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Abstract—Cooperative medium access control (MAC) protocols
have been proposed for improving communication reliability and
throughput in wireless networks. In our previous work, a coopera-
tive MAC scheme called Cooperative ADHOC MAC (CAH-MAC)
has been proposed to increase the network throughput under a
static networking scenario for vehicular communications. In this
paper, we study the effects of relative mobility among nodes and
channel fading on the performance of CAH-MAC. In a dynamic
networking environment, system performance degrades due to
cooperation collisions. To tackle this challenge, we present an
enhanced CAH-MAC (eCAH-MAC) scheme, which avoids coop-
eration collisions and efficiently utilizes cooperation opportunities
without disrupting the time-slot reservation operations. Through
mathematical analysis and computer simulations, we show that
eCAH-MAC increases the effectiveness of node cooperation by
increasing utilization of an unreserved time slot. Furthermore, we
perform extensive simulations for realistic networking scenarios
to investigate the probability of successful cooperative relay
transmission and usage of unreserved time slots in eCAH-MAC,
in comparison with existing approaches.

Index Terms—Collision avoidance, cooperative communication,
medium access control (MAC), time division multiple access
(TDMA), Vehicular ad hoc networks (VANETs).

I. INTRODUCTION

V EHICULAR ad hoc networks (VANETs) are expected to
support a large spectrum of mobile distributed applica-

tions that range from collision warning and traffic alert dissem-
ination (safety applications) to file-sharing and location-aware
advertisements (infotainment). To support such diverse appli-
cations, a VANET consists of a set of vehicles, each equipped
with one or more application units for running applications [2],
an on-board unit for wireless communication, and a set of sta-
tionary units along the road called road-side units (RSUs). The

Manuscript received November 5, 2015; revised April 15, 2016 and August 4,
2016; accepted November 1, 2016. Date of publication December 1, 2016; date
of current version July 14, 2017. This work was supported in part by research
grants from the Natural Sciences and Engineering Research Council of Canada
and in part by General Motors Canada. This paper was presented in part at
the IEEE International Communications Conference, Budapest, Hungary, June
2013 [1].

S. Bharati and W. Zhuang are with the Broadband Communication Research
Laboratory, Department of Electrical and Computer Engineering, University
of Waterloo, Waterloo, ON N2L 3G1, Canada (e-mail: sbharati@uwaterloo.ca;
wzhuang@uwaterloo.ca).

L. V. Thanayankizil and F. Bai are with the Electrical and Controls Integration
Laboratory, General Motors Global R&D, Warren, MI 48090 USA (e-mail:
lakshmi.thanayankizil@gm.com; fan.bai@gm.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TVT.2016.2634545

development and operations of VANETs demand reliable and
efficient communication protocols to support the wide range
of applications. Although communication nodes (vehicles) are
organized in an ad hoc manner to form a vehicular network, di-
rectly applying existing communication protocols designed for
legacy mobile ad hoc networks may not be reliable and efficient.

The special characteristics of VANETs, such as the highly dy-
namic network topology (high node mobility with frequent link
breakage) and stringent quality-of-service (QoS) requirements
(for high priority delay sensitive safety messages) result in sig-
nificant challenges in the design of an efficient medium access
control (MAC) protocol. Although the IEEE 802.11p standard
has been developed for MAC in VANETs [3], the protocol
does not acknowledge any successful broadcast messages.
Furthermore, with the random channel access, it suffers from
unbounded latency and broadcast storm [4], [5]. On the other
hand, high priority safety messages are short ranged, uncoordi-
nated, and broadcast in nature [6]. They have a strict delay re-
quirement and demand a reliable broadcast service. Distributed
time division multiple access based MAC protocols, abbreviated
as D-TDMA MAC, such as ADHOC MAC [4] and VeMAC [7],
are proposed to facilitate reliable broadcast and point-to-point
(P2P) communication in VANETs. Under a perfect channel con-
dition, VeMAC has a smaller probability of transmission colli-
sions and satisfies the strict QoS requirements as compared to the
IEEE 802.11p standard [8]. However, due to VANET dynamic
topology, the D-TDMA MAC protocols may lead to wastage
of time slots. The wastage occurs when there are not enough
nodes in a neighborhood to use all the time slots of a frame.
In addition, upon a transmission failure, the source node has to
wait until the next frame for retransmission even if the channel
is idle during unreserved time slots. Hence, both the IEEE
802.11p standard and the existing D-TDMA MAC approaches
are not free from packet dropping and throughput reduction due
to a poor channel condition. Furthermore, these approaches can
be inefficient in utilizing the available radio resources.

Link-layer cooperation among nearby nodes enhances the
reliability of communication links and mitigates wireless chan-
nel impairments. In [9]–[11], a cooperation scheme for TDMA
MAC is presented for infrastructure based wireless networks. In
such networks, communication links are established between a
central controller (or access point) and mobile nodes. Coopera-
tion is performed by dedicated (fixed) helper nodes and coordi-
nated by the controller. In [10], dedicated time slots are allocated
for helper nodes, even if cooperation is not required. Hence,
these schemes cannot be applied directly in VANETs. Differ-
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ent from the existing works, when VANETs use D-TDMA, all
operations such as cluster formation, slot allocation, and coop-
eration decisions must be performed in a distributed manner.
In [12]–[17], node cooperation schemes with distributed coop-
eration decisions are presented. In [12], helper nodes perform
dynamic cooperative retransmission to transmit packets to the
target receivers during the source node’s time slot. In the absence
of helper nodes, the source node retransmits the same packet.
On the other hand, in [13], helper nodes use their own time
slots to relay the failed packets. Application of such cooperative
retransmission to VANETs is not straightforward as each node
with a time slot must broadcast its neighborhood information
to its nearby nodes in every frame, in order to continue using
its time slot in the next frame. In [14] and [15], cooperative re-
transmission for multihop communication is achieved using idle
time slots. It requires acknowledgement (ACK) from the target
relay node during the source node’s time slot. Potential helper
nodes participate in cooperation if they have the packet and do
not receive ACK from the relay node. Such a scheme requires a
large (and may be variable) time-slot duration in order to accom-
modate ACKs during the source node’s time slot, which is not
desirable as it adds communication overhead. When the number
of vehicles with respect to the number of time slots per frame
is high, there are not enough unused time slots to perform node
cooperation. In [16], the cognitive radio technique to access the
unlicensed channel is applied to perform opportunistic node co-
operation, when the vehicle density is high. However, such a
technique requires the knowledge of channel state information
of the unlicensed channel at the cost of additional overhead in
terms of signaling. To exploit benefits of node cooperation for
D-TDMA MAC, cooperative ADHOC MAC (CAH-MAC) is
proposed for VANETs [17]. In CAH-MAC, upon detecting a
transmission failure between a source node and the destination
node (an s–d pair), a helper node offers cooperation to relay
the packet to the destination node during an unreserved time
slot. As unreserved time slots are used, the nodes use their own
time slots to broadcast their neighborhood information. Also,
throughput improvement is achieved due to the usage of idle
time slots that are wasted in the absence of node cooperation
[17]. In addition, as the packet is retransmitted by a helper node,
transmission delay and packet dropping rate are reduced [18].
However, CAH-MAC is only useful if the unreserved time slots
selected for node cooperation are not selected for time-slot reser-
vations. Conflicts occur, in the form of cooperation collisions,
if the selected unreserved time slot is chosen by a node seek-
ing a time slot. Thus, cooperation opportunities and time-slot
reservation attempts fail, and disruption in D-TDMA MAC’s
operations occurs due to cooperation collisions. To tackle this
problem, the existing node cooperation scheme must be impro-
vised to avoid cooperation collisions, thus efficiently utilizing
unreserved time slots for either cooperative relay transmissions
(CRTs) or time-slot reservations.

In this paper, we study the impact of node cooperation in
the operations of D-TDMA MAC. We present an improvised
CAH-MAC with a collision avoidance scheme, referred to as
enhanced CAH-MAC (eCAH-MAC). In eCAH-MAC, CRT is
suspended if there is (are) any transmission attempt(s) from the

one-hop node(s) of the destination and/or helper nodes, avoiding
cooperation collision. CRT is performed only if the destination
and helper nodes do not detect any potential transmissions in
their one-hop neighborhood. Through mathematical analysis
and simulations, we show that the proposed collision avoidance
scheme increases the utilization of unreserved time slots by
either allowing them to be reserved by nodes seeking their own
time slots or using them to perform CRTs, without disrupting
the D-TDMA MAC’s normal operations. Furthermore, through
extensive simulations we study the performance of eCAH-MAC
over a practical channel model and relative node mobility. A real
highway is replicated using PTV VISSIM [19], a microscopic
multimodal traffic flow simulator, to generate vehicle mobility
traces. Such mobility traces are used to simulate and evaluate the
performance of the newly proposed eCAH-MAC, in comparison
with CAH-MAC and ADHOC MAC.

The rest of this paper is organized as follows. Section II
describes the system model and assumptions made for the pro-
tocol design. The enhanced CAH-MAC protocol is presented in
Section III. Section IV presents performance analysis of eCAH-
MAC in terms of efficient utilization of unreserved time slots,
which is numerically validated in Section V with simulations.
Furthermore, performance of eCAH-MAC in the presence of
vehicle mobility over a practical channel model is presented
in Section VI. Finally, Section VII provides a summary of our
contributions and concludes this research.

II. SYSTEM MODEL

Consider a VANET consisting of ℵ vehicles moving along
a one-way multilane road. Vehicles are distributed randomly
along the road and moving with the same average speed. Ve-
hicles separated by more than the distance R, referred to as
transmission range, cannot communicate with each other, tak-
ing account of a possible poor channel condition. Vehicles form
sets of neighboring nodes that are in their one-hop and two-
hop distance, referred to as one-hop set (OHS) and two-hop set
(THS), respectively, based on information exchanged between
nodes within their transmission range R. In the following, nec-
essary assumptions, in terms of the network configuration and
protocol layers, for tractability in establishing the analytical
framework are discussed. As various symbols are used in this
paper, summary of important symbols are given in Table I.

A. Channel Model

As the Nakagami-m channel model represents small-scale
fading in vehicular communication and reflects a realistic driv-
ing environment [20], we consider a generalized Nakagami-m
channel with correlated amplitudes. For the Nakagami-m chan-
nel, the probability density function of the received power by a
node at distance r, in meters, from a transmitting node, denoted
as γr , follows a gamma distribution and is given by [21]

fγr
(x) =

(
m

γ̄r

)m
xm−1

Γ(m)
e(−m x

γ̄ r ) (1)

where Γ(·) is the gamma function, γ̄r = Pt C
rα is the average

received power at distance r from the transmitting node, Pt
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TABLE I
SUMMARY OF IMPORTANT SYMBOLS

Symbol Description

ℵ The number of vehicles in the network
E1 Event that an unreserved time slot is not selected by contending nodes
E2 Event that an unreserved time slot is selected by only one contending

node
F The number of time slots per frame
Gr Antenna gain of a receiver
Gt Antenna gain of a transmitter
NC The number of contending nodes in a reference two-hop

neighborhood
NT The number of nodes in a reference two-hop neighborhood
Pt Transmission power
R Transmission range of a node
U The number of unreserved time slots in a frame
α Path-loss exponent
β The sum of time durations to sense the channel, transmit a

cooperative ACK, and the guard time
β1 The time duration during which a destination node sense the channel

before CRT
β2 The transmission time of a cooperative ACK plus the guard time
γr (γ̄r ) The (average) received power by a node which is at r meters from a

transmitter
γth Threshold received power level
εA The utilization of an unreserved time slot in ADHOC MAC
εC The utilization of an unreserved time slot in CAH-MAC
εE The utilization of an unreserved time slot in eCAH-MAC
η The ratio of the number of reserved time slots in a frame to the total

number of time slots per frame
ρ The vehicle density of a road segment
τ The time duration between two time instances of received signal’s

amplitude
	 The amplitude correlation coefficient of a received signal
θ The slope value of effective velocity
fc The carrier frequency of signals
fd The average Doppler spread
m The shape parameter of the Nakagami-m channel
o The offset value of effective velocity
veff The effective velocity between a receiver and a transmitter
vr The velocity of a receiver
vt The velocity of a transmitter

is the transmission power, α is the path-loss exponent, C =
GtGr ( c

4πfc
)2 is a constant, Gt and Gr are antenna gains at

the transmitter and receiver, respectively, fc = 5.9 GHz is the
carrier frequency, c = 3 × 108 m/s is the speed of light, and m
is a distance-dependent shape parameter of the Nakagami-m
channel, which is given as [22]

m =

⎧⎪⎨
⎪⎩

3, r ≤ 50

1.5, 50 < r ≤ 100

1, r > 100.

(2)

In order to successfully decode a packet within the transmis-
sion range R from a source node, the instantaneous received
power at the target destination node must be equal to or greater
than a threshold received power, denoted as γth . All vehicles
have the same Pt and γth values.

In the system under consideration, vehicles are moving in
a one-way road with the same average speed. In [23], it is
shown that when vehicles move relatively in a similar speed, the
autocorrelation function can be approximated by Jake’s model
[24]. Furthermore, in [25], such approximation is validated with
simulation in vehicular environment. Hence, the amplitude cor-

relation coefficient of a signal received, denoted as 	, at two
different time instants, separated by τ time units, can be real-
ized by Jake’s model and is given by [26]

	 = J2
0 (2πfdτ) (3)

where J0(·) is the zeroth-order Bessel function of the first
kind and fd is the average Doppler spread. The nature of a
time-varying channel greatly depends on the normalized fading
rates, which is the product of the average Doppler spread and
sample time, i.e., fdτ [27]. The average Doppler spread, fd , of
the time-variant vehicle-to-vehicle channel, on the other hand,
depends on the effective speed, veff =

√
v2

r + v2
t , where vr and

vt are the velocities of receiver and transmitter, respectively.
Moreover, fd also depends on the driving environment where
the receiver and transmitter are traveling, such as highway, rural
and suburban environments. As mobile and stationary scatterers,
such as foliage, pedestrians, and passing vehicles, are unavoid-
able, the presence of such scatterers greatly affect the Doppler
spread [28] and eventually the channel variations. In [29], Cheng
et al. present an experiment at 5.9 GHz and derive a close-form
expression of Doppler spread in terms of the effective velocity
and environment-dependent parameters and is given as

fd =
θ

λ
√

2
veff + o (4)

where θ and o are environment-dependent parameters, referred
to as slope and offset, respectively, whose values are given in
Table IV for different environments.

B. Channel Access Mechanism

The channel access mechanism is based on distributed TDMA
MAC protocols [4], [7], where the channel time is partitioned
into frames and each frame is further partitioned into time slots.
Each time slot is of a constant time interval and each frame
consists of a fixed number of time slots, denoted by F . Each
vehicle is capable of detecting the start time of a frame and,
consequently, the start time of a time slot based on the one-
pulse-per-second signal [30] that a global positioning system
receiver gets every second. Nodes support broadcast, multicast,
or P2P modes of communication. However, for the protocol
performance evaluation, we consider nodes communicating in
a P2P mode only.

C. Reservation, Retention, and Release of Time Slots

At the beginning of each time frame, a node prepares to trans-
mit in its own time slot, if it already has a reserved time slot,
or selects a time slot to perform reservation attempt based on
its neighboring sets, otherwise. Nodes belonging to the same
THS contend with each other to reserve a time slot. To reserve a
time slot, a node first listens to the channel over the period of F
consecutive time slots (not necessarily in the same frame), then
attempts to reserve one time slot among the unreserved ones, if
available. A node reserves a time slot by transmitting its frame
information (FI) that consists of neighborhood information and
time-slot usage information (to be discussed). Collisions occur
when multiple THS nodes, i.e., nodes that are within each oth-
ers’ two-hop transmission distance, transmit during the same
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time slot. The node successfully reserves a time slot if there is
no collision and all the OHS member nodes have successfully
received the FI.

We focus on the control channel, which is used to broad-
cast safety messages and control information among one-hop
neighbors and for negotiation between a pair of nodes for P2P
communication. With a focus on cooperation to improve trans-
mission efficiency, we consider a network where vehicles have
information to transmit, targeting specific destination nodes in
each frame. Thus, a node accesses the channel once in every
frame in its own time slot and transmits a packet that may
consist of FI, packet header (PH), payload data, and cyclic re-
dundancy check (CRC), and makes cooperation decisions (as
discussed in [17]). The FI is a collection of ID fields (IDFs) of
neighboring nodes and helps a node to maintain neighborhood
information that includes:

1) all of its one-hop neighbors;
2) all of its two-hop neighbors;
3) the owner of each time slot in a frame.
A node announces time-slot ownerships among its one-hop

neighbors if it successfully received the packet in the previous
frame. If there is no signal in a time slot or a node fails to receive
a packet transmitted during the time slot, the node considers it
as an unreserved time slot. In such a case, corresponding IDFs
of the unreserved time slots are left empty in the FI. Hence, suc-
cessful reception of FIs helps a node to extract its neighborhood
information, such as IDs of the one-hop neighboring nodes and
their corresponding time slots. Also, FI can be used to detect
transmission failures due to poor channel conditions and trans-
mission collisions. A node releases or continues using its time
slot based on the FIs received from its OHS neighbors. A node
releases its time slot if it fails to detect its ID in FIs received
from at least one of its OHS member nodes. To avoid unnec-
essary loss of time slots, a node does not use FI from any new
one-hop node that is not in its OHS. However, upon receiving
FI from new one-hop nodes, the node updates its OHS. Hence,
in the network, there are nodes with and/or without their own
time slots. In this paper, nodes without (with) their own time
slots and seeking for one are referred to as contending (resident)
nodes, as they contend for time slots in (continue to be a resident
of) the corresponding two-hop neighborhood.

Due to channel fading and relative mobility, a node can fail to
reserve or retain a time slot; hence, contending nodes remain as
contending nodes or resident nodes become contending nodes,
respectively, in the next frame. Access collisions occur when
two or more contending nodes in the same two-hop neighbor-
hood try to reserve the same unreserved time slot. Furthermore,
in the presence of contending nodes, cooperation collisions may
occur during unreserved time slots among reservation packets
from contending nodes and CRTs.1 Hence, with the introduction
of node cooperation, cooperation collisions occur in D-TDMA
MAC between reservation attempt(s) from a contending node(s)

1In CAH-MAC [17], i.e., node cooperation enabled D-TDMA MAC, a desti-
nation node initiates CRT by transmitting cooperation ACK (C-ACK) to a target
helper node. When the helper node detects the C-ACK, it transmits a packet
with payload data to the destination node following reception of C-ACK.

and CRT [either cooperative ACK (C-ACK) from a destination
node or relayed packet from a helper node or both]. Under such
a situation, both CRT and time-slot reservation fail and con-
tending nodes have to wait longer to acquire time slots. On the
other hand, most of the time only resident nodes get an oppor-
tunity to access the channel for direct and/or CRT. Furthermore,
cooperation collisions occur when CRT is performed during a
time slot belonging to an existing user. For instance, if a helper
node chooses an unreserved time slot to help an s–d pair, col-
lision occurs when a node, which owns the selected unreserved
time slot, enters the region where the s–d pair and helper node
reside. Under such a case, conflict arises between transmission
from newly joined node and scheduled CRT.

A merging collision occurs when resident nodes using the
same time slot but belonging to different THSs approach each
other, resulting in a transmission collision in the corresponding
time slot [31]. A resident node, after suffering from a merging
collision, releases its own time slot and attempts to reserve an
unreserved time slot. Moreover, merging collisions result in an
increase in the number of contending nodes, which likely lead
to an increase in the rate of access and/or cooperation collisions.
In [31], it is shown that ADHOC MAC suffers from throughput
reduction due to node mobility. To overcome the throughput
reduction, VeMAC is proposed in [7]. In VeMAC, time slots are
separated into three disjoint groups, dedicated to vehicles mov-
ing in opposite directions and to RSUs, respectively. Separation
of the time slots into three disjoint groups alleviates throughput
reduction due to node mobility.

A node releases its time slot if it suffers from transmission
failure or transmission collision. Upon releasing its time slot,
the node seeks a new one. Also, a node that is without a time slot
prior to joining the network seeks a time slot after it joins the
network. Furthermore, due to the relative mobility, a node may
enter a new THS where its neighboring nodes are not aware
of its arrival. If the node owns an unreserved time slot, with
respect to the new THS, it keeps on using it as there will not
be any conflict. However, a collision occurs if the unreserved
time slot is selected to perform CRT. With a focus on analyzing
the performance of node cooperation, we consider that a node
continues using its time slot in the next frame, if it successfully
delivers its packet to all the nodes in its OHS in the current
frame. Otherwise, it releases the time slot, becomes a contend-
ing node, and seeks for a time slot in the next frame. Hence,
by the end of each frame, a resident node may lose its time
slot and/or a contending node may successfully reserve one.
Consequently, a frame consists of reserved and unreserved time
slots at the beginning of the next frame. The number of reserved
(or unreserved) time slots depends on channel quality, relative
mobility, and other networking scenarios.

III. ENHANCED NODE COOPERATION

The cooperation decisions can lead to cooperation collisions
resulting in the failure in time-slot reservation and CRT. Hence,
in this section, we present the approach in the eCAH-MAC
scheme to avoid cooperation collisions. In eCAH-MAC, we pro-
pose to use different types of packet structure to resolve coop-
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eration collisions. In the following, we present different packet
types and a novel collision avoidance scheme for eCAH-MAC.

A. Types of Packet Structure

A resident node transmits a packet in order to exchange its
FI and payload data to the nearby nodes during its own time
slot. The resident node must deliver the FI to all nodes in its
OHS, to continue using its time slot in the next frame, and
payload data to the target destination. Furthermore, a resident
node may transmit a packet during an unreserved time slot to
perform CRT. In such a case, the resident node must deliver the
payload data to the target destination(s). On the other hand, a
contending node transmits a packet during an unreserved time
slot to reserve the time slot for accessing the channel. Thus,
the contending node must deliver its FI to all the nodes in its
OHS, during the selected unreserved time slot, to successfully
reserve the time slot. Hence, it is not necessary to transmit
the same information, with the same packet structure or fields,
for the aforementioned scenarios. Based on the operations, we
define three type of packets that a node can transmit during a
time slot, as described below.

1) General (Type-G) packet consisting of FI, PH, payload
data, and CRC, which is transmitted by a resident node to
exchange messages to its nearby nodes. A node transmits
Type-G packet only during its own time slot to deliver
its FI to the OHS nodes and payload data to the target
destination(s). Furthermore, the packet may have a coop-
eration header if the transmitting node decides to help an
s–d pair that failed to exchange a packet during the source
node’s time slot [17].

2) Reservation (Type-R) packet consisting of FI, PH, and
CRC, which is transmitted by contending nodes to per-
form time-slot reservation. A node first reserves a time
slot to access the channel using a Type-R packet (without
payload data), then starts to transmit a Type-G packet to
exchange payload data with its one-hop neighbor node(s)
during the acquired time slot.

3) Cooperation (Type-C) packet consisting of a PH, payload
data, and CRC, which is transmitted by a helper node to
perform CRT. As the helper node has its own time slot to
transmit Type-G packets, it is not necessary to transmit its
FI during CRT.

In addition to these three types of packet, C-ACK is transmit-
ted by a destination node to start the CRT phase, which consists
of the ID of the helper node, as described in [17]. In the follow-
ing, advantages of using different packet types in eCAH-MAC
are discussed.

B. Cooperation Collision Avoidance

In CAH-MAC[17], cooperation decisions, such as selection
of helper nodes and unreserved time slots, to perform CRT
are performed in a distributed manner. If there are multiple
potential helper nodes, the one which first announces to help
will relay the packet, while all other potential helper nodes
suspend their intention to help for the corresponding s–d pair.
Furthermore, an unreserved time slot, among all the available

Fig. 1. CRT in eCAH-MAC during an unreserved time slot.

ones, is selected randomly by a potential helper node to perform
CRT. A cooperation collision occurs if the unreserved time slot
selected for CRT is accessed by a contending node. One possible
way to avoid cooperation collisions is to delay the CRT by some
time interval, say β1 time units. The duration of β1 units must
be long enough for a node to sense whether the channel is
idle or busy, such as the distributed interframe space in the
IEEE 802.11 based MAC protocols [32]. During the selected
unreserved time slot, the destination node waits for β1 time
units and then transmits C-ACK if the channel is idle during the
waiting time, which is illustrated in Fig. 1. Note that in CAH-
MAC, the destination node transmits C-ACK as soon as the
unreserved time slot starts, i.e., β1 = 0. The helper node, after
receiving its ID in C-ACK from the destination node, transmits a
payload data from the source after a guard time. Since the length
of C-ACK (in bits) and guard time are constant, the helper node
always performs CRT after the fixed duration from the start of
a time slot, i.e., β = β1 + β2 time units as in Fig. 1, where β2

time units correspond to the transmission time of C-ACK plus
the guard time.

A helper node transmits a Type-C packet to perform CRT. As
each node has its own normal time slot in which it transmits a
complete packet with FI, repeated transmission of a copy of the
same FI during CRT is unnecessary. The absence of FI compen-
sates for the delayed time of CRT phase and does not affect the
normal operation of D-TDMA and node cooperation. Hence, the
transmission of C-ACK and a Type-C packet helps to avoid col-
lision among helper or destination nodes and contending nodes
during the CRT.

A contending node may access the unreserved time selected
for cooperation. When the destination node detects transmis-
sion(s) from the contending node(s), it suspends the coopera-
tion or transmission of the C-ACK. As the helper node does not
receive C-ACK, it also suspends CRT. The helper node makes
a decision to suspend CRT after β time units from the start of
a time slot. A collision occurs if a contending node and the
destination node are in each others’ two-hop distance but not in
one-hop distance. In such a case, the destination node does not
sense the transmission from the contending node and transmits
C-ACK, resulting in a transmission collision at their common
one-hop nodes and/or helper node. To avoid such a collision,
both the helper and destination nodes must suspend the CRT.
One possible way to force both the destination and helper nodes
to suspend cooperation is by using energy-burst or channel jam-
ming signal, also known as black–burst [33]. Black–burst has
been used in wireless networks to inform neighboring nodes
about the channel usage and to avoid transmission collisions
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Fig. 2. Suspension of a CRT by the destination node in the presence of the
contending node(s) in its one-hop distance.

Fig. 3. Suspension of a CRT by the helper node after failing to receive C-ACK.

by forcing neighboring nodes to delay or suspend their trans-
missions [34], [35]. In eCAH-MAC, a contending node uses
black–bursts to inform destination and/or helper nodes about
its intention to perform reservation attempt followed by the
transmission of a Type-R packet. The contending node trans-
mits a black–burst of β time units. If the destination node is in
the one-hop neighborhood of the contending node, it suspends
the CRT after finding the channel busy. On the other hand, if
the destination node finds an idle channel, it transmits C-ACK.
The transmitted C-ACK collides with the black–burst at helper
node’s receiver and helper node suspends CRT. After transmit-
ting a black–burst, a contending node transmits a Type-R packet
to reserve the corresponding time slot. The suspension of CRT is
illustrated in Figs. 2 and 3. Delaying the CRT phase and the use
of a black–burst by contending node allow the destination and/or
helper nodes to detect time-slot reservation attempts from con-
tending nodes, to avoid cooperation collisions. Access collisions
occur if two or more contending nodes transmit black–burst sig-
nals and their corresponding Type-R packets during the same
unreserved time slot.

To summarize, the use of three packet types, use of black–
bursts to reserve a time slot, and suspension and/or delay of CRT
phase allow to avoid cooperation collision and, thus, efficiently
use unreserved time slots either to perform CRTs or time-slot
reservations. In Section IV, we derive a close-form expression
for the utilization of an unreserved time slot in eCAH-MAC.

IV. UTILIZATION OF AN UNRESERVED TIME SLOT

Reserved time slots are used in a similar manner in coopera-
tion enabled transmission to that without cooperation. However,
with node cooperation enabled, unreserved time slots, if used,
are used for either time-slot reservations or CRTs. Hence, the
performance of node cooperation in eCAH-MAC must be eval-
uated based on how efficiently it utilizes unreserved time slots
in comparison with that of D-TDMA MAC, such as ADHOC

MAC. The objective of such analysis is to study the effectiveness
of node cooperation in utilizing unreserved time slots, without
affecting the normal operations of D-TDMA MAC. Specifically,
we intend to study how an unreserved time slot is utilized in the
presence of node cooperation. For tractable analysis, following
assumptions are made.

1) A packet is transmitted only once by the source and/or the
helper nodes.

2) Cases where a failed direct transmission does not find a
helper node and/or unreserved time slot to perform co-
operation are ignored. Details of node cooperation and
its performance due to the existence of potential helper
nodes and unreserved time slots are presented in [17]. In
this study, we focus on how node cooperation affects time-
slot reservation, which is one of the important operations
in D-TDMA MAC.

3) With a focus on impact of node cooperation in the oper-
ation of D-TDMA MAC, only the unreserved time slots
chosen to perform CRTs are considered. Time slots that
are not chosen for cooperation will not be affected by
node cooperation, hence we ignored those cases in the
following.

4) We define a parameter η ∈ (0, 1], referred to as reserved
ratio, which is the ratio of the number of reserved time
slots in a frame to the total number of time slots per frame,
F . The η (or 1−η) value reflects the number of reserved
(or unreserved) time slots and depends on channel quality,
relative mobility, and other networking aspects. At the
beginning of a time frame, ηF time slots are allowed to
be reserved. Accordingly, at least (1 − η)F time slots are
unreserved time slots and are left for contending nodes to
perform reservation attempts.

To derive a close-form expression for the utilization of un-
reserved time slots, we consider the following events that can
occur during an unreserved time slot selected for CRT.

1) Event 1 (E1): None of the contending nodes in the THS
of both the helper and destination nodes sharing a common
frame attempts to access the unreserved time slot;

2) Event 2 (E2): Only one contending node in the THS of
both the helper and destination nodes sharing a common
frame transmits its reservation packet during the selected
unreserved time slot.

Next, we derive necessary probability distribution functions
required to obtain the probability of the aforementioned events.

A. Distribution of Node Number

At a given instance, the vehicles are distributed randomly
following an exponential distribution. Hence, the probability
mass function (pmf) of the number of nodes sharing the same
frame, also referred to as THS nodes and denoted as NT , is
given as [17]

Pr{NT = nt} =
(2ρR)nt e−2ρR

nt !
, nt = 0, 1, 2, ... (5)

where ρ is vehicle density in terms of the number of vehicles per
unit length of the road segment. For a time slot to be called as
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reserved (or unreserved) or for a frame to exist, there must be at
least one node in the corresponding THS, i.e., NT ≥ 1. Let NC

denote the number of contending nodes in a THS. Contending
node exists if NT > ηF , such that ηF nodes have their own
time slots and the remaining are contending nodes seeking their
own time slots. Thus, given the reserved ratio, η, the number of
contending nodes in a THS can be written as

NC =

{
0, NT ≤ ηF

NT − ηF, NT > ηF.
(6)

Hence, from (5) and (6), the pmf of NC can be written as

Pr{NC = nc} =

⎧⎪⎨
⎪⎩
∑ηF

nt =0

(2ρR)nt e−2ρR

nt !
, if nc = 0

(2ρR)η F + n c e−2ρ R

(ηF +nc )! , nc > 0.

(7)
Let U denote the number of unreserved time slots in a frame.

We have

U =

{
F − NT , NT < ηF

F − ηF, NT ≥ ηF.
(8)

Note, a contending node, if exists (NC > 0 or NT > ηF ),
attempts to transmit a packet during an unreserved time slot.
Among F − ηF available unreserved time slots in a frame, a
contending node selects one randomly. Thus, a contending node
chooses a given unreserved time slot with probability 1

F −ηF .
Consequently, the probability that a contending node does not
choose the given unreserved time slot is F −ηF −1

F −ηF . Furthermore,
if a THS does not contain any contending nodes, i.e., if NC = 0
or NT ≤ ηF , unreserved time slots are not selected to perform
reservation attempts. Based on these probability values, next we
will derive the probability of occurrence of Events 1 and 2, and
use them to derive the required close-form expressions.

B. Probability of Event 1

A contending node performs reservation during an unreserved
time slot. Hence, an unreserved time slot remains idle, i.e.,
Event E1 occurs, if none of the contending nodes in the corre-
sponding THS attempt to access it. Based on discussion in the
Section IV-A, given NC = nc and NT = nt , the probability of
Event E1 occurrences can be written as

Pr{E1|NC = nc,NT = nt} =

⎧⎨
⎩

1, nt ≤ ηF(
F −ηF −1
F −ηF

)nc

, nt > ηF.

(9)

Consequently, from (6) and (9), we have

Pr{E1|NC = nc} =

⎧⎨
⎩

1, nc = 0(
F −ηF −1
F −ηF

)nc

, nc > 0.
(10)

From (7) and (10), the probability that an unreserved time
slot is not selected by contending nodes, i.e., the probability of
Event 1 occurrences, can be written as

Pr{E1} =
ηF∑

nt =0

(2ρR)nt e−2ρR

nt !

+ a−ηF e−2ρR

(
eb −

ηF∑
nc =0

bnc

nc !

)
(11)

where a = F −ηF −1
F −ηF and b = 2ρRa.

C. Probability of Event 2

Event E2 occurs if only one contending node attempts to
access the unreserved time slot selected for node coopera-
tion. Hence, given NC = nc and NT = nt , the probability of
Event E2 occurrences can be written as in (12), shown at the
bottom of this page.

Consequently, from (6) and (12), the probability of Event E2

occurrences given NC = nc can be written as in (13), shown at
the bottom of this page. From (7) and (13), the probability that
an unreserved time slot is selected by only one contending node,
i.e., the probability of Event 2 occurrences, can be written as

Pr{E2} =
(

1 − a

aηF +1

)
e−2ρR (14)

×
[
(b − ηF )eb +

ηF −1∑
nc =0

(ηF − nc)
bnc

nc !

]
.

D. Close-Form Expressions for Time-Slot Utilization

In ADHOC MAC, as cooperation is not enabled, a successful
time-slot reservation guarantees the efficient utilization of the
unreserved time slot. With cooperation enabled transmission,
in addition to successful time-slot reservation, successful CRT
further guarantees the efficient utilization of unreserved time
slots. In the following, we use the probabilities of event occur-
rences from the previous subsections to derive the utilization
of an unreserved time slot for ADHOC MAC, CAH-MAC, and
eCAH-MAC.

In ADHOC MAC, an unreserved time slot is referred to as
efficiently utilized if only one contending node chooses it to

Pr{E2|NC = nc,NT = nt} =

⎧⎨
⎩

0, nt ≤ ηF

nc

(
1

F −ηF

)(
F −ηF −1
F −ηF

)nc −1
, nt > ηF

(12)

Pr{E2|NC = nc} =

⎧⎨
⎩

0, nc = 0

nc

(
1

F −ηF

)(
F −ηF −1
F −ηF

)nc −1
, nc > 0

(13)
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TABLE II
PARAMETERS USED IN SIMULATION

Parameter Value

Path-loss exponent (α) 2,3, and 4
Antenna gains at receiver and transmitter nodes (Gr and Gt ) 0 dB
Transmission power (Pt ) 20 mW
Threshold received power (γth ) 95 dBm
Transmission range (R) 100 m
Number of time slots per frame (F ) 50
Time-slot duration 1 ms
Simulation time 120 s

perform reservation. In other cases, i.e., if it remains unused
or more than one contending nodes transmit their reservation
packets, the unreserved time slot is wasted. Hence, the utilization
of an unreserved time slot in ADHOC MAC, denoted as εA , can
be written as

εA = Pr{E2}. (15)

On the other hand, in CAH-MAC, an unreserved time slot
selected for cooperation is considered to be efficiently utilized if
none of the contending nodes choose it to perform reservation. A
cooperation (access) collision occurs if at least one contending
node chooses to reserve the unreserved time slot selected to
perform CRT. Hence, the utilization of an unreserved time slot
in CAH-MAC, denoted as εC , can be written as

εC = Pr{E1}. (16)

Finally, in eCAH-MAC, an unreserved time slot selected for
cooperation is considered to be efficiently utilized if it is used to
perform either CRT, if none of the contending node chooses it, or
reservation attempt is performed by only one contending node.
Hence, the utilization of an unreserved time slot in eCAH-MAC,
denoted as εE , is given by

εE = Pr{E1} + Pr{E2}. (17)

V. NUMERICAL RESULTS

In this section, we present numerical results obtained from
simulations to analyze the performance of eCAH-MAC. Sim-
ulations are performed in MATLAB with parameters given in
Table II. Vehicles are distributed following the Poisson distribu-
tion along a road segment of length 10 km with three lanes.2 Fur-
thermore, free-flow node mobility as in [36] is considered, such
that at the beginning of simulation vehicles choose their speed
following a truncated normal distribution,3 with mean velocity
100 km/h, standard deviation of velocity 20 km/h, maximum ve-
locity 130 km/h, and minimum velocity 90 km/h. Vehicles then
move with the same speed value throughout the simulation.
Moreover, vehicles exiting from one end of the road segment

2A line represents a lane that is 5 m away from its adjacent lane(s). Vehicles
are represented by points on the lines representing lanes.

3Velocities that are more than maximum velocity and less than minimum
velocity are ignored while drawing speed of a vehicle. Moreover, maximum
and minimum velocities are kept the same as the default VISSIM parameters,
to make it consistent with the simulation setup in the next section.

Fig. 4. Comparison of utilization of unreserved time slots in eCAH-
MAC, CAH-MAC, and ADHOC MAC with (a) η = 0.80, (b) η = 0.50, and
(c) η = 0.20.

re-enter from the other end. To avoid any unrealistic loss of
time slot, a vehicle that is at a distance r from one end of the
road segment can communicate with vehicles which are at a
distance R − r from the other end, such that vehicles do not
break their communication even after exiting from one end of
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TABLE III
VISSIM SIMULATION PARAMETERS

the road segment and entering from the other end. Utilization
of eCAH-MAC, CAH-AMC, and ADHOC MAC is obtained
and compared for several η values to validate the close-form
expressions for time-slot utilization derived in Section IV.

Fig. 4 compares the utilization with η = 0.8, 0.5, and 0.2,
respectively. It can be seen that the analytical results match
well with simulation results, thus validating the close-form
expressions for utilization of unreserved time slots selected
for CRT. For a given average number of two-hop nodes, de-
noted by NT = 2ρR, the larger the η value, the higher the
utilization of unreserved time slot. This is obvious as a larger
η value results in a lesser number of contending nodes, i.e.,
a lesser number of reservation attempts, and consequently, a
lesser number of cooperation collisions. However, for a larger
NT values, the utilization decreases with an increase in η val-
ues, for eCAH-MAC and ADHOC MAC. This is because the
lesser the η value, the larger the number of contending nodes
and unreserved time slots, which results in successful time-slot
reservation and increases the utilization. As the average number
of THS nodes increases, the utilization decreases in cooperation
enabled transmission. As the NT value increases, the average
number of contending nodes increases, increasing the number
of reservation attempts. Such reservation attempts improve the
performance of ADHOC MAC and eCAH-MAC (as unreserved
time slots are used for reservations). However, in CAH-MAC, it
decreases the performance due to cooperation collisions. When
the average number of THS nodes is high, CAH-MAC performs
worst among all the D-TDMA MAC (e.g., NT > 50 in both the
cases). This is because at a high NT value, reservation attempts
by a contending node during an unreserved time slot will fail
due to CRT. Thus, it reduces the utilization value as both time
slot access and CRT fail.

VI. SIMULATION RESULTS

Computer simulations with a practical channel model and
vehicle mobility traces are conducted to evaluate the perfor-
mance of eCAH-MAC and compare it with that of CAH-MAC

and ADHOC MAC. To simulate mobility among nodes, we
use a well-known vehicle traffic simulator PTV VISSIM [19]
and MATLAB. Real road networks are replicated in VISSIM to
generate vehicle traces. We consider a road network based on a
segment of Highway 401 of the province of Ontario in Canada.
To keep vehicles in the simulation, a ring of highway segment,
of length approximately 4 km with three lanes, is formed, such
that the vehicles keep moving in the ring throughout the simu-
lation. Road segments, speed limits, and other traffic rules are
defined based on realistic observations. Vehicles such as cars,
heavy goods vehicles (HGVs), and buses are included. Vehi-
cles follow the Wiedemann99 Car Following Model [37] to
follow the headway traffic. Based on these models, appropriate
decisions are made to perform lane changes, left or right turns,
and to follow the vehicle in front.

At the start of simulations, vehicles are injected to the road
networks with rate 2100, 2400, and 7200 vehicle per hour. After
the injection period of 5 min, the vehicle injection is stopped
and the number of vehicles in the network, i.e., ℵ, becomes
364, 496, and 622, respectively, for each vehicle injection rates.
The generated vehicles are allowed to move according to the
corresponding traffic rules and road network parameters. To
reduce any transient state effects, vehicle traces are not recorded
for a warm-up period of 5 min (after the injection period). When
the warm-up period ends, vehicle traces are recorded at the
interval of 0.1 s till the end of simulation. The simulation time
is the time interval between the end of the warm-up period and
the end of simulation, i.e., actual start of simulation is considered
only after the end of the warm-up period. The generated vehicle
traces consist of vehicle positions and speeds at a given time.
Such vehicle traces are used to simulate the performance of
eCAH-MAC, which is compared with that of CAH-MAC and
ADHOC MAC. The VISSIM simulation parameters are given
in Table III.

To realize a practical channel, autocorrelated Nakagami-m
envelope sequences are generated based on [38], such that the
generated sequence follows the rank statistics of the reference
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TABLE IV
PARAMETERS FOR DOPPLER SPREAD IN DIFFERENT

DRIVING ENVIRONMENTS [29]

Parameter Rural Highway Suburban

Offset (o) 0.500 0.200 11.20
Slope (θ) 0.420 0.414 0.428

Rayleigh sequence that is generated based on the Jake model
[24]. Correlation coefficient is generated as in (3) and (4), with
slope and offset for highway environment as in Table IV. Other
simulation parameters are given in Table II.

Fig. 5 shows the fractions of resident and contending nodes,
and reserved and unreserved time slots in a THS sharing a
common frame, for various channel conditions. As the channel
degrades, a large number of nodes lose their time slots and
become contending nodes. Consequently, more time slots are
left unreserved in the corresponding frame. Also, Fig. 5(c) shows
the frame-by-frame status of time slots, during a stable state
after the initial transitions. At the beginning of the simulation,
all nodes in the network try to access the channel, which results
in collision. In the steady state, for a given networking scenario,
the fractions of reserved (unreserved) time slot remains constant
at each time frame.

To study the effects of node cooperation on the operations of
D-TDMA MAC, the performance of eCAH-MAC is evaluated
based on how efficiently an unreserved time slot selected for
CRT is used. To do so, we ignore unreserved time slots during
which 1) two or more contending nodes perform reservation
attempts, and 2) CRT is not scheduled for a given failed direct
transmission. In such events, irrespective of the presence of node
cooperation, reservation attempts are unsuccessful due to access
collisions or not affected by node cooperation, respectively. If a
cooperation is scheduled during an unreserved time slot, one of
the following events occur.

1) A helper node successfully relays the packet to the desti-
nation node, i.e., a successful CRT.

2) A helper node fails to relay the packet to the destination
node due to channel errors.

3) CRT collides or gets suspended due to the reservation
attempt from a contending node that is in one-hop neigh-
borhood from either destination node or helper node or
both.

Fig. 6 shows the probabilities of such events. As the number
of nodes in the network increases or the channel quality degrades
(when α value increases), the probability of successful CRT de-
creases. This is primarily due to an increase in the number of
cooperation collisions in eCAH-MAC or suspension of CRTs,
as a large number of nodes lose their time slots due to chan-
nel errors. Similarly, with an increase in the number of nodes
in the network, for a given F value, the number of contend-
ing node increases. The larger the contending nodes, the higher
the probability of reservation attempt(s) during an unreserved
time slot. Thus, such phenomenon forces helper and/or desti-
nation nodes to suspend the scheduled CRTs in eCAH-MAC
or results in cooperation collisions in CAH-MAC, decreasing

Fig. 5. Status of two-hop member nodes and time slots of the corresponding
frame with ℵ = 622 over various channel conditions: (a) portion of the number
of resident and contending nodes in a THS per frame; (b) portion of reserved
and unreserved time slots in a THS per frame; and (c) portion of reserved and
unreserved time slots in a THS per frame observed between consecutive frames
in a steady state.

the probability of successful cooperative relay transmission. In
CAH-MAC, cooperation collisions occur when a helper node
and a contending node simultaneously perform CRT and time-
slot reservation, respectively. On the other hand, in eCAH-MAC
to tackle the similar situation, the destination node suspends the
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Fig. 6. Probability of events during CRT, such as successful CRT (Success-
ful), failed CRT due to a poor channel condition (Channel error), and failed
CRT due to cooperation collision in CAH-MAC or suspension of CRT to
avoid cooperation collision in eCAH-MAC (Coop. coll/susp.), with (a) α = 2,
(b) α = 3, and (c) α = 4.

CRT phase when it detects a reservation packet(s) from the
contending node(s).

Furthermore, we study the effectiveness of node cooperation
in efficiently using the idle time slots that are selected for node
cooperation. Fig. 7 shows the probability of using an unreserved

Fig. 7. Probability of successful usage of unreserved time slots in ADHOC
MAC, CAH-MAC, and eCAH-MAC, with (a) α = 2, (b) α = 3, and (c) α = 4.

time slot in ADHOC MAC, CAH-MAC, and eCAH-MAC.
As the number of nodes increases in the network, the average
distance between neighboring nodes decreases. As a result,
the capability of a contending node to successfully transmit
its reservation packet to all of its OHS nodes due to a poor
channel condition decreases. Furthermore, in CAH-MAC, the
ongoing CRTs may lead to cooperation collisions, wasting time
slot. On the other hand, CRT is suspended in eCAH-MAC,
allowing contending nodes to perform reservation attempts.
Hence, eCAH-MAC uses an unreserved time slot better than
CAH-MAC and ADHOC MAC.
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VII. CONCLUSION

Node cooperation for D-TDMA MAC, such as CAH-MAC,
suffers from cooperation collisions, thus disrupting the normal
operations of the D-TDMA MAC. In this paper, we present a col-
lision avoidance scheme for the CAH-MAC protocol, referred
to as enhanced Cooperative ADHOC MAC (eCAH-MAC), for
vehicular communication network. In eCAH-MAC, the CRT
phase is delayed, so that cooperation collisions can be avoided.
It uses available bandwidth resource efficiently in the presence
of time-slot reservation attempts, which is a consequence of ve-
hicular network dynamics, improving the performance of node
cooperation at the MAC layer protocol. Our analysis shows that
effectiveness of node cooperation decreases with an increase in
the number of nodes mainly due to increase in the number of
reservation attempts. However, as contending nodes are allowed
to reserve time slot despite the scheduling of CRT, eCAH-MAC
does not disrupt the normal operations of the D-TDMA MAC.
Furthermore, we consider a realistic channel model and vehicle
traces to perform extensive simulations. We demonstrate the effi-
ciency and robustness of eCAH-MAC in the presence dynamic
networking environment. Through mathematical analysis and
simulations, we observe that eCAH-MAC is capable of avoiding
cooperation collisions by suspending a CRT phase, which allows
more contending nodes to efficiently reserve unused time slots.

In this paper, node cooperation for broadcast service to tackle
a poor channel condition is considered. The node cooperation
mechanism to enhance the reliability of broadcast service in
VANETs needs further investigation in order to successfully
deploy the safety applications.
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