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Abstract

WirelessLAN, basedon the IEEE 802.11standards, has beenextensiwely studied
sinceits release.The topic of seweral of thesereseart paperswasthe discrepancyof
delays and bu®erover°ow probabilities experiencedby the AccessPoint on onehand
and the stations on the other hand. This is widely referred to asthe unfair channel
accessphenomenon. A related issuethat has not yet beeninvestigated is another
kind of unfairnessresulting from di®eren collision probabilities. Interestingly, the
latter unfairnessfavors the AccessPoint, corntrary to the former. In this paper, we
presert an extensive simulation study of this problem and validate the results by
meansof analytical models. Here, mainly bi-directional voicetratc and TCP tratc
°ows are considered. The results reveal how pronouncedthis unfairnessis and how
the recert introduction of the Quality-of-Service extension exacerbatesthe unfair
channel accessphenomenon.

1 Intro duction

The cortinuous standardization of WirelessLocal Area Networks (Wireless LANS) is

a successstory. Sincethe rst releaseof the IEEE 802.11Wireless LAN standard in

1997 [1], it gradually improved its performance and ewlved into a very °exible and

well-understood technology. Today, this wirelesstechnology is a standard equipmert in

laptops and other portable and mobile devices. Theseprovide corveniert wirelessaccess
to the Internet for usersat home, in public facilities, and in more and more areasof our

everyday life.

The standard de nes two accessmecanisms, the Distributed Coordination Func-
tion (DCF) and the Point Coordination Function, whereasonly the DCF has actually
beenimplemented. This method is basedon Carrier Sensewith Collision Avoidana
(CSMAJ/CA). The collision avoidancein the DCF is realized by a truncated binary ex-
ponertial badko® algorithm. Thus, collisions can only occur if similar badko® windows
are chosen. All stations within a cell usethe sameparameter set for the contention res-
olution. This should assurea fair medium share betweenthe stations. Berger-Sabbatel
et al. [2] underlines this statement for ad-hoc networks with similar tratc loads at the
stations. In cortrast, sewral papers [3, 4, 5] have been published shawing that the
medianism is unfair in an infrastructure network, where all traxc hasto be routed over
an AccessPoint (AP), ewvenif the stations residewithin the samearea. All papers have



di®erert "fairness" considerations, either the short-term throughput at the MAC layer,
the delay, or the throughput at the TCP layer. They agreehowever, that uplink °ows
(stations to AP) are favored in comparisonto downlink °ows (AP to stations). The
extensive queuing delays and bu®er over’ows at the AccessPoint are identi ed as the
reasonfor this.

Becausethese works analyze the systemon °ow level exclusively, the collision prob-
abilities are neglected. When focusing on the stations themselves without regarding
gueuing e®ects the fairnessbetweenthe AccessPoint and the station inverts. In suc a
scenario,the AccessPoint is preferred comparedto the stations in terms of padet loss.
This new perspective on the unfair channel accesds shown in this paper with analytical
models and simulation. One of the conclusionswe draw is that the current status of the
network cannot be obsened at the AccessPoint alone. Therefore, if load or admission
control is to be applied, all aspects, the contention delay, the padket loss, and queuing
e®ectshave to be consideredat ead station.

The remainder of this work is organizedasfollows. In Section2 the work related to the
unfairnessproblemis shavn. Section3intro ducesthe unfair channelaccesgphenomenon.
In Section4 simulation results are preseried showing the unfairnessbetweenthe Access
Point and stations for di®erern tratc models. The simulation results from OPNET and
MATLAB are validated by analytical models. Section 5 shavs how the unfair channel
accesgphenomenonis evenintensi ed in IEEE 802.11enetworks with the introduction of
transmissionbursts. Finally, a short conclusionand a brief outlook is givenin Section 6.

2 Related work

A large amount of papers have been published on the Wireless LAN channel access.
In this section however, just the papers addressingany kind of unfairnessin Wireless
LAN are preserted. The rst part covers generalunfairnesspapers and the secondpart
focuseson TCP unfairnessover Wireless LAN.

Gilles Berger-Sabbatel[2] analyzesthe short-term fairnessin Wireless LAN and its
impact on the delay. To evaluate the fairnessin WirelessLAN saturated sourceswithout
any hidden oder exposedstations are used. Using the Jain fairness index, it is shavn by
an analytical model, simulations, and measuremets, that the DCF is short-term fair.
Furthermore, it is claimed that many papers|[6, 7] considerthe IEEE 802.11standard as
short-term unfair becausethese papers use the Wavelan CSMA/CA accessmethod [8]
for their simulations without noticing that the accesanethod di®ersfrom the DCF.

In [9] and [3], the authors obsene a signi cant unfairness between downlink and
uplink °ows when the DCF or the Enhancad Distributed Channel Access (EDCA) from
the IEEE 802.11¢e[10] standard is employed in a WirelessLAN with an AccessPoint. It
is claimedthat the DCF allows equal utilization of the medium and thus, if the downlink
has much more o®eredoad than the uplink, the downlink becomesghe bottleneck. Grilo
et al. [9] usethree tratc models, a voice model, a video model, and an HTTP tratc
model. The results shov that as soon as the utilization increases,the AccessPoint
becomesthe bottleneck both with the DCF and the EDCA. To solve the problem, the
AccessPoint should use a polling basedaccessmedanism. In contrast, [3] proposesa



medanism where the AccessPoint usesa shorter interframe spaceduration compared
to the stations before accessinghe shared medium.

The TCP unfairness between uplink and downlink connectionsin Wireless LANs is
preseried in [11, 12, 13]. It is shown for di®eren tratc modelsthat the downlink °ows
tend to starve. The rst paper claims that the starvation is causedby both the TCP-
induced and the MA C-induced unfairness. Pilosof et al. [12] claim that the problem
can be solved by increasingthe bu®ersize at the AccessPoint to avoid padet lossdue
to bu®er over’ow. Similar to this paper, [13] identi es the equal accessprobabilities
of the AccessPoint and the stations as the problem for the TCP unfairness. However,
they shawv that an increasedbu®er size does not solve this misfortune and proposean
adaptive EDCA parameter set.

Another paper about TCP unfairnessis presened by Blefari-Melazzi et al. [5]. They
claim that downstream TCP connections su®erbecauseof the arising congestionand
corresponding padket losseshappening in the download bu®erat the AccessPoint. Fur-
thermore, for upstream TCP connections, the AccessPoint has to transmit the TCP
Acknowledgmerts which are delayed and lost, becausethe AccessPoint cannot access
the medium with a priority higher than other stations. [14] also looks at the TCP
fairnessfor upstream °ows. They have shown that the TCP adknowledgmert will be
delayed using the standard DCF accessmedanism. Howewer, they proposea scheme
of how to prioritize the AccessPoint by using a di®erert parameter set for the medium
accessaccordingto the IEEE 802.11estandard. The proposedmedanismswere tested
in an experimental scenarioand the results can be found in [15].

In this paper, we preser the fairnessin terms of collision probabilities which is com-
pletely di®erert to the papersdescribed above. Therefore,we rst introduceour fairness
considerationswith a small simulation scenarioand afterwards, we will presen the re-
sults of complex simulation studiesusing UDP voicetratc and TCP tratc °ows. These
results are validated by analytical models.

3 Intro duction to the Unfair Channel Access Phenomenon

Sincethe contention accessparametersfor both the AP and the stations are identical,
seeTable 1, it could be expected that the channel accessamong stations and the AP
is fair in terms of collision probability. To underline this assumption, a simulation
is con gured using the OPNET Modeler [16] simulation environment with the IEEE
802.11gWireless LAN model. 23 stations are communicating with the AccessPoint
using a bi-directional voice stream. Each voicestream s characterizedby the interarriv al
time of the padkets, the padket size, and the beginning of the voice conversation, the
phase. In the simulation, the phaseis chosenuniformly distributed within an interval of
10ms. The ITU-T G.711[17] voice codecis usedwith an interarrival time of 10ms and
a data rate of 64kbps. Fig. 1 depicts the average collision probability of the scenario
during the steady-state phase.

Surprisingly, the simulation exhibits that the channelaccesss seerely unfair between
the AP and the stations. The averagecollision probability measuredat the AP is just
belowv 5% and the lowestin the network. The averagecollision probability of the stations



0.3

0.25 23 stations ]

: _'_/
2 R
= 0201
S EeEemm-————
g I
3 MQ
3 0.1} .
© 1

1
“NAccess Point

O i i
50 60 70 80 90
simulation time (s)

Figure 1: Unfairness between AccessPoint and stations

rangesfrom around 5% up to over 20%. The causeof the di®ereri collision probabilities
of the stations lies in the phase patterns. Further simulations have shonvn the same
behavior, i.e. that the collision probability of the AccessPoint is always the lowest. We
should remark that only one padket is transmitted during one transmission opportunit y,
meaningthat no frame bursting (TX OPLimits) from the IEEE 802.11estandard is used.
The e®ectof frame bursting is shown in Section5.

The di®erencein the collision probabilities can be traced back to the unfair channel
accesdetweenthe AP and the stations. This can be explained as follows. Each station
competesagainst 22 stations and the AccessPoint for the channel access.On the other
hand, the AccessPoint competesagainst 23 stations. It seemshat every network entit y
hasto compete against 23 others. However, the AccessPoint hasto accesshe channel
as often as all 23 stations together. During one 10ms interval ead station has to
transmit one voice padcet, whereasthe AccessPoint hasto accesghe channel 23 times.
In other words, the probability of a frame collision upon a channel accessof a station
is signi cantly higher comparedto the collision probability of the AccessPoint. This
explains the di®erert collision probabilities of a single station and the AP from Fig. 1.

4 Unfairness of the DCF

The simple simulation scenariohas shaovn the unfairnessbetweenvoice stations and the
AccessPoint in terms of collision probability. In this section, an analytical model is set
up for the voicetrazc scenario. The results are comparedwith a simple MATLAB sim-
ulation and a detailed OPNET simulation. The secondsubsectiondealswith the unfair
channel accesdor downlink TCP °ows. There, the unfairnessis even more obvious.



4.1 Unfair Channel Access Using Voice Trazc

As in the previous scenario, an infrastructure basic service set is con gured with N
stations and one AccessPoint. The stations and the AccessPoint are communicating
symmetrically usingthe ITU-T G.711voicecodec[17]with a padket interarrival time of
A = 10ms. Further, let M be the number of slots betweentwo padet arrivals. These
slots can either be usedfor padket transmissions,interframe spaces,or contention.

Assume that all stations and the AP are able to transmit their padkets within the
interval A. This meansthat every station is able to transmit one padket during this
interval and the AP is able to transmit N padkets. So, during the interval A, 2 ¢N
packets are transmitted. X slots are neededto transmit one padket, including the
ACK, the Short Interfr ame Space (SIFS), the Distributed Interfr ame Space (DIFS), and
the padket transmission itself. This meansthat during the interval A, the remaining
M j 2¢N ¢X slots are available for contention.

Now the accessprobability and collision probability can be calculated using an itera-
tion process. The iteration starts by calculating the accessprobabilities assumingthat
no collision occurs on the channel. This results in the probability

1
0 —
Ps= M7 @N DX @
that a station accesses given slot and the probability
N
0 _
PAp = M N T DX @

that the AccessPoint accessethe medium. The numerator shavs the number of padkets
that have to be transmitted and the denominator describes the number of available
slots. One transmission is subtracted becausethe station or AccessPoint whoseaccess
probability is calculated has not yet transmitted its padcet. Having de ned the initial
accessprobabilities of the iteration process,the independert collision probabilities can
be calculated:

G=1i (Li pRe)(Xi PO ! ©)

g = 1i (Li pON; (4)

with g being the collision probability of the stations and gap being the collision
probability of the AccessPoint. Before rede ning the accessprobabilities, the mean
number of collisions have to be estimated. The mean number of transmissions needed
for a successfulpadket reception leadsto Xs = E(Ged(t)) = 1.& for the stations and

i Os

Xap = E(Gedgap)) = liquZp for the AccessPoint. The transmission of N padkets

results in an N-fold geometric distribution or in Ys = E(NegBin(gs;N)) = % for all

stations together and Yap = E(NegBin (dap)) = {2 for the AccessPoint. Assuming

that two or more padkets collide, the mean number of collision K can be de ned as
&N + N
K - 1i s 1i gap (5)

2



Knowing the averagenumber of collisions, the remaining number of slots for corntention
isM j (2N j 1+ K)X and the new probability that a station accesses slot is

et 1
pl = i (6)
S Mij (2N 1+ K)X
N aap + N
T
PAe = S )

Mi 2N 1+ K)X

Finally, we can iterate betweenq and p° using (1) and (2) asthe initial accessprobabil-
ities.

In order to comparethe results from the analytical model, we have performed simula-
tions using MATLAB and OPNET. The MATLAB simulation includesthe CSMA/CA
medanism without regarding extensions like immediate transmission from the Dis-
tributed Coordination Function or in°uencesfrom other layers. In corntrast, the OPNET
simulation includesthe complete DCF with all its extensionsand simulates all layers of
the ISO/OSI Stadkk. The parameters used for the simulation and the analytical model
are shown in Table 1.

Table 1: Parametersfor the simulations

Parameter Value
Voice frame duration 10ms
Wireless LAN standard | IEEE 802.11g
Data rate 54Mbps
Control data rate 24Mbps
Slot length 91s
DIFS time 281s
SIFS time 101s
CWmin 15
CWmax 1023
Padket length 960bits+header
ACK length 112bits+header
Signal extension 61s
AP bu®ersize 4,096,000bits

The results from both the analytical model and the MATLAB simulation are illus-
trated in Fig. 2. It shows the averagecollision probabilities for 2 to 24 voice stations.
Two obsenations can be made from this experimert. First, it revealsthat the analytical
model and the simulation t well. The secondobsenation is that both the analytical
model and the simulation reveal the unfairnessbetweenthe AccessPoint and the sta-
tions. For 24 stations, the collision probability of the AccessPoint is around 5.5% and
for the stations around 10.5%.

The results showv however only the unfairnessin terms of collision probability for the
CSMA/CA channel accessprotocol. The DCF of the IEEE 802.11standard has some
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Figure 2: Unfairness between AP and stations; comparison betweena MATLAB simu-
lation and analytical results

extensionsto the CSMA/CA protocol like immediate transmissionsand post backo®s.
Therefore, a detailed simulation was set up using the OPNET Modeler 12.0. The simu-
lation accourts for the complete DCF and the full ISO/OSI stadk. In Fig. 3, the OPNET
simulation results are demonstratedtogether with the results from the analytical model.
The gure revealsthat the collision probability of the analytical model is higher than
that of the simulation, especially when the network is not at its capacity limits. This
e®ectresults from immediate transmissions. If a station in idle mode senseghe medium
idle for at least a Distributed Interfr ame Space (DIFS) it is allowed to directly transmit
the padket without waiting for a bado® interval to expire. In highly loaded networks,
the number of immediate transmissions decrease. This is the reasonwhy the collision
probabilities of the analytical model and simulation match well under high load. How-
ever, the gure alsoshaws the unfairnessbetweenthe AccessPoint and the stations. For
27 stations, the collision probability of the AccessPoint is 8.23% and for the stations
15.68%.

4.2 Unfair Channel Access for TCP Traxc Flows

All results, the OPNET simulation, the MATLAB simulation, and the analytical model
show the unfairnessin Wireless LAN for bi-directional voice tratc. In this chapter
howewer, it is evaluated whether the unfairness between stations and the AccessPoint
alsooccursfor TCP tratc. Therefore, saturated downstream TCP tratc is considered
which meansthat every secondTCP downlink padket is adknowledged by the station.
The padcket sizefor the downlink padetsis setto 1500Bytes. With all headers,the MAC
Acknowledgmert frame, and the interframe spaces,37 slots are neededto completely
transmit one TCP padket using the IEEE 802.11gstandard. In corntrast, the TCP
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Figure 3: Comparisonof OPNET simulation results with the complete DCF and analyt-
ical results

Acknowledgmert only needs13 slots for transmission. Further parametersfor the TCP
simulations are shawvn in Table 2.

Table 2: Parametersfor the TCP simulations

Parameter Value
Application saturated TCP
Padet size 1500Bytes
TCP receive bu®er 65535Bytes
Fast Retransmit enabled (TCP Reno)
MTU WLAN (2304 Bytes)
WLAN AP bu®er 1024e4bits
WLAN station bu®er 1024e3bits
CWmin 15
CWmax 1023

The simulations have beenperformed using both the OPNET Modelerand MATLAB.
Thereby, similar to the voice scenarios,the OPNET simulations accourt for the com-
plete stadk with a detailed TCP model and the MATLAB simulation only considersthe
WirelessLAN MAC layer and a TCP emulation. An analytical model for the unfairness
phenomenonusing TCP tratc israther complex. The analytical voicetratc model can-
not be useddirectly, becausethe padkets do not arrive in xed intervals and especially
the TCP Acknowledgmerts from the stations depend on the transmitted padkets on the
downlink. Therefore, only an approximation is made also using an iteration process.
To start with the iteration, the accessprobabilities are calculated using the following



equations:

1
0 _
Ps= 2¢N cCw (8)
1
0 _ .
pAP CW * (9)

As you can seefrom these rst equations, we assumethat the backo®is calculated
between0 and the contention window (CW) in every badko®interval. This resultsin an
accesgrobability of ﬁ for the AccessPoint; becausethe AccessPoint tries to transmit
apadket in every contention phase. In contrast, a station only tries to accessvery second
frame. N is again the number of stations in the system. From this starting point of the
iteration process,the collision probability is calculated similar to the analytical voice
model:

6=1i (1i pRe)@i pYNi? (10)
gap = 1i (Li pdM: (11)

Now, the accessprobabilities for the stations can be rede ned

0 ﬁ +1 12
P~ TN cow (12)
and the AccessPoint
0 liquF/,-\P +1 13
Pap = W (13)

The factor % and % result from simulation studies and depend on the number of

padkets which are transmitted before the AccessPoint or the station can accessthe
wirelessmedium. The collision probabilities from the simulations and analytical model
are shovn in Fig. 4. On the x-axis, the number of TCP stations is increasedfrom 1
up to 16. The gure revealsthat the collision probability of the AccessPoint is not
in°uenced by the number of clients. In cortrast, the collision probability of the stations
increasewith an increasing number of stations until a constart level of around 14.4%
is reached. If we comparethe collision probabilities of the bi-directional voice scenario
and this TCP scenario,the unfairness between AccessPoint and the stations becomes
even more obvious. The collision probabilities of the station is 2.6 times higher than the
collision probabilities of the AccessPoint.

In real-world scenarios,this unfairnessis even worse. With the introduction of the
TXOPLimit in the IEEE 802.11e[10], the AccessPoint is allowed to transmit seweral
padkets in a row only separatedby short interframe spaces. In the following section,
we will show the unfairnessin IEEE 802.11enetworks in terms of collision probability,
contention delay, and delay variation.
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5 Unfairness of the EDCA

With the introduction of the IEEE 802.11estandard and the TX OPLimit, the unfairness
betweenstations operating at di®eren loads changed. The TX OPLimit de nesthe time

a station is allowedto transmit padetsin arow after it gainedaccesgo the medium. The

padkets are only separatedby the Acknowledgmert frame and a short interframe space.
For our scenario,this meansthat the AccessPoint can transmit more than one pacdket,

up to all N padkets for the N stations, after it gained access. When considering the

detailed analytical model this meansthat the accesgrobability and collision probability

of the AccessPoint decrease.The e®ectis that more stations can be supported because
the wirelessmedium is better utilized. However, the unfairness between stations and

AccessPoint increases.

5.1 In®uence of the TX OPLimit on Voice Tratc

The in°uence of the TXOPLimit parameter can also be showvn with somesmall modi-
“cations of the analytical model from Section4. g and gap remain the sameand only
pd and pgp have to be changed. For the stations, the nominator remains the same
and the denominator has to take the number of padkets within a burst into accourt.
This depends on the number of stations in the system. The more voice stations are
active in the system, the more average number of padkets are transmitted per byrst
from the AP. Thus, the AccessPoint just hasto cortent for medium accessS = &'
times instead of N times. Howewer, the number of slots neededto transmit a burst is

enlargedto X + (%i 1)¢Y whereY is the time it takesto transmit ead ongoing padket
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(SIFS+Data). This results in the accessprobability of the stations:

pe =

and the AccessPoint:

0 _
Pap =

4
1j g 1

(14)

Mi (Nj 1+ K)X i S(X+(%i 1Y)

S ¢ %

+
i dap S

(15)

M1 (N+ KX (Si DX+ (X7 1Y)

Finally, the averagenumber of collisions decreasesvhich results in:

K .

E

> ] . Ya
NegBin(gap;S) + NegBin(gs;N)

(16)

2

The results of the analytical model and the OPNET simulations are shown in Fig. 5.
For the simulation, the parameter settings have beenset to the valuesspeci ed in Ta-
ble 1 and the TXOPLimit for the voice queueis setto 1504t s. With these settings, a
maximum number of 32 voice stations can be supported. The gure revealstwo things.
On the one hand, the collision probability in both directions decreasesomparedto the
results from Fig. 3 but on the other hand, the unfairness between AccessPoint and
stations has increased. While the average collision probability stays almost constart
at around 0.8% with an increasing number of stations, the collision probability of the
stations increasesfrom 1.5% for 20 stations up to 11.8%for 32 stations.
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Figure 5: Unfairnessbetween AP and stations with a TX OPLimit of 1504 s

5.2 In®uence of the TX OPLimit

on TCP Traxc

Finally, the in°uence of the TXOPLImit parameter is evaluated for TCP trazc °ows.
The TCP traxtc model from Section 4.2 is usedfor the simulations. Fig. 6 exhibits the

11



average collision probabilities for three di®erert settings of the TX OPLimit, one data
padket, 1504ts , and 3008ts . With a TXOPLimit of 1504's up to 4 TCP padkets can
be transmitted in a row after the AccessPoint hasgainedaccesdo the wirelessmedium.
Sinceno Block-Acknowledgemelts are used,the AccessPoint recognizesa collision right
after the rst padket of a transmissionburst is transmitted and will stop the transmission
of the following burst padkets.
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Figure 6: Impact of transmission bursts on the collision probabilities

The gure revealsthat an increasing TX OPLimit decreaseghe collision probability
for both the AccessPoint and the stations becausethe accessprobability of the Access
Point decreases. However, the unfairness between the stations and the AccessPoint
remainsthe same. Therefore, we can concludethat the IEEE 802.11estandard doesnot
disposeof this unfairnessphenomenonneither for voice UDP °ows nor for TCP °ows.

6 Conclusion

In this paper, we revealedan unfairness phenomenonon the channel accessn Wireless
LAN. In cortrast to other publications in this area, which focus mostly on the fairness
of TCP streamsin Wireless LANs, we have taken a look at the fairnessin terms of
collision probability and contention delay on the wirelesslink. We have seenthat highly
loadedstations, normally the AccessPoint, are preferedcomparedto low loadedstations.
Analytical models and simulations have shawvn that the collision probabilities di®er by
a factor of 2. The knowledge of this unfairnessis a prerequisite for load and admission
control medhanisms. If these medanisms are based on measuremets at the Access
Point only, the gathered data doesnot re°ect the current situation appropriately.
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