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Abstract

We present a model based on congestion pricing for resource control in

wireless CDMA networks carrying traÆc streams that have �xed-rate require-

ments, but can adapt their signal quality. Our model is based on resource

usage in the uplink direction of CDMA networks, and does not di�erentiate

users based on their distance from the base station. We compare our model

with other economic models that have appeared in the literature, identifying

their similarities and di�erences. Our investigations include the e�ects of a

mobile's distance and the wireless network's load on the target signal quality,

the transmission power, and the user bene�t and charge.

Keywords: resource usage, utility, congestion pricing, signal quality adapta-

tion

1 Motivation

The widespread use and limited capacity of mobile wireless networks is making the

eÆcient utilization and control of limited resources in such networks increasingly

important. In addition to simplicity and eÆcient implementation, procedures for

resource control should have a theoretically sound underlying model, which induces

the eÆcient use of resources based on the actual requirements of mobile users. The

goal of this paper is to propose one such model, based on economic modelling, and

compare it with other models that have appeared in the literature.

Economic models, based on the notions of utility functions and congestion pric-

ing, have been successfully applied to �xed wired networks, e.g., see [5, 6, 1]. Eco-

nomic models have also been proposed for wireless networks, e.g., see [3, 8, 10].

Such models can guide the development of 
exible and robust procedures for ef-

�cient utilization of network resources, based on actually user requirements and

preferences. Common features of the above models is that a user's requirements are

expressed in the form of a utility function, which gives the level of user satisfaction

for a given level of service, and \prices" are used as a control mechanism to a�ect

user behavior. Note that although economic models use the notion of prices, these

can be seen solely as an internal control mechanism, and need not re
ect actual

prices that end-users pay.

We consider CDMA wireless networks carrying traÆc streams with �xed-rate

requirements, that can adjust their signal quality, determined by the bit-energy-to-

noise-density ratio at the receiver. Examples include streaming applications with
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�xed-rate requirements, that can adapt their picture quality, given by the data

loss ratio over the wireless channel. Our model is based on resource usage in the

uplink direction of CDMA networks, and has the important property that it does

not di�erentiate users based on their distance from the base station. Moreover,

resource allocation based on our model depend on the load of the wireless network,

which can be estimated from aggregate measurements of interference.

Although our model is presented in the context of CDMA networks, it can

potentially be applied to other wireless technologies, where a single transmission

produces interference to other transmissions; such is the case of multiple WLANs

in geographic proximity. Moreover, we are currently investigating the application

of economic models to other problems in wireless networks, such as determining the

cell coverage, power control, and service di�erentiation.

2 Resource control based on congestion pricing

In this section we �rst discuss resource usage in CDMA networks. Then, based on

the results for resource usage, we propose a model for resource control based on

congestion pricing, in the case of rate-inelastic traÆc streams that can adjust their

signal quality.

Consider the uplink of a single CDMA cell. Let W be the chip rate. The

bit-energy-to-noise-density ratio at the base station is given by [2, 11]�
Eb

N0

�
i

=
W

ri

gipiP
j 6=i gjpj + �

; (1)

where ri is the transmission rate, pi is the transmission power, gi is the path gain

between the base station and mobile i, Ii is the power of the interference, and �

is the power of the background noise at the base station. The ratio W=ri is the

spreading factor or processing gain for mobile i.

The value of the bit-energy-to-noise-density ratio (Eb=N0)i corresponds to the

signal quality, since it determines the bit error rate, BER [2, 11]. Under the realistic

assumption of additive white Gaussian noise, BER is a non-decreasing function

of Eb=N0, that depends on the multipath characteristics, and the modulation and

forward error correction (FEC) algorithms. Let 
i be the target bit-energy-to-noise-

density ratio required to achieve a target BER. This target is given to closed-loop

power control, which adjusts the transmission power in order to achieve it.

If we assume perfect power control, in which case (Eb=N0)i = 
i, and solve the

set of equations given by (1) for each mobile i, we get [11, 7]

gipi =
��ULi

1�
P

j �
UL

j

; (2)

where the load factor �ULi is given by

�ULi =
1�

W
ri
i

+ 1
� :

The power levels given by the set of equations (2) for i 2 I , where I is the set of

mobiles, are the minimum such that the target bit-energy-to-noise-density ratios

f
ig are met. Since the power pi can take only positive values, from (2) we getX
i

�ULi < 1 : (3)

The last equation illustrates that the uplink is interference-limited : Even when they

have no power constraints, mobile hosts cannot increase their power with no bound,
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due to the increased interference they would cause to the other mobiles. If (3) is

violated, then the target f
ig cannot be met for all mobiles.

When there are a large number of mobile users, each using a small portion of the

available resources, we have W
ri
i

� 1, hence �ULi �
ri
i
W

and the resource constraint

(3) can be approximated by X
i

ri
i < W : (4)

The above analysis can be extended to take into account cases where there are

constraints on the maximum power a mobile can transmit, and to take into account

the interference from neighboring cells.

Next we discuss a model for resource control, based on the notions of utility

and congestion pricing. We consider rate-inelastic (or �xed-rate) traÆc, which has

minimum rate requirements, but can adapt its target bit-energy-to-noise-density

ratio. Such applications include, e.g., streaming video/audio, which can have a

�xed transmission rate, but whose quality, as perceived by users, depends on the

frame error rate; the latter depends on the signal quality, which is expressed by

the target bit-energy-to-noise-density ratio. A possible expression for the utility of

rate-inelastic traÆc is

Uin(r; 
) = Ur(r)Uq(
) ;

where Ur(r), due to the inelasticity in terms of the rate, is a step function, and

Uq(
) can be an increasing concave or a sigmoid function. A utility with a sigmoid

shape is able to capture minimum requirements in terms of 
.

Recall that in the case of a large number of mobile hosts, the wireless resource

constraint is given by (4). In order to provide the right incentives for eÆcient use of

network resources, user i's charge should be proportion to his resource usage, which

based on (4) is given by the product ri
i. Faced with such a charge, a user will

seek to maximize his bene�t (net utility), hence performs the following optimization

(without loss of generality, we assume that Ur(rmin) = 1):

maximize Uq;i(
i)� �rmin;i
i (5)

over 
i � 0 ;

where � is the shadow price for wireless resources in the uplink direction. Indeed,

if the net utility objective function in (5) is negative for all values of the signal

quality 
i, then the net utility is maximized, and equals zero, if ri = 0, i.e., the

corresponding user does not use the wireless network.

The optimal 
�
i for achieving the maximum in (5) satis�es

U 0
q;i(


�
i ) = �rmin;i :

If Uq;i(
i) is an increasing and strictly concave function of 
i, then an optimal 
�
i

exists and is unique. Moreover, under the above assumptions on the utility, one can

prove that there exists a shadow price � such that the resulting allocations from the

above net utility maximization also results in the aggregate utility (social welfare)

of the system being maximized [9].

The shadow price � should be an increasing function of the network load. One

such function, which we will consider in our investigations, is the following

� =
acp

1� �
;

where � =
P

i �i is the total load. Note that the latter can be estimated from

measurements of the total interference power Itotal (which includes the noise), and

the noise power � using [4] X
i

�i =
Itotal � �

Itotal
: (6)
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The above model has assumed traÆc streams with �xed-rate requirements, that can

adapt their signal quality. Investigation of models for the case of elastic (best-e�ort)

traÆc streams, that value only their average data throughput, and can vary both

the signal quality and transmission rate is contained in [9].

3 Economic Models for Resource Control

In this section we discuss two economic models that have been proposed for resource

control in wireless networks: non-cooperative power control game with pricing [3, 8],

and utility-based power control [10]. Note that our objective and focus is to compare

these models with the one based on congestion pricing presented in the previous

section. The mechanisms built from the models can di�er. For example, both the

models in [3, 8] and [10] are targeted at developing procedures for closed-loop power

control. One the other hand, our model based on congestion pricing is geared to

selecting the signal quality that maximizes a user's bene�t; this selection of signal

quality is the role of open-loop power control. The optimal signal quality selected

through open-loop power control is given to closed-loop power control, which adjusts

a mobile's transmission power to achieve it.

3.1 Non-cooperative power control game with pricing (NPGP)

The authors of [3, 8] propose a procedure for power control, using the notions of

utilities and pricing. The utility function has the form

LriPs(
)

Mpi

where L is the number of information bits transmitted in packet of length M . The

above utility can be interpreted as the number of information bits transmitted per

unit of energy, and has the property that it initially increases with increasing power,

equivalently with increasing bit-energy-to-noise-density ratio, but after some value

decreases with increasing power.

To increase the eÆciency of power allocations, the authors introduce prices that

are proportional to the power. According to the scheme, called non-cooperative

power control game with pricing (NPGP), each mobile user i adjusts his transmis-

sion power pi, or equivalently his target bit-energy-to-interference-density ratio 
i,

to achieve the following optimization (for simplicity we assume that L =M):

max

i

riPs(
i)

pi
� �npgppi ; (7)

where Ps(
i) is the packet success rate.1 The price per unit of power �npgp is

independent of the load in the wireless network.

3.2 Utility-based power control (UBPC)

The authors of [10] also investigate the problem of distributed power control. They

propose a procedure, called utility-based power control (UBPC), for power control in

the downlink direction; here we consider its application to the uplink. According to

the approach, each mobile adjusts its transmission power p, equivalently the target

bit-energy-to-interference-density ratio 
, to achieve the following maximization:

max

i

Ui(
i)� �iubpcpi : (8)

1In [3, 8], a function slightly di�erent from the packet success rate is used; this is done to

avoid the degenerate case where the �rst term in (7) becomes in�nite, since Ps(0) > 0, i.e., the
percentage of successful bits is greater than zero, even when 
, hence the power p, are zero.
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The authors prove, for �xed �iubpc, that a distributed power control algorithm based

on the above model converges. The price per unit of power �iubpc can be taken to

re
ect the congestion experienced by a user, in which case the following formula is

proposed

�iubpc = aubpc(Ii + �) ;

where aubpc is a constant and Ii is the interference experienced by the signal from

mobile i at the base station, due to the transmissions to the other mobiles. From

the above, note that the price per unit of bandwidth can be di�erent for di�erent

mobile users.

In our investigations we consider the case of a large number of mobiles, hence

Ii � I , for all i, where I is the sum of the power of all signals received at the base

station. If � =
P

i �i is the total load, then I + � = Itotal combined with (6) gives

Ii + � � Itotal =
�

1� �
:

4 Investigations - overview of results

The three schemes presented in the previous sections have di�erent objectives.

Hence, rather than comparing them in terms of aggregate measures such as the

sum of utilities, we will compare them in terms of the target Eb=N0, utility, power,

and charge in the steady state, and how these depend on the distance of the mobile

from the base station and the total load in the wireless network. Next we present

a subset of our results.2

For our congestion pricing (CP) scheme, the signal quality 
 is independent of

the distance. This is because charges are also independent of the distance. Indeed,

the dependence of signal quality with the distance is termed near-far unfairness

in [10]. With the UBPC approach, charges depend on the transmitted power, and

as a result the signal quality decreases with the distance. On the other hand, the

CP approach does not exhibit such unfairness, since in the uplink resource usage

is independent of the path gain, and depends only on the transmission rate and

the received signal quality at the base station. Finally, for the NPGP scheme we

�nd that the signal quality decreases only slightly with the distance, and at some

distance falls abruptly to zero.

The dependence of the signal quality with the load is the following. For the

NPGP scheme, the signal quality is independent of the load. On the other hand, the

signal quality for both the UBPC and CP schemes decreases with the load. This is a

desirable property, since it results in the transmission power not increasing without

bound, as is the case with NPGP and traditional closed-loop power control schemes.

Nevertheless, with UBPC the dependence of the signal quality on the load is higher

compared to the dependence with CP, and the signal quality decreases to zero

before the utilization reaches 1. Hence, the UBPC can result in a lower utilization

compared to CP.
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