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Abstract: The paper presents an in-depth analysis on IEEE 802.11 DCF in the presence of 
noise. Based on the analysis, the Back to back Retransmission (BR) scheme is proposed. The 
main idea of the new scheme is to adopt different MAC protocol behaviors to the failures 
caused by collisions and those by channel errors. Based on the mathematical models, system 
saturation throughputs and maximum achievable throughputs of DCF and BR are analyzed 
using numerical methods. Then, ns-2 simulations are performed to study the impact of such 
factors as bit-error-rate, number of contending nodes on the performance of BR and DCF. 
Both the numerical calculation results and simulation results have shown that the proposed 
BR scheme outperforms DCF in the presence of noise.
Keywords: IEEE 802.11, Wireless Local Area Network (WLAN), Noise Aware Schemes, 
Stochastic processes 
 
1. INTRODUCTION 

Wireless LAN has gradually become a preferred technology for wideband wireless local 
access to the Internet because it is both cheap and convenient when compared with the 3G 
technologies. As a dominating wireless LAN protocol at present, IEEE 802.11 has aroused 
much interest among both industrial and academic researchers since its birth in 1999. DCF is 
a random access CSMA-based scheme and is the basic access method of IEEE 802.11. It 
realizes the adaptive asynchronous multi-access by contention window binary exponential 
backoff (BEB). However, the limited adaptive capacity of BEB is recently found to operate 
far from optimal in heavy contention condition and will degrade the system performance [2][3]. 
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Many previous MAC schemes on IEEE 802.11 wireless LAN (WLAN) have placed emphasis 
on how to adaptively raise the system throughput in the case of traffic congestion while 
ignoring the affect of channel bit error rate. In an ideal channel, it is reasonable to assume 
that all the unsuccessful transmission attempts are caused by collisions among the active 
contending stations and the contention window should backoff after each transmission failure. 
However, in the error-prone channel condition the above assumption is not true and the 
contention window backoff caused by channel error will lead to system performance 
degradation. To the best of our knowledge, little work has been done on the performance 
analysis and enhancement of the adaptive backoff mechanisms in the presence of noise. 

In this paper, an in-depth analysis is presented on the behavior of IEEE 802.11 DCF access 
mode in the presence of noise. The misbehaviors of DCF contention window backoff 
mechanisms are discussed in detail. Then based on the simple idea that contention window 
BEB should only be caused by collisions, the Back-to-back Retransmission (BR) mechanism 
is proposed to improve the system throughput performance of IEEE 802.11 wireless LANs in 
the presence of noise. Performance analysis of DCF and BR is carried out by using the 
Markov chain model. As proved by later numerical calculation and simulation experiments, 
the BR mechanism can always achieve better throughput performance than DCF. 

The remainder of this paper is organized as follows. First, in Section two, the IEEE 802.11 
DCF access mode is revisited and BR is proposed to enhance the system performance in the 
presence of noise. Second, in Section three, analytical models of DCF and BR are proposed. 
Based on the modeling results, the system saturation throughput and achievable maximum 
throughput in the presence of noise are also derived. Lastly, we present the results of 
numerical calculation and simulation in Section four. Conclusions are given in Section five. 
 
2. BACKGROUND AND MOTIVATION 
2.1 IEEE 802.11 DCF Access Mode 

The IEEE 802.11 MAC protocol offers two types of service to users: asynchronous and 
synchronous (or, rather, contention free). These types of services can be provided on top of a 
variety of physical layers and for different data rates. The asynchronous type of service is 
always available whereas the contention free is optional. The asynchronous type of service is 
provided by the Distributed Coordination Function (DCF) which implements the basis access 
method of the IEEE 802.11 MAC. We also call DCF a Carrier Sense Multiple Access with 
Collision Avoidance (CSMA/CA) protocol. 

IEEE 802.11 DCF defined a threshold attribute in every station for RTS/CTS handshake 
prior to the data frame. If the length of the data packet is shorter than the RTS threshold, it is 
considered a short packet and is transmitted directly; else the data packet is considered as a 
long packet and RTS/CTS frames are employed prior to the actual exchange of data. The 
control frames are relatively small when compared to the maximum size of data frame (2346 
octets).  

Every station maintains a station short retry counter (SSRC) as well as a station long retry 
counter (SLRC) to count the retry times of packets. If we set the RTS threshold to 0 (i.e., 
always use RTS/CTS frames prior to data packet transmission), every RTS/CTS handshake 
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failure will trigger SSRC increase by one and every DATA/ACK handshake failure will 
trigger SLRC increase by one. In DCF, the contention window will backoff every time an 
unsuccessful attempt to transmit a data packet causes either retry counter to increment (see 
[1] chapter 9.2.4).  
2.2 Adaptive Contention Window Schemes and their Misbehaviors in the presence of Noise 

In order to improve the performance of IEEE 802.11 DCF protocol, previous researchers 
have done much research on the adaptive backoff schemes of IEEE 802.11 DCF. The 
research on the topic has two main trends. The first trend is to use the collision and idle 
information measured on line to tune channel access probability in order to achieve greater 
throughput [2, 4]. Those schemes didn’t distinguish whether the unsuccessful delivery of 
packets is caused by collision or channel error, thus any unsuccessful attempt is regarded as a 
collision. The second trend is to design more adaptive schemes to avoid too many collisions 
in heavy contention condition. In [8], the authors proposed to set contention window to half 
(i.e. Slow Decrease (SD) scheme in [8]) or a tunable portion of the old contention window 
after each successful transmission. Using those mechanisms, the MAC contention window 
will remains very large for the backoffs caused by channel error, even if there are only very 
few stations contending for the channel.  

From the above analysis, we can see that channel error caused transmission failures will 
cause the misbehaviors of contention window backoff in prior MAC protocol design. 
Obviously, the unsuccessful delivery of a data packet is used as an indication of traffic 
congestion no matter it is caused by collision or by channel error. The misbehaviors of prior 
MAC protocol comes from the fact that in IEEE 802.11 wireless LAN a station can’t 
definitely know whether a transmission failure is caused by the wireless channel bit errors or 
by the traffic congestion collision. However, as we will describe in the next section, the 
above two cases of transmission failure are distinguishable by always using the RTS/CTS 
frames prior to data frame. The fact that the traffic congestion collisions and channel errors 
are partly distinguishable by RTS/CTS mechanism in WLAN provides a key motivating 
factor for designing the noise-aware window backoff schemes.  
2.3 The Principle of BR 

Suppose all stations in the WLAN can see each other and no hidden terminal exists. In the 
noisy channel condition, when using the RTS/CTS mechanism (i.e., always use RTS/CTS 
prior to data exchange), the different information conveyed by RTS/CTS failures and 
Data/ACK failures should be interpreted as follows: 
1. The Data/ACK packet pair handshake failures are completely caused by channel error and 
shouldn’t trigger adaptive mechanisms such as BEB of the contention window.  
2. The RTS/CTS packet pair handshake failures may be caused by either collisions or 
wireless channel error. Generally speaking, in wireless LANs the data packets are much more 
sensitive to channel noise than control packets. The reasons are as follows: the sequence time 
of RTS/CTS/DATA/ACK is much less than the channel coherence interval (see section 2.1 
description in [7]), so the RTS, CTS, DATA and ACK packets of a sequence can be 
considered to be in the same channel condition and the sequence of packets have the same 
signal-to-noise ratio. As we know, the DATA packets are always much longer than the 
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control packets. Obviously, in the same channel condition, the short packets are less sensitive 
to channel error than the long packets (refer to section 4.1). So it is assumed in this paper that 
the RTS/CTS handshake failures are mainly caused by collisions among the active stations 
and the noise caused RTS/CTS handshake failures are neglectable.  

In order to avoid the unnecessary backoffs of contention window in the presence of noise, 
Back-to-back Retransmit (BR) is proposed (See figure 1). In BR, the contention window 
backoff is only decided by the success or failure of RTS/CTS handshake and is completely 
independent of the DATA/ACK error. When a station finds that the DATA/ACK handshake 
fails, the retransmission will be triggered immediately. Since any other station will wait at 
least EIFS after the data packet transmission is over, the sender can retransmit the failed 
packet at SIFS+ACK+SIFS after the previous data packet, i.e. TDIFS-TSIFS before EIFS 
timeout (as is shown in figure 1). If the retransmission exceeds the retry limit (4 as is defined 
in [1]), the packet is dropped as in DCF. The BR packet sequence is very similar to the DCF 
fragmentation procedure packet sequence. Obviously, unlike DCF, the retransmitted data 
packet needn’t contend for the channel, thus the number of collisions will be reduced.  

Besides, another advantage of BR is that when the channel is in bad state, the BR 
mechanism will drop data packet in a relative shorter time than DCF because the 
retransmission counter will exceed the limit (4 for long packet as is described in the standard 
[1] ) without experiencing the contention window backoff period. The earlier the data packet 
is dropped for channel error, the earlier the upper layer protocol (such as TCP) will know the 
channel condition and adopt corresponding mechanisms (such as halve the TCP congestion 
window) to decrease the transmission rate, and the earlier the bandwidth is set aside for those 
stations which have better channel condition. As a result, the system overall utilization is 
improved. In later simulation, we’ll not only observe MAC layer throughput but also 
investigate TCP layer performance when using the BR mechanism. 
 
3.  PERFORMANCE MODELING OF DCF AND BR IN THE PRESENCE OF NOISE 
3.1 Assumptions and notations 

Assume that the collision probability of a packet transmitted by each contending station is 
constant and independent regardless of the number of prior retransmissions (Also refers to 
[3]). To facilitate later description, we use below notations: 

RTS

CTS

DATA

ACK

DIFSNAV DIFS

EIFS

DATA Packet Error DATA Retransmission, Still Error

NAV

DATA

ACK

EIFS

DATA

ACK

NAV

DIFS

DATA Packet Successful
Retransmission Backoff

RTS

CTS

Next Transmission Attempt

 
Figure 1. Data Packet Retransmission Procedure of BR

n:  The number of current transmitting stations.  
S:  System throughput. 
τ :  The probability that a station access the channel. 
Pe1:  RTS/CTS handshake error probability (i.e. the probability of sending RTS but missing CTS). It equals to 
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the sum of the collision probability and the channel error probability of RTS and CTS packets. 
Pe2:  The probability of sending data packet but missing the corresponding acknowledge packet (ACK). 
Pe3:  Channel error probability of RTS and CTS packet pair. 
Pidle:  The idle probability of the channel slots. 
Psucc:  The success probability of channel access. Any successful channel access means only one station is 

contending the channel at the same time. Note that the success of channel access doesn’t mean the 
success of packet delivery because there will probably be errors caused by channel noise. 

Pcoll:  The collision probability of the stations. 
p:  The probability that a packet encounters a collision.  
T1~4:  The time length of successful data frame delivery, RTS collision, RTS/CTS channel error and 

DATA/ACK handshake error, respectively. 
Td:  Data packet payload length. 
Wmin, Wmax: The minimum and maximum contention window size as is defined in IEEE 802.11 standard 

(Wmax=2m* Wmin. As is defined in the standard, so m=5). 
Wi:  The contention window size of ith backoff stage, it equals to 2i*(Wmin+1)-1. 

Obviously, p is the probability that at least one of the remaining stations is transmitting: 

( ) 11 1 np τ −= − −                                    (1) 

Besides, Pidle, Psucc and Pcoll can be calculated as follows: 
( )1 n

idleP τ= −                                     (2) 

( ) 11 n
succP nτ τ −= −                                   (3) 

( ) ( )11 1 1n
collP n nτ τ −= − − − −τ                              (4) 

3.2 Markov Model for DCF 
Let b(t) be the stochastic process representing the backoff time counter for a given station, 

s(t) be the stochastic process representing the backoff stage [0, …, m] of the station at time t, 
c1(t) and c2(t) be the short retry counter and long retry counter of the unsuccessful 
transmission attempts respectively for a given station at time t. m is the maximum backoff 
stage, M1 and M2 is the maximum allowed retransmission limit for short packets and long 
packets respectively. In the RTS/CTS mechanism (i.e., the RTS threshold is set zero and 
every data packet need RTS/CTS handshake), M1=7 for RTS retransmissions and M2=4 for 
DATA retransmissions. It is possible to model the tetrad-dimensional process {s(t), c1(t), c2(t), 
b(t)} of DCF with the discrete-time Markov chain depicted in figure 2. For the simplicity of 
illustration, the detailed window backoff procedure is shown in figure 3. 

Let ( ) ( ) ( ) ( ){ }, , , 1 2lim , , ,i j k l t
b P s t i c t j c t k b t l=

→∞
= = = = , [ ]0,∈i m , [ ]10,j M∈ , [ ]20,k M∈ , [ ]0, 1il W∈ −  

be the stationary distribution of the Markov chain.  

Owing to the chain regularities, for each ( )0, 1il W∈ − , 

, , , , , ,0
i

i j k l i j k
i

W lb
W
−

= b                                  (5) 

bi,j,k,l can be expressed as functions of the value b0,0,0,0, Pe1 and Pe2. b0,0,0,0 is finally 

2251



determined by imposing the normalization condition 

 
Figure 2. Markov Chain Model for DCF in the presence of Noise 

 

 
Figure 3. Detailed Chain Model for DCF Backoff 
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Imposing the normalization condition as (6) 
( )

( ) ( ) ( )

( ) ( ) ( )( )

1 2 1 2 1 2 1 2
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0 1 2 1 2 1 2 1 2 1 2 1 2
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− + − − − +⎡ ⎤⎣ ⎦=
⎡ ⎤ ⎡ ⎤− + − − − + + − + − ⋅⎣ ⎦ ⎣ ⎦

− + − + − + − − − + + ⋅⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦

( )

   (7) 

k1=O(Pe1
5)+O(Pe1

4(1-Pe1)Pe2+O(Pe1
3(1-Pe1)2Pe2

2)+O(Pe1
2(1-Pe1)3Pe2

3)+O(Pe1(1-Pe1)4Pe2
4) 

Thus, 
5

1 2 1 2
, , ,0 0,0,0,0 1

1 2 1 2

1
1

e e e e
i j k

i j k e e e e

P P P P
b b k

P P P P
τ

⎡ ⎤− + −
= = +⎢ ⎥

− − +⎢ ⎥⎣ ⎦
∑∑∑

)3e

             (8) 

Pe1 can be expressed in the following expression: 

( )( ) ( ) (1
1 31 1 1 1 1 1n

e eP p P Pτ −= − − − = − − −                       (9) 

Given n, W0, Pe2 and Pe3, τ and p can be solved by numerical methods from (8) and(9). 

3.3 Saturation Throughput and Theoretical Maximum Throughput in the presence of Noise 
The saturation throughput (defined the same as that in [3]) can be expressed in the 

following equation:  
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( )( ) ( )
( )( ) ( )

3 2

3 2 1 2 3 3 3 2

1 1
1 1 1

succ e e d

succ e e coll idle succ e succ e e

P P P E T
S

P P P T P T P P P T P P P
− −

=
− − + + + + − 4T

         (10) 

Note that Pcoll=1-Pidle-Psucc and T4=T1, rearrange(10), 
( ) ( ) ( )

( )
3 2

2 2
3 1 2 3 3

1 1

1

e e d

id le id le
e e

su cc

P P E T
S T P T PP T T P T

P

− −
=

− +
− − + +

                  (11) 

Let ( ) ( )
( ) ( )

1

2 2 2 2

1
1 1

n
succ

n
idle idle

nPG
T P T P T T

τ τ
τ

τ

−−
= =

− + − − −
, S reaches maximum when the function G 

reaches maximum, i.e., G’=0. Similar to [3], Given n, T2, optτ  can be solved.  

3.4 Markov Model and Saturation Throughput for BR 

 
Figure 4. Markov Chain Model for BR 

In BR, the data failures and retransmissions are continuous without backoff. So it is 
possible to model BR with tri-dimensional process {s(t), c(t), b(t)} with the discrete-time 
Markov chain depicted in figure 4. (Let c(t) be the short retry counter of the unsuccessful 
transmission attempts for a given station at time t. s(t), b(t) m and M1 are the same as 3.2)  

Let ( ) ( ) ( ){ }, , lim , ,i j k t
b P s t i c t j b t

→∞
= = = k= , thus, , 1,0 1 , ,0i j e i jb P b− ⋅ = , [ ]0,i m∈ , [ ]11,j M∈ . 

Similar to previous discussion, after some calculation,  
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Given n, W0, Pe2 and Pe3, τ and p can be solved by numerical methods from(9) and(12). 
Let T5 = SIFS+ δ +H+Td+SIFS+ δ +ACK (i.e., the DATA/ACK handshake length 

calculated in slots). The saturation throughput of BR can be expressed as:  
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Similar to the previous section, we can finally get the optimal channel access probability. 
 
4. NUMERICAL EVALUATION AND SIMULATION 
4.1 Important Parameters 

To validate the model of the previous section, we have compared the numerical results with 
those obtained by ns-2 simulation [10]. The parameters used for both numerical calculation and 
simulation are summarized in Table 1. 

Assume the packet bit error distribution is i.i.d.. If no error correction code is assumed, the 
packet error rate (PER) can be calculated according to bit error rate (BER) as follows (N is 

the data packet length calculated in bits): (1 1 N)PER BER= − − . If error correction code which 

can tolerate q bits error is used, ( )
0

1 1
q

N ii i
N

i
PER C BER BER −

=

= − −∑  

Ignore the error caused by the header and ACK, Pe2=PER. To simplify calculation, no error 
correction code is assumed in the simulation and numerical calculation.  

Table 1 
DSSS System Parameters Used to Obtain Numerical Results 
Packet payload 
MAC header 
PHY header 
ACK Length 
RTS Length 
CTS Length 

1000 bytes 
272 bits 
192 bits 
112 bits + PHY header
160 bits + PHY header
112 bits + PHY header

Channel bit rate 
Propagation delay 
Slot time 
SIFS 
DIFS 
EIFS 

1 Mbps 
1 us 
20 us 
10 us 
50 us 
364 us 

 
4.2 Simulation Model 

The simulation topology is to set constant-bit-rate (CBR) traffic communication pairs 
between two places 100 meters far. The communication range of each station is 250 meters 
as is designed in WaveLAN [6]. The radio propagation model is set as TwoRayGround (see 
[9], chapter 3.6). We implement the data packet drop mechanism in the ns-2 physical layer 
every time a data packet is received by calculating PER according to BER. To get the system 
saturation throughput, we set the total sending rate of CBR sources larger than system 
bandwidth so that the MAC data queues are always full during the course of simulation. 
 
4.3 Saturation Throughput and Fairness 

We have illustrated in figure 5 and 6 the saturation throughput comparison of DCF and BR 
with the growing number of transmitting stations (BER is 0.00003). Both the simulation 
results and numerical calculation results are shown. For simplicity, we assume here that 
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Pe3=0, i.e., no RTS/CTS error are only caused by collisions among stations. It is obvious that 
BR is superior to DCF in throughput performance. The theoretical maximum saturation 
throughput is also shown in figure 5. The simulation results are lower than the numerical 
results because in the numerical calculation the transmissions of routing packets are omitted. 
The gains of BR as compared to DCF using the investigated parameter setting remain around 
10% from the simulation results. 

The fairness of BR and DCF is also compared in figure 7. The BR scheme has almost the 
same fairness property as DCF when the number of contending nodes is not very large. The 
fairness index in this paper is computed according to the following equation [15]: 
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Figure 5. MAC Saturation Throughput            Figure 6. Throughput Simulation Results 
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Figure 7. MAC Fairness Simulation             Figure 8. TCP Goodput Simulation 
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where f denotes fairness index, f(i) denotes the throughput of the ith communication pair. 

4.4 Interaction with TCP 
The final experiments address the issue of whether the throughput gains due to the BR 

scheme at MAC layer can be exploited by TCP at the transport layer. The increased 
throughput provided by BR in the MAC layer should be exploited by backlogged TCP flows. 
Similar to section 4.3, we investigate in this section how the channel bit-error-rate and the 
number of contending stations will affect the goodput (i.e., the throughput achieved by TCP 
layer agent) of DCF and BR. The version of TCP is Reno. The topology and parameter set 
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are the same with section 4.1 and 4.2. Every simulation result is the mean value of 10 
different simulation experiments. From the figure 8 simulation results, we can see that when 
the BER is equal to 0.00003, the TCP layer gains of BR over DCF are around 10%. 
Obviously, the observed value of TCP layer goodput gains is almost the same as that of 
previous section MAC layer saturation throughput gains.  

4. CONCLUSION 
This paper mainly focuses on the performance evaluation and enhancement of the IEEE 

802.11 DCF contention window backoff mechanism in the presence of noise. Based on the 
in-depth analysis of previous noise-unaware DCF in noisy channel, a new noise-aware MAC 
scheme (BR) is proposed. The throughput performance of DCF and BR in the presence of 
noise is modeled and analyzed using the Markov chain model. By numerical calculation and 
simulation, we have compared the MAC saturation throughput and TCP goodput of DCF and 
BR. As we have expected, the results have shown that BR can achieve better performance 
than DCF. Though BR is investigated together with the BEB scheme of DCF, it is obvious 
that the principle of distinguishing channel error caused failures and congestion caused 
failures from all the transmission failures is also useful to other noise-unaware adaptive 
backoff schemes (i.e., [8] can be used together with BR to achieve greater gain). 
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