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Abstract: Third Generation (3G) wireless systems are expected tahecoore and more popular
worldwide, thanks to a higher quality than in current 2G.doirsequence code-division multiple-
access (DS-CDMA) is a solution to be implemented in theséesys but, due to a limited radio
spectrum and more and more demanding applications, it skleehsthat congestion will still be

a problem. Pricing appears a simple way to tackle this probl&his paper aims at studying the
impact of a per-packet static pricing scheme on the use ofetrerse-link in a cell where demand
(defined through the so-called utility functions) decrsashen prices increase or quality of service
decreases. The paper also deals with the pricing of multiglsses, since DS-CDMA supports
integrated services. In a first step, we determine as a Naghbeym the number of customers
that will actually apply for service, depending on demamda kecond step, assuming perfect power
control, we find the prices and received powers optimizirgggérvice provider’'s revenue. We find
that in the case where potential demand always exceedsiaplae base station’s best interest is
to favor only one class, but that it is not the case in the meadistic situation when considering
potential demand as a random variable over time.
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Tarification statique optimale de la voix montante dans une
cellule DS-CDMA avec trafic heterogene

Résune : Les systemes de transmission sans fils de troisiemeatée(3G) deviennent de plus
en plus présent et offrent de meilleurs performances qeuél 2G. L'accs multiple par division
de code et séquence directe (DS-CDMA) est une solution ojtiiédre implémenter dans de tels
systemes de communication mais, a cause de la limitatiospéctre radio et de I'émergence de
nouvelles applications de plus en plus demandeuses et) di@@mble que la congestion dans ce
type de systemes restera un probleme. Appliquer un readiltarification semble une solution
simple pour résoudre ce probleme. Lidée de cet artisted&tudier I'impact d’un modele de tar-
ification a l'usage statique par paquet sur la voix montalates une cellule d'un réseau sans fils.
Nous considérons que la demande (définie al’aide desiforsod’utilité) décroit quand les prix aug-
mentent ou quand la qualité de service diminue. Cet aftiialtee €galement d’une tarification avec
trafic hétérogene car la technologie DS-CDMA suppoiitgégration de services. Tout d’abord,
nous déterminons par un équilibre de Nash le nombre atéurs rejoignant le systeme en fonc-
tion de la demande. Ensuite, supposant un contrble degmassparfait, nous déterminons les prix
et puissances de réception qui optimisent le revenu dunissgur de service. Nous montrons que
lorsque la demande excede toujours la capacité, le fegsgnr maximise son revenu en servant une
seul classe de service. Seulement, ceci n’est pas vraidalaas plus réaliste de demande aléatoire
dans le temps.

Mots clés : Tarification, Réseaux sans-fils CDMA, Optimisation
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1 Introduction

With the widespread use of the Internet, telecommunicatare nowadays of common use in our
daily life. Moreover, the Internet is expected to converge ia single network with heterogeneous
networks, like wireless and cable networks. Due to this eag@nce and new emerging applications
such as multimedia, the network will deal with services vaitarge range of quality of service (QoS)
requirements. This is combined with an increasing numbsubécribers, each of them demanding
a particular bandwidth. If the user demand is below netwageacity, like in the Internet backbone,
then congestion would not occur and there would be no speeid for applying service differen-
tiation since all QoS requirements would be likely satisfi€h the other hand, in access networks
in general (where the problem is often called tast mile problen{2]), and in wireless commu-
nications in particular, capacity (the radio spectrum fareless communications) will be hardly
increased, and the growing demand needs to be managed intaatésnost” of demands are satis-
factorily served. In this situation, it seems important pplg control and/or service differentiation
procedures. In this paper, we focus on direct-sequencediotdon multiple-access (DS-CDMA)
networks that will form the next generation of wireless natkg. DS-CDMA ([9, 26]) is indeed a
way to control QoS, by appropriately selecting the transiais(meaning received) powers, which
can be increased when the interference increases in orsiatiséy the requested signal qualities. We
consider the case of integrated services, that are supiiorS-CDMA, where multiple classes of
service are provided (through different prices and recep@wers at the base station). We assume
perfect power control at the base station, which is knowretoricial especially for the reverse-link
[7, 21]: all signal powers of mobile users received at theststation are thus forced to be equal
within a given class, avoiding near-far effects for ins&nc

Many papers have been devoted to power allocation and Qo&gearent [18, 10, 11, 12, 13].
In these works, resource allocation schemes are propogedvme the best possible QoS levels to
clients, but they do not look at practical ways of contrajlslemand. To tackle out this problem,
pricing is a simple and convenient approach. Pricing haes betensively studied in wired networks
such as the Internet (see [3, 4, 5, 25] and the referencesithiéor controlling congestion and for
differentiating services. It has also been used in CDMA ek ([1, 14, 16, 19, 20, 22, 23, 24]) by
using their specificities: the price charged to a user is agatpin terms of the QoS degradation the
presence of this user imposes to others the so-called ekitgri his can be shown to directly depend
on the transmission powers through the interferences. Jémerally leads to a game-theoretical
analysis and price optimization.

We consider in this paper a different view of CDMA network tmhwhere prices do not depend
on power or interference levels, but simply on the volumeafismitted data. Since in the scheme
we propose prices do not integrate thal externality, it might be seen mathematically less efficient
in terms of fairness or social welfware. However, we belithvat such a volume-based pricing
scheme will be more likely accepted by subscribers sincentare predictable. Also, we look for
a static pricing scheme, where prices are fixed and do not vary witm#tevork conditions. This
is assumed for the same reasons, since again, we argue &4 thdt users would prefer to have
ana-priori knowledge of the applied charge rather than a dynamic ardbrarone, even if this is
larger in average.

PIn°®1731



4 Hayel & Ramos & Tuffin

We thus consider a pricing mechanism to optimize the netwevkenue in reverse-link DS-
CDMA transmissions. The model we propose is inspired by the ia [10], where an optimal
resource allocation scheme was obtained among differasse$ of users, but for fixed and pre-
determined numbers of users in each class. In that papegrgeveontrolled to reach the given
thresholds of signal-to-interference plus noise ratiodNg®) for which QoS requirements are met. A
processing gain exhibiting good performance is computesic@visider here that the processing gain
is fixed for each class of service, but on the other hand we aterthe received powers allowing to
optimize the network revenue. Our goal, with respect to,[#to study how pricing can be used
to control the number of users in the network and how, by meémsicing and received powers,
the provider’s revenue can be optimized. The introductfaemnand with respect to prices and per-
ceived QoS levels is obtained by introducing the so-caltdityufunctions. These functions depend
on both the QoS parameters and prices. QoS parameters arthevitype of traffic considered, for
instance data is sensitive to delay, while voice is rathesiige to losses and throughput, if delay
is bounded. The better the quality, the more users will acttesnetwork, but the higher the prices,
the less users will likely enter the network. We thus lookhig trade-off as well as the trade with
received power. With respect to [10], for dynamic rangetation on the multi-access receiver, we
also introduce a capacity constraint representing thelf@ttonly a finite number of customers can
be received at the base station, this number depends onceaticn power level [26]. The pricing
problem is investigated when one or two different classdgaffic are involved. We consider situa-
tions where demand always exceeds capacity, but also caszs demand is random. The random
case catches, for instance, the demand behavior over afuslidce demand could be under capacity
at some point of time. At a given time, we look for an equilibmi situation where demand adapts
itself to prices and to received power requirements. Thenlogk at prices and powers optimizing
the provider’s revenue.

This paper is organized as follows. In Section 2, we deschibéasic model taken from [10],
and then describe how demand varies with QoS and prices by wsility functions. Section 3
describes the case of a single class of users and Sections4limsame analysis but in the case
of two classes. Special attention is devoted to the equilibsituation, especially for two classes,
where users of both classes of traffic compete for resouidesconsider the case where demand
exceeds capacity, but also the case where potential demapdenunder capacity. Finally, we
conclude and give our directions for future research ini6ed. Proofs are left to appendices to
ease the understandig of results.

2 Model
2.1 CDMA Model

The model we propose is based on the one in [10]. We focus aretleese link of a single cell. We
consider a DS-CDMA network (see [9, 26] for details), whére ¢hip rateR. is assumed equal for
all users. We assume that we have a multiclass system{nitasses, where a user is characterized
by a class. When packets are sent, they enter a buffer after error @ording through forward
error correction (FEC), and are converted to a DS-CDMA dighaymbol rateR. /N;, with N;

Irisa
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being the processing gain (which should not be larger ®at(\; L;). L; is the length in terms of
symbols of packet of class The signal transmission power is controlled such that ietzived

at level P; at the base station. The choice8f and received poweP; at the base station affects
packet delay and transmission rate. This has been extgndigeussed in [10]. Note that this also
affects the performance of other classes of users. So, whdixdlues ofN; to the ones giving
good performance in [10]. We consider that a new packet isgded as soon as the preceding one
is successfully delivered. This is referred as continupastive users, which might represent the
transmission of long files for instance.

In DS-CDMA, a key parameter is the received signal-to-fiet@mce plus noise-ratio (SINR).
QoS metrics such as delay and bit error probability deperettly on it. For class users, the SINR
is

P;N;
g ( 2{;;1 P+ Z](;éz lec(:Jl PJ’) +0?

where is a constant which depends on the shape of DS-CDMA cliipss the number of clasg
connections anda? is the background noise power.

For all classes of traffic, we assume that channel codingded forward error correction (FEC).
We assume that the bit error probability (BEP) is an expaakytecaying function of the SINR.
Specifically, we assume that for a user in clasbe BEP is

SINR; = 1)

with F(x) = exp(—pBz)*. Similarly, the probability of retransmission is
pr, =1 — [l — F(SINR;))“ 3)

with r; the FEC code rate for clags

Performances measures can be directly expressed in terthe 8iNR. Consider for instance
the mean packet delal D; for type+ traffic. It is composed of the mean waiting time in the queue
IEW; and the mean retransmission tidi&S;, IED; = IEW,; + IES;. Itis shown in [10] that

L;N;
ED; = ——— . (4)
R.(1 - py,)

On the other hand, base stations also have constraints acisapAs stated in [26], for dynamic
range limitations on the multiaccess receiver and to gueeasystem stability, the total received
noise plus interference power to background noise ratimi¢dd for a class-user to

Ki—1 C K;
v (Zk:] P + Zj;éi k=1 Pj) +0?
2

ag

< (5)
wheren is typically 0.25 or 0.1. This inequality provides an uppeund on the number of users for
each class, for fixed received powers.

1In [10], a functionF(z) = xexp(—pBz) is rather used, implying that the delay of transmission isrtaed even if the

power is reduced to zero. To prevent this degenerated casadopt the approach used in [6], where= 1 so that the delay
of transmission is infinite and the probability of retranssin is equal to one when the power is zero.

| =
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6 Hayel & Ramos & Tuffin

2.2 Modelling users’ behavior

Let the class index be in {v,d}, wherewv could be for voice traffic and for data. We abusively
use this notation to keep in mind that clasis more sensitive to some QoS metrics (like delay) than
classd. The index is simply skipped when only one class is consitlere

In general, autility functionU; is associated with a user of clas§ € {v, d}), describing his
level of satisfaction when transmitting a packet. Thisitytfiunction is expressed as the difference
between the value of the QoS level (depending on the SINRgtwisi function of the number of
users of each typ&’, and K ;) and the per-packet chargefor classi:

Ui(Ky, Kq) = fi(SINR;(K,, Kq)) — u;. (6)
fi describes how the valuation for service evolves with theRSIN

Assumption 1 We assume that the valuation functignis strictly increasing, differentiable and
that is such thayf; (0) = 0 for all i € {d, v}.

We will specifically assume that the utility function for sk traffic (i € {d, v}) depends on the
mean delay by

1

(ED;(K,, Kg))* i ()

Ui(KU: Kd) =

whereq; is the sensitivity parameter of clas$raffic to the mean delay (as considered in [15]) and
ED;(K,, K,) is given by (4). Note thalED;(K,, K,) is a function of SINR; (K}, K,) fitting
the above framework.

We assume, at least in a first step, that the number of polteotieices is very large so that
demand exceeds capacity. Selfish ciassers apply for service as soon as their utilityis positive.
Demand is thus directly controlled by prices and receptiongrs, so that it potentially leads to a
(Nash) equilibrium on the number of active users where, &oheclass, either the number of sources
is zero with negative utility (meaning that no user has egém participating), or is equal to capacity
with positive utility (meaning that no more users are alldvwe enter for physical reasons), or the
number of sources is positive and less than capacity, wilhutility (meaning that the users’ cost
reach their valuation and no other user has interest in iegtesince it would lead to a negative
utility). Formally, an equilibrium is a tupléK;, K;) such thati;;, K; > 0 andVi,j € {d,v},
J#u

e EitherK; = 0andU;(1, K;) < 0;

e or K has reached the capacity constraint (5) (so the inequaditpies an equality) and
Uik}, K) > 0;

e or K} > 0, under the capacity contraint (5), abigl i, K;) = 0 so that no other user has an
incentive to join (a potentially leaving user being immeeliareplaced by a new one).

This leads to two different problems that we try to solve ia tbllowing sections:

Irisa
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e What is the steady-state number of sources for fixed pricégegeption powers? Is there a
(unique) equilibrium, especially when considering twdeliént classes of users in competi-
tion?

¢ What are the prices and powers that the service provideedtdke station should setin order
to maximize his revenue?

3 Optimal pricing for a single class of users

We consider in this section that the system has a single ofagsers. We first analyze the case
where demand always exceeds capacity, then the case wheesdés random and may at some
point be under capacity. Recall that inderr d is skipped in this section.

3.1 Demand exceeding capacity

We assume that demand exceeds capacity. So, there alwayseasewishing to apply for service
when their residual utility is positive. We first considee ttase of a general utility function and then
the case of a typical function that depends on the mean pdeleast.

3.1.1 General utility function
With full generality, assume that the utility function of aar is expressed by
U(K) = f(SINR(K)) - u,

where functionf is positive, continuous, differentiable, strictly ince@g and is such that(0) = 0
(Assumption 1).

The following theorem gives the number of sources at equilib in terms of fixed price and
power.

Theorem 1 Letu be the per-packet price anft be the received power at the base station for all
users. The number of usek§" at equilibrium is:

O7 if wu> Umaz = f(%)z
; o2 N . NP NP
K* = 177_]372#7—1(“)’ i f( gzn)<u<f(g_2):
1+ ]%”;’—P, otherwise.

The first and third cases are border situations: the first cagesponds to the situation where
access is too expensive for users, the third case to theisitwehere full power capacity is reached.
The proof of this theorem can be found in Appendix A.

With the number of sources determined, the second step isoto fbr per-packet price and
received power maximizing the revenue of the base statibis. groblem can be formalized as

max R(u, P) = uK"(u, P)u(u, P), (8)

u>0,P>0

PIn®1731



8 Hayel & Ramos & Tuffin

with u(u, P) the average throughput for each user &fidw, P) the equilibrium number of sources
determined in the above theorem. The average throughphe s/erage number of bits successfully
transmitted per second, i.e.

Lr
p(u, P) = ED(u, P)
R, PN Lr
- (e s ) ©)

The following theorem gives the price and received poweintiping the base station revenue.
Theorem 2 Let X’ be the set of solutions of the following equatiorXin> 0:
F(X) (vX2LrBe BX + XN(1—n)Lr3 — N(1 — e #X))
+f(X) (7 X2(1—e )+ NX(1—eF¥)) =0. (10)

Let

TR, _ 1—ny (1 —e BN F(X)
o _ _—BX\Lr .
X" = Arg max — (1—e PN f(X) + 5 rR. X .

Then the per-packet pricg* and received poweP; that maximise the base station revenue are

X*0.2
Np -~

u = f(X")andP* =
The proofis in Appendix B.

3.1.2 Utility function depending on the average delay

Assume now more specifically that the valuation of users dépen the average delay?ﬁW (as

used in [8]). So, the utility i4/(K) = 5= — u. The functionf such thatf (SINR(K)) = (]E%D)a
is

1) = (£2) a-e ey

LN

from (3) and (4). Note that this function is positive, contius, differentiable, strictly increasing
and is such thaf (0) = 0. Theorems 1 and 2 can be be restated as follows.

Corollary 1 Under the assumption that the utility function depends eraterage packet delay:

¢ the number of userK™ at equilibrium as a function ofP, u) is

. . R -8NP L
0, if u > Umax, with Umax = (75)7(1 —e 702 )",
NP NP
K =) 1-2 - LN _ if (Le)r(1—e PTa2 ) Ere <y < (Beyo(1 — e Pz )b,

1+ 177""— otherwise.

Irisa
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e Let X* be theuniquepositive solution of the equation

1- N 1-
Lr(1+a)BX2 + —2Lr(1+ @)BNX + (1 — )~ = — L NeSX,
v Yy v

The optimal per-packet price is:

This result is proved in Appendix C.

lgleeds
o
,'ll;;;:" 0

000
[IXO8X
"";':‘

Figure 1: Revenue of the base station in terms of the pergtgeice and the received power when
demand exceeds capacity and delay is the metrics of interest

As a numerical example, we consider the following variables= 768 symbols,r = 1/2,
B = 2, = 2/3 for rectangular chipsR. = 5 Mchips/s,c* = 0.9 dB,a = 1.6 and N = 10.
We also consider the upper bound of the power ratie 0.2. Corollary 1 gives the optimal per-
packet priceu* = 0.4804 and the optimal received powét* = 2.1352. The maximal revenue
is R* = 411.699. The revenue is displayed in Figure 1 in terms of the per-papkiceu and the
received powep; it can be observed that this is in agreement with the optition results.

3.2 Random demand

We assume in this subsection that demand varies so thahgdagportion of time, it does not ex-
ceed capacity. Assume that demand is expressed by a disanetem variable\ representing the

PIn®1731



10 Hayel & Ramos & Tuffin

number of potential users requesting service. The oveoall ig again to determine tHixedprice

u and powetP (remember that we look for staticpricing) that maximize thexpectedase station
revenue. To reach this goal, we first need to look at the numibesers for each possible level of
demand (exceeding capacity or not), whatever the choiceaoid P.

Theorem 3 Letu and P be the per-packet price and received power at the base statiet be
the number of users potentially requesting service. Thaahctumber of number of users' at
equilibrium s

k* = min(J, K*)
with K* being the value found in Theorem 1 when demand exceeds tapaci

The proof of this theorem is in Appendix D.
The average base station revenue is expressed by:

R(u, P) = uk”(u, P,0)p(u, P,§)IP(A = §) (11)

NE

>
I

0

wherex*(u, P, §) (resp.u(u, P, §)) is the number of open connections (resp. the throughpughwh
per-packet price is, received power i and potential demand &

The goal of the base station is, again, to find a prieed a powe that maximize the expected
revenue, representing this revenue over long periods &.tior instance, assume that demand
follows a Poisson distribution with rafk the other parameters being the same than for the example
when demand exceeds capacity. By using standard optimizédols we get the optimal values
u* = 0.4905, P* = 2.2694 and the maximum average revenide = 299.2589. This is sketched in
Figure 2.

]
3

S
3

KRN
BN
SR
R
ll'i S

Average Revgjue
S
8

W

> o

10

R
R
R
R
IR
[
NS

g
0 %

Figure 2: Average revenue of the base station in terms oféh@gacket price and the received power
when demand is random and delay is the metrics of interest.
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4 Optimal pricing for two classes of users

Consider now two different classes of applications witliedént quality of service valuation for
which we want to differentiate services. For convenierfoesé classes are called typend typed.
Here again, we assume that the service valuation for eaehafygpplication depends of tiHef N R
obtained. This is given by, (SINR,(K,, Ky)) (resp. f4(SINRy4(K,, Ky))) for typew (resp.
type-d) users. Therefore, if,, (resp.u,) is the per-packet price for type{resp. typed), the utility
functions for each type are

Vi € {’U,d}, Ui(Kv,Kd) :fZ(S]NRZ(KUKd)) — Uj.
The SIN Rs, obtained from (1), are given by

P,N,

V(Kv - 1)Pv +7ded + 02’
PNy

YK P, + v(Kyq — 1) Py + 02’

SINR,(K,, K;) =

SINR (K, Kq) =

and, as it can be readily checked, the utility function of petyf users depends on the number of
active users of the other type.
Again, we assume that there is a capacity constraint at the &tation for each class, given by
(5). These requirements lead to
2
K, < 177—77701% - Kd%l + 1 (for classw),
1—n o P,

Py
K, < ——= — K4— + — (for classd),
< o Nep Tl )

or just

177} 0’2 Pd Pdfpv
K, < —— —Kj— +1
DR S £}

Ip,<p, (12)

wherel is for the indicator function.

4.1 Demand exceeding capacity

We again first assume that the number of users potentialllyigpfor service is infinite in each
type of application. The case of random demand is studigaeméxt subsection.

We assume users act selfishly and apply for service as sobeiastility is positive. Also, they
leave the game if their utility becomes negative. Againyethe single class case, the base station
blocks connections from users if the capacity constrai®} {d reached.

The following theorem shows that a Nash equilibrium existsthe number of users of each
type, when considering that all users are selfish. The theesgresses this equilibrium in terms of
prices and received powers for each class of service.

PIn°®1731



12 Hayel & Ramos & Tuffin

Theorem 4 With the above assumptions, there is a (Nash) equilibri@fm, X)) for the number
K and K; of active typer and typed users. The values d¢f; and K ; depend on received powers
P,, P; and pricesu,, u4 in the following fashion:

1 fU,(1,0) <0 & uy > fo (B2f) andUq(0,1) < 0 & uq > fq (X2£2), no user is
interested in requesting service, so that

(K, K3) = (0,0).

2. 1fU,(1,0) < 0 & u, > f, (2ef2) butUy(0,1) > 0, only typed users are present at
equilibrium and the Nash equilibrium {9, K;) with

_ 0% _ z Ndeﬂ Nde
K;: 1 vPj p“f (u)’ lff ( )<ud<fd( ): (13)
1+ 17777 ’YUPd otherwise.

3. On the other hand, #,4(0,1) < 0 & ug > fa (22£2) butU,(1,0) > 0, only typev users
are present and the Nash equilibrium(ig’?, 0) with

7ifL Ny P"
{1 VP h Ty (e ) <uw < fu(Bt),
_I_

1—
T" 7‘}, , otherwise.

K= (14)

v

4. 1fU,(1,0) > 0andU,(0,1) > 0, there are 3 subcases.

(@) If & + P, + (P — P)1p,<p, < min (wadfd S+ Py, B +Pv), the capacity
constramt (12) is reached while users of both classeswstiiht to request service. The
system then chooses to accept only classers ifuy > d“v £y, OF only classy users

otherwise in order to give priority to users providing theghest revenue, with'i €
{v, d} the throughput at capacity

Lr
N; P;
rRR Bz PPl
ulc: c (1—6 /m+( )P<P .

The equilibrium is thug0, K;) with K} = 1 + 1
with () =14 11 L - otherwise.

and(K},0)

nvP

(b) 1t D4H 4 Py < min (% + Pyt (Pa—P)lp,<p,, b +Pv) , the equilibrium
is (K’“ 0) with K defined in (14).

N, P, ; Ny P, o
(C) E|Se |fm + Pv < min (’de:?l(;d) + Pd,ﬂ'i‘ Pv + (Pd — Pv)]lpd<Pﬂ), the

equilibrium is(0, K;) with K ; defined in (13).

Irisa



Optimal Static Pricing of Reverse-Link DS-CDMA Multiclasaffic 13

This theorem is proved in Appendix E.

It can be observed that, at equilibrium, only one type of @gagibn is in service when demand
exceeds capacity.

Knowing this equilibrium, one can obtain the values of psie¢, v, and the received power
Py, P; that maximizes the network revenue.

Theorem 5 The maximum revenue of the base station is
R* = max(R;, ).

where R; (resp. R}) is the maximum revenue when there are only clagesp. classi) users,
provided by Theorem 2 (single-class case).

Leti € {v,d} such thatR; = R* andj € {v,d} such thatj # i. The class- optimal per-
packet price iu} = f;(X*) and the optimal received powét’ = X]\Z_‘f where class-is used in
Theorem 2 to obtaiX *.

Valuesu; and P; for the other class must be chosen so that only classers are present at

equilibrium, that is, they should verityP; > 0

P i P:N; P:N;
M i J J J
5 (=) [Ulf; oo[.
P;,u;“zafj( 0_2 T}))[ [fj( 0_2 T})7+ [

u; € [0, min(

The proof is provided in Appendix F.

As an illustration, consider again the case where the Jialuatepends on the average delay
for each class. We use the same numerical values than in sieeofa single class, those values
corresponding to typd-users. We additionally use the following processing gsijn= 8 and the
delay sensitivityy,, = 2, so that voice users value more small delays. It turns otitahaquilibrium,
only typew users are present, providing a reverRie= 574.063, obtained for values; = 0.63
andP; = 2.74.

The revenue is thus maximized when there is only one classafin the system at equilibri-
um. This result is based on the strong assumption that patelemand always exceeds capacity.
Though, itis likely that at some point of time, demand is I capacity. This occurs for instance
during the evening. In the next section, we assume that deéfelows a random variable, and we
keep the idea of having static (fixed) prices (as well as vecepowers). Therefore, keeping two
classes of service is useful, both classes being servethéutost important one getting all resource
in case of congestion.

4.2 Random Demand

We assume thati € {v,d}, A; defines the (discrete) random demand for typesers. Given the
valuesd; of random variables\;, an equilibrium exists for the numbet§ andx}; of typew and
type-d users.

Theorem 6 Assuming now that potential demandjsand d, for typew and typed users respec-
tively and that it does not necessarily exceed capacityetisea (Nash) equilibriungx}, ;) for the

PIn®1731



14 Hayel & Ramos & Tuffin

numberss; andx}; of active types and typed users. The values af; and«;; depend on received
powersP,, P;, pricesu,, uq4, and potential demandl,, 4, in the following way:

1. if (6, = 00r Uy(1,0) < 0 < u, > f, (R2f2)) and @q = 0 0or Uqg(0,1) < 0 & uy >
fa (%#£2)), no user has interest in requesting service, so that

(Hz*)v HZ) = (07 0)

2. If6, =00r Uy(1,0) <0< uy > f, (R2£2) butéy > 0andUy(0,1) > 0, only typed users
are present at equilibrium and the Nash equilibriunls«};) with

Ky = min(d4, K}), (15)
K being taken from (13).

3. Onthe other hand, if; = 0 or Uy(0,1) < 0 & uq > fa (F2£2) buts, > 0andU,(1,0) >
0, only typew users are present and the Nash equilibriuni«g, 0) with

K, = min(d,, K), (16)
K being taken from (14).

4. If the total demand is less than what capacity can suppadtigstill yields positive utilities,
thatis ifd, < TW —Sqbt +1+ BBl p, Uy (84,04) > 0andUy(dy,,84) > 0, all
) (0 ,5d)

users are served, i.gx
5. Otherwise, ib,,d4 > 0, U,(1,0) > 0, andU,4(0,1) > 0, there are 3 subcases.

2
g — < mi Ny Py N, P, ) _
(@) If o + P, + (Py— P,)1p,cp, < min (wf;l(w) + Py, PO T + P, ], capacity con

straint (12) (and potential demand constrairids, d,;)) are reached while users of both
classes still have interest to request for service. Theegyshen decides to give prefer-
ence to clasgtusers ifug > dz u, Or to classw users otherwise in order to prioritize
users that provide a higher revenue.

The equilibrium is thuséx}, x;) with

— 2
Lo 4 P+ (Pa—Py)lp,<p, — K5 Pa

o K = min(dy,1 + =2 ; VP)andli = 1 B if ug >
Py
P Uos
1-n o2 *
T+ Py +(Pa—Py)lp,<p, —K, Py .
e kX =min(d,, 14 =2 7 vP )andnd 2 7 otherwise.

(b) 1t 4P 4 Py < min (% + Pyt (Pa—P)lp,<p,, o +Pv) , the equilibrium

is (/<a 0) with x} defined in (16).

N, P, Ng Py
(c) Else if 7( ) + P, < min (vf;l(ud)-l_ Py, < =

equilibrium is(0, x};) with £ defined in (15).

. v)]lPd<PL.), the
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The proof follows exactly that of Theorem 4, just adding datheonstraints, andd, to capacity
constraints.
In the current case of two classes, the average base statienue is expressed by:

R(UI):P’U)ud:Pd) = Z Z (UUI{:;(UU,PD,(sv,Ud,Pd,(Sd)uv(uv,Pv,(Sv,Ud,Pd,(Sd) +
0,=00q=

4=0
-I-ud/i*(uv,Pv,(sv,ud,Pd,(sd)ud(uv,Pv,5v,ud,Pd,5d))P(Av = 6U,Ad = (Sd),

whereVi € {v,d}, ] (u, P,d) (resp. p;(u, P,d)) is the number of typé-open connections (resp.
the throughput) when per-packet prices ageu,, received power®,, P; and potential demand is
8y, 04.

As an illustration, we look at the case where demand follow®@son distribution with rat2
for typew traffic and3 for typed. We consider also the following parametetg; = 10, N, = 8,
agq = 1.6 anda,, = 2. This choice gives the optimal value$ = 0.638, u}; = 0.484, P; = 2.635,
P; = 2.177 and maximum average revenif = 504.836. We plot in Figure 3 (resp. 4) the
average revenue in terms of tyggresp. typew) users received power and per-packet price with
optimal typew (resp. typed) parameters.

Average revenue

Figure 3: Average base station revenue in terms of typeers received powet; and per-packet
priceu, with optimal typew received poweP’; and per-packet price; .

The same thing is performed in Figures 5 and 6, but with trespective powers and prices
varying. The values in the figures are in accordance with gtienal value found.
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3
3

Average revenue
s a9
g
S

Figure 4: Average base station revenue in terms of typsers received powdr, and per-packet
priceu, when typed parameters are fixed #; andu.

Lvergge jgrenge o
JVeRe e @ 2
g 288 8 8

oo

Figure 5: Average base station revenue in terms of receigeers P, and P; with prices fixed to
optimal values:; andu}.

5 Conclusions

We have investigated in this paper a new pricing scheme fe€CD#A communications, allowing
service differentiation. With respect to the schemes apad in the literature, we have chosen a
static and predictable per-packet price that, we believmare likely to be accepted by users. The
base station (assuming perfect power control) controls/aviables per class: the price and received
power. For fixed values, we have found the number of users/mgplor service at equilibrium,
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Average revenue

Figure 6: Average base station revenue in terms of per-packesu, anduy with received powers
fixed to optimal values’; andP;.

whatever demand is. We have also looked at the price and p@lers that maximize the revenue
at the base station. Our findings show that, when demand éscagacity, one type of service will
get the priority. On the other hand, assuming a more likalgloan demand, we have illustrated that
both classes will be served.

As extensions of our results, we would like to look at the aglere users are not continuously
active, but their activity follow a random variable [10].
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A Proof of Theorem 1

We consider that the per-packet priceand received poweP are fixed. The goal is to find an
equilibrium number of sourcek™ such that no additional users will have an incentive to joim t
system (and somehow no present users will want to leave)s Mbans that we are looking for a
value K* such that

e U(l) <0andK* =0,

e OrU(K*) > 0andK* = 1%”;’—; + 1 (this last equality corresponding to the case where

capacity is reached in (5)),
e OrU(K*)=0and0 < K* 1%”;’—; + 1.
The equality (K *) = 0 is equivalent tof (SINR(K*)) = u, or SINR(K") = sy prar =
fY(u). Since theSTN R is a strictly decreasing function of the number of sourdesgeguation has
a (unique) solution if the maxima I N R when there is only one uséil N R(1) is abovef ! (u)
and the SINR at capacity constraint is unger (). The first condition defines the maximal price
Umaz = f(SINR(1)) = f(NP/a?) above which no user will enteK(* = 0) the system, since his

utility will always be negative. The second (capacity) cibind defines a pricg‘(SINR(l’T”;’—; +

1)) = f(2%12) above which the number of sources is less than what capdlitysa If this is not

verified, If the price is higher than this threshold, capaisiteached, leading to the third equilibrium

case described in the theorem (new customers are not altoveeder ven of their utility is positive).
If f(252) < u < Upas, the numberk™ of sources satisfie§(SINR(K*)) = u, that is

*_1_90> N
K =1 v Y (w) " u
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B Proof of Theorem 2

The base station revenue is
R(u, P) = uK"(u, P)u(u, P).

From Theorem 1, we have 3 subdomains for the expressidfi‘ah terms of(u, P) (as illustrated
in Figure 7).

Figure 7: Three equilibrium domains (“nobody” in area A, lfftepacity” in area C, or “null utility”
in area B) for the number of active users as a function of priaad powerP.

e In the region of(u, p) such thatf(252) < u < f(X£) (where users get null utility),
K*(u,P) = 1-— ,‘Y’—; - Vf,Ll(u) from Theorem 1. Inserting this in the expression of the
average throughput (9) we get

Lr
a2 N rR. —Bf Hu
This function is continuous and differentiable in both af ¥ariables and it is easy to check
thatvVu, P
OR uo?

Therefore, the revenue over the domditfl?) < u < f(XE) = < f '(u) < P <

]‘\’f—if”(u) is such that? = ;\’,—2,)‘*1(11), i.e.,u= f(N;”), meaning that price and power are
configured such that full capacity is reached.

e In the region such thaf(25%) > w (full capacity reached and positive utility meaning that

no other user is allowed to enter), Theorem 1 git&qu, P) = 1 + 1%”;’—; leading to the
expression of the revenue:

o 2 Lr
R(u,P)=u (1 + 1_17(7_) rf. (1 - eiﬂi_gn) . (18)
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This function is also continuous and differentiable suclt th

OR 1-npo?\ rR, _gen\ LT

Again, a maximum over this region is thus necessarily at atgoi P) such that

NP

w=f(—),

ag

on the border such that the utility is zero.

e Over the third regiom > w4, = f(24), K* = 0 leading to no revenue.

5=,

From what is above, the maximum is necessary on the curve pihmahcapacityu = f(
where the revenue is expressed in term# dfy

RP) = RUCEHP = 150 (142202 B (1o e o)

This function is continuous and differentiable oy@r+oco). Defining the variableX = %n, the
revenue can be rewritten as

Ri(X) = B(P) = 51— e )P () +

Loy, (L= e )P f(x)

vy X

EquationZZ (P) = 0is equivalent to22: (X)) = 0 becausé = Xy # 0. Also,

) = g X (- e )X +

(1— e %) (X)) + 1;%6 X

LrBX (1 — e PX)Ir=1F(X)
X2
XA -—e PO rX) (1 -e PN iX)
X2 B X2 :

+

After some computation%%(X) = 0 ifand only if

F(X) (vX2LrBe PX + XN(1—n)Lr3 — N(1 — e #X))
+f1(X) (v X2(1 - e BX) + XN(1 — e PX)) = 0.

Denoting byX’ the set of solutions, we obtain prove the theorem. ]
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C Proof of Corollary 1
The following lemma will be helpful to prove the corollary.
Lemma 1 Leta andb be real numbers such that> 0 andb > 1. The equation
aX? +bX +1=¢e*,
has a unique strictly positive solution.
Proof Define F(X) = aX? +bX +1 —eX. We haveF(0) = 0, limx_., F(X) = —oo,
F'(X) =2aX +bwith F'(0) = b — 1> 0,andF" (X) = 2a — eX.

e If 2a < 1, F' is strictly decreasing ovéd, oo) (from F"' < 0). SinceF”'(0) > 0, there is only
one strictly positive solution to the equation.

e If 2a > 1, F' is first increasing, with#'(0) > 0, then strictly decreasing te-co when
X — oo. ThuskF is first increasing and positive (sinég0) = 0), then decreasing te oo,
meaning that there is a unique solutionX ) = 0.

The result follows. [ ]

We can then prove the corollary.

Proof of Corollary 1.  Using the specific functiotf corresponding to delay, (10) becomes,

Lr(1+a)BX? + k—nLr(l +a)BNX + (1 — n)ﬂ 1 yeex (20)
v v v

This can be rewritten, with™ = X as
aV? +bY +1=¢",

wherea = Lr(1 + a)m andb = Lr(1 + «). We havea > 0 andb > 1 because =
Lr(1 + a) > Lr and sinceLr, the number of information bytes per packet is typically entiran
1 in communication systems. From Lemma 1, (20) has a uniquéiao X * over X > 0. Then,

Theorem 2 gives the optimal per-packet price

R.
LN

ut = ( )a(l _ efﬁX*)aLr=

and the optimal received power#s" = XA*,"Z. [ ]
n
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D Proof of Theorem 3

The per-packet price and the received power are fixedand P. Assume that, at a given time, the
potential number of users & There are several situations:

e |f § = 0, there is no demand, so that the actual number of useisx* = 0.

e If § > K* (K™ being the equilibrium value when demand exceeds capacisglime that
there are alreadyX customers in communication. K < K* (resp. K* < K < ), the
number of active sessions increases (resp. decreaseflyendhe same way as in the case
where demand exceeds capacity (see the proof of Theorerméé sisers have a positive
(resp. negative) utility, so that finally* = K*.

e If 6 < K*, all users, up to full demandlare served and have positive utility. This means that
they all ask for service. Thus,” = 4.

This proves the theorem. ]

E Proof of Theorem 4

The proof studies different cases.

1 IfUy(1,0) < 0 & uy > fo (Bef2) andUy(0,1) < 0 & ug > fq (22F2), no user has
interest in requesting service when the base station issidiee an entering user will get a
negative utility. Additionally, knowing that/; and U,, are decreasing functions in both of

their variableg<, and K4, this result also holds for all couplé(,, K ;). Therefore,

(K:,K;) = (070)

2. 1fU,(1,0) <0 & u, > f, (B28) butUqy(0,1) > 0, only typed users apply for service,
sinceU,(K,,K,) < 0 V(K,,K,). As a consequence, we are in the case of a single class
studied in Theorem 1, leading to the result.

3. 1fU4(0,1) <0 & ug > fq (R2£2) butU,(1,0) > 0, we follow exactly the same line of
argument, switching type-and typed.

4. IfU,(1,0) > 0 andU,4(0,1) > 0, users of both types can apply for service.

The Capacity constraint (12) can be rewritten as the linekation between the number of

users .
1-no?
K,P,+ K;P,; = 77 + P, + (Pd — Pv)ﬂPd<P,,-

Note also that relations,(K,, K;) = 0 andU, (K ,, K4) = 0 can be rewritten

N4P, 2
Naba o7,

Ud(KvaKd) =0iff K, P, + K4P; = =
vfq (ua)
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and

NP, 2
Uy(Ky, Kq) = 0iff K, Py + KgPy = ———— — z + P,.
v o (uy)

These equations define thrgerallel lines. The equilibrium depends on the ordering of those
lines.

@)

(b)

(©)

If = -|- P, + (P; — P,)1p,.p, < min (fo\,’dlfd ; + Pa, Wf]\ﬁil()” ;+ Pv), the capacity
q (ud v (Uv
constralnt (12) defines the lowest curve (case (a) of FighreT8us, users apply for
service until capacity is reached, so that
1—no?
K,P, -I-Kde—TT-I-P -|-(Pd7 v)]lPd<P,,- (21)
The base station decides which users to accept and whichtosegject. We follow here
the policy that the base station chooses users that willtresa larger revenue. The

revenue is

1—7] 0’2 + Pd_Pv

Kypouy + Kqpaug = Kq(uapa — oty ]Izv) + Uy g (—— ey 1+ 2 Ip,<p,)
using relation (21), where the throughputsandu, are

o = e (1 = o TSR
and R » v

G = Ndc (1-e o2 /nt(Po—Pa)lp, < p, )Lr7

and they do not depend dti; andK,,. The revenue is thus linear ik; and the optimal
value depends on the sign@fug — u,p;, 5 Pd . This provides the result.

If deJ(Dd S+ Py < min( + Py+ (P — P)1p,cp,, fNJ(D . +Pv), the curve
- .

Uy4(K,, Kg) = 0is the lowest one. (cases (d) and (e) of Figure 8). Then usees the
system until this curve is reached. Yet, typasers have positive utility, so they continue
to enter. At the same time, the utility of typkusers becomes negative so that some of
them leave. We therefore slide on the cutvg K., K4) = 0 until K; = 0. Thenk,

still increases until capacity is reached (case (d) of Ed)rorU, (K,, K4) = 0 (case

(e) of Figure 8).

The equilibrium is thug K}, 0) with K defined in (14).

Else if NJ(D s+ Py < min (ij\,’dll(jz s+ Pa & +P +(Pd—P,,)]lpd<pv),the result
fo d

follows by a similar argument, switching jUSt typeand typed (cases (b) and (c) of
Figure 8).

This concludes the proof. ]
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Figure 8: Equilibrium depending on prices and received pevrethe case where demand exceeds
capacity. The dashed line represents the capacity comst@irvel’? is for U, (K ,, K;) = 0 while
glury?%z is for Uy(K,, K4) = 0. Circled points indicate the Nash equilibria.
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F Proof of Theorem 5

Following Theorem 4, there is only one type of user at equilin. Thus we shall choose the type
i € {v,d} soR; = max(R*v, R}). From Theorem 2 for the case of a single class, this is given by

X*O'Z
f = f(X d p;r=
uj = fi(X7) and P =T
with X* defined by:
. TR, _ 1- 1—e BN (X
X* = arg?eaﬁw(l_e ’BX)LTfZ'(X)—F rynch( X) fz( )

Though, the values of; and P} with j € {v,d}, j # i, are chosen from Theorem 4 so that only
class# users are present at equilibrium. This is provided by thgeani values given in the theorem.
[
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