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Abstract—In this paper we analyze the provisioning of multi- Multiple Access with Collision Avoidance (CSMAJ/CA). In
media services over a wireless LAN hot-spot, based on the IEEE particular, we focus on IEEE 802.11b, though our conclusion
802.11 protocol. We address the issue of defining proper pricing ¢4y easily be extended to any other version of the IEEE
strategies, from the perspective of both evaluating the technat 802.11 standard. It i Il k o1 that th f f
performance and quantifying the economic revenues. We take -+4 standard. 1t 1s yve nown [2] tha _e per o_rmance 0
into account a model for users’ behavior that describes all usets CSMA/CA-based multiple access networks is heavily affécte
choices in a decentralized manner, so that the transmission rate of by the network operating conditions. Thus, the provider is
each node is driven both by multimedia service requirements and interested in efficiently managing the bandwidth resource.

by the customer's willingness to pay. The multiple users’ medium paa50naply, this could mean aiming at achieving a satésfact
access mechanism is studied through a simulation analysis based '

on ns-2. Within this model, the network performance is evaluated "COMe from the network management operation, while pro-
and discussed, presenting numerical results which can provide Viding as many users as possible with a satisfactory service
practical insight for pricing setup in a wireless LAN hot-spot. We [3]. These two requirements are likely mandatory in order
observe that the impact of the pricing policy on the provider's to have a sustainable economic model. For this reason, the
income and on the satisfaction of the users is critical and investigations on how to properly allocate the radio reseyr

especially depends on the shape of the pricing function (flat, I ¢ t iat . trat k
linear or hybrid). Additionally, we investigate the provider’s task as well as [o set up an appropriate pricing strategy, are key

of having a suitable price policy which properly tunes the trade- issues for the network operator [4].
and obtaining high satisfaction of the users. economic models to Radio Resource Management, an open
Index Terms—Resource management and QoS provisioning, field of research on which several contributions have aguear
Multiple access techniques, Utility functions, Pricing, IEEE i the recent literature [5]-[7]. In particular, the contey
802.11. utility functions and issues taken from game-theory hawnbe
employed to represent a tunable Quality of Service (Qo§), e.
. INTRODUCTION obtained through variations of the terminal’s data rate [

HE diffusion of Wireless Local Area Networks (WLANs) An example of application of micro-economic issues to the

based on the IEEE 802.11 standard [1] is rapidly increaganagement of a WLAN hot-spot is given in [10]. However,
ing. At first limited to laptops, it now involves palmtops asiote that the micro-economic control performed there setier
well as other kinds of portable devices. Hot-spots, wherethe definition of a virtual price that has the effect of reguig
set of mobile terminals is connected to a central access,polhie access and is negotiated dynamically [11]. Insteachen t
are emerging as a widespread application of this standapiesent contribution we are interested in considering more
Nowadays, these kinds of systems are present in busindigectly the real price established by the operator for the
areas such as conference rooms or airport and hotel lounggyice tariff. This significantly distinguishes our wontorin
where users are interested in easily and rapidly estabtishiother related approaches. Also, such a price is bound to be
a network connection. Following such a wide diffusion ofixed a priori and known in advance by the users.

WLAN devices and coverage availability, also the offered To quantify these economic concepts and perform numerical
services are going to comprise a brpader _set of applicatioggaluations, we adopt the micro-economic model for mutipl
including audio, video and multimedia services. access wireless networks presented in [12], where users’

‘Current implementations of IEEE 802.11 systems adopt tBRoices are described as driven by their appreciation of the
Distributed Coordination Function (DCF) using CarrienSe service, which is in turn influenced by the price paid. In fact

, _ , some users may refuse to enter the system due to what they
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as another indicator of good management that a providée allocated resource In the WLAN analysis performed in
of a real system needs to take into consideration in tlieis paper, we identify- with the achieved data rateFor the
long run. Moreover, as will be discussed in the followingsake of simplicity, in this paper the price paid by a user is
certain economic metrics, such as the provider’'s revemge, determined only depending on this quantity, through a one-
meaningful if they are evaluated on satisfied users only. $fiot application of the functiop(r). However, the reasonings
addition, this model can even be used as an instrumentpiesented in the following could be promptly extended ireord
identify what a suitable pricing policy for a WLAN hot-spotto account for other aspects, such as call priority, dunatit
could be. Note that the investigation of these issues regu@r the connection and so on, with a multi-dimensional analysis
characterize IEEE 802.11 multiple access within the ndtwomwherer is replaced by a-tuple of input variables.
to this end, we make use of thes-2 simulator [13] which ~ The service perception is determined by the trade-off be-
allows a direct and simple integration of these issues. tween these two parameters, since for every user, quadibati
The rest of this paper is organized as follows. After apeaking, the larger the utility and/or the lower the prite,
short summary of the micro-economic model that will baigher the satisfaction. According to the framework ddmxati
used to evaluate the behavior of the users of the WLAN [12], we represent this with aervice satisfaction function
hot-spot, presented in Section Il, we describe the case studl(u;, p;) for every user belonging to the potential users set
implemented by means of an extended-2 simulator in Q, wherew; andp; are useri’s utility and price paid. Since
Section Ill. In Section IV we show a possible instantiatidn doth utility and price ultimately depend on the ratewe will
the model for what concerns utility and pricing functionsianoften use a slight abuse of notation, writiag(r;) for short.
we show in Section V the numerical results of our extensikis further assumed that the satisfaction function takeses
simulation campaign. Finally, we conclude in Section VI. between0 and1, so that we can regard it as the probability
of the ith user being satisfied.

Il. THE MODEL FORUSERS B EHAVIOR In the following, we will takep; = p(r;) and A; = A(r;),
pcause it is reasonable to assume that these functions are

The IEEE 802.11 infrastructure-based implementation .
a WLAN obtained through DCF realizes a centralized ho 10mogeneous throughout the whole network (the extension to

: ; ] where multiple pricing or | re presen
spot, where mobile terminals can connect to an Access Pml;lﬁ3 case ere multiple pricing or QoS classes are present

(AP). It is envisioned that the increasing diffusion of such’ strmghtforward). Instead, we assume a dlﬁergnt_yt|llt
%ncuon for every user so as to account for the variability o

structures will allow users to access the Internet throu% . ; : L X LD
different kinds of terminals and eniov a plethora of sergice ervices and terminals. Being a subjective metric, thatyutil

joy-ap . ’ eavily depends on factors which can not be controlled by the
e.g., data download, web-browsing, voice and video c

. . source manager, such as the terminal performance or the
access to multimedia content and so on.

| h 0. ch ing th I Kbeh users’ subjective evaluation of the service quality. Hertlee
N such a scenario, characterizing the overall networ Qtility u;(-) is in general a different function for every user.

lor is very challenging: WLAN terminals have heteroggneous We assume that the general objective of the network man-
features and the_reqwrements of the_demanded Services @8& is to have high revenue while at the same time achieving
pe gxtrem_ely variable. Moreover, the issue of .Qos.prows'ogatisfaction of the users. Thus, we evaluate the revemue
ing is particularly complicated for protocols which, IkBEE  ¢oyicfied ysers onlyrhe motivation for this is as follows: from
802.11, are intrinsically best effort (at least in theirgmal 5, oconomic point of view, dissatisfied users are expected to
concept), i.e., there is no guarantee about the achieved QQpandon the service in the long run and henceforth they can
Thus, under the perspective of QoS provision, resourgg considered as lost customers. For this reason, gergratin
management techniques are difficult to investigate, siseesll ayenue without satisfying the users appears to be pantles
appreciation of the service is often hard to represent with\ynen dealing with WLANs based on IEEE 802.11b, the
analytical tools. Therefore, an approach commonly folldwe,omplexity of modeling the MAC protocol makes it difficult to
in the recent technical literature is to employ a utilitysbe  yeq| with analytical formulations of the capacity. Eventb
description of users’ preferences [3], [8]. interesting fully closed-form models have been presented i
The key assumption of this methodology is the availabilithe |iterature [2], [14], [15], for the sake of simplicity ou
of utility functions mapping the subjective preferences of thgnalysis is numerically evaluated through simulation iviet
users into numerical values. The absolute values of théegil \yjth ns-2 [13]. This approach offers in fact good scalability
can even be arbitrary, as they do not need to have a meaniiigl ease of implementation, and involves only the multiple
per se but they should respect certain order relationships, gecess of the users to the channel, while the rest of the
as to reflect that higher utility values are given to choicggvestigation is founded on analytical reasoning as disetis
which are more preferable for the user. in the following. Nevertheless, entirely analytical apprhes
Since we want to include also pricing in our analysis [4kan be envisioned as an interesting evolution of the present
in this work we specialize these assumptions by describipgper in future research.
the users’ behavior as driven by two factors: the quality of |n an IEEE 802.11b scenario, we need a differentiation
the service itself, which is assumed to be estimated fromechanism to prioritize and coordinate multiple users’ re-
a gquantitative point of view via subjective testing and iguirements in the WLAN environment, which possibly imply
therefore represented by means of a utility functign), and a different rater; for every user. The value aof; will then
the price paid for accessing the service, described by &gricbe mapped through the utility and pricing functions to fipall
function p(r). Both of them are non decreasing functions adetermine the probability of accepting the serviggy;).
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user 1 rate is assumed equal to the allocation which maximizes its
satisfaction probability, i.e.,
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For0 < j < |A%], rgj) is instead defined as the average rate

perceived up to thgth evaluation, i.e.,
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! 1 its allocated rate drops to zero. In order to evaluate this
i ! aspect, we define, by exploiting the conceptooihditional
0 300 400 500 so  probability, the conditional acceptance df given thatr; was

time (s) .
an acceptable assignment as:
Fig. 1. Proportional share of resource for a WLAN system withusers ,
with increasing priority. This confirms and extends to a larggstem the , 1‘2(?) if A(r;) < A(Tz‘)
results already obtained by [16]. A(Ti|Ti) = (ra) , (2)
1 it A(r) > A(ry) .

0.1r-

. N The call of useri is successfully completed with probability
For investigation purposes only, we suppose that all users

generate packets at the same rate, but each user tunes the LT:/AT] o
packet length in order to achieve its requested bit-ratés Th Pi[completgservic¢:Ai(rgo)) H Ai(rfj)hzgj_l)).
mechanism, together with other possibilities, has been pro j=1

posed in [16]. We remark that other differentiation teclus .Otherwise, we distinguish between the case in which the ser-

might be used as well within the same rationale. The ChOIg:nece is evaluated as unacceptable already at the first agi@iya
of this particular strategy is motivated by the fact thatdem b Y Y

i i ity A (r(0)
saturation conditions, the long range average traffic enjoyWh'C_h happens _W'th probability — A; (r; ) and the case of .
service refusal in a subsequent evaluation, when the user is

by each user is proportional to its packet length. In paldicu . P
this mechanism allows for the ratio between the offeredid:rafalready in the system, whose probability is

of any two users to be the same both in the non saturated and |T; /AT
in the saturated case. Ai(n@) (1 _ H Ai(rlﬁ)wﬁ‘—l))) ,

To confirm this, Fig. 1 reproduces the results shown in [16], =1
extended to a wider range of number of users. We consider the ] ] ]
subsequent allocation of up €ousers in the WLAN scenario, !N the former case the user is said totiiecked in the latter
so that a new user is allocated evefy seconds. The resourcel© PedissatisfiedIn particular, we define
requirements of each user are subsgquently_ inprt_aasing, Sﬁi[diss_instant_k]
that the rate requested by thth user,i > 1, is i times o1
that requested by the first one. As shown in the figure, the (0) @ .G-1) (k)| (k—1)
correct?wess of th)é assumption of proportionally fair stafre Ailr; )( H Airi I )> (1 = A ))
resources holds. However, as the number of users incrdases t =t
instantaneous variations around the long range average vakhich is the probability that the user is dissatisfied at kte
become more evident. evaluation.

As shown in Fig. 1, the rate achieved by the users is notThe distinction between blocked and dissatisfied users
constant over time, and in particular varies according ® tltorrectly reflects that they can refuse the service due to
presence of other users in the network. For this reasonatke itheir own a priori decision of not entering the system, for
r; allocated to usei should be regarded as variable over timesxample because of the price being too high, or can experienc
i.e., r;(t). For the purpose of a practical evaluation, and alamacceptable service degradation due to a congestiomarise
in order to account for the fact that the users’ re-evalmatib later. As is well known, the impact on the QoS of these events
their service perception is not instantaneous, we samge b considerably different. The reason for explicitly cifgag
time axis so that each user re-considers its acceptances of dfso blocked users is that considering pricing implies that
service everyAT seconds. system is admission controlled [6], as discussed in the-ntr

If user i enters service at time; and its anticipated call duction and as will be numerically shown in the following.
duration isT; seconds| 1i | service evaluations might occur In this way, our previously discussed revenue evaluation
at most, beyond the first one at the time the user is allocatesh be formalized as follows. We evaluate the revefue
in the system. The call is successfully completed if argk the sum of paid prices, but subdividing it between the
only if all these tests are passed. In particubéP,) is the contributions determined by satisfied and dissatisfiedsuser
rate requested by user before entering the system. Thisrespectively.
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A satisfied useri will pay in the end a pricep(rZ(F)) other issues (e.g., about fairness or traffic shaping) would
determined by the average raté’ perceived during its entire Probably arise and would need to be addressed.

service connection, which is: The users behave dynamically, coming and going from
AT the Hot-Spot and setting up connections of different types
TEF) — i/ ri(t)dt. in terms of duration and transfer rate. The arrivals follow a

T Jy, Poisson process. The arrival rate\ind the service duration

is exponentially distributed with parametgr however, the
users might leave the system if they consider the service
dissatisfactory (this is why the exit process is no longer
R®) = Zp(rZ(F))Pi[completgservice} (3) Poisson when dissatisfied users begin to appear). The ratio
i€Q A/ p is still useful to understand how many users on average

For what concerns users who are not satisfied, blocked oMauld be under service if the dissatisfied users did not atvand
do not generate revenue at all. The vaR&), which is the the system.

potential revenue generated by dissatisfied users, isaghste The micro-economic model previously discussed is used
equal to to evaluate the users satisfaction and is implemented in a

distributed manner at each node. Essentially, there ase thr
o & kinds of events that matter in the system: a new node es-
RW=3%" % Pldissinstanthlp(r").  (4) tablishing a connection, a node ending its connection due
i€Q k=1 to successful service completion (these two are regulated
For our evaluation it does not matter whether in the end dithrough parameters and ) and finally the evaluations of the
satisfied users pay or not. Either virtual or real, a highmexee users about their service, which might determine a preraatur
generated by dissatisfied users is an index of inefficienggrmination due to dissatisfaction in the service recefi@d
since it means that part of the resources have been wastedhen a usef arrives to the system, the simulator evaluates
to be allocated to dissatisfied users. For this reason, abdeit ot first »(° as described by (1). With probabilityi(r(o)),
provider’s goal could be to maximiz&*) and minimizeR (%) ! '
at the same time, or at least to trade-off one for the other.

The revenue generated by satisfied uséts), is therefore
determined as

[T:/AT]

the user accepts to establish a connection at rate and
in this case the expected durati®hof the connection is also
determined as a random exponentially distributed valué wit
I1l. CASE StuDY parameter:. Then, the user is added to the system directly
The aforementioned model is applied in this paper to through the already implementeub-2 functionalities. This
Hot-Spot scenario where a single IEEE 802.11b Access Poineéans that the rate provisioning 0}0) is not guaranteed,
(AP) is in charge of managing a variable number of userdue to the possible presence of other users. It is possiate th
The performance of this case study is evaluated by meghs transmission rates no longer match the initial requérms
of experiments with thens-2 simulator. Note that this way because of congestion, which means that for nedthe
of proceeding could be replaced by considering for exampierceived rate:; is lower than{”’. In general, we can regard
analytical evaluations of medium access sharing in CSMAZ@ as therequestedrate, and every valuegj) with j > 0
scenarios [14], [15], which would be the critical point ofys theachievedrate afterj AT seconds, keeping in mind that
the analysis. However, they either rely on approximations ghe achieved rate is not necessarily equal to the requested o
are too complicated to be put in close form with the usergn case of congestion it is indeed lower), but due to the fair
satisfaction framework. For this reason, such an integmatisharing property of IEEE 802.11 discussed in Section Il the
aimed at obtaining an entirely analytical approach is left o values are roughly proportional to each other. For this
further research. . . reason, in the simulator, everyT = 20 seconds the achieved
The main element of the simulator is the so-called wNode,ge is re-evaluated, based on the conditional probalkitity
typical node ofns-2 which we provided with some additional -5y
features to account for the micro-economic behavior of the pt the end of the simulation run, users can be subdivided in
WLAN users. We implemented the model of Section Il iRerms of how their transmission ended: as described in@ecti
order to drive the choices of the users in terms of selectifgihere are blocked users that do not accept to establish the
the most suitable transmission rate, according to the {rad@nnection at all; also, other users may accept their initia
off between paid price and gained utility, so as to everyuallonsmission rate, but when it decreases due to other larriva
evaluate the supplied QoS. o they perceive it as too low and so they exit from the system,
Also, in order to support the users’ prioritization due Qg " they are dissatisfied users; finally, there are useas th
their different rate requirements, we focus on a Constatt %inish their transmission in a satisfactory manner.
Rate (CBR) service over User Datagram Protocol (UDP) and
we set the packet length proportional to the requested Irate.
this way the contention process within nodes is always fair b
the time of transmission, and hence the bytes transmitted, a From the mathematical point of view, both utility and
proportional to theequested ratel(o). In this way, we aim at pricing functions ¢(r) andp(r), respectively) do not decrease
representing real-time interaction with the traffic. Thimice as the allocated resource increases. However, whereasdhe p
can be easily and directly replaced within the simulator byight even indefinitely increase as the allocation becomes
more complicated medium sharing mechanisms, even thougtger and larger, the utility must saturate after a cenpaimt.

IV. UTILITY AND PRICING FUNCTIONS
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In particular, we assume that, after a valug,, further utility price and under the point of view of how the resources are
increases are negligible. Thus, it is not meaningful tocalte shared, as discussed in Section Il. This means that pricing
the rater for a single user outside the finite interyél r,.x]. has a two-fold effect on revenue collection: it determirtes t

A natural limitation forr is the highest data rate which aamount that every user pays, but also allows for an implicit
terminal can achieve, e.gl,l Mbps for the IEEE 802.11b form of admission control, which, if properly performed, yna
standard. However, it is not sensible to choasg,, as additionally adjust the revenue and/or other goals.
this value, which can not be achieved in practice, unless aln this respect, the two aforementioned pricing strategies
single user is present in the network, and even in this cdsave opposite behaviors, which justifies the need for the
rate fluctuations are still present. Therefore, in the nicaér correct regulation of their trade-off. Flat pricing poési are
evaluations we let,,,, = 5 Mbps, which is a more sensibleeasy to understand for the users, and in fact are widely
value. In other words, the data rates enjoyed by the users amployed for this reason, and they additionally encouragje h
capped to5 Mbps. Indeed, evaluations similar to the onesesource utilization, as they let the users have a large amou
presented in Section Il showed that, if any user of an IEEH resources without raising the price. However, when the
802.11b system required a rate higher than this value, itdvounetwork load is high, flat pricing strategies cause congesti
be never satisfied, unless it is the only user of the systamore often, since the users are not forced in any way to
(in which case our analysis about multiple access would begulate their resource demand according to the price,hwhic
meaningless). is fixed anyway. On the other hand, linear pricing solves this

Analytical expressions of the utility(r) might be obtained problem since it obtains a self-regulation of the users, due
through subjective testing. This will result in a differeritlity to the fact that the higher the request, the higher the price.
function for each user. Moreover, utilities are assumedeo Bor this reason, unnecessarily high demands are avoided. Th
normalized betwee and 1, and for every user we imposenegative consequence of this principle is that this kind of
that w(0) = 0 and u(rmax) = 1. pricing results in a lower revenue for the provider, as will

We consider sigmoid-shaped utility functions, as commonlye numerically shown in the next section.
done in many related papers [7], [8], [12]. In our mathenadtic Since we are interested in quantitatively evaluating this
representation, the middle-point and the slope of the sigmdrade-off, we will focus in the following on a general prigin
are regulated by means of numerical parameters, indicatlicy framework, where we consider pricing functions lgein
with K and ¢, respectively. We take them as adjustable@ mixture of a flat and a linearly increasing behavior. By

parameters for whiclh < K < 1 and¢ > 1, so that appropriately tuning the steepness of the pricing functien
a parameter, callegricing shape factorg, it is possible to
u(r) = switch from a fully linear § — oc) to a fully flat price
e T ¢ (g — 0). This framework can be useful to also identify
K (Tmax> for 0 <7 < Krmax intermediate functions which mediate between flat and ipgici

e\ S 6 strategies. Also, in a network design view, we can even kearc
1—(1—-K)¢ (m") for Krmax < 7 < rmax for an optimal pricing function, which achieves the besigies
"'max trade-off.
We stress that this specific choice is reported here only inOur choice in this paper is to consider the followipg-):
order to clarify how numerical evaluations are obtainedy-ho 1
ever, it is not mandatory at all for the model, whose validsty 1 1 57
i I i ili i p(T‘):TmX 1q1n(1+)> o T (6)
still preserved for different choices of utility functiores long & ( q Tmax @ + T
as they satisfy the general properties outlined in Sectipn |
e.g., in terms of monotonicity. Moreover, we also believe owhere the pricing shape factay determines whether the
choice to be realistic, as it correctly describes a readenater pricing policy is flat, or linear, or a hybrid between thes®tw
behavior and includes tunable parameters in order to dapicvhereas thepricing scaling factorp is defined as
wide range of subjective preferences. The provider can not Trmax
affect these functions, but it may estimate them in a databas p= / p(r)dr . @
of users’ requests. In this sense, a parametric repregantat 0
may even be used by the provider to map the preferencesNufte thatp is by definition independent aof. Thus, ¢ turns
each user via a finite number of parameters. the pricing from linear to flat, whereasdetermines, to some
The choice of the pricing function is instead made by thextent, whether the pricing curve is overall “high” or “I6w,
provider, and determining a good pricing function is key toegardless of its shape.
manage and regulate the medium access in an efficient mannefhe choice of this framework allows to decouple the
In this paper, we adopt a simple tunable framework whiakwvaluations where the price is increased for a given shape
allows us to investigate and understand what a suitabléngric of the pricing function, i.e.g is constant ang varies, and
function for the WLAN service may be. In particular, we neethe analysis of the most preferable pricing shape (i.e.hef t
to capture the trade-off between flat and linear pricing .[17]optimal ¢) for a given scaling factop. This tunability, which
Observe that not only do the tariffs paid impact on theill be exploited in the results, also reflects reality in Hense
obtained revenue and, more in general, on the satisfacfiontloat the network provider can indeed regulate both aspects
paying users, but they also determine the network access dbrthe pricing function, i.e., not only the absolute valug bu
new connections, both in the sense of offering an acceptahlso the shape of the tariff mechanism. Thus, our proposed
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Fig. 2. Examples of sigmoid utilities chosen a$r) to represent the

QoS perceived by the users, and of different pricing fumstip(r), from

approximately flat to approximately linear, obtained by tgnin (just for

graphical representatiom, is set t02). Fig. 3. Linear pricing policy, obtained with = 10: revenue coming from
satisfied users only, for different choices of the networkdlo\/u, as a
function of the pricing scaling factap.

framework can serve as an effective guideline to quantébti
estimate the proper pricing policy.

Examples of utility and pricing curves with diverse valués doss term and a lognormal shadowing term. The former is
their inner parameters are reported in Fig. 2. Finally, fbatv taken proportional tal—3-°>, whered is the distance between
concerns the analytical expression of the satisfactiostfan transmitter and receiver. The latter, expressed in dB, beas z
A(u,p), we take the expression adopted in [12], which is: mean and standard deviation equal6toWe consider IEEE

P 802.11b implementation, so the maximum signalling rate of
Au,p) =1 — exp(—kutp™), 8) the terminals isl1 Mbps (this is not to be confused with
where k, ¢ and 1 are to be chosen as proper positive corthe maximum data rate, capped @tMbps as previously
stants, which tune the shape of the function and regulate #xplained). Indeed, in the considered scenario, due to the
aforementioned QoS/price trade-off. For example, inéngas small size of the network, this value is always available to
1 makes the users more sensitive to the utility, wherea#i terminals. However, we also performed similar evaloradi
increasinge does the same for the price. The last valig, for more complicated scenarios where different signaltatgs
is simply a normalization constant. Anyway, observe that tltoexist and they exhibit similar trends to the ones shown.
choice reported in (8) is not restrictive, as the behavior of The utilities of arriving users are generated witrand K
A(u,p) can be easily adjusted by tuning the parametgys, randomly distributed in [6,20] and [0,0.85], respectivelyne
e and u, so this is indeed a very general choice. Moreovenser satisfaction parameters are= 2, ¢ = 4, k = —1In0.9.
this particular A(u,p) could be replaced by any functionAll these values are given as input to tms-2 simulator,
respecting the general rationale of taking valuef0iri] and and other parameters simply reflect the implementation ef th
being not decreasing im and not increasing ip, respectively. IEEE 802.11b standard in this simulator.
We show the results of our evaluation in Figs. 3-8 for
V. RESULTS what concerns two different pricing policies, i.e., flat and

We consider a scenario where a single AP is locatdidear pricing. These strategies are obtained within tinaile
in the center of a32 m x 32 m square area, surroundedunctionp(r) reported in (6), by assigning respectively a very
by a variable number of mobile users with heterogeneolmv value and a very high value to the parameteRecall that
requirements in terms of service, which are mapped throutjtis function tends to a flat or linear behavior fgrtending
different utility functions. Propagation effects and miipi to O or to infinity, respectively. In the numerical evaluations,
have been implemented with already availab$e2 modules, the flat and linear policies are obtained with = 0.001
determining a radio scenario affected by slow fading witand ¢ = 10, respectively. Users arriving in the system are
pedestrian mobility of the terminals, which move with awlassified considering the three categories already exqiai
average speed @f.5 m/s. The generated revenue is evaluated as split between gshtisfie

A total operation duration df000 s is evaluated. During this and dissatisfied users (blocked users are not consideredyas t
time, calls are generated according to a Poisson proceks wiib not generate revenue, not even virtually). The x-axedl of a
intensity A and call durations are exponential with averagtese figures report the pricing scaling fagipdimensionally,
duration1/p = 1/150s~!. The ratio)\/y is tuned in order to this is the inverse of a rate, thus it is measured in MbBps
obtain different traffic conditions, where an increasinguea i.e., Mb~!.s. When the y-axis reports a revenue value, this
leads to a more congested system. refers to the instantaneous value of the revenue, norndalize

For what concerns propagation values, we consider the p#ththe time unit (in order to abstract from the duration of the
gain of terminals as determined by the product between a patulation run). Thus, the unit of measure is Mb
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Fig. 4. Linear pricing policy, obtained witl = 10: (virtual) revenue coming Fig. 6.  Flat pricing policy, obtained witly = 0.001: revenue coming
from dissatisfied users, for different choices of the nekwload \/u, as a  from satisfied users only, for different choices of the nekwoad A/, as a
function of the pricing scaling factagp. function of the pricing scaling factap.

Fraction of satisfied and blocked users q=10 (linear pricing)

1/0-0-0-6-0-0-0-0-0-RQO-OOTT XV V-v-vy which causes the users to decrease their rate request.
ool P OOOOOOOO Thus, when the load is low, all users are able to access
" R the system. In this case, all the bandwidth is used and the
g 081 satisfied ‘>~1>\ revenue is a linear function of the pricing scaling facgor
g o7r > For higher load values, the satisfaction rate and the revenu
S LS TS generated by satisfied users decreases. In this case,simgrea
S 06 > 2 e
E > > p causes the revenue from satisfied users to saturate, as seen
3 051 in Fig. 3. Because of the higher chance of collision, which
£ 04l implies a lower perceived quality, the higher the load, the
5 lower the saturation value of the curve. Moreover, in view of
c 03f . . . .
.% the previous observation of almost all users being admitted
S o2 |——Alp= in the system, Fig. 5 implies that applying a high price in a
ol [TO A =S congested system would result in more thigf of dissatisfied
: - A/u=10
blocked users.
A T VA T 1_ o8 1 To sum up, when linear p'ricing. policies.are cor}sidered, the
Pricing scaling factor [Mb "s] users have more freedom in their allocation choice. Thus, in

Fig. 5. Linear pricing policy, obtained witp = 10: satisfaction and blocking gene'ral a linearly-dependent pncmg achieves high mm
rate, for different choices of the network loady, as a function of the pricing 'ate in absolute terms. However, in case of congestionether
scaling factorp. is a risk of dissatisfying a large share of the users that try
to enter the system but do not achieve a satisfactory service
Moreover, compared to other policies, a linear pricing does
Fig. 3 shows that a linear pricing policy is able to efficigntl not generally obtain very high revenue.
regulate users’ access to the system. In fact, when eitleer thFinally, we observe that price variations influence the
price or the network load is low, the revenue from satisfigarovider’s revenue in two ways. Besides determining diyect
users exhibits a linear increase, which means that almbstthe revenue proportionally to the unit price, they also affe
the users are able to satisfactorily end their service geriausers’ requests and their satisfaction. This relation i@sphn
This is confirmed in Fig. 4, which shows low values of thémplicit admission contrglcreated by pricing the resource and
(lost) revenue from dissatisfied users, and Fig. 5, wherg ittherefore allowing the users to self-manage system acéess.
emphasized that almost all users are satisfied. The fraofionbetter understanding of this relationship between priend
blocked users is very close t for any value of the price users’ satisfaction can be gained considering anothemgric
(observe that blocking does not depend on the load, as itsisategy, i.e., flat pricing, shown in Figs. 6-8.
evaluated before the users enter the system). This happenEhe flat case also applies implicit admission control, but in
because, with this policy, the usesslf-adapttheir demand to the same way to all users, whereas the linear case was adaptiv
the price. A further consequence of this self adaptatiohas t to their requests. This implies that every user simply asks f
users are better able to coordinate their resource shaiimge the transmission rate which gives the highest utility, sitioe
due to the linear behavior qf(r), the most demanding usersmaxima of utility and acceptance probability occur for the
are charged the most. Increasing the price scaling factitre same rate. Due to the increasing behavior of the utilithgs,is
penalty for the users with high requested rate also incsgasaebtained when the rate is as high as possible, i.emat =5
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x 107 (Virtual) Revenue from dissatisfied users, q=0.001 (flat pricing) x 1074 Revenue from satisfied users, q=0.1 (hybrid pricing)
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Fig. 7. Flat pricing policy, obtained witlp = 0.001: (virtual) revenue coming Fig. 9.  Hybrid pricing policy, obtained witly = 0.1: revenue coming

from dissatisfied users, for different choices of the nekwload A\/u, as a from satisfied users only, for different choices of the netwload A/, as a
function of the pricing scaling factagp. function of the pricing scaling factagp.

Fraction of satisfied and blocked users q=0.001 (flat pricing)

—v—Alp=2 load. Fig. 6 shows instead that the flat pricing revenue is an
o8y " Q —O-A/uss increasing function of the load. On the other hand, also the
£ 08l > o PT AR revenue coming from dissatisfied users increases with b lo
§ ol \R \Q /blocked more rapidly than the revenue from satisfied users (compare
£ > the trend in Fig. 7, which is steeper, with the one of Fig.
; 061 X Q 6). The overall satisfaction rate is significantly lower tbe
go.sf [?‘[> flat price than for the linear pricing case (compare Fig. 8
i s with Fig. 5). On the other hand, with respect to the linear
® 0.4F > .. .
2 pricing case where almost all users were admitted, here most
5 03f of the users are blocked, not dissatisfied. Even though & thi
§ 02 paper we concentrate for simplicity on the satisfactiore rat
, itself, it is also true that there is an important differerate
o1y 7 the Admission Control level between blocked and dissatisfie
o v 514 o o5 ] users. In this sense, the performance of the flat pricingdcoe

Pricing scaling factor [Mb 's] considered better than the linear policy, as it trades tissal

users for blocked ones. On the other hand, the overall number

Fig. 8.  Flat pricing policy, obtained wity = 0.001: satisfaction and of satisfied users is extremely low.
blocking rate, for different choices of the network loadu, as a function of This h . h . . d
the pricing scaling factop. IS happens since users have no Incentive to decrease

their unnecessarily high rate requirements and henceforth
the network is brought toward a low-performance operation
Mbps. Whereas in the linear case a self-adaptation of usep§int, where all users request the highest rate. In this, case
requests was observed, this is no longer possible for the flafelatively higher revenue is achieved by serving few users
pricing. Thus, there is a significant number of blocked uaer, Which utilize the resource at the maximum level.
reported in Fig. 8. Again, note that this value does not dépen We therefore conclude that, even though flat pricing is
on the load, but only on the price. often adopted in WLAN hot-spots, where the payment of a
We remark that flat pricing leads both to higher ratéixed fee guarantees the access for a given time (but without
requests, and also to generally increased revenue (se6)Figquality constraints), it is likely not to be suitable for hégn
Compared to the linear pricing case in fact, from the indiaid loaded scenarios, due to excessively low satisfaction. rate
perspective of the users the fixed price to pay regardlegseof tnstead, it might be a good choice in a class-based scenario
rate seems to be relatively cheaper (especially if theyesim for business customers, i.e., for a limited number of uséits w
high rate) although it is higher in absolute terms. Howetrex, top requirements and therefore willing to pay more. Instéad
downside faced by the users (and hence also by the provid@gnage the majority of the customers without strong quality
due to these improvements is an increased congestion, whieguirements, a usage-based linear pricing is more efficien
leads to an overall decrease in the users’ satisfaction. Indeed, there is a trade-off between flat and linear pricing
In particular, observe that in the linear price case themege strategies. To further investigate this point, we can @BTsi
from satisfied users did not change very much with the loalligs. 9-11, where a hybrid pricing policy, obtained by setti
and the highest revenue was obtained for low values of the= 0.1 in (6), has been investigated.
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Fig. 10. Hybrid pricing policy, obtained witlh = 0.1: (virtual) revenue
coming from dissatisfied users, for different choices of tagwork load\ /i,
as a function of the pricing scaling factgr

Fig. 12.  Investigation of the suitable pricing policy. Teadff between
revenue and satisfaction. The value @fis 0.25 for Low Price, 0.5 for
Intermediate Price].0 for High Price).

focus on the case with/; = 5 and we consider three different
values of the price scaling factor, i.@.= 0.25,0.5,1.0. The
result of this investigation, reported in Fig. 12, can altjua
work as a strategy for the provider to take an appropriate
choice between the two contrasting objectives. In othexdgior
the shape of the pricing policy can be determined by looking
at one suitable point in Fig. 12. To properly read the curves,
note that points belong to a geometric sequence gwtnging
from 10 to 0.0228 with 1.5 as ratio between adjacent samples.
The pointg = 0.001 is also added for completeness.

From the figure, the previously discussed behaviors of
linear and flat policies are confirmed, i.e., linear pricing
achieves higher satisfaction but also lower revenue. Hewev

) purely flat or purely linear strategies do not offer gengrall
0 02 Priomg scaling facier Mbs] ! a good tradeoff, since the curves tend to wrap, and hybrid
solutions are preferable. In fact, in many cases hybridrmic
Fig. 11. Hybrid pricing policy, obtained witly = 0.1: satisfaction and interestingly achieves better revenue than both flat arehtin
blocking rate, for differerlt choices of the network loady, as a function of pricing, and the resulting trade-off may be appealing fa& th
the pricing scaling factop. . . .
provider, as the revenue is greatly increased at the cost of a
small degradation of the users’ satisfaction.

The behavior of the curves for the hybrid policy is quali- Thus, we en_1p_haS|ze_ t_he need for. an appropriate investi-
tatively similar to the flat pricing curves. As Fig. 11 showsgat'or,] of all pricing p‘?"c'?s by allowing more fa_ctors than
the admission control is blocking a significant fraction loé t the S|_mplle average price n °Tder to tune the price not only
users. However, with respect to the performance of the f&lﬂantltatlvely bUt also qughtatlvely (i.e., changing thkeape
pricing reported in Figs. 6—7, this hybrid pricing obtairathp ltself of the pricing fun_ct|on)._ Mqreover, our approach can
a higher revenue from satisfied users (see Fig. 9) and a IO\H& U.SerI as an effective gwdellne_ to explore the_ trade.-off
(lost) revenue from dissatisfied users (Fig. 10). In pakiicu in thls_ sense. Fo.r e>fample, according to the relative Welght,
this latter (negative) performance index is kept low whes tHfIvVen m_the p'rowders goal _to the revenue versus the users
network load is moderate. To sum up, it seems that a hyb ansfactlon, F'g 12 QHOWS in general to properly getind
pricing with ¢ = 0.1 could be preferable than a pure flat or ence the pricing policy.
pure linear strategy. In particular, it obtains a slightigher
satisfaction rate than the flat pricing and a higher revehas t VI. CONCLUSIONS
both policies. We studied network management and pricing policies for a

Motivated by these results, we thus aim at generalizing thaMLAN hot-spot, considering both technical and economic per-
and exploring the aforementioned trade-off between usesgectives. The goal of the network manager includes diftere
satisfaction and provider’s revenue by varying the parametspects, such as good network efficiency and high appreciati
¢ in the tunable pricing policy reported in (6). To this end, wey the users, which concur to determining a satisfactory

Fraction of satisfied and blocked users
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revenue. Moreover, several contrasting trends occur aad ng12] L. Badia, S. Merlin, A. Zanella, and M. Zorzi, “Pricing OWLAN

to be jointly addressed.
To capture these aspects, we applied a micro-econo

Services through a Micro-economic FramewolEEE Wireless Commun.
. Mag, vol. 13, no. 1, pp. 5-13, February 2006.

'ﬁ K. Fall and K. Varadhan, ns Manual [Online]. Available:

framework to describe the behavior of the users. This modelhttp://www.isi.edu/nsnam/ns/ns-documentation.

includes the trade-off between the requirement for a satisf
tory QoS represented through the utility functionand the
reaction to the pricing functiop. We analytically formulated

[14] F. Cal, M. Conti, and E. Gregori, “IEEE 802.11 wireless LAN: cajtac
analysis and protocol enhancement,FAroc. IEEE INFOCOMvol. 1, pp.
142-149, 1998.

[15] M.H. Manshaei, G.R. Cantieni, C. Barakat, and T. Tdirl&Performance

the metrics which impact on the provider’s objective, espe- Analysis of the IEEE 802.11 MAC and PHY layer Protocol,’Rroc. IEEE

cially focusing on revenue evaluation distinguishing lesw
the contribution generated tsatisfiedand dissatisfied users

WoWMoM 2005.
[16] I. Aad and C. Castelluccia, “Differentiation mechanisrits IEEE
802.11,” inProc. IEEE INFOCOM pp. 209-218, 2001.

To apply this analysis to a practical case, we implementé&d] C. Courcoubetis, F. P. Kelly, V. A. Siris, and R. Webeék,study of sim-

the micro-economic framework within the well knowrs-2
simulator. Our numerical results show that the overall bigha
of the system is strongly affected by the micro-econom
management. This is true both for the generated revenue (:
especially the relationship between the revenue genelsted
satisfied vs. dissatisfied users), and the percentage of us
which are successfully admitted in the systand complete
their service in a satisfactory manner.

Thus, an appropriate choice of the pricing policy is key fc
the provider to obtain good system performance. In pagicul
the pricing strategy should regulate the users’ accessderor
to prevent users from achieving dissatisfactory service tdu
congestion. To this end, we also explicitly addressed tuetr
off between revenue and users’ satisfaction as regulatédeby
pricing shape factarAn important conclusion is that pricing

policies which are hybrid between a flat and a linear behavi

ple usage-based charging schemes for broadband netwdeksgommun.
Syst, vol. 15, pp. 323-343, 2000.
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for the provider. Our model not only quantitatively validat
this statement, but also offers a framework to select thet mg
appropriate shape factor according to this trade-off.
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