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Abstract This paper presents a novel methodology for

capturing the coupling between the different cells in both

the uplink and downlink directions in a Wideband Code

Division Multiple Access (WCDMA) scenario. It is based

on the definition and computation of the gradient of the

uplink cell load factor and the downlink transmitted power,

which are the two main parameters that reflect the actual

cell load in the two link directions. The paper shows that

the gradient is able to capture the relevant information

about the spatial distribution of traffic, which has an impact

on cell performance. The proposed methodology is also

used as the basis for defining and evaluating new Radio

Resource Management (RRM) strategies that operate at a

multi-cell level.

Keywords WCDMA � Radio resource management �
Cellular systems � Spatial traffic distribution

1 Introduction

The mobile communications industry is currently shifting

its focus from second-generation (2G) to third-generation

(3G) technology. While current 2G wireless networks

continue to evolve by bringing new facilities and services

onto the market aided by packet switching capabilities,

Wideband Code Division Multiple Access (WCDMA) radio

technology has been made a reality through the launching of

3G networks [1, 2]. To date, a great deal of effort has been

put into understanding the peculiarities of a WCDMA in

cellular network deployment and optimisation. However,

extensive research is still needed to devise a comprehensive

framework for managing 3G and beyond WCDMA-based

radio access technologies operating in different environ-

ments and supporting a range of different services.

System deployment must be preceded by careful net-

work planning, in which the expected traffic load must be

taken into account. In the case of 3G, this traffic load needs

also to be defined in terms of traffic class distribution (e.g.,

expected conversational traffic, interactive traffic, etc.) due

to the various Quality of Service (QoS) requirements. If

QoS guarantees are to be provided, a reduction in the

randomness associated with wireless cellular scenarios is

required in order to make the communication channel as

predictive as possible. Amongst other factors, this ran-

domness is due to propagation, mobility and traffic

generation processes. The only way to achieve a tight

control over the air interface is by means of Radio

Resource Management (RRM) strategies, which include

admission and congestion control, packet scheduling,

power control and handover [3, 4]. The whole set of RRM

functions is devoted to guaranteeing a certain level of QoS

that maintains the planned coverage area and offers high

capacity, while using the radio resources efficiently.

Interactions between the various RRM strategies play a key

role in WCDMA network performance, which relies

heavily on the amount of interference on the air interface.

In this framework, load control is a key element behind the

different RRM functions in a WCDMA scenario, which

can be summarised as follows:
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Politècnica de Catalunya (UPC), c/ Jordi Girona, 1-3,

Campus Nord, Barcelona, Spain

e-mail: jorperez@tsc.upc.edu

O. Sallent

e-mail: sallent@tsc.upc.edu

R. Agustı́

e-mail: ramon@tsc.upc.edu

123

Wireless Netw

DOI 10.1007/s11276-007-0070-5



1. Admission control is intended to ensure the average

cell load at acceptable levels.

2. Congestion control is intended to react in overload

situations resulting from inefficient control over the air

interface.

3. Packet scheduling is intended to order users’ trans-

missions suitably, thus preserving certain load levels.

4. Power control operates on a per-link basis in order to

limit the interference of each specific connection or,

equivalently, to limit the load contribution from each

link, while keeping the promised quality.

5. Handover is intended to ensure the best possible

connectivity for each link while optimising the inter-

ference (or load) added to the air interface.

The first contribution of this paper is to introduce an

innovative mathematical framework for capturing the air

interface coupling between the different cells in a

WCDMA scenario. This framework is presented in a

compact formulation for both the uplink and downlink

directions. To the authors’ best knowledge, this is the first

time this approach has been taken. The multiple issues that

affect the behaviour of radio interfaces and the greater

degree of coupling between them due to the nature of the

WCDMA, in which users transmit at the same time using

the same carrier, will be demonstrated much more clearly

in comparison with classical formulations.

One of the main characteristics of traffic in cellular

networks is the non-homogeneous spatial traffic distribu-

tion. As 3G multimedia-intensive traffic demand profiles

are expected to be different from those in 2G, spatial

traffic distributions are even more important than in 2G

networks. Although to some extent network planning is

able to take this into consideration, the high dynamics

associated with traffic clearly requires additional mecha-

nisms that are able to cope with the potential problems on

the network performance for real traffic profile distribu-

tions, which are significantly different from those

expected in the network planning phase. Traffic variations

in time and space, which result in different load levels in

different cells and at different times, can, for example, be

smoothed with the aid of the handover algorithm, which

attempts to balance the load between cells. Multi-cell

admission control and/or congestion control mechanisms

are other examples.

In this framework, mechanisms supporting smart load

control actions could be highly useful and could be applied

at different levels. A smart load control for a reference cell

would be based on the ability to detect those neighbouring

cells that most affect reference cell performance. In this

context, the second main contribution of this paper is the

exploitation of the analytical model developed. This is

done by obtaining the gradient of the reference cell uplink

load factor (or alternatively the transmitted power in the

downlink) with respect to any neighbouring cell. This

gradient makes it possible to identify the most critical cells

and users that influence a reference cell, as a result of

which smart RRM algorithms may be defined. The third

contribution of the paper is the use of the proposed load

gradient methodology in the definition of specific conges-

tion and admission control algorithms and a multi-carrier

allocation method, which expands on the preliminary work

of the authors presented in [5]. However, it should be

pointed out that the aim of this paper is not to provide an

extensive analysis or an optimisation of the RRM algo-

rithms presented. Instead, by means of various examples

we aim to illustrate the potential range of applicability of

the proposed gradient-based framework.

The rest of this paper is organised as follows. Section 2

presents a summary of related work in order to establish the

framework of the paper. In Sect. 3, a novel analytical

model is developed to obtain the uplink cell load factor and

downlink transmitted power level in terms of the neigh-

bouring cells’ corresponding load factors and transmitted

power levels. Section 4 introduces the gradients in the

uplink and downlink directions as the basis for a range of

different RRM algorithms. This section also discusses

some of the considerations regarding the practical imple-

mentation of the proposed methodology. Section 5

describes the different scenarios in which the proposed

framework was evaluated by means of simulations. Sec-

tion 6 presents some of the results of the gradient

evaluation in order to show how it is able to capture the

different spatial traffic distributions. Section 7 presents

some examples of the applications of the proposed

approach. Most notably, specific congestion control,

admission control and multi-carrier assignment algorithms

that exploit the developed framework are presented.

Finally, Sect. 8 summarises the main conclusions reached

in the present study.

2 Related work and contributions of this paper

Since the early 1990s, several works [6, 7] have dealt with

the estimation of the capacity of cellular CDMA networks,

particularly with regard to the development of WCDMA

technologies for 3G systems such as the UMTS. One key

consideration consists in limiting the interference gener-

ated by each connection on the air interface, thus keeping

the total load below the specific limits with regard to the

maximum power available. Strategies for estimating the

load in WCDMA systems are presented in [8, 9], in which

the concept of the load factor is introduced as an indication

of the total interference measured in one cell. Taking this
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into account, RRM strategies for WCDMA networks are

based on dynamically controlling the load in the different

cells in order to ensure that the services can be provided

satisfactorily while the desired coverage is guaranteed and

the capacity is maximised.

From the point of view of the different RRM strategies

in the literature, in [10] an admission control algorithm

based on the required SIR for each connection is proposed,

while in [11, 12] admission control strategies based on

measuring the total amount of received power at the node B

are presented. In [13–15], the load factor is considered as

an indicator for admission control in the uplink direction.

Among the various strategies presented, some give an

overview of use in WCDMA systems, while others are

more aligned to specific systems, such as the UMTS [16,

17]. In [18], mathematical models for various call admis-

sion schemes are built and an effective linear programming

technique for finding a better admission control scheme is

presented. In [19], a classification of call admission control

strategies depending on whether they are based on mod-

elling or on measurements is presented. Insofar as the

downlink direction is concerned, admission control strate-

gies are normally based on transmission power

measurements [20, 21]. In [22], a joint uplink and downlink

strategy based on received and transmitted powers,

respectively, is presented. However, in most of the cases

mentioned admission control is executed at the cell level,

whereby the load/power increase of the new user in its

serving cell is considered. Furthermore, these cases either

ignore the impact of the mobile on the rest of the cells or

use a simple model for estimating the intercell interaction

[23].

In the case of congestion control strategies, which are

designed to deal with situations in which the system has

reached an overload status, the QoS guarantees are at risk

due to the evolution of system dynamics (mobility

aspects, increase in interference, etc.). As a result of this,

they try to reduce the load in the scenario by overriding

current connections [24]. One way of doing this is by

reducing the maximum bit rate of the currently admitted

users depending on their service requirements. In the lit-

erature, there are few works addressing the congestion

control problem for WCDMA networks [5, 25–28].

Moreover, to the authors’ best knowledge all the

approaches are based on actions that only affect the cell in

which congestion is triggered, but do not exploit the

possible interactions between cells should traffic loads and

service mixes differ.

Taking the above into account, this paper differs from

previous works in that an accurate model to capture the

interactions and couplings between cells on a WCDMA

cellular network is presented, which is based on a new

concept of load gradients in both the uplink and

downlink directions. This modelling has applications in the

development of RRM strategies at a multi-cell level, as will

be illustrated through various examples in Sect. 7. Spe-

cifically, the contributions of this paper can be summarised

as follows:

1. It provides closed-form expressions for the relation-

ships between the load factors and transmitted powers

of the different cells in a WCDMA network, which to

the authors’ knowledge is not available in the open

literature.

2. It provides a new framework, based on the gradient

concept, for computing the interactions between cells,

which has proved to be valid in detecting different

types of non-homogeneous user distributions.

3. It illustrates through various examples the applicability

of the new framework in the development of RRM

algorithms.

3 Multiple cell coupling in a WCDMA scenario

3.1 The uplink case

In a WCDMA cell, all the users share a common bandwidth

and each new connection increases the interference level of

other connections, which affects their quality. Let us con-

sider a scenario with (K + 1) cells, j = 0,1,…, K, and let us

focus on the central cell, which has been chosen as the

reference cell and numbered as the 0-th cell. The average

bit energy to noise power spectral density (Eb/No) for each

user transmitting in this cell is given by:

Eb

No

� �
i0

¼
P0;i0 � W

Ri0

PN þ v0 þ PR;0 � P0;i0

� � i0 ¼ 1. . .n0 ð1Þ

where P0;i0 is the uplink received power from the i-th user

in the 0-th cell, Ri0 is the transmission bit rate of the i-th

user in the 0-th cell, W is chip rate, PN is the thermal

noise power, v0 is the intercell interference observed in

the 0-th cell and PR,0 is the total received own-cell power

at this cell. In addition, n0 is the total number of users

transmitting in the 0-th cell. In practice, the closed loop

power control in WCDMA will try to maintain the value

of ðEb=NoÞi0 equal to a target value for most of the time.

This ensures that specific QoS requirements are met in

terms of bit error rate or block error rate. However, the

formulation presented is general in order to account for

the fact that the actual ðEb=NoÞi0 may fall below the

target. It should also be pointed out that the formulation

presented is general in order to include multiple services

(i.e., users with different requirements in terms of bit rate

and Eb/No).

Wireless Netw

123



The total received power PR,0 can also be expressed as:

PR;0 ¼
Xn0

i¼1

P0;i0 ð2Þ

In the uplink direction, the relative amount of load in a

WCDMA cell is usually given by the cell load factor [8],

which measures the spectral efficiency of a WCDMA cell

by linking up the total received power from transmissions

to the total received power including thermal noise.

Specifically, for the 0-th cell the uplink cell load factor

g0 is given by:

g0 ¼
PR;0 þ v0

PR;0 þ v0 þ PN
¼ 1� PN

PTOT ;0

¼ 1þ v0

PR;0

� �Xn0

i¼1

1
W

Eb
Noð Þi0 Ri0

þ 1

ð3Þ

The first part of this equality reflects the fact that the

load factor can be obtained from the noise power and the

total received power PTOT ;0 ¼ PR;0 þ v0 þ PN . Likewise,

the latter part of this equality corresponds to the expression

of the load factor according to the number of transmissions

and can be easily obtained from (1) and (2).

By introducing the uplink cell load factor definition in

(1), the following is derived:

P0;i0 ¼
PN þ v0 þ PR;0

� �
W

Eb
Noð Þi0 Ri0

þ 1

" # ¼
PN

1
1�g0

W
Eb
Noð Þi0 Ri0

þ 1

" # ð4Þ

From the transmitter side, the power transmitted by the

i-th user in 0-th cell may be expressed as:

PT ;i0 ¼ Li0;0 � P0;i0 ð5Þ

where Li0;0 is the path loss from the i-th user of the 0-th cell

to the 0-th cell site including shadowing and antenna gains.

At this point, (2) can be expressed as:

PR;0 ¼
Xn0

i0¼1

PN
1

1�g0

W
Eb
Noð Þi0 Ri0

þ 1
ð6Þ

The intercell interference observed in the reference cell

can be expressed as:

v0 ¼
XK

j¼1

Xnj

ij¼1

PT ;ij

Lij;0
ð7Þ

where PT ;ij is the power transmitted by the i-th user in the

j-th cell, nj is the total number of users transmitting in the

j-th cell and Lij;0 is the path loss from the i-th user in

the j-th cell to the reference 0-th cell. By considering (4)

and (5) as well as extending the cell load factor definition

in (3) to the rest of the neighbouring cells to obtain gj, (7)

can be rearranged as:

v0 ¼
XK

j¼1

Xnj

ij¼1

Lij;j

PN
1

1�gj
W

Eb
Noð Þij Rij

þ1

Lij;0
¼
XK

j¼1

PN
1

1� gj

Xnj

ij¼1

Lij;j

Lij;0

1
W

Eb
Noð Þij Rij

þ 1

ð8Þ

At this stage, it is useful to introduce the following

definitions:

SUL
0;0 ¼

Xn0

i0¼1

1
W

Eb
Noð Þi0 Ri0

þ 1
ð9Þ

SUL
j;0 ¼

Xnj

ij¼1

Lij;j

Lij;0

1
W

Eb
Noð Þij Rij

þ 1
ð10Þ

Notice that (9) can be interpreted as the cell load factor

in the reference cell should the 0-th cell be isolated.

Additionally, the term SUL
j;0 in (10) can be interpreted as a

weighted cell load factor contribution from the j-th cell to

the reference cell, which depends on how the users in the j-

th cell are distributed with respect to the 0-th cell. Thus, (3)

can be finally expressed as:

g0 ¼
SUL

0;0 þ
v0

PN

1þ v0

PN

¼
SUL

0;0 þ
PK

j¼1

SUL
j;0

1�gj

1þ
PK

j¼1

SUL
j;0

1�gj

ð11Þ

In the above form, the coupling in a WCDMA cellular

system is explicitly reflected. In this case, the resulting cell

load in a reference cell depends on all the users in the

scenario or, more specifically, on all the other cells’

respective load factors.

3.2 The downlink case

In the downlink direction, the Eb/No of the i-th user in the

0-th cell can be expressed as:

Eb

No

� �
i0

¼
PT ;i0

Li0 ;0
� W

Ri0

PN þ vi0 þ q� PT ;0�PT ;i0

Li0 ;0

h i i0 ¼ 1. . .n0 ð12Þ

PT ;0 ¼ Pp;0 þ
Xn0

i0¼1

PT ;i0 ð13Þ

Wireless Netw

123



where PT ;i0 is the power transmitted to the i-th user, vi0

represents the intercell interference observed by the i-th

user, Li0;0 is the path loss from the i-th user of the 0-th cell to

the 0-th cell site, Ri0 is the i-th user transmission rate, q is the

orthogonality factor (since orthogonal codes are used in the

downlink to identify the different transmissions in a given

cell, but a certain degree of orthogonality is lost due to

multipath), PN is the downlink background noise and W the

bandwidth. PT,0 is the base station transmitted power and

Pp,0 the power devoted to common control channels. It is

worth mentioning that as in the case of the uplink direction,

the downlink closed loop power control will try to maintain

the measured ðEb=NoÞi0 equal to a given target value.

Notice that there are certain differences in the downlink

direction in comparison to the uplink direction. Specifi-

cally, the intercell interference is user-specific since it

depends on user location and the power transmitted by the

base station is shared by all users.

By considering (12) and (13) it can be obtained that the

total transmitted power required to satisfy all users’

demands should be:

PT ;0 ¼

Pp;0 þ
Pn0

i0¼1

PNþvi0
ð Þ

W=Ri0
Eb
Noð Þi0

þq
Li0;0

1�
Pn0

i0¼1
q

W=Ri0
Eb
Noð Þi0

þq

ð14Þ

where the intercell interference seen by the i-th user of the

0-th cell is given by:

vi0 ¼
XK

j¼1

PT ;j

Li0;j
ð15Þ

Substituting (15) in (14), the following will be given:

PT ;0 ¼

Pp;0 þ PN

Pn0

i0¼1

Li0 ;0

W=Ri0
Eb
Noð Þi0

þq
þ
Pn0

i0¼1

PK
j¼1

Li0 ;0

Li0 ;j

PTj
W=Ri0
Eb
Noð Þi0

þq

1�
Pn0

i0¼1
q

W=Ri0
Eb
Noð Þi0

þq

ð16Þ

At this stage, it is useful to introduce the following

definitions:

SDL
0;0 ¼

Xn0

i0¼1

1
W=Ri0

Eb
Noð Þi0
þ q

ð17Þ

SDL�
0;0 ¼

Xn0

i0¼1

Li0;0

W=Ri0
Eb
Noð Þi0
þ q

ð18Þ

SDL
0;j ¼

Xn0

i0¼1

Li0;0

Li0;j

1
W=Ri0

Eb
Noð Þi0
þ q

ð19Þ

Notice that (17) and (18) depend on the own-cell

transmissions without and with propagation conditions,

respectively, similarly to the contributions of the uplink

cell load factor in (9). In turn, (19) denotes the influence of

the j-th cell over the reference 0-th cell, which is similar to

Expression (10) for the uplink. Thus, (16) can be finally

expressed as:

PT ;0 ¼
Pp;0 þ PNSDL�

0;0 þ
PK

j¼1 PT ;jS
DL
0;j

1� qSDL
0;0

ð20Þ

In the above form, the coupling existing in a WCDMA

cellular system is explicitly reflected. In this case, the

resulting transmitted power of a given cell depends on all

the other cells’ respective transmitted power levels.

Notice that the coupling between the 0-th cell and the

j-th cell in the downlink is given by the term SDL
0;j in (19),

which depends on how the users are distributed in the 0-th

cell in relation to the j-th cell and in relation to the 0-th cell.

However, the coupling in the uplink direction given by the

term SUL
j;0 in (10) depends on how the users in the j-th cell

are distributed with respect to the 0-th cell and with respect

to their own j-th cell.

4 Load gradient evaluation

Based on the previous formulation this section presents the

computation of the load gradient for both the uplink and

downlink directions. This computation is given as a mea-

surement of the variation of the load in the reference cell,

which is numbered as the 0-th cell, with respect to the load

variation in the neighbouring cells, which are numbered

j = 1,…,K. Finally, certain considerations regarding the

practical implementation of the algorithm are provided.

4.1 The uplink case

The gradient of the reference cell load factor in the uplink

is defined here as:

r~g0 ¼
og0

og1

;
og0

og2

; . . .;
og0

ogK

� �
ð21Þ

where the derivative with respect to the k-th cell is obtained

from (11) as:
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og0

ogk

¼
1� SUL

0;0

1þ
PK

j¼1

SUL
j;0

1�gj

� �2

o

ogk

XK

j¼1

SUL
j;0

1� gj

 !

¼
1� SUL

0;0

1þ
P

j¼0
K

j 6¼0

SUL
j;0

1�gj

� �2

X
j¼0

K

j 6¼0

SUL
j;0

1� gj

� �2

ogj

ogk

ð22Þ

Since og0=ogk in turn depends on the derivatives of the

load factor in the rest of the cells, it is useful to generalise

(22) for any two cells m, k in which m = k, thus obtaining:

ogm

ogk

¼ Cm

X
j¼0

K

j 6¼m

SUL
j;m

1� gj

� �2

ogj

ogk

k ¼ 0; 1; . . .;K;

m ¼ 0; 1; . . .;K; m 6¼ k ð23Þ

where the following has been defined:

Cm ¼
1� SUL

m;m

1þ
P

j¼0
K

j 6¼m

SUL
j;m

1�gj

� �2
ð24Þ

However, since ogj=ogk ¼ 1 for j = k, the following is

yielded based on (23):

X
j¼0

K

j 6¼m;k

CmSUL
j;m

1�gj

� �2

ogj

ogk

�ogm

ogk

¼�
CmSUL

k;m

1�gkð Þ2
m¼ 0;1; . . .;K; m 6¼ k

ð25Þ

Expression (25) shows that a set of K linear equations are

defined for each k cell. In these equations, the K unknown

quantities are the derivatives ogj=ogk for j = 0,1,…,K, in

which j = k. This linear system can be rewritten using

matrix notation as:

AUL
k � dUL

k ¼ bUL
k ð26Þ

where matrix AUL
k is given by:

AUL
k ¼

�1
C0SUL

1;0

1�g1ð Þ2 � � �
C0SUL

k�1;0

1�gk�1ð Þ2
C0SUL

kþ1;0

1�gkþ1ð Þ2 � � �
C0SUL

K;0

1�gKð Þ2

C1SUL
0;1

1�g0ð Þ2 �1

..

.
�1

Ck�1SUL
0;k�1

1�g0ð Þ2
..
.

Ckþ1SUL
0;kþ1

1�g0ð Þ2
. .

.

..

.

CK SUL
0;K

1�g0ð Þ2 � � � �1

2
666666666666666664

3
777777777777777775

ð27Þ

Vectors bUL
k and dUL

k are defined as:

bUL
k ¼

�C0SUL
k;0

1� gkð Þ2
;
�C1SUL

k;1

1� gkð Þ2
; . . .;

�Ck�1SUL
k;k�1

1� gkð Þ2
;

"

�Ckþ1SUL
k;kþ1

1� gkð Þ2
; . . .
�CKSUL

k;K

1� gkð Þ2

#T

ð28Þ

dUL
k ¼

og0

ogk

;
og1

ogk

; . . .;
ogk�1

ogk

;
ogkþ1

ogk

; . . .;
ogK

ogk

	 
T

ð29Þ

The solution of the linear equation system gives vector dUL
k

as:

dUL
k ¼ ðAUL

k Þ
�1 � bUL

k ð30Þ

Notice that by considering all the values of k =

0,1,…,K, a total of (K + 1) linear equation systems such

as the one defined in (26) can be formulated, thus

obtaining all the derivative vectors for all the cells

dUL
k ; k ¼ 0; 1; . . .;K, which finally provide the gradient

in (21).

4.2 The downlink case

In the downlink direction, the coupling between the dif-

ferent cells and the reference 0-th cell is captured by means

of the derivatives of the power transmitted by the reference

cell with respect to the power transmitted by each of the

other cells. Thus, the gradient of the downlink transmitted

power is defined as:

r~PT ;0 ¼
oPT ;0

oPT ;1
;
oPT ;0

oPT ;2
; . . .;

oPT ;0

oPT ;K

� �
ð31Þ

Specifically, the derivative with respect to the k-th cell is

obtained from (20):

oPT ;0

oPT ;k
¼ 1

1� qSDL
0;0

o

oPT ;k

XK

j¼1

SDL
0;j PT ;j

 !

¼ 1

1� qSDL
0;0

X
j¼0

K

j 6¼0

SDL
0;j

oPT ;j

oPT ;k

ð32Þ

This expression can be generalised for any two cells m,

k, in which m = k, thus obtaining:

oPT ;m

oPT ;k
¼ Xm

X
j¼0

K

j6¼m

SDL
m;j

oPT ;j

oPT ;k

k ¼ 0; 1; . . .;K; m ¼ 0; 1; . . .;K; m 6¼ k ð33Þ

where the following has been defined:
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Xm ¼
1

1� qSDL
m;m

ð34Þ

Given that oPT ;j=oPT ;k ¼ 1 for j = k, the following is

yielded:

X
j¼0

K

j 6¼m;k

XmSDL
m;j

oPT ;j

oPT ;k
� oPT ;m

oPT ;k
¼ �XmSDL

m;k

m ¼ 0; 1; . . .;K; m 6¼ k ð35Þ

As in the uplink case, (35) defines a set of K linear equations

where the K unknown quantities are the derivatives

oPT ;j=oPT ;k j ¼ 0; 1; . . .;K; j 6¼ k. Again, using matrix

notation:

ADL
k � dDL

k ¼ bDL
k ð36Þ

where matrix ADL
k is given by:

ADL
k ¼

�1 X0SDL
0;1 ��� X0SDL

0;k�1 X0SDL
0;kþ1 ��� X0SDL

0;K

X1SDL
1;0 �1

..

.
�1

Xk�1SDL
k�1;0

..

.

Xkþ1SDL
kþ1;0

. .
.

..

.

XKSDL
K;0 ��� �1

2
66666666666664

3
77777777777775

ð37Þ

In turn, vectors bDL
k and dDL

k are defined as:

bDL
k ¼ �X0SDL

0;k ;�X1SDL
1;k ; . . .;�Xk�1

h

SDL
k�1;k;�Xkþ1SDL

kþ1;k; . . .;�XKSDL
K;k

iT ð38Þ

dDL
k ¼

oPT ;0

oPT ;k
;
oPT ;1

oPT ;k
; � � � ; oPT ;k�1

oPT ;k
;
oPT ;kþ1

oPT ;k
; � � � ; oPT ;K

oPT ;k

	 
T

ð39Þ

Thus, the solution is given by:

dDL
k ¼ ðADL

k Þ
�1 � bDL

k ð40Þ

Again, by considering all the values of k = 0,1,…,K, a

total of (K + 1) linear equation systems such as the one

defined in (36) should be solved to obtain the

downlink derivative vectors dDL
k ; k ¼ 0; . . .;K for all

the cells and the corresponding downlink transmitted

power gradient.

4.3 Practical implementation considerations

The measurements that are required to compute the load

gradient from a practical point of view are detailed below.

Specifically, in the uplink direction, these measurements

are the following:

– Path loss values between each user and the neigh-

bouring cells. Notice that this measurement is

available in current WCDMA systems such as the

UMTS [29] through measurement reports. Specifi-

cally, mobile stations take this measurement from the

pilot channel transmitted by each monitored cell.

Measurement reports can be compiled regularly,

typically in the order of every 0.5 s, which should

be more than enough to cope with mobility and traffic

variations.

– Uplink load factor measurements. This is one of the

parameters that is used by WCDMA systems to take

RRM decisions (admission control and congestion

control, for example) [8], and can be obtained from

the total power received at the base station and the

noise power level, as shown in (3).

– Transmission bit rate and Eb/No of each user, which

are also known to the system.

In the downlink direction, the measurements that are

required to compute the gradient according to (32) are the

same as those in the uplink direction; namely, the path loss

between each mobile and the corresponding base stations,

and the each user’s bit rate and Eb/No. In addition, the

orthogonality factor q should be considered as a parameter

of the algorithm, depending on the environment in which it

operates.

Notice also that in a practical situation, the various load

factor measurements, the transmitted powers and the cor-

responding derivatives should be averaged in order to

smooth short-term effects (such as Rayleigh, interpath

interference) and traffic fluctuations.

As far as computational complexity is concerned, the

operations required are feasible in real time so that they can

be applied in practical WCDMA systems. This is mainly

possible because the RRM algorithms, such as those used

for admission or congestion control that it is possible to

base on this formulation, will operate on a long-term basis

(i.e., in the order of several seconds). However, based on

Expressions (22) and (32), an alternative method of

approximation for computing the gradient in both the

uplink and downlink directions is presented in the

Appendix, which makes it possible to further reduce

computational complexity.
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5 Scenario description and simulation methodology

The framework presented together with the applicability

examples, which will be described in Sect. 7, were evalu-

ated by means of simulations in several representative

scenarios. Each scenario consisted of an area of 9 · 9 km2,

in which 23 omni-directional cells with a cell radius of

1 km were arranged in a hexagonal layout. Results were

taken for the 0-th cell, which was the central cell and was

called BS0. The six cells surrounding BS0 were numbered

from BS1 to BS6. In all the scenarios, the path loss was

computed following the macrocell model described in [30],

which is a common reference in WCDMA evaluations,

given by LpðdBÞ ¼ 128:1þ 37:6 logðdðkmÞÞ; where d is

the distance to the base station. An additional log-normal

shadowing with standard deviation of 6 dB was used. Other

parameters common to all the scenarios considered here

were the chip rate of W = 3.84 Mchips/s and the back-

ground noise of –103 dBm for the uplink and –99 dBm for

the downlink [30]. The maximum transmitted power in the

uplink direction was 21 dBm, while the minimum trans-

mitted power was –44 dBm. In the downlink direction, the

maximum power available at the base station was 43 dBm,

and the power devoted to the common pilot channel was

30 dBm. Each user was connected to the cell that received

the highest pilot power. The antenna gain was 0 dB, and the

downlink orthogonality factor was q = 0.4.

The specific characteristics of each scenario are descri-

bed below.

– Scenario 1 (homogeneous scenario). This scenario

examined a uniform spatial traffic distribution. A single

service was considered with a bit rate of 64 kb/s in both

the uplink and downlink directions, which is represen-

tative of a typical access bearer for a videophone service

[31]. The Eb/No target was 2.9 dB for the uplink and

3.2 dB for the downlink. These values were obtained

from a link layer simulator that takes into account the

detailed link level characterisation of the physical layer

in terms of channel coding, spreading and modulation,

transmit diversity and channel impulse response [32].

– Scenario 2 (non-homogeneous scenario at the spatial

level). This scenario examined the same service as in

Scenario 1 but a non-homogeneous spatial traffic

distribution was considered. It was assumed that the

neighbouring cell, BS5, had three times as much traffic

as the central reference cell, BS0, and that BS4 had

twice as much traffic as BS0. The rest of cells had the

same amount of traffic as BS0. The numbering of

the various neighbouring base stations surrounding the

central cell, BS0, is shown in Fig. 1(a).

– Scenario 3 (non-homogeneous scenario at both the

spatial and service levels). In this scenario, two types of

users were considered: Real Time (RT) and Non Real

Time (NRT) users. NRT users are delay-tolerant users

whose throughput can be degraded if necessary in order

to maintain the throughput of RT users. The RT users

had the same characteristics as in Scenario 1 and 2. The

bit rate of NRT users was 64 kb/s for the uplink and

384 kb/s for the downlink, which is representative of a

typical access bearer for a data service [31]. The Eb/No

target of NRT users was 4.2 dB for the uplink and

4.6 dB for the downlink. There were 10 RT users in the

scenario. On average, 15% of the users were distributed

in the central cell, while the rest of the RT users were

homogeneously distributed in the other cells. Further-

more, a variable number was considered for NRT users,

whilst BS4 and BS5 (see the layout in Fig. 1(a)) had

twice as many NRT users as the rest of cells. No NRT

users were distributed in the BS0 reference cell.

Following a similar simulation approach as described in

[30], the simulations were based on a number of snapshots.

In each snapshot, a number of users were scattered across

the whole area according to its specific spatial distribution.

It was assumed that all these users were simultaneously

active in both the uplink and downlink directions. Power

control was then simulated by means of an iterative method

to compute the power transmitted per user in the uplink and

downlink directions. From this computation, the total

uplink load factor in each cell and the total transmitted

power per cell was obtained. Besides these general com-

ments about the approach taken in the simulations, the

specific characteristics of each simulation study will be

detailed in Sects. 6 and 7.

6 Load gradient analysis for different spatial traffic

distributions

In order to gain an insight into the potential applicability of

the framework presented, a set of illustrative results are

shown in this section. Various spatial distributions are

considered based on Scenarios 1 and 2 in order to find the

relationship between the spatial traffic distribution and the

uplink/downlink gradients. Results are taken from the BS0

central cell. In each snapshot, 200 users were randomly

scattered across the whole scenario.

6.1 Homogeneous spatial traffic distribution

In this case, which corresponds to Scenario 1 as described in

Sect. 5, a uniform traffic distribution was considered in all

the cells and within each cell. Figure 1(a) plots, the location
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of the mobile with the highest contribution to the term

SUL
j;0 ðj ¼ 1; . . .;KÞ in each snapshot. According to (11), the

users plotted in Fig. 1(a) are therefore those who have the

greatest effect on the reference cell load factor, or those that

cause the highest intercell interference in the BS0 cell.

Notice that in the uplink direction, these users tend to be

those who are closer to the reference cell site. Figure 1(b) is a

radial plot showing the derivatives og0=ogj for the six

neighbouring cells (j = 1,…, 6). It can be observed that since

the traffic is homogeneously distributed, the derivatives are

similar in the 6 cells. Figure 1(b) also shows a comparison

between the exact computation of the derivatives that appear

in Sect. 4 and the approximate computation, which is pre-

sented in the Appendix. This comparison shows that the

approximated method is a good estimation of the derivative.

Similarly, Fig. 2(a) shows the users in the reference cell

having the highest contribution to the term SDL
0;j in the

downlink direction (i.e., those experiencing the highest

downlink intercell interference). The corresponding

downlink derivatives for the six neighbouring cells are

presented in Fig. 2(b). Similar comments as those made on

the uplink apply in this homogeneous case, and all the

derivatives are approximately the same.

6.2 Non-homogeneous spatial traffic distribution

At this stage, two different types of non homogeneous

spatial traffic distributions were considered and are referred

to as inter-cell and intra-cell non-homogeneity.

6.2.1 Inter-cell non-homogeneity

This type of spatial non-homogeneity, which corresponds

to Scenario 2 described in Sect. 5, reflects the situation in

which the number of users differs from cell to cell but users

are uniformly distributed inside a given cell. In this case,

Fig. 3(a) shows the users that contributed the most to the

inter-cell interference in the reference cell BS0 in the

uplink direction. Likewise, the uplink gradient components

for the six neighbouring cells are shown in Fig. 3(b). It can

be seen that BS5 (and also BS4 to a lesser extent) are the

cells to which BS0 is most sensitive, because they have the

highest derivative. Consequently, the gradient in the uplink

direction is able to identify non-homogeneous spatial

distributions between different cells.

With respect to the downlink direction, since the

gradient in (32) depends on the term SDL
0;j , that is, on how

the users of the 0-th cell are distributed with respect to the

neighbouring cells, the derivatives are approximately the

same for all the neighbouring cells because users in the 0-th

cell are homogeneously distributed inside this cell.

Therefore, the corresponding plots, which are not shown

for the sake of brevity, would be similar to those in Fig. 2.

6.2.2 Intra-cell non-homogeneity

This type of non-homogeneity reflects the situation in

which there is the same amount of traffic in each cell but

the user distribution is non-uniform inside a given cell. As

an example, let us consider a variant of Scenario 1 in which

all the cells have the same load but the users in BS0 are

distributed non-homogeneously inside the cell, 80% of

whom are concentrated in the lower right-hand area (i.e., in

the region closest to BS3). In the uplink direction, the

results, which are not shown for the sake of brevity, are

very similar to those obtained for the homogeneous case

shown in Fig. 1. This demonstrates that intra-cell spatial

traffic non-homogeneity does not significantly affect the
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sensitivity in the uplink direction of the reference cell. It

furthermore shows that the most relevant users continue to

be those in the neighbouring cells that are closer to the

reference cell site. It should be mentioned that the user

distribution inside the BS0 reference cell affects the

intercell distribution in the neighbouring cells. It therefore

modifies the power transmitted by the users in these

neighbouring cells, thus causing an indirect variation in the

load factor in the reference cell. However, simulation

results in this situation have revealed that this indirect

variation is negligible.

Nevertheless, different conclusions can be drawn from

the downlink analysis. As is shown in Fig. 4(a), the most

relevant users from the perspective of the reference cell are

mainly located in the lower right-hand area of this cell, in

which user density is the highest. This results in a higher

coupling between cell BS3 and the reference cell, because

most of the users in the reference cell are affected by

interference from the power transmitted by BS3. As a result

of this, BS3 has the largest component on the power gra-

dient, followed by BS2 and BS4, as shown in Fig. 4(b).

Consequently, the gradient of the downlink transmitted

power is able to identify non-homogeneous spatial distri-

butions inside the reference cell.

7 Applicability examples: RRM algorithms

The gradient framework for WCDMA uplink and downlink

characterisation together with the explicit formulation of
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the coupling between the different cells in the environment

is claimed to have a wide range of applications, mostly in

the context of RRM strategies. Some examples of these

applications are presented below in addition to the results

of their performance. Here, it should be noted that the aim

of this paper is not to provide an extensive analysis of the

different algorithms, but to show the potential applicability

of the proposed framework by means of a few examples.

7.1 Congestion control algorithms

Congestion occurs when it is not possible to provide the

admitted users with the normal services agreed on for a

given percentage of time because of an overload. Usually

the network is planned to operate below a certain maxi-

mum load factor (alternatively in the downlink it is planned

to operate below a certain fraction of the maximum power

available at the cell site). Thus, the congestion control

procedure will include first the congestion detection phase

(e.g., when the load factor increases over a certain

threshold for a certain amount of time). The congestion

resolution phase will then be triggered when congestion

has been detected and it consists in the actions that must be

undertaken in order to maintain the network stability, such

as user/services prioritisation, the reduction of the maxi-

mum transmission rate for delay-tolerant services, the

blocking of new connections or the dropping of on-going

connections. Finally, when the congestion is overcome

(that is, when the load factor has dropped below the

maximum level for a certain period of time), the congestion

recovery algorithm is triggered in order to restore the

transmission capabilities the various mobiles had before

the congestion resolution was executed. The algorithm and

results presented below, which take advantage of the gra-

dient framework presented in Sects. 3 and 4, concern the

congestion resolution phase. Congestion detection and

congestion recovery algorithms, such as the ones presented

in [24], would be readily applicable to this context.

7.1.1 Uplink direction

Let us consider that an overload situation occurs at the ref-

erence cell, so that the uplink load factor g0 at a given time is

above a desired target value, gT. The objective of the con-

gestion control algorithm is to reduce the load by inhibiting

delay-tolerant transmissions (i.e., non real time users)

smartly, so that the minimum number of users is affected by

the congestion resolution actions, thus minimizing the

throughput reduction and the signalling load. In order to

avoid load reductions beyond the necessary level, the pro-

cedure is envisaged on a step-by-step basis and,

consequently, the number of algorithm iterations is an

additional useful measurement. Thus, certain load reduction

decisions are taken at the time the congestion is triggered

and, after a period that should be long enough for the sig-

nalling and execution of layer-3 messages at the mobile

terminals plus the time necessary for the power control to

converge to the new air interface conditions, the load would

be measured again and new actions would be taken at that

time if necessary. The algorithm stops after a number of

periods or iterations, when the measured cell load factor is

below gT. In the above framework, the proposed algorithm

carries out the following steps per iteration, whenever the

congestion control is triggered for the reference cell:
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Step 0. Compute the gradient of the uplink load factor

given by (21)

Step 1. Select the cell k = 0,1,…,K with maximum value

of the product ðgk;NRT � og0

ogk
Þ where gk,NRT is the

estimated amount of load factor devoted to non-

real time (NRT) traffic in cell k, given by [8]:

gk;NRT ¼ 1þ fð Þ
Xnk;NRT

ik¼1

1
W

Eb
Noð Þik Rik

þ 1
ð41Þ

where nk,NRT is the number of NRT users in the k-th cell, f

is a parameter that reflects the ratio between intercell and

intracell power and ðEb=NoÞik is the Eb/No target of the i-th

user in the k-th cell. Notice that this step ensures that the

cell that has the greatest influence on the reference cell is

selected, thus giving rise to more efficient load control

actions.

The f parameter takes values that are typically around 0.6

[7], but depends on the specific user distribution and on the

propagation conditions. In practice, the real value may

exhibit high variations over time, so it may be possible to

optimise this parameter for each specific situation, as is

discussed in [13]. However, such an optimisation is beyond

the scope of this paper and the value f = 0.6, which is

considered sufficiently representative of the simulations

carried out, is retained here for purposes of illustration.

Step 2. The target reduction to be achieved in the

selected cell k is given by

Dgk ¼
Dg0

og0

ogk

� � ð42Þ

where Dg0 ¼ g0 � gT is the desired reduction in cell 0.

Step 3. Order the NRT users of the k-th cell in a table in

decreasing order of their contribution to the term

SUL
k;0 , given by the factor IUL

ik ;0
:

IUL
ik ;0
¼ Lik ;k

Lik ;0

1
W

Eb
N0

� �
ik

Rik

þ 1
ð43Þ

Step 4. Inhibit the transmissions of the users in the table

until the desired reduction of Dgk is reached, or

until all the users have been inhibited. Notice

that, after one user is inhibited, the selected cell

may no longer be the one with the steepest

gradient. However, this is not considered in the

algorithm in order to achieve greater speed. In

order to account for this fact, the algorithm

should inhibit only one user per iteration. It

should then measure the loads again and compute

the gradients, which slows down the capability of

the algorithm.

Step 5. Measure g0 and if it is still higher than gT return

to Step 0 and perform another iteration.

7.1.2 Downlink direction

Similarly, the objective of the algorithm in the downlink

direction is to limit the fraction of transmitted power with

respect to the maximum available power (i.e., PT0/Pmax0)

to a given bound /T. Thus, the steps to be taken by the

algorithm when congestion is triggered in the reference cell

would be as follows:

Step 0. Compute the gradient of the downlink transmitted

power given by (31)

Step 1. Select the cell k = 0,1,…,K with maximum value

of the product: ðPk;NRT � oPT0

oPTk
Þ where Pk,NRT is the

amount of transmitted power devoted to NRT

traffic in the k-th cell.

Step 2. The power reduction to be achieved in the

selected cell k is given by

DPTk ¼
DPT0

oPT0

oPTk

� � ð44Þ

where D PT0 is the desired reduction in cell 0, given by

DPT0 ¼ PT0 � /T � Pmax0

Step 3. Order the NRT users in cell k in a table in

decreasing order of transmitted power.

Step 4. Inhibit the transmissions of the users in the table

until reaching the desired reduction of D PTk or

until all the users have been inhibited.

Step 5. Measure /0 ¼ PT0=Pmax0 and if it is still higher

than /T return to Step 0 and perform another

iteration.

In order to show the suitability of the envisaged algo-

rithms, two reference algorithms were considered for

purposes of comparison in both the uplink and downlink

directions. The first is denoted as a ‘‘random algorithm’’

and operates using the same steps as the previously

described algorithm. However, in Step 1 the base station is

randomly selected from the six neighbouring cells and in

Step 3 the users are not ordered. The second is denoted as

an ‘‘interactive-based algorithm’’ and operates by selecting

in Step 1 the base station with the largest number of

interactive users.

The performance evaluation was carried out for Sce-

nario 3 described in Sect. 5. A total of 15,000 snapshots

were simulated. For each snapshot, a mixture of RT and

NRT users were scattered across the whole area according

to the specific spatial traffic distribution given in the

scenario description. The objective of the load control

algorithms was to keep both the uplink cell load factor
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and the DL power fraction below gT = 0.8 and /T = 0.8,

respectively, in the BS0 reference cell. Consequently, the

congestion control algorithm was executed for each

snapshot in which either the uplink cell load factor or the

downlink power fraction in the reference cell was above

the limit of 0.8. It is worth mentioning that although the

scenario considered a total of 23 cells, only the six cells

surrounding the reference cell were considered for the

algorithm (i.e., K = 6 in Step 1 of the algorithm

description).

Figure 5 shows the corresponding average values of the

uplink cell load factor and downlink power fraction in the

reference cell before applying the congestion algorithm as

a function of the number of NRT users in the scenario

under examination. Figures 6 and 7 show the uplink and

the downlink performances in terms of the required NRT

throughput reduction in the neighbouring cells in order to

solve the congestion situations in the reference cell. The

results are presented for the three algorithms studied.

Furthermore, in the derivative-based case, the results are

presented for the exact gradient computation method

explained in Sect. 4 as well as for the method of approx-

imation, as explained in the Appendix. The first feature to

note is that the use of the method of approximation does

not reveal significant differences compared to the exact

method, thus validating this method for radio engineering

purposes. The reason is that the gradient is in fact mainly

used in the algorithm to select the appropriate cell to

execute the congestion actions, so it depends more on cell

with the highest value in the gradient than on the exact

value of the derivatives. It can be observed that the algo-

rithm based on derivatives achieves the load reduction in

the reference cell with the lowest NRT throughput reduc-

tion, thus executing a more efficient congestion control.

The reason is that the derivative-based algorithm is able to

select the most appropriate cell to execute the load

reduction actions in each situation. Notice also that in some

situations in the uplink, the congestion control resolution

with the derivative-based algorithm is achieved with NRT

throughput reductions below 0, which means that the

throughput after congestion is higher than the throughput

before congestion. This is because some users who were in

outage before triggering congestion—and thus their trans-

missions were erroneous—are able to transmit correctly

thanks to the load reduction achieved by the algorithm

during congestion resolution. In contrast, this effect is not

observed with the interactive-based and the random algo-

rithm, because the throughput reduction due to the number

of inhibited transmissions is higher than the throughput

increase due to the reduction in outage.

The duration of the algorithm is also much shorter in the

case of the derivative-based algorithm. This is reflected in

Table 1, which presents the average number of iterations

required to solve the congestion situations in the different

situations. The lower the number of iterations, the more

effective the algorithm is, which indicates that it is able to

identify those cells and users with the highest influence on

the air interface load. Notice also that when focus is placed

on the downlink direction, the derivative-based algorithm

still performs better. However, in this case it requires a

higher NRT throughput reduction and a greater number of
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iterations. This is due to the higher load in the downlink

direction, as depicted in Fig. 5.

7.2 Admission control algorithms

The admission control procedure is used to decide whether

to accept or reject a new connection depending on the

interference it adds to the existing connections. Admission

control principles make use of the uplink load factor (or the

power transmitted in the downlink) and the estimate of

the load increase that a new bearer request would cause in

the radio network [14–20]. Usually, the algorithm is

applied at a single cell level. However, the impact of the

user’s potential acceptance should be assessed for both the

serving cell and the neighbouring cells. This would there-

fore guarantee that the set-up of the new connection is

affordable to system overall. In order to illustrate the

improvements that can be achieved by means of the

gradient-based solution with respect to another approach,

the algorithm presented in [23] is taken as a reference

below. It is denoted as the ‘‘multi-cell reference

algorithm’’, which proves to be an efficient solution for

multi-cell admission control.

If we examine the uplink direction, in which no users

have already been admitted to the reference cell (j = 0), let

us assume that the (no + 1)-th user requests admission to

this cell, denoted below as the serving cell. The user

requirements are bit rate Rnoþ1 and Eb/No target

ðEb=NoÞn0þ1. The multi-cell reference algorithm estimates

the increase in received power due to the new admission

request. It accepts the new user provided that the following

condition holds in the serving cell (j = 0) and in the

neighbouring cells j = 1,…, K:

PTOT ;j þ DPest;j

PN
�NRmax ¼

1

1� gmax

ð45Þ

where PTOT,j is the total received power in the j-th cell

before admission, PN is the noise power, NRmax is the

admission control threshold expressed in terms of noise rise

(i.e., the ratio between total received power with respect to

noise power), which is equivalent to maximum load factor

gmax ¼ 1� 1=NRmax , and DPest,j is the power increase

estimation due to the new user in the j-th cell. For the

serving cell, the power increase estimation is given by:

DPest;0 ¼
PTOT ;0Dgest;0

1� g0 � Dgest;0

ð46Þ

where the load increase estimation of the new user in the

serving cell is given by:

Dgest;0 ¼
1

W
Eb
Noð Þnoþ1

Rnoþ1

þ 1
xþ 1� xð Þ PN

PN þ v0

� �
ð47Þ

where v0 is the total inter-cell interference power at cell

j = 0 and w is a weight factor that takes the value 0.5 in

[23].

In turn, the power increase estimation in the neigh-

bouring cells, j = 1,…,K, is given by:

DPest;j ¼ DPest;j
Ln0þ1;0

Ln0þ1;j
ð48Þ

where Ln0þ1;j is the total path loss between the new user

and the j-th cell.

Based on this framework, the following alternatives are

compared below:

– Multi-cell reference algorithm. This corresponds to the

application of Condition (45) with a power increase

estimation given by (47) for the serving cell and by (48)

for the neighbouring cells.

– Single-cell algorithm. This corresponds the application

of the Condition (45) to the serving cell only.

– Multi-cell gradient-based algorithm. This corresponds to

a modification in the reference algorithm by making use

of the proposed gradient-based framework. Specifically,

the power increase estimation for the neighbouring cells j

= 1,…,K, is given by:

DPest;j ¼
PTOT;jDgest;j

1� gj � Dgest;j

¼
PTOT ;jDgest;0

ogj

og0

1� gj � Dgest;0
ogj

og0

ð49Þ

To illustrate the performance of the proposed strategy,

the three alternatives were evaluated and compared in

Scenario 1, as described in Sect. 5, in which a total of

15,000 snapshots were simulated. The admission of a new

Table 1 Average number of iterations of the algorithms considered

NRT users UPLINK DOWNLINK

Derivative Random Interactive Derivative Random Interactive

250 1.82 4.64 3.85 23.19 24.56 23.94

300 3.39 6.68 7.45 32.67 35.61 35.87

400 10.41 17.24 17.11 50.98 69.00 69.02
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user to the reference cell was simulated in each snapshot.

The maximum load factor was gmax = 0.8. The method of

approximation for computing the derivatives was used in

the simulations. Only the uplink direction was considered.

Figure 8 shows the admission probability (i.e., the

probability that the new user will be accepted, provided

that a number of users have already been accepted) as a

function of the total number of users in the scenario. It can

be observed that the admission probability is higher for the

single-cell algorithm than for the multi-cell algorithms,

because only one condition is checked, while the multi-cell

algorithms check the conditions for all the cells and

therefore there are more possibilities a call being rejected.

Likewise, the admission probability using the multi-cell

reference algorithm and the gradient-based algorithm is

very similar. However, in order to check that admission is

being properly carried out, the so-called false admission

probability is also plotted in Fig. 9. It is defined as the

probability of measuring a load factor above the desired

threshold gmax in either the reference cell or the neigh-

bouring cells after accepting a new user, which means that

the new user should in fact have been rejected. It can be

observed that the single-cell algorithm has a very high rate

of false admissions, while the multi-cell gradient-based

algorithm offers the lowest rate of false admissions, which

demonstrates that the proposed framework is able to

achieve a better load control during the admission phase.

Notice that the behaviour of the false admission probability

in Fig. 9 shows an initial increase in the number of users

followed by a decrease when the number of users is very

high, which means that in this latter case there are very few

admissions and consequently very few false admissions.

Another possible performance indicator would be the

false rejection probability (i.e., the probability of rejecting

a user in spite of the fact that the load factor in the refer-

ence and neighbouring cells would have remained below

the threshold gmax if the user had been accepted). Notice

that in general this effect is not as important as a false

admission when comparing schemes exhibiting in practice

near the same admission probability (like the multi-cell

reference algorithm and the multi-cell gradient-based

algorithm in Fig. 8) because it does not result in a load

increase above the threshold. The results are not shown

here for the sake of brevity, but they indicate that the false

rejection probability takes low values and there are not

significant differences between the multi-cell reference

algorithm and the multi-cell gradient-based algorithm.

7.3 Multiple carrier planning

Although the WCDMA allows for complete frequency reuse,

it is usual in many countries that multiple frequency carriers

are available for a given operator (i.e., typically two or three).

In this case, a frequency planning is needed [33]. In this

exercise, given that in practice non-homogeneous traffic

distributions through cells will be present, the frequency

planning algorithm is able to use the gradient framework,

which will eventually lead to a semi-dynamic planning

algorithm. Thus, the basic idea behind this approach is that if

og0=ogk [ b , where b is a certain threshold, both the 0-th

and the k-th cell would have different frequencies in order to

decouple their mutual interference. Furthermore, given that

traffic profiles will also vary over time, the gradient evalu-

ation could be regularly carried out in order to find the

optimum network configuration for each situation.

In order to illustrate this approach with some results,

Scenario 2 described in Sect. 5 was considered, in which a

total of 15,000 snapshots were simulated. In this scenario,

BS5 had more traffic than the rest of cells and therefore

presented the highest value for og0=ogk (see Fig. 10, which

presents the load factor derivative of BS0 with respect to

BS5 and to another cell, BS2, for example). BS5 was

therefore considered to be most suited for changing the
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carrier frequency according to the derivative criterion.

Figures 11 and 12 show the outage probability (i.e., the

probability that the Eb/No will fall below the target) and

the average load factor in the reference cell, respectively.

The results in these figures are shown for the case in which

all the cells use the same carrier (i.e., complete frequency

reuse), for the case in which BS5 changes to a different

carrier—according to the derivative-based criterion—and

for the case in which BS2 is the cell with a different carrier.

It can be seen that the frequency change in BS2 does not

provide a significant reduction in interference. In contrast,

when BS5 is the cell that changes to a different frequency,

both the outage and the load factor show a considerable

reduction in the reference cell.

8 Conclusions

This paper has presented an innovative framework for cap-

turing the coupling between different cells in a WCDMA

multi-cell scenario. In the uplink direction, the relationship

between the uplink cell load factors in the different cells was

explicitly obtained. Based on the expressions that were

derived, the gradient of the load factor (i.e., the derivatives of

the load factor of a reference cell with respect to the load

factor of the neighbouring cells) was computed. A similar

analysis was carried out in the downlink direction in terms of

base station transmitted power. It has been shown that the

gradient in the uplink direction is able to identify the influ-

ence of non-homogeneous spatial distributions at the inter-

cell level (i.e., neighbouring cells that have varying amounts

of traffic) over the reference cell. Likewise, the gradient in

the downlink direction is able to identify the influence

between the different cells depending on the spatial distri-

bution at the intra-cell level (i.e., how the users are

distributed in the reference cell).

Some examples of the applicability of the proposed

methodology in the field of RRM have also been proposed

and analysed. A particular example is a congestion control

algorithm that selects the appropriate cell for executing

congestion control actions depending on the gradient, as a

result of which it is possible to obtain a faster and more

efficient reaction capability in congestion situations. Simi-

larly, with respect to admission control it has been shown that

by making use of the derivatives, the effect of a new user on

the rest of cells can be better captured in order to reduce the

false admission probability. Finally, the possibility of mak-

ing use of the gradient when the appropriate carriers are

selected for allocation to the different cells in WCDMA

scenarios with multiple carriers has also been analysed.
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9 Appendix: Method of approximation for gradient

computation

The method described in Sect. 4 for the gradient compu-

tation of the uplink cell load factor and the downlink base
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station transmitted power gradient involves the solution of

(K + 1) linear equation systems. Although the computa-

tional complexity would be feasible in real time, from a

radio network engineering point of view a simpler formu-

lation that maintains a sufficient degree of accuracy may be

preferred. In this framework, this Appendix provides a

method of approximation for gradient computation that can

be used as an alternative to the method described in Sect. 4.

Specifically, the method of approximation for Expression

(22) is given by:

og0

ogk

�
SUL

k;0 1� SUL
0;0

� �

1� gkð Þ2 1þ
PK

j¼1

SUL
j;0

1�gj

� �2
ð50Þ

where it has been assumed that the term in the summation

in (22) that most contributes to og0=ogk is ogk=ogk ¼ 1.

For the downlink direction, a similar argument can be

made, therefore, the approximation of (32) is given by:

oPT0

oPTk
�

SDL
0;k

1� qSDL
0;0

ð51Þ

In order to assess the accuracy of this approximation,

various simulations were carried out in different scenarios

using different traffic distributions. Various examples are

shown in Figs. 1(b) and 2(b), which correspond to the

uplink and downlink directions under the conditions dis-

cussed in Sect. 6.1. Notice that in both links the

approximation underestimates the exact derivative due to

the terms that were neglected when expressions (50) and

(51) were obtained. In general, for other load conditions

and spatial distributions the approximation holds quite

well and errors below 10% were observed. Furthermore,

as is shown in Sect. 7.1, the use of the exact or the

approximate gradient has a very low impact on the per-

formance that is observed with the gradient-based

algorithms.
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Madrid, Spain, in 1973, and the

Ph.D. degree from the Universi-
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