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Abstract

In access-point basedwirelessnetworks,employingthe IEEE
802.11protocol in DCF mode, withoutbandwidth managementand
ratecontrol, users pumpdatainto thenetworkasfastas it is gen-
erated.This resultsin a lossof QoSfor theuserandperformance
degradation of the network. There is a needfor bandwidth allo-
cationandfor users to co-operativelycontrol their ratesbasedon
theallocated bandwidth. In this paper, weuseprice asa signalfor
bandwidth allocation in wirelesshot spotnetworks. We allocate
more bandwidth to users that paymore. At thesametime, wealso
aimto maximizechannelutilizationandincreasemeansatisfaction
acrossall theusers.

1 Intr oduction and Moti vation

Recentyearshavewitnessedtheemergenceof thephenomenon
of near-ubiquitousInternetaccessthroughwireless“hot spot” net-
works. A hot spot is a hotel, airport, cafe or restaurantprovid-
ing accessto the Internet via anaccess-point (AP) basedwireless
local-areanetwork (WLAN) thatusuallyemploys theIEEE802.11
protocol in DCF mode.Userscanwalk into thehotelor cafewith
their 802.11 interface-equippedlaptopsor PDAs and,after some
network configuration, canaccesstheInternet. Suchhotspotwire-
lessnetworks arealsoavailableat mosttechnicalconferencesfor
theuseof thedelegates.

One major challenge in hot spot networks is the distribution
of thesharedresourceof bandwidth amongst thenumeroususers.
Userscanhave different requirements,basedon the applications
they arerunning. In addition, they mayalsobewilling to paydif-
ferentsumsof money for thesamequantity of bandwidth. This is
becausethesameamount of bandwidth is wortha lot to someusers
(e.g.astock-brokerwhoneedsto makeanimportantbuying/selling
decisionbasedon thepriceof a certainstock)andnot somuchto
others(e.g. a personwho is checking his/here-mail for thefourth
time in anhour). In theabsenceof a bandwidth arbitrationmech-
anism,eachuserwill pumpdatainto the network as fastas it is�
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generatedandif the sumof the ratesexceedsthe channel capac-
ity, thentherewill besevereperformancedegradation.Bandwidth
managementandco-ordinatedratecontrol enhancestheQoSof the
individualapplications,asshown in [12]. In this paper, we address
this problemof how to distributebandwidth in a wirelessLAN be-
tweenuserswith different requirementsandwilling to paydifferent
sumsof money. Weattemptto maximizechannel utilizationaswell
assystemrevenue,while keepingusersatisfactionalsoin mind.

Eachuser, onceallocateda certainportion of the total network
bandwidth, mustco-operatewith thenetwork provider andcontrol
his/herrateto conform to thebandwidth fractionallocated. While
we donotaddressthis problem of co-operativeandcollective rate-
control, it is anactive areaof researchat various layersof theOSI
protocol stack. Fair scheduling at the MAC layer [13] addresses
thisproblemof ratecontrol.Weaddresstheproblemfromthepoint
of view of thepolicy in allocatinga portionof theoverall network
bandwidth to eachuser. Themechanismof how eachuserconforms
to its allottedsharefalls under thedomain of fair scheduling at the
MAC layerandotherratecontrol schemes.

The rest of this paperis organizedas follows. Section2 is a
formal representationof theproblem. Section3 discussesthecon-
ceptof channel time proportion which is integral to our scheme.
In Section4, wepresenttheoverall architecture of ourschemeand
our channel time allocationalgorithm. Section5 contains a sum-
maryof ourexperimentalsetupandresults.Section6 discussesthe
relatedwork in theareaandSection7 concludesthepaper.

2 Network Model

We assumea singleIEEE 802.11 subnetwith a singleAP and
a set � of userswith wirelesshosts.Eachuser ����� hasa maxi-
mumbandwidth requirement 	�
���
�������� andaminimumbandwidth
requirement	�
���
�������� , bothin bitspersecond.Themaximumand
minimum bandwidth requirementsinclude bothuplink anddown-
link bandwidths. They canbeestimatedby the userbasedon the
applicationshe/sheintendsto run andcanbechangedat any time
during theuser’sactivity. Forbest-effort flows, 	�
���
�������� �"! . The
user’s utility curve is thusof theshapeshown in Figure1. Sucha
utility curve hasalsobeenusedpreviously in literature[12, 10].

Oneof the major contributionsof our schemeis that we con-
vert bandwidth requirementsinto channel time proportion (CTP)
requirements.The channel time proportion is the fractionof unit
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Figure 1. Utility cur ve of user s.

time a userutilizes the channel for sendingandreceiving his/her
data. This is directly relatedto the bandwidth because, larger
this fraction, the more datain unit time a usercansend/receive,
andthusthe larger his/herthroughput. The detailsof the conver-
sion of bandwidth requirementsinto CTP requirementsare dis-
cussedin Section3. The minimum bandwidth requirement of
user � , 	�
���
�������� is convertedinto a minimum CTP requirement# 
���
�������� andthemaximumbandwidth requirement 	�
���
������$� is
converted into a maximumCTP requirement # 
���
�������� . Obvi-
ously, # 
���
��������&%(')!*!�+ .

Eachuser � also hasa maximum price �-,.
��/� that he/sheis
willing to pay per minute for 1% of the channeltime 1. 0 
��/�-��1,2
��/�43 # 
���
����*�$� is thusthemaximumbid (in centsperminute)
thattheuser� is willing tomakefor theserviceit is requesting. The
valuesof 	�
���
�������� , 	�
���
�������� and 0 
��/� arevalid for the entire
sessionof user � , unlesschangedby theuserin between.

A centralizedBandwidthManager (BM) situatedat theAP takes
asinputtheCTPrequirementsof all theactiveusersaswell astheir
maximum bids. It outputs thecurrent price , (in centsperminute
for 1% of thechannel time) andtheCTP # 
���
��5� allocatedto each
user ����� , which arecalculatedusingthealgorithm presentedin
Section4. # 
���
��������6% # 
���
7�8�9% # 
���
�������� . Therevenuefrom a
particular user� , in centspersecond,is ,:3 # 
���
7�8� . If this is smaller
thanuser� ’sbid 0 
��/� , thenthebalanceis refundedto theuser. The
refund is very importantbecauseit encouragestheuserto bid high.
If the bid is excessive, no harmis done, the balanceis refunded.
The instantaneous revenueof the network provider, in cents/min,
is ; �(,�3=<>�?*@ # 
���
��5� . Thetotal revenue is ; aggregatedover the

entiretime of operation of thenetwork. If theset � changes(users
arrive or leave), or if a userchangeshis/herparameters,thenthe
price , andtheCTPsof all theusers� have to berecomputed,and
thevalueof ; in cents/minalsochanges.

3 Channel Time Proportion (CTP)

3.1 Effective ChannelCapacity

In theprevioussection,we mentionedthatwe convertedband-
width requirementsof theusersinto channel timeproportion (CTP)
requirements.Themotivation behind thiswasthateachuser’scom-
munication with the AP is affectedby varying levels of medium
contention, fadingandinterference. If thesephysicalerrorsgreatly
affect thewirelesslink betweentheuserandtheAP, thena greater

1We have arbitrarily picked minutes andcents, respectively, astheunitsof time
andmoney in this paper. Similarly, the minimum resolution of CTP usedin this
paper(1%) hasbeenarbitrarily chosen.Network providerscansettheseparameters
to suit their network.

lengthof time mustbe expendedtowardssendinga single IEEE
802.11MAC frame,belongingto thisuser-AP connection,over the
link. This is becausethewirelessterminal(useror AP) mayhaveto
wait longerfor themedium to beunoccupied(backoffs arelarger),
and/or deal with collisions and RTS/DATA re-transmissions. If
a greater lengthof time is expendedin sendingthis connection’s
framesoverthewirelesslink, thentheeffectivebandwidth or chan-
nel capacity	BAC
��/� perceivedby this user-AP connection(recipro-
cal of thetime expended)is smaller. Fewer framesof this user-AP
connectioncanbe sentover the wirelesslink in unit time. Since
eachuser-AP wirelesslink is affectedby a differentlevel of physi-
calerrors,eachlink perceivesadifferent effectivenetwork channel
capacity. Thephysical errors alsovary with time, so theeffective
channel capacity	CAC
��/� alsovarieswith time.

RTS CTS DATA time

packet received

channel busy
and contentions ACK

st
packet ready

tr

Td

Figure 2. Measurement of 	 A 
��/� .
Figure2 describesthemeasurementof 	 A 
��/� at theMAC level.

Theeffective channel capacityis estimatedby averaging thevalue
of 	DAC
��/�E� FGIH)JKGML measuredoverseveralframetransmissions.This
measurementtakesinto account medium contentioneffectsdueto
otherusers,which would result in a longer backoff interval, and
alsofadingandinterferenceeffects(at both senderandreceiver),
which maycausea lossandconsequentre-transmissionof RTS or
DATA packets. The measurementcanbe donein the MAC layer
802.11 device driver at the AP alone,for eachuser-AP link. The
BM programat theAP periodically probesits MAC layerAPI for
the 	 A 
��/� estimatefor the link to eachuser � . Detailsof themea-
surement mechanism, including dealingwith initial conditions and
normalizationfor different framesizes,areavailable in [3]. The
measurement mechanism hasbeentestedfor accuracy using the
ns-2simulatorandalsousedin a real802.11network [12].

3.2 Converting Bandwidth to CTP

Weusetheeffectivechannel capacity	 A 
��/� perceived onauser-
AP link, determinedin theprevioussubsection,to convert theuser� ’s bandwidth requirementsto its CTP requirements. We canil-
lustrateusinganexample theneedfor doingthis conversionprior
to admissioncontrol. Assumethat the delay N)OQPRN�S from Figure
2 in transmittinga singleMAC frameis suchthat 10 framesof a
particular size T canbe transmittedin a secondover the user-AP
link for user � . Assumethatuser� ’s minimum bandwidth require-
mentis 3 framesof size T persecond. Then,user� requiresat least
30%of the channel capacity. It needsto beactive on thechannel
for 30%of unit time to meetits minimumbandwidth requirement.
This leavesonly 70% of unit time availableto otherusers,which
directly affectstheir admission.Although our example is in terms
of framesper secondof frame size T , we canextend this logic to
bits per secondalso. If U bits canbe transmittedover a wireless
link in a second, given a certainlevel of physicalerrorson it, and
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a userrequiresa minimum throughputof V bits persecond,thenin
effecttheuserrequiresafraction WX of unit timeonthechannel. The
purposebehindthenormalization operation in [3] is to convert the
framesper secondcapacityof a wirelesslink, for differentframe
sizes,into acommonbits persecondcapacity.

The CTP requirementsof user � , # 
���
�������� and # 
���
�������� ,
canthusbe obtainedby simply dividing its respective bandwidth
requirements 	�
���
�������� and 	�
���
�������� by 	 A 
��/� . # 
���
��������R�Y�Z >)[ \^]`_baY�cdZ >Ba and # 
���
������$�4� YeZ >)[ \^fhg)aY�chZ >Ba .

User 1 User 2 AP

1.2 Mbps 1.8 Mbps
be(1) be(2)

1.1 Mbps
b(2,min)b(1,min)

0.6 Mbps

(a) Using bandwidth in admission
control.

User 1 User 2 AP

c(1,min)=0.5

c(2,min)=
              0.61

(b) Using CTP in admission con-
trol.

Figure 3. Diff erence between using band widt h and
CTP for admission contr ol.

Figure3 showsthedifferencebetweenusingCTPfor admission
control asopposedusingpurebandwidth asin [10]. In Figure3(a),
bothusersareadmittedbecauseadmissionis donepurely onband-
width and the minimum requirementsare less than the effective
channel capacitymeasuredfor therespective users.In Figure3(b),
bothuserscannotbeadmittedbecause,in sum,they requiremore
than100% of unit timeonthechannel, whichis obviouslynotpos-
sible.If admissioncontrol basedpurelyonbandwidth requirements
andnot CTP (Figure3(a)) is done,thenanoverflow will occurat
theinterfacequeue.

4 SystemAr chitecture and Channel Time Alloca-
tion Algorithm

The componentsof the systemandits overall architectureare
very similar to that of the bandwidth management schemede-
scribedin [12]. Theprice-basedchannel timeallocationalgorithm,
however, is completely different from the “f air” allocationalgo-
rithm in [12].

4.1 SystemAr chitecture

UA

MAC

User f AP
c(f,min)
c(f,max)
B(f)

User h

User g
p, c(g,a)

p, c(h,a)
be(f)c(f,a)

MAC

BMbe(f)
p, c(f,a)

Figure 4. System architecture .

Theoverall architectureof thesystemis shown in Figure4. The
UserAgent (UA), at the applicationlayer, takes from the user �
thevaluesof 	�
���
�������� and 	�
���
�������� . It obtains from theBand-
width Manager (BM) at theAP thevalueof 	 A 
��/� for its link with
the AP. The UA thencomputesCTP requirements# 
���
�������� and# 
���
������$� , asdescribedin the previous section,andsendsthem,
along with user � ’s maximum bid 0 
��/� for theseCTP require-
ments,to theBM attheAP. TheBM computes,usingthealgorithm
in thenext subsection, thesystemprice, andCTPallocatedto each
user. It thenconveysthesevaluesto all UAs of all theusersthrough
a subnetbroadcast.TheUA of eachuserpassestheCTPallocated
to it to the scheduler at the MAC level so that it canuseit asthe
“weight” of this userin the fair schedulingalgorithm. A perfor-
manceevaluationof this basicschemevia ns-2simulationsaswell
asin a real802.11 network testbed,coupled with a “f air” channel
timeallocationalgorithm, is availablein [12].

If atany stage,theuser’srequirementsorbidchangeor thevalue
of 	 A 
��/� variessignificantly, the UA hasto re-negotiatewith the
BM with thesenew parameters. (TheBM informstheUA of user�
the 	DA�
��/� valueit periodically retrieves from theAP’s MAC layer
API.) There is incentive for theuserto re-negotiateevenwhenre-
questingasmallerCTP, becausethesmallertheCTPrequested,the
lower thepricehe/shehasto pay. If a useris within range of mul-
tiple APs, thenhis/herUA canjust pick whichever onegives the
userthebestdeal,in termsof CTPallocatedandpricecharged.At
any time, a usercanquerya BM for systeminformationsuchas
the current price , , reserve price iCj�TBjBiCk�j7, , or channelutilization<>b?*@ # 
���
��5� , andusethis information in his/herbidding decisions.

TheBM mayalsoprovide a new userall theparameters of all the
existing users,without actuallynamingthem,sothat thenew user
can locally execute the BM’s channel time allocationalgorithm,
andobtaina resultantpriceandCTPallocation.Depending on this
result,thenew usermaydecideto change someof its parameters,
or maydecideto notbid at all, at this time.

4.2 ChannelTime Allocation Algorithm

The pseudo-code of the channel time allocationalgorithm is
shown in Figure5. This algorithm runs at theBM andis responsi-
ble for determining thecurrent channel price , andthe individual
users’CTPallocation.

Thenetwork providersetsafixedreservepricewhich is derived
from thecostof maintenanceof thenetwork. Thepricepersecond
of 1% of CTP is never lower than the reserve price. In the triv-
ial casewhere <>b?*@ # 
���
������$�l%m')!b!8+ , the price is just setto the

maximum of the reserve priceand �����>b?*@on �-,.
��/�dp . A reserve price

ensures that usersdo not get away with settingtheir �1,2
��/� very
small,andthusyielding very low revenueto thesystem.By setting
thepriceto �����>b?*@ n �1,2
��/�dp , in thecasewhereit is greater thanthani�jCTBjBiCk�j7, , our algorithm finds the largestprice for which average
usersatisfactionis 100%andchannel utilizationis maximum. (See
Appendix for proof.) Alternatively, in this trivial case,thenetwork
provider may opt to just set the price equalto the reserve price,
irrespectiveof the �1,2
��/� values.
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proc CTAlloc qMrts u�v�wdxDyDz�{}|o~I����x)�1��|�{}�7y){}��wd~I�5�oxDyD|�{hy�xB�9�9�$qM�5���l�
do yB{}|�x9s u����b��w}{C�

if q$��C�C� �)qM�����1�����2���}�)�C�Q� then ��s u��1��� � yB{Dw}{}y)��{������1~I��C�C� � �9�$qM�5�e�B�C�
foreach ����r do�)qM�����*��s u��1~I� � �)qM���e�1��������� qM�5��¡������
od

else ¢ s u¤£�x)��{�¥�w}{}yBw���y)xD�"z�x��9xB��r¦¥8�5z�~M�§��B�C� �)qM�8���1�����2¨��}�)�C�RxDyEr©u � �C�
while q ª �1s u��-�b� � y){)w}{}yD��{e�K� «¬�­D®6¯/°²±7³´Mµ�µe¶2· «¸ ­)¹5º ° �d» ¼.½d¾ ³ �d¿ÁÀÂ�1~I��B�C� � �9�$qM�5�e�)� do

if qMrRu � �)� then Ã y){}�bÄ��
else ¢ s u ¢ÆÅÈÇ ~IyBwdzÉ¥�w}{}y��lrQ�

fi
od
foreach ����r do�)qM�����*��s u��BqM���e�-�b�5���
od
foreach � � ¢ do�)qÊ�5���*�.s u�� qÊ�*��¡��K�
od

fi
if qMË��1��rÍÌh�BqM���e�*��¨Â�)qM�8���1~I�K��� then |�{D�Î{}z�{�qM�8��r9���yB{}|�x9s u�z�yD¥5{C�
fi
while q�yB{}|�x^u�z�y)¥8{)���
.

Figure 5. Channel time allocation algorithm.

In thenon-trivial case <>�?*@ # 
���
��������oÏÍ')!b!8+ , theBM allocates

theCTP so that revenue is maximizedwhile keeping channel uti-
lization at 100%. The users�Ð�Ñ� aresortedin non-decreasing
orderof �1,2
��/� . Let Ò be this sortedset. Repeatedly, the user
with the lowestvalueof �1,2
��/� is removed from Ò andadded to
a set Ó until <>b?�Ô # 
���
���������ÕÖ')!*!�+ . The price is now set to

,�� ×¬�­)®^Ø ZÚÙ aF�Û7ÛdÜ J ×¸ ­)¹5Ý Z >)[ \^fhg)a . If ,©%Þ�����>b?�Ô n �1,2
��/�dp , thenthealgorithm

terminatesright there. If not, the current split of usersbetween
sets Ò and Ó is invalid. So, onceagainthe userwith the mini-
mum �-,.
��/� is moved from Ò to Ó andthe price is recomputed
for the new valuesof set Ò andset Ó . The procedure continues
until avalueof , is foundthatis %©�����>b?�Ô=n �1,2
��/�dp (i.e.,avalid split

of usersbetweensets Ò and Ó ) or until set Ò is empty. The last
valueof , computedis thepricefor thesetof users� . Theportion
of thealgorithm described sofar runsin ß�
�àD�=àD� time.

The CTP allocatedto eachuser �á�á� is simply # 
���
��5�������� n # 
���
������$�}
 0 
��/�7âd,ãp . If # 
���
7�8�äÕ # 
���
�������� thenuser � is
deletedfrom � . He/sheis blocked becausehe/sheis not paying

enough to even have his/herminimum CTP requirementbe satis-
fied. The algorithmmust run all over againfor the new valueof
set � . Theworst-caseoverall running time of thealgorithmis thusß�
�à)�6à}åC� .

Basically, in thenon-trivial casewhen <>b?*@ # 
���
��������QÏæ'B!b!�+ ,

the algorithm finds the maximum possiblevalid price for which
channelutilizationis 100%.Thealgorithm thusmaximizesrevenue
andchannel utilization simultaneously. As mentioned in the next
subsection, if theuserswereto enterinto anauction, thepricethey
will naturally settleuponat equilibrium is thepriceour algorithm
ultimatelysettlesupon, in thecasewhere <>b?*@ # 
���
���������Ïç'B!b!�+ .

This pricethusreflectsthetrueworth of channel time amongst the
usersin thenetwork.

If the algorithmterminateswith set Ò not empty, thenit basi-
cally meansthattheCTPallocatedto eachuserin set Ó is limited
by its maximum bid, andtheCTP allocatedto eachuserin set Ò
is limited by its maximum requirement. In otherwords,theusers
in set Ò havepaidmorethanthey requireto satisfytheirmaximum
CTPrequirementandwill hencereceive a refund. Conversely, the
usersin set Ó havepaidlessthanthey require to satisfytheirmax-
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imum CTPrequirementandwill have to settlefor lessCTP, while
their entirebid is consumed by the system2. Incidentally, the al-
gorithm ensuresthatuserswith thesamevalue of �1,2
��/� are,ulti-
mately, eitherplacedall together in Ò or all together in Ó . Thus,
wheninitially sortingtheusersin non-decreasingorder of �1,2
��/�
in Ò , tiescanbebrokenarbitrarily.

At any instant,thepricefor 1% CTPis thesamefor all users3.
As usersarrive andleave, thepricevariesdependingon the com-
petingdemand. The useris billed the instantaneousprice times
his/herinstantaneousallotment,aggregatedover his/herentireses-
sion, whenhe/sheleaves the network. We adopt an “acceptable
or nothing” QoS philosophy. A user gets acceptableQoS (be-
tweenminimumandmaximum requirements)or no serviceat all.
Whendemand increasesandCTPbecomesdearer, userswilling to
pay too little for their minimum requirementareblocked 4. Such
userscaneitherincreasetheirmaximum bid or decreasetheirmin-
imum requirementand rejoin the network, after a time delay è .
The algorithm works in sucha way that, if # 
���
��������Â�é! and# 
���
����*�$�&�ê')!*!�+ , ëã�¦�¦� , thentheuserswill beallocatedCTP
in the ratio of their �1,2
��/� values. The price in this casewill be<>b?*@ �-,.
��/� (cents/sec)/%CTP.

4.3 Centralized Auction of Channel Time

For thecase <>b?*@ # 
���
����*�$�^ÏÑ')!*!�+ , thealgorithm describedin

the previous subsectionis actuallya centralizedversionof a dis-
tributedauctionof channel time. It mustbenotedthatanauction
is a naturalway of resourceallotment wheneachbidder valuesthe
resourcedifferently. This is thecasewith wirelesschannel time in
a hotspotnetwork, aswe mentionedin Section1.

Assumeanascending,multi-unit auction[6] of channel timebe-
tweentheusers,suchthateachuseris allotteda CTPproportional
to its bid. (CTP allotted at any instant to a user is equalto the
user’sbid dividedby thesumof all bidsat thatinstant.)Now, users
increasetheirbidsin order to obtainmoreandmoreCTP. Thisbid-
dingcontinuesuntil all userseitherobtain theirmaximum CTPre-
quirement # 
���
�������� or reachthemaximum they arewilling to bid0 
��/� , i.e., the maximum sumof money they canafford. At this
point, the systemreachesequilibrium until a new userarrives,an
existinguserleaves,or someother parameter, suchasauser’smax-
imum bid, changes.The equilibrium price , is the true worth of
CTPamongsttheusers.

Table1 illustratesan example of sucha proportional, ascend-
ing, multi-unit auction. Threeusers, � F , � å and ��ì competefor
CTP. For the sake of simplicity, the minimum CTP requirements# 
���
�������� of all usersarekeptat 0%. Themaximum requirements# 
���
����*�$� of the threeusersare20%,40%and60%respectively.
Theirrespectivemaximumbudgets 0 
��/� are6,10and12centsper
minute,giving themthe respective �1,2
��/� valuesof 0.3, 0.25 and
0.2(c/min)/%CTP. Thetableshowshow theauctionplaysout. The

2It is not logical for auserwith a larger íEî8ï�ð�ñ to have its maximumrequirement
satisfied while onewith a smaller íEî8ï�ð�ñ value is not full y satisfied. This is the
reasonwhy usersaremovedfrom ò to ó only in non-decreasing orderof íoî8ïÊðbñ .

3Incidentally, theprice for 1 bpsthroughputis different for userswith different
channel qualities. This is alsothecasein [8].

4Best-effort users,sincethey have ô}ïÊðCõ�í=öÊ÷8ñ�ø�ù , arealwaysadmitted.

userseachstartbidding at the reserve priceof 0.1 (c/min)/%CTP.
At eachstage,the %CTPavailableto a useris proportional to its
instantaneousbid. Weassumeonly onebid periteration.Theorder
of bidding hasno bearingon theultimateoutcomeof theauction,
although the individual iterationsmay differ for different orders.
Without any lossof generality, we assumea round-robin orderof
bidding betweenthethreeusers.Theonly informationrequired by
a userto compute its next bid on its next turn is thecurrent price.
Usingthis alone,he/shecanfigureout whatshouldbehis/hernext
bid in orderto obtain eitherthemaximum requirementor exhaust
themaximum budget.

Obviously, sucha distributedauctionis infeasiblein our sce-
nario. The repeatedbids, eachresultingin a different CTP allot-
ment,constitutea very largeoverhead. Thenumberof bidsor it-
erations dependson thereserveprice,thenumber of users,andthe
respective requirementsandmaximum bids of the users.The de-
lay in attainingequilibrium canalsobeuntenably long,andduring
this time, the users’CTP allotment will be continuouslyvarying.
We centralize this auction by having all theusersprovide theBM
their limiting parameters: # 
���
����*�$� and 0 
��/� . Thechannel time
allocationalgorithm describedearlier then simulatesthe ascend-
ing auction. It determines the sameequilibrium price, i.e. 0.275
(c/min)/%CTPin theexample,andCTPallotmentasthedistributed
auction(seeAppendix for proof) in ß�
�à)�6à å � time, while thedis-
tributedauctionwould have required several iterations of bidding
from eachuser. The auctionin the example takes six iterations,
while our algorithm takesonly two for thesameinput. (Two users
aresuccessively moved from Ò to Ó .)

Onepossibleproblemwith theauction-basedchannel timeallo-
cationpolicy is thatof collusion. If all thebiddersco-operatewith
eachotheranddecideto make very small bids, thenthe system’s
revenuecanbeadverselyaffected. As is well known in auctionlit-
erature [9, 4], having a reserve price mitigatesthis problem to an
extent. Furthermore,in ahotspotnetwork atapublicplacesuchas
anairportor cafe,it is impractical for all theusersof thenetwork
to meetandagreeto collude. Thecollusionfails if thereis evena
singleuserfrom outsidethegroup of colluderspresentin thenet-
work. Thus,if all thecolludershave smallmaximum bids( 0 
��/� )
andonly oneusermakesa normal maximumbid, thatuserwill get
mostof the channeltime andthe others will all be adverselyaf-
fected,causingthemto increasetheirmaximum bids.Thepromise
of morechannel time for a larger bid, aswell astheassurance that
any extra money will be refunded,shouldencourageusersto set
their maximum bids 0 
��/� high,andthusincreasesystemrevenue.
Therefundhelpsto avoid the“winner’s curse”[2].

5 Results

Thechannel timeallocation algorithmdescribedin theprevious
sectionis a variableprice algorithmbecausethepricechanges ac-
cording to the“richness”of theusersin set � . In this section,we
evaluatetheperformanceof thisalgorithm andalsocompareit with
two fixedpriceschemes:

1. In the fixedprice proportional (FPP)scheme,eachuser � is
initially allotted CTP # O 
���
��5��� 0 
��/�7âd, O where , O is the
fixed price. If <>b?*@ # O 
���
7�5�ÑÏú'B!b!�+ , then the allocations
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Iteration Action Bids (c/min) Price((c/min)/%CTP) Allocations (%CTP) Comments

0 Initial 2,4,6 Reserveprice:0.1 17,33,50 none satisfied
1 � F bids 2.5,4,6 0.125 20,32,48 � F satisfied
2 � å bids 2.5,5.67,6 0.142 18,40,42 � å satisfied
3 ��ì bids 2.5,5.67,12 0.202 12,28,60 �ãì satisfied/exhausted
4 � F bids 4.42,5.67,12 0.221 20,26,54 � F satisfied
5 � å bids 4.42,10,12 0.264 17,38,45 � å exhausted
6 � F bids 5.5,10,12 Eqm.price:0.275 20,36,44 � F satisfied� å exhausted� ì exhausted

Table 1. Example auction.

# O 
���
7�8� are scaleddown proportionately so that their sum
equals100%. If, for any user, # O 
���
��5�¦Ï # 
���
�������� , then# O 
���
7�8�^� # 
���
�������� . If, for any user, # O 
���
7�5�6Õ # 
���
�������� ,
thenthisuseris blockedonthegroundsof insufficientbudget.

2. Thefixedprice greedy(FPG)schemegreedily allocatesCTP,
usingprice , Ù , to theuserswith thelowestmaximumrequire-
ments.Userswith largermaximumrequirementsgetblocked,
once100%of theCTPhasbeenallocated. Userswhohavetoo
smallabudget to evensatisfytheirminimum requirements,at
thefixedprice , Ù , arealsoblocked.

Our simulation scenarioconsistedof 100 userswith random
arrival anddeparturetimes in a 5-hour time window. The mini-
mum CTP requirementsof the users( # 
���
�������� ) wereuniformly
distributedin the range0% to 2%, correspondingto 0 to 40kbps
for a 2Mbps channel. The maximum CTP requirementswere
uniformly distributed in the range2% to 10%, corresponding to
40kbps to 200kbpsfor a 2Mbpschannel.Thevalueof �-,.
��/� , in
(cents/min)/%CTP, for eachuser � wasrandomly chosenfrom the
set n 0.1, 0.2, ..., 1.0p . Thereserve pricefor thenetwork wassetat
0.1(cents/min)/%CTP.

Figure6(b) is a plot of the number of usersrequestingservice
andthenumberof usersadmitted,usingourvariablepricescheme.
The remaining usersareblocked. For the sake of simplicity, we
assumethat blocked usersdo not returnandrequestservicelater.
(Alternatively, we canassumethata userarriving later is actually
a returning user, with different parameters.) Figure6(a)shows the
variationin priceasusersarrive andleave. Theaverage price for
theentiresimulationrun is 0.75(cents/min)/%CTP. Figure6(c) il-
lustratesthemeansatisfactionof theadmittedusers.We measure
satisfaction,asa percentage,for a user � as: Ý Z >)[ fhaÝ Z >)[ \^fhg)a 35')!b! . Fig-
ure6(d) is a plot of thechannel utilization, in percentage,over the
courseof thesimulation. As moreusersareadmitted,channel uti-
lizationincreasesbut theindividualusersareallocatedlessCTP, so
their satisfactionfalls. Themeanusersatisfactionandchannel uti-
lization,averagedover theentire5-hour simulationrun,areshown
under the“VariablePrice” row of Table2. The“Revenue” column
of Table2 shows the total revenueearnedat theendof the5-hour
simulationrun.

Table2 presentstheresultsof thecomparisonbetweenourvari-
able price channel time allocationalgorithm and the fixed-price
algorithms. For lower fixed prices,the revenuefor the systemis

lower, but the meanusersatisfaction and channel utilization are
higher. This is becauseat lower prices,theusers’budgetscanbuy
themlarge CTPs.At higher prices,therevenueis higher, but mean
usersatisfaction, channelutilization and the blocking factor are
worse.Our variablepriceschemeattemptsto simultaneously opti-
mizeall theperformanceparameters. While theremaybepricesfor
which thefixedpriceschemesslightly outperform our schemeun-
deroneof theperformancemetrics,thecorresponding penalty paid
by thefixedpriceschemein termsof theothermetricsis large.For
example, the FPPscheme,with a price of 1.5 (cents/min)/%CTP
yields a 10% higherrevenue thanour scheme,but the meanuser
satisfactionis nearlyhalved, channel utilization falls from 83%to
51%,andblocking factoris alsoworse.

It should be noted that, even at the low fixed price of 0.2
(cents/min)/%CTP, thefixedpriceschemesdo not necessarilyper-
form betterthanour variableprice algorithm in termsof channel
utilization andmeanusersatisfaction. This is becauseour reserve
priceis lower than0.2(cents/min)/%CTP. Thus,whenour scheme
defaults to thereserveprice,it resultsin muchbetterutilizationand
meanusersatisfactionat thoseinstants,which affects the overall
meanutilizationandmeanusersatisfactioncomparisons.

Also notethatthefixedpriceschemescannot know theaverage
worth of the channel time to the usersbefore hand. But even if
this knowledgewere available,andthefixedpriceweresetto this
average worth (i.e., theaveragepriceof thevariable pricescheme
0.75(cents/min)/%CTP),theperformancestill doesnot matchthe
performance of thevariablepricescheme.

6 RelatedWork

In thissection,wesurvey theliteraturein thefield of price-based
bandwidth allocationin different typesof wirelessnetworks. We
point out the differencesfrom our work, andfinally highlight our
contributions.

An early work on pricing and bandwidth adaptation in wire-
lessnetworks wastheTIMELY project[1]. Usersbenefittingfrom
adaptationwerechargedandthosesuffering from adaptationwere
compensated.However, how the exact charges andcreditswere
calculated, wasnotspecified.In [8], theauthorsdiscussprice-based
resource allocationon the downlink of a time-slottedor CDMA-
basedwirelessLAN. They assumethatusersdonotknow eachoth-
ers’utility curves.In [7], theauthorsdivide thenetwork bandwidth
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Figure 6. Performance evaluation of our vari able price channel time allocation algorithm.

intostable(low bandwidth)andinstantaneous(unstable,highband-
width) classes,andbroadcastaprice-servicemenufor theseclasses
periodically. Theusersaregivenanincentive to truthfully declare
their required bandwidth andserviceclass.As far aswe know, the
concept of channel time proportion is unique to our scheme.Our
schemealsodirectlyauctions channel time sothatuserswhovalue
it moreobtainmore of it.

There hasalsobeenresearchin theareaof price-basedresource
allocationfor wirelessad-hoc networks [14, 11]. In [14], the au-
thorsarguethatthesharedresourceis nota link, asin thecaseof a
wirelinenetwork, but awirelessneighborhoodclique.On thebasis
of this,they adapttheconceptsof Kelly etal’sseminalpaper [5] on
price-basedresource allocationin wireline networks to mobile ad
hocnetworks.

7 Conclusion

In this paper, we presented a price-basedchannel time alloca-
tion schemefor a wirelesshot spotnetwork, in order to alleviate
theproblem of congestion,andprovide admittedusersacceptable
QoS.Wemadetwo maincontributionsin thiswork. First,weintro-
ducedtheconceptof channeltimeproportion (CTP),andconverted
users’throughput requirementsto channel timerequirements.Sec-
ondly, we presented a centralizedauction algorithm, of quadratic
time-complexity, to determinetheinstantaneous priceof thechan-
nel and the users’respective CTP allocations. We comparedthe
performanceof our algorithm with two fixed-price channel allo-

cationschemesandfound that our algorithm doesthe bestjob of
simultaneously maximizing revenue,usersatisfactionandchannel
utilization.
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Appendix

Theorem1 When <>b?*@ # 
���
��������-Ïü'B!b!�+ , theprice andchannel

timeallocation obtainedby our algorithmis identical to theequi-
librium price andequilibrium channel time allocationof the pro-
portional, ascending, multi-unit auctiondescribedin Section4.3.

Proof: An equilibrium is reachedin the auctionwhenit is either
infeasibleor impossiblefor any userin the systemto bid a larger
amount. It is infeasiblefor usersto do sowhenthey alreadyhave
their maximum requirement. It is impossibleto do so whenthey
have alreadyexhausted their entire maximum bid. Until he/she
reachesone of thesetwo conditions, eachusercontinues to bid
higher andhigher.

mp(f1) mp(fk)mp(fk+1) mp(fn)_... ...

W:exhausted V:satisfied

ps

non−decreasing order

Figure 7. Split between exhausted and satisfied
flo ws.

Ultimately, as shown in Figure 7, both schemesdetermine a
price ,/S that splits a set of usersarranged in sequence of non-
decreasing �-,.
��/� into two subsets:

1. The subsetÒ of userswith �-,.
��/��ýÐ, S . Eachuserin this
subsetobtainshis/hermaximumCTPrequirement.

2. The subset Ó of userswith �-,.
��/�ÍÕé,�S . Each user in
this subsetcannot afford his/hermaximum CTP requirement
but exhaustshis/hermaximumbid towardsobtainingasmuch
CTPaspossible.

We have to prove that thesplitting point of thesequenceis the
samefor bothschemes.We prove this by contradiction.Thesplit-
ting point asdetermined by the auctionat equilibrium cannot be
lowerin the �1,2
��/� sequencethanthatdeterminedbyouralgorithm
becauseour algorithmscrollsover all possiblesplitting pointsone
by onefrom thelowestto highestvalueof �-,.
��/� . If avalid split in
thesequenceexistedearlier, suchthatall userswereeithersatisfied
or exhausted,our algorithmwould have found it. Our algorithm
findsthelowestpossiblevalid splittingpoint in thenon-decreasing
sequence,if any. Theauctioncanfind a higher splitting point only
if usersby-pass the lower onefound by our algorithm by contin-
uing to bid even whenfully satisfiedor fully exhausted. This is
not possible,so the auctiondoesnot find a highersplitting point
thanouralgorithm, either. Thus bothschemessplit thesetof users
arrangedin sequenceof non-decreasing�-,.
��/� valuesat theexact
samepoint.

Now, for a given valid split, thereis only one possibleprice, S , giventhatall 100% of thechannel time is ultimatelyauctioned
away. All theusersin Ò getallottedtheir maximum requirements.
The remaining CTP is sharedproportionately by all the usersinÓ who exhaust their respective maximum bidstowardstheshare.
Thus, thesumof themaximum bidsof all flows in Ó dividedby
thebalanceCTPremaining afterall usersin Ò have received their
maximum requirementis theprice. For a given price ,oS , theCTP
allocationfor eachuser � is thesame,irrespective of whatscheme
is used:����� n # 
���
��������h
 0 
��/��â},$Shp .

Thus,both the auctionat equilibrium aswell asour algorithm
return thesamepriceandCTPallocation. þ
Theorem2 When <>�?*@ # 
���
��������o%Í')!b!8+ , our algorithm findsthe

maximumprice, no lessthanthereserveprice, for which usersat-
isfactionis 100% andchannel utilization is maximum.

Proof: We prove this theoremalsoby contradiction. If our algo-
rithm useda larger pricethantheonecurrently used,thenit would
resultin all usersbeingallottedCTPlower thanthey arecurrently
allotted.Thus, their respectivelevelsof satisfactionwouldonly de-
crease.Channelutilizationwouldalsoconsequentlyonly decrease.
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If our algorithm useda pricelower thantheonecurrently used,
it may violate the reserve price. If the the price is set lower than
thecurrentvaluebut no lower thanthereserve price,thenall flows
areeligible to get CTP higherthantheir current allotment. How-
ever, sincewe arecurrently using ����� n �1,2
��/�dp as the price, all
flows canafford more thancurrent price, so they areall already
gettingtheir maximumrequirement,currently. Theallotmentcan-
not increaseabove this. So,thecurrent priceresultsin 100%user
satisfaction andmaximum possiblechannel utilization. A lower
price doesnot change allotment andhence doesnot change user
satisfactionandchannel utilization.

Thusthecurrent price,asdeterminedby ourscheme,is themax-
imum price,no lessthanthereserve price,for which usersatisfac-
tion is 100%andchannel utilization is maximum. þ
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