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Abstract— Third Generation (3G) wireless systems are then congestion would not occur and there would be no
becoming very popular thanks to a better quality than special need for applying service differentiation since
in the current 2G. Direct-sequence code-division multiple- | QoS requirements would be likely satisfied. On the
access (DS-CDMA) is a solution implemented in these yiper hand, in access networks in general (where the
systems but, due to a limited radio spectrum and the problem is often called the last mile problem{1]), and
growing number of demanding applications, it seems likely irel cati . ficul it ' th
that congestion will still be a problem. Pricing appears as n er €S communi : 1ons In par |Cu.ar,.capaC| y (the
a simple way to tackle this problem. This paper studies "adi0 Spectrum for wireless communications) will be
the impact of a per-packet static pricing scheme on the hardly increased, and the growing demand needs to be
use of the reverse-link in a cell, where demand (defined managed in a way that “most” of demands are satis-
through the so-called utility functions) decreases when factorily served. In this situation, it seems important to
prices increase or quality of service decreases. We also dealgpply control and/or service differentiation procedures.
with pricing of multiple classes since DS-CDMA supports |n thjs paper, we focus on direct-sequence code-division
integrated services. In a first step, we determine as a Nash multiple-access (DS-CDMA) networks that will form the
equilibrium the number of customers that will actually next generation of wireless networks. DS-CDMA ([2]
apply for service, depending on demand. In a second step, A ! . ’
assuming perfect power control, we find the prices and [31) '_S indeed a Way_ t(_) control _QOS’ by.approprlately
received powers optimizing the service providersevenue. Selecting the transmission (meaning received) powers,
We find that in the case where potential demand always Which can be increased when the interference increases
exceeds capacity, the base station’s best interest is to favorin order to satisfy the requested signal qualities. We
only one class, but that is not the case in a realistic situation consider the case of integrated services, that are support-

when considering potential demand as a random variable ed in DS-CDMA, where multiple classes of service are
over time.

Keywords: Pricing, Wireless CDMA Networks, Opti-
mization.

|. INTRODUCTION

With the widespread use of the Internet, telecommu-
nications are nowadays of common use in our daily
life. Moreover, the Internet is expected to converge
into a single network with heterogeneous networks, like
wireless and cable networks. Due to this convergence
and new emerging applications such as multimedia, the
network will deal with services with a large range of
quality of service (QoS) requirements. This is combined
with an increasing number of subscribers, each of them
demanding a particular bandwidth. If the user demand
is below network capacity, like in the Internet backbone,

provided (through different prices and received powers
at the base station). We assume perfect power control at
the base station, which is known to be crucial especially
for the reverse-link [4], [5]: al signal powers of mobile
users received at the base station are thus forced to be
equal within a given class, avoiding near-far effects for
instance.

Many papers have been devoted to power allocation
and QoS management [6]-{10]. In these works, resource
alocation schemes are proposed to provide the best
possible QoS levels to clients, but they do not look at
practical ways of controlling demand. To tackle out this
problem, pricing is a simple and convenient approach.
Pricing has been extensively studied in wired networks
such as the Internet (see [11]-{14] and the references
therein) for controlling congestion and for differentiating



services. It has aso been used in CDMA networks ([15]—
[22]) by using their specificities: the price charged to a
user is computed in terms of the QoS degradation the
presence of this user imposes to others the so-called
externality. This can be shown to directly depend on
the transmission powers through the interferences. This
generally leads to a game-theoretical analysis and price
optimization.

We consider in this paper a different view of CDMA
network control where prices do not depend on power
or interference levels, but simply on the volume of
transmitted data. Since in the scheme we propose prices
do not integrate the real externality, it might be seen
mathematically less efficient in terms of fairness or social
welfware. However, we believe that such a volume-
based pricing scheme will be more likely accepted by
subscribers since it is more predictable. Also, we look
for a static pricing scheme, where prices are fixed and do
not vary with the network conditions. This is assumed
for the same reasons, since again, we argue as in [23]
that users would prefer to have an a-priori knowledge
of the applied charge rather than a dynamic and random
one, even if thisis larger in average.

We thus consider a pricing mechanism to optimize
the network revenue in reverse-link DS-CDMA trans-
missions. The model we propose is inspired by the one
in [7], where an optimal resource allocation scheme was
obtained among different classes of users, but for fixed
and pre-determined numbers of users in each class. In
that paper, power is controlled to reach the given thresh-
olds of signal-to-interference plus noise ratio (SINR) for
which QoS requirements are met. A processing gain
exhibiting good performance is computed. We consider
here that the processing gain is fixed for each class of
service, but on the other hand we compute the received
powers alowing to optimize the network revenue. Our
goal, with respect to [7], is to study how pricing can
be used to control the number of users in the network
and how, by means of pricing and received powers, the
provider’s revenue can be optimized. The introduction of
demand with respect to prices and perceived QoS levels
is obtained by introducing the so-called utility functions.
These functions depend on both the QoS parameters
and prices. QoS parameters vary with the type of traffic
considered, for instance data is sensitive to delay, while
voiceis rather sensitive to losses and throughput, if delay
is bounded. The better the quality, the more users will
access the network, but the higher the prices, the less
users will likely enter the network. We thus look at
this trade-off as well as the trade with received power.

With respect to [7], for dynamic range limitation on
the multi-access receiver, we also introduce a capacity
constraint representing the fact that only a finite number
of customers can be received at the base station, this
number depends on the reception power level [3]. The
pricing problem isinvestigated when one or two different
classes of traffic are involved. We consider situations
where demand always exceeds capacity, but also cases
where demand is random. The random case catches,
for instance, the demand behavior over a full day since
demand could be under capacity at some point of time.
At a given time, we look for an equilibrium situation
where demand adapts itself to prices and to received
power requirements. Then, we look at prices and powers
optimizing the provider's revenue.

This paper is organized as follows. In Section II,
we describe the basic model taken from [7], and then
describe how demand varies with QoS and prices by
using utility functions. Section |11 describes the case of
a single class of users and Section IV does the same
analysis but in the case of two classes. Specia attention
is devoted to the equilibrium situation, especialy for two
classes, where users of both classes of traffic compete for
resources. We consider the case where demand exceeds
capacity, but also the case where potential demand may
be under capacity. Finally, we conclude and give our
directions for future research in Section V. Proofs are
left to appendices to ease the understandig of results.

Il. MODEL
A. CDMA Model

The model we propose is based on the onein [7]. We
focus on the reverse link of a single cell. We consider a
DS-CDMA network (see [2], [3] for details), where the
chip rate R, is assumed equal for all users. We assume
that we have amulticlass system, with C' classes, where a
user is characterized by a classi. When packets are sent,
they enter a buffer after error control coding through
forward error correction (FEC), and are converted to a
DS-CDMA signa at symbol rate R./N;, with N; being
the processing gain (which should not be larger than
R./(\;L;). L; isthe length in terms of symbols of packet
of class 7. The signa transmission power is controlled
such that it isreceived at level P; at the base station. The
choice of N; and received power P; at the base station
affects packet delay and transmission rate. This has been
extensively discussed in [7]. Note that this also affects
the performance of other classes of users. So, we fix the
values of N; to the ones giving good performancein [7].
We consider that a new packet is generated as soon as the



preceding one is successfully delivered. This is referred
as continuously active users, which might represent the
transmission of long files for instance.

In DS-CDMA, akey parameter is the received signal-
to-interference plus noise-ratio (SINR). Q0S metrics
such as delay and bit error probability depend directly
on it. For class i users, the SINR is

P;N;
L K;

Y (Zlf:ll "Pi+ ch;éi >kl Pj) +0?
where «y is a constant which depends on the shape of DS
CDMA chips, K; is the number of class j connections

and o2 is the background noise power.
For al classes of traffic, we assume that channel cod-
ing includes forward error correction (FEC). We assume
that the bit error probability (BEP) is an exponentially

decaying function of the SINR. Specifically, we assume
that for a user in class 7, the BEP is

po, = F(SIN R;), )

with F(z) = exp(—pz)t. Similarly, the probability of
retransmission is

pr, =1 —[1 — F(SINR;)]-"

with r; the FEC code rate for class i.

Performances measures can be directly expressed in
terms of the SINR. Consider for instance the mean
packet delay IED; for type-i traffic. It is composed of
the mean waiting time in the queue IEW; and the mean
retransmission time IES;, IED; = IEW; + IES;. It is
shown in [7] that

SINR; =

, (D)

3

iy
¢ pn)

On the other hand, base stations also have constraints on
capacity. As stated in [3], for dynamic range limitations
on the multiaccess receiver and to guarantee system
stability, the total received noise plus interference power
to background noise ratio is limited for a class-i user to

Ki—1 c K;
v (Zk:l Py 354 2k PJ’) +o?
2 < " (5)

where ny istypically 0.25 or 0.1. Thisinequality provides
an upper-bound on the number of users for each class,
for fixed received powers.

ED; =

'In [7], a function F(z) = kexp(—pBz) is rather used, implying
that the delay of transmission is bounded even if the power is reduced
to zero. To prevent this degenerated case, we adopt the approach used
in [24], where k = 1 so that the delay of transmission is infinite and
the probability of retransmission is equa to one when the power is
zero.

B. Modelling users’ behavior

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

In general, a utility function U; is associated with
a user of class i (i € {v,d}), describing his level
of satisfaction when transmitting a packet. This utility
function is expressed as the difference between the value
of the QoS level (depending on the SINR, which is
function of the number of users of each type K, and
K,) and the per-packet charge u; for class i:

(6)

fi describes how the valuation for service evolves with
the SINR.

Assumption 1:We assume that the valuation function
fi is strictly increasing, differentiable and that is such
that f;(0) =0 for dl i € {d,v}.

We will specifically assumethat the utility function for
class-i traffic (i € {d,v}) depends on the mean delay by

Ui(Ky, Kq) = fi(SINR;(Ky, Kq)) — ;.

1

UilKo, Ka) = (IED;(Ky, Kq))™

where «; is the sensitivity parameter of class-i traf-
fic to the mean delay (as considered in [25]) and
ED;(K,, K;) is given by (4). Note that IED;(K,, K4)
isafunction of SINR; (K}, K;) fitting the above frame-
work.

We assume, at least in afirst step, that the number of
potential sources is very large so that demand exceeds
capacity. Selfish class i users apply for service as soon
as their utility U; is positive. Demand is thus directly
controlled by prices and reception powers, so that it
potentially leads to a (Nash) equilibrium on the number
of active users where, for each class, either the number
of sources is zero with negative utility (meaning that no
user has interest in participating), or is equal to capacity
with positive utility (meaning that no more users are
allowed to enter for physical reasons), or the number
of sources is positive and less than capacity, with null
utility (meaning that the users' cost reach their valuation
and no other user has interest in entering, since it would
lead to a negative utility). Formally, an equilibrium is a
tuple (K, K;) suchthat K, K; > 0 and Vi, j € {d, v},
j# i

« Either K =0 and U;(1, K7) < 0;



« or K hasreached the capacity constraint (5) (so the
inequality becomes an equality) and U;(K;, Kj;) >
0;

e Or K > 0, under the capacity contraint (5), and
Ui(K;,K;) = 0 so that no other user has an
incentive to join (a potentially leaving user being
immediately replaced by a new one).

This leads to two different problems that we try to solve
in the following sections:

o What is the steady-state number of sourcesfor fixed
prices and reception powers? Is there a (unique)
equilibrium, especially when considering two dif-
ferent classes of users in competition?

« What are the prices and powers that the service
provider at the base station should set in order to
maximize his revenue?

I1l. OPTIMAL PRICING FOR A SINGLE CLASS OF
USERS

We consider in this section that the system hasasingle
class of users. We first analyze the case where demand
aways exceeds capacity, then the case where demand is
random and may at some point be under capacity. Recall
that index v or d is skipped in this section.

A. Demand exceeding capacity

We assume that demand exceeds capacity. So, there
aways are users wishing to apply for service when their
residual utility is positive. We first consider the case of
a general utility function and then the case of a typical
function that depends on the mean packet delay.

1) General utility function: With full generality, as-
sume that the utility function of a user is expressed by

U(K) = f(SINR(K)) — u,

where function f is positive, continuous, differentiable,
strictly increasing and is such that f(0) = 0 (Assumption
1).

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

Theorem 1:Let u be the per-packet price and P be
the received power at the base station for all users. The
number of users K* at equilibrium is:

0, if u>umax=f(%),
. 2 N . NP NP
K*=q1=7p — s i f50) <u < f(5r),
1+ ﬂ"—P, otherwise.

n. . .

The first and third cases are border situations: the first
case corresponds to the situation where access is too
expensive for users, the third case to the situation where

full power capacity is reached. The proof of this theorem
can be found in Appendix I.

With the number of sources determined, the second
step is to look for per-packet price and received power
maximizing the revenue of the base station. This problem
can be formalized as

R(u, P) = uK*(u, P)p(u, P
Johax (u, P) = uK"(u, P)p(u, P),

(8)

with u(u, P) the average throughput for each user and
K*(u, P) the equilibrium number of sources determined
in the above theorem. The average throughput is the av-
erage number of bits successfully transmitted per second,
i.e
Lr
rR. PN b
=% (1 o) ©

The following theorem gives the price and received
power optimizing the base station revenue.

Theorem 2:Let X be the set of solutions of the
following equation in X > 0:

f(X) (yX2LrBe PX + XN(1—n)LrB — N(1 — e 7))
+H1(X) (PX2(L = e PX) + NX (1 — e #%)) = 0.

Let
X* = T_RC 1— —BX\Lr X
arggg%N( e ") f(X)
(1—e P f(X)
e .

Then the per-packet price v* and received power P; that
maximise the base station revenue are
X*o2

Nn '

1—
+ nch
Y

u* = f(X*) and P* =
The proof is in Appendix 1.

2) Utility function depending on the average delay:
Assume now more specifically that the valuation of users
depends on the average delay as W (asused in [26]).
So, the utility is U(K) = 5= —u. The function f such

that f(SINR(K)) = ﬁ is

o) = (F2) -ty

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

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

(10)



o the number of users K* at equilibrium as afunction

of (P,u) is
(0, ifu > Umax,
Umax = ([}?N)a(l fﬁ—2)Lra_
1- 0_123 BN 1/Lr 9
Kr={ 7 am0-(5 ”)
if (L )l —e " 2)L’"O‘<u
andu < (££)¥(1 —e —BLF ) Lra,
1 o? i
k1—{— TP otherwise.
o Let X* be the unique positive solution of the
eguation

]__
Lr(1+ a)BX2 + —1Lr(1+ a)BNX +
y

N _
+(1-n—= Z T M eBX,
Y Y
The optimal per-packet price is:
* R, a1 _ ,—BX*\alr
and the optimal received power is:
X*o?

*_

: . : Ny
This result is proved in Appendix 111.

Revepue,

Fig. 1. Revenue of the base station in terms of the per-packet price
and the received power when demand exceeds capacity and delay is
the metrics of interest.

As a numerical example, we consider the following
variables: L = 768 symbols, r = 1/2, f = 2, v =
2/3 for rectangular chips, R, = 5 Mchips/s, 02 = 0.9
dB, @« = 1.6 and N = 10. We aso consider the upper
bound of the power ratio n = 0.2. Corollary 1 gives the
optimal per-packet price uv* = 0.4804 and the optimal
received power P* = 2.1352. The maxima revenue is
R* = 411.699. The revenue is displayed in Figure 1 in
terms of the per-packet price u and the received power
P; it can be observed that this is in agreement with the
optimization results.

B. Random demand

We assume in this subsection that demand varies so
that, during a portion of time, it does not exceed capacity.
Assume that demand is expressed by a discrete random
variable A representing the number of potential users
requesting service. The overall goal is again to determine
the fixed price v and power P (remember that we look
for a static pricing) that maximize the expectedbase
station revenue. To reach this goal, we first need to look
at the number of users for each possible level of demand
(exceeding capacity or not), whatever the choice of « and
P.

Theorem 3:Let . and P be the per-packet price and
received power at the base station. Let 6 be the number of
users potentially requesting service. The actual number
of number of users x* at equilibrium is

k* = min(d, K*),

with K* being the value found in Theorem 1 when
demand exceeds capacity.
The proof of this theorem is in Appendix 1V.

The average base station revenue is expressed by:

P) = Z uk™ (u, P,0)p(
6=0

where k*(u, P,d) (resp. p(u, P,d)) is the number of
open connections (resp. the throughput) when per-packet
price is u, received power is P and potential demand is
J.

The goa of the base station is, again, to find a
price v and a power P that maximize the expected
revenue, representing this revenue over long periods of
time. For instance, assume that demand A follows a
Poisson distribution with rate 3, the other parameters
being the same than for the example when demand
exceeds capacity. By using standard optimization tools
we get the optimal values v* = 0.4905, P* = 2.2694
and the maximum average revenue R~ = 299.2589. This
is sketched in Figure 2.

u, P,6)IP(A = 6) (11)

IV. OPTIMAL PRICING FOR TWO CLASSES OF USERS

Consider now two different classes of applications
with different quality of service valuation for which we
want to differentiate services. For convenience, these
classes are caled type-v and type-d. Here again, we
assume that the service valuation for each type of appli-
cation depends of the STN R obtained. This is given by
fv(SINRv(KvaKd)) (rGSp- fd(SINRd(KUaKd))) for
type-v (resp. type-d) users. Therefore, if u, (resp. ug) is
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Fig. 2. Average revenue of the base station in terms of the per-
packet price and the received power when demand is random and
delay is the metrics of interest.

the per-packet price for type-v (resp. type-d), the utility
functions for each type are

Vi € {U,d}, Ui(KU,Kd) = fZ(SINRl(Kv,Kd)) — Uyj.

The SIN Rs, obtained from (1), are given by
Py N,
V(Kv - 1)Pv +vKqPy + o2’
PyNg
YK, Py +v(Kg — 1)Py + 02’
and, as it can be readily checked, the utility function of
a type of users depends on the number of active users
of the other type.
Again, we assume that there is a capacity constraint
at the base station for each class, given by (5). These
requirements lead to

SINR,(K,, Kq) =

SINRy(K,, Kg) =

1—n o? P
1 (for class-
1—n o? Pd P,
— Kg— + — (for class-d),
n b P, Pu( )
or just
1—’)7 0’2 Pd Pd_Pv
K 14 —1 12
v P, PU+ + P, p.<p,(12)

where 1 is for the indicator function.

A. Demand exceeding capacity

We again first assume that the number of users po-
tentially applying for service is infinite in each type of
application. The case of random demand is studied in
the next subsection.

We assume users act selfishly and apply for service as
soon as their utility is positive. Also, they leave the game
if their utility becomes negative. Again, as in the single
class case, the base station blocks connections from users
if the capacity constraint (12) is reached.

The following theorem shows that a Nash equilibrium
exists for the number of users of each type, when con-
sidering that all users are selfish. The theorem expresses
this equilibrium in terms of prices and received powers
for each class of service.

Theorem 4:With the above assumptions, there is a
(Nash) equilibrium (K, K;) for the number K, and
K of active type-v and type-d users. The values of K
and K; depend on received powers P,, P; and prices
Uy, ug iN the following fashion:

1) 1f Uy(1,0) <0< uy > fy (2 )andUd(O 1) <

0 & ug > fq(82f2), no user is interested in
requesting service, so that

(Ky, Kq) = (0,0).

2) If Uy(1,0) <0 uy > fo () but Uy(0,1) >
0, only type-d users are present at equilibrium and
the Nash equilibrium is (0, K;) with

2

o __Nae ¢
YPa yf7(ua)’ NP
K; — fd( dg’ dn])vfa
ug < fa(=&2),
1=n o*
1+ AP otherwise.

(13)

3) On the other hand, if Uy(0,1) < 0 < ug >
fa (B2E2) but U,(1,0) > 0, only type-v users are
present and the Nash equilibrium is (K, 0) with

o N, :
L=am = 5y
K; - Fo(2B0) <, <
2 fu(E),
1+ %%, otherwise.
(14)
4) If U,(1,0) > 0 and Uy(0,1) > 0, there are 3
subcases.
yIf & + P + (Py — P)lpcp, <
. Ny Py N, P,
min o) + Py, STRAION + Pv>, the ca-

pacity constraint (12) i1s reached while users
of both classes still want to request service.
The system then chooses to accept only class-
d users if ug > ?Zz uy, or only class
v users otherwise in order to give priority
to users providing the highest revenue, with

Vi € {v,d} the throughput at capacity

N; P; Lr
/J’? — TR 1 — ﬂ o2 /n+v(P;—P; p<p;
2 Nz

The equnlbrlum is thus (0, K;) with K =
141 ;’P if ug > Pd“zu,,, and (K}, 0) with

K;=1 + Lno otherW|se




Nde
7 (ua)
v)]lPd<P,,7 ch) + Pv>, the equilibrium
is (K,0) Wlth K defined in (14).
c) Else if va_l(u” + P, < mln(

vf7 " (ua)
Pd, %-ﬁ- P, + (Pd — Pv)]lpd<pv s the equi-
librium is (0, K;) with K; defined in (13).

This theorem is proved in Appendix V.

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

Knowing this equilibrium, one can obtain the values
of prices u,,u); and the received power P;,P; that
maximizes the network revenue.

Theorem 5:The maximum revenue of the base station
is

b) If + P < mln(”2 + P+ (P; —

NaPy +

R* = max(R;, R}).

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

Let i € {v,d} such that R} = R* and j € {v,d}
such that j # 4. The class-i optimal per-packet price is
uf = fi(X*) and the optimal received power P; = 42
where class-i is used in Theorem 2 to obtain X *.

Values «* and Py for the other class must be chosen
so that only class-i users are present at equilibrium, that
is, they should verify VP; >0

* c P

P;N;
4 € 0 mint it L Ol (o

The proof is prowded in Appendlx VI.

As an illustration, consider again the case where the
valuation depends on the average delay for each class.
We use the same numerical values than in the case
of a single class, those values corresponding to type-
d users. We additionally use the following processing
gain N, = 8 and the delay sensitivity «,, = 2, so that
voice users value more small delays. It turns out that, at
equilibrium, only type-v users are present, providing a
revenue R* = 574.063, obtained for values u; = 0.63
and Py = 2.74.

The revenue is thus maximized when there is only one
class of user in the system at equilibrium. This result
is based on the strong assumption that potential demand
always exceeds capacity. Though, it islikely that at some
point of time, demand is less than capacity. This occurs
for instance during the evening. In the next section, we
assume that demand follows a random variable, and we
keep the idea of having static (fixed) prices (as well

n), +ool.

as received powers). Therefore, keeping two classes of
service is useful, both classes being served, but the most
important one getting all resource in case of congestion.

B. Random Demand

We assume that Vi € {v,d}, A; defines the (discrete)
random demand for type-i users. Given the values ¢;
of random variables A;, an equilibrium exists for the
numbers r;, and «; of type-v and type-d users.

Theorem 6:Assuming now that potential demand is
0, and 64 for type-v and type-d users respectively and
that it does not necessarily exceed capacity, there is a
(Nash) equilibrium (x}, ;) for the numbers x; and x
of active type-v and type-d users. The values of «; and
r7; depend on received powers P, Py, prices u,, vy, and
potential demand d,, 4 in the following way:

1) if (6, = 0 or Uy(1,0) < 0 & uy > f, (ko))

and (54 = 0 or Uy(0,1) <0 & ug > fq (Nef2)),
no user has interest in requesting service, so that

(H;kn H:ﬁ) = (07 0)

2) If 6, =0o0r Uy(1,0) <0< u, > f, (22f>) but
dg > 0 and Uy(0,1) > 0, only type-d users are
present at equilibrium and the Nash equilibrium is
(0, k%) with

ks = min(3y, K3), (15)

K being taken from (13).

3) On the other hand, if 64 = 0 or Uy(0,1) < 0 <
ug > fq (22F2) but 6, > 0 and U, (1,0) > 0, only
type-v users are present and the Nash equilibrium
is (k},0) with

Ky, = min(d,, K},),

K being taken from (14).

4) If the total demand is less than what capacity can
support and it till yields positive utilities, that
isif 6, < 0o — 50 414 Bglenp g
Uy(dy,64) > 0 and Ud(év,éd) > 0, aII users are
served, i.e., (k),k)) = (0y,4)-

5) Otherwise, if d,,d4 > 0, Uy(1,0) > 0, and
U4(0,1) > 0, there are 3 subcases.

(16)

If = + P, + (Py — P)lpep, <
: Nde NP -
min >+Pd,7f,1( >+P;P, capac

ity constrau nt (12) (and potential demand
congtraints (d,,d4)) are reached while users
of both classes still have interest to request
for service. The system then decides to give

preference to class-d users if ug > jjdgd Uy




or to classw users otherwise in order to

prioritize users that provide a higher revenue.

The equilibrium is thus (x3, x%) with

o Ky = min(dg, 1 + I_Tnf—;d) and k} =

17_7n072+Pv+(Pd_Pu)]1Pd<PU—H2Pd
P,

if ug >
Pduc
= U
P
* . 1-n o2 *
° Iﬁ}v : mln(dv,l + T'YTv) and '%d =
17777‘TT+Pv+(Pd*Pu)]1Pd<Pv*KT,P«;
Py

+ P; < min (% + P+ (P; —

otherwise.

NqPy
b) It s

P)lp,<p,, PP + Pv>, the equilibrium
s (x%,0) with & defined in (16).

i N, P, ; NaPy
c) Else if T + P, < min <'de_1(ud)

Pd, % + P, + (Pd — Pv)]lpd<pv>, the GZ{Ui-
librium is (0, &) with «7; defined in (15).
The proof follows exactly that of Theorem 4, just adding
demand constraints §,, and d, to capacity constraints.
In the current case of two classes, the average base
station revenue is expressed by:
R(UU, Py, uq, Pd) = ng:o Zg::o (UUKT](UU’ Py, by, uq,
Pda 6d)/vl'v(uva PU, 61}, Uds Pda 6d) + udHZ(uUa Pva 61)3 Ud,
Py, 0a) (o, Py, 0y, g, Py, 64)) IP(Ay = 6,5, Ag = dg),
where Vi € {v,d}, x}(u,P,d) (resp. p;(u,P,d)) is
the number of type-i open connections (resp. the
throughput) when per-packet prices are u,, u,,, received
powers P,, P; and potentia demand is 4, 4.

As an illustration, we look at the case where demand
follows a Poisson distribution with rate 2 for type-v
traffic and 3 for type-d. We consider also the following
parameters: Ny = 10, N, = 8, ag = 1.6 and o, = 2.
This choice gives the optimal values u; = 0.638, u); =
0.484, Py = 2.635, P; = 2.177 and maximum average
revenue R* = 504.836. We plot in Figure 3 (resp. 4) the
average revenue in terms of type-d (resp. type-v) users
received power and per-packet price with optimal type-v
(resp. type-d) parameters.

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

V. CONCLUSIONS

We have investigated in this paper a new pricing
scheme for DS-CDMA communications, alowing ser-
vice differentiation. With respect to the schemes de-
veloped in the literature, we have chosen a static and

Fig. 3. Average base station revenue in terms of type-d users
received power P; and per-packet price ug; with optima type-v
received power P, and per-packet price u;.

Fig. 4. Average base station revenue in terms of type-v users
received power P, and per-packet price u, when type-d parameters
are fixed to P; and u}.

predictable per-packet price that, we believe, is more
likely to be accepted by users. The base station (as-
suming perfect power control) controls two variables per
class: the price and received power. For fixed values, we
have found the number of users applying for service at
equilibrium, whatever demand is. We have also looked at
the price and power values that maximize the revenue at
the base station. Our findings show that, when demand
exceeds capacity, one type of service will get the priority.
On the other hand, assuming a more likely random
demand, we have illustrated that both classes will be
served.

As extensions of our results, we would like to look
at the case where users are not continuously active, but
their activity follow a random variable [7].
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PROOF OF THEOREM 1

We consider that the per-packet price v and received
power P are fixed. The goa is to find an equilibrium
number of sources K* such that no additional users will
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pp. 1410-1414.
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have an incentive to join the system (and somehow no
present users will want to leave). This means that we are
looking for a value K* such that

[10] e U(l) <0and K* =0,



1-n o®

e Or U(K*) > 0 and K* o + 1 (this last
equality corresponding to the case where capacity
is reached in (5)),

e OrU(K*)=0and 0 < K* < ;—+1
The equaity U(K*) = 0 |s equivalent to
PN

f(SINR(K*)) = u, or SINR(K*) =
f~'(u). Since the SINR is a dtrictly decreasing
function of the number of sources, the equation
has a (unique) solution if the maxima SINR
when there is only one user SINR(1) is above
f~'(u) and the SINR at capacity constraint is under
f'(u). The first condition defines the maximal price
Umar = f(SINR(1)) = f(NP/o?) above which no
user will enter (K* = 0) the system, since his utility
will always be negative. The second (capacity) condition
defines a price f(SINR(:=1 ”;’ +1)) = f(£57) above
which the number of sources is less than what capacity
dlows. If this is not verified, If the price is higher
than this threshold, capacity is reached, leading to the
third equilibrium case described in the theorem (new
customers are not allowed to enter ven of their utility is
positive).

If £(252) < u < Umaq, the number K* of sources
satisfies f(SINR(K*)) = u, that is K*

N
vf=H(u)

TR DPTo®

fyP
|

APPENDIX |
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 expres-
sion of K* intermsof (u, P) (asillustrated in Figure 7).

~ = f(NPn/c?)
— f(NPI6?) |

L
4

Fig. 7. Three equilibrium domains (“nobody” in area A, “full

capacity” in area C, or “null utility” in area B) for the number of
active users as a function of price v and power P.

10

« In the region of (u,p) such that f(25”

F57

) < u <
) (Where users get null utility), K*(u, P) =

1— 2 — —N__ from Theorem 1. Inserting this in
P (u)

the expr on of the average throughput (9) we get

R(u,P)zu(l—vP )
(1 _ ewrl(@)” _
This function is continuous and differentiable in

both of its variables and it is easy to check that
Yu, P

2

o N

Yf~1(u)

rR.
N

(17)

UO’2

yP?

OR

ap )=

> 0.

Therefore, the revenue over the domain f(2£
u<f(g2)<:>Nf ()<P<j§2n
is such that P = £~/ '(u), i.e, u = f(550),
meaning that price and power are configured such
that full capacity is reached.

In the region such that f(252) > u (full capac-
ity reached and positive utility meaning that no
other user is alowed to enter), Theorem 1 gives
K*(u, P) = 1+ Z1.2; leading to the expression
of the revenue:

02 <

f=H(w)

R(u,P) =u = (1 — eiﬁi_]gg L(18)

This function is aso continuous and differentiable

such that
OR
u, P) = 1+——>
(v, P) ( n P

Au
Again, a maximum over this region is thus neces-
sarily at a point (u, P) such that

l—-no
N

NPn
U= f( 2 )a
g
on the border such that the utility is zero.

« Over the third region u > upe, = f(2£), K*
leading to no revenue.

From what is above, the maximum is necessary on the

curve of maximal capacity v = f(2£%), where the

revenue is expressed in terms of P by
2Py =1 )E

)(1+
(1-es580) .

This function is continuous and differentiable over
[0, +00). Defining the variable X = &£y, the revenue

=0

2

1—-no°

~P

R(P) = R(f(XL" NPn

rRe
N

)7P):

(19)

(1 - ‘ﬁi—gn) o



can be rewritten as

b) Proof of Corollary 1.: Using the specific func-
tion f corresponding to delay, (10) becomes,

rR, _
Ri(X)=R(P) = 1—e PN f(x _
1(X) = R(P) = (L= e ) A(X) + Lr(14+a)8x2+ 121 —Lr(14+a)BNX+(1- EA N
L (L= e )M f(X) 0
v ¢ X ' This can be rewritten, with Y = 3X as
Equation 2 )(?P = 0 is equivalent to 2% (X) = 0 aY? +bY +1=¢",
o
becaise 5y = ”277 7 0. Also, where a = Lr(1 + o) g=hyg and b = Lr(1 + a). We
OR: (X) = rRC( LrBe=0% (1 — = PX)Er=1£(x) 4 havea > 0 and b > 1 because b = Lr(1 + «) > Lr and
ox since Lr, the number of information bytes per packet is
(1—e PN (X)) + ! ;nch x typically more than 1 in communication systems. From
LrBX(1— e PX) 1 £(X) Lemma 1, (20) hag a unique splutlon X* over X > 0.
X3 + Then, Theorem 2 gives the optimal per-packet price
XA —e PN (X) (1= ") (X)) R
— . * C\a(q _ —BX*\alLr
. C’)Rl _ . H w22
After some computations, 5 (X) = 0 if and only if and the optimal received power is P* = X2 -

F(X) (yX2LrBe PX + XN(1 —n)LrB — N(1 — e 5X))

+£1(X) (vX2(1 — e PX) + XN(1 — e7FX)) = 0.

Denoting by X' the set of solutions, we obtain prove the
theorem. ]

APPENDIX |1
PROOF OF COROLLARY 1

The following lemma will be helpful to prove the
corollary.

Lemma 1:Let ¢ and b be real numbers such that ¢ >
0 and b > 1. The equation

aX? +bX +1=e¥,

has a unique strictly positive solution.
a) Proof: Define F(X) = aX? + bX + 1 — e¥X.

We have F(0) = 0, limy ;o F(X) = —o0, F'(X) =
2aX +bwith F'(0) =b—1 >0, and F"(X) = 2a—e*

o If 2a < 1, F' is dtrictly decreasing over [0, o0)
(from F” < 0). Since F'(0) > 0, there is only
one strictly positive solution to the equation.
If 2a > 1, F' is first increasing, with F’(0) > 0,
then strictly decreasing to —oo when X — oo. Thus
F is first increasing and positive (since F'(0)
0), then decreasing to —oc, meaning that there is a
unique solution to F(X) = 0.

The result follows. ]

We can then prove the corollary.

11
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APPENDIX IV
PROOF OF THEOREM 3

The per-packet price and the received power are fixed
to v and P. Assume that, at a given time, the potential
number of usersis ¢. There are several situations:

e If 6 = 0, there is no demand, so that the actua
number of users k* is k* = 0.
o If § > K* (K* being the equilibrium value when
demand exceeds capacity), assume that there are
aready K customersin communication. If K < K*
(resp. K* < K < §), the number of active sessions
increases (resp. decreases) exactly in the same way
as in the case where demand exceeds capacity (see
the proof of Theorem |) since users have a positive
(resp. negative) utility, so that findly x* = K*.
If 6 < K*, dl users, up to full demand ¢ are served
and have positive utility. This means that they all
ask for service. Thus, k* = §.

This proves the theorem. [

APPENDIX V
PROOF OF THEOREM 4

The proof studies different cases.

1) If Uy(1,0) <0 & uy > fy (2F) and Uy(0,1) <
0 & ug > fa(2f2), no user has interest in
requesting service when the base station is idle
since an entering user will get a negative utility.
Additionally, knowing that U, and U,, are decreas-
ing functions in both of their variables K, and



2)

3)

4)

K, this result also holds for al couple (K, K ).
Therefore,
(K, Kg) = (0,0).

If Uy(1,0) <0< uy > f, (22 but Uy(0,1) >

0, only type-d users apply for service, since
U,(K,,K,) <0 V(K,, K;). As a consegquence,
we are in the case of a single class studied in
Theorem 1, leading to the result.

If Ug(0,1) <0< ug > fq (2ef2) but U,(1,0) >
0, we follow exactly the same line of argument,
switching type-v and type-d.

If U,(1,0) > 0 and Uy(0,1) > 0, users of both
types can apply for service.

The Capacity constraint (12) can be rewritten as
the linear relation between the number of users

1—
K, Py+K,Py = T”%JFP +(Py—P,)p,<p..

Note also that relations Uy(K,,Kq) = 0 and
U,(K,, K;) =0 can be rewritten

2
Ua(Ko, Kg) = 0iff K, Py + KgPy = —4Pt 7" 4 p,
'de (ud) Y
and
N, P, 2
Uv(Kv,Kd):OiHKvPv+Kde: — _U_+Pv
vho (w) Y

These equations define three parallel lines. The
equilibrium depends on the ordering of those lines.
d If & + P, + (Py — P)lp<p, <
mln( ]\fﬁi]()d ) + Py, ]Ylp + Pv>, the ca-
pacity constraint (12§ eflnas the lowest

curve. Thus, users apply for service until
capacity isreached so that

1
KyP,+ K P; = T”%-FP +(Pi—Py)lp,cp,.

(21)
The base station decides which users to ac-
cept and which users to reject. We follow
here the policy that the base station chooses
users that will result in alarger revenue. The
revenue is

Py
Kypwuy + Kqpaug = Kq(ugpg — Uy —-) +

P,
(1 —n 02 Pd - Pv 1 )
u
vy 'YPU P, Py<P,
using relation (21), where the throughputs 1.,
and u4 are
. TR, et

(1 . e—ﬁa2/n+7(Pdfpv)1pd<Pv )Lr

MU: NU

and
-8 NaPg
(1 — ¢ e/t (Py—Pa)lp, <p, )Lr

rR,
Ny
and they do not depend on K, and K. The
revenue is thus linear in K; and the optimal
value depends on the sign of w qj§ — w, i 5.
This provides the result.

NaPy o
b) If SO + P < mm(m + P,+

(Py — Py)lp,cp,, W + Pv>, the curve
Uis(K,, Kq) = 0 is the lowest one. Then
users enter the system until this curve is
reached. Yet, type-v users have positive util-
ity, so they continue to enter. At the same
time, the utility of type-d users becomes
negative so that some of them leave. We
therefore dlide on the curve Uy (K,, K4) =0
until K; = 0. Then K, still increases until
capacity is reached or U,(K,, K;) = 0.

The equilibrium is thus (K,0) with K

defined in (14)
NgPy
c) Elseif fv ( ™) + P, < mln( ) + Py,

% + P, + (P — Pv)]lpd<Pv>, the result
follows by a similar argument, switching just
type-v and type-d.

This concludes the proof. [

pa =

?

APPENDIX VI
PROOF OF THEOREM 5

Following Theorem 4, there is only one type of user
at equilibrium. Thus we shall choose the type i € {v,d}
S0 R} = max(R*v, R}). From Theorem 2 for the case
of a single class, this is given by

X
u; = fi(X*) and P = N

with X* defined by:

. TRe BX\Lrg
X" = argmax — (1 —e™"7) " fi(X) +

1— 1 —e PNrf(X
nTRC( e X) filX)

Though, the values of u; and P} with j € {v,d}, j # 1,
are chosen from Theorem 4 so that only class-i users are
present at equilibrium. This is provided by the range of
values given in the theorem. [




