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Abstract
IEEE 802.11 based WLAN (Wireless Local Area
Networks) technology has gained tremendous
popularities in digital home with its capability of

providing broadband access for mobile users. In
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such a contention-based network, the fairness
performance is of particular concern since the
qualities of multimedia services like Internet
phone and streaming video essentially depend on
the allocation of channel access. The objective of
this project is to analyze the fairness of IEEE
802.11 DCF in heterogeneous wireless LAN
environments where users experience unequal
channel conditions due to the mobility and fading
effects. In this project, we exploit an analytical
approach which extends a two dimensional
Markov chain model of DCF proposed by Bianchi
[10] to consider heterogeneous channel conditions.
From the results our analyses, it is shown that
802.11 CSMA/CA can present fairness only on
condition that the link qualities of all the hosts are
equal in a statistical average sense. It is also
observed that heterogeneous channel conditions
can pose significant unfairness of channel sharing
even with a link adaptation mechanism since
MCSs (Modulation and Coding Schemes)
available are limited.

Keywords: IEEE 802.11 WLAN, performance



analysis, fairness
‘;;r;i‘ p ehz -&»}?Jej;’,?g.

Most of the current IEEE 802.11 based
WLANSs (Wireless Local Area Networks) employ
DCF (Distributed Coordination Function) [1], a
random access MAC (Medium Access Control)
protocol based on CSMA/CA (Carrier Sense
Multiple Access/Collision Avoidance), on account
of its distributed nature for the simplicity of
implementation. To such networks, fairness is of
particular concern since the overall system
performance essentially depends on the allocation
of transmission mediums among users. The
fairness of IEEE 802.11 DCF has been largely
studied with theoretical analyses, simulations, or
experiments in previous works [2]-[7]. It is
considered over a short or long period of time
separately  for  pertinently reflecting the
performance of the specific applications or
protocols. For example, the behavior of short-term
fairness can make a significant impact on TCP
transfers or delay-sensitive multimedia
applications [2]. In general, short-term fairness
means around an order of 10 ms scales while
long-term fairness may involve a transmission of
thousand packets [4]. Most of the previous works

present the observation that DCF is fair over long

time scales but can not provide short-term fairness.

Koksal et al. [2] argued that short-term unfairness
is due to a phenomenon posed by the backoff
protocol in CSMA/CA: a host capturing the
channel will likely keep it after a contention
period, which is similar to the well-known
“capture effect” shown in Ethernet [8]. However,
Berger-Sabbatel et al. [4] provided a contrary

perception that DCF indeed presents pretty fine

short-term fairness and consequently provides
long-term fairness while short-term fairness
implies long-term fairness, but not vice versa [2].
They argued that the confusion of fairness
problem in the previous works [2] is as a result of
using the CSMA/CA protocol specific to Wavelan
system [9] instead of that characterized in 802.11
standards. Indeed, there is an important difference
between the two access methods: the Wavelan
CSMA/CA protocol executes exponential backoff
when the channel is sensed busy, whereas 802.11
protocol does that only when a collision is
experienced.  Although  the  analysis of
Berger-Sabbatel et al. [4] is rather consistent with
the behavior of the present 802.11 protocols,
however, the conclusion is valid only under the
assumption of homogeneous transmission qualities
among the participating hosts, which may be
unrealistic while hosts can experience unequal
channel conditions due to mobility, fading,
interference factors, and so on. Since an 802.11
exponential backoff performed is actually due to
not only a transmission collision but also a packet
corruption with bad signal qualities, the backoff
behavior of hosts will be varied with their own
link qualities, thereby leading to an unequal
sharing of transmission channels.

The objective of this work is to evaluate the
fairness of 802.11 DCF in heterogeneous WLAN
environments. In this project, we exploit an
analytical approach which extends a two
dimensional Markov chain model of DCF
proposed by Bianchi [10] to consider
heterogeneous channel conditions. To better
consist with the behavior of the present 802.11

protocols performing in realistic environments by
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Fig. 1 The state transition diagram of host i

comparison with previous works [10] [11] [12],
our analytical model takes into account more
factors including the finite retransmission limit,
the probability that the backoff counter is frozen
when the channel is sensed busy, and error-prone
channels. By our analyses, it is shown that 802.11
CSMA/CA can present fairness only on condition
that the link qualities of all the hosts are equal in a
statistical average sense. It is also observed that
heterogeneous channel conditions can pose
significant unfairness of channel sharing even with
a link adaptation mechanism since MCSs
(Modulation and Coding Schemes) available are
limited.

The rest of this report is organized as follows.
Section 2 presents our analytical model of 802.11
DCF. Section 3 shows analytical results which
demonstrate the unfairness of 802.11 DCF due to
heterogeneous channel conditions. Section 4
draws our conclusions.

BN

In this section we analyze IEEE 802.11 DCF
protocols by extending a two dimensional Markov
chain model first proposed by Bianchi [10]. Our
analytical model can more truly evaluate the

statistical performance of DCF in realistic WLAN

environments since it takes more factors into
account including the finite retransmission limit,
the probability that the backoff counter is frozen
when the channel is sensed busy, and error-prone
channels.

Now we consider K IEEE 802.11 hosts in
non-perfect channels. Assume that these hosts are
within the transmission range of each other with
each one always having a packet to send (i.e.
operating in saturation conditions). To host i
(i=0~K-1), let p;. denote the probability of a
packet collided with other hosts. That is:
p.=1- ﬁ(l—rh) (1)

=0,
where 7, is the probability for host & (h#i)
transmitting a packet in a given slotted time. To
host i, let p;. denote the probability of a packet
corrupted due to error-prone channels. p;,.
basically depends on SNR (signal to noise ratio),
the used MCS, and the frame size. Consider
uncoded modulations like what are adopted from
802.11b standards and assume that BER (Bit Error
Rate) p;, is unchanged inside each packet. Thus
Pie can be expressed as:
pr.=1-(1=p )" (2)
where FS; is the frame size in bytes. To host i, the
probability of a transmission failed, p;; which
consists of the probability of a packet collided and
a collision-free packet corrupted can be expressed
as:
Piy=pic+(1=p)p,. (3)

In 802.11, a host needs to wait for a random
backoff time before the next transmission to avoid
a collision with other hosts. The random backoff
timer is uniformly chosen in the interval (0, CW-1),

where CW is the contention window size. After



each retransmission due to a collision or a
corruption, the CW will be doubled until the
number of retries comes to a certain limit, L.
Let CW,,;, denote the initial CW, and CW; denote
the CW in the /" backoff stage. Once the CW
reaches a maximum value CW,,,,, it will remain at
the wvalue until it is reset. Therefore, the
relationships among CW;, CW,,in, CW oy, and Lieyy

are shown as follows:

2w, for j=01,.om-1,if L, >m (4)
CW/ = 2"CW, iy = CW,y o A Ly, >m
27CW,,., for j=0,1,..,L..,ifL, <m

where m =log,(CW, /CW,. )

max min

For host i, let s(i,t) and b(i,t) be the stochastic
process representing the backoff stage and backoff
time counter at time ¢ respectively. Let

by = limPr{s(i,0) = j,b(i,t) =1}, j € (0,1

s € (0,CW, =1)
be the stationary distribution of the Markov chain
as shown in Fig. 1. Using this Markov chain that
describes the transition probabilities among states,
All b;;; values can be expressed as a function of
Dic> Pie and b; g o. With the following normalization
condition imposed,

Ly CW, =1
Z Zb,;,,,:l (5)

j=0 1=0

, bigo 1s finally given by (6) and depends on the

values of L., and m.

21-2-p, )A-p )A-p..)

From equation (7) we can see that 7; depends on
the packet’s failed probability p;; which is
determined with the collision probability p;. and
the corruption probability p;.. From equation (2),
(3) and (4) to (7), we can solve unknown
parameters 7; and p;, numerically with a given
frame size F'S; and BER p;,.

Let P, be the probability that at least one

station transmits in the considered slotted time:
K-1

Ptrzl_H(l_z.h) (8)
h=0

Let P;inge. denote the probability that only host i
transmits and the remaining K-1 stations are idle
on condition that at least one station transmits.
Thus it is expressed as:

K-1
Paw=7- [10-7)/P, (9)

h=0,h#i

Considering a given slot, the channel idle
probability is (1-P,). The channel busy probability
is P,, which consists of the following parts: the
probability of a successful transmission of host i,

P

tr

-(1-p,,); the probability of a successful

: ])x ,sin gle

transmission of host 4 (h#i “ ;
( # )’ B, - })Iz.sing[ﬁ '(l_ph,e) ’

h=0,h=#i

the probability of a failed transmission due to

<m

b o Wy (1= @ p ™) (= )+ p,
1,00

> Lrerry

) (1=2p, . =2-p;+4- P Pry)
21-2-p, )1 p, - p,.) (6)

+ —m L, +] ’me
W - (0= 2 p ") (A= p, )= (A=2-p, YA =, ")+ (A=2- p, NCW,y, 2" =11 = p, ")+ 202 p, A= p, /)1 = p,.)

Since a given host transmits when its backoff
timer reaches 0, the probability that host i
transmits a packet in a randomly chosen slotted

time, 7;, can be derived as:

+1

Ly Lycny ) 1-p, Lrery
i/ 7
7= zbz‘./.o = Zpi.fj “bigo=bioo 1 (7
7=0 =0 ~Piy

>m

K-1

non-perfect channel conditions,

tr

P

hsingle " Phe ’
h=0
and the probability of a failed transmission due to

« . K-1
collision, P(=Y Pyi) Hence the saturated
=t

throughput of host 7, S; can be expressed as

B Bnge (1= pi,) PL*8

S = K-l ’ K1 K-l (10)
(1 - Ptr) ’ T.‘vlm‘ + Ptr ’ ZPII,single ’ (l _ph,e) : TSh + Er ' zPh,single ' ph,e : Teh + Pfr : (1 - zBl,single) ' TC
h=0 h=0 h=0
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equation (10), in which PL; is the payload length
of host i in bytes; Ty, is the slotted time; 7, and
Tey, are the time of host /& processing a successful
transmission and  experiencing a failed
transmission due to a corruption respectively; 7c is
the period of a collision. The values of 7, and Tc
depend on the channel access mechanism. In case
of the basic scheme, they can be expressed as:
Ts!“ = DIFS + H +Tl, + y+ SIFS + ACK +y
Tc"™ =DIFS+H+TI" +y
and for the four-way handshaking scheme, they
are:
Tsf™ = DIFS + RTS + y+ SIFS + CTS + y + SIFS + H + Tl, + y + SIFS + ACK +y
Tc®™ = DIFS + RTS + y+ SIFS+CTS +y

Te, is equal to 75, in both of the basic and
four-way handshaking scheme. DIFS, SIFS, H,
ACK and y denote DIFS time, SIFS time, the time
to transmit the header, the time to transmit an
ACK and the time of propagation delay,
respectively. 71" is the time of the longest payload
transmitted in a collision.
LA Lk

In this section we provide numerical results to
demonstrate the unfairness of 802.11 DCF due to
heterogeneous channel conditions. The
transmission scenario is as follows. Consider an
802.11b WLAN environment in which each host
transmits a saturated traffic flow of a fixed packet
size with the basic CSMA/CA scheme. All the
system parameters adopted are presented in Table

1. We provide performance analyses in both cases

of hosts transmitting at an equal data rate and at

Payload = MAC header | Propagation | Min. window
1023 bytes = 28 bytes delay = lus size =32

Slot time PHY header DIFS Max. window
=20us = 24 bytes = 50us size = 1024
Data rate= ACK SIFS Retry limit
1(11) Mbps = 38 bytes = 10us =5

Table 1. System parameters

different data rates with a link adaptation

mechanism.

4.1 Heterogeneous link qualities with equal
data rates

First we analyze the scenario the hosts transmit
at an equal data rate to demonstrate the unfairness
due to heterogeneous link qualities. Assume there
are total K 802.11b contending hosts. Assume half
of the hosts, named ideal-channel (IC) hosts, are
always in a stationary and ideal channel condition
(i.e. BER=0), whereas the others, named
error-prone-channel (EC) hosts, are initially in an
ideal condition and later suffer from channel
degradation due to the mobility with an average
BER of 2E-5 and 4E-5. The used data rates of IC
and EC hosts are assumed the same as 1 Mbps.

The saturated throughput of a host is derived
from equation (10) and presented in Fig. 2 with
respect to K and the BER of EC hosts, BER(EC).
It is shown that when all the hosts are in an ideal
condition initially, their performances are equal.
When BER(EC) later deteriorates to 2E-5 and
4E-5 consecutively, the performance variation is

gradually enlarged. Now let’s consider 2 hosts.

= =0= =anIChostwith BER(EC)=0 (all with an ideal channel)

0.7 4+ anEChost with BER(EC)=0 (all with an ideal channel)
- -A= = anIChost with BER(EC)=2E-5
0.6 ——f—— an EC host with BER(EC)=2E-5

= =x= =anIChost with BER(EC)=4E-5

_
2
&
.
2 0.5 o = a1t EC host with BER(EC)=4E-5
N
T 04T s
2 1Ly
A ~
E TV -
=]
S 0.2
=
H

D 'Cl.

Number of hosts, K

Fig. 2 Saturated throughput of an IC and EC host vs. the number
of hosts varying with the BER level of EC hosts, BER(EC). For
instance, in case of BER(EC) equal to 2E-5, throughput of an IC
host is indexed as the triangle-dotted line, while that of an EC

host is indexed as the triangle-solid line



When they are both in an ideal channel, the
achievable throughput of each one is about 436
Kbps as shown in Fig. 2. In case one host’s BER
deteriorates as 2E-5, its throughput degrades to
319 Kbps, whereas the throughput of the other one
with ideal conditions increases to 494 Kbps. The
performance variation is as large as 40.3% (176
Kbps/436 Kbps = 40.3%).

The performance variation arises by the
following facts. Due to its higher BER, an EC host
averagely experiences more retries to succeed a
transmission than an IC host does. When a
retransmission is performed, according to
CSMA/CA standards, the backoff window size
will be increased exponentially until the retries
come to a certain limit. Thus an EC host would
averagely adopt a larger backoff timer and then
has less chance to access the channel. Such the
unfair behavior is similar to the scenarios of
asymmetric information among nodes [14]. Our
analytical results also demonstrated that when all
the hosts transmit at an equal data rate, 802.11
CSMA/CA can only present fairness on condition
of homogeneous link qualities; the presence of
heterogeneous link qualities can cause significant

unfairness.

4.2 Heterogeneous link qualities with unequal
data rates

Now we use the scenario which hosts transmit
at unequal data rates with a link adaptation
mechanism for demonstrating the unfairness due
to heterogeneous link qualities. Assume that half
of the hosts transmit at a data rate of 11Mbps in a
stationary channel with an average BER of 5E-7,
whereas the others transmit at 1Mbps with an

equal BER of SE-7 initially, and later with a

= =0= =an l1Mbpshost with BER(1Mbps)=5E-7 (all with a BER 5E-7
1.8 +  a IMbps host with BER(1 ’\/Ibps) SE-7 (:111 with a BER SE-7)
1.6 = =A= =an l1Mbps host with BER(1Mbps)=’ 2
: =t | Mbps host with BER(IMbps)=2E
1.4 = =X= =an l1Mbps host with BER(1Mbps)=: 4E 5
Y= q | Mbps host with BER(IMbps)=4E-5
N

Throughput(Mbps)

Number of hosts, K

Fig. 3 Saturated throughput of an 11Mbps host and a IMbps
host vs. the number of hosts varying with the BER level of
[Mbps hosts
deteriorated BER of 2E-5 and 4E-5 sequentially
due to mobility. Fig. 3 presents the saturated
throughput of an 11Mbps host and a 1Mbps host.
It is shown that when all the hosts are initially
with an equal BER 5E-7, they present identical
performances, which is so called “performance
anomaly” [3] meaning that if at least one host
transmits at a lower data rate, the throughput of
the others at higher rates will be degraded below
the level of the lower rate. The analytical results
demonstrate that 802.11 CSMA/CA can present
fairness regardless of the same or different data
rates under the condition of homogeneous link

qualities.

However, it is shown that when BER(IMbps)
degrades to 2E-5 and 4E-5 successively, the
throughput of a 1Mbps host in adverse channel
conditions suffers from more and more starvation
whereas that of an 11Mbps host in a better
condition is progressively increased. It is also
shown that the fairness gradually fades away. For
example, in case that K is 2 and BER(IMbps) is
equal to 4E-5, the achievable throughput of an
11Mbps host is 1.295Mbps which exceeds the
boundary of 1Mbps. From these results, we
show that the unbalanced channel sharing is

caused by heterogeneous link qualities rather than



unequal data rates. The heterogeneous link
qualities can cause the severe unfairness to hosts
either at an equal rate or at different rates with a
link adaptation mechanism.

In this project we study the fairness of 802.11
DCF in the heterogeneous channel conditions. On
condition of homogeneous link qualities, the
analyses in past efforts [3] [4] show that 802.11
CSMA/CA presents both long-term and short-term
fairness. In this project we exploit an analytical
approach which extends a well-used two
dimensional Markov chain model of DCF. With
our analytical results, it is shown that 802.11
CSMA/CA can only present fairness provided that
the link qualities of all the hosts are equal in a
statistical average sense. It is also shown that the
presence of heterogeneous channel conditions can
cause severe unfairness of channel sharing even
with a link adaptation mechanism.
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Abstract—We analyze the fairness of IEEE 802.11 DCF in
heterogeneous wireless LAN environments where users
experience unequal channel conditions due to the mobility and
fading effects. Previous works [3] [4] show that the 802.11
CSMA/CA can present fairness characteristics in both long-
term and short-term. However, the conclusion is only valid
under the condition of homogeneous link qualities, which may
be impractical. In this paper, we consider heterogeneous
channel conditions based on an analytical approach of
extending a verified two dimensional Markov chain model of
DCF proposed by Bianchi [10]. From our analytical results, it
is shown that 802.11 CSMA/CA can present fairness among
hosts with identical link qualities regardless of equal or
different data rates applied, which is consistent with the
observations of previous works. Our analytical results also
demonstrate that the presence of heterogeneous channel
conditions can pose significant unfairness of channel sharing
even with a link adaptation mechanism since the MCSs
(Modulation and Coding Schemes) available are limited.

I.  INTRODUCTION

Most of the current IEEE 802.11 based WLANSs
(Wireless Local Area Networks) employ DCF (Distributed
Coordination Function) [1], a random access MAC (Medium
Access Control) protocol based on CSMA/CA (Carrier Sense
Multiple Access/Collision Avoidance), on account of its
distributed nature for the simplicity of implementation. To
such networks, fairness is of particular concern since the
overall system performance essentially depends on the
allocation of transmission mediums among users. The
fairness of IEEE 802.11 DCF has been largely studied with
theoretical analyses, simulations, or experiments in previous
works [2]-[7]. It is considered over a short or long period of
time separately for pertinently reflecting the performance of
the specific applications or protocols. For example, the
behavior of short-term fairness can make a significant impact
on TCP transfers or delay-sensitive multimedia applications
[2]. In general, short-term fairness means around an order of

* This work was supported in part by Taiwan National Science
Council under grant 95-2219-E-002-018 and 95-2221-E-002-
190.

10 ms scales while long-term fairness may involve a
transmission of thousand packets [4]. Most of the previous
works present the observation that DCF is fair over long time
scales but can not provide short-term fairness. Koksal et al.
[2] argued that short-term unfairness is due to a phenomenon
posed by the backoff protocol in CSMA/CA: a host
capturing the channel will likely keep it after a contention
period, which is similar to the well-known “capture effect”
shown in Ethernet [8].

However, Berger-Sabbatel et al. [4] provided a contrary
perception that DCF indeed presents pretty fine short-term
fairness and consequently provides long-term fairness while
short-term fairness implies long-term fairness, but not vice
versa [2]. They argued that the confusion of fairness problem
in the previous works [2] is as a result of using the
CSMA/CA protocol specific to Wavelan system [9] instead
of that characterized in 802.11 standards. Indeed, there is an
important difference between the two access methods: the
Wavelan CSMA/CA protocol executes exponential backoff
when the channel is sensed busy, whereas 802.11 protocol
does that only when a collision is experienced. Although the
analysis of Berger-Sabbatel et al. [4] is rather consistent with
the behavior of the present 802.11 protocols, however, the
conclusion is valid only under the assumption of
homogeneous transmission qualities among the participating
hosts, which may be unrealistic while hosts can experience
unequal channel conditions due to mobility, fading,
interference factors, and so on. Since an 802.11 exponential
backoff performed is actually due to not only a transmission
collision but also a packet corruption with bad signal
qualities, the backoff behavior of hosts will be varied with
their own link qualities, thereby leading to an unequal
sharing of transmission channels.

The objective of this work is to evaluate the fairness of
802.11 DCF in heterogeneous WLAN environments. In this
paper, we exploit an analytical approach which extends a
two dimensional Markov chain model of DCF proposed by
Bianchi [10] to consider heterogeneous channel conditions.
To better consist with the behavior of the present 802.11
protocols performing in realistic environments by

1-4244-0357-X/06/$20.00 ©2006 IEEE
This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE GLOBECOM 2006 proceedings.



comparison with previous works [10] [11] [12], our
analytical model takes into account more factors including
the finite retransmission limit, the probability that the
backoff counter is frozen when the channel is sensed busy,
and error-prone channels. Jain fairness index [2] is utilized to
assess the fairness of IEEE 802.11 DCF in terms of saturated
throughput. By our analyses, it is shown that 802.11
CSMA/CA can present fairness only on condition that the
link qualities of all the hosts are equal in a statistical average
sense. It is also observed that heterogeneous channel
conditions can pose significant unfairness of channel sharing
even with a link adaptation mechanism since MCSs
(Modulation and Coding Schemes) available are limited. The
remainder of this paper is organized as follows. Section 2
presents our analytical model of 802.11 DCF. Section 3
shows analytical results which demonstrate the unfairness of
802.11 DCF due to heterogeneous channel conditions.
Section 4 draws our conclusions.

II. AN ANALYTICAL MODEL OF 802.11 DCF IN ERROR-
PRONE CHANNELS

In this section, we analyze IEEE 802.11 DCF protocols
by extending a two dimensional Markov chain model first
proposed by Bianchi [10]. Our analytical model can more
truly evaluate the statistical performance of DCF in realistic
WLAN environments since it takes more factors into account
including the finite retransmission limit, the probability that
the backoff counter is frozen when the channel is sensed
busy, and error-prone channels.

Now we consider K IEEE 802.11 hosts in non-perfect
channels. Assume that these hosts are within the
transmission range of each other with each one always
having a packet to send (i.e. operating in saturation
conditions). To host i (i=0~K-1), let p;. denote the
probability of a packet collided with other hosts. That is:

p.=1- [I0-1) (1)

h=0,h#i
where 7, is the probability for host 4 (A#i) transmitting a
packet in a given slotted time. To host i, let p;. denote the

probability of a packet corrupted due to error-prone channels.

pi.basically depends on SNR (signal to noise ratio), the used
MCS, and the frame size [13]. Consider uncoded
modulations like what are adopted from 802.11b standards
and assume that BER (Bit Error Rate) p;, is unchanged
inside each packet. Thus p;, . can be expressed as:

Pie=1=01=p)"" (2)
where FS; is the frame size in bytes. To host 7, the probability
of a transmission failed, p; 5 which consists of the probability
of a packet collided and a collision-free packet corrupted can

2(0-2-p, )1=p, )1=p;.)

Fig. 1 The state transition diagram of host i

be expressed as:

Piy =P, +(1_pi,c)'pi,e (3)

In 802.11, a host needs to wait for a random backoff time
before the next transmission to avoid a collision with other
hosts. The random backoff timer is uniformly chosen in the
interval (0, CW-1), where CW is the contention window size.
After each retransmission due to a collision or a corruption,
the CW will be doubled until the number of retries comes to
a certain limit, L,e,. Let CW,,;, denote the initial CW, and
CW; denote the CW in the ™ backoff stage. Once the CW
reaches a maximum value CW,,,,, it will remain at the value
until it is reset. Therefore, the relationships among CW,
CWins CWnax, and Ly, are shown as follows:

2/CW for j=0,1,...m-1,if L, >m (4)
cw, = 2"CW oy =CWyp for j=m,...L,, ., if L, >m
2/CW,, forj=0,1,..,L,,,,if L, <m

where m = log,(CW, ., /CW, . )

max min

For host 7, let s(i,t) and b(i,t) be the stochastic process
representing the backoff stage and backoff time counter at
time ¢ respectively. Let

)91 € (OsCVV] _1)

retry

bi,j,l =}HEPT{S(is[) = jsb(ist) =l},j€ (O,L

be the stationary distribution of the Markov chain as shown
in Fig. 1. Using this Markov chain that describes the
transition probabilities among states, All b;;; values can be
expressed as a function of p;., pi. and b;yy. With the
following normalization condition imposed,

Loy CW; -1

Z be,u =1 (5)

j=0 =0
, bigo 1s finally given by (6) and depends on the values of
Lyetry and m.

<m

b=

+ ¥ »me
W (1= Q- p, )" )= p, N+ (=p, ") -(1=2p,, =2 p, , +4- D D)) (6)
2(1-2-p, )-p, )A-p,.)

Wy (=2 p, )" - (1= p, ) =(1=2-p, YA = p, ;") +(1=2- p, )(C

m — Loy 1 2Ly,
win 2" =DA=p, ) +2(=2-p, YA =p, )= p,)

>m
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Since a given host transmits when its backoff timer
reaches 0, the probability that host i transmits a packet in a
randomly chosen slotted time, 7;, can be derived as:

+1

Lyeyy Lyeyy 1— p Lyeiry 7
. »
o= sz“j‘o = Zpi‘/‘j b =bigg ——— (7)
Jj=0 Jj=0 1 —_ pi,f

From equation (7) we can see that 7; depends on the packet’s
failed probability p; , which is determined with the collision
probability p;. and the corruption probability p;.. From
equation (2), (3) and (4) to (7), we can solve unknown
parameters t; and p; snumerically with a given frame size FS;
and BER p; ;.

Let P, be the probability that at least one station
transmits in the considered slotted time:

E,zl—ﬁ(l—rh) (8)

Let P;inge denote the probability that only host 7 transmits
and the remaining K-1 stations are idle on condition that at
least one station transmits. Thus it is expressed as:

K-1
B,singlezTi. H(I_Th)/f)n (9)
h=0,h#i
Considering a given slot, the channel idle probability is (1-
P,). The channel busy probability is P,, which consists of
the following parts: the probability of a successful
transmission of host i, p . p Dy the probability of a

i,sin gle

successful transmission of host & (h#), &
P, - Prsingie " Phps
f lmzuz,l;;si e o’

the probability of a failed transmission due to non-perfect
hannel condition S ; and the probabilit
c el conditions, PSP (-p,,) d the probability
h=0
. . . . . K-1
of a failed transmission due to collision, P, _(l_z i)
h=0
Hence the saturated throughput of host i, S; can be expressed
as equation (10), in which PL; is the payload length of host i
in bytes; Ty, is the slotted time; Ts;, and Te,, are the time of
host / processing a successful transmission and experiencing
a failed transmission due to a corruption respectively; Tc is
the period of a collision. The values of Ts;, and 7c depend on
the channel access mechanism. In case of the basic scheme,
they can be expressed as:

Ts)® = DIFS + H +Tl, + y+ SIFS + ACK +y
Te"™ = DIFS+H +T1" +y

and for the four-way handshaking scheme, they are:
Tsf™ = DIFS + RTS + y + SIFS + CTS + 7+ SIFS + H + T, + y+ SIFS + ACK +y

Tc™™ = DIFS+RTS +y+SIFS+CTS +y

Te, is equal to Ts, in both of the basic and four-way
handshaking scheme. DIFS, SIFS, H, ACK and y denote

P -P

" i,sin gle : pi‘ps
S =

DIFS time, SIFS time, the time to transmit the header, the
time to transmit an ACK and the time of propagation delay,
respectively. 7/ is the time of the longest payload
transmitted in a collision.

III. NUMERICAL RESULTS AND DISCUSSION

In this section, we provide numerical results to
demonstrate the unfairness of 802.11 DCF due to
heterogeneous channel conditions. The transmission scenario
is as follows. Consider an 802.11b WLAN environment in
which each host transmits a saturated traffic flow of a fixed
packet size with the basic CSMA/CA scheme. All the system
parameters adopted are presented in Table 1. We provide
performance analyses in both cases of hosts transmitting at
an equal data rate and at different data rates with a link
adaptation mechanism. Then we use the Jain fairness index
[2] associated with the analytical results to assess the fairness
of IEEE 802.11 DCF. This index is represented as:

(Zil Xi )2
K Z; Xi ’

where K is the number of the contending hosts. x; can be the
throughput or delay performed on host i. The index has a
range of (0, 1] to evaluate fairness.

(11)

Jain fairnessindex =

Payload MAC header Propagation delay | Min. window size
= 1023 bytes =28 bytes = lus =32

Slot time PHY header DIFS Max. window size
=20us = 24 bytes = 50us =1024

Data rate ACK SIFS Retry limit
=1(11) Mbps = 38 bytes = 10us =5

Table 1. System parameters

A. Heterogeneous link qualities with equal data rates

First we analyze the scenario the hosts transmit at an
equal data rate to demonstrate the unfairness due to
heterogeneous link qualities. Assume there are total K
802.11b contending hosts. Assume half of the hosts, named
ideal-channel (IC) hosts, are always in a stationary and ideal
channel condition (i.e. BER=0), whereas the others, named
error-prone-channel (EC) hosts, are initially in an ideal
condition and later suffer from channel degradation due to
the mobility with an average BER of 2E-5 and 4E-5. The
used data rates of IC and EC hosts are assumed the same as 1
Mbps.

The saturated throughput of a host is derived from
equation (10) and presented in Fig. 2 with respect to K and
the BER of EC hosts, BER(EC). It is shown that when all the
hosts are in an ideal condition initially, their performances
are equal. When BER(EC) later deteriorates to 2E-5 and 4E-
5 consecutively, the performance variation is gradually
enlarged. The corresponding Jain fairness indices associated

-PL,*8

i —1

K-l K-1
(1-P)- T, +F, 'th,sing/e “Phps Ts, + P, .leh,single '(I_Ph,ps)'Teh + P, '(l_zph,sing/e)'Tc
h=0 h=0

h=0

(10)
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= =0= =anIChostwith BER(EC)=0 (all with an ideal channel)
an EC host with BER(EC)=0 (all with an ideal channel)
= =A= =anIChost with BER(EC)=2E-5
0.6 pr=——n EC host with BER(EC)=2E-5
= == =anIChost with BER(EC)=4E-5
N === an EC host with BER(EC)=4E-5
«

0.7 1

Throughput(Mbps)

Number ofhosts, K

Fig. 2 Saturated throughput of an IC and EC host vs. the number of hosts
varying with the BER level of EC hosts, BER(EC). For instance, in case of
BER(EC) equal to 2E-5, throughput of an IC host is indexed as the triangle-
dotted line, while that of an EC host is indexed as the triangle-solid line

The fairness in terms of throughput
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Number of hosts, K

Fig. 3 The Jain fairness index associated with throughput vs. the number of
hosts varying with the BER level of EC hosts

with throughput is derived from Eq. (11) and shown in Fig. 3.

It is also indicated that with the increasing difference of link
qualities, fairness degrades as the index decreases from 1 to
about 0.83. Now let’s consider 2 hosts. When they are both
in an ideal channel, the achievable throughput of each one is
about 436 Kbps as shown in Fig. 2. In case one host’s BER
deteriorates as 2E-5, its throughput degrades to 319 Kbps,
whereas the throughput of the other one with ideal conditions
increases to 494 Kbps. The performance variation is as large
as 40.3% (176 Kbps/436 Kbps = 40.3%).

The performance variation arises by the following facts.
Due to its higher BER, an EC host averagely experiences
more retries to succeed a transmission than an IC host does.
When a retransmission is performed, according to
CSMA/CA standards, the backoff window size will be
increased exponentially until the retries come to a certain
limit. Thus an EC host would averagely adopt a larger
backoff timer and then has less chance to access the channel.
Such the unfair behavior is similar to the scenarios of
asymmetric information among nodes [14]. Our analytical
results also demonstrated that when all the hosts transmit at
an equal data rate, 802.11 CSMA/CA can only present
fairness on condition of homogeneous link qualities; the
presence of heterogeneous link qualities can cause
significant unfairness.

B.  Heterogeneous link qualities with unequal data rates

Now we use the scenario which hosts transmit at unequal
data rates with a link adaptation mechanism for

demonstrating the unfairness due to heterogeneous link
qualities. Assume that half of the hosts transmit at a data rate
of 11Mbps in a stationary channel with an average BER of
5E-7, whereas the others transmit at 1Mbps with an equal
BER of 5E-7 initially, and later with a deteriorated BER of
2E-5 and 4E-5 sequentially due to mobility. Fig. 4 presents
the saturated throughput of an 11Mbps host and a 1Mbps
host. It is shown that when all the hosts are initially with an
equal BER 5E-7, they present identical performances, which
is so called “performance anomaly” [3] meaning that if at
least one host transmits at a lower data rate, the throughput
of the others at higher rates will be degraded below the level
of the lower rate. The analytical results demonstrate that
802.11 CSMA/CA can present fairness regardless of the
same or different data rates under the condition of
homogeneous link qualities.

However, it is shown that when BER(1Mbps) degrades to
2E-5 and 4E-5 successively, the throughput of a 1Mbps host
in adverse channel conditions suffers from more and more
starvation whereas that of an 11Mbps host in a better
condition is progressively increased. It is also shown that the
fairness gradually fades away. For example, in case that K is
2 and BER(IMbps) is equal to 4E-5, the achievable
throughput of an 11Mbps host is 1.295Mbps which exceeds
the boundary of IMbps. The corresponding fairness index
shown in Fig. 5 also indicates that fairness degrades as the
difference of link qualities increases. From these results, we
show that the unbalanced channel sharing is caused by
heterogeneous link qualities rather than unequal data rates.
The heterogeneous link qualities can cause the severe

= =O= =anl1Mbps hostwith BER(1Mbps)=5E-7 (all with a BER SE-7

1.8 +  a IMbps host with BER(1Mbps)=5E-7 (all with a BER 5E-7)
1.6 = =A= =an 11Mbps host with BER(1Mbps)=2E-5
@ ey ¢ [ Mbps host with BER(IMbps)=2E-5
o 1.4 = == =an l11Mbps host with BER(1Mbps)=4E-5
'29 12 ey ¢ | Mbps host with BER(IMbps)=4E-5
. IS
N
= 1
S 08
an
= 0.6
o
=
i 0.4
&= 02
0
2 4 6 8 10

Number of hosts, K

Fig. 4 Saturated throughput of an 11Mbps host and a 1Mbps host vs. the
number of hosts varying with the BER level of 1Mbps hosts

The fairness in terms of throughput
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Fig. 5 The Jain fairness index corresponding to throughput vs. the number of
hosts varying with the BER level of I Mbps hosts
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unfairness to hosts either at an equal rate or at different rates
with a link adaptation mechanism.

IV. CONCLUSION

In this paper, we study the fairness of 802.11 DCF in the
heterogeneous channel conditions. On condition of
homogeneous link qualities, the analyses in past efforts [3] [4]
show that 802.11 CSMA/CA presents both long-term and
short-term fairness. In this paper we exploit an analytical
approach which extends a well-used two dimensional
Markov chain model of DCF. With our analytical results, it
is shown that 802.11 CSMA/CA can only present fairness
provided that the link qualities of all the hosts are equal in a
statistical average sense. It is also shown that the presence of
heterogeneous channel conditions can cause severe
unfairness of channel sharing even with a link adaptation
mechanism.
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