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Abstract—Dedicated short-range communication (DSRC) tech-
nology has been adopted by the IEEE community to enable safety
and nonsafety applications for vehicular ad hoc networks. To
better serve these two classes of applications, the DSRC standard
divides the bandwidth into seven channels. One channel, which
is called the control channel (CCH), serves safety applications,
and the other six channels, which are called service channels,
serve nonsafety applications. The DSRC standard specifies a chan-
nel-switching scheme to allow vehicles to alternate between these
two classes of applications. The standard also recommends that
vehicles should visit the CCH every 100 ms, which is called the
synchronization interval (SI), to send and receive their status mes-
sages. It is highly desirable that these status messages be delivered
to the neighboring vehicles reliably and within an acceptable delay
bound. It is obvious that increasing the time share of the CCH
from the SI will increase the reliability of safety applications. In
this paper, we propose two algorithms to optimize the length of
the control channel interval (CCI) such that nonsafety applications
have a fair share of the SI interval. One algorithm, which is called
optimal channel access, is proposed to allow vehicles to access the
channel with a derived optimal probability such that the successful
transmission rate is maximized. The second algorithm, which is
called the mobility- and topology-aware algorithm, is an adaptive
scheme proposed to change the DSRC parameters based on the
road and network conditions to allow the coexistence of safety and
nonsafety applications on the DSRC. Vehicles will execute both
algorithms in a distributed manner to achieve a high success rate
within the selected CCI interval. The simulation results show that
using the two new algorithms keeps the CCI below half of the SI
in all scenarios while maintaining a high success rate for safety
messages. This will give nonsafety applications the opportunity to
work in the second half of the SI interval without jeopardizing the
critical safety applications.

Index Terms—Algorithm, control channel interval (CCI),
dedicated short-range communication (DSRC), IEEE 802.11p,
medium access control (MAC), reliability, successful transmission
rate, vehicular ad hoc network (VANET).

1. INTRODUCTION

EDICATED short-range communication (DSRC), or
IEEE 802.11p [1], has been standardized by the IEEE
community to enable a new class of vehicular safety appli-
cations that will increase overall safety on roads. Vehicles
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TABLE 1
CONTENTION PARAMETERS FOR IEEE802.11p CCH [5]
[ AC No. | Access Class CWmin | CWmax [ AIFSN |
0 Background Traffic (BK) 15 1023 9
1 Best Effort (BE) 7 15 6
2 Voice (VO) 3 7 3
3 Video (VI) 3 7 2

have to be constantly aware of the events in their surrounding
environment to prevent dangerous situations before they occur.
Therefore, vehicles have to exchange their status messages
(beacons) periodically every 100 ms [2]. Such a high beaconing
rate may result in a large number of communication collisions
particularly in high-density networks, thereby causing serious
degradation in the performance of vehicular ad hoc networks’
(VANETS’) safety and nonsafety applications.

The IEEE 802.11p medium access control (MAC) uses
carrier-sense multiple access with collision avoidance and some
concepts such as priority classes from the enhanced distributed
channel access IEEE 802.11e [3]. In this technology, there
are four access classes (ACs) with different Arbitration Inter
Frame Space Numbers (AIFSNs) to ensure less waiting time
for high-priority packets, as listed in Table I, where CWy,;,, and
= C'Whax, respectively, represent the minimum and maximum
contention windows that an AC can use in the IEEE 802.11
backoff process.

The DSRC is licensed at 5.9 GHz with a 75-MHz spectrum
reserved for VANET applications. The spectrum is divided
into seven 10-MHz channels and a 5-MHz guard band. One
of the channels, i.e., channel 78, is called the control channel
(CCH), which is dedicated for safety applications such as
collision avoidance application. The other six channels, which
are called service channels (SC H s), will be used for nonsafety
or commercial 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 mes-
sages will not be missed or lost. The synchronization interval
(SI) contains a control channel interval (CC1T) followed by a
service channel interval (SCT) [4], such that the time Ts; =
Tccer + Tscr. Increasing the C'CT will enhance the reliability
of safety applications and challenge the coexistence of both
safety and nonsafety applications on the DSRC.

In the DSRC, vehicles should be equipped with sensors
and a Global Positioning System (GPS) to collect information
about their positions, speed, acceleration, and direction to be
broadcasted to all vehicles within their range. These status mes-
sages should be periodically broadcast at every C'CI interval.
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In IEEE 802.11p, vehicles will send no acknowledgement
for the broadcasted packets. Therefore, the transmitter can-
not detect the failure of the packet reception and, hence,
will not retransmit it. This is a serious problem for safety
applications.

To support both safety and nonsafety applications on the
DSRC, vehicles should synchronize their switching mechanism
between the CCH and SCHs. This synchronization requires that
vehicles should repetitively serve safety applications on the
CCH and then nonsafety applications on one or more of the
SCHs, as shown in Fig. 1. It is evident that increasing the CCI
will increase the reliability of the CCH and decrease the fair
share of nonsafety application.

In this paper, the CCI interval will be optimized based on the
successful transmission rate of status messages. The simulation
results show that the current specifications of the DSRC may
lead to severe performance degradation in dense and high-
mobility conditions for both classes of applications. Therefore,
two new algorithms are proposed and evaluated to increase the
reliability of VANETS’ safety applications. Vehicles will use the
two proposed algorithms to achieve a high success rate for their
status messages while keeping the CCI interval as minimum as
possible such that nonsafety applications have a fair share of
the total bandwidth.

The rest of this paper is organized as follows. In Section II,
we briefly review the related work. In Section III, the system
model will be introduced, and channel intervals will be derived
based on the successful transmission rate. The system model
is analyzed in Section IV, and a new algorithm, called optimal
channel access (OCA), is introduced to increase the success-
ful transmission rate of the CCH. In Section V, the CCI is
optimized based on a certain success rate. A new algorithm
called the mobility- and topology-aware (MTA) algorithm is
proposed in Section VI to enhance the reliability of VANETSs.
The simulation setup and results are discussed in Section VII,
and we conclude this paper and propose our future work in
Section VIII.

II. RELATED WORK

Most of the vehicular safety applications proposed in the
literature rely on IEEE 802.11p, which uses the distributed
coordination function (DCF) in its MAC protocol. Due to ve-
hicles’ high mobility and their large number within a confined
area, the authors in [6]-[10] showed that VANETS suffer from
low reliability due to high communication collisions particu-
larly in high-vehicle-density networks. When the vehicles first
synchronize at the CC'I, most vehicles or maybe all of them
have their status messages ready to be transmitted. Therefore,
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on the first time slot, all vehicles that are ready to transmit
will sense a free channel and start transmitting their messages
that will collide with each other. On the other hand, vehicles
that miss the first time slot will sense a busy channel and start
their backoff process. Most of these later transmissions will
also end up in collisions since the minimum contention window
specified in the DSRC is small.

To overcome this serious problem, most researchers distrib-
ute the transmission process uniformly over the CCT interval.
Other researchers propose a time-division multiple-access [11],
[12] or cluster-based MAC protocols [13]-[15]. However, at
certain stages of their protocols, they use the DCF to either
select their cluster heads or assign certain time slots for vehicles
to transmit in their status messages. Therefore, the question that
must be answered is: How long should the C'C interval be set
to avoid or minimize transmission collisions?

In [16], Wang and Hassan studied the aforementioned ques-
tion using simulations. A framework that links the bandwidth
share of nonsafety applications to the performance require-
ments of safety applications was proposed. By using only
simulation experiments, the authors analyzed the existence of
nonsafety applications under varied road traffic conditions and
found that this type of application may have to be severely
restricted during peak traffic hours to ensure that vehicular
safety is not compromised.

The challenge of how to share the limited wireless channel
capacity for the exchange of safety-related information in a
fully-deployed VANET is addressed in [17]. In particular, this
paper studied the situation that arises when the number of
vehicles sending periodic safety messages is very high in a spe-
cific area. By using a strict fairness criterion among the nodes,
Torrent-Moreno et al. proposed a power control algorithm to
limit the load sent to the channel to achieve a good performance
of safety-related protocols.

An architectural model to provide location-based push
services through VANET and third-generation (3G)/fourth-
generation (4G) systems is proposed in [18]. In this paper,
Baiocchi and Cuomo tried to solve the bandwidth share issue
by allowing vehicles to disseminate advertisement information
about infotainment applications only through the DSRC and
allow vehicles to access the real services through 3G/4G net-
works. This heterogeneous access may depend on coverage
time, user position, and network conditions.

In contrast to previous work that drew their conclusions
mainly based on simulations, we will propose an analytical
model to optimize the CCI interval based on the probability of
the successful transmission of status messages. Our results are
found to be in agreement with the previous work that the current
specifications of the DSRC may lead to severe performance
degradation in dense and high-mobility conditions for both
classes of applications. Therefore, two new algorithms are
proposed and evaluated to increase the reliability of the CCH
with the optimized C'C interval based on different network
parameters. One algorithm, which is called OCA, is to increase
the successful rate of status messages by deriving the OCA
probability. The second algorithm, which is called the MTA
algorithm, is an adaptive algorithm to allow vehicles to change
their parameters based on the network conditions to enhance
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TABLE II
MAIN NOTATION FOR THE ANALYTICAL MODEL
Notation Definition
CCH Control Channel
SCH Service Channel
CCI Control Channel Interval
SCI Service Channel Interval
SI Synchronization Interval
AC Access Class
L Status packet length in bits
r Data rate
p€(0,1] | Tecer = pTsr
Vavg Average vehicle speed
Vinin Minimum vehicle speed
Vimaz Maximum vehicle speed
M Number of vehicles within the communication range
L, Number of lanes
T Optimal channel access probability
Wmin Minimum contention window for statu message
Ts Time slot
R Communication range
P Successful transmission rate
P Busy channel probability
A vehicles arriving rate to send status messages
B Vehicles density (vehicles/m)

the DSRC reliability. By minimizing the C'CI interval and
increasing the successful rate of status messages, nonsafety
applications will have a fair share of the SI.

III. SYSTEM MODEL

In Fig. 1, it is clear that the share of nonsafety applications on
SCHes is inversely proportional to the time a vehicle stays in the
CCH serving safety applications. Because safety applications
have the priority on the DSRC, their performance will govern
the access share of the channel. In VANETS, vehicles have to
exchange their status information every S interval to inform
each other about the road conditions and their neighbors to
avoid collisions. Therefore, the C'CI interval has to be long
enough to allow the successful transmission of all status mes-
sages. It is widely perceived that the broadcast channel will
be congested when the number of vehicles is high. In [6], we
showed how the increase in traffic density will increase the
packet loss rate of safety applications. Table II lists all the
notations for the proposed analytical model.

The model is built based on a one-way highway segment with
L,, lanes in each direction. Since the communication range is
much larger than the width of the road, the network in each
direction of the road is simplified as a one-dimensional VANET.
In this model, the distribution of vehicles on the road has a
Poisson distribution, which has a memoryless property.
Moreover, vehicles will determine the communication range
based on their average speed from the last SI interval [19].
We consider a time-slotted vehicular network with a single
wireless channel, where time is indexed by ¢(t = 0,1,2,...).
We assume that, at most, one status message, of size L bytes
and data rate r b/s, can be transmitted during one time slot 7.
There are M vehicles within the communication range of R m.
We further assume an ideal wireless channel and no-hidden-
terminal problem, that is, the sensing range (C'S) is twice the
communication range (R), as shown in Fig. 2. Therefore, the
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only source of packet loss is the communication collisions. We
define the probability of successfully transmitting a status mes-
sage during the C'CT interval as P;. Therefore, the objective
is to find the minimum duration of the C'C'I for an acceptable
value of F;.

During the C'C1 interval and at the beginning of each time
slot, a vehicle can sense the channel. If the channel is free, it will
transmit its status message. Otherwise, it will go to the backoff
state. We denote Stare-A as the state when a vehicle is ready to
transmit, State-B as the transmission state, and State-C as the
backoff state, as shown in Fig. 3.

Vehicles will pick uniformly and randomly a slot from the
CCI to try to transmit their status messages. Therefore, their
arrival time to the transmission state (State-B) is (Tccr/M),
and their arrival rate is

M
A= .
Tcoer

ey

In Fig. 3, the steady-state probability of State-C can be found
as

Ap

bo = 1= Xp(1+b(1—p))

©))

where b; and p will be defined next.

In the backoff state (State-C), vehicles will choose a
contention window (W,) uniformly and randomly from
[0,...,W;] as a backoff counter, where W is the minimum
contention window associated with this AC (AC)) as in Table L.
At any time slot during the backoff process with probability
(1 — p), the vehicle decrements its backoff counter if it senses
an idle channel; otherwise, it freezes the counter and waits
for the whole period of the ongoing transmission until the
channel is idle again before decrementing its counter. Here, p
is the conditional busy channel probability seen by a packet
about to be transmitted and independent from any other vehicle.
Once the backoff counter reaches zero inside the backoff state
(State-C), the vehicle broadcasts the packet. There will be
no subsequent retransmissions if the packet is collided, and
hence, the packet is lost. In [19], we constructed a model
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Fig. 4. Backoff Markov chain inside state State-C.

for this backoff counter process of IEEE 802.11p, assuming
unsaturated conditions, as shown in Fig. 4, and found that the
vehicle will transmit the status packet when its backoff counter
reaches 1 with probability 1 — p; otherwise, the vehicle will
stay in the backoff state. From [19], we will use the steady-
state probabilities by and b; for the counter states 0 and 1,
respectively. For more details of the backoff process, we refer
the reader to [19]. The steady-state probabilities are

2(1-p)
2 —3p+ pWs

_ Ws_l 'Y
(5 ()

In Fig. 3, it is evident that the competition for the transmis-
sion state (State-B) is increasing as more vehicles go to the
backoff state. Therefore, the new arrival rate to the transmission
state (State-B) is

by = 3)

A= A(1—p) + Apbi(1 —p). 5

The busy channel probability (p) can be calculated as

p— \A,
b= 1,

By using the Newton—-Raphson optimization technique,
(3)-(6) can be solved to find the busy channel probability p.

To find the probability of no collision in the kth time slot, we
define the following events.

A< 1

A> 1. ©)

Event a: when there is no new arrival in the kth time slot.
The probability of event a is
1 M
) . 7

Tecr

P(a) = <1

Event b: when there is only one vehicle in State-A ready
to transmit in the kth time slot. The probability of

event b is
B 1 ( 1 ) M-1 (8)
Tcoer Tcoer '

Event c: when there is no node in the backoff state (State-
C) that its backoff counter reaches 1, given that at least
there is one node in (State-C). Therefore, the probability
of event ¢ is

P(b)

P(c) = bo(1 — b)), )
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Event d: when there is only one node that its backoff counter
reaches 1 in the backoff state (State-C), given that there is
at least one node in (State-C). Therefore, the probability of
event d is

P(d) = beby (1 — by)ML, (10)
Event e: when there is no node in the backoff state (State-C).
Therefore, the probability of event e is

Ple)=1-bc. an
From (7)—(11), the probability of no collision (i.e., probabil-
ity of successful transmission) in the channel can be derived
as
P, = P(ad) + P(bc) + P(ac) + P(ae) + P(be).  (12)
Equation (12) means that the transmission in the kth time slot
will be successful in the following five cases.

 Case 1: when there is no vehicle ready to transmit in State-
A and there is only one vehicle trying to access the channel
from State-C;

* Case 2: when there is only one vehicle ready to transmit in
State-A and there is no other vehicle trying to access the
channel from the backoff state State-C, given that there
are vehicles in the backoff state State-C;

* Case 3: when there is no vehicle trying to access the
channel from both states State-A and State-C, given that
there are vehicles in the backoff state;

* Case 4: when there is no vehicle trying to access the
channel from both states State-A and State-C, given that
there are no vehicles in the backoff state;

* Case 5: when there is only one vehicle that is ready to
transmit in State-A and there are no vehicles in the backoff
state State-C.

IV. ANALYSIS: PROBABILITY OF
SUCCESSFUL TRANSMISSION

Equation (12) represents the probability of successful trans-
mission (Ps) of a node in the kth time slot. To analyze the
performance of the system model, we plot P against the length
of the C'CI interval in Fig. 5. The X -axis represents the length
of the C'C1 interval in time slots normalized by the number of
vehicles M within the communication range R. It is obvious
that as the C'C'I interval increases, the probability of successful
transmission increases, but it does not reach 90%, although the
CC1 interval is increased to ten times the number of nodes M.
Another interesting point is that, even when the minimum con-
tention window Wj is increased from 15 to 127, the probability
of successful transmission does not change much. Moreover,
increasing W will increase the time delay for status messages
to be transmitted.

To enhance the performance of the DSRC, the probability
of successful transmission has to be increased while keeping
the C'CT interval as small as possible. To do this, we pro-
pose an OCA algorithm, which will allow vehicles to access
the channel with the optimal probability that maximizes the



HAFEEZ et al.: OPTIMIZING THE CCI OF THE DSRC FOR VEHICULAR SAFETY APPLICATIONS

Successful transmission rate

—e— W, =15
0.3 —o— W,=31 |4
--0--W;=63
- W, =127
0.2 i i i i i i T n
1 2 3 4 5 6 7 8 9 10

CCl size

Fig. 5. Probability of successful transmission (Ps) versus the normalized
length of C'C for different values of W, M = 100.

successful transmission rate. The OCA algorithm is summa-
rized as follows.

1) A vehicle can sense the network density (how many
vehicles within its communication range R) from its
average speed (V.4 ). For this, we use the same algorithm
proposed in [6, eq. (23)], where Hafeez et al. derived
the relationship between the vehicle density, their average
speed on the road, and the safety distance.

2) The vehicle can adjust its communication range (i.e., its
transmission power) so that it contains only M vehicles
to achieve a certain successful transmission rate based on
the results from the simulation and analysis sections.

3) A vehicle selects a time slot uniformly from [0 — T o],
to send its status message.

4) If the vehicle is in State-A, it can access the channel only
with probability 7,. Otherwise, the vehicle will stay in
State-A and go to step 3. The optimal value of 7 will be
derived below.

5) If a vehicle is in the backoff state, i.e., State-C, it
will only access the channel when its backoff counter
reaches zero.

6) If the CCI interval has expired and a vehicle did not send
its status message, it will generate a new one for the next
CCl interval.

The pseudocode of the OCA algorithm is shown in
Algorithm 1.

Algorithm 1 The OCA Algorithm to Increase the Probability
of Successful Transmission Within the C'C'I Interval.

Initial setup
A vehicle knows the number of its neighbors based on its
average speed.
A vehicle selects a time slot from [0 — T o] to send its status
message.
if The Vehicle is in state state s then

Transmit with probability 7/, if the channel is idle

3381

else
Go to State-C and transmit with probability one when the
backoff counter is zero
end if
if The vehicle did not transmit its message and Tccy is
expired then
Restart
else
Exit
end if

To find the optimal value of 7,, we define the successful
access probability Ps(7,,T'), which is the probability that a ve-
hicle will access the channel in the kth slot within 7" time slots,
given that £ — 1 vehicles have already accessed the channel.
Therefore

T
Py(1,,T) = Zra(l —7a)F (1 = 7, )M -D= (k1)
k=1

=7,T(1 M-1,

— Ta) (13)

To find the value of 7, that maximizes the successful access
probability, we differentiate P (7,,T") with respect to 7, as

iPS(TQ,T) =T(1—7)M 2 (~7a(M=1)+(1 = 7,)) = 0.

dre
(14)
Therefore, the optimal value of 7, is
1
L 15
Ta M ( )

By using the optimal value 7 in this algorithm, (7) and (8)
become, respectively, as follows:

T M
Pla)" = (1 - TC“CI) (16)
- o\ M-
P(b)" = a 1— a . 17
(®) Tcer ( TCCI) a7

By substituting (16) and (17) in (12), we get the new prob-
ability of successful transmission P;. Fig. 6 shows P versus
the normalized C'C1 interval. It is evident that by using the
proposed OCA algorithm, we can achieve a higher successful
transmission rate in a shorter C'CT interval. Therefore, for a
given successful transmission rate, one can find the minimum
CC1 interval for a certain minimum contention window W.

V. OPTIMIZATION OF THE CONTROL CHANNEL INTERVAL

In Fig. 6, it is clear that increasing the CCI will definitely
increase the probability of successful transmission. This is
because vehicles will have more time slots to select from, and
therefore, the probability of two or more vehicles to select the
same time slot is decreasing. It is also clear that increasing
the minimum contention window will increase the probability
of successful transmission. This is because vehicles that are
forced to go to the backoff state due to sensing a busy channel
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Fig. 6. Probability of successful transmission (P;) versus the length of the

normalized C'C1 for different values of Ws. M = 100 vehicles.

will have a wider range of backoff counter to pick from.
This will definitely decrease the probability of two or more
vehicles to select the same backoff counter, and hence, their
transmission ends up in a collision. Therefore, a simple solution
is to increase the CCH and the minimum contention window
to the maximum. Implementing this solution will lead to two
serious problems. The first problem is by increasing the CCI to
the maximum, the nonsafety applications will not have a share
of the bandwidth and may have to be throttled particularly in
a jam traffic scenario. The second problem is by increasing
the minimum contention window, the safety messages may
unnecessarily take a very long time to be transmitted.

To solve the aforementioned problems, an optimal value of
the CCI must be determined. In this sense, we define the optimal
value as the minimum CCI that guarantees an acceptable pre-
determined successful transmission rate for a certain minimum
contention window. The minimum contention window will also
be determined based on the vehicle density or the number of
vehicles within the communication range of the transmitter.

In Fig. 7, we used a predetermined successful transmission
rate of 95% and plot the minimum (optimal) CCI normalized by
the number of vehicles within the communication range versus
the vehicle density for different minimum contention windows.
It is clear that for a high-vehicle-density (high traffic) scenario,
there is a need for a large minimum contention window. This is
because using a small minimum contention window in this sce-
nario will require very large CCI to maintain the predetermined
successful transmission rate. At the same time, for a lower-
vehicle-density (light traffic) scenario, it is clear that using the
smaller minimum contention window will allow vehicles to
send their status messages successfully within a short CCI.

It is evident that there are many conflicting parameters that
affect the successful rate of status messages. Therefore, to better
enhance VANET reliability, an adaptive algorithm that changes
the main VANET parameters, such as the communication range
(R), the minimum contention window (W), and the length
of the CCI (T¢cr) based on the VANET environment, will be
introduced in the following section.
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VI. MOBILITY- AND TOPOLOGY-AWARE ALGORITHM

The VANET environment is very challenging due to the
speed of its nodes (vehicles) and, hence, the fast changing of
their topology. That is, in a matter of seconds, the number of
vehicles within the communication range R could change from
very small to large number (i.e., jam scenario). Therefore, using
the parameters R, W, and T with fixed values in all con-
ditions will result in undesired performance. Therefore, a new
algorithm, which is called the MTA algorithm, is introduced
to allow vehicles to change their aforementioned parameters
dynamically based on the situation on the road to increase the
successful rate of their status messages while keeping the CCI
as minimum as possible.

In MTA, we assume the following.

1) The length of the CCI is

Tocr = pTsy (18)

where 0 < p < 1, to allow for nonsafety applications to
have a fair share of the bandwidth Tscr = (1 — p)Ts;.
The value of p depends on the size of the status packet
(L), the data rate (r), minimum contention window
(Ws), vehicle density (3), and the initial communication
range (R) that vehicles are using as

pT
ity 20 2R (19)
= Tsr

where T}y, is the processing time and the backoff delay,
which depends on W,. From (19), the value of p can be
determined if the other parameters are used with fixed
values. In our algorithm and simulation, we used a fixed
value of p = 0.5 and change the other parameters based
on the network density. The algorithm is also working
with other values of p.

The vehicles know their current average speed (V,,4) and
their maximum V.« and minimum V;,,;;,, allowed speeds
on the road.

2)
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TABLE III
RELATIONSHIP BETWEEN VEHICLE DENSITY LEVEL (8),
VEHICLE SPEED LEVEL (V'), AND THE AVERAGE DISTANCE
BETWEEN VEHICLES IN EACH LANE (d)

[ Vehicle’s Speed V-level [ B-level [ d (meters) |
2‘/'"“1.3: <V S VIIL(I.:L') VH ﬁL 50
(§V7naz <V S % 7naz) VIVI B]VI 25
(0 <V S %Vmaw) VL /BH 15

3) The vehicle speed is divided into three levels: high (Vz7),
medium (Vjs), and low (V7)) speed. Therefore, the vehi-
cle density is also divided into three levels: low density
Br, medium density Sy, and high density Sg. The
relationship between the vehicle speed levels, the vehicle
density levels, and the average distance (d) between
adjacent vehicles in each lane is shown in Table III.

4) Vehicles adjust their communication range (R) (or trans-
mission power) to accommodate only the maximum num-
ber of vehicles (M) that can send their status messages
within the CCI (T¢¢ ) successfully.

5) The minimum contention window size W can take one
of three values Wy € [15,31,127]. These three values
have been selected based on the results in Fig. 6, such
that the successful transmission rate is 0.94, 0.96, and
0.98, respectively. These numbers have been selected
such that when W, = 15, the CCI should be five times
the number of vehicles within the communication range
to achieve a 94% success rate. Increasing the Teocor
more will not result in much increase in the success
rate. Similarly, when W, = 31 and W, = 127, the CCI
should be three and two times the number of vehicles,
respectively, to achieve success rates of 0.96 and 0.98,
respectively.

6) Vehicles will access the channel based on the OCA
algorithm, as shown in Algorithm 1 in Section IV.

7) The length of the CCI is fixed at the startup as in (18)
such that the nonsafety applications have a fixed share of
the bandwidth ((1 — p)Tsy).

8) The number of time slots in the CCI should be at least
equal to the value that satisfies a predetermined success
rate based on Fig. 6. Therefore, the following equation
should be always satisfied:

Tecr > {Lnﬂﬂ

Ts d (20)

where 7 is a design factor that can take n =5, 3, or
2 based on the selected W, = 15, 31, or 127, respectively.
This value is selected from Fig. 7 to assure that more than
94% of the vehicles manage to send their status messages
successfully within the selected Ws.

Vehicles will execute the MTA algorithm after T, s, when
their average speed V., changes from a speed level to another.
The pseudocode of the MTA algorithm is shown as Algorithm 2
below. Based on the current vehicle’s average speed, the vehicle
density will be determined, and hence, the average interdistance
(d) between vehicles in each lane will be determined according
to Table III. The vehicle has three choices to set the parameters
nand Wy: 1) n=5, Wy=15; 2) n=3, Wy=31; and 3) n=2,
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W = 127. The vehicle should execute these three choices
sequentially until (20) is satisfied. If the vehicle exhausted all
three choices and (20) is still not satisfied, the vehicle should
reduce its transmission range to Ryew = YRo1q and repeat the
algorithm, where 0 < v < 1 is a design parameter. The higher
the ~, the less stable the network will be, where vehicles
will change their communication range very frequently. In the
simulation, we set vy = 2/3.

Algorithm 2 MTA Algorithm to Set VANET Parameters
According to the Vehicles’ Average Speed on the Road

Initial setup
R <300 m
L, <+ 4
d <+ 50
p < 0.5 {This means that the CCI is half of the SI interval.
However, the algorithm also works with any other value of p}
n<+<5
Ws 15
v+ 2/3
for Every Vg changed its level or T, = 10 sec do
if V09 = Vi then
d < 50 {d is the interdistance between vehicle}
Ws <= 15 {change the minimum contention window
to 15}
1 < 5 {set the length of the CCI to five times the number
of vehicles within the range R}
else
if Vg = Vs then
d <+ 25
Wy < 31 {change the minimum contention window
to 31}
n < 3 {set the length of the CCI to three times the
number of vehicles within the range R}
end if
else
if Vopg = V7 then
d<+ 15
W < 127 {change the minimum contention window
to 31}
n < 2 {set the length of the CCI to two times the
number of vehicles within the range R}
end if
end if
if TCCI/TS > 77|—L7,,2R/d—| then
execute the last three steps from Algorithm 1 and exit {appro-
priate parameters’ values have been reached}
else
Ryew = YRo1q {reduce the communication range }
end if
end for

Vehicles execute MTA and OCA algorithms in a distributed
manner such that each vehicle estimates the communication
range and, hence, the number of neighboring vehicles indepen-
dent from each other. In this model, the distribution of vehicles
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Fig. 8. Simulation network setup.

on the road has a Poisson distribution, which has a memoryless
property. Moreover, vehicles will determine the communication
range based on their average speed from the last SI interval.
This will help in mitigating any discrepancies in estimating the
communication range between vehicles.

VII. MODEL VALIDATION AND SIMULATION

Here, the performance of VANETSs will be analyzed based
on the probability of successful transmission derived in (12).
It is assumed that all vehicles are synchronized to the CCI
all the time by using the GPS. The generation time of each
status packet is uniformly distributed over CCI, and all vehicles
should send their status messages within that interval. Every
vehicle should drop any stale status message that does not have
the chance to be sent in the last SI interval and generate a new
status message in every new Sl interval.

The simulation is carried out based on the network simulator
NS-2 [20] by using a realistic mobility model generated by
MOVE [21], which is built on top of the microtraffic simulator
SUMO [22]. The simulation scenario, as shown in Fig. 8, is
based on a 1-D highway segment of 8000 m in length with four
lanes. The vehicles’ speed ranges from 80 to 120 km/h, which
is typical for North American highways. The Nakagami-m
propagation model is used, which has two distance-dependent
parameters, i.e., the fading factor m and the average power
Q. In [23], Torrent-Moreno et al. performed a maximum-
likelihood estimation of m and €2 for a vehicular highway
scenario. They found that € decreases as the distance to the
receiver increases, as expected from the average power in
the deterministic models, that is, by d=2. On the other hand,
fading parameter m = 3 is selected for a short interdistance
between the transmitter and the receiver (d < 150), since line-
of-sight conditions are expected, then decrease it to m = 1.5 for
medium distances (150 < d < 300) and make it as Rayleigh
distributed, i.e., m = 1 for longer distances. € is set in each
interval to be the average power calculated from a free-space
propagation model; hence, receivers located within 300 m of
the transmitter will receive the signal with Rician distribu-
tion, whereas others will have Rayleigh distribution. Since the
receiver in NS-2 will receive the signal if its power is higher
than the threshold Py, the transmitting power of each vehicle
is set such that the receiving power at the communication range
R is the threshold (i.e., P, = P;}), as indicated in Table IV, and

propagates up to 3km

TABLE IV

VALUE OF PARAMETERS USED IN SIMULATION
Parameter Value
Modulation and Data rate QPSK
Data rate 7 6 Mbps
Message sizes L 256 X 8 Bits
Vehicle’s speed 80-120km/h
Communication range R= 300m
Number of vehicles M 100
Synchronization Interval ST 100ms
Transmission power P;(300m) 20 mW
Received power threshold R,7p, 3.162e-13
Noise-floor 1.26e-14 W
Tie & Ty, antennas heights 1.5 m
Gain of transmitting and receiving antennas Gy = G- 1
DIFS 64 us
Minimum Contention Window W 15
Number of lanes (L) 4
0% 2/3

the carrier-sense range is double the range R. The height of the
transmitting and receiving antennas is 1.5 m, and their gain is
assumed to be 1.

Each simulation typically simulates 1000 s. In the figures,
the curves represent the analytical results, and the markers
represent the simulation results. Table IV lists the simulation
parameters used unless a change is explicitly mentioned.

Here, the performance of the proposed algorithms, i.e.,
OCA and MTA, will be evaluated. More specifically, we will
show how the OCA algorithm will increase the probability
of successful transmission of the status message and how the
MTA algorithm will enhance the reliability of the DSRC while
keeping the same CCI; hence, the nonsafety applications will
have a fair share of the SI interval.

A. Performance of OCA Algorithm

To evaluate the effect of the OCA algorithm on VANET’s
reliability, the main simulation parameters as in Table IV are
applied, and let vehicles select a time slot uniformly from the
CCT interval to send their status packets. Fig. 9 shows the
successful transmission rate with and without using the OCA
algorithm. It is evident that the new algorithm increases the
transmission successful rate dramatically. It is also clear that the
time needed for most vehicles to send their status messages has
decreased. For the case when the OCA algorithm is not used,
vehicles need six times their number of time slots so that 80%
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of them managed to send their status messages. While using
the proposed algorithm, only two times their number of time
slots are needed such that 91% of them can send their messages
successfully. This is because in every time slot, vehicles using
the OCA algorithm will access the channel with the optimal
probability derived in (15) to minimize the probability of com-
munication collisions.

B. Effect of DSRC Parameters on VANET’s Reliability

To better understand the effect of different DSRC parameters
on the network reliability while using the OCA algorithm,
we plot the successful transmission rate versus the number of
vehicles within the communication range for different values of
the minimum contention window Wy in Fig. 10. We can see that
as the number of vehicles (M) increases, the successful trans-
mission rate decreases. However, as the contention window
increases, the effect of increasing M decreases. This comes
with a price of higher backoff time delay for status messages.
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Fig. 11 shows the effect of the contention window on the
successful transmission rate for fixed values of the C'CT in-
terval. Increasing the contention window up to a certain value
will increase the successful transmission rate dramatically.
After that value, increasing the minimum contention window
more will not help in increasing the successful rate by much.
Therefore, there will be a certain value for the minimum
contention window for each used CCI and vehicle density that
guarantee a successful transmission rate threshold. Therefore,
for a predetermined limit of successful rate and fixed CCI
interval, vehicles can select the minimum contention window
that satisfies this limit. Moreover, vehicles can reduce their
communication range (R) and, thus, the number of neighbour-
ing vehicles M, to further achieve the desired successful rate
with smaller W, as shown in Fig. 10.

C. Performance of MTA Algorithm

In Fig. 11, it is obvious that using fixed values of the commu-
nication range and minimum contention window will lead to a
lower success rate, particularly in high-vehicle-density scenar-
ios. This means that not all vehicles will have the opportunity to
send their status messages. The solution to allocate more time
for the CCH will help in increasing the successful rate, but, at
the same time, it will decrease the share of the nonsafety ap-
plications. Therefore, these parameters should be dynamically
adjusted and based on the traffic conditions. Fig. 12 shows
the successful rate versus the vehicle density when applying
the proposed MTA algorithm with fixed CCI (T = 50 ms)
for different values of the initial communication range R.
The vehicles in this algorithm sense the network density from
their average speed and then adjust their minimum contention
window (W) and communication range (R) accordingly to
allow all nodes to send their status messages successfully. The
CCI has been kept constant to half of the SI (Ts; = 100 ms).
Therefore, the nonsafety applications will have a fair share
(50%) of the bandwidth. It is also obvious that, no matter what
the initial value of R, the algorithm manages to maintain the
successful rate above 95%.
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Fig. 12 shows that the successful transmission rate stays
above 95% in all scenarios from light traffic to heavy (jam)
traffic. This is because vehicles first start with a large com-
munication range, and as the vehicle density increases, the
successful rate decreases. Vehicles will keep using the same
communication range until the number of neighboring vehicles
reaches a certain threshold based on Table III. This explains
why there is a dip in the success rate as vehicle density in-
creases while keeping the same range. When the vehicle density
threshold is reached, vehicles reduce the used communication
range to a smaller value such that all the neighboring vehicles
will have a chance to send their messages successfully. In the
MTA algorithm, the range of vehicle density is divided into
three levels, i.e., light, medium, and heavy density, and vehicles
change their DSRC parameters when they move from one level
to another or when the CCI is not enough to accommodate all
neighboring vehicles to send their messages with the predeter-
mined successful transmission rate.

D. Bandwidth Share Between Safety and
Nonsafety Applications

Fig. 5 showed earlier that no matter how much the CCI
been increased, the successful transmission rate stays below
an acceptable threshold when VANETSs use the same values of
the DSRC parameters in all scenarios. Therefore, the nonsafety
applications have to be throttled or canceled, and allocate all
the SI to safety applications particularly in high-vehicle-density
networks. To overcome this problem, we apply both OCA and
MTA algorithms in all vehicle traffic scenarios from light to
heavy (jam) conditions and measure how much time is needed
for all vehicles to send their status messages with a high
successful rate (95%). The results are shown in Fig. 13 for
different values of the initial communication range R. It is
interesting to see that under all network conditions, no matter
what the initial value of the communication range R is, the
safety applications did not take more than 40 ms. This means
that the SI can be equally divided between safety and nonsafety
applications.
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The fairness between safety and nonsafety applications that
the MTA algorithm will give comes with a price of increasing
the time propagation for emergency messages. Since the MTA
algorithm reduces the communication range as the network
density increases to maintain fairness, the emergency message,
such as accident warning, that should be propagated longer
following the accident will make many more hops to reach its
intended distance.

To evaluate the effect of the MTA algorithm in an accident
scenario, the main simulation parameters as in Table IV are
applied, and let one vehicle send an emergency message that
should propagate for a distance of 3000 m after the accident
scene. The emergency message will have higher priority than
regular safety messages since it will apply the parameters of AC
3 as in Table I. This emergency message will be rebroadcasted
in every hop based on the NT"T'P algorithm described in [24].
Fig. 14 shows the time delay until the emergency message
reaches the intended distance while using the MTA algorithm
with an initial value of R = 300 m. It is clear that as the network
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density increases, the emergency message will take longer
to cover the intended destination. However, that time is still
within the CCI limit. Therefore, even in jam conditions, limiting
the CCI to 50% of the SI will allow emergency messages to
propagate to their maximum distance.

VIII. CONCLUSION AND FUTURE WORK

In this paper, the CCI of the DSRC has been studied. It has
been shown that the current specification of the DSRC parame-
ters will lead to a low successful transmission rate. Therefore,
two new algorithms have been proposed. One algorithm, which
is called OCA, has been proposed to increase the successful
transmission rate of status safety messages. The second algo-
rithm, which is called the MTA algorithm, has been proposed to
increase the reliability of the CCH in the DSRC while keeping
the CCI as minimum as possible to give a fair share of the
bandwidth to nonsafety applications. The two algorithms are
working together such that vehicles access the channel with the
optimal probability governed by OCA while executing the MTA
algorithm in a distributed manner. A vehicle, which is based on
the sensed network density, can adjust its minimum contention
window and its transmission power (i.e., communication range)
and, thus, the number of neighboring vehicles to achieve a
certain successful rate. We conducted many simulations to vali-
date the proposed work and found that the proposed algorithms
have increased the reliability of VANET’s safety application
dramatically compared with the default setup of the DSRC
parameters. This increase in reliability and fairness comes with
a price of increasing the time delay for emergency messages to
propagate to cover the accident area. However, that delay is still
within the CCI time. The analytical results (curves) match those
obtained via simulation (markers).

For future work, the new algorithms will be studied in
heterogenous-network scenarios with a hidden-terminal
problem.

REFERENCES

[1] Standard Specification for Telecommunications and Information Ex-
change Between Roadside and Vehicle Systems—5 GHz Band Dedi-
cated Short Range Communications (DSRC) Medium Access Control
(MAC) and Physical Layer (PHY) Specifications, ASTM Std. E2213,
Mar. 2010.

[2] F. Yu and S. Biswas, “Self-configuring TDMA protocols for enhancing
vehicle safety with DSRC based vehicle-to-vehicle communications,”
IEEE J. Sel. Areas Commun., vol. 25, no. 8, pp. 1526-1537, Oct. 2007.

[3] IEEE Standard for Information technology Wireless LAN medium ac-
cess control (MAC) and physical layer (PHY) specifications amend-
ment 8: Medium access control (MAC) quality of service enhancements,
IEEE Std. 802.11e-2005 Amendment to IEEE Std 802.11, Nov. 2005.

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

[S] Draft Amendments for Wireless Access in Vehicular Environments
(WAVE), IEEE P802.11p/D5.0, Apr. 2010.

[6] K. A. Hafeez, L. Zhao, B. Ma, and J. W. Mark, “Performance analysis
and enhancement of the DSRC for VANET’s safety applications,” IEEE
Trans. Veh. Technol., vol. 62, no. 7, pp. 3069-3083, Sep. 2013.

[7]1 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.

[8] 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.

3387

[9] K. Bilstrup, E. Uhlemann, E. G. Strom, and U. Bilstrup, “On the ability
of the 802.11p MAC method and STDMA to support real-time vehicle-
to-vehicle communication,” EURASIP J. Wireless Commun. Netw.,
vol. 2009, Jan. 2009, Art. ID. 5.

[10] J. Yin et al., “Performance evaluation of safety applications over DSRC
vehicular ad hoc networks,” in Proc. 1st ACM Int. Workshop VANET,
Oct. 2004, pp. 1-9.

[11] H.Omar, W. Zhuang, and L. Li, “VeMAC: A TDMA-based MAC protocol
for reliable broadcast in VANETS,” IEEE Trans. Mobile Comput., vol. 12,
no. 9, pp. 1724-1736, Sep. 2012.

[12] C. Han, M. Dianati, R. Tafazolli, X. Liu, and X. Shen, “A novel dis-
tributed asynchronous multichannel MAC scheme for large-scale ve-
hicular ad hoc networks,” IEEE Trans. Veh. Technol., vol. 61, no. 7,
pp. 3125-3138, Sep. 2012.

[13] K. A. Hafeez, L. Zhao, J. W. Mark, X. Shen, and Z. Niu, “Distrib-
uted multichannel and mobility-aware cluster-based MAC protocol for
vehicular ad hoc networks,” IEEE Trans. Veh. Technol., vol. 62, no. 8,
pp- 3886-3902, Oct. 2013.

[14] M. Ni, Z. Zhong, and D. Zhao, “MPBC: A mobility prediction-based clus-
tering scheme for ad hoc networks,” IEEE Trans. Veh. Technol., vol. 60,
no. 9, pp. 45494559, Nov. 2011.

[15] H. Su and X. Zhang, “Clustering-based multichannel MAC protocols for
QoS provisionings over vehicular ad hoc networks,” IEEE Trans. Veh.
Technol., vol. 56, no. 6, pp. 3309-3323, Nov. 2007.

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

[17] M. Torrent-Moreno, P. Santi, and H. Hartenstein, “Fair sharing of band-
width in VANETS,” in Proc. 2nd ACM VANET, 2005, pp. 49-58.

[18] A. Baiocchi and F. Cuomo, “Infotainment services based on push-mode
dissemination in an integrated VANET and 3G architecture,” J. Commun.
Netw., vol. 15, no. 2, pp. 179-190, Apr. 2013.

[19] K. A. Hafeez, L. Zhao, Z. Liao, and B. Ma, “Performance analysis
of broadcast messages in VANETs safety applications,” in Proc. IEEE
GLOBECOM, Dec. 2010, pp. 1-5.

[20] Network Simulator 2 (ns2), “Discrete Event Network Simulator,
Apr. 2009. [Online]. Available: http://nsnam.isi.edu/nsnam/index.php/
Main_Page

[21] F. K. Karnadi, Z. H. Mo, and K. C. Lan, “Rapid generation of real-
istic mobility models for VANET,” in Proc. IEEE WCNC, Mar. 2007,
pp. 2506-2511.

[22] D. Krajzewicz, G. Hertkorn, C. Rossel, and P. Wagner, “SUMO (Simu-
lation of Urban MObility); An open-source traffic simulation,” in Proc.
MESM, Sharjah, UAE, Sep. 2002, pp. 183-187.

[23] M. Torrent-Moreno, S. Corroy, F. Schmidt-Eisenlohr, and H. Hartenstein,
“IEEE 802.11-based one-hop broadcast communications: Understanding
transmission success and failure under different radio propagation envi-
ronments,” in Proc. 9th ACM Int. Symp. Modeling Anal. Simul. Wireless
Mobile Syst., 2006, pp. 68-77.

[24] K. A. Hafeez, L. Zhao, Z. Liao, and B. Ma, “A new broadcast proto-
col for vehicular ad hoc networks safety applications,” in Proc. IEEE
GLOBECOM, 2010, pp. 1-5.

Khalid Abdel Hafeez (M’07) received the B.A.Sc.
degree in electrical and computer engineering from
Jordan University of Science and Technology, Irbid,
Jordan, in 1988 and the M.A.Sc. degree in computer
networks and the Ph.D. degree in wireless commu-
nications and vehicular ad hoc networks from the
Department of Electrical and Computer Engineering,
Ryerson University, Toronto, ON, Canada, in 2008
and 2012, respectively.

He is an Instructor with Ryerson University and
an Academic Associate with the University of Ontario
Institute of Technology, Oshawa, ON. His current research interests include
computer networks, wireless communications, machine-to-machine communi-
cations, embedded systems, network security, and cryptography.

Dr. Hafeez received the Ontario Graduate Scholarship in 2011 and 2012, the
Ontario Graduate Scholarship for Science and Technology in 2007 and 2010,
the Graduate Research Excellent Award from the Department of Electrical and
Computer Engineering, Ryerson University, in 2010 and 2011, and the Best
Student Paper Award from Chinacom in 2011. He has been a member of the
IEEE Communications Society since 2008.




3388

Alagan Anpalagan (SM’04) received the B.A.Sc.,
M.A.Sc., and Ph.D. degrees in electrical engineer-
ing from the University of Toronto, Toronto, ON,
Canada. He also completed a course on Project
Management for Scientists and Engineers with the
University of Oxford Continuing Professional Devel-
opment Center.

In 2001, he joined the Department of Electri-
cal and Computer Engineering, Ryerson University,
Toronto, where he was promoted to Full Professor
in 2010. He served the department as Graduate
Program Director (2004—2009) and then as the Interim Electrical Engineering
Program Director (2009-2010). During his sabbatical (2010-2011), he was
a Visiting Professor with the Asian Institute of Technology and a Visiting
Researcher with Kyoto University, Kyoto, Japan. His industrial experience
includes working at Bell Mobility, Nortel Networks, and IBM Canada. He
directs a research group working on radio resource management and radio
access and networking areas within the WINCORE Lab. He coauthored three
edited books: Design and Deployment of Small Cell Networks (Cambridge
University Press, 2014), Routing in Opportunistic Networks (Springer, 2013),
and Handbook on Green Information and Communication Systems (Academic
Press, 2012). His current research interests include cognitive radio resource
allocation and management, wireless cross-layer design and optimization,
cooperative communication, machine-to-machine communication, small-cell
networks, energy harvesting, and green communications technologies.

Dr. Anpalagan serves as an Associate Editor for the IEEE COMMUNICA-
TIONS SURVEYS AND TUTORIALS (2012-) and Springer Wireless Personal
Communications (2009-) and a past Editor for the IEEE COMMUNICATIONS
LETTERS (2010-2013) and the EURASIP Journal of Wireless Communications
and Networking (2004-2009). He also served as a Guest Editor for two
EURASIP Special Issues on Radio Resource Management in 3G+Systems
(2006) and Fairness in Radio Resource Management for Wireless Networks
(2008) and MONET SI on Green Cognitive and Cooperative Communication
and Networking (2012). He served as a Technical Program Committee Cochair
of the 2012 IEEE Symposium on Wireless Personal Multimedia Communica-
tion Wireless Networks; the 2011 IEEE International Symposium on Personal,
Indoor, and Mobile Radio Communications Cognitive Radio and Spectrum
Management; the 2011 IEEE International Wireless Communications and
Mobile Computing Conference Workshop on Cooperative and Cognitive
Networks; the 2004 and 2008 IEEE Canadian Conference on Electrical
and Computer Engineering; and the 2005 IEEE International Conference on
Wireless Networks, Communications, and Mobile Computing Symposium
on Radio Resource Management. He served as the IEEE Canada Central
Area Chair (2012-2014), the IEEE Toronto Section Chair (2006-2007), the
ComSoc Toronto Chapter Chair (2004-2005), and the IEEE Canada Pro-
fessional Activities Committee Chair (2009-2011). He received the Dean’s
Teaching Award (2011); the Faculty Scholastic, Research, and Creativity Award
(2010 and 2014); and the Faculty Service Award (2010 and 2014) from
Ryerson University. He is a registered Professional Engineer in the province of
Ontario, Canada.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 65, NO. 5, MAY 2016

Lian Zhao (5°99-M’03-SM’06) received the Ph.D.
degree from the Department of Electrical and Com-
puter Engineering (ELCE), University of Waterloo,
Waterloo, ON, Canada, in 2002.

In 2003, she joined the Department of Electrical
and Computer Engineering, Ryerson University,
Toronto, ON, as an Assistant Professor and was
promoted to Full Professor in 2014. Her research
interests are in the areas of wireless communications,
radio resource management, power control, cognitive
radio and cooperative communications, and the de-
sign and applications of energy-efficient wireless sensor networks.

Dr. Zhao has been an Associate Editor for the IEEE TRANSACTIONS ON
VEHICULAR TECHNOLOGY since 2013. She has served as a Workshop Cochair
for the 2015 IEEE/CIC International Conference on Communications in China,
a Local Arrangement Cochair for the 2014 IEEE International Conference
on Computer Communications, a Symposium Cochair for the 2013 IEEE
Global Communications Conference Communication Theory Symposium, a
Web Conference Cochair for the 2009 IEEE Toronto International Conference
Science and Technology for Humanity, and a Guest Editor for the International
Journal on Communication Networks and Distributed Systems Special Issue
on Cognitive Radio Networks in 2011. She has also served as a Technical
Program Committee Member for numerous IEEE flagship conferences and
as a Reviewer for IEEE TRANSACTIONS journals and for various Natural
Sciences and Engineering Research Council proposals. Since 2013, she has
served as an Associate Chair for Graduate Studies with the ELCE department.
She received the Canada Foundation for Innovation New Opportunity Research
Award in 2005; the Ryerson Faculty Merit Award in 2005 and 2007; the Faculty
Research Excellence Award from the ELCE Department of Ryerson University
in 2010, 2012, and 2014; and the Best Student Paper Award (with her student)
from Chinacom in 2011 and the Best Paper Award (with her student) from
the 2013 International Conference on Wireless Communications and Signal
Processing. She is a member of the IEEE Communication/Vehicular Society
and is a licensed Professional Engineer in Ontario, Canada.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


