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ABSTRACT

A major component of future communication systems is vehicle-to-vehicle (V2V) communications, in which
vehicles along roadways transfer information directly among themselves and with roadside infrastructure.
Despite its numerous potential advantages, V2V communication suffers from one inherent shortcoming: the
stochastic and time-varying nature of the node distributions in a vehicular ad hoc network (VANET) often
leads to loss of connectivity and lower coverage. One possible way to improve this coverage is to allow the
vehicular nodes to connect to the more reliable cellular network, especially in cases of loss of connectivity
in the vehicular network. In this thesis, we analyze this possibility of boosting performance of VANETS,
especially their node coverage, by taking assistance from the cellular network.

The spatial locations of the vehicular nodes in a VANET exhibit a unique characteristic: they always lie
on roadways, which are predominantly linear but are irregularly placed on a two dimensional plane. While
there has been a significant work on modeling wireless networks using random spatial models, most of it uses
homogeneous planar Poisson Point Process (PPP) to maintain tractability, which is clearly not applicable
to VANETS. Therefore, to accurately capture the spatial distribution of vehicles in a VANET, we model the
roads using the so called Poisson Line Process and then place vehicles randomly on each road according to
a one-dimensional homogeneous PPP. As is usually the case, the locations of the cellular base stations are
modeled by a planar two-dimensional PPP. Therefore, in this thesis, we propose a new two-tier model for
cellular-assisted VANETS, where the cellular base stations form a planar PPP and the vehicular nodes form
a one-dimensional PPP on roads modeled as undirected lines according to a Poisson Line Process.

The key contribution of this thesis is the stochastic geometric analysis of a maximum power-based cellular-
assisted VANET scheme, in which a vehicle receives information from either the nearest vehicle or the nearest
cellular base station, based on the received power. We have characterized the network interference and
obtained expressions for coverage probability in this cellular-assisted VANET, and successfully demonstrated
that using this switching technique can provide a significant improvement in coverage and thus provide better

vehicular network performance in the future. In addition, this thesis also analyzes two threshold-distance



based schemes which trade off network coverage for a reduction in additional cellular network load; notably,
these schemes also outperform traditional vehicular networks that do not use any cellular assistance. Thus,

this thesis mathematically validates the possibility of improving VANET performance using cellular networks.
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Chapter 1

Introduction

Vehicular ad hoc networks (VANETS) are an area of vital importance in modern wireless communications
research, especially because of their growing importance in the development of Intelligent Transportation
Systems (ITS). Vehicle-to-vehicle (V2V) communication is being used for a wide variety of purposes such
as infotainment, dissemination of traffic data and, most importantly, road safety [1]. For example, V2V
communication can be used to avoid rear-end collisions on highways [2], thus potentially saving thousands of
lives every year in the United States and across the world. It can also help improve driver comfort by assisting
parking based on the availability of nearby parking slots, providing live food and lodging information and
even streaming videos for the entertainment of passengers [3].

The most common set of protocols used for V2V communications is DSRC (Dedicated Short Range
Communications) [4], which essentially uses direct, line-of-sight communications amongst vehicles and with
roadside infrastructure in order to propagate messages throughout a network. For example, an approaching
train at a railroad crossing can broadcast a short warning message to all neighboring vehicles, thus preventing
possibly fatal train-to-vehicle collisions. Because of its low latency, DSRC has enormous applicability in such
safety messaging applications. Also, a DSRC channel has a bandwidth of 10 MHz [5] unlike other short-
range communication protocols such as Wi-Fi (which has a much higher bandwidth of 20 MHz). This lower
bandwidth provides relatively better robustness to fast fading, thus making DSRC a suitable protocol for

dealing with the high mobility of nodes in vehicular networks.



1.1 Motivation

Despite its numerous advantages, the DSRC-based messaging schemes often suffer from one inherent disad-
vantage: since vehicles are randomly distributed along the roadways, it is often times a realistic possibility
that a particular vehicular node does not have any other vehicular nodes in its vicinity and is thus is un-
able to receive data from any other vehicles in the network. In order to ensure connectivity even in such
situations, it is often suggested that Road-Side Units (RSUs) be deployed uniformly along roadways. These
RSUs act as relays and broadcast data to all vehicles inside their transmission range, thus providing a better
connectivity to the vehicles on the road. However, deployment, installation and maintenance of such a large
number of RSUs on every roadway, can be extremely costly and often impractical.

Motivated by this, this thesis looks at a more realistic solution in which the VANET takes support from
the cellular network (either without deploying RSUs at all or by deploying them very sparsely) in case of loss
of VANET connectivity. In particular, we focus on the spatial modeling of such a network with the eventual
goal of drawing system design guidelines. Due to the random and irregular nature of VANETS, stochastic
geometry [6] and point process theory [7] provides a natural toolset for their modeling analysis. Therefore,
in this thesis, we develop a novel stochastic geometric model of a vehicular network, which is then analyzed
to study network performance metrics such as interference distribution, inter-node distances and coverage

probability in cellular-assisted VANETSs. Before providing more details, we summarize the prior art next.

1.2 Background and Prior Art

1.2.1 V2V Communication

Vehicular communication is a cornerstone of current research on automobile technologies, as well as on
wireless networking. A wide range of potential applications, as well as possible PHY and MAC layer protocols,
have been put forward for both V2V and V2I (Vehicle-to-Infrastructure) communications. While V2I is
taking place using existing wireless technologies such as WiFi, Bluetooth and Infrared [8], DSRC (Dedicated
Short Range Communications) is the most common set of protocols for V2V communications. As stated

above, DSRC refers to direct, line-of-sight communication among vehicles, taking place in a licensed 75MHz



of spectrum allocated in the 5.9 GHz band [9]. Due to its low latency, robustness to fading and absence of
spectrum fees, DSRC is expected to be the primary mode of V2V communications in the future [10].
DSRC can be used for a wide range of applications: infotainment, dissemination of traffic information,
parking etc. For example, [11] develops an algorithm that predicts highway travel time based on data
collected using DSRC. In [12], the authors propose a DSRC-based V2I communication system, in which
Road-Side Units can inform vehicles about the location of empty parking spots, thus reducing street parking
times by a large degree. That being said, the biggest potential applicability of V2V communications is in
road safety. This includes slow vehicle warnings, lane change warnings, intersection collision warning and
cooperative cruise control [13], to name a few. In most of these safety applications, a warning message is

generated in case of an event, such as a collision, and is disseminated among the nearby vehicles [13].

1.2.2 Stochastic Geometry for Wireless Networks

Wireless networks often contain nodes that are irregularly and randomly deployed in space. A recent example
from mainstream communications areas is that of heterogeneous cellular networks [14; 15], where several types
of low power base stations called small cells are often deployed at the areas of high user activity, thus resulting
in a fairly irregular deployment of base stations across space. This irregularity is not captured very well with
the conventional deterministic models, such as the classical hexagonal grid model often used for the macro
base station locations [16]. This has led to an increasing interest in the area of applied probability, called
stochastic geometry, which allows to capture the irregularity and randomness in the locations of wireless
nodes by modeling them as random point processes (basically random spatial patterns) [6; 17]. The added
randomness also lends tractability to the models, which usually results in easy-to-use expressions for the key
performance metrics of interest, which was not quite possible with the conventional deterministic models.
Stochastic geometry has traditionally been applied more to the analysis of ad hoc networks, e.g., see [18;
19]. The general idea is to model the locations of the transmitters as a homogeneous Poisson Point Process
(PPP) on R? with the receiver corresponding to each transmitter located uniformly at random on a disk
of a fixed radius around that transmitter. More recently, these tools have also become relevant for cellular

networks, especially due to the transition to the heterogeneity and capacity-driven deployments of small



cells [20; 21; 22; 23]. A usual direction here is to model the locations of both the base stations and the
users as independent PPPs and perform downlink analysis at a typical user (chosen at random from the user
point process). Unlike ad hoc networks, where this pairing is done a priori, serving base station for a typical
user in a cellular network is chosen based on a predefined rule: usually based on the average received signal
strength [21; 24]. On the same lines, the uplink analysis of cellular networks has also been performed using
these tools [25]. Other applications of stochastic geometry in wireless communications include the modeling
and analysis of device-to-device networks [26; 27], cognitive radio networks [28; 29], energy-efficient sensor
networks [30], and so on. Since the main goal of this discussion is to provide a general idea of this area,
we refer the interested readers to the following authoritative references for a more detailed account of the
literature where these tools have been used in the past: [6; 31; 32; 33; 34].

It is worth noting that most of the works in stochastic geometry based analyses in wireless networks have
been confined to homogeneous planar PPP-based models to maintain tractability. However, a homogeneous
planar PPP is not a reasonable model for vehicular networks. This is because in a planar PPP, the nodes are
assumed to be distributed on the plane independently and uniformly. While this is in general true for cellular
and some ad hoc networks, it is not true for vehicular networks, where the spatial locations of the wireless
nodes (vehicles) exhibit a unique characteristic: they always lie on roadways, which are predominantly
linear but are irregularly placed on a two dimensional plane. Therefore, a more reasonable probabilistic
model should first capture the structure of roadways and then place the nodes randomly on each road. To
achieve this, in this thesis, we model roadways as a network of undirected lines according to a Poisson Line
Process, and then place vehicles on each road according to a one-dimensional PPP. As is usually the case,
the locations of the cellular base stations are modeled by a planar two-dimensional PPP. This leads to a
novel two-tier setup, which will be used to analyze the performance of cellular-assisted VANETSs in this
thesis. Before going into further details of the contribution, we provide a brief summary of the stochastic

geometry-based analyses of vehicular networks, along with the relevant prior art on Poisson Line Process.



1.2.3 Stochastic Geometry for Vehicular Networks: Poisson Line Process

As noted above, owing to its tractability, homogeneous planar PPP model is usually the primary choice for
modeling wireless networks and VANETS are no different. For instance, this model is used in [35] to analyze
the performance of broadcast protocols in vehicular communications, and in [36] to study the connection
lifetimes between a vehicle and an access point in non-safety VANET applications. In addition, [37] uses a
one-dimensional PPP to model the vehicles on a single road and evaluate V2V performance.

However, as discussed earlier in this Chapter, vehicular networks exhibit unique spatial characteristics
due to the fact that vehicles can only lie on roadways, which are predominantly linear in nature. As a
result, a more accurate model for VANETs would be the one which first models the roadways accurately
and then places vehicles on each road. One way to achieve this is by modeling the roadways as a network of
lines that are distributed on the plane according to a Poisson Line Process (PLP). While PLP will be more
formally introduced in Chapter 2, the main idea can be understood as follows. To define a PLP, each line
in R? is parametrized in terms of its distance and angle from the origin. These distances and angles span a
half-cylinder of unit radius. In other words, a point from this unit radius half-cylinder will correspond to a
line in R?. Now, we define a PPP on this half-cylinder and the resulting process of lines formed in R? is said
to be a PLP. For more details, we refer the reader to the following authoritative references: [7; 17; 38; 39].

Although PLP makes more sense for modeling vehicular networks, the prior art in this direction is
surprisingly thin. In [40], the downlink of a cellular network was analyzed in terms of coverage probability
by placing vehicular receivers on the lines of a PLP. From the V2V side, [41] uses the PLP model to analyze
a VANET and study the rate of multi-hop propagation of messages across the network. It is worth noting
that the PLP has also been used for modeling of systems other than vehicular networks. For example,
[42] uses PLPs in conjunction with Steiner trees to calculate short-length routes in low-cost networks. It
studies, among other things, the mean distance between two fixed points in a PLP, and the perimeter of cells
containing both points. Building on these works, we propose a more realistic two-tier model for cellular-
assisted VANETS, where the cellular base stations are modeled by a planar PPP and the vehicular nodes

are placed on lines modeled according to a PLP. More details about the contributions are provided next.



1.3 Contributions

The main contributions in this thesis are summarized below.

1. Two-tier model for cellular-assisted VANETs. This thesis proposes a novel and accurate two-tier model
for cellular-assisted VANETS, where the locations of the cellular base stations are modeled by a planar
homogeneous PPP, the roadways are modeled according to a Poisson Line Process, and the vehicular
nodes are placed on each line (road) of the PLP according to a one-dimensional PPP. This model
captures the key characteristic of VANETS: vehicles are located on roadways, which are predominantly
linear. This characteristic cannot be accurately captured by using more popular homogeneous PPP-

based models. The details of this model are presented in Chapter 2.

2. Cellular-assisted VANET schemes. In a cellular-assisted VANET, vehicular nodes can receive infor-
mation of interest either directly from the nearby vehicles or from the cellular network. Therefore, we
have to define schemes that will decide when to connect to a given network. In this thesis, we define

and thoroughly analyze the following three schemes:

(a) Mazimum power based scheme: In this scheme, the receiving vehicle connects to the tier providing
the higher average received power. While this scheme provides the best coverage, it also increases

load on the cellular networks by associating most of the vehicles with the cellular base stations.

(b) Threshold distance based scheme (inter-road): In this scheme, a vehicle connects to its nearest
base station only if there exist no vehicular nodes within some predefined threshold distance dyy,

from it. This limits the additional cellular network traffic being generated by the VANET.

(¢) Threshold Distance Based Scheme (Inter-Road): Finally, we study a scheme that limits VANET
messaging to take place only within the same road, i.e. if there is no vehicle on the same road as
the receiver within a threshold distance, the receiver connects to the nearest cellular base station.
In this manner, the VANET traffic is reduced by preventing unncessary transfer of messages

amongst different roads in the network.

3. Coverage analysis. In Chapters 3 and 4, we analyze the performance of a cellular-assisted VANET

using the proposed two-tier model described above. Using tools from stochastic geometry, we derive



analytical expressions for several network parameters such as nearest neighbor distances, tier associa-
tion probabilities, network interference, and most importantly, probability of coverage at a typical node

in the VANET. The analysis is performed for all three cellular-assistance schemes described above.

. Key insights and design guidelines. Chapter 5 presents simulation results for the proposed model,
which both validate the analytical results and provide additional design guidelines. Results for both
coverage probability and association probabilities to different tiers are provided. These results con-
cretely demonstrate that the cellular network assistance can significantly improve VANET coverage in
a variety of scenarios. Several key insights crucial for the design of future cellular-assisted VANETS,

such as the choice of the threshold distance in threshold-based schemes, are also provided.



Chapter 2

Network Model

In this thesis, a vehicular ad hoc network is modeled as an urban network of roads with vehicles located
along each road in the network. The network of roads is modeled as a Poisson Line Process with intensity
A, with the vehicular nodes along each road having a 1D Poisson distribution of intensity p. In addition
to the direct communication between vehicles, we also consider the possibility of cellular-assisted vehicular
communication in which the required information is transmitted to the vehicles by the cellular base stations,
which are modeled as a 2D PPP with intensity A,. The system model is illustrated in Figure 2.1. In this

chapter, we introduce these point processes in the context of the proposed system model.

2.1 Distribution of Vehicular Nodes

As discussed in the next section, all the roads in our proposed model will be modeled as straight lines.
The vehicles on each such line are located according to a 1D PPP having an intensity p. The value of
the intensity p includes that of both vehicles and RSUs, e.g. if both vehicles and RSUs are distributed
according to independent PPP’s of intensities u, and pg, the resulting distribution is still a PPP with
intensity u = p, + pr. While we could, in theory, model the locations of the vehicles using other point
processes, PPP is usually a natural choice due to its tractability. It is characterized by two properties: (i)
the number of points in two disjoint sets is independent, and (ii) the number of points in a 1D PPP with

intensity p that lie within an interval [a, b] is a Poisson random variable of mean (b — a). In other words,



L u ] Food Lion =

@ a
K Henry Ol
patrick Henry
u
u
(O
oY
QR0 |
o’
N :
©
o™ s ]
z
@ )
o 2 i) $
| %‘0‘-“ o g
8
" a
s n N Heag -
Q we
i & ] n |
{ %
n 1, %,

Figure 2.1: (left) An illustration of vehicles on actual roads (image courtesy of Google Maps). (right)

Proposed stochastic geometry-based model for the same network.

for an 1D PPP the probability that there are n points inside an interval of length [ is:

ef,u,l n
P[N(l) = n] = # 2.1)

This definition is easily extendible to higher dimensional Euclidean spaces. See, e.g. [6] for details.

2.2 Distribution of Roads: Poisson Line Process

Due to the predominantly linear nature of the roads, we model them using a Poisson Line Process (PLP)
in R?, which can be thought of as a Poisson Poisson Processes, where instead of points, the undirected
lines are randomly distributed on plane [17]. As discussed next, formal description of a PLP involves a
parametrization step, in which each line is parameterized in terms of the polar coordinates (r,8) of the
projection of origin o on that line, where r € R, 0 € [0,2n] [17]. Now one can endow points (r,6) with a

distribution, which will endow the lines in R? with a distribution. This is discussed next in detail.

2.2.1 Correspondence with a Poisson Point Process

Let D be a line in R%. As discussed above, let the orthogonal projection of the origin o on this line have the
polar coordinates (r,6), where r € R and 6 € [0, 27] (see Figure 2.2). This transformation of a line D to a

point (r,0) is termed as parametrization of the line. Similarly, we can define an application d that uniquely
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Figure 2.2: Parametrization of a line in terms of (r, §).

maps a duplet (r,0) to its corresponding line D (again, see Figure 2.2). Now (r,6) can be interpreted as
a point in a half-cylinder C of unit radius, defined as C = [0,7] x R. To endow the lines in R? with a
distribution, it is sufficient to endow points in C with an appropriate distribution. Again, due to tractability,
we assume that the points in C are modeled by a PPP ¢ with the same density A\. The corresponding process
of lines on R? is a PLP with density A. Clearly, as Figure 2.3 shows, for each line in the PLP @, there lies a

corresponding point in the PPP &, and vice versa. We now study some important properties of PLP next.

2.2.2 Number of Lines inside a Disk in a PLP

Consider a PLP ® in R? as defined above. In this subsection, we shall analyze the number of lines of this
PLP that lie inside a disk B of radius R. Note that for all these lines, r € [-R,+R] and 6 € (0, 7). Thus, the
corresponding points in the PPP ( lie on a half-cylinder C = [0, 7] x [— R, +R], having a surface area of m X 2R.
Hence the expected number of points from the PPP that lie in C is given by E[Npoints(C)] = A|C| = A27R.
Since the lines in ® have a one-to-one correspondence to the points in (, the expected number of points
of the corresponding PLP that lie inside the disk is thus also E[Njnes(B)] = A27R. In other words, for a
Poisson Line Process, the number of lines lying inside a disk of radius R is a Poisson random variable, with
a mean that is equal by the product of the intensity A and the circumference of the disk.

Since in a PPP, conditional on the number of points in any given set, the points are independent and

uniformly distributed in that set, this directly implies that if we condition the number of points of ( lying

10
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Figure 2.3: Correspondence between PPP and PLP.

in any subset of C, they will be independent and uniformly distributed in that subset. In other words, the r
and 6 values for each line will follow a uniform distribution over an appropriate range defined by the subset
over which the conditioning was done. In the technical arguments, we will be interested in the lines that
intersect a ball of given radius or in some cases an annular region of a given inner and outer radius. It is
easy to argue using basic properties of a PPP that the number of lines lying between two disks of radius Ry
and Ry (where Ry > R;) is a Poisson random variable with intensity 2rA(R2 — R1).

For notational simplicity, the number of roads inside the disk b(o, R) centered at o and having a radius
R has been denoted as N,pq4s(R) in the remaining sections of this thesis. Also note that for a road at a
distance r from the origin, the segment lying inside the disk has a length of 2¢/R% — r2.

Due to the stationarity of the model, our focus will be on the analysis of a vehicle assumed to be located
at the origin o. Since all the vehicles are located on some road in the network, then there must always be
one road in the PLP that passes through o; i.e. there must be one road with » = 0 (we denote this road
as Dg). Also, since the PLP is rotation-invariant, we can also assume that Dy has an angle § = 0. So, the
corresponding PPP always has one point lying on the origin (0,0) of the (r,6). Therefore, by Slivnyak’s
theorem, we assert that the remaining roads in the network can be regarded as a PLP itself (i.e. ®\{Do}

is a PLP) which is independent of Dy. Thus, the network model used in this paper has two independent
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networks: a PLP with intensity A (®\{Dgy}) and an additional line (Dy) for which (r,8) = (0,0). Also, by

construction the distribution of nodes along different roads are independent of each other.

2.2.3 Null Probability

The null probability for the proposed model is the probability of there being no points (vehicles) inside the
disk b(o, R). Many of the mathematical analyses in this thesis, such as association probabilities and CDFs
of distance to transmitter, make use of the expression for this null probability; so, we shall now derive it to

form the basis for those later analyses. The proof follows directly from the basic properties of a PPP.

Lemma 1. Null Probability: For a Poisson Line Process ® with line intensity A and point intensity p on

each line, the probability that no points exist inside a disk b(o, R) is given by:

R
P[N(b(o,R)) =0] =1 —exp |27\ / e VIR ] (2.2)
r=0

Proof. The probability of there being no points of a PLP that lie inside a disk of radius R can be calculated
by conditioning over the number of lines n inside the disk, finding the probability of there being no nodes

on any of these lines, and then deconditioning over all possible values of n. Thus,

n

PIN(b(0, R)) = 0] Y 3" P[Neoaas (b(0, R)) = n] x [[ B[N, (road;) = 0]

n=0 i=1
(b) = 6_277/\R(27T/\R)n Vi e 1
:Z— / e VRIS gy
= n! 2R
n= =-R
R
o (X[ eI gp)n
(©) —2xAR r=—R
—° 7;) n!
R
(i)e—Z‘n')\ReXp 27.[_)\/6—2“\/}22—1“2(11,
r=0
R
(;)exp —27r)\/1—e_2’”R2_T2dr , (2.3)
r=0

where (a) refers to the fact that if there are n lines in the region b(o, R), then the event of no points occurring
in this region is equivalent to that of there being zero points on the segment of each of the n roads inside the
disk; the total probability of this event can be calculated by conditioning over the number of roads n, and

then deconditioning over all possible values. Step (b) follows from the fact that the number of roads Nyoads
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intersecting b(o, R) is a Poisson random variable with mean 27 AR (see Subsection 2.2.2), and the number of
points in a line segment of length 24/ R% — 72 is a Poisson variable with mean 21+ R2 — r2; also r is uniformly

distributed from [—R,+R] and independent for each road. Step (d) follows from the property of integral of

oo
even functions and from the Taylor series expansion e” = ) £:. Finally, step (e) simply makes use of the
n=0
(oo}
property that [ dr = R. This completes the proof. O

R=0

2.3 Cellular Network

Traditionally, cellular networks have been modeled by regularly spaced Macro Base Stations (MBSs), each
serving a certain number of Mobile Users inside a regular hexagonal region called a cell. However, in
recent times, there has been a rapid and irregular deployment of smaller base stations, such as micro-, pico-
and femto-cells in order to serve a very rapid increase in number of cellular users and required network
throughput. This irregular deployment of Base Stations has made the traditional deterministic model of
hexagonal cells quite obsolete, and newer, more probabilistic models with foundations in point processes and
stochastic geometry are becoming more realistic [20]. To maintain tractability, the base station locations
are usually modeled using 2D homogeneous PPPs [16; 14; 20; 43; 22]. Due to these reasons, this thesis also
uses a PPP to model the locations of the cellular Base Stations. For the ease of exposition, we consider only
a single type of cellular Base Stations (say, Macro Base Stations) in the thesis. The results can be easily
extended to a multi-tier setup, where VANETSs may be assisted by a multi-tier cellular network.

Thus, the network model consists of a Poisson line network of roads, interspersed with an independent
Poisson network of cellular MBSs. This is thus a two-tier network, the two tiers being the cellular network
and the VANET. All the nodes in the same tier have the same transmit power: the MBSs each transmit at
a power of i, while every vehicle has a transmit power of é Also, the node distributions in the two tiers
are independent of each other. Any receiving node in the network has the option of connecting to either of
the tiers based on some selection criteria. The major goal of this thesis is to study the interaction between
the two tiers, and to formulate an appropriate set of tier selection criteria that would lead to better network

performance, especially in terms of coverage probability at a typical vehicle in the network.
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2.4 Safety Messaging

In this thesis, we examine the transfer of safety messages between two nodes in a vehicular ad hoc network.
In traditional VANETS, a safety message is triggered in the case of an event; this message is then transmitted
to neighboring vehicles and RSUs in the network. Here, we look at schemes in which this message is present
not only in the VANET nodes but also in the cellular MBSs; these MBSs can now send these messages to
the VANET nodes using the cellular downlink. Thus, a vehicular node can choose to receive its copy of a
safety message from either the nearest vehicle or from the nearest MBS, based on some predefined selection
criteria. While this would usually lead to an improvement in network performance, this performance gain is
highly dependent on the network selection criteria being used. The following section describes three possible

cellular-assisted VANET schemes, each with its own set of selection criteria, advantages and disadvantages.

2.5 Cellular-Assisted VANET schemes

As has already been mentioned in Chapter 1, the major focus of this thesis to analyze the network under
some schemes by which a VANET receiver can improve coverage by receiving safety messages from the
surrounding cellular network, rather than the nodes in the vehicular network, in case of loss of VANET
connectivity. This is similar to [21], where a mobile receiver connects to the cellular MBS tier that provides
the highest power, as well as the cell selection models discussed in [20; 24] where a cellular UE selects the
best cell based on average power . In this thesis, a receiver uses some criteria to connect to one of two tiers:

the VANET and the cellular network. Three such selection criteria are discussed:

2.5.1 Maximum Power Based Scheme

In this scheme, the receiver connects to the transmitter (a vehicle or an MBS) from which it receives the
highest average power. The receiver selects the nearest vehicle and MBS, and chooses to receive data from
the one which supplies a higher time-averaged power. In order to find the received power, we need to first

describe the channel model from the transmitters to the receivers, which is done next.
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Channel Model: In this thesis, we model both long and short time-scale channel effects. Long time-
scale effects are captured by incorporating a distance-based standard power law pathloss with exponent
«a > 2. The short time-scale effects are captured by incorporating channel fading, which is assumed to be
Rayleigh distributed. Therefore, if the transmitter transmits at a power of % and is at a distance of p from

e

the receiver, the instantaneous power received is given by P,... = %hp* , where h ~ exp(1) models Rayleigh
fading and p~¢ is the standard power law pathloss term. Since in practice, it is not preferable to switch from
one transmitter to another on the basis of this rapidly varying instantaneous power; so, a time-average of
the received power is instead used as the metric for choosing the transmitter. If this averaging time interval
is sufficiently higher than the coherence time of the channel, then the average received power is independent

of the fading coefficient h, and is given by P, = %p"l. All nodes in the same tier are assumed to transmit

at the same power: every vehicle transmits at Ei, while every cellular MBS has a transmit power of é

2.5.2 Threshold Distance Based Scheme: Inter-Road

In this scheme, the receiving node takes assistance from the cellular network only when there is no other
vehicular node in its vicinity. In other words, the receiver connects to the nearest vehicle when there is at
least one vehicle present within a predefined threshold distance dy, from it (irrespective of MBS locations),
and connects to the nearest MBS when no vehicles are present in this region.

Note that in the two aforementioned schemes, no distinction is made between nodes that are on the same
road as the receiver, and those that are on the other roads in the network. The receiver connects to the
node supplying the highest power, irrespective of its type or location. As a result, a message generated on
one road can get disseminated to other roads in the network as well, especially near intersections (where a
vehicle on another road can be closer than all vehicles on the same road). While this is a more generalized
model, safety messages in general are relevant to only the nodes on the same road as the transmitting vehicle.
For example, if a crash occurs on Highway A, then it is needless to transfer that information to the vehicles
on a Highway B that passes Highway A overhead. So, allowing communication across roads can often lead
to excessive and unnecessary network loads in the VANET. This motivates us to define another scheme

(discussed next), where the communication is confined to the same road.
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2.5.3 Threshold Distance Based Scheme: Intra-Road

One way to limit inter-road message communication (and reduce network load), is to allow a node to connect
to only those vehicles or RSUs which are on the same road as itself. In order to ensure this, we slightly
modify the threshold-distance based scheme discussed above, and allow the receiver to connect to the nearest
vehicle on the same road as itself when there is at least one such vehicle within a distance of dy;, from the
receiver and on this road; otherwise it connects to the nearest MBS. As a result, safety messages are never

propagated from one road to another. This forms the third and last scheme considered in this thesis.

2.6 Performance Metrics

In order to gauge the performance of cellular-assisted VANETS, the following metrics are used in this thesis:

1) Probability of Coverage:

The primary motivation behind taking cellular assistance is to improve the coverage at the vehicular nodes
in the network. In this thesis, we ignore the effect of noise, so the Signal-to-Interference Ratio (SIR) is
the deciding factor for coverage, i.e. a signal is successfully received when the SIR at the receiver crosses
some predefined threshold 7. Thus, the coverage probability is given by P, = P[SIR > T]. In this
thesis, the expressions for coverage under different cellular-assisted VANET schemes are derived using tools
from stochastic geometry, and then compared with results obtained using simulation. Note that coverage is

expected to improve by using cellular assistance, especially under the maximum power-based scheme.

2) Association Probability:

Although connecting to the cellular network is expected to provide an improvement in coverage (especially
under the maximum power-based scheme), it also increases the required throughput of the cellular network.
This additional load obviously increases when the VANET connects to the cellular network more frequently;
so, the VANET should aim to have as low a probability of connecting to the cellular network as possible.
Thus, the probability of association with the nearest vehicle and with the nearest MBS, are both very

important parameters that affect the network performance. Note that the sum of these two probabilities
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is always 1. In this thesis, we analyze these association probabilities, especially the cellular association
probability. Notably, one of the key design goals in this thesis is to increase the coverage probability in the

vehicular network while also limiting the probability of connecting to the cellular network.

2.7 Key Assumptions

The next two chapters mathematically analyze the vehicular network and derive expressions for the tier

association and coverage probabilities. The assumptions are summarized next for the ease of reference.

1. All the nodes in the same tier transmit at the same power: every vehicle transmits at ei, while every

cellular MBS has a transmit power of —. Power control is therefore not considered.

1
€M
2. Rayleigh fading is assumed for all the wireless channels, i.e., fading coefficient h ~ exp(1).

3. The vehicles are all assumed to be located along certain linear roads in the network (modeled by a

Poisson Line Process). Also, vehicles are located on each road with the same intensity p. Extension

to different vehicular intensities on different roads is straightforward.

4. We assume that the thermal noise at the receiver is negligible compared to the self interference. As a
result, the signal to interference ratio (SIR) closely approximates signal to interference plus noise ratio

(SINR). In this case, the coverage probability can be accurately defined in terms of the SIR.
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Chapter 3

Distributions of Distances and

Interference

An intermediate step in evaluating the coverage probability at a typical vehicular node in the network is to
derive the distributions of the distances to the candidate serving nodes, which are the nearest cellular MBS

and the nearest vehicle to the typical node. These distributions are derived next.

3.1 Distances to Nearest VANET and Cellular Nodes (d,, dy;)

The PDF of distance to the nearest vehicle (d,) can be derived by obtaining an expression for its CDF, and
then differentiating it. The simplest method for finding the CDF F; (p) is to obtain the probability of there
being at least one vehicle inside a distance of p from the receiver. A similar approach can also be used to

find the PDF of distance to the nearest MBS. The results follow from basic properties of a PPP.

Lemma 2. The distance d,, from the typical node to its nearest vehicle has the CDF
, -

Fy (p)=1—exp |27\ / 1— e 20VP = qr | e= 200, (3.1)

r=0 _

and the PDF:

p
fa,(p) = —2u |exp —ZWAp/e_Q“sz_Tzdr e 2P
0
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Figure 3.1: CDF of distance to nearest vehicle (for p =1, = 1).
P
+eT2mp / em2mP =) qr 4 e 2P (=2mAp) [1+ p(l — e 2#P)] . (3.2)
0

Proof. In order to calculate the PDF of the distance d, to the nearest vehicular node, let us calculate its

CDF Fy, (p) first. The CDF can be calculated by conditioning over the number of roads n in the disk b(o, p),

and calculating the probability that at least one node exists on one of these road segments inside the disk.
Fa,(p) =Pldy < p] =1 —Pld, > p]

= 1—P[N,(0,p) = 0]P[Nyo(—p, p) = 0]

P
® 1—exp |—27A / 1— e 2mVP=r2qr| e=2me
r=0

where (a) follows from the fact that the event d, > p occurs when both of the following independent events
occur: (i) there is no vehicle on ®\{Dy} in the ball b(o, p), and (ii) there are no vehicles in Dq in [—p, +p].
The probability of the first event has already been derived in Lemma 1, while that of the second part is

e~ 2k?; these are directly applied to obtain step (b). The PDF can now be calculated as follows:

p
d [or 2

fa,(p) = P 1—exp —277)\,0/ 1— e 20V qp| o= 2mp
p r=0
d p

==, P —27A\p / (1 —e 20V qr) | e~ 210
o
r=0
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P
@ —2u | exp —QWAp/efz“Verzdr e 2P
0

P
+ e 2mp / em2mP =) qp 4 e (=21 Ap) [1+ p(l — e )], (3.3)
0
where step (a) is obtained using the Leibniz rule for differentiating over an integral. O

Now, for completeness, we state the distribution of the distance from a typical point to the closest MBS,

which simply follows from the null probability of a PPP [6].

Lemma 3. The distance dy; to the nearest MBS from a typical vehicle has the CDF ad PDF:

CDF: Fy,,(p) =1—e ™ (3.4)

PDF: fa,(p) = 27T)\ap677r)\“p2. (3.5)

Proof. The CDF of the distance djs to the nearest MBS is denoted by Fy,, (p) = P(dpr < p); this is equivalent

to the probability that at least one MBS exists in the disk b(o, p).
Fay(p) =1 ]P[NIVI(Q p) = 0}1 — e_ﬂ'kap2.

The PDF can now be derived by differentiating the CDF, which completes the proof. O

3.2 Laplace Transform of Interference

As will be evident in the next chapter, the next intermediate step in calculating the coverage probability
is to analyze the interference originating from all the nodes in the network (except the serving node). In
this section, we first introduce the general expression for Laplace transform of interference in the presence

of Rayleigh fading, and then proceed to apply it and derive the expression for cellular-assisted VANETS.

3.2.1 Laplace Transform of Interference Under Rayleigh Fading

As shown in the next chapter, the coverage probability in the presence of Rayleigh fading simply reduces to

the Laplace transform of interference I. The Laplace transform L£;(s) is defined as
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For a wireless network with interference field modeled as a PPP ®, where each node transmits at the
same power 1/e and all wireless channels suffer from independent Rayleigh fading (i.e., hy ~ exp(1)), the
conditional Laplace transform (conditioned on the locations of the interferers) can be evaluated easily as [6]

Li(s)=E lexp ( Z ihm||x|a> H 1—|—5|1|x||—0¢] , (37)

zed red

=E =E

I1 En, exp ({hmnxnﬂ)

red

where the last step now simply follows by taking expectation over h, ~ exp(l). Note that the above
expression is a conditional Laplace transform because we haven’t yet averaged over the locations of the

interferers. Now using this basic result, we characterize the interference in a cellular-assisted VANET next.

3.2.2 Interference in Cellular-Assisted VANETSs

Note that in the Cellular-Assisted Vehicular Network, the interference at a typical node originates from the
following three independent sources:

i) Vehicular nodes on all other roads in R?. Let this network be denoted by ®.,.

ii) Vehicular nodes on the same road (denoted by ®,.).

iii) The cellular MBSs (® ).

Thus, the Laplace interference of the total interference in the network can be obtained by characterizing
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the interference from each independent source. The expression for the interference from all other roads
in the network (point (i) above) can be derived directly from Equation 3.7. However, it is to be noted
that the interfering nodes in ®, are not located through the entirety of R?. Their locations are, in fact,
constrained based on the cellular-assisted VANET scheme being used, as well as on the type of transmitter
being connected to. So, the final expression for the Laplace transform of interference will depend on these
constraints on the interfering node locations. This also holds true for the other two sources of interference;
the equations for their Laplace transform need to reflect the constraints of node locations as well. For
instance, when we know that the typical node is being served by the closest point of a PPP, this implies
that there can be no interfering nodes closer to the typical point than the serving node [16]. This introduces

exclusion zones in the interference field, which are studied next.

Spatial Distribution of Interferers: Exclusion Zones

Note that since the receiver always connects to the nearest vehicle or MBS, interfering nodes are not present
everywhere in R?; for example, as illustrated in Figure 3.3, if the receiver connects to the nearest MBS at a
distance of dj; from itself, all interfering MBSs must be located at distances greater than dy; from it. As a
result, there exist exclusion zones for each type of transmitter (vehicle and MBS) in which no interferer of
that type is present. Since the size and location of these exclusion zones affect the distribution of interfering
nodes, and hence the interference itself, we need to formally define these zones in order to chatacterize the
total interference and the coverage probability at a receiving node in the network.

So, we define some distances r,, r, and 7, which are the minimum possible distances from the receiver
to the closest possible interfering vehicle on other roads, closest possible interfering vehicle on the same road,
and closest possible interfering MBS, respectively. As will be evident in the sequel, these distances depend
not only on the distance to the nearest transmitter, but also on the cellular-assisted VANET scheme being
used and on the type of transmitter being connected to.

The regions b(o, ry), |7, +7] and b(o, ras) are thus the exclusion zones for ®,,, @, and @ respectively.
Since no interference originates from these exclusion zones, the interference from the three independent

sources can be compactly represented by the following notation:
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Figure 3.3: Exclusion Zones for Interfering MBSs.

I, = I[®, Nb(o,7,)°] (3.8)
I, = I[®, N [—r,+7]] (3.9)
Ing = I[®pr N b(0,731)C] (3.10)

where I[®] denotes the interference originating from a PPP @, and B¢ is the complement of region B.
We shall now calculate the Laplace transform of these individual interference terms, which will completely

characterize the interference originating from all three sources discussed above.

3.2.3 Interference from vehicles on other roads (£, (s))

In order to calculate Ly, (s), we first find the Laplace transform of interference from a single road, at a
perpendicular distance r from o. The distance of a point x from the mid-point of its line segment is denoted

by t, thus its distance from o is given by ||z|| = vr? + t? (See Figure 3.4 for details).

Lemma 4. The Laplace transform of interference at a typical node, originating from a single road at a
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Figure 3.4: Distribution of interferers on lines falling inside and outside the exclusion zones.

distance r, is:

VR 1
gl(’l") = exXp _2/11 f 1-— Wdt , T Z Ty
t=0 €
Li(s) = i (3.11)
g2(r) = exp | —2u Il 1— Wdt ST < Ty

t=4/r2—7r2
Proof. Figure 3.4 shows a disk containing two roads: one at a distance r > r,, which entirely lies out-

side the exclusion zone (let us denote this road by D), and one at r < 1, (denoted by D). While

interferers could be located anywhere on D;, the road Dy can have interferers lying only in the regions

t= (f\/R2 —r2, f\/R2 — r%) and t = (\/R2 —72,V/R? — 7'2). We treat these two roads separately.

The Laplace transform of interference from Dy can be calculated by conditioning over the number of
points on that line which lie inside a disk of radius R. Note that for a line at a distance r from the center,
the length of its segment lying inside this disk is given by 2v/R2 — r2. So, by using the properties of a PPP,

(2#\/R2—r2)m
m!

the probability of there being m points in this segment is given by e~ 2#VE*—r? . Now, we can

proceed to find the Laplace transform of total interference by finding that of the interference originating
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from each individual point in the segment. So, Vr > r,,

a 1
91(r) —E[H HHx”_a]

—
=

T€D,.
+VRZ—r? . m

(b)
= 2 PIN= t)dt

2 PV =l / 1+§(r2+t§)—a/2f()

m>0 :—\/W €

+VRZ=r2 n
© S eV (2uV/R2 —r2)™ / dt
= m!(2VR% — r2)m L+ 2(r2 4 ¢2)-o/2
"= VR
+VRZ—r? . m
P12 (Fepemyere) | dt
D —ouvRZ—2 Z t=0 c
= e
m!
m>0
+VRZ—r2 .
@ —2uv/R2—r2
= e exp |2u / (1 e +t2)_a/2)dt
t=0
VR
o exp | —2u 1- ! dt
14+ 2(r2 +¢2)=/2 |7
t=0

where (a) has already been defined in Equation 3.6 as the expression for the Laplace transform of interference
in any network with Rayleigh fading: in this case, a road D, at a distance r from o (its intersection with a
disk of radius R thus has a length of 2¢/R2 — r2). In the next step (b), we condition over the number of points
N and decondition over its all possible values from [0, co]. Note that we make use of the fact that the value
of t for the different points are iid random variables. Step (c) is derived from the fact that the number of

points on the line segment of length 2v/R2? — 2 is a Poisson random variable with mean 2+ R2 — 72, while ¢

for each point is uniformly distributed between [—v/R2 — 72, ++/R2? — r2] and has a pdf f(t) = 2\/%' We

get (d) from the property of integral of even functions, while (e) is derived from the Taylor Series expression

xr
for e”. Finally, expression (f) is obtained by the property [ dt = x. This completes the proof for r > r,,.
t=0

As has already been noted, for any line at a distance r < 7, from o (for example D;), there are

no interfering nodes in the region t = [— \/7’?) - r2,+\/r3 — 2], so the values for ¢ can now vary only

from [—vR2 — 12, —/r2 — 2] and [\/r2 —r2,v/RZ — r2]. Thus, the limits of integration will change from

[0, VR2 —r2] to [\/r2 — r2,v/R2? — r2], as follows:

VRT=
1
g2(s,r,1my) = exp | —2pu / 1-— 702+ 7)=arz dr| ,Vr <r,. (3.12)
t=y/r2—r2
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This completes the proof for the other part (r < r,) as well. O

Thus, we have derived the Laplace transform of interference originating from the nodes on any single
road in the network. This result will now be used to characterize the interference originating from the entire
vehicular network, by conditioning over the number of roads N,,.qs, and obtaining the Laplace transform

of total interference as a product of the Laplace transforms of interference from these individual roads.

Lemma 5. At a typical vehicular node, the Laplace transform of total interference originating from all

other roads in the network is given by:

Ty R
L, (s,7,) =exp | —27A / (1 —g1(r))dr + / (1 —g2(r)) | dr| . (3.13)
=0 =Ty

Proof. In order to calculate the Laplace transform of the total interference originating from a Poisson line
process, we condition on the number of lines n that intersect a disk of radius R. Then we use this to find
the Laplace transform of interference originating from all these roads, by using the expression for £;(s) for
one road (derived in Lemma 4). Recall from Lemma 4 that the expression for £;(s) is different for r < r,

and r > r,. The Laplace transform can be found as

_sI —sE[ 3 Ir(2)]
E](S) =F [6 s ] =Fle zEDy - E

11 esE[b(m)]]

red,
(@) 6—27”“1,)\(27”“1)/\)]' T id e 2P (27T(R - rv))‘)k 2 f kq
B g J1(2R)i T_[T [g1 ()] dr g EN(2(R — 1)) _/ lo2{r)]dr
© oxp | —2mA /(l—gl(r))dr—l—/(l—gg(r))dr . (3.14)
=0 r=0

In step (a), we condition over the number of lines j crossing the region b(o,r,) (this is a Poisson random
variable with mean 27 \r,) and on k, the number of lines lying between the disks b(o, R) and b(o, r,), which
is another Poisson random variable with mean 27 (R — r,). Note that the corresponding PPPs for these
two regions are independent of each other, and hence we can analyze these two separately. The value of r
(distance to the receiver) for the lines in either region is i.i.d and uniformly distributed. (b) is simply derived
by using the Taylor series expression for e*, and by the property of fdr = R. Note that the expression for
0
Lr1,(s,r,) can be calculated by subsituting the values of g1 (r) and ga(r) derived in Lemma 4, into Equation

3.13. This completes the proof. O
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3.2.4 Interference from vehicles on the same road (£, (s))

Now, we proceed to ®@,., the second source of interference, which consists of the vehicles on the same road
as the one in which the receiver is located. We shall now calculate the Laplace transform of interference

originating from this road.

Lemma 6. The total interference originating from all nodes on the same road as the receiver has the following

Laplace transform:

R
1
LIT (S,ar) = exp 72‘LL / 1-— Wdt . (315)
t=r, v

Proof. The Laplace transform of interference originating from nodes on a single road have already been
derived in Lemma 4. Also, r = 0 for the road passing through o. Thus, the Laplace transform of interference

from all the nodes on this road can be calculated simply by substituting » = 0 and r, = r,. in Lemma 4. [

3.2.5 Interference originating from MBSs (L, (s))

The expression for L£;,, for the interference originating from a 2D PPP of cellular MBSs is well known, e.g.

see [6], and is given by:
L1, (8,7m) = exp [—/\(W85F(1 +6)(1 = 0) — w3 Hs(rfr/s))] (3.16)

where H is the Gauss hypergeometric function and § = 2/a. Note that for a = 4, Hy j5(z) = \/z arctan(1//z).
Now, we have the expressions for Laplace transform of each individual type of interference. The total

interference at o is given by the sum of these three sources, i.e.
I=1,4+1.+1y (317)

Since these three interference sources are independent of each other, the Laplace transform of the total

interference is simply the product of their individual Laplace transforms, i.e.:
L1(s,70,7r,m0r) = L1, (8,70) L1, (8,70) L1, (8, 71r) (3.18)

The expressions for the individual terms in the RHS of Equation 3.18 have been mentioned in Equations
3.13, 3.15 and 3.16 respectively. Their product gives the expression for Laplace transform of total interference

at a typical node, which will now be used to calculate coverage probability in the next chapter.
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Chapter 4

Coverage Probability

In this chapter, we shall use the expressions for interference and inter-node distances, obtained in Chapter
3, to derive expressions for coverage probability at a typical node in a cellular-assisted VANET. While the
aforementioned expressions generally hold true for any PLP in R? overlapped with a 2D PPP, the expressions
derived in this chapter depend on the network scenario, i.e. on the specific cellular-assisted VANET scheme
being used by the network. We shall first derive a general expression for the coverage probability, and then
proceed to apply it to networks using each of these different schemes.

In this thesis, we are using an SIR (Signal-to-Interference Ratio)-based coverage probability as the metric
of interest, where a message is successfully detected by a receiver when the SIR crosses a predefined threshold
T. Thus, for a network of interferers with power %7 in which the nearest transmitter is at a distance of p

from the receiver, the probability of coverage is given by:

1 —«

<he
T

Py, = P[SIR > T] = P [ > T} =P[h > Tp*I] =E [e—ETﬂ“f} = L1(eTp%).

Thus, the coverage probability in a Rayleigh fading network is given by the Laplace transform of interfer-
ence (L7(s), where s = €T'p®). So, we can say that in the two-tier cellular-VANET, the coverage probability

(conditioned for p and the type of transmitter Tx being connected to) is given by:
Peow|(Tx,p) = L1, (€T p*, 1) L1, (€T p* 1) L1y, (€T 7a1) (4.1)

Thus, the coverage probability for a particular type of transmitter (vehicle or MBS) can be obtained by
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taking an expectation over p. Also, the exclusion zone boundaries r, and rj; directly depend on the value of
p, so they can be expressed as r,(p) and r37(p). Thus, taking these two facts in consideration, the expression

for coverage probability for a particular type of transmitter (Tx) can be rewritten as:

Peou[Tw = By[Lr, (€Tp®, 70 (p)) L1, (€T0%,70(0)) L1ar (€T0%, 701 ()] (4.2)

Note that using Equation 4.2, the coverage probability can now be directly calculated from the expressions

for: (i) the Laplace transform of each type of interference (L, (s), £1.(s)andLy,,(s)), (ii) the PDF of the

distance p to the transmitter (fq,(p), fa.(p), far (p)), and (iii) the exclusion zone boundaries(r,, 7, ras).
So, in order to compute the coverage probability for each cellular-Assisted VANET scheme, we shall

follow the following steps:

1) Calculate the Laplace transform of interference L£;(s). Replace s with €Tp® to find L;(eT p%).

2) Find the pdf f(p) of distance p of the typical node from the transmitter.

3) Find the coverage probability for each type of transmitter, using the formula

Peov(p)|Tw = Ep[Lr1, (€Tp%, ro(p)) L1, (€T, 11(p)) L1as (€T, 701 (p))]-

4) Find the probabilities P, (p) and Pysps(p) of connecting to the nearest vehicle and MBS respectively.

5) Find the overall probability of coverage using the formula

Peoy = pz Py(P)Peoviv(p) + Prres(p)PeosinrBs(p) f(p)dp-

As already mentioned, Steps 1 and 2 are agnostic of the type of celular-assisted VANET scheme being
used; also, both these steps have been completed in the last chapter. In this chapter, we focus on steps
3, 4 and 5, and derive an expression for coverage probability in the maximum power-based and threshold
distance-based cellular-assisted VANET schemes.

To compute the coverage probability for each scheme, we first find the expressions for coverage probability

for each type of transmitter (Poy |, and Peoy arps), and the probabilities P, and Pasps of connecting to these

types, and use it to find the overall coverage probability as follows:

IP)cov = Ep []P)v (p)Pcov|v(p) + PMBS (p)Pcov\MBS (pﬂ (43)
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Figure 4.1: Scenario of connecting to a Vehicle in Maximum Average Power Based Scheme.

4.1 Maximum Average Power Based Scheme

In this scheme, the receiver aims to connect to the node from which it receives the strongest signal in terms
of the average received power. The receiver selects the nearest vehicle and the nearest MBS, and chooses
to receive data from the node which supplies a higher time-averaged power. If the averaging period is
significantly large compared to the channel coherence time, the average power will be independent of fading

(and given by 1|z||=). The association probabilities for this scheme are computed next.

4.1.1 Association Probabilities (P,, Py/ps)

As has already been mentioned, the coverage probability for the typical node changes based on which type
of transmitter it connects to. So, in order to calculate the overall coverage probability, it is necessary to first
find the probability of connecting to each individual type of transmitter. In this section, we shall calculate
these probabilities conditioned on the value of p, i.e., the probabilities of the transmitting node being a

vehicle or an MBS, given that it is at a distance of p from the receiver.

Lemma 7. If the transmitter being connected to is at a distance of p, the probability of it being a vehicle is

2/
P, = exp (—)\aﬂ'p2 <EU> > . (4.4)
€M

Proof. A receiving vehicle connects to the nearest vehicle when the average received power from it is greater
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than that from the nearest MBS. So, if the nearest vehicle and base stations are at a distance of d,, and ds

respectively, the probability of this event occuring is given by:
P[(1/e)ds® > (1fear)di’] =B |du > d, (2] (45)

€u
3Y;

For notational simplicity, let d,ns = dy( )é. So, a receiving vehicle at o connects to the closest transmitting

vehicle when no MBSs exist in the ball b(o, d,as). The probability of this happening is:
P,(dy) = exp(—Aomd2,;) (4.6)
Since the receiver connects to the nearest vehicle, so d, = p above, which completes the proof. O

P, (p) is the probability that the nearest transmitter is a vehicle, given that this transmitter is located at

a distance of p from the receiver. Now we compute the association probability for MBSs.

Lemma 8. The probability of a node connecting to a cellular MBS is:

dypr 5
_ 2((EM Y& —p2 €
Prps(dar) = exp | —2mA / e "V (&5 )dr e 20 (EE)

r=0

Q=

Proof. If the nearest MBS is at a distance dj; away, the receiver connects to it only when there are no

vehicles in the region b(0, dps,), where dp,, = dM(%)é. Therefore,

dov
Prps(dar) @ [Ny (b(0, drry)) = 0] © exp | —2wA / e VA qr | g 2Hdun (4.7
r=0

o < p(Z—M)é. Step (a) follows from the fact that the receiver connects to the nearest

€y v

—~
~

€

£

where dpr, = dy(
MBS when no vehicles exist in the ball b(o,dy,pr). (b) is derived from Lemma 1. We can write step (c)
because when the receiver connects to the nearest MBS, then the distance to the transmitter is given by
p = dpr. Therefore, after making this substitution, we get

dy P
— v Vo —p2 _ €y é
Prs(p) =exp | -2 / e "V o dr| e 2oP(SD) ; (4.8)

r=0

which completes the proof. O

When the nearest transmitter is at a distance of p from the receiver, Ppps(p) is the probability that

this transmitter is a cellular MBS. We now study the exclusion zones for this case.
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4.1.2 Exclusion Zones

When the receiver connects to the nearest vehicle (at a distance p = d,), there are no interfering vehicles in
the region b(o, p) or on the same road in [—p, +p]. Also, the nearest MBS must be at a distance of at least
€y

p(a)é, since the average power from it is less than that from the nearest vehicle.

Lemma 9. In the maximum average power-based scheme, when the receiver connects to the nearest vehicle,
there exist no interfering vehicles on other roads, vehicles on the same road, and cellular MBSs within a

distance of T, - and Ty Tespectively, where:

€\~
Ty =p,Tr = P,TM =P (w) : (4.9)

When the receiver connects to the nearest MBS, the interfering vehicles are all at a distance of at least

p(4)% from it. Also, all interfering MBSs lie outside the disk b(o, p).

€y
Lemma 10. The exclusion zone boundaries in mazimum average power-based scheme, when the receiver

connects to nearest MBS, are given by:

1 1
€ o € o
Tu:ﬂ(eM) ;Tr:p<€M) y M = P (410)

These expressions for the exclusion zone boundaries can now be applied to find the coverage probability.

4.1.3 Probability of Coverage for each type of Transmitter

The coverage probability when the receiver connects to each type of transmitter, has been derived in Equation
4.2. We shall use the values of the exclusion zone boundaries r,,, 7 and r; to find the expression for coverage

probability in the maximum average power-based scheme. The result is given next.

Lemma 11. The probability of coverage when the receiver connects to the nearest vehicle, located at a

distance of p, is:

€ 1
Pcov\v(p) = Elv (evaa, P) EIT (evaa7 P) EIM <6vaa7 p(eﬂ) a) (411)

v

Lemma 12. The probability of coverage at the receiver when it connects to the nearest MBS, at a distance

of p, is:
1 €y (L o
Prortns(0) = L1, (eMTpOz o >a) cr, (eMTpa,p<6M> ) Lo (e To™, p) (4.12)

€y
€M
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Note that the expressions for L7, £, and Lr,, have already been derived in Equations 3.13, 3.15 and

3.16, and can be directly applied to Lemmas 4.11 and 4.12 to obtain the coverage probabilities.

4.1.4 Probability of Coverage: Final Expression

The expression for probability of coverage can now be obtained directly from Equation 4.3, using the coverage

probabilities for each individual type of transmitter (which were just derived in Lemmas 11 and 12), as follows.

Theorem 1. The probability of coverage at a receiving node in an cellular-Assisted VANET, when it operates

in the mazimum average power-based mode, is given by:

o0 2
Peow = / exp | —Aq7p? (::4) n] Ly, (equO‘,p)ﬁzr(evao‘,p)EzM(€qua7p(%)é)fdu (p)dp
=0 L
p 0 [ (”%\j{)l/a
+ / exp | —2mA / e ! 92(%)2/a_r2dr e‘QW(y)l/a
p=0 r=0
1 1
Ly, (%Tpo‘, p (?:) a) Ly, (%Tpo‘, p (?:) a) Ly (€Tp%, p) fan (p)dp (4.13)

As already noted, the expressions for the individual Laplace transforms, as well as the PDFs of the
distance p to the nearest vehicle and MBS, have been derived in Chapter 3, and can be directly substituted
in the above expression to obtain the final expression for coverage probability in the maximum average

power-based scheme. We will revisit this result in the next Chapter.

4.2 Threshold Distance Based Scheme: Inter-Road

In this section, we analyze the coverage probability in the threshold distance scheme. As has been already
noted, in this scheme the receiver chooses to connect to the nearest vehicle as long as there is at least one
within a threshold distance away from the typical vehicle. Similar to the maximum average power based
scheme, we shall find the expressions for association probabilities, interferer distributions and interference

Laplace transforms, and use them to find the overall expression for coverage probability.
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4.2.1 Association Probabilities

Lemma 13. In the threshold distance-based scheme, the probability that a receiver connects to the nearest

transmitting vehicle is given by:

din
P, =1—exp | —27A / e MV ah T qr | g 2pden (4.14)
r=0

Proof. A receiver connects to the nearest vehicle whenever there is at least one vehicle inside a distance of

dyp, from itself. The probability of this occurring is:

din
P, = 1 — P[N(b(o, dyn)) = 0B[N (—dun, +de) = 0] £ 1 — exp | —27A / e VB qr | em2mdin (4.15)
r=0

where (a) is obtained from Lemma 1, by replacing R with dy, to find the null probability of there being no

vehicles in the ball b(0, dyp,). O

Lemma 14. The probability of connecting to the nearest vehicle is:

dip
Prres = exp —271'/\/6_“\/‘1%_7"2dr e 2ndin (4.16)
r=0

Proof. When there are no vehicles inside the threshold distance, the receiver connects to the nearest MBS.

The probability of this event can be obtained by using the null probability expression derived in Lemma 1:

dip
Prrps = P[N,(b(0,dir)) = OJP[Ny(—dip, +din) = 0] = exp | —27A / e MV AT qp | g 2uden (4.17)
r=0
In other words, Py;pg is simply 1 — IP,. This completes the proof. O]

Thus, unlike the maximum power association policy discussed above, the probabilities of associating with

the vehicles or the MBSs do not depend on the distance p to the transmitter in this case.

4.2.2 Exclusion Zones

Similar to the maximum power-based scheme, the exclusion zone boundaries for each type of transmitter
vary based on whether the receiver connects to the nearest vehicle or to the nearest MBS.
Let us first look at the event in which the receiver connects to the nearest transmitting vehiecle. Naturally,

if this vehicle is at a distance of p from the receiver, then all interfering vehicles must be at least at a distance
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p from it. There is, however, no restriction on the location of interfering MBSs. The distance to them can

vary anywhere in the range [0,00). So, the exclusion zone boundaries are as follows:
T’U = ‘7‘,,. = p, ’["]\J = O (4.18)

When the receiver connects to the nearest MBS, it means that all vehicles (both on other roads and on the
same road as the receiver) must be more than a distance d;, away. The distance to an interfering MBS is at

least p, where p is the distance between the receiver and the transmitting MBS. In other words,

Ty =Tpr = dth7TM =p- (419)

4.2.3 Probability of Coverage for each type of Transmitter

As has been shown in Equation 4.2, the probability of coverage when the receiver connects to the two types

of transmitters (vehicles and MBSs) are:

]P)covh}(p) = ACL, (Evaaa p)ﬁlr (Gvaaa p)LIM (GUTpaa 0)7 (420)

]P)cov|MBS(p) = ‘Cfv (evaav dth)ﬁfr (evaav dth)‘ClM (EUTpav P) (421)

Note that the expressions for £, , £;. and Ly,,, have already been derived in Equations 3.13, 3.15 and 3.16.

4.2.4 Probability of Coverage: Final Expression

The expression for probability of coverage can now be derived directly by applying the expressions obtained

in Equations 3.13,3.15 and 3.16 to Equation 4.3, as follows:

Theorem 2. The probability of coverage for a typical node in the cellular-assisted VANET, when it is

operating in the threshold distance based mode is given by:

Peow = Ep[PvPcov|v + PMBS]PCOU|MBS]

=Py [ Lo (0T0 0) L1 (T Py (€15, 0)fa (0)dp
p=0

+PuBs / Lr, (exTp%, dn)Lr, (evTp%, din) L, (€%, p) fan (p)dp. (4.22)
0

p
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The expressions for Py, Parps, L1, L1, fa,(p) and fq,, (p) can be found in Equations 4.15, 4.17, 3.3 and
3.5 respectively, and can be directly applied to the above equation to obtain an expression for the overall

coverage probability in the cellular-assisted VANET under the threshold distance-based scheme.

4.3 Intra-Road Communication

As we have already noted in this thesis, it may often be preferable to limit safety messaging to only between
vehicles on the same road, so as to eliminate needless inter-road safety messages. In this section, we look
at a scheme in which the receiver connects only to those transmitting vehicles which lie on Dy; if there
are no vehicles within a threshold distance on this road, the receiver connects to the nearest cellular MBS,

irrespective of the location of vehicles on the other roads.

4.3.1 Association Probabilities

The receiver connects to the nearest vehicle when there is at least one in the range [—dip, +din].
Lemma 15. For the typical node, the probability of connecting to the nearest vehicle is:
P, =1 — e 2nden, (4.23)
Conversely, it connects to the nearest MBS when no vehicles lie in [—dp, +dip].
Lemma 16. For the typical node, the probability of connecting to the nearest MBS is:

Pyps = e 2, (4.24)

4.3.2 Exclusion Zones

First, we look at the scenario in which the receiver connects to the nearest vehicle (at a distance p). In this
case, there is no restriction on the possible locations of interfering vehicles on other roads, or on that of

MBSs. However, interfering vehicles on Dy must be further away than the serving node. Therefore

Ty = O7Tr =p, M = 0. (425)
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When the transmitter being connected to is an MBS, it means that interfering vehicles on the same road
are at least a threshold distance away, while those on other roads can be at any distance in the range [0, R].

Interfering MBSs must be at a minimum distance of p from the receiver.
ry = 0,70 = dyp, s = p (4.26)
Note that r, is always equal to zero in the intra-road communication scheme; since it operates completely

independent of other roads in the network, there is no constraint on the location of vehicles on these roads.

4.3.3 Probability of Coverage for each type of Transmitter

Now, the expressions obtained for the interference Laplace transforms and exclusion zones can be used to

obtain the expression for coverage probability for either type of transmitter, as follows:

din

Peovp = / L1, (e,Tp*,0)Ly, (e, Tp*, p)Lr,, (€,Tp™,0)2ue**dp, (4.27)
p=0

PcovU\lBS = / EIU (GMTpa7 O)‘CL- (EMTp(X7 dth)EIM (EMTpa7 0)27‘-)\0‘6_)\#[)2 dp (428)
p=0

Like in the two inter-road communication schemes, we will now use the above results to obtain an overall

expression for coverage probability in the next subsection.

4.3.4 Probability of Coverage: Final Expression

The final expression for coverage probability at a typical receiving node can be obtained by substituting the
expressions obtained in Equations 4.27 and 4.28 into the overall coverage probability expression introduced
in 4.3. Note that while the PDF of distance to the nearest MBS remains unchanged from the inter-road
schemes, the vehicle being connected to now must lie on the same road as the receiver; so, the PDF of
distance to transmitter when the receiver connects to the nearest vehicle is now fy (p) = 2ue™2#*, rather
than the more complicated expression for fy, (p) derived in Equation 3.3 and used for coverage probability

calculations in the two previous schemes.

Theorem 3. When only intra-road communication is allowed in the threshold distance-based scheme, the
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probability of coverage is given by:

Peow :PvPcovh) + ]PMBS]P)COUU\/IBS

din
(1= e ) [ L1 (T 0L (@ T5 p)Lry (e To, 0)207dp
p=0
+ e~ 2nden / Ly, (epTp®,0)Lr (epsTp®, din)Lr,, (eMTp"‘,O)Qﬂ)\ae_Mp2dp. (4.29)

p=0

As mentioned before, the expressions for L5, , L7, and Lj,, have already been derived in Equations 3.13,

v

3.15 and 3.16, respectively.
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Chapter 5

Numerical Results and Discussion

In order to verify the accuracy of our analysis, we compare our theoretical results with simulation results
in this Chapter. We chose to model a suburban area such as Blacksburg, Virginia. There are roughly 50
roads in its total perimeter of approximately 50 kilometres, i.e. A = 1km~!. Also, it has a relatively low
vehicle density of about 1 vehicle per 100m. Since all vehicles may not have VANET connectivity, and not
all vehicles are transmitting at the same instant of time, we have used a value of u = 1km~!. Also, since
current DSRC units transmit at around 0.5 W (24 dBm) and MBSs typically have a maximum transmit
power of 50W, we have chosen €, = 100¢y; for our simulations and analysis. In the following sections, we
present the plots that compare the analytically obtained results with the simulated ones. The analytical
plots (obtained by using the expressions derived in Chapters 3 and 4) are presented using solid lines, while

the the markers represent simulation results.

5.1 Cellular Association Probabilities

The first parameter looked into is the cellular association probability, i.e., the probability that a receiving

vehicle will choose to connect to its nearest MBS rather to a node in the vehicular network.
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Figure 5.1: Vehicular and cellular association probabilities for the maximum average power-based scheme.
5.1.1 Maximum Power Based Scheme

In Lemmas 7 and 8, we had derived expressions for cellular and vehicular association probabilities, condi-
tioned for a particular value of p. In order to obtain the overall association probabilities, we simply take
these conditional probabilities (P, (p) and Pyrps(p) respectively), and average them over the distribution of

p. In other words, we obtain P, and Py;pg as follows:

P, = / Po(0)f,dp (5.1)
p=0
Prps = /PMBS(P)fde (5.2)

p=0

These expressions for P, and Py;pg are plotted in Figure 5.1. It shows that using the current parameters (in
which the vehicles transmit at only 1/100th the MBS power), the receiver chooses to connect to the cellular
network very frequently, including situations when its own SIR was sufficiently high; this is not an ideal
scenario because, as has been noted, it creates unnecessarily excessive load on the cellular network, loses
much of the benefits of direct line-of-sight vehicular communications and makes the vehicular ad hoc network
almost completely needless and redundant. Thus, in order to optimally reap the benefits of cellular-assisted
VANETS, it is necessary to limit the probability of association to MBSs to some k% (the value of k depends

on the cellular network and how much additional VANET traffic it is ready to handle).
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Figure 5.2: Required vehicle transmit power for different cellular association probabilities.

One way to ensure this is by having the vehicular nodes transmit at a higher power and thus reach
out to a larger number of vehicles without having to switch to the cellular network. In order to test this
hypothesis, we simulated the network for some different values of k, and plotted the minimum vehicular
transmit power needed to limit the value of Py;pg to less than k. As we can see in Figure 5.2, increasing
the transmit power of vehicles does reduce the cellular association probability of the vehicular network. For
example, it is possible to limit cellular association probaility of a node to 10 % (at u = A = A, = 1) by
having the vehicles transmit at almost the same power as the cellular MBSs. In other words, one way to
ensure that cellular-assisted VANETSs do not produce excessive load on the cellular network, is to have higher
vehicular transmit powers that can compare with the MBS transmit powers. There is, however, a potential
flip-side to this solution: higher vehicle transmit powers could lead to more interference for the cellular
network, thus deteriorating performance of the cellular network itself. Besides, significantly high transmit
power for vehicles is not desirable from energy efficiency and even from health perspectives. This was one
of the motivations behind defining threshold based inter-road and intra-road association schemes, which are

discussed next.
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Figure 5.3: Probability of connecting to cellular network for threshold distance-based inter-road scheme.

The theoretical result used here is presented in Lemma 13.

5.1.2 Threshold Distance Based Inter-Road Scheme

We now explore the cellular association probabilities (Pysps) for the theshold distance-based scheme in which
inter-road communication is permitted. Figure 5.3 shows these association probabilities for four different
threshold distances (0.01,0.1,1 and 10). From this plot, it can be seen that the probability of associating
to the cellular network falls as the threshold distance increases. For example, at d;;, = 0.01, this probability
is almost 1, i.e., the receiver almost always connects to the nearest cellular MBS. A very high threshold
distance (in comparison to average distance between vehicles) results in extremelylow values of Py;ps. Both
these situations are detrimental to network performance, thus, the ideal values of threshold distance lie in
the same range as the average vehicle densities. For example, in the above plot, dy; values of 0.1 and 1
give a moderate value of cellular association probability, which would give a high network coverage without
connecting too frequently to the cellular network. Also, note that Py;pg decreases when vehicle density p
increases. This is because of the fact that higher the vehicle density, more is the likelihood of there being at

least one vehicle inside the threshold distance, which reduces the need to connect to the cellular network.
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Figure 5.4: Probability of connecting to cellular network for threshold distance-based intra-road scheme.

The theoretical result used here is presented in Lemma 15.

5.1.3 Threshold Distance Based Intra-Road Scheme

Figure 5.4 illustrates the cellular association probabilities for the intra-road scheme. Similar to the inter-
road scheme, the cellular association probability in this case falls off when the threshold distance increases.

Similarly, higher values of vehicle density p also lead to lower values of cellular association probability.

5.1.4 Comparison

Figure 5.5 compares cellular association probabilities for the three schemes. Note that the receiver connects
to the cellular MBSs most frequently in the maximum average power based scheme; this is because of the fact
that the MBSs have a much higher transmit power as compared to the VANET nodes. In comparison, the
threshold distance-based schemes have lower probabilities of associating with the cellular network. As has
been noted, this is one of the major advantages of the threshold distance-based schemes; they connect more
frequently to the VANET itself, thereby avoiding overloading cellular networks with additional vehicular
traffic. Also, the receiver connects to the cellular network more frequently in the intra-road scheme as

compared to the inter-road one. This higher value of IP);pg is one of the disadvantages of only allowing intra-

43



Maximum Power Based [Theorem 1]

0.2F
Threshold Distance Inter—Road(dth =0.1) [Theorem 2]\9\0

0.1~ | _s  Threshold Distance Intra-Road(d, = 0.1) [Theorem 3]

0 1 1 1 1 1 I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Vehicle Density

Figure 5.5: Probability of connecting to cellular network for different schemes.

1
VANET Only
09} LTE Only
4 Maximum Average Power Based Scheme (Theorem 1),
0.8F Threshold Distance Inter-Road, dm = 0.1 (Theorem 2)
071 Threshold Distance Intra-Road, dth =0.1 (Theorem 3)

o
=)

Coverage Probability
o o
iN 3

o
w

o
)

0.1

0 i i i i i
-20 -15 -10 -5 0 5 10

Threshold (dB)

Figure 5.6: Coverage probability for various schemes studied in this thesis.

road communication, but it is compensated by the fact that it eliminates often unnecessary and redundant

inter-road traffic from the vehicular network.

5.2 Probability of Coverage

Here, we compare the coverage in the three different schemes proposed in this thesis, with that in a non-
assisted VANET and in a baseline cellular network. The results are presented in Figure 5.6.

As the plots reveal, the coverage in a VANET is improved by taking cellular assistance. Although the
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Figure 5.7: Coverage Probability of a node in intra-road threshold distance based scheme (Theorem 3).

cellular MBSs do generate additional interference, its effect is largely overshadowed by the coverage gain
provided by these MBSs to the vehicles in case of loss of DSRC connectivity. Thus, the disadvantages
of the stochastic and time-varying nature of a DSRC network can be overcome, to a great degree by the
relatively more reliable cellular network. It is to be noted that coverage is best provided when the selection
of transmitter is made on the basis of average power. In fact, this scheme even outperforms the coverage
provided by a baseline cellular network. While using the threshold scheme provides slightly worse coverage,
it is still much higher than a VANET that takes no support from the MBSs at all.

Now, we focus on one particular scheme: the threshold-distance based algorithm in which only intra-road
communication is allowed. In Figure 5.7, we present coverage probability vs threshold SIR (T) for four
different values of the threshold distance dyp, viz. 1,0.5,0.1 and 0, where 0 implies that the typical node
will always connect to the cellular network. These plots clearly reveal that the choice of threshold distance
is critical to network performance. Lower threshold distances (e.g. dy, = 0.1) provide an improvement
of coverage in comparison to a traditional VANET, while the network performs worse at higher threshold
distances, since the VANET does not take support from the cellular network frequently enough, and the

performance improvement achieved is overcome by the extra interference from the cellular network.
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However, lower threshold distances also mean that the DSRC network will require cellular support more
frequently, thus increasing cellular traffic and producing additional network load. So, reaping the benefits
of this cellular-assisted VANET scheme will also entail producing more pressure on the existing cellular
network (or on the RSU network, depending on the density of RSUs). Thus, there exists a tradeoff between
reliability and additional cellular network load, controlled by the choice of threshold distance. The choice
of an optimal threshold distance, that meets coverage reliability requirements and also minimizes additional
cellular network traffic, is extremely vital for the improvement in performance gained by this scheme. This
optimal distance will vary based on network requirements, density of vehicular traffic, spatial distribution
of MBS’s and several other network parameters, and the calculation of this optimal distance for different
networks can be an interesting area of research that would reap immense benefits for the practical application

of cellular-Assisted VANET in future vehicular networks.
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Chapter 6

Conclusions and Future Work

In this thesis, we have used stochastic geometry to model and analyze several features of a vehicular ad hoc
network, such as its interference, nearest neighbor distances and coverage. We have analyzed three different
methodologies by which the coverage in such a network can be significantly improved by assistance from
the existing cellular network in the case of loss of connectivity (or when the connectivity is better provided
by the cellular network). While these MBSs do add extra interference, they also provide coverage to the
vehicles which are too far away from the other nodes, and thus is capable of improving the probability of
coverage of a typical node in the VANET. In fact, we have shown that if a receiver always connects to the
network tier providing higher average power, it outperforms both the VANET and the cellular network in
terms of coverage. Thus, using average power as a metric to swtich between cellular and VANET tiers can
significantly improve VANET performance and improve their applicability for safety messaging purposes.
A comparitive study of the three proposed cellular-assistance methods has also been provided in this
thesis; it shows that the average power-based scheme outperforms the two threshold distance-based schemes.
It even provides better coverage than a baseline cellular network without any VANET interference. However,
as has already been noted, the threshold distance based schemes can also provide reasonable acellularrnatives
as they provide sufficiently good coverage while putting relatively less strain on already overloaded cellular
networks. It can be concluded that the maximum power-based scheme is optimal where very high VANET

performance is required, while VANETSs in more latency-critical applications, or in scenarios where cellular
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networks are already overloaded, threshold distance based schemes would likely be a preferred choice for
the VANET operation. An interesting insight provided by this thesis is the dependence of coverage on the
threshold distance. Lower threshold distances generally mean higher coverage, because of lower potential
dominant interferers. However, low values of d;;, could also mean higher cellular throughput demand, so
deriving the optimal value of threshold distance for different applications could be a potential avenue for
research and a boost for the application of cellular support in future VANETS.

From the stochastic geometry side, the Poisson Line Process based network model proposed in this thesis
can be further improved by having two different kinds of transmitters in the network: a set of mobile vehicles
transmitting at €,, and a set of road-side units transmitting at er. This would give a three-tier network,
rather than a two-tier network, and analyzing it could help understand the benefit provided by Road-Side
Units vs. that provided by the cellular assistance. In addition, future models can incorporate more realistic

fading models (such as Ricean fading) to provide a more accurate analysis of the vehicular network.
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