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Abstract Binary exponential backoff algorithm is the de-facto medium access control pro-
tocol for wireless local area networks, and it has been employed as the standard contention
resolution algorithm in multi-hop wireless ad-hoc networks. However, this algorithm does
not function well in multi-hop wireless environments due to its several performance issues
and technical limitations. In this paper, we propose a simple, efficient, priority provision, and
well performed contention resolution algorithm called enhanced binary exponential backoff
(E-BEB) algorithm for impartial channel access in multi-hop wireless ad-hoc networks. We
also provide a simple and accurate analytical model to study the system saturation throughput
of the proposed scheme. Simulations are conducted to evaluate the performance of E-BEB
algorithm. The results show that the E-BEB algorithm can alleviate the fairness problem and
support multimedia transmission in multi-hop wireless environments.

Keywords MAC · Ad-hoc networks · Fairness problem · BEB · Multi-hop

1 Introduction

Recently, multi-hop wireless ad-hoc network is an emerging field due to its dynamic topol-
ogy, better targeting, and convenient usage. For the majority of multi-hop wireless networks,
binary exponential backoff (BEB) [1] algorithm has been widely accepted and employed as
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Fig. 1 Multi-hop wireless ad-hoc networks

the mandatory medium access control (MAC) protocol to share the wireless channel. How-
ever, BEB algorithm is not designed for multi-hop wireless environments and poses several
performance issues and technical limitations, such as intensive packet collision probability,
unfair channel access, and lack of priority mechanism.

To begin with, BEB algorithm could incur high collision probability in congested environ-
ments and this might seriously degrade the overall system performance since BEB algorithm
always selects a small initial contention window size due to a naive assumption of light load
environments.

Besides, the BEB algorithm might lead to an unfair channel access in multi-hop wireless
environments because BEB algorithm always favors the last successfully transmitted node
and this could cause starvation problem since some nodes could “grab” the channel. For
example, considering the network topology shown in Fig. 1, two connections established
from node A to node B and from node C to node D respectively. Compare with Node C,
Node A will get less chance to access the channel since Node C will “grab” the channel by
using a smaller contention window size.

In order to observe the effect of fairness problem in BEB algorithm, we use our custom
event-driven C++ simulator to run an experiment in traditional 802.11 multi-hop wireless ad-
hoc networks. The result has presented in Fig. 2 and random topology we used is provided in
Fig. 3. As pervious works [2–5] has shown, we can find the number of packets blocked is quite
unbalanced. This result verified due to the spatial factor and employing BEB algorithm, the
IEEE 802.11 MAC protocol may face severe fairness problem which result in the degradation
of system throughput. Finally, BEB algorithm does not support priority and there is no other
mechanism to guarantee a lower access delay bound for real-time nodes. Hence, multimedia
traffic like voice and live video transmission may suffer with this protocol.

Since the wireless network performance is greatly dependent on the adopted MAC proto-
col, there have been adequate discussions on the issue on variant BEB algorithms and their
performance analysis [6–8].

In Song et al. [9] proposed exponential increase exponential decrease (EIED) algorithm
for channel access in wireless local area networks (WLANs). This protocol provides better
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Fig. 2 Simulation result

Fig. 3 Topology used in simulation

performance than BEB in dense environments since it double its contention window size
after a collision but only halve its contention window size after a successful transmission.

Another approach, linear increase linear decrease (LILD) algorithm which proposed by
Bharghavan et al. [10], adopts an even retarded contention window control mechanism than
EIED since the size of contention window increases linearly after collision and also decreases
linearly after a successful transmission. Hence, LILD can provide a slightly better perfor-
mance than EIED in extremely congested but stable wireless environments.

Except EIED and LILD algorithms, in the literatures there also has been a great deal
of excellent efforts on enhancing the performance of BEB algorithms [11–13]. In [14] and
[15], the authors pointed out that the fairness problem is caused due to unequally channel
access among nodes. Hidden or exposed terminal problems are two special cases of fairness
problem.
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All of the aforementioned schemes did not address the fairness problem and they did
not provide any priority mechanisms to support multimedia traffic either. Accordingly, the
IEEE 802.11 working group proposed a new MAC protocol to support multimedia traffic
in WLANs. They proposed EDCA (enhanced distributed channel access) to enhance the
original 802.11 to support applications with QoS requirements. However, EDCA did not
take into account the fairness problem.

In [16], the authors also proposed a so called enhanced BEB algorithm to improve the
quality-of-service (QoS) on wireless ad-hoc networks. However, our proposed algorithm
focuses on the improvement of overall network performance.

Based on the above observations, we proposed a pragmatic backoff algorithm, called
enhanced binary exponential backoff (E-BEB) algorithm, to improve the system throughput
and impartial channel access in multi-hop wireless ad-hoc networks. E-BEB can mitigate
intensive collision among nodes and effectively increase the overall network throughput in
congested environments and it can also alleviate the fairness problem in partially connected
network topology. Besides, E-BEB includes multi-level priority schemes so that multimedia
communication can be supported. Compare with the BEB and other backoff algorithms,
E-BEB can provide better system performance over a wider range of channel condition.

An analytical analysis is carried out to study the system saturation throughput of the
proposed scheme. In addition, we have carried out comprehensive simulations implemented
by a customized simulation program to evaluate the proposed E-BEB algorithm. The results
confirm that the E-BEB algorithm not only alleviate the fairness problem in multi-hop wireless
environments but also mitigate the intensive packet collision rate in congested scenario.

The remainder of this paper is organized as follows. In Sect. 2 we describe the proposed
B-BEB algorithm and its numerical analysis. Section 3 provides simulation results. Finally,
in Sect. 4 we conclude this paper.

2 E-BEB Algorithm and its Numerical Analysis

In this section, we describe proposed scheme in detail as an effort to improve the previous
schemes. Besides, we also provide the system saturation throughput analysis.

2.1 Proposed Scheme

E-BEB algorithm is similar to the BEB algorithm except we add a variable, persistent proba-
bility, to decide whether one should double its contention window size or not after a successful
transmission.

At first, E-BEB chooses the value of persistent probability. After the value is determined,
corresponding to the start-up phase, the contention window increase exponential after a
transmission failure to quickly tune its size according to the current channel status, just like the
traditional BEB algorithm. Nevertheless, after a successful transmission, E-BEB algorithm
will use the persistent probability to decide whether this node should double its contention
window size or not. By using the persistent probability, we can let successful transmitted
node releases channel resources and keeps few number of nodes having relatively smaller
contention window to reduce collision rate.

Compare with the BEB algorithm, E-BEB provides better performance in terms of lower
packet collision probability, shorter average channel access delay, and fair channel access.
Please note that the performance of the E-BEB algorithm strongly depends on the parameter
of persistent probability. In other words, the value of persistent probability should be dynam-
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Algorithm 1 Function E-BEB contention window handler
1: Initialization
2: Contention window size := W0
3: Priority classes Sx :={x1, x2, . . . , xn}
4: Persistent probability :=x
5: Persistent Number := X
6:
7: Repeat
8: x := ResolvePriority( DateType , Sx )
9: X:=�100 · x�
10: if ACK frame received then
11: // successful transmission
12: /* RND is a random number between 1 and 100*/
13: RND:= rand() mod 100 +1
14: if RND < X then
15: /* enlarge contention window after successful transmission */
16: Contention window size
17: := Contention window size ∗2
18: else
19: Contention window size:=W0
20: else
21: // failed transmission
22: if Current backoff window size < Wm then
23: Contention window size
24: :=Contention window size ∗2
25: else
26: Contention window size=Wm
27: until no more frame to transmit
28: end

ically adjusted according the channel status, and a proper choice of the value of persistent
probability based on current environment has a great influence on overall system perfor-
mance. Based on above reasoning, the proposed scheme also can extend to support priority
transmission by setting different persistent probability. The high priority nodes should be
given lower value of persistent probability to increase the choice of selecting a small backoff
number and vice versa.

The discrete-time Markov chain with two-dimensional parameters of E-BEB is showing
in Fig. 4 and the following pseudo-code describes how the E-BEB enable node to decide its
contention window. Besides, the following pseudo-code is a handler performed how E-BEB
scheme count down and decide accurate backoff number.

2.2 Saturation Throughput Analysis

In this section, we present an analytical model that accurately evaluates the saturation through-
put of proposed scheme. Before we start to present our analysis, important notations and
variables are define in Table 1, and they will be used throughout this paper.

Assume s(t) and b(t) be the stochastic processes representing the backoff stage and the
backoff time counter respectively for a given station at time slot. The bidirectional process
{s(t), b(t)} can be modeled by a Markov chain as shown in Fig. 4.

Let bi,k = limt→∞ p{s(t) = i, b(t) = k} be the stationary distribution of the Markov
chain for i ∈ [0, n − 1] and k ∈ [0, Wi − 1]. Now we try to calculate the average con-
tention window size. As defined in Sect. 2, we use the persistent probability X to control the
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Fig. 4 Markov Chain model for the proposed backoff algorithm

Table 1 Variables used in
analytical analysis

Variables Meaning and explanation

β Channel bandwidth

W̄ Average contention window size

x Persistent probability

m Maximum number of backoff stages

n Number of nodes

p f Probability of transmission failure

p Transmission probability

Ldata Data packet size

Lack ACK packet size

Ps Probability of a successful transmission

PI Probability of idle channel

Pc Probability of a collided transmission

Perr Probability of a transmission errors

Ts Duration of a success transmission time

TI Duration of idle channel time

Tc Duration of a collided transmission time

Terr Duration of a transmission error time

T f rame Length of time frame

B E R Cannel bit error rate

σ Duration of time slot

δ Propagation delay
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Algorithm 2 Function E-BEB Backoff handler
1: Initialization
2: /* W0 is set by Function E-BEB handle contention window size */
3: Node’s contention window size :=W0
4: Current backoff number := bf
5: An array with increasing number {0, 1, 2,· · · , W0-1} :=s[W0]
6:
7: if Select new backoff number then
8: // Here need to choose a contention window size
9: // from the set {0, 1, 2, 3,· · · , W0-1}
10: // Let the device count down contention window
11: // PIVOT is a random number between 0 and W0-1
12: PIVOT := rand mod W0
13: bf := s[PIVOT]
14: else if Continue countdown process then
15: Repeat
16: if bf > 0 then
17: //continue countdown
18: bf:=bf-1
19: else
20: break and Send Packet
21: until end of backoff
22: end

contention window size. Thus, we have:

W̃ = x(1 − p f )2W + xp f (1 − p f )2
2W + x p2

f (1 − p f )2
3W

+ · · · + x pm
f (1 − p f )2

m+1W + (1 − x)(1 − p f )W + (1 − x)p f (1 − p f )2W

+(1 − x)p2
f (1 − p f )2

2W + · · · + (1 − x)pm
f (1 − p f )2

m W (1)

By solving the above equation, we get

W̄ = W̃

1 − pm+1
f

(2)

Substituting W̃ express in Eq. (1) into Eq. (2), we obtain:

W̄ =
[2x+(1 − x)] · (1 − p f ) ·

(
1−(2p f )

m+1

1−2p f

)
W

1 − pm+1
f

= (1 + x)(1 − p f )
[
1 − (2p f )

m+1
]

(
1 − pm+1

f

)
(1 − 2p f )

W

(3)

Since, in the beginning, a node starts to transmit a frame with probability p, and defers
the transmission with probability 1 − p. According to probability theory, we get:

P(X = x) = (1 − p)x−1 p, 1 ≤ x ≤ ∞ (4)

Hence, the average contention window size, W̄ , is completely identified by the value of
p, and thus we have

W̄ + 1

2
=

∞∑
x=1

xp(1 − p)x−1 = p

1 − p

∞∑
x=1

x(1 − p)x−1 = 1

p
(5)
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By solving the above equation, we get:

p = 2

W̄ + 1
(6)

Then, substituting W̄ in (2) into (6), we obtain:

W̄ (7)

However, the value of probability p f is still unknown. Since the probability of transmission
failure is defined as the probability that a transmitted frame collided or received with error,
we have

p f = 1 − (1 − p)n−1 ∗
(

1 − pdata
e

)
∗

(
1 − pack

e

)
(8)

Here Pdata
e and Pack

e stand for the probability of data frame received with error and the
probability of ACK frame received with error. Thus, we have:

Pdata
e = 1 − (1 − B E R)Ldata (9)

Pack
e = 1 − (1 − B E R)Lack (10)

Since the saturation throughput is defined as a relation of successfully transmitted payload
size over a randomly chosen time slot in the active stage, the system saturation throughput
can be defined as follows:

S = Ps ∗ L D AT A(
P D AT A

e + P AC K
e + Pc + Ps

) ∗ T + PI ∗ σ
(11)

Where T = TDI F S + TSI F S + L D AT A+L AC K
β

+ 2δ. According to the equation above, the
successful transmission probability, Ps , is defined as the system transmitted a data frame
without collision or bit error. Hence, we can express Ps as

Ps = np(1 − p)n−1(1 − pe) (12)

Let PI denote the probability that there is no node try to send packet in a randomly chosen
time slot, and Pc denote the probability that a collision occurs in a randomly chosen time
slot. Hence, they can be express as:

PI = (1 − p)n (13)

Pc = 1 − (1 − p)n − np(1 − p)n−1 (14)

2.3 How to Find an Optimal X

We attempt to find out the optimal persistent probability x . However, we discover that our
persistent probability x is depended on the throughput so that we need find out the maximum
throughput first. From above evaluation, it is clear that in Eq. (11), the system throughput
depends on the contention window size via p. Therefore, taking derivative of Eq. (12) with
respect to p, and imposing it to zero, we can calculate an optimal contention window size
that effects whole system maximum throughput by solving the equation as below:

∂S

∂p
= 0 (15)
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Under the condition that p 	 1, we have

(1 − p)n ∼= 1 − np (16)

Therefore, we can get approximate solution, Optp , from the following equation.

p = Optp = T n + 2T − σ + √
T n2 + 2T (T − σ)n − 2T 2 − 2T σ + σ 2

4(T − σ + 1)n
(17)

In the following, we try to find an optimal contention window size. From Eq. (6), we substi-
tuting p by Optp , and thus we have

Optp = 2

W̄ + 1
(18)

Since p f 	 m, 0 ≤ p f ≤ 1,and m � 1, we can simplify the Eq. (18). By substituting W̄ in
(18), finally, we have

X = 1 +
[(

pm+1
f − pm

f

)
2m + (1 − p f )

]
· Optp · W + 4 · p f[(

pm+1
f − pm

f

)
2m+1 − (1 − p f )

]
· Optp · W

(19)

3 Simulations and Performance Evaluation

In this section we evaluate the performance of proposed scheme and provide comprehensive
comparison with other well known backoff algorithms.

3.1 Simulation Environment

Our simulation model is built using the custom event-driven C++ program, and each sim-
ulation runs at least for 1,000 simulation seconds. We assume all nodes are in a saturated
network condition, and use static routing and random topology so as to focus on MAC layer
performance analysis issues. All the simulations are conducted on Ubuntu 10.04 on an Intel
Core i5 1.3 GHz Notebook with 4 GB memory.

Table 2 Default attribute values used in the simulation with explanation

Attribute Meaning and Explanation Value

L M AC−H E AN DE R Length of MAC header 160 bits

L phy PHY header 192 bits

L P AY L O AD MAC layer payload size 1,000 bytes

L AC K MAC layer ACK size 112 bits

CWmin Initial Contention window 32

CWmax Maximum Contention window 1024

m Maximum backoff state 5

β Channel bit rate 1 Mbps

Tslot Duration of time slot 20μs

TDI F S DIFS time interval 50μs

TSI F S SIFS time interval 10μs

δ Propagation delay 1μs
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The evaluation was made with respect to the system saturation throughput, collision rate,
fairness index and average end-to-end delay under different value of persistent probability X
or number of nodes. The default parameters used in the simulation are list in Table 2. These
values are chosen carefully to make simulation reasonable and feasible and reflect a realistic
wireless environment.

3.2 Simulations Result

Figure 5 compares the system throughput with other backoff algorithm. The value of persistent
probability is set to be 0.9. As shown in figure, the proposed scheme obtains much higher
performance in both high and low density networks.

Figure 6 depicts the packet collision rate versus the number of nodes. Compare with
other backoff algorithms, the proposed scheme achieves a lower collision ratio in congested
environments.

Fig. 5 Throughput versus number of nodes

Fig. 6 Collision rate versus number of nodes
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Fig. 7 Fairness Index versus number of nodes

Fig. 8 Optimal value of probability X versus number of nodes

Since fairness problem is an important metric when we evaluate the performance of
wireless MAC protocol, in Fig. 7 we calculate the fairness index defined by Jain [17] to
evaluate how fair the proposed scheme is. The fairness index is defined as

Fairness I ndex =
(∑n

i=1 Ti
)2

n ∗ ∑n
i=1 T 2

i

Where n is the number of connections, and Ti is the throughput of node i. We can see the
proposed scheme can achieve approximate 0.99, and this result shows that our scheme can
achieve both efficiency and fairness.

Figure 8 shows the optimal value of persistent probability X . As mentioned in Sect. 2, we
can get an optimal value of X by solving Eq. (18). As shown in Fig. 8, the optimal value of
X approximates 1 when the network becomes congested. This is reasonable because a high
probability X implicitly increases the average contention windows size.
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Fig. 9 Probability X versus number of nodes

Fig. 10 Average end-to-end delay versus number of nodes

Figure 9 shows the value of persistent probability X in our proposed scheme is optimal.
As shown in the figure, an optimal X can always achieve higher system throughout in both
high load and low load environments.

In Fig. 10, we evaluate the average end-to-end delay of the proposed scheme and other
backoff algorithms. As shown in figure, the proposed scheme can always keep lower delay,
especially in congested scenario.

Figure 11 depicts the end-to-end delay of different priority traffic. The simulation result
shows that the proposed scheme can easily support the prioritized channel access.

4 Conclusions

In this paper, we introduce an E-BEB algorithm for multi-hop wireless ad-hoc networks
which employs a distributed contention window control mechanism to alleviate intensive
collisions, mitigate the fairness problem, and to support multimedia traffic. Our method
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Fig. 11 Average end-to-end delay versus number of nodes for different priority traffic

is simple and efficient. An accurate system saturated analytical model is also present in
this paper to study the system throughput. Furthermore, the given results also show that the
optimal value of persistent probability X has a significant impact on the system performance.
Through extensive simulations, we have demonstrated quantitatively the effectiveness of
the proposed E-BEB algorithm. As perspective to this work, we will calculate the optimal
persistent probability for E-BEB algorithm based on the analytical model provided in this
paper.
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