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Abstract—In this paper, we deal with dynamic pricing strategiesfor
connection-orientedservicesin wirelesssystems.Dynamic pricing poli-
ciesallow the network operator to chargea costper time unit depending
on the network usage.In this way, the usersbehavior can be regulated
and the network managementis significantly improved. We model the
user demandand the call duration asfunctions of the service price. By
usingstandard Mark ovian techniquesto representthe systemevolution,
we devise an optimal linear pricing scheme,which can be easily com-
puted and controlled. When compared with a flat-rate policy, where a
constantprice for the network servicesis fixed, the proposedsolution is
ableto provide a better quality of service to the usersaswell asa greater
revenueto the network operator. For example,when eight radio chan-
nels are available and the traffic load is equal to 0.8, we obtain a

�����
improvementin the network revenuewith respectto the flat-rate policy,
while the blocking probability is halved.

I . INTRODUCTION

Cellular telephony hasexperiencedanenormouspopular-
ity all over the word, reachingup to 60% of penetrationin
countriessuchasItaly andSweden,and25%in theUSA.The
enormousgrowth of thecellularphonemarket hasimplied a
greatdemandfor radio resources.Sincethe availability of
theradiobandwidthis limited, new solutionsto increasethe
availablecapacityof radiosystemsneedto befound. Differ-
entapproachescanbeused,from cell splittingandfrequency
reuse[1] to overlappingcell layers[2], [3] anddynamicchan-
nel allocationtechniques[4]. However, thesemethodsoften
imply eitheran increasedsystemcomplexity or a significant
degradationof thequalityof service.

In thispaper, weproposeasolutionbasedondynamicpric-
ing techniques,i.e., on pricing strategieswherethe costthe
network operatorchargesper time unit dependson the net-
work usageandis dynamicallyadaptedto thenetwork status.
Indeed,pricingcanaffectusersbehavior andallow for anef-
ficient controlof thenetwork operationalconditions.For ex-
ample,flat-ratepricing, i.e., a constantpricefor thenetwork
services,is veryeffective in stimulatingnew applicationsde-
velopment,but it is no longer suitablefor an environment
with an increasingdemandfor network resources.On the
contrary, by adjustingpricesto theusageof thenetwork, we
canmakeabetteruseof theavailablebandwidth,andprovide
thedesiredquality of serviceto theusersaswell asa greater
revenueto thenetwork operator. It is intuitive that the trend

of usersdemandduringthedaycanbemodifiedby imposing
high ratesin thecorrespondenceof peak-traffic time periods
andlow rateswhenlargeradioresourcesareavailable.Thus,
makingpricesdependenton thenetwork usagecanbeanef-
ficient solutionto network congestionproblems.

Dynamic pricing hasbeenmainly usedto control wired
networkssupportingInternet-basedservices[5], [6], [7]. In
this case,techniquesto derive the systemoptimal ratehave
beenproposed,which charge userson the basisof the con-
gestionthey causeto the network. In [8], dynamicpricing
hasbeenappliedto thewirelessenvironmentandsimulation
resultshavebeenpresentedfor a simplepricingstrategy.

We consider connection-orientedservices in third-
generationwirelesssystemsandweproposeasolutionto dy-
namic pricing basedon an analyticalapproach.We model
the call durationas a function of the serviceprice and the
userdemandasa decreasingexponentialfunctionof thecall
pricepertimeunit andof thecall blockingprobability, thatis
thequality of service(QoS)metricwe selected.Then,since
customerstendto prefertransparentandeasyto understand
pricing policies,we imposethatpricesfollow lineardynam-
ics. By usingstandardMarkoviantechniquesto representthe
systemevolution, we devise an optimal linear pricing strat-
egy which maximizesthe network revenuewhile providing
therequiredqualityof serviceto theusers.

Performanceof theproposedpricing strategy is compared
to the resultsobtainedthrough a flat-rate charging policy.
Wheneight radio channelsareavailableandthe traffic load
is equal to 0.8, we obtain an improvementwith respectto
theflat-ratepolicy of 25%in thenetwork revenue,while the
blockingprobabilityis halved.

The paperis organizedasfollows. In SectionII, the sys-
temmodelis presentedandtheperformancemetricsarede-
fined. SectionIII showsanexampleof theimprovementthat
canbe obtainedin network managementby applyinga lin-
eardynamicpricing. SectionIV drawssomeconclusionsand
directionsfor futurework.



I I . SYSTEM MODEL

A commoneconometricmodelassumptionfor theuserde-
mandfunctionis [9]���	��
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(1)

where
�

is thepricepertime unit,
�

is thequality of service
and
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"�

areconstantparametersrelatedto the userpopula-
tion behavior. We assumeasquality of serviceindex thecall
successprobability; thus

�#�#$%�'&)(
, where

&*(
is the call

blocking probability, i.e., theprobability that thesystemcan
notacceptany new call. Thisdemandfunctionrepresentsthe
usersactive time expressedin secondsper time unit. This
modeltakesinto accountacommonuserbehavior: user’sde-
manddropsasthepricepertime unit increasesandthequal-
ity of servicedecreases.The parameters

�
and
�

must be
identifiedby adequatemarket research.

We usethe above model to derive the traffic intensityby
assumingthatthedemandin thetime span+-, is equalto the
actualtraffic that is generatedin +-, , i.e., thetraffic intensity. weightedby thecall successprobability

$/�0& (
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Let < be the maximumnumberof availablecommunica-
tion channels.Thesystemmaybedescribedby a birth-death
Markov chainwhereeachstate = �#>?
@;�;@; < representsthe
numberof activecallsin thenetwork.

Let A �B�C�4DE
F�HGI
@;�;�;F�KJMLHG@� be the price vectorrepresent-
ing the costper time unit of a call startedwhenthe system
is in state = , with

>'N = N < �O$ . Our main objective is
to determineaconvenientpricevectorwhichoptimizessome
network performanceparametersaswe describein the fol-
lowing.

Let P4Q bethecall arrival ratewhenthesystemis in state=
(
>�N = N < �R$ ) andlet STQ be theaveragecall termination

ratewhenthesystemis in state= ( $UN = N < ). Accordingto
theaboveeconometricmodelthecall arrival ratein state= is
modeledas

P4Q � V Q$/�7& ( ���1��23���4� Q �W�!��$)�X&)(��Y8 >ZN = N < ��$ (3)

wherewe have set . � P Q\[ V Q , being V Q the averagecall
durationof a call startingin state= .

Sinceweexpectthatuserswill reactto theincreaseof price
pertime unit by reducingtheir call duration,we define]:^_Qa`
and ] ^_b�c as the minimum andthe maximumcall duration
times,respectively. We modelthe averagecall durationof a
call startingin state= asadecreasingfunctionof thecall price
pertimeunit in therange

2 ]H^_Qa` 
 ]H^_b�c 8 as$
V Q � ] ^_b�c ���1��2	��d ^ �C� Q �W�4DI�Y8 >-N = N < �e$ (4)
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Fig. 1. Markov model.

where
d ^ �'paq�� ] ^_b�cE[ ] ^_Q3` � [ �C�:JMLHG��r�4Ds� . For example,in

thecaseof voicetraffic, areasonablechoicecouldbe ]H^_b�c �$stu>
sand ]H^_Q3` ��vw> s.

Assumingthatcall durationsareexponentiallydistributed
with ratesV Q ( >XN = N < �x$ ), theaveragecall termination
ratein state= is givenby

S Q � V Dy� V Gz��{@{�{s� V Q LTG $UN = N < ; (5)

The steadystatesolution of the Markov chain shown in
Figure1 is theprobabilityvector

�F| D 
"| G 
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where

| D � ~� J���� D
��� � G P �

LTG
S �
�� LHG

(6)

| Q � |4D Q�� � G P �
LHG
S � ;

The systemblockingprobability is
&*(���| J

. Since P4Q andSTQ arealsofunctionsof
&)(

, thesteadystatesolutionmustbe
computediteratively until convergenceon

& (
is reached.

Let � �����EGI
�;@;�;\�wJ%� be the revenuevector representing
thetotal revenuepertime unit of thenetwork operatorwhen
thesystemis in state

$UN = N < . We have

� Q � Q
LHG�� � D � � (7)

sincewhenthesystemis in state= eachuserhasstartedacall
in oneof thepreviousstates���x= .

Thetotal networkrevenueper timeunit is givenby

� � J� Q � G | Q � Q (8)

andis of interestto thenetwork operator.
A usefulperformanceparameterof interestto theusersis

thecall averagecostper timeunit, which is givenby

� � JMLHG� Q � D | Q � Q ; (9)

Theaim of this paperis to evaluatea pricingpolicy (i.e.,a
pricevector)maximizingthetotal network revenue

�
, while

reducingthecall blockingprobability
&*(

. This optimization



problemin its generalform may be hard to solve numeri-
cally. We considera suboptimalapproachin the sensethat
we assumea linearly increasingprice vector which gradu-
ally discouragesusersfrom startingnew callsasthenetwork
loadincreases.A furthermotivationfor thelinear-ratechoice
is the simplicity of this pricing policy, which canbe better
understoodby theusers.Theoptimalslopeof thelinearly in-
creasingpricevectoris determinedin orderto maximizethe
total network revenue

�
. We call this price vectorthe opti-

mal linear-ratepolicy. As outcomeof thisprocedurewealso
obtainthecorresponding

&*(
, which is a metricof interestto

theusers.
As a baselinefor comparisonswe considerthe flat-rate

policy wherethepricevectoris constantandtheaveragecall
durationis fixedto ]H^_b�c . In particular, we selecta flat price
which lays betweenthe minimum and the maximumvalue
of thelinear-rateprices.Thefactthattheinitial valuesof the
linear-ratepricevectorarelowerthantheflat priceis themain
incentive for theusersto placecallsduringoff-peaktime.

I I I . RESULTS

In this section,we show someresultsobtainedusingour
analyticalmodelfor thefollowing scenario.Weconsiderdif-
ferentuserpopulationsby fixing

�e��>?;a$
(unlessa different

valueof
�

is explicitly specified)andchoosing
� [ �0�O$ and�

, in networkswith < ��t and < ��$@v radiochannels.The
flat-ratepolicy is comparedto thelinear-ratepolicy ontheba-
sisof thenetwork revenueper time unit andof theblocking
probability.

In thefollowing, all curvescomparingthedifferentstrate-
giesaregivenin termsof thetraffic load � , thatwehavewhen
theflat-ratepolicy is applied.Denotingby PK� thecall arrival
raterelative to theflat-ratepolicy, wewrite

� � P � ]:^_b�c ; (10)

Figure2 showshow thenetwork revenuecanbeincreased
by usingthelinear-ratestrategy. For �X� >4; � thereis aminor
loss in network revenuewhenusingthe linear policy. This
lossmaybegreatlycompensatedby thegainobtainedwhen��� >?; � : for examplefor � ��>?; t weobservea �u�E� improve-
mentin

�
of thelinear-rateover theflat-ratepolicy. We also

notethatresultsaremildly affectedby theparameter
� [ � .

Figure 3 shows how the blocking probability can be re-
ducedby using the linear-rate policy. This may be a sec-
ondarydesiredgoalof thenetwork operatorbut it is of great
interest to the users. By applying the linear-rate pricing
scheme,

& (
can be reducedby a factor rangingbetween2

and10 as � decreases.Herethe dependenceon
�

and
�

is
morecritical for high � s.

Figure4comparesonasingleplot
�

and
& (

asfunctionsof� in therange
2 >?;a$u
@$�8

in stepsof
>?;a$

, for < ��t and < �O$sv .
Globally betterperformancecanbenoticedwhenthecurves
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Fig. 2. Linear- vs. Flat-rate:network revenueper time unit vs. traffic load
for differentusers’behavior (

me� �
).

move towardtheupperleft cornerof theplot. Only thecase� [ �7�¡$ is shown sincewe observedonly minordifferences
when

� [ �¢�£� .
Similar curvesarepresentedin Figure5, whereresultsare

derivedfor < �¤$sv and
�

varying. Althoughthelinear-rate
policy still outperformstheflat-ratestrategy, for

�0�¥>4; � the
linear-rategivesremarkablyworseperformancein termsof

�
thanfor

�e�O>4;3$
. This is becausetheuserdemandbecomes

moresensitive to the price growth whenhighervaluesof
�

areconsidered.Therefore,aspricesincrease,the reduction
in theuserdemandbecomesmoresignificant.Clearly, in the
caseof flat-rate,varying

�
doesnot affect the performance

sincethepriceis keptconstant.
Finally, Figure6 shows the averagecostper time unit as

a function of � . The flat-rateprice wasselectedso that for
low traffic load ( �0� >?;a$@¦ ), the linear policy becomesmore
attractive to theusers.Notethatin theflat-ratecasetheaver-
agecostpertimeunit decreaseswhentraffic loadis high; this
is explainedby looking at (9) andconsideringthat for high
traffic loadtheblockingprobabilitybecomesrelevant.

Weobservethattheresultsgivenhereareasimpleexample
of the possibilitiesofferedby our dynamicpricing scheme.
Morerealisticparametersshouldbeevaluatedby thenetwork
operatoraccordingto theiruserpopulationbehavior analysis.
Theproposedmethodis anextremelyflexibleandsimpletool
to estimatetheperformanceof dynamicpricingpolicies.

IV. CONCLUSIONS AND FUTURE WORK

In this paper, a dynamicpricing schemefor connection-
oriented servicesin wirelesscommunicationsystemswas
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presented.We modeledthe userdemandandcall duration
as functionsof the serviceprice. Then, by using standard
Markovian techniques,an optimal linear pricing policy was
derived in order to obtain a transparentand easily control-
lablepricingstrategy. Theperformanceof theproposedsolu-
tion wasderivedandcomparedto the resultsobtainedwhen
a flat-ratepolicy is applied. It wasshown that by adjusting
pricesto theusageof thenetwork, we canmake a betteruse
of theavailablebandwidth,andprovide a greaterrevenueto
the network operatoraswell asan improvedquality of ser-
vice to theusers.

Futurework will studythe performanceof dynamicpric-
ing when connection-orientedand connection-lessservices
sharethe samepool of network resources.Alternative dy-
namicpricingstrategiesanddifferentmodelsof userdemand
will beanalyzed.
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