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Abstract: This paper proposes a transmission interval which includes collisions and retransmissions in the IEEE 802.11

DCF. The transmission probability is used for the calculation of collisions and retransmissions in the DCF. Since the noises are

considered to analyze the transmission interval, retransmissions by the noises are included in the proposed transmission interval.

The proposed transmission interval takes account of the retransmissions by packet errors, and makes it possible to analyze the

maximum throughput of the DCF.
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1. Introduction
Recently, there is an increasing demand portable and mobile

terminals with the wireless packet computing technology.

Wireless networks are needed for communications between

mobile terminals. Moreover, high speed access to backbone

networks is necessary too. Wireless LAN(WLAN)s are be-

ing developed to provide high bandwidth access for users in

a limited geographical area.

As specified in the IEEE 802.11 standards, the DCF is the

fundamental access method used to support asynchronous

data transfer on a best effort basis [1]. The DCF based on

the CSMA/CA uses a binary slotted exponential random

backoff. It is important to analyze the random backoff win-

dow to evaluate the performance of the IEEE 802.11 DCF.

Whenever the collision happens, the backoff window is in-

creased by the number of retransmissions. Since the trans-

mission probability is dependent on the backoff window size,

the size of the backoff window is related with the collision

by stations.

Performance analysis of the IEEE 802.11 DCF has been car-

ried out by means of a theoretical throughput limit based

on a p-persistent variant [2], [3], [4]. However, those pa-

pers do not consider the effect of the backoff window and

the binary exponential backoff procedure used by the DCF.

Many works calculate the throughput of the DCF by means

of a simplified model. In order to analyze the average of the

data transmission time in the network, they assumed that

the traffic includes retransmissions without considering the

backoff window [5], [6], [7], [8].

Markov process is used to analyze the saturated throughput

of the IEEE 802.11 DCF in other works [9], [10], [11]. These

papers analyze the effect of the proposed backoff window re-

setting scheme by a new Markov Chain model. However,

they assumed the ideal channel conditions and the constant

collision probability. It means that the collision probabil-

ity is independent of the retransmission state of the station.

Y.C Tay and K.C. Chua proposed that the tradeoff between

collisions and the backoff windows [12]. However, this pa-

per assumed that a transmitting station always has a queue

of packets to send, so every transmission is preceded by a

backoff.

This paper investigates throughput of the DCF protocol. As-

suming that no hidden terminal exists in BSS, this paper

deals only with the basic access method. Considering the

performance of the DCF, this paper defines idle times using

the transmission probability. For the performance analysis,

a new transmission interval for which a station transmits

a packet successfully is proposed. In order to obtain the

transmission interval, a new analysis of the collision and the

retransmission is proposed. Since the real wireless channel

includes noises, the noises are considered in the analysis of

the DCF.

This paper is organized as follows. In Section 2, the IEEE

802.11 DCF structure is briefly described. The performance

of the DCF is analyzed in Section 3. In Section 4, numerical

results are shown. Finally, this paper is concluded in Section

5.

2. Analysis of the IEEE 802.11 DCF
2.1. Basic Access of the DCF

A station with a packet to transmit monitors a channel ac-

tivity. If the channel is idle for a period of time equal to

a Distributed Inter-Frame Space(DIFS), the station trans-

mits. Otherwise, if the channel is sensed busy, the station

persists to monitor the channel until it is measured idle for

a DIFS. Figure 1 shows the basic structure of the DIFS. At

Medium Busy�

DIFS� DIFS�

Contention� Next Frame�

direct access if medium is free >= DIFS�

Fig. 1. DIFS

this point, the station generates a random backoff interval

before transmitting, to minimize the probability of a colli-

sion with packets being transmitted by other stations. The



station transmits when the backoff interval counter reaches

zero. When the channel is sensed idle for the DIFS, the back-

off time is uniformly chosen in the range from 0 to Wmin,

minimum window size at the first transmission attempted.

Let m be the maximum backoff stage, the backoff window

size is doubled up to a maximum value, 2mWmin. The value

of the backoff interval of each station depends on the its

transmission history. Figure 2 shows the flow of the basic

access method of the DCF. Since the stations cannot de-

Data�

E[CW]�DIFS� SIFS� ACK� Time�DIFS�

Fig. 2. The transmission flow of the basic access method in

the DCF

tect a collision by listening their own transmissions in the

CSMA/CA, a positive acknowledgement(ACK) which the

destination replies to the station is transmitted after a short

interframe space(SIFS). If the transmitting station does not

receive the ACK within the ACK timeout, it regenerates the

random backoff interval and retransmits the packet using the

backoff time counter. In case of no ACK after the SIFS, the

station loses the control of the network because other sta-

tions generate the random backoff after the DIFS. When the

ACK is not received to the transmitting station, the station

retransmits the packet by regenerating backoff interval. In

order to analyze the DCF, this paper considers two kinds of

cases that the station retransmits the packet. One is a colli-

sion by other stations in the transmission period; the other

is a received packet with errors due to noises. Therefore, re-

transmissions by the collision and the noises are considered

in this paper. The standard defines an additional mecha-

nism of four-way handshaking. To guarantee reservation of

the medium and uninterrupted data transmission, the mech-

anism uses the transmission of special short request to send

(RTS) and clear to send (CTS) frames. The RTS frames does

not carry the actual data and the CTS is used to reserve ac-

cess for the data frame. However, this research is focused

on only the basic access method in this paper. In order to

analyze the performance evaluation of the DCF, this paper

assumes as follows: Each station has a backlogged packet in

a backoff interval. Collisions result from only other stations.

The propagation delay is ignored. There is no hidden ter-

minal. The positive acknowledgement(ACK) of the received

data is always transmitted without considering the packet

error.

2.2. The transmission time

If the ACK of the destination is received at the station, the

station can send the successive packet. In case of no ACK

after the SIFS, the station loses the control of network be-

cause other stations generate the random backoff after the

DIFS. Figure 3 shows the data transmission structure of no

ACK after the SIFS.

When a station transmits a packet, the transmission time of
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Fig. 3. In Case of No ACK

the packet, Ts, is obtained by

Ts = DIFS + E[CW ] + Tdata + SIFS

+ TACK . (1)

In Equation (1), ‘E[CW ]’ means the average backoff time

to obtain the control of the network, ‘Tdata’ means the time

that the station transmits the packet to a wireless channel

and ‘TACK ’ means the time that the station receives the

ACK. However, the time which a station spends in case of

no ACK, TnoACK , is expressed by Equation (2).

TnoACK = DIFS + E[CW ] + Tdata (2)

Since stations wait during the DIFS when the collision hap-

pens in the transmission period, Equation (2) means the col-

lision time. In Equation (2), the range of E[CW ] is less than

the size of the maximum contention window. After waiting

during the DIFS, other stations begin try to get the control

of the contention.

2.3. The transmission probability

When the collision happens during the transmission, the sta-

tion retransmits the packet with doubled the backoff window

size. Since the transmission probability of each station is de-

pendent on the backoff window, the transmission probabil-

ity at the retransmission is decreased by half of the previous

probability. If the number of stations is M, the transmis-

sion probability at the first retransmission is expressed by

p1 = {αp0/2+ [M ∗p0 −α]}/M . ‘p0’ means the initial trans-

mission probability and ‘α’ means that the number of col-

lided stations during transmitting data.

In order to obtain the number of collided stations, we have to

know the collision probability. The probability that there is

no station transmits a packet at first transmission is P0{tr =

0} = (1 − p0)
M , and the probability that only one station

transmits a packet at first transmission is P0{tr = 1} =

M ∗ p0(1 − p0)
M−1. When the station transmits the packet

for the first time, the collision probability is represented by

[pcoll]0 = 1 − P0{tr = 0} − P0{tr = 1}. It means that the

collision probability at the retransmission is obtained by the

previous transmission probability. The number of collided

stations is represented by α = M ∗ p0 ∗ [pcoll]0. Therefore,

‘p1 is expressed by p1 = {1 − [pcoll]0[
1−p0

2
]}p0.

At the nth retransmission, Equation (3) represents the rela-

tion between the transmission probability and the retrans-

mission number.

pn =

n−1∏
i=0

{
1 − [pcoll]i

[
1 − pi

2

]}
p0 (3)

‘[pcoll]i’ means the collision probability which is obtained by

the transmission probability of the ith retransmission. From

Equation (3), we can find the nth transmission probability if

the number of retransmission be found.



2.4. The Average Backoff window

Since the backoff window is not deterministic in Equation

(1), we have to use the average backoff wondow. It depends

on the collision probability related with the number of re-

transmissions. When we consider the maximum number of

retransmissions, there are two kinds of the backoff window

size due to the number of retransmissions. One is the case

that the number of retransmissions is lower than the max-

imum number of retransmissions, mmax. The other is the

case that the number of retransmissions is larger than the

maximum number of retransmissions. If we assume that ‘m’

is the number of retransmissions, the average size of backoff

window is represented by Equation (4).

E[CW ] =

{
E[CW ]m if m ≤ mmax,

E[CW ]m + E[CW ]max if m > mmax

(4)

When the number of retransmissions is lower than the max-

imum number of retransmissions, the size of backoff window

will be increased by double. However, if the number of re-

transmission is larger than the maximum retransmission, the

size of backoff window is not changed.

Therefore, to calculate the average size of backoff window,

we have to consider whether the number of retransmission

is larger than the maximum or not. Equation (5) represents

the lower case, Equation (6) represents the larger case. In

these Equations, [pcoll]i means the collision probability at

the ith retransmission and Wmin means the initial backoff

window size.

E[CW ]m =
Wmin

2
[(1 − [pcoll]0) + (1 − [pcoll]1)2[pcoll]0

+ ... + (1 − [pcoll]m)

m−1∏
j=0

2[pcoll]j ]

=
Wmin

2
×{

(1 − [pcoll]0) +
m∑

i=1

[
(1 − [pcoll]i)

i−1∏
j=0

2[pcoll]j

]}

(5)

E[CW ]max =
Wmin

2

mmax−1∏
j=0

2[pcoll]j [(1 − [pcoll]max)

+ ... + (1 − [pcoll]max)[pcoll]
m−mmax+1
max ]

=
Wmin

2
×[

mmax−1∏
j=0

2[pcoll]j

] [
1 − [pcoll]

m−mmax+1
max

]
(6)

3. Performance Analysis
In the real IEEE 802.11 DCF backoff algorithm, the trans-

mission probability of a station depends on the history. In

this paper, we assume that the transmission probability is

dependent on the backoff window size when the station re-

transmits the packet. It means that the transmission proba-

bility depends on the backoff window size. Since the backoff

window size is related with the number of retransmissions,

the transmission probability has to be recalculated by the

number of retransmissions. The model used in this paper

to analyze the utilization and the maximum throughput in

the DCF does not depend on the technology at the physical

layer. In order to analyze the utilization of the DCF, this

paper discriminates between a backoff idle time and a sys-

tem idle time. The backoff idle time, E[CW ], results from

the backoff algorithm, and the system idle time, Tidle, re-

sults from the offered load that compared with the network

capacity. As this model of the protocol behavior provides ac-

curate estimates of the IEEE 802.11 DCF protocol behavior,

this paper observes the system at the end of each success-

ful transmission. Including idle times, this paper defines the

transmission interval that a packet is successfully transmit-

ted. Also, we consider noises in the wireless channel when

the utilization of the DCF is analyzed.

3.1. Transmission Interval

At the beginning of an empty slot, a station transmits with

a initial transmission probability p0, while the transmission

probability, pi, in ith retransmission differs from p0. There-

fore, when the collision happens in the transmission period,

we have to recalculate the transmission probability in order

to analyze the DCF.

Since the utilization is the fundamental performance analy-

sis of the DCF, this section defines a transmission interval to

obtain the performance measure. The transmission interval

consists of an average transmission time and the system idle

time. Figure 4 shows the transmission interval, Ttr. The
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Fig. 4. Transmission Interval

average transmission time means the period that the sta-

tion successfully transmits a packet in a channel. Therefore,

the average transmission time is obtained by the successful

transmission time of a packet and the collision time. The suc-

cessful transmission time of a packet includes the the backoff

idle time and the transmission time of a packet. In order to

calculate the average transmission time, this paper consid-

ers how many collisions happen in this period and how much

time is needed to transmit a packet. In order to obtain the

collision time, we have to analyze the number of collisions

by the transmission probability. Multiplying the ‘TnoACK by

the number of collisions, the collision time is expressed by

the function of the transmission probability.

For the simplicity of the calculation, this paper ignores the

propagation delay in the BSS. The transmission interval con-

sists of the average transmission time and the system idle

time. The average transmission time, Avg(TDtr), means the

time the station transmits the packet between the start of a

transmission and the end of the successful transmission. It



consists of the data transmission time, the backoff time and

the retransmission time by collisions. From Equation (1),

the transmission time of a packet is obtained. Using Equa-

tion (1) and (2), the average transmission time is represented

as follows:

Avg(TDtr) = Ts + E[Kc] ∗ TnoACK (7)

‘E[Kc]’ means that the average number of collisions during

the transmission interval. Since the system idle time is re-

lated with the offered load, we will discuss the system idle

time next section.

In order to obtain the ‘E[Kc]’, we have to consider the num-

ber of retransmissions in the DCF. However, the number of

retransmissions is limited by the system in real situation.

Since the size of backoff window is bounded by the maxi-

mum number of retransmissions, the time of retransmissions

depends on the number of collisions of the station in the

channel. Assuming that the successful transmission has a

geometrical distribution, the average number of unsuccess-

ful transmissions is represented by

E[KNosucc] =
∞∑

i=0

i
[
1 − Mp(1 − p)M−1

]i [
Mp(1 − p)M−1

]

=
1

Mp(1 − p)M−1
(8)

In Equation (8), the average unsuccessful number is a func-

tion of the transmission probability and the number of col-

lisions. We have to extract collisions from the average num-

ber of unsuccessful transmissions since the average number of

unsuccessful transmissions includes collisions and the backoff

idle times. Obtaining the number of collisions, we multiply

Equation (8) by the collision probability. Therefore, E[kc] is

expressed by

E[Kc] = E[Kc]i =
1

Mpi(1 − pi)M−1
∗

[
[pcoll]i

[pcoll]i + (1 − pi)M

]
(9)

Multiplying Equation (2) by the number of collisions, we

are able to calculate the average time of collisions. Using

Equation (7) and (9), the basic transmission interval is rep-

resented as follows:

Ttr = Avg(TDtr) + Tidle

= Ts + E[Kc] ∗ TnoACK + Tidle (10)

3.2. Finding the number of retransmissions

In the DCF, we assume the transmission probability is de-

pendent on the number of retransmissions. Therefore, this

paper proposes the process that finds the number of retrans-

missions during the transmission interval. As the average

number of collisions is calculated during the transmission

interval, this process uses the Equation (9). Firstly, the colli-

sion probability is calculated by the transmission probability.

Secondly, the number of collisions at the initial transmission

probability is obtained using the Equation (9). If the num-

ber of collisions, ‘E[Kc]’, is lower than 1, the process decides

to find the average number of retransmissions and quit the

flow. It means that more than one retransmission is not

happened during the transmission interval. Thirdly, if the

‘E[Kc]’ is larger than 1, the process recalculates the trans-

mission probability using the previous collision probability

and Equation (3). After the transmission probability is ob-

tained, the process recalculates the number of collisions that

will be happened due to the obtained transmission probabil-

ity. The recalculated E[Kc] is needed to be checked by the

previous E[Kc]. If these values are not the same, the process

repeats the above flow at the next retransmission.

If the recalculated E[Kc] is equal to the previous E[Kc], it

means that the value of the transmission probability is not

changed. Since the transmission probability is not changed,

the previous E[Kc] is the average number of retransmissions.

Therefore, the process adds the previous E[Kc] and the pre-

vious iteration. After that, the process decides to find the

average number of retransmissions and quit the flow.

3.3. Considering the Noises

In order to consider the noises in the channel, the bit error

rate has to be considered [13]. A bit-by-bit simulation to

obtain packet error probabilities is computationally intensive

from the perspective of a packet radio simulation [14]. An

upper bound of the packet error rate is giving by

PER ≤ 1 − [1 − BER]l (11)

where the PER is the packet error probability, l is the num-

ber of bits in a packet and the BER is the first-event error

probability for the conventional code [13]. The BER is diffi-

cult to evaluate, so this paper use the constant value for the

simplicity of calculation.

For the considering the retransmissions, we have to include

two possible cases. One is the retransmission by the col-

lision. The other is the retransmission by the packet error.

As this paper considers noises in the channel, the retransmis-

sion time by the packet error is included in the transmission

interval.

However, when the packet error is happened during the

transmission of a packet, the destination does not transmit

a positive ACK. Since the transmitting station considers the

same situation that the collision happens, the retransmis-

sion including the packet error can be defined as a pseudo

collision.

When we consider the number of retransmissions, we need to

consider the probabilities of retransmissions that consist of

the collision and the packet error. Since these probabilities

are statistically independent, the probability of the pseudo

collision, ppseudo, is represented by

ppseudo = [pcoll]i + PER − [pcoll]i ∗ PER (12)

In order to calculate the number of retransmissions, the prob-

ability of the pseudo collision has to be used. Using Equation

(12) and Equation (9), we can represent the number of re-

transmissions as follows:

E[Kc]pseudo =
1

Mpi(1 − pi)M−1
∗

[
[ppseudo]i

[ppseudo]i + (1 − pi)M

]
(13)

When the noises are existed in the channel, the transmission

interval have to be considered the effect of the packet er-

ror. Therefore, the transmission interval included the packet



error is represented as follows:

Ttr = Avg(TDtr) + Tidle

= Ts + E[Kc]pseudo ∗ TnoACK + Tidle (14)

3.4. The Utilization of the DCF

As stations transmit the packet in the channel, the offered

load per unit time is dependent on the size of a packet.

Therefore, the offered load is represented as follows:

L̃ = Number of transmission ∗ Time(Packet Length)

= n ∗ Tdata (15)

In Equation (15), ‘n’ is the number of transmissions when

a station with the offered load transmits the average size of

the packet. Since collisions and the packet error retransmits

the packet, the retransmissions result in the increased offered

load. Therefore, the offered load will be increased as follows:

Linclude = nin ∗ Avg(TDtr) (16)

where nin is the number of transmissions when a station

considers the retransmissions by collisions and the packet

error. When the offered load is heavy, we cannot guarantee

that nin is equal to n. So, ‘nin’ has to be calculated using

the average transmission time as follows:

n ∗ Tdata

Avg(TDtr)
≤ nin ≤ n (17)

where ‘Tdata’ means the average transmission time of a

packet in the channel. Using the offered load expressed by

Equation (16), this paper obtains the system idle time from

the network capacity, ‘C’. If we assume that the network

capacity is allocated equally to the stations, the network

capacity that a station can use the channel is as follows:

C/M . Subtracting the offered load included the retransmis-

sion from the network capacity gives the system idle time as

follows:

Tidle =

{
T ( C

M
) − nin ∗ Avg(TDtr) if Tidle > 0 ,

0 if Tidle ≤ 0
(18)

In order to obtain the utilization of the DCF, we use the

transmission interval.

S =
L̃

Ttr
=

L

Avg(TDtr) + Tidle
(19)

The offered load is represented by L̃ in Equation (15).

Obtaining the exact transmission probability, we have to

consider the arrival rate and the retransmission rate of each

station. However, for the simplicity of calculation, this pa-

per assumes that each station has a backlogged packet in

a bakcoff interval. The initial transmission probability is

expressed as follows: p0 = 1/Wmin. It means that the trans-

mission probability will be decreased if the backoff window

size is increased. According to the initial transmission prob-

ability, the collision number and average backoff window size

is obtained by Equation (5), (6) and (8).

To compute the utilization of DCF, this paper uses Equa-

tion (14), (15) and (16). Using Equation (14), we analyze

the transmission interval including the retransmission by col-

lisions and the packet error. Considering the noises in the

channel, the probability of the pseudo collision has to in-

cluded in the transmission interval. This paper now derives

the expression for the utilization using the transmission in-

terval, it thus as follows

S =
L̃

Ts + E[Kc]pseudo ∗ TnoACK + Tidle
(20)

4. Numerical Results
Based on the analysis presented in the previous sections,

several numerical results are shown. The performance anal-

ysis of the DCF using the transmission interval is shown

in this section. For the calculation of the throughput, this

paper considers the retransmission time that includes colli-

sions and the packet error. The parameter for our numerical

results are as follows: the number of stations is ‘10’, ‘20’,

‘30’ and ‘50’, the maximum retransmission number ‘5’, the

network capacity, ‘1Mbps’, the packet error rate, ‘0.007’, the

maximum packet length, ‘1400 byte’, the SIFS, ‘10µs and the

DIFS ‘50µs. For getting the average backoff time, this paper

varies the size of minimum contention windows between the

value of 15 slot and that of 63 slot. We change the number

of stations to obtain the utilization of the DCF. For vary-

ing the number of stations and the packet size, simulations

examine the effect of utilization.

In Figure 5, the utilization is shown with various packet sizes.

Overall shapes of the utilization is the same but the maxi-

mum utilization is different. When the size of a packet is the

maximum, the utilization is higher than that of lower packet

size. It means that the maximum utilization is varied ac-

cording to the packet size. During the transmission interval,

since only a packet is transmitted, the size of packet affects

the maximum value. In this paper, we consider the effect
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Fig. 5. Throughput at station = 10, 20 and the BER =

0.00001

of the packet error in the BSS. In Figure ??, the effect of

utilization by the packet error is shown. Generally, the PER

is assumed ’0.004’ or ’0.007’. Therefore, the utilization is

varied by the value of the PER.

When the stations are increased in BSS, the utilization and

the maximum throughput is shown in Figure 7. The utiliza-

tion is very sensitive to the transmission probability. The

values of the transmission probability are as follows: 0.015,

0.02, 0.03, 0.05 and 0.07. This paper assumes that the trans-

mission probability is dependent on the backoff window size.
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We use the initial backoff window size like this: 15, 31, 63,

127 and 255 slot. Therefore, this figure shows that the initial

backoff window size affects the throughput.
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5. Conclusions
For the performance analysis of the IEEE 802.11 DCF, this

paper proposed a transmission interval that consists of an

average transmission time and an idle time. An idle time

was defined according to the transmission probability in the

proposed transmission interval. Collisions and retransmis-

sions were included to analyze the transmission interval. For

the analysis of the real situation of the wireless channel, this

paper has considered noises in the channel. As a result,

transmissions by noises are included in the proposed trans-

mission interval. Using the proposed interval, it is considered

to be more convenient to adapt the backoff window size in the

DCF. Finally, the proposed performance analysis expected

to be helped users to analyze a wireless system, so that they

can understand and control its behavior.
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