However, it is 
possible to take advantage of the vehicles on the second 
lane. Note that, in this case, if there is a vehicle S on the 
upper lane, that is within the transmission range of the 
vehicle i , vehicle i  can first forward the packet to S, 
and when S gets closer to 1i , it can then forward the 
packet further to 1i

V V
V

V  . With this forwarding strategy, the 
network connectivity on the lower lane can be restored. 
This forwarding strategy is usually referred to as store- 
carry-forward routing, and is suitable only for delay tol- 
erant applications. 

In this paper, we present an analytical model to find 
the network connectivity probability of a VANET for the 
two-way street scenario with store-carry-forward ap-
proach. In our model, the effect of fading is also consi- 
dered and the transmission range of each vehicle is mo- 
deled as a random variable. The random transmission 
range model is relevant for the connectivity analysis be-
cause it can account for variability in the communication 
links caused by fading, and thus will be able to accu-
rately estimate the connectivity. The highway and the 
vehicle mobility model that we employ for the analysis is 
based on the work presented in [5,6,13]. We consider 
one-dimensional linear VANET formed by vehicles on a 
two-way highway operating in the free flow state, in 
which the vehicle density on the highway is very low and 
the vehicle speed and traffic flow are independent; thus 
drivers can drive as fast as they want (subject to a limit 
on maximum speed known as freeway velocity) and 
overtaking is allowed [5,6]. The free flow traffic state has 
been assumed for the analysis since the connectivity of 
the network is very low in this state. Further the vehicle 
speed is assumed to be a Gaussian random variable. This 
particular model for highway and vehicle mobility 
represents a realistic VANET scenario for uninterrupted 
highways and similar model has been used in many pa-
pers [5-7,13-15]. The proposed analysis does not con-
sider the effects of the underlying MAC protocol. It is 
assumed that an ideal MAC protocol is employed that 
can resolve contention effectively. Further, since our 
focus is on VANETs used for dissemination of broadcast 
information related to traffic safety, we do not consider 
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the effects of specific unicast routing scheme [5-15]. We 
employ Nakagami fading for our connectivity analysis 
since recent studies have shown that Nakagami fading 
can be used to describe statistical characteristics of small 
scale fading in a V2V channel [16-18]. A distance de-
pendent power law model is used for the path loss since 
recent empirical and analytical modeling studies have 
shown that, for highway, urban, and suburban scenarios, 
a classical power law model is suitable to describe the 
V2V path loss [19,20]. The validity of our theoretical 
analysis is verified by extensive simulation studies. To 
the best of these authors’ knowledge, analytical models 
to determine the impact of physical layer dependent pa-
rameters on VANET connectivity on a two-way street 
have not appeared in the literature so far. Rest of this 
paper is organized as follows: Section 2 describes the 
system model. In Section 3, analytical models are pre-
sented for the connectivity. In Section 4, we present the 
analytical and simulation results. The paper is concluded 
in Section 5. 

2. System Model 

The system model used for the connectivity analysis, 
which includes models for highway and vehicle mobility, 
is similar to that of [5] and is briefly described as follows: 
Assume that an observer stands at an arbitrary point of an 
uninterrupted highway (i.e., without traffic lights, etc.). 
Empirical studies have shown that Poisson distribution 
provides an excellent model for vehicle arrival process in 
free flow state [21]. Accordingly, assume that the num-
ber of vehicles passing the observer per unit time is a 
Poisson process with rate   veh/hr. Thus the inter-ar- 
rival times are exponentially distributed with parameter 
 . Further, assume that there are M discrete levels of 
constant speed i  where the speeds are 
i.i.d., and independent of the inter-arrival times. Let the 
arrival process of vehicles with speed  be Poisson 
with rate 

,  = 1, 2, , M

iv
,i M

v i

1,2,i , = , and let  

1

M

ii
 


 . 

These arrival processes are independent and the prob-
ability of occurrence of each speed is i ip   . Let 

nX  be the random variable representing the distance 
between  closest vehicle n  to the observer and 

 closest vehicle, 1nV

thn
 th

1n 
V

  to the observer. It has 
been proved in [5] that the inter-vehicle distances (IVD’s) 
are i.i.d., and exponentially distributed with parameter  
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Empirical studies have shown that the vehicle speed V 
in free flow state follows a Gaussian probability distribu-
tion [21]. To avoid dealing with negative speeds or 

speeds close to zero, two limits are defined for the speed, 
i.e., max  and min  for the maximum and minimum 
levels of vehicle speed, respectively. For this, a truncated 
Gaussian PDF is used given by [5]. 
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is the Gaussian PDF, μ = average speed, σ-standard de-
viation of the vehicle speed, max  

min = 3v
 is the maxi-

mum speed,    is the minimum speed. Sub-
stituting for  Vf v  in (1), the truncated Gaussian PDF 
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where erf ·

i

 is the error function. With this model, the 
cumulative distribution function (CDF) of inter-vehicle 
distance X  is given by , where    1 e , 0
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 E ·  is the expectation operator and Here   repre-
sents the average vehicle density (veh/km). When the 
vehicle speed follows truncated Gaussian PDF, the ave- 
rage vehicle density   is computed as follows [5]: 
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      (3) 

It may be noted that the average vehicle density given 
in (3) does not have a closed form solution, but has to be 
evaluated by numerical integration. Since each vehicle 
enters the highway with random speed, the number of 
vehicles on the highway segment of length L is a random 
variable. The average number of vehicles on the highway 
segment, in the steady state is then given by  . 

3. Analysis of Network Connectivity 

Consider the two-way street (consisting of lower and 
upper lanes) shown in Figure 1. Assume that vehicles 
are moving from right to left on the lower lane (referred 
to as main lane); and from left to right on the upper lane. 
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Let 1  and 2  respectively represent the average ve-
hicle densities on the lower and the upper lanes; and let 
N1 and N2 respectively represent the average number of 
vehicles on these lanes. Further, assume V1 and V2 to be 
the random variables representing vehicle speed and 1  
and 2  respectively represent the vehicle arrival rates 
on these lanes. Assume that i  and i  re-
spectively be the mean and the standard deviation of ve-
hicle speed on these lanes. Then, we have 

 1,2i 

1 1N L



  
and 2 2N L , where L is the highway length; 1  and 

2  are computed according to (3). It is assumed that 
packets are relayed from the left to the right of the road 
segment on the lower lane, which means that packets are 
relayed in the opposite direction of vehicle movement. 
This is a reasonable assumption because traffic informa-
tion such as safety warning, is usually relayed from the 
source vehicle to the vehicles following it. We now pro-
ceed to derive an analytical expression for the network 
connectivity on one-way street (lower lane), and use this 
expression to find network connectivity on two-way 
street. 

3.1. Network Connectivity on One-Way Street 

Consider the network formed by vehicles on the main 
(lower) lane, where the average number of vehicles is 
equal to 1 , that corresponds to 1  links on the 
street. Two consecutive vehicles in the network will be 
connected if the inter-vehicle distance between them is 
smaller than vehicle’s transmission range R. Accordingly, 
the probability that two consecutive vehicles iV  and 

1i  are connected is given by i , where Xi is 
the inter-vehicle distance. The network will be connected 
if there is a path connecting any pair of vehicles. More 
precisely, it is required that the inter-vehicle distances 

1i . Let the vehicle transmis-
sion range be a random variable with CDF 

N  1N 

V  Pr R

2

X

for = 1,X R i ,3, , 1N
 RF r . Let 

LC  be the probability that a pair of consecutive vehicles 
in the network are connected (link connectivity probabi- 
lity). As mentioned before, this probability is computed 
as LC i . It may be noted that both Xi and 
R are independent random variables. Accordingly, we 
find this probability as follows: 

P

P = Pr X R

 d
iXX x f x x 

 X

0

1 <LC nP Pr R x


       (4) 

where 
i

f x  is the PDF of the inter-vehicle distance 
(IVD), Xi. Let NCP  be the probability that the network is 
connected. It follows that  

 1 1, NX R 

; , , 1i N 
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1 2, ,NCP Pr X R X R    . 

Note that  1n  are i.i.d. random vari-
ables [5]. Hence the network connectivity probability of 
one-way street ( ) is computed as follows: 
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To compute the connectivity probabilities, the CDF of 
the transmission range, RF r  must be known. Next, 
we find  RF r , assuming that V2V channels exhibit 
Nakagami fading characteristics, and then derive expres-
sion for network connectivity probability. 

Consider the Nakagami fading channel with the as-
sumption that the fading is constant over the transmission 
of a frame and subsequent fading states are i.i.d. The 
received signal to noise power at a distance d away from 
transmitter in a fading channel is  writ ten as  
  2d Z P d P  noiseT  where Z is the fading coeffi-

cient,   is a constant associated with path loss model, 

T  is the transmit power, P   is the path loss exponent, 
and  is the total additive noise power. Here noiseP

 22 4πG G c f  GT R o , where T  and RG  respectively 
represent the transmit and receive antenna gains, c is the 
speed of light and of  is the carrier frequency [22]. Now 
  is determined by assuming T R  and fo = 
5.9 GHz [2]. The thermal noise power is given by 

noise o  where F is the receiver Noise Figure, K 
is the Boltzmann constant, o  is the room temperature 
and B is the bandwidth. Now noise  is determined by 
assuming that 

1G G 

=P FKT B
T

P
6 dBF  , K = 1.38 × 10−23 J/Kelvin, To = 

300˚ Kelvin and  10 MHzB  for 802.11 p [2]. Assum-  
2 1E Z ing that  , the average SNR can be written as  

noiseTP d P

 

. The PDF of the received SNR under Na-  

kagami-m fading is given by [22]:  
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where   is the average SNR, m is the Nakagami fading 
parameter  0.5 m    .

   

, and   is the Gamma 
function. The probability that a transmitted message is 
correctly received at a distance d is given by,  

  
 

,
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 where noiseT  and d P d P   ,s a  is the upper 
incomplete Gamma function [23]. The CDF of the 
transmission range can be computed as follows:  
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 where noiseT . As mentioned in Section 2, 
the IVDs are i.i.d., and exponential with PDF  

x P x P 

  1
1ei

x
Xf x   , the link connectivity probability, LCP  
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is determined by combining (4) and (8) and is given by  

  
 

1
1

0

,
e x

LC

m m
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 d

x
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      (9) 

The network connectivity probability is computed by 
combining (5) and (9) as: 
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For integer values of s, s a  can be written as  
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To evaluate the integral in (11), we use the following 
result reported in [24]:  
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Note that (12) is valid for positive integer values of r 
and p qG  is the Meijer’s G function [24]. Accordingly, 
when   is a positive integer, the integral in (11) can be 
written in terms of Meijer’s G function based on (12). 
Thus LCP  is computed as follows:  
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For integer values of   and m, the network connec-
tivity probability on one-way street can be written as,  

 

   

For non-integer values of  , (11) has no closed-form 
solution and hence both LC  and ,1 wayNC   have to be 
evaluated by numerical techniques using (9) and (10) 
respectively. 

P P

3.2. Network Connectivity for the Two-Way 
Street 

In this section, we present the connectivity analysis for 
the two-way street scenario. Consider the two-way street 
scenario shown in Figure 1, where vehicles on the lower 
lane relay packets opposite to their direction of motion 
and store-carry-forward routing is used when there is a 
broken link on the lower lane. With this approach, net-
work connectivity on the lower lane can be restored with 
the help of vehicles that move in the opposite direction 
on the upper lane. Let LB  be the probability that con-
nectivity on a specific link is lost (i.e., the link is broken) 
on the lower lane. This happens when the IVD between a 
pair of vehicles becomes greater than the transmission 
range. Accordingly, 

P

LB  is equal to the complement of 
the link connectivity probability 

P

LC , the analysis of 
which was conducted in Section 3.1. Thus we have,  

P

  1 .LB i LCP P X R P             (15) 

where LC  is computed using (9). Out of a total of (N1 – 
1) links on the lower lane, the probability that J of these 
links will be broken, is given by:  
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If all of the broken links on the lower lane are fixable 
with the help of vehicles on the upper lane, the network 
connectivity on the lower lane can be restored. Consider 
the broken link between vehicles i  and 1i  shown in 
Figure 1. In this case i  has a packet to be sent to 1i . 
This broken link is fixable if there is at least one vehicle 
on the upper lane in the interval of length 2R centered 
around . 
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i

Let U be a random variable denoting the number of 
vehicles that are present in the interval of 2R on the up-
per lane. According to the system model described in 
Section 2, the IVDs on the lower as well as the upper 
lanes are i.i.d. exponential with parameters ρ1 and ρ2 re-
spectively. Hence the number of vehicles on the lower 
and upper lanes is Poisson with parameters ρ1 and ρ2 re-
spectively. Accordingly U is also Poisson with probabi- 
lity mass function given as follows: 

V

     
2

222
e

!

u
r

U R

r
P U u R r P u r

u
   

 
  (17) 

A broken link on the lower lane is not fixable if there 
are no vehicles in the interval of 2R on the upper lane. 
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Thus the conditional probability that broken link is not 
fixable is computed as P U  2

2
0 =e

r
R r

  
. Uncon-

ditioning, the probability that a broken link is not fixable 
( ,L nfP

 22e dr
Rf r r

 

) is calculated as follows: 

,
0

L nf
r

P




          (18) 

where Rf r
 

 is the PDF of R. For Nakagami fading, 

Rf r

 1

 is given by the following expression (Proof 
given in Appendix A). 
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where noise Tm P P    . Substituting (19) in (18), the 
following expression can be obtained for ,L nf : (Proof 
given in Appendix B) (see formula (21) below). 

P

Let NC J  be the conditional network connectivity 
probability given that there are J broken links. Since the 
probability that each broken link is fixable is equal to 

P

,1 L nfP , C JP  is computed as follows:  

   , 11 ; 0,1, 2, , 1
j

L nfNC J jP P j N        (21) 

The network connectivity probability on the two-way 
street is then computed as follows:  

   JC J jP P j

P

10 dB

the simulation using Monte-Carlo techniques. We con-
sider a highway of length L = 10 km and the vehicles are 
generated from a Poisson process with rate λ veh/sec. 
Each vehicle is assigned a random speed chosen from a 
truncated Gaussian distribution. Table 1 shows typical 
values for the mean (μ km/hr) and standard deviation (σ 
km/hr) of the vehicle speed on the highway [5]. To find 
the network connectivity, we fix λ1 = 0.1 veh/sec. The 
vehicle speed follows a truncated gaussian random vari-
able with mean μ = 70 km/hr and standard deviation σ = 
21 km/hr. These values of λ, μ and σ correspond to aver-
age vehicle density 5.8 veh/km on the lower lane. Further, 
the transmit power is fixed as PT = 33.3 dBm according 
to DSRC and IEEE 802.11 p specifications [2] and re-
ceive SNR threshold is selected as  . 

The snap shot of the highway at the arrival instant of 
each vehicle is observed and the inter-vehicle distance 
values are determined. For each link, the average SNR 
 d  is determined corresponding to the measured 

value of inter-vehicle distance, d of that link. Assuming 
Nakagami fading environment, we then generate a ran-
dom variable representing the received SNR over that 
link with average value  d . If the received SNR is 
greater than the threshold value  , the link is consi- 
dered to be connected. The procedure is repeated for all 
the 1

1 1

,2 way
0

N

NC
j

P





          (22) 
1N   links with their corresponding inter-vehicle 

distance values. If all the links in a snap shot are con-
nected, the network is considered to be connected. The 
connectivity evaluation process is then repeated 10,000 
times. The network connectivity probability is calculated 
from these 10,000 sample values. 

It may be noted that, to compute ,2 wayNC   according 
to (22), Equations (9), (15), (16), (20) and (21) must be 
used. 

Figure 2 shows the network connectivity probability 
of one-way street and two-way street ( ayNC  and 

) plotted against path loss exponent (

4. Analytical and Simulation Results 
,1 wP 

,2 wayNCP   ), for a  In this section, we present results for the network con-
nectivity. Both the analytical as well as simulation results 
are obtained using MATLAB. As mentioned before, in 
the free flow state, the vehicle speed and the traffic flow 
are independent and hence there are no significant inter-
actions between individual vehicles. Therefore, generat-
ing vehicle traffic arrival process is possible without us-
ing commercial traffic or network simulators [5]. Hence 
MATLAB is used to simulate an uninterrupted highway. 
The vehicle arrival model and the mobility model of Sec-
tion 2 are implemented using an event driven simulation 
using MATLAB. The effect of fading is introduced into  

 
Table 1. Normal-vehicle speed statistics [5]. 
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fixed average vehicle density. To determine the two-way 
street connectivity, the average vehicle density on the 
upper and the lower lanes are assumed to be equal (i.e., 

1  = 2 ). In Figures 3 and 4, network connectivity 
probabilities on both one-way as well as two-way streets 
are plotted against average vehicle density ( 1 ) for   = 
1.8 and 3.5 respectively. In this case, to find two-way 
street connectivity probability, 2  is set equal to 15 
veh/km. The results show that the connectivity on 
two-way street is always greater than that of the one-way 
street case. Further, both Nakagami factor (m) and path 

loss exponent ( ) have strong influence on the connec-
tivity. As   increases both ,1 wayNC   and ,2 wayNC   
decays very rapidly. Depending on the value of m, the 
network gets almost disconnected when 

P P

  becomes 
more than 3. Further, the network connectivity probabi- 
lity gets degraded when the Nakagami parameter m goes 
below 0.5 (lower most plot in Figure 3), and gets im-
proved when m > 0.5. As expected, the connectivity 
probability increases as average vehicle density increases. 
Moreover, it can be observed that, the average vehicle 
density ( 1 ), corresponding to the lower lane, required to  

 

 

Figure 2. Network connectivity probability (one-way and two-way) versus Pathloss exponent (PT = 33 dBm, L = 10 km, λ1 = λ2 = 0.3 
veh/sec, μ1 = μ2 = 70 km/hr, σ1 = σ2 = 21 km/hr). 
 

 

Figure 3. Network connectivity probability (one-way and two-way) versus average vehicle density (PT = 33 dBm, α = 1.8, L = 
10 km, ρ2 = 0.015 veh/m). 
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satisfy a target value for the network connectivity pro- 
bability, decreases when the pathloss exponent decreases. 
Figure 5 shows the two-way network connectivity pro- 
bability plotted against average vehicle density 1  for 
two different values of 2 , average vehicle density on 
the upper lane, and for a fixed path loss exponent 
 1.8 . Results show that as 2  increases, the 
two-way connectivity probability increases, which means 
that deploying more vehicles on the upper lane can im-
prove the connectivity of the lower lane. 

The analytical model and the results of this paper 
would be useful for developing a self organizing VANET 
for intelligent transport applications. The presented 
model gives a unique framework for analyzing the im-
pact of traffic related and channel dependent parameters 
on network connectivity on two-way street. The signifi-
cance of the model is that it can be used as a tool to find 

the minimum average vehicle density required to satisfy 
a certain connectivity probability. Given a certain kind of 
traffic flow, the model may be of help to determine 
whether a fully connected network can be formed. Mes-
sage routing is a challenging problem in VANETs due to 
the inherent high degree of mobility of the vehicles in the 
network. Due to the dynamic nature of the traffic and the 
environment, individual communication links are short- 
lived and the routing paths that rely on such links are 
highly vulnerable to connection disruptions. A multi-hop 
route established between two vehicles may get disrupted 
due to mobility of the source, the destination, or the in-
termediate vehicles, causing route failures to occur. Fur-
ther, when vehicle density varies considerably, the tradi-
tional multi-hop forwarding approach for unicast rout- 
ing fails since locating a vehicle for forwarding a message 
becomes difficult. Instead, a carry-and-forward technique  

 

 

Figure 4. Network connectivity probability (one-way and two-way) versus average vehicle density (PT = 33 dBm, α = 3.5, L = 
10 km, ρ2 = 0.015 veh/m). 
 

 

Figure 5. Two-way network connectivity probability versus average vehicle density on the lower lane, ρ1 (PT = 33 dBm, α = 
1.8, L = 10 km, m = 1). 
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can be used where a vehicle carries the data packet until 
a new vehicle moves into its vicinity and then forwards 
the packet. As far as routing of messages is concerned, it 
is critical to select routes that have maximum connec-
tivity probability. The presented analytical model would 
be an important step towards the design of such connec-
tivity aware routing protocols for VANETs. 

5. Conclusion 

In this paper, we derived closed form expression for the 
network connectivity probability of a linear VANET on a 
two-way street, in the presence of Nakagami fading. Ini-
tially, we presented a model to find the network connec-
tivity on one-way street. We then extended the model to 
find network connectivity on a two-way street scenario. 
Through extensive analytical and simulation studies, we 
established that, the network connectivity on a specific 
lane can be significantly improved with the help of op-
posing vehicles on the other lane. Our analytical model is 
unique in the sense that it can be used to find the de-
pendence of various parameters such as average vehicle 
density, vehicle speed, highway length and significant 
physical layer parameters such as path loss exponent, 
Nakagami fading factor etc., on network connectivity on 
a two-way street. 
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Appendix A 

Derivation of (19): 
To find the PDF of R   Rf r

m
, we use the CDF expres-

sion given by (8). When  is an integer,  
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[23], where   noiseT . Accordingly, the 
CDF given by (8) can be simplified to get the following 
expression: 
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where noise Tm P P     . Now Rf r  is obtained by 
differentiating (A.1) and is given by (19). 

Appendix B 

Derivation of (20): 
To prove (20), we substitute (19) in (18) and rewrite 

the integral as follows: 
To evaluate the first integral expression in (B.1), we 

use (12). When   is a positive integer, the first integral 
in (B.1) can be written in terms of Meijer’s G function  

based on (12) to get the following expression: 
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(B.2) 

Using a similar approach, the second integral in (B.1) 
can be evaluated to get the following expression: 
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  (B.3) 

Substituting (B.2) and (B.3) in (B.1) we get (20). 
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