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Abstract—An analytical model for the reliability of a dedicated
short-range communication (DSRC) control channel (CCH) to
handle safety applications in vehicular ad hoc networks (VANETs)
is proposed. Specifically, the model enables the determination
of the probability of receiving status and safety messages from
all vehicles within a transmitter’s range and vehicles up to a
certain distance, respectively. The proposed model is built based
on a new mobility model that takes into account the vehicle’s
follow-on safety rule to derive accurately the relationship between
the average vehicle speed and density. Moreover, the model takes
into consideration 1) the impact of mobility on the density of
vehicles around the transmitter, 2) the impact of the transmitter’s
and receiver’s speeds on the system reliability, 3) the impact of
channel fading by modeling the communication range as a random
variable, and 4) the hidden terminal problem and transmission
collisions from neighboring vehicles. It is shown that the current
specifications of the DSRC may lead to severe performance degra-
dation in dense and high-mobility conditions. Therefore, an adap-
tive algorithm is introduced to increase system reliability in terms
of the probability of successful reception of the packet and the
delay of emergency messages in a harsh vehicular environment.
The proposed model and the enhancement algorithm are validated
by simulation using realistic vehicular traces.

Index Terms—Connectivity, dedicated short-range communica-
tion (DSRC), IEEE 802.11p, Markov chain, medium access control
(MAC), mobility, reliability, vehicular ad hoc network (VANET).

I. INTRODUCTION

THE RESEARCH and application development in vehicu-

lar ad hoc networks (VANETs) have been driven by dedi-

cated short-range communication (DSRC) technology or IEEE

802.11p [1], which is designed to help drivers travel more safely

and reduce the number of fatalities due to road accidents. The

IEEE 802.11p medium access control (MAC) uses carrier sense

multiple access with collision avoidance and some concepts
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TABLE I
CONTENTION PARAMETERS FOR IEEE802.11p CCH [4]

from the enhanced distributed channel access (EDCA) [2]. In

this technology, there are four access classes (ACs) with dif-

ferent arbitration interframe space numbers (AIFSNs) to insure

less waiting time for high-priority packets, as listed in Table I.

The DSRC is licensed at 5.9 GHz with a 75-MHz spectrum,

which is divided into seven 10-MHz channels and a 5-MHz

guard band. The control channel (CCH) will be used for safety

applications, whereas the other six channels, called service

channels (SCHs), will be used for infotainment or commer-

cial applications to make this technology more cost effective.

Vehicles will synchronize the switching between the CCH

and one or more of the SCHs; hence, safety-related messages

would not be missed or lost. The synchronization interval (SI)

contains a CCH interval (CCI), followed by a SCH interval

[3]. Increasing the CCI will enhance the reliability of safety

applications and challenge the coexistence of both safety and

nonsafety applications on the DSRC.

The VANET is a self-organizing network that works on

both intervehicle communication (IVC) and vehicle-to-

infrastructure communication. In this paper, IVC is taken into

consideration, where vehicles will be equipped with sensors and

Global Positioning Systems to collect information about their

position, speed, acceleration, and direction to be broadcasted to

all vehicles within their range. These status messages should

be periodically broadcasted in every CCI. In IEEE 802.11p,

vehicles will not send any acknowledgement for the broad-

casted packets. Therefore, the transmitter cannot detect the

failure of the packet reception; hence, the transmitter will not

retransmit it. This is a serious problem in collision warning

applications where all vehicles behind the accident have to

receive the warning message successfully in a short time to

avoid chain collisions. This problem motivates us to propose

an analytical model for assessing the DSRC reliability and

delay, taking into account the multipath fading channel in

VANETs, vehicles’ high mobility, hidden terminal problems,

and transmission collisions. More specifically, the probability

of successfully receiving the status messages from all vehicles

around the tagged vehicle, the probability of receiving the

safety (or emergency) messages from all vehicles up to a

certain distance behind the accident scene, and the delay for
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that safety messages to reach their intended recipients will be

studied, assuming unsaturated conditions. The proposed model

is built based on a new mobility model that takes into account

the vehicle’s follow-on safety rule to derive accurately the

relationship between vehicle’s speed and network density.

It is shown that the current specifications of the DSRC may

lead to severe performance degradation in dense and high-

mobility conditions. Therefore, a new adaptive and mobility-

based algorithm (AMBA) is introduced to increase the system

reliability in terms of the probability of successful reception of

packets and the time delay of emergency messages in a harsh

vehicular environment.

II. RELATED WORK

The MAC protocol of IEEE 802.11p [1] is based on the

distributed coordination function of IEEE 802.11, which has

been investigated extensively in the literature, analytically, and

by simulations. Simulation-based analysis of the IEEE 802.11p

shows that, as the network density increases, the system latency

increases, and the packet successful reception rate decreases

[5]–[10]. To ensure a successful reception of emergency mes-

sages, Torrent-Moreno et al. [7] and Vaneenennaam et al. [8]

introduced an algorithm to control the load of periodic status

messages. The channel access delay of the DSRC has been

analyzed in [9] and compared with a self-organizing time-

division multiple-access scheme, which has been proven more

suitable for VANETs’ real-time applications. In [10], Wang and

Hassan proposed a framework for sharing the DSRC between

vehicular safety and nonsafety applications. By assuming uni-

form distribution of vehicles on the road, their simulations show

that nonsafety applications may have to be severely restricted,

such that safety applications are not compromised, particularly

in high-density networks.

Many analytical models have been proposed to study

the DSRC or, in general, the IEEE 802.11 MAC protocol.

Although DSRC is based on IEEE 802.11 and EDCA, the

unicast analytical models for IEEE 802.11 [11] and EDCA

[12], [13] cannot be used for broadcast communication mode in

IEEE 802.11p because no acknowledgment is communicated.

Therefore, the transmitter cannot detect a collision from a

successful transmission. In [14], a 1-D Markov chain has been

used to calculate the delay and the reception rate in VANETs

without including the delay in each stage due to a busy channel.

Eichler [15] analyzed the DSRC based on the average delay

for each AC without taking into account the back-off delay.

An analytical model that accounts for the mutual influence

among nodes in a multichannel environment and the broadcast

message frequency has been proposed in [16]. In this model,

Campolo et al. assumed the static distribution of vehicles on

the road with no hidden terminals. Moreover, they did not take

into account how the vehicle speed affects the network density;

hence, there is a need to throttle the message transmission fre-

quency to increase the successful reception rate. In [17], an ana-

lytical model for the performance of delivering vehicular safety

messages is proposed, without taking into account the mobility

of vehicles. This model considers only the neighborhood of a

single roadside unit operating in a nonsaturation traffic regime.

A 2-D Markov chain is used in [18] to model the impact of

the differentiated AIFS on a stationary vehicular scenario in

an urban intersection. They assume a fixed number of vehicles

within the range of the transmitter and have not included vehicle

mobility in their model. In [19] and [20], Ma and Chen and Ma

and Wu studied the saturation performance of the broadcast

scheme in VANETs, taking into account the consecutive freeze

situation of the back-off counter. They assume saturation

conditions, i.e., stationary distribution without considering

the impact of vehicle mobility on the system performance. In

[21], an analytical model for delivering safety messages within

IVC is derived. They assume a perfect channel access and

have not accounted for the hidden terminal problem, collision

probability, and vehicle mobility. Hassan et al. [22] studied

the performance of IEEE 802.11p based on the delay of status

packets by modeling each vehicle as an M/G/1 queue with

an infinite buffer, without taking vehicle mobility into

consideration. In [23], Fallah et al. analyzed the effect of

different sets of data rates and communication ranges on the

performance of the DSRC safety applications. They derive

the probability of successful reception without taking the busy

channel probability in each back-off stage. They introduced

a power control algorithm based only on the average channel

occupancy to change only the used communication range.

As the channel occupancy increases, they decrease the

communication range to maintain an acceptable channel

capacity. We will compare their algorithm and the one we have

proposed in the analysis and simulation sections.

The connectivity in VANETs has been studied in [24]–[26]

based on the assumption that vehicles have a uniform stationary

distribution without including VANET mobility. By assum-

ing that vehicle positions are known by either simulation or

observation, Jim and Recker in [27] presented an analytical

model for VANETs. A mobility model has been derived in [28],

considering the arrival of vehicles to a service area as a Poisson

distribution. Abuelela et al. [29] derived the probability of the

end-to-end connectivity between clusters of vehicles distributed

uniformly on the road. They introduce a new opportunistic

packet-relaying protocol that switches between data muling and

local routing with the help of vehicles on the other direction.

In contrast to our mobility model, all of these models do not

consider how the speed of transmitters and receivers affect the

connectivity and the packet reception rates.

The mobility model is a crucial part in analyzing and testing

VANET applications. Modeling vehicle mobility is quite chal-

lenging since the movement of each vehicle is constrained by

many factors such as road topology, movements of neighbor ve-

hicles, information on the messaging signs along the road, and

driver’s reactions to these factors. In [30], a set of movement

changes is introduced, such as changing lanes, slowing down,

or even changing routes, to allow a micromobility behavior

control. In [31], Sommer and Dressler argued that coupling

more than one simulator is an important step toward a realistic

VANET mobility model. Therefore, we built our simulations

by coupling the mobility model (MOVE) [32] with the micro-

traffic simulator Simulation of Urban MObility (SUMO) [33],

to produce realistic vehicle movement traces for the network

simulator ns-2 [34].
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In this paper, we propose an analytical model for the analysis

of broadcast services in the DSRC protocol, taking into account

the high dynamics of vehicles, the hidden terminal problem,

collision probability, and nonsaturation conditions. We also

derive the delay for emergency messages to reach their intended

recipients. The new analysis is based on a new mobility model

that takes into account the vehicle’s follow-on safety rule to

derive accurately the relationship between the vehicles’ density

and their speeds. The new mobility model considers how the

speeds of transmitters and receivers affect the connectivity and

the packet reception rates. It also has the capacity to handle

the sudden increase in vehicles’ density (from jam, accident, or

other events) to keep safe distance between vehicles. The packet

reception rate is derived, taking into account the interdistance

between the transmitter and all potential receivers and their

speeds. The proposed model uses a Markov chain approach,

which includes the probability of a busy channel in each

state, to derive the probability of transmitting status packets

and their delay. An adaptive and mobility-aware algorithm is

introduced to enhance the performance of VANETs. Simulation

results show that the proposed model is quite accurate, and the

proposed algorithm enhances the DSRC performance compared

with other algorithms in the literature.

III. SYSTEM MODEL AND PERFORMANCE PARAMETERS

In the safety applications of VANETs, vehicles broadcast two

types of messages: warning (event driven) and status messages.

While warning messages usually contain safety-related infor-

mation, status messages are periodically sent to all vehicles

within their range and contain vehicle’s state information such

as speed, acceleration, direction, and position. Therefore, emer-

gency messages will use AC3 since it has the highest priority,

as listed in Table I, whereas status messages will use AC0.

In our model, vehicles generate their status messages at a rate

of λs, which implies that the length of the SI is SI = 1/λs [8].

We assume that all packets have the same length of L bits, and

the whole SI is dedicated to safety applications, i.e., CCI = SI.

Each vehicle will randomly choose a slot within the SI to

transmit its status packet, whereas emergency packets are sent

only during emergencies, such as an accident or warning from

hazards or jam on the road ahead. Based on these assumptions,

we analyze the DSRC protocol to find the smallest channel

interval that maximizes the reliability of safety applications,

resulting in achieving high probability of successfully receiving

a status message from each vehicle within this interval.

It is assumed that all vehicles have the same transmitting

power Pt, and each vehicle successfully receives the signal if

the received power is higher than a certain threshold Pth. Since

fading is a major characteristic of the VANET channel, the

received signal power is random; therefore, the communication

range is also a random variable. The cumulative distribution

function (cdf) of the communication range FR(r) and its mean

E[R] will be derived in the following. Table II lists all notations

for the proposed analytical model.

In the following, different parameters that affect the

IEEE802.11p performance will be analyzed. The communica-

tion range and the mobility model are first studied to derive

TABLE II
MAIN NOTATIONS FOR THE ANALYTICAL MODEL

the distribution of vehicles on the road that will affect the

link availability and duration of connection between vehicles.

It also determines the population size of vehicles within the

transmitter’s range and the number of vehicles in the two in-

terfering (hidden terminal) areas. The effect of the transmitter’s

and receiver’s speed, the contention window, and the carrier

sense range on the successful reception rate of packets is then

derived.

A. Communication Range

Since VANETs have many moving and stationary objects

that can reflect, scatter, diffract or even block the signals, the

received signal by any vehicle is composed of many reflected

signals with randomly distributed amplitudes and phases. Re-

cently, many studies have paid more attention to the vehicle-

to-vehicle channel propagation models. In [5], we showed that

the fading channel in VANETs can be characterized by Rician

distribution for short distances and tends toward Rayleigh dis-

tribution for large distances. Therefore, the Nakagami fading

distribution whose parameters can be adjusted to fit a variety

of empirical measurements and can model Rayleigh and Rician

distributions is used. The Nakagami model has a probability

density function (pdf) of the received signal power x [35] as

Pz2(x) =

(

m

Pr

)m
xm−1

Γ(m)
e−

mx
Pr , for x ≥ 0 (1)

where Γ(·) is the Gamma function; Pr = PtK/rα is the av-

erage received power; r is the distance in meters; α is the

path-loss exponent; K = GtGr(C/(4πfc))
2; C is the speed of

light; fc = 5.9 GHz is the carrier frequency, and Gt and Gr are

the transmitter’s and receiver’s antenna gains, respectively; and

m is the fading factor. For m = 1, the Nakagami distribution
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reduces to Rayleigh distribution, and for m = (k + 1)2/(2k +
1), it approximates a Rician distribution with parameter k,

which is the ratio of power in the line of sight to the power

in the non-line of sight.

From (1), we can calculate the cdf of the communication

range when the received power is greater than the threshold

Pth as

FR(r) = 1 − P (x ≥ Pth) = 1 −
∞
∫

Pth

Pz2(x)dx. (2)

Substituting (1) in (2) and let u = (mx)/Pr, the cdf can be

written as

FR(r) = 1 − 1

Γ(m)

∞
∫

mPth
Pr

um−1e−udu. (3)

By using

∫

xn ecxdx =

(

d

dc

)n
ecx

c

the cdf can be written as

FR(r)=1− 1

Γ(m)

m−1
∑

i=0

(m− 1)!

(m− 1 − i)!

(

mPth

Pr

)m−1−i

e−
mPth
Pr .

(4)

The average value of the communication range E[R] (or R)

can be derived as

E[R] =

∞
∫

0

(1 − FR(r)) dr. (5)

Substituting (4) in (5) and integrating over the limits, we have

E[R] =
1

αΓ(m)

m−1
∑

i=0

(m− 1)!

(m− 1 − i)!

× Γ

(

m− 1 − i+
1

α

)(

mPth

PtK

)− 1
α

. (6)

To derive the average carrier sense range E[LCS] where

nodes can sense the packet but could not receive it, the same

procedure as in (6) is followed, except for the received power

threshold PCS, which will be defined as a percentage of the

threshold Pth as PCS = ρPth, where ρ ∈ (0, 1]. Therefore, the

expected carrier sense range will be

E[LCS] =
E[R]

α
√
ρ
. (7)

B. Mobility Model

Although some of the previous models in the literature

neglect the effect of vehicle speed on the successful reception of

a single packet, it is still of paramount importance to consider

it on the successful reception of status and emergency packets.

Fig. 1. Simplified 1-D highway scenario.

A small fraction of a second could prevent a fatal accident to

occur if the following vehicle managed to stop at least 1 mm

from the front vehicle. Vehicles continuously go in and out of

the tagged vehicle’s communication range. Moreover, in some

cases and due to the large number of vehicles, the message

could be propagated to all recipients in a multihop fashion,

which may increase the time that the message could spend on

the MAC layer before it can be delivered without collisions.

The proposed VANET mobility model is built based on a

one-way multilane highway segment [36]. Since the commu-

nication range is much larger than the width of the road, the

network in each direction of the road is simplified as a 1-D

VANET, as shown in Fig. 1. Vehicles will follow the direction

of the road with a speed uniformly distributed between Vmin

and Vmax with mean μ = (Vmin + Vmax)/2 and variance σ2 =
(vmax − vmin)

2/12. In this model, we are interested in the

distribution of vehicles on the road, number of vehicles Nc

around the transmitter (contention region), and the number of

vehicles Nh in the hidden terminal areas (interference region).

In this model, an arbitrary starting point of the highway is

first defined. The number of vehicles that cross the starting

point in each lane (assume the road has Nl lanes) is modeled

as a Poisson process with average rate βi vehicles/s for the

ith lane, and β =
∑Nl

i=0 βi is the total number of vehicles per

second that cross that point. Empirical studies [37] show that

the Poisson process is a sufficiently accurate assumption for

modeling the vehicle arrival process in a highway scenario.

It is assumed that vehicles independently move of each other;

hence, according to the central limit theorem, the total distance

that a vehicle travels during an interval of (0, t) approaches

a normal distribution, and the distance between two vehicles

crossing the starting point with time difference τd also has

normal distribution. Based on this conclusion, the probability

of having two vehicles within the communication range of each

other is derived [36].

To find the probability of having Nc vehicles within the range

of any tagged vehicle, the mobility model is extended to include

the minimum safety distance between vehicles in each lane (ts-

second rule). This means that the following vehicle traveling

with speed Vj has to keep a safe distance dth from the vehicle in

front, such that dth > Vjts, to avoid an accident if the vehicle

in front suddenly stops. This minimum distance is a random

variable and depends on the following vehicle’s speed Vj if

fixed ts is assumed, which is the response time for a driver to

react on a sudden incident. Moreover, the following two cases

are considered.

The first case is when the number of vehicles that cross the

defined reference point is small such that the interarrival time

(τd = 1/βi) between vehicles in the ith lane is larger than ts.
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Fig. 2. Single-server queue model.

In this case, the probability of having Nci = k vehicles within

the communication range of the tagged vehicle (i.e., within a

distance of 2R) in the ith lane is Poisson distributed [36] as

P2R(Nci = k) =

(

2βiR
µ

)k

k!
e−

2βiR

µ (8)

and the average number of vehicles around the tagged vehicle

in the ith lane is

Nci =
2βiR

μ
. (9)

The probability of having Nhi
= k vehicles within the carrier

sense range of the tagged vehicle is

P2LCS
(Nhi

= k) =

(

2βiR
µ α

√
ρ

)k

k!
e
− 2βiR

µ α√ρ . (10)

The second case is when the number of vehicles that cross the

reference point is large such that the interarrival time between

the two following vehicles is less than the safety time ts.

As a consequence, the interdistance between two neighboring

vehicles in one lane is less than the threshold distance as

di = Vf τd < Vj ts (11)

where Vf and Vj are the in-front and following vehicles’ speeds

on the ith lane, respectively. In this case, the following vehicle

has to reduce its speed to avoid an accident. To derive an

expression for this reduction in speed, the system is modeled

as a single-server Poisson arrival queue, as shown in Fig. 2.

A vehicle is immediately served if the server is empty, and its

service time S will be (S + 1/βi) · Vf = Vjts; therefore

S =
Vj

f

ts −
1

βi

. (12)

On the other hand, if a vehicle finds that another one is

being served (i.e., reducing its speed to maintain the threshold

distance), the new vehicle would wait in the queue for time

B1 until the first one finishes the service, i.e., the distance that

the vehicle traveled is equal to dth. If another vehicle arrives

during time S, it will wait in the queue until all vehicles in

front of it have been served, i.e., the distance between any two

neighboring vehicles is at least equal to dth. After that, vehicles

would move according to new speed limits, which reflect this

increase in the interdistances between vehicles. Since the arrival

time is Poisson with rate βi, the number of vehicles N(s) that

will arrive during the time S has Poisson distribution, and the

server busy time can be modeled as

B = E[S] +

N(S)
∑

i=1

Bi. (13)

However, for given S,
∑N(S)

i=1 Bi is a compound Poisson

distribution, and its mean E[B] can be derived as

E[B] =
E[S]

1 − βiE[S]
. (14)

To derive E[S], it is seen from (12) that S has a ratio

distribution, and its mean value is

E[S] = E

[

Vj

Vf

]

ts −
1

βi

. (15)

Define a random variable Z = Vj/Vf , which has values in

the interval (Vmin/Vmax, Vmax/Vmin); hence, the pdf of Z can

be written as

fZ(z)=

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1
2(Vmax−Vmin)2

(

V 2
max −

V 2
min

z2

)

, Vmin

Vmax
≤ z < 1

1
2(Vmax−Vmin)2

(

V 2
max

z2 − V 2
min

)

, 1 ≤ z < Vmax

Vmin

0, otherwise.
(16)

Therefore, E[Z] can be derived as

E[Z] =
Vmax + Vmin

2(Vmax − Vmin)
ln

(

Vmax

Vmin

)

. (17)

Substituting (17) in (15), we have

E[S] =
Vmax + Vmin

2(Vmax − Vmin)
ln

(

Vmax

Vmin

)

ts −
1

βi

. (18)

Substituting (18) in (14), the average server busy time is

E[B] =

Vmax+Vmin

2(Vmax−Vmin)
ln
(

Vmax

Vmin

)

ts − 1
βi

1 − βi

[

Vmax+Vmin

2(Vmax−Vmin)
ln
(

Vmax

Vmin

)

ts − 1
βi

] . (19)

Equation (19) represents the average time that a vehicle will

wait in the queue, such that the interdistance between two

following vehicles in one lane is greater than or equal to the

threshold distance dth. To reflect this waiting time on the real

scenario on the road, vehicles in our model will proportionally

reduce their speed with E[B], which is normalized by the

number of lanes, and the maximum and current average speeds

as μv = (Nlμ)/μnew. Initially, μnew = μ and will decrease as

the vehicle density increases. Intuitively, increasing the number

of lanes on the road will give the drivers more options to change

lane and to keep the same speed. At the same time, decreasing

the vehicles speed compared with the initial average speed will

increase the interarrival time between vehicles, resulting to a

decrease in the server busy time. It is clear that the more waiting

time, the more reduction in the average speed of all following

vehicles until it reaches zero speed, defined as a jam state. In

this state, vehicles will come to a complete stop or move at a

speed close to zero. Therefore, it is assumed that each vehicle
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occupies a space of 10 m on average, which is the maximum

vehicle density a road lane can handle. The new speeds and

their mean are given, respectively, as

Vmax[new] =Vmaxe
−ε

E[B]
µv (20)

Vmin[new] =Vmine
−ε

E[B]
µv (21)

μnew =
Vmax[new] + Vmin[new]

2
(22)

where ε ∈ (0, 1] is the fraction of vehicles that follow the

following distance safety rule. For example, if ε = 0.8, this

means that 80% of the vehicles on the road will follow this rule.

This percentage will vary from country to country and from city

to city; even each lane on a road could have a different value.

From the new values of the maximum and minimum vehicle

speeds in (20) and (21), respectively, it is required to calculate

a new value of E[S] as E[S]new and to substitute it in (19) to

calculate a new value of E[B] as E[B]new. The new distribution

of vehicles will be a new Poisson but with different mean

(2Rβi)/μnew if the condition βiE[S]new < 1 is satisfied. Oth-

erwise, the road reaches the jam state. Therefore, the average

number of vehicles Nci within the communication range of any

tagged vehicle in the ith lane will be

Nci =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

2Rβi

µ
, E[S] = 0

2Rβi

µnew
, E[S] �= 0, βiE[S]new < 1

2R
10 , E[S] �= 0, βiE[S]new ≥ 1.

(23)

From (23), it is clear that the proposed mobility model has the

capacity to handle sudden reduction of interdistances between

vehicles (from jams or other events) to keep the safe distance

between vehicles to avoid accidents.

The vehicles’ arrival rate and average speed could vary from

lane to lane. The leftmost lane could have higher average speed

and arrival rate than the rightmost lane. To find the total number

of vehicles within the communication range of the transmitter,

one can use (23) to calculate the number of vehicles Nci in each

lane and sum them all, such that Nc =
∑Nl

i=1 Nci . Without loss

of generality, assuming that all lanes have the same arrival rate

and average speed, then the total number of vehicles that are

located within the range of the transmitter is

Nc =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

2Rβ
mu

, E[S] = 0
2Rβ
µnew

, E[S] �= 0, βE[S]new < 1

2R
10 Nl, E[S] �= 0, βE[S]new > 1.

(24)

C. Link Availability Probability

Two vehicles can communicate only if they are within the

communication range of each other. Therefore, the probability

of successfully receiving a packet depends on the relative speed

between the sender and the receiver, the packet transmission

time, and the transmitter’s range R. Assume initially that the

receiver is at an arbitrary distance from the transmitter but

within the communication range at the beginning of the packet

transmission. Let d1 be the distance of the receiver from the

sender, which is moving in the same direction of the sender, as

shown in Fig. 1. Then, the pdf of this distance is fd1
(x) = 1/2R.

Since the status packet transmission time Tt is very short,

assume that the vehicle’s speed will not change during this

time period. If the receiver is at distance d1 from the sender,

then its new location from the sender at the end of the packet

transmission is dn = d1 + (vx − vt)Tt, where vt and vx are the

transmitter’s and receiver’s speeds, respectively. Therefore, the

probability Pl that a vehicle, which is traveling in the same

direction, will successfully receive the packet is when its dn
is still within the transmitter’s range as

Pl = P
(

−R ≤ d1 + (vx − vt)Tt ≤ R
)

. (25)

From (25), if the receiver’s speed vx ≥ vt, then the vehicles

located at distances less than −R at the time of transmission

are not considered. Therefore, the probability Pl1 that a vehicle

traveling at a higher speed than the transmitter will successfully

receive the packet is given by

Pl1(vt) =P
(

−R ≤ d1 ≤ R− (vx − vt)Tt

)

=

vmax
∫

vt

R−(vx−vt)Tt
∫

−R

1

2R

1

vmax − vt
dx dvx

= 1 − vmax − vt

4R
Tt. (26)

On the other hand, if the receiver’s speed vx < vt, then vehicles

located at distances greater than R at the time of transmission

are not considered. Therefore, probability Pl2 that a vehicle

traveling in lower speed than the transmitter will successfully

receive the packet is given by

Pl2(vt) =P
(

−R+ (vx − vt)Tt ≤ d1 ≤ R
)

=

vt
∫

vmin

R
∫

−R+(vx−vt)Tt

1

2R

1

vt − vmin
dx dvx

= 1 − vt − vmin

4R
Tt. (27)

Since a vehicle traveling at a speed lower than the transmit-

ting vehicle’s speed with probability γ = (vt − vmin)/(vmax −
vmin), the probability Pls(vt) that a vehicle traveling in the

same direction as the transmitting vehicle will successfully

receive the packet is given by

Pl(vt) = Pl1(vt)(1− γ) + Pl2(vt)γ. (28)

Integrating (28) over the range vt ∈ [vmin, vmax] yields the

average probability Pl as

Pl = 1 − vmax − vmin

8R
Tt. (29)
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Fig. 3. Markov chain for emergency and status packets.

D. Back-Off Process and Contention Window

In [38], we constructed a model for the back-off counter

process of the IEEE 802.11p, assuming unsaturated conditions,

as shown in Fig. 3. If a vehicle has a status packet, it will

initially wait for a period of AIFS = AIFSN · ̺ before it can

broadcast the packet, where AIFS is the arbitration interframe

space for status packet’s AC (chosen here as AC0); AIFSN

is the AIFSN associated with this class, as listed in Table I;

and ̺ = 13 μs is the length of the time slot [1]. If the channel

is sensed busy (with probability p) during the AIFS time, the

AC will uniformly and randomly choose contention window

Wo from [0, . . . ,Ws] as a back-off counter, where Ws is the

minimum contention window associated with this class (AC0).
At any time slot during the back-off process with probability

(1 − p), the AC decrements its back-off counter if it senses an

idle channel; otherwise, it freezes the counter and waits for the

whole period of the ongoing transmission (Tt = L/rd + AIFS ·
̺+ δ) until the channel is idle again before decrementing its

counter, where p is the conditional busy channel probability

seen by a packet about to be transmitted and independent

from any other vehicle, δ is the propagation delay, and rd
is the data rate. Once the back-off counter reaches the zero

state, the AC broadcasts the packet. There will be no subse-

quent retransmissions if the packet collides; hence, the packet

is lost.

By solving the discrete Markov chain in [38], it is found that

the probability τs that a vehicle transmits a status packet in a

randomly selected slot is

τs =
2(1 − p)2

2 + pWs − 3p
(̺λs) (30)

where ̺λs is the probability that a vehicle is ready to transmit

in that time slot.

If at least one vehicle within the carrier sense range is

transmitting a packet in the same time slot when the channel

is sensed busy, p can be expressed as

p = 1 −
∞
∑

k=0

(1 − τs)
kP2LCS

(k) = 1 − e
− 2βR

µ α√ρ
τs . (31)

The Newton–Raphson method is used to solve (30) and (31)

since the system has a unique solution in the range of p ∈ [0, 1],
as shown in Section VI.

The average delay E[Tss] for status packets to be transmitted

from the time it was ready at the MAC layer can be derived

from the Markov chain in Fig. 3 and detailed in [38] as

E[Tss] =

Ws−1
∑

i=0

p

Ws

i
∑

k=0

(pTt) + Tt =
p2 Tt(Ws − 1)

2
+ Tt.

(32)

E. Probability of Successful Reception

To derive the probability of successful reception, it is as-

sumed that concurrent transmissions will cause a collision at

the receiver. The vehicles that are located at distances higher

than the communication range will not cause a collision at the

receiver. Therefore, for successful reception by another vehicle

located within the tagged vehicle’s range R, it is imperative

that no vehicle within its carrier sense range (2E[LCS]) (or

within the maximum 4R if E[LCS] > 2R) will transmit in the

same time slot in which the tagged vehicle is transmitting.

At the same time, vehicles within the interfering areas, which

are at maximum equal to 2(2R− E[LCS]) if E[LCS] < 2R,

should not transmit during the vulnerable interval of unslotted

ALOHA, which is equal to two transmission periods weighted

by the time slot Tv = 2Tt/̺. The transmitted packet has also

to be error free, and the received signal strength has to be

higher than the threshold Pth that has been accounted for in

the derivation of the average communication and carrier sense

ranges in (6) and (7), respectively. Moreover, the vehicle has to

stay within the range of the transmitting vehicle for the whole

communication period. Putting all these conditions together, the

probability of successful reception Ps that a vehicle within the

communication range of the tagged vehicle successfully receive

the status packet can be written as

Ps = Pl ·
( ∞
∑

k=0

(1 − τs)
kPdc

(k)

)

·
( ∞
∑

k=0

(1 − τs)
kPdh

(k)

)Tv

(33)

where dc = 2 ·min(E[LCS], 2R) is the contention area, and

dh = 2 ·max(2R− E[LCS], 0) is the hidden terminal area and

can be calculated from (8). Therefore, Ps can be simplified as

Ps =

{

Pl · e−(1+Tv(2 α
√
ρ−1)) 2βR

µ α√ρ
τs , ρ > 0.5α

Pl · e−2 2βR
µ

τs , ρ ≤ 0.5α.
(34)

This probability expresses the reliability of the designed sys-

tem. The higher the success rate, the more vehicles will suc-

cessfully receive the emergency and status packets, which will

increase the drivers’ awareness of potential dangers on the road

ahead.

IV. EMERGENCY TIME DELAY

Here, the case when a vehicle encounters an emergency

situation, such as an accident, lane change, or slowing down

below a certain threshold speed, is analyzed. The vehicle that

is involved in an emergency situation will send an emergency

packet to all vehicles behind it who will select another vehicle

as a relay node to rebroadcast the message to its neighbors.

The emergency message continues to propagate until it reaches

a certain distance D defined within the message itself. The
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vehicle uses the high-priority AC AC3 to send the emergency

message after sensing an idle channel for an AIFSN · ̺ s, where

AIFSN = 2 for this class, as listed in Table I. If the channel is

sensed busy, the AC selects a contention window from the range

[0,We], where We = 3 in this case, and starts decrementing

this counter, as in the Markov chain in Fig. 3. Therefore, the

probability τe that the emergency message will be sent can be

derived by analyzing the Markov chain, as in (30), except for

changing Ws by We as

τe =
2(1 − p)2

2 + pWe − 3p
. (35)

The average delay E[Tse] for the emergency packet to be

transmitted from the time it was ready at the MAC layer can

also be derived as in (32) as follows:

E[Tse] =

We−1
∑

i=0

p

We

i
∑

k=0

(pTt) + Tt =
p2 Tt(We − 1)

2
+ Tt.

(36)

Once the vehicles located within the transmitter’s range re-

ceive the emergency message, they have to rebroadcast the mes-

sage to the next hop. The algorithm of selecting the best relay

vehicle is based on the network topology persistence protocol

(NTPP) algorithm proposed in [39], where vehicles calculate

their probability of retransmitting the message and their waiting

time based on their distance from the transmitter and the vehicle

density. The farthest vehicle from the transmitter will have

higher retransmitting probability Ptr and less waiting time

Tw as

Ptr(d) =
1

2

[(

d

R

)

+

(

1 − β/μ

Nl/10

)]

(37)

Tw(d) =

(

1 − d

R

)(

β/μ

Nl/10

)

(2Tt + δ) (38)

where d is the interdistance between the transmitter and the

potential relay vehicle, β/μ is the current vehicle density, and

Nl/10 is the maximum vehicle density, i.e., the jam scenario

(For more information on deriving (37) and (38), see (39),

shown at the bottom of the page).

To derive the total travel time for the emergency message

to reach the distance D, it is required to find the location of

the farthest relay vehicle to the transmitter that successfully

receives the message and the time it waits before it retransmits

the message to the next hop. Assuming that the relay vehicle

is located at distance d from the transmitter as in Fig. 4, then

the probability Prec that this relay vehicle will successfully

receive the message (assuming that the message is transmitted

with probability τe) can be derived in two cases. The first

case is when 0 ≤ d ≤ LCS −R; in this case, the relay vehi-

cle would successfully receive the message when all vehicles

Fig. 4. Relay vehicle distance model.

within the range [d− LCS, d+R] do not use the channel in

the same time slot as the transmitter. The second case is when

LCS −R < d ≤ R; in this case, the vehicles within the range

of [d− LCS, LCS] should not use the channel in the same

time slot as the transmitter and the vehicles within the range

[LCS, d+R] should not use the channel for the vulnerable

period Tv . Therefore, Prec can be derived in the same way as

in (34) as (39).

It is obvious that the farther the relay vehicle is, the less

number of hops the emergency message will travel and have

less travel delay. However, as d increases, the relay vehicle is

more vulnerable to the hidden terminal problem, particularly in

high-density scenarios. Therefore, a condition of receiving the

emergency message with probability Prec(d) ≥ 90% is applied

to find the average interdistance d of the relay vehicle from

the transmitter. Since this relay vehicle has a retransmission

probability of Ptr(d), its average waiting time until it transmits

the emergency message is Tw(d)/Ptr(d). The average number

of hops that the emergency message will travel to reach its in-

tended distance D is ⌊D/d⌋. Therefore, the average emergency-

message travel time to reach a distance D is

Ttravel =

⌊

D

d

⌋(

E[Tse] +
Tw(d)

Ptr(d)

)

. (40)

V. ADAPTIVE AND MOBILITY-BASED ALGORITHM FOR

ENHANCING VEHICULAR AD HOC

NETWORK PERFORMANCE

From the given analysis, it can be seen that there are many

conflicting parameters that affect the system reliability and its

success rate. Keeping these parameters with fixed values as

specified in the standard [1] will result in undesired perfor-

mance, particularly in a harsh vehicular environment where

vehicles are moving in a very high speed and their density on

the road is changing very frequently. That is, in a matter of

seconds, the vehicle density could change from light density

to the jam scenario. Therefore, vehicles have to change their

sending rate λs, communication range R or transmission power,

carrier sense range LCS, and/or their minimum contention

window size Ws based on the situation on the road to increase

the success rate and reliability of VANETs.

Therefore, a new AMBA in which vehicles change their

parameters according to their density and average speed on the

road, pertaining to the following assumptions, is proposed.

Prec(d) =

{

Pl · τe · e−
βR
µ

(1+ α
√
ρ)τs , 0 < d ≤ LCS −R

Pl · τe · e−
β
µ

(

2 R
α√ρ

−d+
(

d+R− R
α√ρ

)

Tv

)

τs , LCS −R < d ≤R
(39)
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1) The vehicles know their current average speed Vc and

their maximum allowed speed Vmax on the road.

2) The maximum communication range (or the maximum

transmission power) is set to Rmax, and the minimum

communication range is set to Rmin, which is used in the

jam scenario.

3) The carrier sense parameter ρ can take three values

ρ ∈ [1, 0.5, 0.25] when the average vehicle speed is [30%,

30%−70%, 70%] of the maximum speed, respectively.

The values 30% and 70% are chosen here based on

intensive simulations, and they seem to work well, as can

be seen from the simulation results.

4) The vehicles’ status packet-sending rate can take the

values in the range of [1–10].

5) The minimum contention window size Ws can take on

values in the range [15–127] with a step size of 16.

6) The current used vehicle’s average speed, range, carrier

sense parameter, packet-sending rate and the minimum

contention window are denoted by Vc, Rc, ρc, λsc , Wsc ,

respectively.

Vehicles will execute the AMBA algorithm every Talg s,

where they sense the vehicle’s density from their current aver-

age speed and compare it with the maximum speed Vmax. The

pseudocode of the AMBA algorithm is shown as Algorithm 1.

The smaller the current vehicle’s average speed within the

previous time period Talg, the higher the vehicle density will

be around that vehicle based on the proposed mobility model.

The algorithm divides the range (Rmax−Rmin) into ten steps.

Each time that the vehicle speed is dropped by a tenth of its

maximum speed Vmax, it will reduce its range and set the other

parameters accordingly. The vehicle will calculate its delay Tb

from the time it was ready to transmit its status packet until the

time the packet is transmitted. If the new value of Tb is higher

than its previous one by ψ = 10%, the vehicle will increase

its minimum contention window size Wsc . On the other hand,

if Tb is smaller than its previous value by ψ = 10%, it will

decrease its Wsc . Otherwise, it will keep it the same. The

carrier sense range is also set according to the sensed density.

When the vehicle’s density is high (average speed drops below

30% Vmax), the carrier sense range is decreased to decrease

the waiting time for each vehicle to send its status message.

Although decreasing the carrier sense range will increase the

hidden terminal area, the algorithm deals with this problem by

decreasing the communication range. Therefore, the AMBA

algorithm allows more vehicles to send their status messages

within the SI with a high successful reception rate.

Algorithm 1 AMBA to set VANETs’ parameters accord-

ing to the vehicles’ density on the road.

Initial setup

Rc ← Rmax

ρc ← 0.25

λsc ← 10

Wsc ← 15

for Every Talg = 10 · CCI s do

if Vc < Vmax then

i ← ⌊Vc/Vmax · 10⌋ (i represents a step from 1 to 10 in

which the current speed falls compared with the

maximum speed)

Rc ← Rmin + i ·Rmax−Rmin/10 (use a new range

based on the step i)
λsc ← max(i, 1) (use a new sending rate based on the

step i)
if i ≤ 3 then

ρc ← 1 (in high density, LCS = R)

else

if i ≤ 7 then

ρc ← 0.5 (in medium density, R ≤ LCS ≤ 2R)

else

ρc ← 0.25 (in low density, LCS ≃ 2R)

end if

end if

if Tbnew > (1 + ψ) · Tbold then

Wsc ← min(Wsc + 16, 127) (if the time delay

increases, i.e., more contention, increase Ws)

else

if Tbnew < (1 − ψ) · Tbold then

Wsc ← max(Wsc − 16, 15) (if the time delay

decreases, i.e., less contention, decrease Ws)

end if

end if

end if

end for

VI. MODEL VALIDATION AND SIMULATION

Here, the DSRC performance will be analyzed based on the

probability of successful reception derived in (34). All vehicles

send their status messages, except for one vehicle, which will

send an emergency message. The time it takes for that emer-

gency message to propagate to a certain distance (3000 m) is of

interest. It is assumed that all vehicles are synchronized to the

CCI all the time, and the generation time of each status packet

is uniformly distributed over that interval.

To validate the model, we use ns2 [34] with realistic mobility

models generated by MOVE [32], which is built on top of the

microtraffic simulator SUMO [33] that has the most realistic

mobility traces for VANETs [40]. The trace file realistically

evaluates and generates the motion behavior of vehicles on

the highway where vehicles could change lane and speed, and

could take over other vehicles in front of them. The simulation

setup is a one directional highway segment of 4000 m in length

with four lanes. The vehicles’ speed ranges from 80–120 km/h,

which is typical for Ontario highways.

The Nakagami-m propagation model is used, which has

two distance dependent parameters: the fading factor m and

the average power Ω. Torrent-Moreno et al. [41] performed

a maximum-likelihood estimation of m and Ω for a vehicular

highway scenario. They found that Ω decreases as the distance

to the receiver increases as expected from the average power in

the deterministic models, i.e., by d−2. On the other hand, fading

parameter m = 3 is selected for short interdistance between

the transmitter and the receiver (d ≤ 50) since the line-of-sight
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TABLE III
VALUE OF PARAMETERS USED IN SIMULATION

Fig. 5. Number of vehicles within the communication range of the transmitter.

conditions is expected, and then, decrease it to m = 1.5 for

medium distances (50 < d ≤ 100), and make it as Rayleigh

distributed, i.e., m = 1 for longer distances. Ω is set in each

interval to be the average power calculated from a free-space

propagation model; hence, receivers located within 100 m of

the transmitter will receive the signal with Rician distribution,

whereas others will have Rayleigh distribution. Since the re-

ceiver in ns2 will receive the signal if its power is higher than

the threshold Pth, the transmitting power is set such that the

receiving power at the communication range R is the threshold

Pth as per (6), and the carrier sense range E[LCS] is as in (7).

Each simulation is performed for a period of 300 s of real time.

Table III lists the simulation parameters used, unless a change

is mentioned explicitly.

To compare the accuracy of the proposed mobility model

with mobility models based on Poisson distribution, the average

number of vehicles within the transmitter’s range is plotted in

Fig. 5 as a function of the vehicles’ arrival rate. Note that the

Poisson models do not take into account the follow-on safety

Fig. 6. Vehicle density and their normalized average speed versus vehicle
arrival rate.

rule, the increase in vehicles arrival rate, or the maximum road

capacity. From the numerical results in Fig. 5, it is shown

that the proposed model is more accurate in predicting the

number of vehicles around the transmitter than other models

that use only one Poisson distribution. It can be seen that, as

the number of vehicles arriving at the reference point increases,

the number of vehicles will start to deviate from the old model

assumption until it reaches a point where it stays constant. This

is the jam scenario case where vehicles start to backlog on the

road, decreasing the interdistance between them as a result of

decreasing their speed. This is also obvious in Fig. 6, which

shows how vehicles’ average speed and density are affected by

the increase in their arrival rate.

The following four metrics are defined to evaluate the accu-

racy of the proposed model and reliability of the DSRC protocol

in VANETs: 1) the effective communication range, which is the

range at which most vehicles (95%) that are located around the

transmitter will receive the transmitted message successfully

and compare it with the communication range derived from (6);

2) the success rate, which is the number of vehicles that receives

the transmitted packet successfully divided by the total number

of vehicles that is within the range of the transmitter and

compare it with (34); 3) the average delay for a vehicle to send

its status message and compare it with the delay derived in (32);

and 4) the system reliability, which is the percentage of vehicles

that managed to send their status messages successfully within

any SI.

The results shown in Figs. 7–10 are based on the vehicle

density and average speed corresponding to the density ex-

tracted in Fig. 6. Specifically, Figs. 7–10 show, respectively, the

effective communication range, the success rate, status packet

delay, and the reliability versus the vehicle density for different

generation rates of status packets. It is obvious that, as the

vehicle density increases, the effective range and success rate

will decrease. At the same time, the status packet delay will

increase, resulting in decreasing the system reliability since the

number of vehicles that have the chance to send their status

messages will decrease. This means that not all vehicles get the

chance to access the channel and send their status packets. To

improve system reliability, the status packet generation rate is
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Fig. 7. Effective communication range versus vehicle density when the suc-
cess rate is set at 95% for different status packet-sending rates.

Fig. 8. Successful rate versus vehicle density for different status packet-
sending rates.

Fig. 9. Status packets delay versus vehicle density for different status packet-
sending rates.

reduced from 10 to 5 and then to 2 packets/s. This improves

the system reliability and success rate, but it is still below the

threshold of 95%, particularly when the vehicle density is high.

Fig. 10. System reliability versus vehicle density for different status packet-
sending rates.

Fig. 11. Effective communication range versus vehicle density when the
success rate is set 95% for different carrier sense ranges.

Fig. 12. Successful rate versus vehicle density for different carrier sense
ranges.

To meet this threshold for any vehicle density, vehicles have to

reduce their communication range based on Fig. 7.

Figs. 11–14 show, respectively, the effective communication

range, the success rate, status packet delay, and the reliability
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Fig. 13. Status packets delay versus vehicle density for different carrier sense
ranges.

Fig. 14. System reliability versus vehicle density for different carrier sense
ranges.

versus the vehicle density for different carrier sense ranges. The

carrier sense range is increased by decreasing the carrier sense

power or the parameter ρ. By decreasing ρ from 1 to 0.25, the

carrier sense range doubles that of the communication range. It

is evident that increasing the carrier sense range will increase

the contention region and decrease the hidden terminal region.

Therefore, increasing the carrier sense range will increase the

success rate and the system reliability for fixed vehicle density,

as shown in Figs. 12 and 14, respectively. As a consequence,

the effective communication range will increase, as shown in

Fig. 11. At the same time, vehicles will take longer time to

access the channel, as shown in Fig. 13, due to the increase in

the number of vehicles contending for the channel. As a result,

the number of vehicles that has the chance to send their status

messages will decrease and can be observed from the difference

between Figs. 12 and 14.

To find the impact of the minimum contention window size

Ws on VANETs, Ws is increased from 15 to 1023 and the

success rate, status packet delay, and the reliability for different

vehicle densities are plotted in Figs. 15–17, respectively. It is

shown that increasing the minimum contention window will

Fig. 15. Successful rate versus contention window size for different vehicle
densities.

Fig. 16. Delay of status packets versus contention window size for different
vehicle densities.

Fig. 17. System reliability versus contention window size for different vehicle
densities.

decrease the probability of packet collisions between vehicles,

which is obvious in Fig 15, since the successful rate increases

by the increase in Ws. It is also shown that there is an optimal

value of Ws, which gives the maximum success rate since
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Fig. 18. Emergency-packet travel time versus vehicle’s density.

Fig. 19. Percentage of vehicles within the distance (3000 m) that received the
emergency message successfully.

increasing it would not further result in much of an increase in

the success rate. At the same time, the status packet delay will

increase dramatically by increasing Ws, particularly when the

vehicle density is high. This may result in decreasing the system

reliability since not many vehicles might have the chance to

send their status messages, as shown in Fig. 17.

To evaluate the effect of the AMBA algorithm on the re-

liability of VANETs, the main simulation parameters, as in

Table III, are applied, and let one vehicle send an emergency

packet, which should propagate for a distance of 3000 m be-

hind the transmitter. This emergency message will be rebroad-

casted in every hop based on the NTPP algorithm described

in [39]. Figs. 18 and 19 show, respectively, the delay until

the emergency message reaches the intended distance and the

percentage of vehicles that received it successfully with and

without using the AMBA algorithm. We compare the proposed

AMBA algorithm with the adaptive traffic beacon (ATB) in [42]

and the algorithm in [23]. It is clear that the proposed AMBA

outperforms the other algorithms since AMBA adapts not only

the beaconing interval, as in ATB, but the communication and

carrier sense ranges based on the average vehicle density as

well. It can be seen that the time needed for the emergency

message to reach the intended distance increases as the vehicle

density increases due to the increase in channel contention and

Fig. 20. CCDF of the interarrival time of status messages versus the number
of time slots.

collisions. Adapting the AMBA algorithm results in increasing

the emergency delay even more because the vehicles would

decrease their communication range as the vehicle density

increases. It is also clear that the simulated delay is close to

the theoretical value derived from (40). On the other hand,

adapting the new algorithm increases the system reliability

dramatically, particularly in a high-density scenario, as shown

in Fig. 19. This means that more vehicles will be informed of

the emergency on the road ahead, although it arrives late but

within tolerable delay, as defined in [43]. This is also clear

in Fig. 20, which shows the complementary cdf (ccdf) of the

interarrival time of status messages versus the number of time

slots with and without the use of the AMBA algorithm and

compare it with the algorithm proposed in [23]. By using the

AMBA algorithm, the interarrival time between status mes-

sages decreases; therefore, more vehicles will have the chance

to send their status messages during the CCI. It is obvious that

the AMBA algorithm outperforms the one proposed by [23]

since the AMBA algorithm not only adapts the communication

range as in [23] but changes the carrier sense range and the

sending rate of status messages as well, based on the network

density. Therefore, the AMBA algorithm mitigates the effect of

the hidden terminal problem and the network congestion in a

distributed manner more properly than the algorithm in [23].

VII. CONCLUSION

In this paper, an analytical model has been presented to ana-

lyze the reliability of the IEEE 802.11p in VANETs’ safety and

warning applications. The analysis is based on a new mobility

model in which the relationship among vehicle density, speed,

and the follow-on distance rule is derived. In the analysis,

several factors have been considered, such as the impact of

mobility on the link availability between the transmitter and the

receiver, the distribution of vehicles on the road, and the average

number of vehicles within the range of the transmitter. The pro-

posed model is built on the fact that vehicles are broadcasting

their status messages within the SI and model each vehicle as

a 1-D Markov chain, including the channel busy probability in

every state. The effective maximum communication range that
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can be used in certain conditions to achieve a certain successful

rate is shown analytically and by simulation. It is shown from

the analytical and simulation results that the current DSRC

specifications may lead to undesirable performance under harsh

vehicular environments. Therefore, a new adaptive algorithm,

AMBA, is introduced to enhance VANET’s reliability. By using

the AMBA algorithm, vehicles are able to estimate the vehicle

density and change their transmission parameters accordingly

based on their current average speed to enhance VANETs’

performance. The simulation results, which coincide with the

analytical results, show that the proposed model is quite ac-

curate in calculating the system reliability, and the proposed

AMBA algorithm has high performance compared with other

algorithms.

REFERENCES

[1] IEEE Draft Standard for Information Technology Telecommunications

and Information Exchange Between Systems—Local and Metropolitan

Area Networks—Specific Requirements—Part 11: Wireless LAN Medium

Access Control (MAC) and Physical Layer (PHY) Specifications, Amend-

ment 6: Wireless Access in Vehicular Environments, IEEE Std. 802.11,
2012.

[2] IEEE Standard for Information Technology––Wireless LAN Medium Ac-

cess Control (MAC) and Physical Layer (PHY) Specifications Amendment

8: Medium Access Control (MAC) Quality of Service Enhancements, IEEE
Std. 802.11e-2005, Amendment to IEEE Std. 802.11.

[3] IEEE Standard for Wireless Access in Vehicular Environments

(WAVE)—Multi-Channel Operation, IEEE Std. 1609.4, Feb. 2011.
[4] Draft Amendments for Wireless Access in Vehicular Environments

(WAVE), IEEE P802.11p/D5.0, 2009.
[5] K. A. Hafeez, L. Zhao, L. Zaiyi, and B. N.-W. Ma, “The optimal radio

propagation model in VANET,” in Proc. 4th ICSNC, 2009, pp. 6–11.
[6] M. Torrent-Moreno, D. Jiang, and H. Hartenstein, “Broadcast reception

rates and effects of priority access in 802.11-based vehicular ad-hoc net-
works,” in Proc. 1st ACM Int. Workshop Vehicular Ad Hoc Netw., 2004,
pp. 10–18.

[7] M. Torrent-Moreno, J. Mittag, P. Santi, and H. Hartenstein, “Vehicle-
to-vehicle communication: Fair transmit power control for safety-critical
information,” IEEE Trans. Veh. Technol., vol. 58, no. 7, pp. 3684–3703,
Sep. 2009.

[8] E. M. Vaneenennaam, W. Kleinwolterink, G. Karagiannis, and G. J.
Heijenk, “Exploring the solution space of beaconing in VANETs,” in
Proc. 1st IEEE VNC, Tokyo, Japan, 2009, pp. 1–8.

[9] K. Bilstrup, E. Uhlemann, E. G. Strom, and U. Bilstrup, “Evaluation of
the IEEE 802.11p MAC method for vehicle-to-vehicle communication,”
in Proc. IEEE 68th Veh. Technol. Conf., 2008, pp. 1–5.

[10] Z. Wang and M. Hassan, “How much of DSRC is available for non-safety
use?” in Proc. 5th ACM Int. Workshop Veh. Inter-NETw., 2008, pp. 23–29.

[11] G. Bianchi, “Performance analysis of the IEEE 802.11 distributed coordi-
nation function,” IEEE J. Sel. Areas Commun., vol. 18, no. 3, pp. 535–547,
Mar. 2000.

[12] D. X. Xu, T. Sakurai, and H. L. Vu, “An access delay model for IEEE
802.11e EDCA,” IEEE Trans. Mobile Comput., vol. 8, no. 2, pp. 261–
275, Feb. 2009.

[13] J. Y. Lee and H. S. Lee, “A performance analysis model for IEEE 802.11e
EDCA under saturation condition,” IEEE Trans. Commun., vol. 57, no. 1,
pp. 56–63, Jan. 2009.

[14] X. Ma and X. B. Chen, “Delay and broadcast reception rates of highway
safety applications in vehicular ad hoc networks,” in Proc. Mobile Netw.

Veh. Environ., May 2007, pp. 85–90.
[15] S. Eichler, “Performance evaluation of the IEEE 802.11p WAVE

communication standard,” in Proc. IEEE Veh. Technol. Conf., 2007,
pp. 2199–2203.

[16] C. Campolo, A. Molinaro, A. Vinel, and Y. Zhang, “Modeling priori-
tized broadcasting in multichannel vehicular networks,” IEEE Trans. Veh.

Technol., vol. 61, no. 2, pp. 687–701, Feb. 2012.
[17] G. Badawy, J. Misic, T. Todd, and D. Zhao, “Performance modeling of

safety message delivery in vehicular ad hoc networks,” in Proc. IEEE 6th

Int. Conf. WiMob, Oct. 2010, pp. 188–195.
[18] J. He, Z. Tang, T. O’Farrell, and T. M. Chen, “Performance analysis

of DSRC priority mechanism for road safety applications in vehicular

networks,” Wireless Commun. Mobile Comput., vol. 11, no. 7, pp. 980–
990, Jul. 2011.

[19] X. Ma and X. Chen, “Performance analysis of IEEE 802.11 broadcast
scheme in ad hoc wireless LANs,” IEEE Trans. Veh. Technol., vol. 57,
no. 6, pp. 3757–3768, Nov. 2008.

[20] X. Ma, J. Zhang, and T. Wu, “Reliability analysis of one-hop safety-
critical broadcast services in VANETs,” IEEE Trans. Veh. Technol.,
vol. 60, no. 8, pp. 3933–3946, Oct. 2011.

[21] R. Fracchia and M. Meo, “Analysis and design of warning delivery service
in intervehicular networks,” IEEE Trans. Mobile Comput., vol. 7, no. 7,
pp. 832–845, Jul. 2008.

[22] M. I. Hassan, H. L. Vu, and T. Sakurai, “Performance analysis of the IEEE
802.11 MAC protocol for DSRC safety applications,” IEEE Trans. Veh.

Technol., vol. 60, no. 8, pp. 3882–3896, Oct. 2011.
[23] Y. P. Fallah, H. Ching-Ling, R. Sengupta, and H. Krishnan, “Analysis of

information dissemination in vehicular ad-hoc networks with application
to cooperative vehicle safety systems,” IEEE Trans. Veh. Technol., vol. 60,
no. 1, pp. 233–247, Jan. 2011.

[24] A. Ghasemi and S. Nader-Esfahani, “Exact probability of connectivity
one-dimensional ad hoc wireless networks,” IEEE Commun. Lett., vol. 10,
no. 4, pp. 251–253, Apr. 2006.

[25] M. Desai and D. Manjunath, “On the connectivity in finite ad hoc net-
works,” IEEE Commun. Lett., vol. 6, no. 10, pp. 437–439, Oct. 2002.

[26] Y. Zhongjiang, J. Hai, S. Zhong, C. Yilin, and H. Lijie, “k-connectivity
analysis of one-dimensional linear VANETs,” IEEE Trans. Veh. Technol.,
vol. 61, no. 1, pp. 426–433, Jan. 2012.

[27] W. L. Jin and W. Recker, “An analytical model of multihop connectivity of
inter-vehicle communication systems,” IEEE Trans. Wireless Commun.,
vol. 9, no. 1, pp. 106–112, Jan. 2010.

[28] M. Khabazian and M. Ali, “A performance modeling of connectivity in
vehicular ad hoc networks,” IEEE Trans. Veh. Technol., vol. 57, no. 4,
pp. 2440–2450, Jul. 2008.

[29] M. Abuelela, S. Olariu, and I. Stojmenovic, “OPERA: Opportunistic
packet relaying in disconnected vehicular ad hoc networks,” in Proc. 5th

IEEE Int. Conf. Mobile Ad Hoc Sens. Syst., 2008, pp. 285–294.
[30] A. Wegener, M. Píorkowski, M. Raya, H. Hellbrück, S. Fischer, and

J.-P. Hubaux, “TraCI: An interface for coupling road traffic and network
simulators,” in Proc. Commun. Networking Simulation Symp., Ottawa,
ON, Canada, Apr. 2008, pp. 155–163.

[31] C. Sommer and F. Dressler, “Progressing toward realistic mobility models
in VANET simulations,” IEEE Commun. Mag., vol. 46, no. 11, pp. 132–
137, Nov. 2008.

[32] F. K. Karnadi, Z. H. Mo, and K. C. Lan, “Rapid generation of realistic
mobility models for VANET,” in Proc. IEEE Wireless Commun. Netw.

Conf., 2007, pp. 2506–2511.
[33] D. Krajzewicz, G. Hertkorn, C. Rössel, and P. Wagner, “SUMO (Simula-

tion of Urban MObility).; An open-source traffic simulation,” in Proc. 4th

MESM, Sharjah, United Arab Emirates, Sep. 2002, pp. 183–187.
[34] “Network Simulator 2 (ns2),” Discrete Event Network Simulator,

Apr. 2009. [Online]. Available: http://nsnam.isi.edu/nsnam/index.php/
Main_Page

[35] J. G. Proakis and M. Salehi, Digital Communications. New York, NY,
USA: McGraw-Hill, 2008.

[36] K. A. Hafeez, L. Zhao, Z. Liao, and B. Ma, “Impact of mobility
on VANETs safety applications,” in Proc. IEEE GLOBECOM, 2010,
pp. 1–5.

[37] R. P. Roess, E. S. Prassas, and W. R. Mcshane, Traffic Engineering, 3rd ed.
Englewood Cliffs, NJ, USA: Prentice-Hall, 2004.

[38] K. A. Hafeez, L. Zhao, Z. Liao, and B. Ma, “Performance analysis
of broadcast messages in VANETs safety applications,” in Proc. IEEE

GLOBECOM, 2010, pp. 1–5.
[39] K. A. Hafeez, L. Zhao, Z. Liao, and B. Ma, “A new broadcast protocol for

vehicular ad hoc networks safety applications,” in Proc. IEEE GLOBE-

COM, 2010, pp. 1–5.
[40] J. Harri, F. Filali, and C. Bonnet, “Mobility models for vehicular ad hoc

networks: A survey and taxonomy,” IEEE Commun. Surveys Tuts., vol. 11,
no. 4, pp. 19–41, Fourth Quarter, 2009.

[41] M. Torrent-Moreno, S. Corroy, F. Schmidt-Eisenlohr, and H. Hartenstein,
“IEEE 802.11-based one-hop broadcast communications: Understand-
ing transmission success and failure under different radio propagation
environments,” in Proc. 9th ACM Int. Symp. MSWiM, 2006, pp. 68–77.

[42] C. Sommer, O. K. Tonguz, and F. Dressler, “Traffic information systems:
Efficient message dissemination via adaptive beaconing,” IEEE Commun.

Mag., vol. 49, no. 5, pp. 173–179, May 2011.
[43] T. K. Mak, K. P. Laberteaux, and R. Sengupta, “A multi-channel VANET

providing concurrent safety and commercial services,” in Proc. 2nd ACM

Int. Workshop Veh. Ad Hoc Netw., 2005, pp. 1–9.

http://nsnam.isi.edu/nsnam/index.php/Main_Page
http://nsnam.isi.edu/nsnam/index.php/Main_Page


HAFEEZ et al.: PERFORMANCE ANALYSIS AND ENHANCEMENT OF DSRC FOR VANET’S SAFETY APPLICATIONS 3083

Khalid Abdel Hafeez (S’07) received the B.Sc.
degree in electrical and computer engineering from
Jordan University of Science and Technology, Ar
Ramtha, Jordan, in 1988 and the M.A.Sc. degree in
computer networks and the Ph.D. degree in wireless
communications and vehicular ad hoc networks from
Ryerson University, Toronto, ON, Canada, in 2008
and 2012, respectively.

He is currently working as an Instructor with
Ryerson University and the University of Ontario
Institute of Technology, Oshawa, ON. His current re-

search interests include computer networks, wireless communications, network
security, and cryptography.

Lian Zhao (S’99–M’03–SM’06) received the B.S.
degree in electrical engineering from the Civil Avia-
tion University of China, Tianjin, China, in 1990; the
M.S. degree in radio propagation from Wuhan Uni-
versity, Wuhan, China, in 1993; and the Ph.D. degree
in wireless communications from the University of
Waterloo, Waterloo, ON, Canada, in 2002.

Since 2003, she has been with the Department
of Electrical and Computer Engineering, Ryerson
University, Toronto, ON, where she is currently an
Associate Professor. In 2004, she co-founded the

Optic Fiber Sensing Wireless Network Laboratory. Her research interests
include wireless communications, radio resource management, power control,
cognitive radio and cooperative communications, and the design and applica-
tions of energy-efficient wireless sensor networks.

Dr. Zhao is a Licensed Professional Engineer in Ontario and a member of the
IEEE Communications Society.

Bobby Ma (SM’06) received the B.A.Sc., M.A.Sc.,
and Ph.D. degrees from the University of Waterloo,
Waterloo, ON, Canada, in 1982, 1984, and 1988,
respectively, all in electrical engineering.

Since 1988, he has been with the Department of
Electrical and Computer Engineering, Ryerson Uni-
versity, Toronto, ON, Canada, where he is currently
a Professor and a Director of the Computer Net-
works Master of Engineering Program. His current
research interests include network security, wireless
networks, and peer-to-peer networks.

Dr. Ma is a member of the Professional Engineer in the Province Ontario.

Jon W. Mark (M’62–SM’80–F’88–LF’03) received
the B.A.Sc. degree from the University of Toronto,
Toronto, ON, Canada, in 1962 and the M.Eng. and
Ph.D. degrees from McMaster University, Hamilton,
ON, in 1968 and 1970, respectively, all in electrical
engineering.

From 1962 to 1970, he was an Engineer and
then a Senior Engineer with Canadian Westinghouse
Company, Ltd., Hamilton. From October 1968 to
August 1970, he was on leave of absence from
Canadian Westinghouse to pursue the Ph.D. degree

with McMaster University under the auspices of a National Research Council
Post Industrial Experience fellowship. Since September 1970, he has been the
Department of Electrical and Computer Engineering, University of Waterloo,
Waterloo, ON, where he is currently a Distinguished Professor Emeritus. He
served as the Department Chair from July 1984 to June 1990. In 1996, he
established the Centre for Wireless Communications, University of Waterloo,
where he is currently serving as its Founding Director. From 1976 to 1977, he
was on sabbatical leave with the IBM Thomas Watson Research Center,
Yorktown Heights, NY, USA, as a Visiting Research Scientist; from 1982
to 1983, at AT&T Bell Laboratories, Murray Hill, NJ, USA, as a Resident
Consultant; from 1990 at 1991, at the Laboratoire MASI, Université Pierre
et Marie Curie, Paris, France, as an Invited Professor; and from 1994 to
1995, with the Department of Electrical Engineering, National University of
Singapore, Singapore, as a Visiting Professor. He has worked in the areas of
adaptive equalization, spread-spectrum communications, antijamming secure
communications over satellites, and asynchronous transfer mode networks. His
current research interests include broadband and wireless communications and
networks, including power control, resource allocation, mobility management,
and end-to-end quality-of-service provisioning in hybrid wireless/wireline net-
works.

Dr. Mark was an Editor for the IEEE TRANSACTIONS ON COMMUNICA-
TIONS from 1983 to 1989. He served as the Technical Program Chair of the
Eighth Annual Joint Conference of the IEEE Computer and Communications
Societies in 1989. He was a member of the Intersociety Steering Committee
of the IEEE/ACM TRANSACTIONS ON NETWORKING from 1992 to 2003, an
Editor for the ACM/Baltzer Wireless Networks Journal from 1997 to 2004, and
an Associate Editor for Telecommunication Systems from 1996 to 2004.


