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Abstract A cellular environment is considered, based on CDMA. The main goal 
is to optimize the overall system capacity, in order to equalize and min
imize the blocking probability of new calls entering into the system; at 
the same time, a constraint on the outage probability and, possibly, an
other one on handoff blocking are enforced. The control is based on the 
multiple access interference threshold, and the optimization algorithm 
tries to find the best choice of the admittance thresholds, based on the 
"a priori" knowledge of the traffic characteristics, and of a mobility 
model of the users. 

1. INTRODUCTION 
The growing user demand and the diversification of services in mobile 

wireless networks are stimulating the deployment of systems with smaller 
cell size and higher potential flexibility in the allocation of the resources, 
both across different services and among groups of cells. Such dynamic 
resource allocation aims at maintaining Quality of Service (QoS) re
quirements, even in the presence of traffic flows with different statistical 
nature and performance characteristics and of variable user mobility pat
terns. Notwithstanding the multiple access method adopted, some basic 
factors that playa key role in the QoS provisioning to multimedia traffic 
are the adaptation to user mobility, the provision of differentiated (per
traffic-class) resource allocation and the overall system's organization 
into coordinated management domains. In this respect, control actions 
can be applied at different operational layers in the network structure. 
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In particular, bandwidth allocation can be considered at the channel 
level, in conjunction with the multiple access protocol, in different mul
tiple access (TDMA or CDMA) environments (see, e.g., [1], [2], [10], [5]), 
or at a "higher" hierarchical layer, affecting the network structure and 
in conjunction with Call Admission Control (CAC); see [12], [9], [3], [4], 
among others. A control architecture based on a hierarchical paradigm, 
which reflects a possible network organization in cells and cell clusters, 
has been considered by the authors in a pure TDMA context [3], [4]. 
In this paper we consider a similar control structure, but embedded in 
a CDMA scheme, which is the preferred choice in the emerging UMTS 
[11]. 

We combine two mechanisms that operate at different levels within the 
network: i) a threshold-based admission control within the cell, which 
sets different acceptance levels for new calls originating in the cell and 
handoff calls coming from adjacent ones; ii) a dynamic resource sharing 
scheme at the cluster level, for the distribution of the system's capac
ity (in terms of the maximum number of calls compatible with a given 
multiple access interference) among the cells in a cluster. 

The paper is organized as follows. We describe our model of the 
CDMA channel in the next section. In Section 3, we introduce the re
source allocation mechanism and a numerical approximation to compute 
the Multiple Access Interference (MAl) with a given set of thresholds. 
In Section 4, we report and discuss several numerical results deriving 
from the application of the proposed scheme. Section 5 contains the 
conclusions. 

2. THE MODEL OF THE CELLULAR 
ENVIRONMENT 

In the following we give a specification of the environment considered 
in the present work, and also some hypotheses that have been taken into 
account in order to simplify calculations. A very similar model has been 
used in [6]. 

A cellular environment has been considered, in which Base Stations 
(BS's) perform a perfect power control on the Mobile Stations (MS's) 
under their domain; furthermore, exogenous (environmental, Gaussian, 
etc.) noise has been ignored, with respect to the endogenous interference. 
Voice activity detection has not been adopted in the present version of 
the work: a mobile transmits continuously for the whole duration of its 
call. 

The total area is divided into C hexagonal cells all of equal size, and 
the BS's antenna is omnidirectional and placed in the center of the cell. 
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A MS is controlled by the BS which has the best radio propagation factor 
with that MS. 

There is a complete separation between the forward and the reverse 
link, so that there is no interference between BS's and MS's. 

The radio propagation model assumed is a generally accepted one [7], 
where the total attenuation depends on two variables: a random shad
owing factor, log-normal distributed, and a path loss factor, depending 
on the a power of the distance. In other words, the attenuation factor 
suffered by a MS at distance r from a BS is: 

O(r) = lO~/lOr-a (1) 

where e is a Gaussian random variable with standard deviation a. The 
values for a and a generally adopted, and also considered in the present 
work are a = 8, and a = 4. 

The new call (not originated by MS movements) arrival process is 
modeled, at a generic cell i, as an independent Poisson process with 
mean arrival rate Arc, whereas the mean call lifetime is exponentially 
distributed with mean duration of 1/ p. 

The model of MS mobility is analogous to [4]: a mobility coefficient 
Ii, depending on the cell site, gives the fraction of calls that leave cell i 
because they handed-off to another site, as explained more in detail in 
the following. At the bOlmdary of the system a hand-off flow of entering 
calls is also considered. 

The admission scheme is based on the measure of the Multiple Ac
cess Interference Ratio (MAl) estimated by every BS, supposed to be 
measured exactly. The admission control policy may operate differently, 
depending on the fact that the call requesting admission is generated by 
a hand-off situation, or it is a new call entering the system. Calls are ad
mitted into the system if the instantaneous MAl is under a determined 
leveL This MAl threshold may be different for the hand-off case and the 
new call case. 

Given the parameters of the spread spectrum modulation, such as the 
processing gain, we can estimate the maximum value for the MAl above 
which the quality of the transmission falls under a minimum requisite. 
Let MAIo be this value. The probability that the cell MAl overcomes 
MAIo will be called outage probability. 

3. THE ALLOCATION PROCEDURE 
The main goal of this work is to maintain the outage probability in 

every single cell of the system under a given constraint potg. In addi
tion to this, another constraint pb,ho may be imposed over the blocking 
probability of the calls entering for hand-off. This last constraint may 
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be applied only in the case of different thresholds for hand-off calls and 
new calls. 

Let us see in detail how the MAl is calculated over the system. If k is 
the number of active calls in cell i, the total power l{ i) received by BS 
i is given by: 

l{i) = 
uE{all MS's} 

= Sk + SL:: L:: (~!) 'Y lO(~r-~j)/l0 = (2) 
j#i uE{MS's not in cell i} ~ 

= lint{k) + lext(i) 

where lu{i) is the power of the signal received by BS i from a MS 
u transmitting to its own BS j; rj and ~j are the distance and the 
shadowing, respectively, of MS u with respect to its own BS j; ri and 
~i are the distance and the shadowing, respectively, of MS u with re
spect to BS i; and S is the power received by a BS from a perfectly 
power-controlled MS. Furthermore, lint{k) is defined as the contribution 
originated by k MS's directly controlled by a BS, while lext{i) is defined 
as the interference caused on BS i by all the MS's not controlled by that 
BS. 

The MAl measured at BS i, having k active calls, thus results: 

MAl{i, k) = l{i)S- S = k - 1 + MAlext(i) (3) 

where we have defined 

MAl ( .) _ lext{ i) 
ext Z - S (4) 

Even assuming a spatially uniform distribution of the users over the 
ground, each of the variables MAlext{i), clearly depends on the global 
status of all the cells in the system; in other words, it depends on the 
number of calls being active in every cell, or, more precisely, on their 
joint distribution. In order to approximate the MAl of a given cell, with 
a quantity dependent only from the number of calls active in such cell, 
we remove the dependence on the status of other cells in the system, by 
considering each variable M Alext{i) as a stochastic variable, having its 
own distribution. This distribution is then evaluated, assuming to know 
the steady state probability of the number of active calls in every cell. 

In order to calculate the distribution of MAlext{i), we consider the 
contribution to the MAl suffered by a generic BS i, given by a single 
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Figure 1 (a) MAl of a single user; (b) Fixed point solution 

active call, which is running in a cell under the control of BS j. We call 
M Alsingle (d) this contribution, because it depends only on the relative 
distance d between the two BS's, and its value is given by [7]: 

(5) 

where A is the area of a cell, ri and rj are the distance of the area dA 
from BS i and BS j, respectively (see Figure 1 (a)), and 

where 

M(ri, rj) = (~~) 0 {lO(€i-€j)!lO} ~ (ei - ej, ~~) (6) 

if (rj/ri)OlO(€i-€j)!lO :::; 1 

otherwise 
(7) 

Now, as in [7], we consider the MA1s{d) as a Gaussian variable 
having its own mean and variance. Then, following an analogous proce
dure, we numerically calculate (from (5)) both the mean value and the 
variance. 

As already stated, we suppose to know the steady state probability of 
the number of active calls in the system. 7rj{k) being the probability of 
having k active calls in the generic cell j, we can write M Alext (i) as 

K 

MAlext{i) = L L MAIsingle{di,j)k7rj{k) = 
j::I=ik=O 

= L MAIsingle{di,j)iij 
j::I=i 

(8) 

where iij is the average number of active calls in cell j, di,j is the distance 
between the two BS's, and K is a "large enough" value for the maximum 
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number of active calls that can be present in every cell, so that the 
probability of having more then K active calls is zero. A good choice 
for K may be the capacity of a single isolated cell: due to non null 
interference of other cells, the CAC cannot bring the number of active 
calls over this value. 

Since M AI ext ( i) is the sum of Gaussian distributed variables, it has a 
Gaussian distribution having as mean value the sum of mean values of 
the factors, and, as the variance, the sum of the variances of the factors. 
Let the outage probability suffered by cell i be 

wft9 (k) = Pr{MAI(i, k) > MAIo} (9) 

The control variables that decide the admission of calls are defined as: 

qiC(k) = {I if MA~(i, k + 1) < MAlic 
o otherWIse 

(10) 

representing the acceptance for a new call if qiC = 1 at cell i and 

qfO(k) = {I if MA~(i, k + 1) < MAlfo 
o otherwIse 

(11) 

representing the acceptance of a call entering cell i for hand-off if qfO = 1. 
Defining 

wfO(k) = Pr{qfO(k) = I} 
wiC(k) = Pr{qiC(k) = I} 

then, the total load entering the generic cell i is 

>'i(k) = >'iowiO(k) + >'icwiC(k) 

(12a) 

(12b) 

(13) 

where the quantities >'ic represent the arrival rates of the calls originated 
by a new generation (not by hand-off), and >.io represent the rates of 
calls that enter the cell for hand-off. These quantities are reduced, by 
the effect of the CAC policy, of a factor wiC(k) and wfO(k), respectively. 

While the quantities >'ic, i = 1, ... ,C are given data of the problem, 
each >.~o depends on the state of the whole cellular environment, as well 
as on the mobility model. 

Under the previous assumption we can calculate the acceptance fac
tors in (10) and (11), and, consequently, the fraction of the accepted 
calls in (12). But now, in order to evaluate >'i(k) in (13), we need also 
the quantities >.io. The latter may be found from the mobility model of 
users, which will be now explained in detail. 
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Figure 2 (a) Mobility model; (b) Optimization scenario 

As already stated, every cell i has a mobility factor 'Yi, that indicates 
the rate of calls that die for hand-off. Being J.L the mean call death rate 
for "natural termination", we can state that, given k active calls within 
a cell, the call death rate is, for that cell, kJ.L. The role of 'Yi is to state 
the call death rate for hand-off; more precisely, this rate is, for cell i, 
having k active calls, 

(14) 

By this, the total death rate for cell i having k active calls is 

(15) 

Furthermore, we need to know what is the part of the total exiting 
calls that goes to each of the neighboring cells. The part of traffic that 
exits from cell j and goes to the adjacent cell i is given by the coefficient 
(3ij, for which the following equations must be satisfied 

(3ij = 0 if i ¢ A(j) 

2: (3ij = 1 
iEA(j) 

where A(j) is the set of cells adjacent to cell j. 

(16a) 

(16b) 

An exogenous hand-off rate deriving from users that enter the cell 
cluster from outside is also considered for every border cell. Thus, for 
every cell i, an additional rate of A~o,ex is taken into account, with the 

. ,ho ex O·f·· b d 11 cautIon to set Ai' = 1 Z IS not a or er ce . 
A scheme for mobility is illustrated in Figure 2 (a), where the behavior 

of one cell is detailed. 
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The total rate of calls entering cell i for hand-off is thus: 

K 

Afo = L f3ij L!JjO(k)k7rj(k) + A~o,ex = 
jEA(i) k=O (17) 
~ f3 - ,hoex = L ij'Yj!Jnj + Ai ' 

jEA(i) 

where'iij = ~:=o k7rj(k) is the mean value of the number of active calls 
in cell j. 

Now we have all the elements (Ai(k) and !Ji(k)) to solve the Markov 
chain for every cell i and to find out the steady state probability 7ri(k) 
of having k active calls in cell i. 

In other words, we are trying to solve a vectorial fixed point equation 
in the form: 

x=f(x) (18) 

where x = COI[7rl (0), ... ,7rc(K)]. 
Due to the very high complexity of function f(·), it is impossible to 

solve explicitly such an equation. As in [4], the assumption of existence 
of a single fixed point is made. This assumption is also supported from 
the work of [8]. 

Starting from a random value for the 7ri(k), we may calculate all the 
values needed in order to recompute these probabilities. Repeating these 
steps until some norm of the 7ri(k) converges, gives rise to the solution 
of the equation. A graphical scheme illustrating these procedure can be 
found in Figure 1 (b). Now we can calculate the blocking probabilities 
of new calls and hand-off calls, and the outage probability of every cell: 

pib,nc = L(l - wfC(k))7ri(k) (19a) 
k 

Pib,ho = L(1- wfO(k))7ri(k) (19b) 
k 

prg = L w?tg (k)7ri(k) (19c) 
k 

The variables that remain fixed during this process are the admission 
thresholds MAlic and M Alto. These are the control variables that we 
can use to optimize the capacity among different cells. The optimization 
goal is to minimize a global cost represented by the maximum blocking 
probability of the new calls 

pb,nc = m~{Pib,nc} 
z 

(20) 
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In other words, we want to solve the following problem 

min {pb,nc} 
M Ali'c ,M Alfo , ... ,M AIl!f ,M A1f!t 

(21) 

In this scenario we set a constraint over the quality, imposing a mini
mum level on the quality of the call at "transmission level", by requiring 
that the outage probability must remain under a certain threshold: 

potg = m9X{ prg} ~ potg 
z 

(22) 

An additional analogous constraint may be imposed over the blocking 
probabilities of hand-off calls, in order to ensure a "call-level" quality 
for calls that are running. In such a case, we set the following constraint 

pb,ho = m9X{Pib,hO} ~ Pb,ho 
z 

(23) 

Otherwise, we may treat hand-off and new call connections equally. In 
this case, there is no difference between new or hand-off calls; thus, both 
are considered as new calls, and only the value of pb,nc is taken into 
account, paying attention to the fact that, in this case, it represents the 
blocking probability of both new and hand-off calls. 

4. OPTIMIZATION RESULTS 
We call case A the case for which no constraint on the hand-off block

ing probability is set, and an identical CAC policy is adopted for both 
kinds of connections, and case B the one for which we set a constraint on 
the maximum rate of blocked hand-off calls. In the latter the maximum 
blocking probability of 10-3 is imposed. 

The optimization consists of solving a constrained mathematical pro
gramming problem with non-differentiable cost function, over a domain 
in a 2C-dimensional space, in case of different thresholds for hand-off 
and new calls, and over a C-dimensional space in the other case. 

The procedure adopted consists of a kind of genetic algorithm, that 
generates a new population, taking into account a heuristic that tries to 
optimize the cost on every single cell. 

The scenario we take into account consists of a 5 x 5 cell set, within 
which the possible hot-spot cell is the central one. Furthermore, the 
presence of a traffic lane is considered in the sense of the arrows. The 
latter is modeled with both an increment of users mobility and new call 
generation rate. All this can be depicted as in Figure 2 (b). 

There are many parameters that can change the final result of the 
optimization, such as: mean load of the system, presence or absence of 
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a hot-spot cell, mobility factor of the users, presence of a high hand-off 
rate in one predominant direction, etc. 

Several cases have been taken into account, for which, unless otherwise 
indicated, the mobility coefficient is 'Yi = 0.3 Vi, the fraction of users that 
exit towards every adjacent cell is (3ij = 1/6, the "transmission level" 
constraint is ftotg = 10-3 , the single isolated cell capacity is MAIo = 90, 
and the exogenous rate for a border cell z is ).~o,ex = 0.25lz , where lz 
are the number of border sides of cell z. In all results presented below, 
the constraint on the outage probability is respected. 

The first configuration optimizes the allocation in a homogeneously 
loaded system with increasing load. Numerical results of the compu
tation are plotted in both A and B cases, and are represented in Fig
ure 3 (a), where blocking probabilities are plotted against the cell traffic 
load. The numerical scale of the hand-off blocking probability in case B 
is mapped on the right of the plot for a scaling problem. It is clear how, 
in case B, the constraint over hand-off call blocking produces a slight 
increase in new call blocking probability. 

Furthermore, the presence of a single hot-spot cell, having an in
creased new call generation rate, within a lightly loaded system, has 
been considered. The remaining cells present a homogeneous load of 20 
Erlangs. Plots for an increasing traffic load of the hot-spot cell are pre
sented, considering cases A and B. In Figure 3 (b) blocking probabilities 
are displayed as a function of the hot-spot cell load. 

Another case of a single hot-spot cell has then been taken into ac
count. Here the other cells in the system are homogeneously loaded at 
50 Erlangs. Again, plots for an increasing traffic load of the hot-spot 
cell are presented, considering case A and B. In Figure 3 (c) blocking 
probabilities are displayed as a function of the hot-spot cell load. 

Finally, the plot of blocking probabilities referring to the traffic lane 
is plotted in Fig 3 (d), again for both A and B cases, against an in
creasing load of the cells belonging to the traffic lane. The mobility 
coefficient relative to such cells has been increased to 'Yi = 0.4, and also 
the coefficients (3ij of the sides marked by arrows in Fig 2 (b) are slightly 
increased. 

5. CONCLUSIONS 

A CDMA wireless cellular network has been considered, where the 
maximum capacity is fixed by a given level of multiple access interfer
ence. This global resource is dynamically assigned to different cells, 
according to the changing user mobility patterns and load variations. 
The assignment strategy is based on a two-level control, where a set of 



Resource Allocation in a Cellular CnMA Environment 77 

~.- .. ...... . ......... -.~.'~\.~ .. ~ .. ~:' ............ , ....... ,-.~ .~ .. .... • -..r.: :0 •• _ .. . ::..--------i .• ~ .&J 
GO GO 

.&J 
pO., . case B 

e .... . .. .... ....... L~·~.~ •. ~~ A. .. ._.g .. 
Co 

..... , .. , ..... .1 ......••••..•. -_. .. .. ...g .. 
Co Co 

b/Jo'" '' '-00 

" 
b& a .. , ... ,,, ... .. ...... , ......... ,, ... , ........... ' ............ ' ......................... lID. ~ 

= :';: H'''. 
U 

I_.~ 

U 

...... _ ..................... - . • _...9 
~ j p . ..... case A ~ 
<J ''' . ... . ................................... r_ <J 

o o 0 iii'·- .. 
..... ,.--1 pO.h •• ca.5'!I1. ...................... . _~ iiI .• _ ............ ._ril 

~l_. 

:.g .!I'II." " ... ," 

... __ ........ _----- ,- . ~ 

o 
iiI ··-

. • ..;s 
o 

f-:;.j;L-_ """::2' ... ,..d .e.~ :~~ ... ~ .. I;l ............... .. 
--iii 

L------------c--~~--~.-. 
• (c) Hot-spot ';11 lo~d [e~j'8Jlg] " 

.~~:::...... ___________ --1._ 
(d) Hot-;pot c: lI loal [erI8ng] 
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thresholds implement the required resource distribution, whereas a con
troller within each cell decides on the admission of new calls. Numerical 
results show the effectiveness of the mechanism in keeping the hand off 
rejection level below a given upper bound, while always respecting the 
constraints on the outage probability. 
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