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BUFE-MAC: A Protocol With Bandwidth
Utilization and Fairness Enhancements
for Mesh-Backbone-Based VANETs
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Abstract—Vehicular ad hoc network technologies can improve
traffic safety for drivers and provide comfort services for passen-
gers. Because the hardware of a roadside unit (RSU) is costly,
in most previous research, vehicles might exchange data with an
RSU through multihop transmissions. However, the vehicle with
a larger number of hops to the RSU has fewer opportunities and
longer time to exchange its data with the RSU because the con-
tentions and collisions increase with the number of hops. This pa-
per proposes the bandwidth utilization and fairness enhancements
medium access control (BUFE MAC) protocol, which considers
a vehicular ad hoc network that accesses the Internet through
fixed Internet Gateways along the road. BUFE-MAC aims at
increasing bandwidth utilization, maintaining fairness, and avoid-
ing collision. The performance study reveals that the proposed
MAC protocol not only avoids the collision problem but improves
the performance in terms of end-to-end throughput and fairness
as well.

Index Terms—Bandwidth utilization, fairness, medium access
control (MAC) protocol, vehicular ad hoc networks (VANETs).

I. INTRODUCTION

W ITH THE rapid development technologies, vehicular ad
hoc networks (VANETs) have recently received much

attention [1]–[6], [21]–[25]. VANET technologies aim at en-
hancing traffic safety for drivers, providing comfort for passen-
gers, or reducing transportation time and fuel consumption with
many potential applications.

One of the greatest challenges of VANETs is to establish
cost-effective connections between vehicles and vehicles or
between vehicles and roadside units (RSUs). The fastest com-
munication for a vehicle is communication with a RSU, which
is called a mesh-backbone VANET [31], [32]. However, the
vehicular networks that are fully covered by a large number
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of RSUs are costly. To support vehicles with Internet access
with low cost, an integrated network that combines a multihop
VANET and several RSUs that are supported as the gateways
between wired and wireless networks has been considered
as a better candidate. In such an integrated-network mesh-
backbone-based VANET, vehicles might exchange data with
the RSU through multihop transmissions.

Because the dedicated short-range communications (DSRC)
[7] standard is developed based on the IEEE 802.11 medium
access control (MAC) protocol, vehicles that applied DSRC in a
VANET exchange their data by contending the medium access,
which raises significant contention and collision problems. As
a result, vehicles that are far away from RSUs have fewer
opportunities to exchange data with RSUs or even are facing
starvation. Therefore, in a multihop VANET with non–fully
covered deployment of RSUs, increasing bandwidth utilization
while maintaining transmission fairness among vehicles is an
important issue.

To increase bandwidth utilization and maintain transmission
fairness, a good MAC protocol is significant for the network
environment [27]–[30]. A number of VANET MAC protocols
have been proposed to reduce the packet collisions and in-
crease the bandwidth utilization. These works can roughly be
classified into the following three categories: 1) contention-
based approaches; 2) contention-free approaches; and 3) inte-
grating approaches. Contention-based protocols [8], [9], [19],
[20] determine the time point of transmission according to
the distance between the vehicle and the destination vehicle.
These protocols reduce the contention probability but increase
the variation of forwarder selection. As a result, vehicles may
transmit packets to inappropriate forwarders, which leads to
redundant packet transmissions. On the contrary, contention-
free protocols schedule the transmissions in advance to avoid
contention. For example, the time-division multiple-access ap-
proach divides the time interval into several time slots and
allocates the packet transmissions in these slots. Integrating
protocols [10], [11], [26] combine the contention-based and
contention-free concepts. These approaches collect the trans-
mission requirement by applying a contention mechanism, and
then, the transmissions can be scheduled in advance. Because
the bandwidth utilization and transmission fairness can signif-
icantly be improved, these approaches are more flexible and
efficient than contention-based approaches. The following para-
graph reviews some integrating protocols that were developed
for VANETs.

0018-9545/$31.00 © 2012 IEEE



HUNG et al.: BUFE-MAC: BANDWIDTH UTILIZATION AND FAIRNESS ENHANCEMENTS FOR VANETs 2209

Fig. 1. Packet transmission in CVIA.

Korkmaz et al. [10] proposed a cross-layer protocol, called
controlled vehicular Internet access (CVIA), for vehicular
Internet access on highway applications. CVIA assumes that
each vehicle is equipped with the Global Positioning System
(GPS), which allows the vehicle to obtain its location and to
synchronize its clock with all the other vehicles. The uplink
and downlink Internet accesses are achieved by connecting to
the same gateway in a multihop manner and using different
channels. The CVIA protocol employs two vehicles as routers
in each segment for relaying packets in each channel. Similar
to the CVIA scheduling protocol, Yang et al. [11] proposed
another cross-layer protocol, called coordinated external peer
communication (CEPEC), for Internet access services and peer-
to-peer communications in VANETs. The main differences
between these approaches are that CEPEC is proposed for the
IEEE 802.16 network environment and the policies for deter-
mining the segment length and selecting the segment router are
different.

The existing CVIA and CEPEC approaches alleviate the
packet collisions of the multihop transmission in VANETs.
However, the channel utilizations for uplink and downlink
transmissions are low. Fig. 1 gives an example to discuss
the bandwidth utilization of the CVIA protocol. In Fig. 1,
the CVIA protocol divides the service area of each gateway
into a number of equal-sized segments, including S1, . . . , S6.
The uplink and downlink Internet accesses are achieved by
connecting to the same gateway IGW1 in a multihop manner
and using different channels. The basic scheduling policy is
to assign a specific time slot to each segment so that the
parallel transmission opportunities can be exploited, whereas
the collisions and contentions can be avoided. For fairness,
CVIA makes restrictions that vehicles in each segment can
only transmit one sixth the amount of bandwidth accessing
in its active time slot. This way, all segments have the same
opportunity for transmitting their own data, and hence, CVIA
likely achieves fairness. However, the bandwidth utilization is
also restricted. For example, as shown in Fig. 1, where the
shadow regions denote the bandwidth wastage, by applying the
CVIA approach, the bandwidth utilizations of S6 and S5 are
only one sixth and one third, respectively.

This paper proposes a MAC protocol with bandwidth uti-
lization and fairness enhancements (BUFE-MAC) for mesh-
backbone-based VANETs, aiming at improving the bandwidth
utilization and maintaining the fairness opportunities of all
vehicles. The novelty of the proposed protocol is integrating
the uplink and downlink transmissions in a single channel and
determining an appropriate segment length. The contribution is
to increase the bandwidth utilization and network throughput
while maintaining fairness. In the latter sections, because the
RSU is used for Internet access, it is called an Internet Gateway
(IGW).

The rest of this paper is organized as follows. Section II
presents the basic concept of the proposed BUFE-MAC pro-
tocol and summarizes our contributions. Section III gives the
network environment and problem statement of this paper,
whereas Section IV presents the details of the proposed pro-
tocol. Section V analyzes and compares the improvement of
the proposed BUFE-MAC to the existing CVIA protocols in
terms of throughput and bandwidth utilization. Section VI in-
vestigates the performance evaluation of the proposed protocol.
Section VII concludes this paper.

II. BASIC CONCEPT OF BANDWIDTH UTILIZATION AND

FAIRNESS ENHANCEMENTS-MEDIUM ACCESS CONTROL

The basic concept of BUFE-MAC is dividing the cycle time
into several time slots for vehicles in proper segment accessing
bandwidth. In VANETs, the bandwidth is limited resource.
However, increasing the bandwidth utilization may reduce the
fairness of vehicles. For example, to maximize the bandwidth
utilization, the vehicles in the segment far away from an IGW
transmit their uplink data as much as possible, but segments
that are close to IGWs may suffer from starvation. Therefore,
for fairness, each segment has the same opportunity to access
the bandwidth, but it causes low bandwidth utilization, as in
CVIA [10].

The proposed BUFE-MAC integrates the uplink and
downlink Internet access, aiming at taking into account both
bandwidth utilization and fairness. We observe that the uplink
bandwidth utilization of the segment that is closer to the uplink
IGW is better than the farther segment, as shown in Fig. 1. Sim-
ilarly, the segment that is closer to the downlink IGW has better
downlink bandwidth utilization in its assigned slot. To cope
with the bandwidth utilization problem, the proposed BUFE-
MAC approach changes the transmission direction of downlink
traffic, i.e., the uplink and downlink IGWs for a segment are
different. Thus, the segment that is closer to its downlink IGW
is farther from its uplink IGW. As a result, the downlink traffic
can be allocated to the bandwidth hole of the uplink slot in
each segment to maximize the bandwidth utilization. Thus,
we need not divide the bandwidth into uplink and downlink
channels, the same bandwidth can be available for transmitting
more data, and the network throughput is improved.

Fig. 2 depicts an example of the data transmission architec-
ture of BUFE-MAC. The uplink packets are sent to IGW1, and
the downlink packets are transmitted from IGW2 by multihop
transmissions. That is, vehicles in S6 receive their downlink
packets from IGW2, and then, the router in S6 merges the
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Fig. 2. Data transmission architecture in BUFE-MAC.

uplink packets of S6 with the downlink packets of later seg-
ments S1–S5 and transmits the merged packets to vehicles in
S5. Afterward, vehicles in S5 receive their downlink packets,
and the router in S5 merges uplink packets of S5 with the down-
link packets of S1–S4 and transmits them to vehicles in S4.
Finally, after vehicles in S1 receive their downlink packets from
S2, the router in S1 transmits all uplink packets of segments
S1–S6 to IGW1. In each segment, a router integrates the uplink
and downlink packets and transmits to the router of neighboring
segment. As a result, the total number of transmitted packets,
including uplink and downlink packets, is maximal.

Compared with previous researches, the proposed BUFE-
MAC not only eliminates the channel division between the
uplink and downlink but increases the bandwidth utilization
and throughputs as well. The segment partitions of a multilane
and a single lane are similar. All vehicles in the same segment
can apply the BUEF-MAC and stay in the active or inactive
state at the same time slot, regardless of their moving direction.
For ease of presentation, we describe the detail only for a
unidirectional single lane.

III. SYSTEM MODEL AND PROBLEM FORMULATION

This paper considers a vehicular network that accesses the
Internet through fixed IGWs along the road. A set of k IGWs
{IGW1, IGW2, . . . , IGWk} equally partition the road into
k − 1 divisions {dIGW1,2, dIGW2,3, . . . , dIGWk−1,k}, where
dIGWi,i+1 is located between IGWi and IGWi+1. The ve-
hicles in division dIGWi,i+1 receive downlink packets from
IGWi+1 and transmit uplink packets to IGWi. Moreover,
dIGWi,i+1 is divided into n equal-sized segments S1–Sn, and
the length of each segment is rcom/2, where rcom is the com-
munication range of each vehicle. An IGW can communicate
with a vehicle that is far away from several times of transmis-
sion distance through multihop communication. In addition, the
vehicles are assumed to be equipped with Global Positioning
System (GPS) devices for time synchronization and location
identification. BUFE-MAC can be applied to a complicated
environment, such as a multilane with different directions. To
simplify the presentation, BUFE-MAC is proposed based on
a single-lane road environment. However, BUFE-MAC can
easily be extended to the multilane road environment, although
the directions of lanes are different. In some road situations
such as a curved road, additional gateways can be deployed to
support the single-hop communications for these roads.

This paper aims at developing a segment-based MAC
scheduling protocol that arranges the packet transmissions for
vehicles in each segment. The purpose of this paper is to

maximize the bandwidth utilization with fairness of bandwidth
access. The fairness index If given by (1), as proposed by
Jain et al. [12], is used to estimate the degree of fairness. In (1),
notation nv_total denotes the average number of vehicles in a
division dIGW , and pk,vehicle denotes the number of packets
that are transmitted or received by vehicle vk, where 1 ≤ k ≤
nv_total

If =

(nv_total∑
k=1

pk,vehicle

)2/(
nv_total

nv_total∑
k=1

p2
k,vehicle

)
. (1)

In addition, let sc = {t1, t2, . . . , tm} denote a scheduling
cycle that schedules all segments for bandwidth access, where
ti denotes the ith time slot in the cycle, and the lengths of
these time slots are the same, i.e., equal to t_slot. We assume
that the maximum number of packets that are transmitted from
a segment to the next segment in a time slot is pmax. Thus,
the number of maximum transmitted packets without collision
in a scheduling cycle is pmax × n, where n is the number of
segments between two neighboring IGWs. With the minimal
fairness index constraint fthr, the bandwidth utilization index
Iu can be defined as in (2), where pi,segment denotes the
number of packets that were transmitted in segment Si at the
allocated time slot

Iu =

(
n∑

i=1

pi,segment

)/
(pmax×n), with If ≥fthr. (2)

In this paper, we attempt to maximize the bandwidth utiliza-
tion Iu, where the degree of fairness If is equal to or greater
than the threshold fthr. The details of the proposed algorithm
will be described in the next section.

IV. PROPOSED BANDWIDTH UTILIZATION AND FAIRNESS

ENHANCEMENTS-MEDIUM ACCESS CONTROL ALGORITHM

This section describes the details of the proposed BUFE-
MAC algorithm. BUFE-MAC supports the following two
modes: 1) the mesh-backbone-based mode and 2) the in-
frastructure mode. The mesh-backbone-based mode allows ve-
hicles to transmit packets in a multihop manner, whereas the
infrastructure mode supports vehicles to directly exchange data
with a gateway. In the infrastructure mode, the interference
problem can be avoided by well scheduling the transmissions of
vehicles in segments that belong to the cured road. The IGWs
for the infrastructure mode will periodically announce the com-
munication time. Vehicles in the infrastructure mode need not
know more information, except for the announcement of IGWs.
The infrastructure mode has been proposed by other researches,
and the mesh-backbone-based mode is the main contribu-
tion of this paper. Therefore, unless otherwise stated, BUFE-
MAC in the latter sections represents the mesh-backbone-based
mode only.

The mesh-backbone-based mode of BUFE-MAC is consists
of the following five phases:

1) inactive;
2) manager selection;
3) intersegment packet relaying;
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Fig. 3. Parallel transmission constraint of the BUFE-MAC algorithm.

Fig. 4. Scenario of packet transmission in the BUFE-MAC algorithm.

4) minislot scheduling;
5) local packet sending.
Except for the inactive phase, vehicles in the other four

phases are in the active state. In the inactive state, vehicles
cannot transmit packets but receive packets that are transmitted
from the active vehicles in the neighboring segment. Before
introducing these five phases, the following paragraph presents
the segment length designed in this paper.

The segment length is one of the most important factors that
determine the performance of VANETs. In the BUFE-MAC
algorithm, the proposed segment length is rcom/2, because
rcom/2 is the maximal length that vehicles in neighboring
segments can directly communicate with each other. Moreover,
to avoid packet collision at a receiver, vehicles that are located
within the distance of rcom from the receiver cannot transmit
packets. For example, when vehicles in segment Si are active
in time slot tj , the receivers are vehicles in segment Si−1.
Thus, only segments Sk can be in the active state for parallel
transmitting packets with Si, where k ≤ i − 4, as shown in
Fig. 3. As a result, the block region for collision avoidance is
three segments. That is, vehicles in Si, Si±4, . . . Si±4m can be
in the active state at the same time slot.

After presenting the design of segment length, the following
paragraph gives an overview of the five phases in the BUFE-
MAC algorithm.

Let an active time slot of vehicle vk or segment Si denote
the time that the vehicle or segment is in the active state,
respectively. Initially, each vehicle in the inactive phase cannot
transmit packets, because it stays in the inactive state. The
active time slots of a segment are determined at the beginning of
the network initialization. When segment Si changes state from
inactive to active, all vehicles in Si change from the inactive
phase to the manager selection phase. In the manager selection
phase, all vehicles in active segments first exchange their
information, including the location and bandwidth requirement.
Then, a manger for each active segment is selected. In the next
phase, the intersegment-packet-relaying phase, the manager of
each active segment relays the packets that are received in
its inactive state to the vehicles in the neighboring segment.
As shown in Fig. 4, the solid line depicts the transmission
of manager fi in the intersegment packet relaying phase. fi

relays the packets that are received from the vehicles in Si+1

to the vehicles in Si−1. In the minislot scheduling phase, the

manager determines the transmission schedule of all vehicles
in its segment according to the bandwidth requirements that are
received in the manager selection phase. Then, the manager
announces the schedule to all vehicles in the segment. After-
ward, all vehicles in Si switch to the local packet sending phase
and transmit their own packets to the manager in neighboring
segments. As shown in Fig. 4, the black dotted line depicts
the transmission of vehicles in segment Si in the local packet
sending phase. Vehicles v1 and v2 transmit their own uplink
packets to the manager fi−1 in segment Si−1. The following
sections introduce the details of the five phases designed in the
proposed BUFE-MAC algorithm.

A. Inactive Phase

All vehicles in the phase are not allowed to transmit packets
on account of avoiding collision. Herein, a general formula
for vehicles is given to determine when they should be in the
inactive state. Let ∆d denote the distance between a vehicle and
the uplink IGW and ∆t denote the time interval between the
current time and a defined reference time. Consider a vehicle in
Si at slot tj , where i = �∆d/(rcom/2)�, and j = �∆t/t_slot�.
If parameters i and j satisfy (3), where “%” gets the remainder
of the division, then the vehicle is in the active state at this
time slot; otherwise, the vehicle is in the inactive state and is
forbidden to transmit packets:

(n − i + 1)% 4 = j% 4. (3)

Using this rule, we have that, when Si is in the active state,
segments Si±1, Si±2, and Si±3 should stay in the inactive state
to prevent the transmitted packets from a collision problem.

B. Manager Selection Phase

This phase aims at selecting a manager in a segment that
is responsible for receiving the forwarding packets that were
sent from the neighboring segment in the next inactive slot.
To achieve this, all vehicles of an active segment exchange
their location information by the carrier sense multiple access
with collision avoidance mechanism. Then, the manger for each
segment is selected according to the location information. The
following paragraph presents the operations of this phase.

When a vehicle, e.g., vk, switches to this phase, it selects
a random waiting time tw from [0, tu − tp), where tu is a
predefined time period for information exchange, and tp is the
time for a vehicle to transmit an uplink packet. After waiting for
the time period tw, vehicle vk senses the carrier and broadcasts
its local information if the carrier is idle. The local information
contains the identifier (IDk), location (lk), and time of location
estimation (tLGT ), as well as the moving direction (dk) of vk

and bandwidth request (BRk). If the carrier is busy, then vehi-
cle vk selects a random waiting time from [0, tr − tp), where
tr represents the remaining time for information exchange. Let
fi be the current manager of Si. In this phase, fi should collect
the local information of all vehicles in Si.

After collecting the local information of vehicles in Si, the
current manager fi selects a vehicle in segment Si to be the
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future manager fi,next. Let the current slot be tj . The selected
fi,next should satisfy the condition that it still stays in segment
Si at the next active slot tj+4. That is, fi,next must be in
segment Si in [tj , tj+4]. Let vmax denote the upper bound of
velocity in segment Si. Let lexpect

k denote the expected location
of vehicle vk at the end of tj+4. Equation (4) gives the expected
new location lexpect

k of vehicle vk at the next active slot, where
λ is equal to 1 when the moving directions of the vehicle and
packets are the same; otherwise, λ is equal to −1

lexpect
k = lk + λ × [(tcurrent − tLGT ) + 5 × tslot] × vmax.

(4)

Having expected new locations of vehicles, fi selects the
vehicle with the smallest (lboundary

i − lexpect
k ) to be the future

manager fi,next, where lboundary
i is the boundary between Si

and Si−1. Note that fi,next not only relay the intersegment
packets in slot tj+4 but also receive the intersegment packets
at slot tj+3 when the segment Si+1 is active.

The selected manager must be a vehicle that is in the segment
and will be in the same segment in the next active slot. We pre-
dict the expected new location by the upper bound of velocity.
If the speed of the selected vehicle is slower, then the vehicle is
still in the same segment in the next active slot, which does not
violate our prediction.

When the network is in the initial stage, there is no current
manager for each segment. Therefore, all vehicles in Si should
keep the packets transmitted from the vehicles in Si+1 at slot
tj−1, as well as the local information that was transmitted
from vehicles in Si. Each vehicle, e.g., vk, in Si calculates
its own expected new location by (4). If the expected loca-
tion is in Si, vk waits for a period of time. If no vehicle
declares who the manager is during the period, vk declares
that it is the current and future manager. The waiting time
is t_select × (|lboundary

i − lexpect
k |/(rcom/2)), where t_select

is the predefined time for the manager selection phase, and
lboundary
i is the boundary location between Si and Si−1. As a

result, the vehicle whose expected location is the closest to Si−1

will be the first vehicle to declare that it is the current and future
manager of Si. Upon receiving the declaration of the manager,
all the other vehicles in Si will stop the process of new manager
selection.

C. Intersegment Packet Relaying Phase

In this phase, the manager fi transmits the forwarded packets
to Si−1. These packets include the uplink packets of segments
Si+1–Sn and the downlink packets of segments S1–Si−1.
Although the vehicles in Si−1 are in the inactive state, they
can receive their own downlink packets. In addition, the man-
ager fi−1 can also receive the downlink packets of segments
S1–Si−2, as well as the uplink packets of segments Si+1–Sn.
Before forwarding, fi counts the number of uplink packets in
the forwarded packets, which are denoted as pi,previous.

D. Minislot Scheduling Phase

In this phase, manager fi divides the remaining time of the
active slot into a number of minislots (MTSs), which will be

allocated to vehicles in Si for transmitting their uplink packets
to fi−1. The allocation of MTSs will be given later. A MTS is
a time unit that is required for transmitting a packet. To achieve
fairness, for each segment, the maximal number of uplink pack-
ets is pmax/n, where pmax is the maximal number of packets
that are transmitted between two neighboring IGWs, and n is
the number of segments between the two neighboring IGWs.
Hence, the maximal accumulative number of uplink packets for
segments Sn–Si is defined in (5). Thus, the number of MTSs for
Si, MTSi is calculated in (6), where pi,previous is the number
of uplink packets that were transmitted from previous segments
Sn, Sn−1, . . . , Si+1. The manager fi calculates MTSi and then
allocates these slots to vehicles in segment Si. The advantage
is that this approach increases the bandwidth utilization. For
example, when the first i − 1 segments have less uplink data,
then the ith segment can transmit more uplink data if needed.
Thus, the utilization of bandwidth is increased, i.e.,

(pmax/n) × (n − i + 1) (5)
MTSi = (pmax/n) × (n − i + 1) − pi,previous. (6)

The allocation algorithm, i.e., Algorithm 1, allocates the
MTSs for vehicles in segment Si. After calculating MTSi

by (6), we employ a fair approach to allocate the MTSs for
vehicles in Si. When the number of MTSi is greater than the
number of uplink vehicles in segment Si, MTSi can fairly be
allocated to each vehicle. On the other hand, when the number
of MTSi is less than the number of uplink vehicles, vehicles
that can transmit are randomly chosen. Note that the uplink
demand of each vehicle may be different. When the MTSs are
allocated, the manager fi broadcasts the transmission schedule
to all vehicles in Si, and then, this phase is finished.

Algorithm 1: Minislot allocation algorithm.

Input: List of vehicle’s ID and bandwidth request in segment
Si, ListVID, and ListVBR, respectively. The total number of
minislots is called Total_MTS.

Output: ListMTS: The result of scheduled minislots.
Initialization: Total_MTS ← (pmax/n) × (n − i + 1) −

pi,previous

ListMTS[1 to Total_MTS] ← null
Remain_MTS ← Total_MTS
1: if Total_MTS ≥

∑|ListV BR|
k=1 ListV BR[k] then

2: for k ← 1 to |ListV ID| do
3: Current ← Total_MTS − Remain_MTS + 1;
4: ListMTS[Current to Current + ListV BR[k]] ←

ListV ID[k];
5: Remain_MTS ← Remain_MTS − ListV BR[k];
6: end for
7: else
8:Remain_V ehicle ← number of vehicles that request >

0;
9: while Remain_MTS > 0 and Remain_V ehicle > 0

do
10: if Remain_MTS ≥ Remain_V ehicle then
11: for k ← 1 to |ListV ID| do
12: if ListV BR[k] > 0 then
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Fig. 5. Overall timing diagram in an active slot of the BUFE-MAC protocol.

13: ListMTS[Total_MTS − Remain_MTS +
1] ← ListV ID[k];

14: Remain_MTS ← Remain_MTS − 1;
15: ListV BR[k] ← ListV BR[k] − 1;
16: if ListV BR[k] = 0 then
17: Remain_V ehicle ← Remain_V ehicle − 1;
18: end if
19: end if
20: end for
21: else
22: while Remain_MTS > 0 do
23: rand ← random number between 1 and|ListV ID|;
24: if ListV BR[rand] > 0 then
25: ListMTS[Total_MTS − Remain_MTS +

1] ← ListV ID[rand];
26: Remain_MTS ← Remain_MTS − 1;
27: ListV BR[rand] ← 0;
28: end if
29: end while
30: end if
31: end while
32: end if
33: return(ListMTS)

E. Local Packet Sending Phase

According to the transmission schedule of fi, each vehicle
in Si transmits its uplink packets on schedule. Because the
segment length is rcom/2, each vehicle can directly transmit its
packet to fi−1 in Si−1. The whole active slot is finished when
all the MTSs are finished. Then, each vehicle vk in Si switches
its state to inactive, waiting for the next active slot.

Note that vehicles in Si−1 cannot transmit packets when
they are inactive, but they can receive their downlink packets
when vehicles in segment Si are in the intersegment packet
relaying phase. Moreover, the manager fi−1 of segment Si−1

can receive packets from vehicles in segment Si when Si is
in the intersegment packet relaying phase or the local packet
sending phase, i.e., there are two transmission phases in an
active slot of the BUFE-MAC algorithm. The overall timing
diagram in an active slot of BUFE-MAC is shown in Fig. 5. The
local information updating and manager announcing belong to
the manager selection phase, the intersegment packet relaying
acts in the intersegment packet relaying phase, the scheduling
announcing acts in the minislot scheduling phase, and the local
packet transmitting acts in the local packet sending phase.

In our protocol, the equipped GPS of each vehicle can
deal with synchronization and segment determination. The
overhead of the algorithm is that each vehicle should broad-
cast its location every fourth slot and the selected managers
should arrange the transmission time of vehicles in their seg-
ment and transmit the uplink packets and downlink packets
for vehicles in other segments. Compared with broadcasting
information, the overhead of broadcasting location is much
less. Moreover, compared with collision and retransmission, the
overhead of transmitting by selected managers is significantly
small.

Because vehicles have their located segments from a road
information system, the system should modify the information
of road map and segments when the physical roads are changed.
In general, the roads will not frequently be changed. The update
will not be frequent, and the update overhead of the system
is not significant. Furthermore, if the roads are not straight,
such as a curved road, we can avoid the interference between
segments by setting the communication in the infrastructure
mode. When parallel segments are in the communication range
of each other but in opposite directions, the protocol can
treat these segments as a multilane and bidirectional road seg-
ment. Therefore, our protocol can be applied to a complicated
environment.

V. ANALYSIS

This section analyzes the performance of the proposed
BUFE-MAC and existing CVIA, which is currently the best
algorithm in multihop mesh-backbone-based VANETs. One
major difference between BUFE-MAC and CVIA is the design
in segment length, which results in different block ranges, time
slot lengths, and the number of vehicles in a segment. Another
major difference between BUFE-MAC and CVIA is the data
transmission architecture. For vehicles in a segment, CVIA uses
the same IGW to handle the uplink and downlink traffics for a
vehicle, whereas BUFE-MAC uses different IGWs to handle
the uplink and downlink traffics for a vehicle. The performance
is evaluated based on the matrix of some important parameters
as follows.

Let tAmin denote the minimum time for algorithm A to
perform operations in an active segment. Let rA

interference, PA,
and BA represent the interference segment, throughput, and
bandwidth utilization by applying algorithm A (the proposed
BUFE-MAC or the existing CVIA algorithm), respectively.
Let the number of segments between two neighboring IGWs
be denoted by nA

segment. These parameters highly impact the
performance of an algorithm.

Assume that the vehicles are uniformly distributed in the
environment. Let V A

avg denote the average number of vehicles
in a segment by applying the algorithm A. The V A

avg is equal
to nv_total/nA

segment, where nv_total is the average number of
vehicles between two neighboring IGWs.

The minimum length of time slot for the existing CVIA
protocol is analyzed as follows. The total number of transmis-
sions required in each active segment is discussed, because it
determines the tCV IA

min . In the design of CVIA protocol, the
segment length is rcom. To successfully transmit the uplink
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or downlink packets, two forwarders are needed in CVIA,
for example, fi,in and fi,out for segment Si. In each active
slot of Si, CVIA needs three transmission phases. Take the
uplink transmission as an example. First, fi,in needs to relay
the uplink packets of segments Sj , Sj−1, . . . , Si+1 to fi,out,
where j is nCV IA

segment. On the average, the number of packets
that are relayed by fi,in is (nCV IA

segment − i) × V CV IA
avg . Second,

each vehicle in Si transmits its own uplink packet to fi,out. As
a result, the number of packets is V CV IA

avg − 1. Third, forwarder
fi,out relays the uplink packets of segments Sj , where i ≤ j ≤
nCV IA

segment, to Si−1. The average number of forwarded packets is
(nCV IA

segment − i + 1) × V CV IA
avg . In these transmissions, the total

number of packets transmitted for segment Si is

2 ×
(
nCV IA

segment − i + 1
)
× V CV IA

avg − 1. (7)

Therefore, the total number of transmitted packets is maxi-
mal when i = 1. That is, the maximal number of transmitted
packets is in S1. Assuming that it takes a time unit for transmit-
ting a packet, we evaluate that the minimum required length of
time slot tCV IA

min should be the total transmitted packets in S1,
because all the packets in S1 should be transmitted in the active
time slot. Thus, we have tCV IA

min as follows:

tCV IA
min = 2nCV IA

segment × V CV IA
avg − 1

= 2nv_total − 1. (8)

The minimum length of time slot of BUFE-MAC is ana-
lyzed as follows. As aforementioned, each segment Si needs
only one forwarder fi and two transmission phases in BUFE-
MAC. Consider the transmissions that occurred in segment
Si. In the first transmission phase, the manager fi forwards
the uplink packets for segments Sj , Sj−1, . . . , Si+1, where j
is nBUFE

segment and the number of downlink packets for seg-
ments Si−1, Si−2, . . . , S1. The total number of these packets
is (nBUFE

segment − i) × V BUFE
avg + (i − 1) × V BUFE

avg . Second, the
vehicles in Si transmit the average V BUFE

avg uplink packets to
fi−1 by themselves. Therefore, the total number of transmitted
packets in segment Si is given as follows:(
nBUFE

segment − i
)
× V BUFE

avg + (i − 1)
×V BUFE

avg + V BUFE
avg = nv_total.

Assuming that it takes a time unit to transmit a packet, the
minimum length of time slot tBUFE

min for BUFE-MAC is given
as follows:

tBUFE
min = nv_total. (9)

The throughputs of the BUFE-MAC and CVIA algorithms
are investigated as follows. We define PA as the total number
of data packets that are successfully transmitted from segments
to their neighbors between two IGWs in a specific time period
ttotal. In addition, let nA

sc denote the number of scheduling
cycles in ttotal and rA

interference denote the number of interfer-
ence sections in algorithm A. As described in the previous sec-
tions, the segment length of BUFE-MAC and CVIA are rcom

and rcom/2, respectively. Thus, rBUFE
interference and rCV IA

interference

are 4 and 2, respectively. Because the number of time slots for

vehicles between two IGWs is decided by �ttotal/tAmin� and the
time slots are allocated to the groups of parallel transmitting,
nA

sc can be evaluated by

nA
sc =

⌊⌊
ttotal/ tAmin

⌋/
rA
interference

⌋
. (10)

Let nslot_remain denote the number of remaining time
slots, which is insufficient for a segment scheduling cycle
sc. Equation (11) evaluates the value of nslot_remain for
algorithm A

nA
slot_remain = �ttotal/ tAmin

⌋
%

(
rA
interference

)
. (11)

The throughput PA can be evaluated by the product of the
number of active segments and the average of packets V A

avg

in each segment. If nA
slot_remain is equal to 0, then the total

number of active segments is the product of the number of
scheduling cycles in ttotal and the number of segments between
two neighboring IGWs. Thus, the throughput of algorithm A is
shown as follows:

PA =
(
nA

tsc
× nA

segment

)
× V A

avg.

On the other hand, when some remaining slots exist, some
segments will have one more chance to be in the active state
during the remaining slots. According to (3), the segment
Sj can stay at the active state in the ith time slot of a
scheduling cycle, where j = nA

segment − i + 1, and 1 ≤ i ≤
rA
interference. Meanwhile, the segments Sk can stay at the

active state for parallel transmitting packets when k = j − m ×
rA
interference, where m ≥ 1. Thus, the number of segments that

have been at the active state for parallel transmitting packets
in the ith time slot of a scheduling cycle is �(nA

segment −
i + 1)/rA

interference�. Let nA
seg_remain denote the number of

segments that have been at the active state in the remaining
slots. The value of nA

seg_remain can be calculated by

nA
seg_remain =

nA
slot_remain∑

i=1

⌈(
nA

segment − i+1
)/

rA
interference

⌉
.

(12)

Consequently, the throughput PA in ttotal is evaluated by

PA =
(
nA

tsc
× nA

segment + nA
seg_remain

)
× V A

avg. (13)

Because the proposed BUFE-MAC protocol integrates the
uplink and downlink packets together, each vehicle can transmit
an uplink packet and receive a downlink packet in a single
channel of each active slot. However, each vehicle that applies
CVIA transmits either an uplink packet or receives a downlink
packet in a single channel of each active slot. Therefore, the
throughputs of PCV IA and PBUFE can be derived by (14),
shown at the bottom of the next page.

Let ξthroughput denote the improvement ratio of the pro-
posed BUFE-MAC to the existing CVIA algorithm in terms of
throughput. The throughput improvement ratio can be obtained
by applying

ξthroughput = (PBUFE − PCV IA)
/

PCV IA. (15)

Obviously, when ξthroughput is number x, BUFE-MAC is
x + 1 times the throughput of CVIA. For ease of comparison,
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we assume that nA
seg_remain is zero. Based on (8)–(11), (14),

and (15), we have

ξthroughput = (nv_total − 1)/ nv_total. (16)

Therefore, when nv_total is larger than 1, ξthroughput is
larger than 0. That is, the throughput of the proposed BUFE-
MAC outperforms the CVIA protocol, because the value of
nv_total is usually larger than 1. Moreover, the throughput
improvement ratio of BUFE-MAC to CVIA is increased with
the vehicle density. Therefore, when the number of vehicles
between two IGWs is large enough, BUFE-MAC is double the
throughput of CVIA.

From another point of view, in the existing CVIA proto-
col, each channel supports either uplink or downlink packet
transmissions. On the contrary, the proposed BUFE-MAC in-
tegrates the uplink and downlink transmissions together so that
each channel can simultaneously support uplink and downlink
packet transmissions. As a result, the throughput for CVIA
using two channels is the same as the throughput for BUFE-
MAC using one channel. Therefore, with the same bandwidth,
the throughput of BUFE-MAC is double the throughput of
CVIA.

Finally, we further analyze the bandwidth utilizations of
the CVIA and BUFE-MAC protocols as follows. To simplify
the analysis, we assume that the number of data packets is
not smaller than what segments can transmit in the limited
bandwidth. Let bA

i denote the bandwidth utilization of segment
Si. First, the bandwidth utilization BCV IA of CVIA is analyzed
as follows. bCV IA

i can be defined as the number of data packets
that were transmitted in segment Si divided by the number
of data packets that were transmitted in a minimum time slot
tCV IA
min . Because the minimum length of time slot tCV IA

min is
defined in (8) and the number of data packets that were trans-
mitted in segment Si is defined in (7), the bandwidth utilization
of CVIA in segment Si can be derived by (7) and (8), as
shown in

bCV IA
i =

(
2

(
nCV IA

segment−i+1
)
×V CV IA

avg −1
)
/(2nv_total − 1).

(17)

Thus, the average bandwidth utilization of CVIA BCV IA is
shown as

BCV IA =


nCV IA

segment∑
i=1

bCV IA
i


 /

nCV IA
segment. (18)

With regard to the BUFE-MAC protocol, according to (9),
the number of data packets allowed to be transmitted in a mini-
mum time slot is nv_total, and the total number of data packets
that were transmitted in segment Si is also nv_total. Therefore,
the bandwidth utilization of BUFE-MAC BBUFE is 1. As a
result, the improvement ratio, denoted by notation ξbw_utiz , of
BUFE-MAC to CVIA in terms of bandwidth utilization can be
derived by

ξbw_utiz = (BBUFE − BCV IA)/BCV IA. (19)

Because BBUFE is 1 and BCV IA is always less than 1,
ξbw_utiz must be larger than 0, i.e., the bandwidth utilization
of the proposed BUFE-MAC is better than CVIA. Moreover,
based on (17)–(19), we have (20), which indicates that the
bandwidth utilization improvement ratio of BUFE-MAC to
CVIA is increased with the vehicle density and the number
of segments in a dIGW . Furthermore, the larger the values of
nCV IA

segment and V CV IA
avg are, the larger the ξbw_utiz is, and the

best ξbw_utiz is 1. That is, the average bandwidth utilization of
BUFE-MAC BBUFE is almost double the average bandwidth
utilization of CVIA BCV IA when nCV IA

segment and V CV IA
avg are

very large

ξbw_utiz =1−
(
V CV IA

avg −1
) / (

V CV IA
avg ×

(
nCV IA

segment+1
)
−1

)
.

(20)

From another viewpoint, by applying the CVIA protocol, the
bandwidth utilization of segments that are farther away from
the IGW is poor. Compared with CVIA, the proposed BUFE-
MAC integrates the uplink and downlink packets in the same
channel, and the uplink and downlink packets are received and
transmitted by different IGWs to balance the bandwidth utiliza-
tion of each segment. As a result, the bandwidth utilization of
the BUFE-MAC protocol is much better, at most twice, than the
CVIA protocol.

VI. PERFORMANCE EVALUATION

This section studies the performance of the proposed BUFE-
MAC algorithm against the existing CVIA [10] MAC protocol
in terms of throughput, average packet transmission delay time,
packet collision ratio, and fairness of bandwidth access. Other
factors such as network partition, packet relay times, bandwidth
utilization, and interrelay interference are also investigated.

PA = α
(
nA

tsc
× nA

segment + nA
seg_remain

)
× V A

avg

Where{
α = 1 if A is CV IA
α = 2 if A is BUFE

and{
nA

seg_remain = 0, if nA
slot_remain = 0

nA
seg_remain =

∑nA
slot_remain

i=1

⌈(
nA

segment − i + 1
) /

rA
interference

⌉
, if 0 < nA

slot_remain < rA
interference

(14)
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TABLE I
NOTATIONS OF CAR FOLLOWING

To simulate the realistic situation, we employ Network
Simulator (NS-2) Ver.2.35 [14], which simulates realistic and
expandable networks, to simulate the network environment.
The IGWs communicate with each other by a wired network
while using the built-in Iiango Purushothaman IEEE 802.11
infrastructure mode. In addition, we simulate a 12-km four-lane
bidirection and 140-km/h-speed-limitation highway vehicles
network environment by using Simulation of Urban Mobil-
ity (SUMO) Ver. 0.12.3 [15] and Mobility model generator
for Vehicular networks (MOVE) [16] Ver. 2.8.1. To improve
the reality, the mobility of vehicles is simulated by the car-
following model [17]. Furthermore, four different acceleration
styles of vehicles are randomly deployed in different lanes,
and we use minimizing overall braking deceleration induced
by lane change (MOBIL) [17] as our lane-changing model. In
the MOBIL model, the vehicles are randomly distributed on the
road, and the vehicles change their lanes when the new lane is
more attractive than the original lane without concerns about
safety. The attractiveness is decided by the accelerations and
decelerations of vehicles in the network. Because the perfor-
mance and stability of a VANET protocol are usually affected
by the density of vehicles and the volume of transmissions, we
vary the factors of these properties in our simulation to verify
our protocol.

A. Mobility Model and Simulation Environment

The car-following model is a popular model that simulates
the vehicles’ moving action. Although far away from its front
vehicle, the vehicle will drive at the limit speed; on the contrary,
the vehicle will keep away from the front vehicle in a safe
distance. The action is depicted in (21), and the symbols in (21)
are described in Table I

vi(t)=α
[vi(t)]

m

[xi−1(t−T )−xi(t−T )]l
[vi−1(t−T )−vi(t−T )] .

(21)

Our simulation parameters are depicted in Table II. In the
DSRC standard, the maximum transmission power is 28.5 dBm,
and the receiver sensitivity is set by −77 dBm such that the
transmission range is approximately 1000 m. However, the
large transmission range reduces the transmission parallelism,
because it blocks a large number of transmitting packets.
Therefore, we assume that vehicles are equipped with om-
nidirectional antennas that can radiate fixed and equal trans-
mission power of 17 dBm such that the transmission range

TABLE II
SIMULATION PARAMETERS

Fig. 6. Packet collision ratio of BUFE-MAC and CVIA.

is approximate 300 m, which is recommended by the Vehicle
Safety Communications Consortium (VSCC) [18]. The channel
model is two-ray ground, which considers a ground-reflected
propagation path between transmitter and a receiver in addition
to the line of sight. We model the simulation area as a 12-km
bidirectional highway with two lanes in each direction. The
simulation result is obtained from the average of 50 indepen-
dent runs for high confidence.

This paper considers two network scenarios. First, the dis-
tance between two IGWs is 1.8 km, and the numbers of seg-
ments in CVIA and BUFE-MAC are 6 and 12, respectively. In
the other scenario, the distance between two IGWs is 3.6 km,
and the numbers of segments in CVIA and BUFE-MAC are 12
and 24, respectively. The simulation considers the two scenarios
to verify the effect on the performance of different transmitting
hops between vehicles and IGWs.

B. Simulation Results

Fig. 6 studies the packet collision ratio of the BUFE-MAC
and CVIA protocols in two different scenarios. The offered
load is 1500 packets/s. The density of vehicles varies, ranging
in 50–100 vehicles/km. In general, collisions might occur in
the following two types of transmission: 1) uplink packets and
2) information update packets. Because the CVIA adapts the
contention-based approach for transmitting the uplink packets,
a considerable number of collisions occurred [13]. In addition,
the collision ratio increases when the vehicle density increases.
Therefore, the collision ratio is higher when the density of
IGWs is lower, because the less IGW raises more contentions.
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Fig. 7. Average delay time of BUFE-MAC and CVIA.

Fig. 8. Uplink throughput of BUFE-MAC and CVIA.

Instead of applying a contention-based mechanism, BUFE-
MAC schedules uplink transmissions. Therefore, no collision
occurs in the transmission of uplink packets in BUFE-MAC.

We investigate the uplink average delays of BUFE-MAC
and CVIA in two different scenarios. Suppose that the vehi-
cle density is 75 vehicles/km. The offered load is controlled,
ranging from 0 packet/s to 3000 packets/s. In the CVIA proto-
col, the forwarder in each segment needs to collect the uplink
packets from each vehicle and then relays the received packets
to another forwarder in the next segment. As a result, CVIA
increases the packet delay time with the offered load. On the
other hand, the proposed BUFE-MAC efficiently alleviates the
occurrence of collision. In addition, BUFE-MAC sets the seg-
ment length by rcom/2 such that all vehicles can directly send
packets to the forwarder of the next segment. With the BUFE-
MAC design, much packet forwarding can be eliminated, and
tslot can significantly be reduced to improve the transmission
delay of uplink packets. Consequently, BUFE-MAC reduces
the average delay with the offered load, as shown in Fig. 7.
Fig. 7 depicts that the delay time of BUFE-MAC is less than the
delay time of CVIA. Moreover, because the transmission delay
will increase when the number of transmitting hops increases,
the scenarios with longer distance between IGWs have more
delay time than the scenarios with shorter distance.

Fig. 8 compares the CVIA and BUFE-MAC protocols in
terms of uplink throughput in the two scenarios. The vehicle
density is set as 75 vehicles/km. The offered load varies, rang-
ing from 0 packet/s to 3000 packets/s. The proposed BUFE-
MAC significantly improves the uplink throughput compared
with CVIA. CVIA considers the fairness issue, and thus, it
restricts the maximal number of packets that are transmitted in

Fig. 9. Throughput improvement comparison.

each segment, resulting in the inefficient bandwidth utilization.
However, the proposed BUFE-MAC protocol integrates the
uplink and downlink packets together and uses different IGWs
to significantly increase the bandwidth utilization. Moreover,
because of existing collisions between packets in CVIA, the
throughput decreases, whereas the number of transmitting hops
increases. On the contrary, because there is no collision prob-
lem, the throughput is not affected by the number of transmit-
ting hops in BUFE-MAC.

Fig. 9 depicts the throughput improvement of BUFE-MAC
compared with CVIA, as defined in (15). The offered load
is 1500 packets/s, whereas the vehicle density varies, ranging
from 50 vehicles/km to 100 vehicles/km. In the existing CVIA
protocol, each channel either supports uplink or downlink
packets transmission at the same time. In addition, because the
CVIA adapts the contention-based approach for transmitting
the uplink packets, a considerable number of collisions will
occur. Different from CVIA, the proposed BUFE-MAC inte-
grates the uplink and downlink transmissions, and each chan-
nel can simultaneously support uplink and downlink packet
transmissions. Furthermore, BUFE-MAC schedules the uplink
transmissions instead of applying a contention-based policy.
Consequently, no collision will occur in transmitting the uplink
packets. As a result, the throughput improvement of BUFE-
MAC to CVIA is significant. The throughput improvement
of BUFE-MAC, compared with CVIA, varies, ranging from
117.3% to 125.4% of uplink transmission and ranging from
116.2% to 117.7% of downlink transmission, as shown in
Fig. 9. Note that the throughput of BUFE-MAC is double the
throughput of CVIA when ξthroughput is equal to 1, as defined
in (15). Fig. 9 shows that the throughput improvements of
uplink and downlink are more than 1 and the uplink throughput
improvement is better than the downlink throughput improve-
ment in both scenarios. The throughput improvements are,
by reason, of improved bandwidth utilization, because BUFE-
MAC integrates the uplink and downlink packets together and
uses different IGWs.

Fig. 10 further compares the fairness of bandwidth access
of BUFE-MAC and CVIA. The offered load is 1500 packets/s.
The proposed BUFE-MAC protocol allocates the bandwidth
according to the number of vehicles in each segment. Thus,
vehicles in the same segment can be allocated with the same
bandwidth, and each segment can also be allocated the same
bandwidth. Although CVIA allocates all segments with the
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Fig. 10. Fairness index at the variation of vehicle density.

Fig. 11. Fairness index at the variation of input load.

same bandwidth, the CVIA protocol adapts the contention-
based approach for uplink transmissions. Therefore, vehicles in
the same segment cannot fairly access the bandwidth. Herein,
the fairness index in [12] is used to measure the transmission
fairness of the two protocols compared.

The value of fairness index of the bandwidth access among
vehicles is between 77.2% and 84.7% in CVIA. The contention
probability is increased with the density of vehicles. On the
other hand, the value of fairness index of the proposed BUFE-
MAC protocol is between 98.4% and 100%. The fairness index
of BUFE-MAC is likely decreased with the vehicle density. In
general, the fairness index of BUFE-MAC is higher than the
fairness index of CVIA. In particular, the fairness index of the
proposed BUFE-MAC is above 99.6% when the vehicle density
is smaller than 75 vehicles/km.

Fig. 11 compares the fairness index in various network
throughputs of the CVIA and BUFE-MAC MAC protocols.
The vehicle density is set by 75 vehicles/km, and the offered
load varies, ranging from 200 packets/s to 3000 packets/s. In
the CVIA protocol, the fairness index is above 90% when the
network throughput is lower than 600 packets/s. However, the
more the input load demands, the lower the fairness index
becomes. The proposed BUFE-MAC results in a stable fairness
index of bandwidth access. As shown in Fig. 11, BUFE-MAC
maintains a near-constant value (between 99.8% and 100%) of
the fairness index, regardless of how much the input load is.

CVIA divides the road into segments with rcom-length,
where rcom is the communication range of each vehicle. Then,
CVIA employs two vehicles as temporary routers in each
segment. One router is responsible for receiving and relaying
all packets from previous segments, and the other router is

Fig. 12. Network partition at the variation of vehicle density.

responsible for gathering and sending all packets of the current
segment to the next segment. In contrast, the segment length of
the proposed BUFE-MAC algorithm is rcom/2, which is the
maximal length that vehicles can directly communicate with
any vehicle in the neighboring segments. Thus, BUFE-MAC
employs only one vehicle as the manager in each segment for
receiving and relaying all packets to the next segment. In the
scenario of low vehicle density, some segments may not have
vehicles to relay packets. Thus, low vehicle density may lead
to network partition. Fig. 12 compares the network partition
ratio of the CVIA and BUFE-MAC protocols in various vehicle
densities. Because the proposed BUFE-MAC protocol has a
smaller segment length, the network partition ratio is slightly
higher than CVIA, as shown in Fig. 12. When the vehicle
density is larger than 30 vehicles/km, the difference of network
partition ratio between the CVIA and BUFE-MAC protocols is
less than 1%. Note that, if a partition occurs in the area between
IGWi and IGWi+1, it does not affect the transmissions in other
areas of the network. When the vehicle density is lower, the
average delay time of BUFE-MAC is more than the time of
CVIA. However, because the BUFE-MAC protocol has better
bandwidth utilization, the throughput of BUFE-MAC is much
better than CVIA, even if the vehicle density is low.

We now probe into the bandwidth utilization of BUFE-MAC
and CVIA. As we have mentioned in the previous section,
BUFE-MAC has better bandwidth utilization. In the best situa-
tion, the bandwidth utilization of BUFE-MAC is almost double
to the bandwidth utilization of CVIA. Now, we can consider
it from another point of view. Bandwidth utilization is the
ratio of the actual transmission time to the whole active slot.
Because the segment manager and the vehicles that apply CVIA
or BUFE-MAC have to arrange a partial time to announce
information at an active time slot, the bandwidth utilization
cannot achieve 100%. To achieve the purpose of fairly using
bandwidth, CVIA restricts the number of packets in each seg-
ment to be transmitted in its active time slot. With this restric-
tion, all segments have the same transmission opportunity for
transmitting their own data, and hence, CVIA likely achieves
fairness. However, for fair restriction, segments that are farther
away from an IGW suffer from the low bandwidth utilization.
For those vehicles in the same segment, the uplink IGW is also
the downlink IGW. Hence, the traffic directions of downlink
and uplink are different. In contrast, BUFE-MAC reverses the
transmission direction of downlink traffic. In other words, for
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Fig. 13. Bandwidth utilization for each segment.

Fig. 14. Interrelay interference.

vehicles that are located between IGWi and IGWi−1, the up-
link IGW is IGWi−1, and the downlink IGW is IGWi. Hence,
the traffic directions of uplink and downlink are the same.
Moreover, BUFE-MAC integrates the uplink and downlink
packets. Therefore, the segment that is closer to the downlink
IGW has more downlink packets but fewer uplink packets in
traffic, and the segment that is closer to the uplink IGW has
more uplink packets but fewer downlink packets in traffic. As a
result, the downlink and uplink traffic in each segment can be
merged to maximize the slot utilization.

Fig. 13 compares the bandwidth utilization of CVIA and
BUFE-MAC at different distances to the uplink IGW. The
vehicle density is set as 75 vehicles/km, and the offered load
of uplink and downlink are set as 1500 packets/s. In the CVIA
protocol, the bandwidth utilization of the first segment is above
90%. However, the farther the segment is away from the IGW,
the lower bandwidth utilization becomes. As shown in Fig. 13,
the proposed BUFE-MAC maintains the bandwidth utilization
above 95%, and the bandwidth utilization will not be decreased
with the distance between the segment and the IGW. From this
viewpoint, the average bandwidth utilization of BUFE-MAC is
almost double that of CVIA.

Finally, we describe another contribution of BUFE-MAC,
which prevents the transmissions between neighboring seg-
ments from interference. In an active time slot, the trans-
mission of CVIA is divided into the following three phases:
1) intrasegment packets relaying; 2) local packets gathering;
and 3) intersegment packets transmitting. For fairness band-
width access, CVIA restricts the size of data that were generated
by the vehicles in a segment. However, the relaying packets
will be accumulated to the later segment. As a result, the later
segments should have a bigger size of data that are expected
to forward to the next segment. For example, assume that
there are six segments between two IGWs. The transmission
rate is 120 b/time slot. For fairness, each segment can only
have a capacity of 20 b in its active time slot. With this
restriction, the router f6,out in segment S6 transmits 20 b to

Fig. 15. Interrelay interference at the variation of vehicle density.

the router f5,in in segment S5. However, an additional 20 b
is generated by vehicles in S5. Therefore, the router f5,out in
segment S5 transmits 40 b to the router f4,in in segment S4. As
shown in Fig. 14, the quantities of transmission packets in the
three phases of segments S5 are 20, 20, and 40, respectively.
Similarly, the sizes of data transmitted in the three phases of
segment S3 are 60, 20, and 80, respectively. In this case, the data
transmission of phase 3 in segment S5 might be simultaneous
with the data transmission of phase 1 in segment S3, resulting
in the interference that occurred in f4,in. The interference
problem that occurred in CVIA was mainly caused by the
nonsynchronization of the phases in different active segments.
However, BUFE-MAC merges the uplink and downlink data
into the same packets, and thus, the data sizes that are expected
to be transmitted in phase 1 of any two active segments will be
identical, which avoids the interference problem. Consequently,
BUFE-MAC has better performance than CVIA in terms of the
interrelay interference.

Fig. 15 compares the interrelay interference of BUFE-MAC
and CVIA in various vehicle densities. Interrelay interference
is the ratio of the number of interfered packet transmissions
to the number of all transmissions. The performance result
reflects the aforementioned arguments, and hence, BUFE-MAC
significantly improves the interference situation compared with
the existing CVIA and likely maintains 0% of the interrelay
interference ratio in all cases.

Summarizing these simulation results, we know that the
packet collision ratio and the average delay time of BUFE-
MAC are less than those of CVIA. Moreover, the throughput
and fairness of BUFE-MAC are much improved than those
of CVIA. Furthermore, BUFE-MAC prevents the transmission
from interrelay interference. Therefore, we have verified that
our protocol is much better than CVIA.

VII. CONCLUSION

This paper has proposed a multihop MAC protocol, called
BUFE-MAC, for the uplink and downlink communication ser-
vices between RSUs and vehicles. In addition to maintaining
fairness, the proposed BUFE-MAC increases the bandwidth
utilization by integrating the uplink and downlink traffic. More-
over, BUFE-MAC significantly reduces the number of trans-
missions and transmission delay by setting the proper segment
length. Therefore, without reducing the degree of parallelism,
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the network throughput can be increased at most twice by
employing the BUFE-MAC protocol compared with CVIA.
Performance study shows that the proposed BUFE-MAC out-
performs the existing CVIA in terms of bandwidth utilization,
transmission delay, packets collision, fairness, and network
throughput.

In the DSRC standard, the single-hop communication be-
tween vehicles can be extended to multihop communications,
because each vehicle can play the role of a forwarder and
transmit the received data to the next hop forwarder or des-
tination. Therefore, BUFE-MAC, which is developed based
on the multihop communication between two IGWs, can be
implemented based on the standard. Because our protocol is
dependent on the accurate knowledge of locations, the location
error may increase the probability of packet collisions. Hence,
the performance of BUFE-MAC will be impacted by the GPS
inaccuracy. Currently, new localization mechanisms such as
integrating GPS and AGPS have been proposed to improve the
location accuracy. With the rapid development of localization
schemes, the BUFE-MAC can be an extensively accomplished
protocol.
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