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Abstract
This paper evaluates the performance of the vehicle-to-infrastructure (V2I) fair access with a finite retry limit through
constructing an analytical model. Firstly, the process of the distributed coordination function (DCF) mechanism with a
finite retry limit is described through developing a 2-D Markov chain; based on the Markov chain, the transmission
probability with the access parameters including the minimum window and the retry limit is derived. Then, considering
the V2I unfair access problem, the relationship between the velocity and the transmission probability of a vehicle is
derived. Based on the proposed model, given a finite retry limit, the minimum window of a vehicle can be determined
according to its velocity. In the simulation, the proposed model is justified to be effective and the V2I fair access
performance with a finite retry limit is evaluated through comparison.
Keywords: Performance evaluation, Fair access, V2I, Retry limit

1 Introduction
Vehicular networks can provide safety and entertainment
applications through the vehicle-to-infrastructure (V2I)
communication. In a vehicular network, multiple vehicles
with different velocities usually need to access a roadside
unit (RSU) using a single channel, which would lead to an
unfair access problem, i.e., the vehicles which move with
different velocities would spend different time to move in
the communication range of the RSU and thus spend different time to transmit packets to the RSU. To solve the
V2I unfair access problem, it is useful to design an access
scheme to achieve V2I fair access.
To solve the V2I unfair access problem, Karamad
and Ashtiani proposed a fair access scheme base on
the distributed coordination function (DCF) mechanism [1]. The fair access scheme allows a vehicle to
change its minimum window adaptively to realize fair
access. The performance of the fair access scheme is
analyzed through constructing a model [1]. This
protocol is proposed based on the DCF mechanism.
The DCF mechanism specifies that for each packet,
the number of retransmission should not be larger
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than a finite number, i.e., retry limit [2]. A packet
would be dropped after the number of retransmission
reaches the finite retry limit. However, this work assumes that the retry limit is infinite and each vehicle
always has packets prepared for transmitting. In the
real world, a vehicle would not always have packets
prepared for transmitting. In our prior work, we have
constructed models to analyze the V2I fair access performance when each vehicle does not always have
packets prepared for transmitting [3, 4]. However, our
prior work does not consider a finite retry limit.
Without a retry limit, vehicles may retransmit a
packet consecutively when the channel contention
level is high. The retry limit is an important factor of
the DCF mechanism. It specifies a maximum time for
retransmissions and thus affects the access performance of the DCF mechanism. Extensive work has focused on the access of vehicular networks [5–27].
However, these work does not consider the V2I unfair
access problem. It is necessary to construct a model
to evaluate the V2I fair access performance with a finite retry limit. This is our motivation.
In this paper, we evaluate the V2I fair access performance with a finite retry limit through constructing an analytical model. Firstly, a 2-D Markov chain
is developed to model the process of the DCF mechanism with a finite retry limit; based on the Markov
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chain, the transmission probability with the access
parameters including the minimum window and the
retry limit is derived. Then, considering the V2I unfair access problem, the relationship between the velocity and the transmission probability of a vehicle is
derived. Based on the proposed model, given a finite
retry limit, the minimum window of a vehicle can be
determined according to its velocity. In the simulation, the proposed model is justified to be effective
and the V2I fair access performance with a finite retry limit is evaluated through comparison.
This paper is organized as follows. Section 2 describes
the network scenario and reviews related work. Section
3 proposes a Markov chain to model the process of the
DCF mechanism with a finite retry limit and derives the
transmission probability with the access parameters including the minimum window and the retry limit. Section 4 considers the V2I unfair access problem and
derives the relationship between the velocity of a vehicle
and the transmission probability to achieve the V2I fair
access. Section 5 evaluates the V2I fair access performance with retry limit through simulation. Section 6 concludes this paper.

2 Related work
We introduce the V2I communication scenario in a vehicular network firstly and then review the related work
in this section.
2.1 Network scenario

In a vehicular network, multiple vehicles with different
velocities usually need to access a RSU through a channel,
which would lead to an unfair access problem. To evaluate
the V2I fair access performance, a V2I communication
scenario is considered as follows. Multiple vehicles with
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different velocities move on a road and each vehicle does
not change its moving direction. A RSU is deployed on
the road side. The vehicles are assumed to arrive in the
communication range of the RSU in groups. Each group
arrives in the communication range of the RSU according
to a Poisson process with an arrive rate λ. The number of
vehicles in each group is distributed uniformly in [0, b].
The velocities of the vehicles in each group are identical
and remain a constant when the vehicles are within the
communication range of the RSU. Moreover, the vehicles
need to communicate with the RSU once they are within
the communication range of the RSU. Figure 1 shows an
example with three groups.
All vehicles in the network communicate with the RSU
employing the DCF mechanism. Each vehicle accesses a
channel with a same retry limit and a same minimum
window. In this condition, each vehicle transmits packets
with a same transmission probability. However, when vehicles which move with different velocities pass through
the communication range of the RSU, they would spend
different time to communicate with the RSU. This would
result in that the vehicles which move with higher velocity
would have less opportunity to transmit packets compared
with the vehicles moving with lower velocity. This problem is the unfair access problem, which can affect the access performance largely.
2.2 Related work

Extensive work has focused on the access of vehicular
networks [5–27]. In [5], Bianchi constructed a Markov
chain to evaluate the DCF performance. In [6, 7], Duffy
et al. constructed a Markov chain to evaluate the DCF
performance when each node does not always have
packet to transmit. In [8], Sun and Dai constructed a
framework to observe the effect of the retry limit on the
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performance optimization of the DCF mechanism. In
[9], Banchs et al. constructed a model to evaluate the
802.11aa performance with retry limit. In [10], Gupta
and Rai proposed a model to evaluate the performance
of the DCF mechanism with a retry limit. The proposed
model considers both the saturation traffic and the nonsaturation traffic. In [11], Babich et al. proposed an algorithm to jointly manage the voice and video access categories through justifying the retry limit adaptively and
evaluated the performance of the proposed algorithm. In
[12], Rashwand et al. constructed a model for the access
mechanism of the 802.15.6 in a wireless body network.
The constructed model takes into account an errorprone channel, a retry limit and a packet queue. In [13],
Zheng et al. construct a model to evaluate the DCF performance considering the group-synchronization. In
[14], Liao et al. proposed an access scheme to improve
the access performance and constructed a model to investigate the benefit of the proposed access scheme. In
[15], Swain et al. evaluated the DCF performance including the throughput, delay, and power consumption considering different traffic conditions and a power save
mode. In [16], Madhavi and Rao proposed a new packet
access process based on the DCF mechanism to decrease
the number of collision and increase the throughput.
Moreover, they constructed a framework to evaluate the
performance. In [17], Li et al. proposed a model to predict a vehicular network performance considering a Rayleigh channel. In [18, 19], Wu and Zheng proposed
models to evaluate the performance of the IEEE 802.11p
EDCA mechanism. In [20, 21], Wu and Zheng proposed
models to evaluate the performance of the ADHOC
MAC protocol. In [22], Chen et al. proposed a cross-tier
handover algorithm based on a preset threshold policy
to increase the received signal to interference plus noise
ratio (SINR) at the macrocell base station/femtocell access point (MBS/FAP) in two-tier Femtocell networks.
In [23], Xiong et al. proposed a broad beamforming approach (BBA) to increase the signal-tonoise ratio (SNR).
In [24], Lu et al. adjusted power to improve the handover performance in high-speed railway communications
systems. In [25], Xiong et al. proposed a mobile service
amount based link scheduling (MSA-LS) for high-mobility vehicular networks to overcome the inefficiency of
current instantaneous rate based link scheduling (IIRLS)
method. In [26], Li et al. evaluated the transmission performance in the high-speed railways (HSRs) and derived
an optimal power allocation strategy for HSRs. In [27],
Xiong et al. proposed a novel fairness power allocation
scheme to increase the high mobile service amount with
fairness between the water-filling and proportional
power allocation. However, these work mentioned above
does not consider the unfair access problem in vehicular
networks, which motivated us to conduct this work.
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3 Modeling for the DCF mechanism
In this section, we first describe the DCF mechanism
briefly and then construct a Markov chain to model
the access process of the DCF mechanism with a finite retry limit.
3.1 DCF mechanism

The DCF mechanism uses a backoff scheme to access a
channel. Each node which has packets to transmit senses
the channel firstly. If the node senses that the channel
stays idle continuously within a duration distributed interframe space (DIFS), it would transmit the packet. Otherwise, the node would start a backoff process. In this case,
it will start up a counter. Initially, the value of the counter
is selected from [0, Wmin] randomly; here, Wmin denotes
the minimum window. Then, after each time slot, the
value of the counter will be deduced by 1. After the value
of the counter is deduced to 0, the node would transmit
the packet. If an acknowledgement (ACK) packet is not
received in a short inter-frame space (SIFS) duration, a
collision occurred and the node would retransmit the
packet. The value of Wmin will be doubled firstly at the initial of each retransmission; then, the node chooses another number from [0, Wmin] randomly as the value of the
counter and starts a new backoff process. After Wmin
reaches Wmax, where Wmax is the maximum window, it
will not be doubled and keep the value Wmax. If the number of retransmissions is larger than the retry limit, the
node would drop the packet and reset the value of Wmin
to the initial value, and then, the node would start a new
backoff process. If the node has no packet to be transmitted and the counter is decremented to 0, the node would
keep the counter to be 0 until it has a packet to transmit.
3.2 Markov chain for the backoff process

To derive the performance of the DCF mechanism with
a finite retry limit, we establish a Markov chain to model
the backoff process. The Markov chain considers a finite
retry limit and the condition that each node does not always have packet to transmit. Based on the Markov
chain, the transmission probability with access parameters including the minimum window and the retry limit
is derived. The notations in the Markov chain are introduced in Table 1.
Like most related work [3–17], we assume that the
collision probability is equal for different transmission and the channel is ideal; a collision occurred
only when two nodes within a same communication
range transmit packets at the same time.
We establish a Markov chain to describe the backoff
process, which is shown in Fig. 2. The backoff process of
the DCF mechanism can be described in Section 3.1.
The one-step transition probabilities can be obtained according to the backoff process. According to
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Table 1 Notations used in the Markov model

Mi ¼ S 

Notation Definition
i

The number of the retransmission

k

The value of a counter

b(i, k)

Stationary probability of states with a packet waiting to
transmit when the number of the retransmission is i and the
value of the counter is k

b(i, k)e

Stationary probability of states without packets waiting to
transmit when the number of the retransmission is i and the
value of the counter is k

W im

Window size when the number of the retransmission is i

m

The maximum number of the retransmission beyond which
the window would not be doubled

m+f

Retry limit

q

Probability that a node has a packet prepared to transmit

p

Collision probability

Pidle

Probability that the channel is sensed idle

τ

Transmission probability

τ ¼ bð0; 0Þe @

1
h

W0

ð1−pÞ 1−ð1−qÞ

W0

i −P idle A



q2 1−pmþf þ1
1−q

ð3Þ

where S denotes the normalized throughput of the networks, Rb denotes the rate of the channel, Nv denotes
the number of vehicles, and τi denotes the transmission
probability of vehicle i.
To access a channel fairly, during the time each vehicle
passes through the communication range of the RSU, each
vehicle should transmit the same number of packets:
Mi T i ¼ C;

Ti ¼

R
;
vi

ð4Þ

S

Rb
τi
 PN v
 T i ¼ C:
Nv
k¼1 τ k

ð5Þ

In Eq. (5), let C 0 ¼ S  NRbv  PN1v

τ
k¼1 k

ð1Þ

According to the one-step transition probability,
b(0,0)e can be expressed as follows:
2

Rb
τi
 PN v
;
Nv
k¼1 τ k

where Ti denotes the time that vehicle i passes through
the communication range of the RSU, R denotes the
communication range of the RSU, vi denotes the velocity
of vehicle i, and C denotes a constant.
We substitute Eq. (3) to Eq. (4) and have the following:

the one-step transition probabilities, the transmission
probability can be expressed as follows:
0
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3

1
pq2
W0
4
¼ ð1−qÞ þ
−ð1−pÞP idle 5
2ð1−pÞð1−qÞ 1−ð1−qÞW 0
bð0; 0Þe
9
8
=
<

½1−ð2pÞm ð1−pÞ
m
qðW 0 þ 1Þ
 W0 
þ 1 þ W 0 ð2pÞ 1−pf −pmþf

;þ
:
1−2p
2ð1−qÞ
2
3
2
2
4 q W 0 þ ð1−P idle Þð1−qÞ−qP idle ð1−pÞ5 þ q hW 0 ½W 0 þ 1i
W0
1−ð1−qÞ
2 1−ð1−qÞW 0

ð2Þ

4 Performance analysis for the V2I fair access
In this section, we analyze the fair access performance
with a finite retry limit.
The network scenario is shown in Fig. 1. The V2I fair
access is considered, and the relationship between the velocity and the transmission probability is derived. Combining the obtained transmission probability in Section 3, we
derive the relationship between the minimum window
and the velocity to achieve the V2I fair access.
The relationship between the velocity and the
transmission probability is derived firstly. According
to [1], the transmission rate of vehicle i can be
expressed by

. C′ is independent

of i and thus is a constant. Eq. (5) can be rewritten as

R
τ i T i ¼ K index ; K index ¼ C C 0 ; T i ¼ ;
ð6Þ
vi
where Kindex is the fairness index, which is a constant. In
another word, to access a channel fairly, each vehicle in
the network should have the same fairness index Kindex.
Here, we obtain the relationship between the velocity and
the transmission probability to achieve V2I fair access.
Then, we approximate the relationship between the
minimum window and transmission probability. In
the considered network scenario, the vehicles arrived
at the network in group, and the vehicles in the same
group have the same access parameters. The parameters are described in Table 2.
In Eq. (1) and Eq. (2), the transmission probability depends on the minimum window W. In the DCF mechanism, the minimum window is much larger than 1, i.e.,
Wi >> 1 [2]. Therefore, the following approximation can be
obtained:
ð1−τ i Þni −1 ≈ ð1−τ i Þni :

ð7Þ

The above approximate is more accurate for the larger
value of ni. Based on Eq. (7), the collision probability for
group i can be derived:
pi ¼ 1−ð1−τ i Þni −1

B
Y
k¼1;k≠i

ð1−τ k Þnk ≈ 1−

B
Y

ð1−τ k Þnk ;

k¼1

ð8Þ
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Fig. 2 Markov chain for the backoff process

where the number of groups within the communication
range of the RSU is B. Therefore, the collision probability
for group i, i.e., pi, can be approximated to a constant p.
Using the similar approximation method in [3],
the approximation results of the transmission
Table 2 Parameters of a vehicle in group i
Ti

The time that a vehicle passes through the
communication range of the RSU

τi

The transmission probability

Vi

The velocity

ni

The number of vehicles

Wi

The minimum window

Piidle

The probability that the channel is sensed idle

probability can be obtained, which can be expressed
as follows.
τi ≈

Wi 

n

1−p
2ð1−pmþf m þ1 Þ

1
þ

pð1−pÞ½1−ð2pÞm 
ð1−2pÞð1−pmþf m þ1 Þ

m

fm

Þ ð1−p Þ
þ p2ðð2p
1−pmþf m þ1 Þ

o:

ð9Þ
According to Eq. (8), p can be approximated to a
constant. According to Eq. (9), the relationship between the minimum window and the transmission
probability for group i can be obtained:
1
K1
τi ¼
;
ð10Þ
¼
W i f ð pÞ W i
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Finally, the relationship between the minimum window and the velocity can be obtained. According to Eq.
(6) and Eq. (10), we can obtain the following equations:

Table 3 Parameters used in the simulation
Tp(μs)

8184

Ts(μs)

8972

Tc(μs)

8713

ACK(μs)

240

DIFS(μs)

128

SIFS(μs)

28
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K1
τiTi = Kindex and τ i ¼ W
, where T i ¼ vRi .
i

Combining the above equations, the relationship between the minimum window and the velocity for group i
can be obtained:

Slot time(μs)

50

Vehicles’ velocity(m/s)

Uniform in [5,45]

D(m)

500

Mean group size

2

m

3

f

8

Average minimum window

64

T(s)

50

vi  W i ¼ K 2 ; where K 2 ¼

K1  R
:
K index

From Eq. (12), we can find that K2 is a constant.
Moreover, we can find that the minimum window is in
inverse proportion to the velocity for a group.
Averaging both side of Eq. (12), the relationship between the average minimum window and the average
velocity can be obtained:

1−p
pð1−pÞ½1−ð2pÞm 
þ
mþf
þ1
2ð1−p m Þ ð1−2pÞð1−pmþf m þ1 Þ
pð2pÞm 1−pf m
þ
; K1
2ð1−pmþf m þ1 Þ
1
:
¼
f ð pÞ

f ð pÞ ¼

W  v ¼ K 2;
ð11Þ

Since p is approximated to a constant, both f(p) and
K1 are constant. Moreover, according to Eq. (10), we can
find that the transmission probability for a group is approximated to be not dependent on q. Here, we obtain
the approximation relationship between the minimum
window and the transmission probability.

ð13Þ

where the average minimum window is W and the average velocity is v.
The average minimum window can be known according to the DCF mechanism, and in the real world, the
average velocity can be calculated according to the velocities of vehicles recorded by RSU. From Eq. (13), we
can calculate K2 according to W and v. Moreover, for a
vehicle, the velocity is known. Therefore, the minimum
window can be calculated according to Eq. (12).
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Fig. 4 Transmission probability with a retry limit vs without a retry limit

5 Simulation results
The analytical results derived in Section 4 are verified
through simulation results in this section. Moreover, we
compare the derived analytical results with the analytical
results derived in [3], i.e., the analytical results without
considering the retry limit, to evaluate the performance of
the V2I fair access with a retry limit. The simulation scenario is shown in Fig. 1; the vehicles arrive in the communication range of the RSU in groups with an arrive rate λ.
Once a vehicle arrives at the communication range of the

RSU, it has a packet to transmit with probability q. Let T
be the simulation time, Ts be the duration time of a successful transmission, Tp be the duration time of a packet,
and Tc be the duration of a collision Tc. The parameters of
the DCF mechanism are set according to the 802.11
standard [2]. Table 3 shows the value of the parameters.
The relationship between the minimum window and
transmission probability under different λ and q is shown
in Fig. 3. In this simulation experiment, the velocity is
25 m/s. The simulation results are almost the same with
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Fig. 6 Kindex with a retry limit vs without a retry limit

the analytical results, which means the performance analysis is accurate. In Fig. 3, the transmission probability is in
inverse proportion to the minimum window and the transmission probability is not dependent on q for a particular
value of λ, which justified the results of the Eq. (11).
Figure 4 compares the derived analytical transmission
probability with the analytical transmission probability
which does not consider the retry limit. It is seen that
the transmission probability considering a retry limit is
larger when the minimum window is small. The reason
is that the backoff counter would be deduced to 0 frequently and a packet is often prepared to retransmit
when the minimum window is small. If a retry limit is
considered, the packet would be dropped when the
number of the retransmission is larger than the retry
limit, and hence, the packet would not be transmitted
frequently with a large backoff counter. In this case, the
transmission probability considering a retry limit is larger when the minimum window is small.
The relationship between the velocity and Kindex is
shown in Fig. 5. The traffic rate equals 0.05, and the minimum commend window size is 64 in this experiment. We
can see that the simulation results are almost the same
with the analytical results, i.e., the performance analysis is
accurate. In Fig. 5, the value of Kindex almost does not
change with velocity increasing, which verifies Eq. (6).
Figure 6 compares the derived analytical fairness index
Kindex with the analytical Kindex which does not consider a
retry limit. The value of Kindex considering a retry limit is
smaller than that value without considering a retry limit.
This is because that the fairness index is in direct proportion to the transmission probability according to Eq. (6).

6 Conclusions
This paper evaluates the performance of the V2I fair access
with a finite retry limit through constructing an analytical
model. Firstly, a 2-D Markov chain is developed to model
the process of the DCF mechanism with a finite retry limit;
the transmission probability with access parameters including the minimum window and the retry limit is derived
based on the Markov chain. Then, considering the V2I unfair access problem, the relationship between the velocity
and the transmission probability of a vehicle is derived.
Based on the proposed model, given a finite retry limit, the
minimum window of a vehicle can be determined according to its velocity. In the simulation, the proposed model is
justified to be effective and the V2I fair access performance
with a finite retry limit is evaluated through comparison.
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