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Abstract

This paper presents an approach for calculating the
capacity of multi-service CDMA networks with soft
blocking using general holding time insensitive traffic
models. The system is modelled as a multi-rate traf-
fic flow model with state dependent blocking prob-
abilities which have to fulfil specific requirements
for maintaining reversibility of the model. Perfor-
mance calculations are carried out by generalising
Delbrouck’s algorithm. An example for solving a re-
alistic case is given.
Keywords: CDMA, soft blocking, Delbrouck’s algo-
rithm

1 Introduction

Universal Mobile Telecommunication System
(UMTS) networks, being new entrants on the mar-
ket, are trying to prove their existence and secure a
position in the future. One of the innovations UMTS
brings is multi-band Wide-Band Code Division Mul-
tiple Access (WCDMA), which allows many users to
transmit simultaneously within the same frequency
band. Novelty in WCDMA compared with GSM
networks systems is that single-user transmission
in the system to all other users located around
the air-interface is noise. Every time a new call is
accepted, the signal-to-noise ratios for all other users
are decreased. Because of that, WCDMA systems
have no hard limits on call capacity. In order to
preserve the quality of already accepted calls, a new
call should not be accepted by the system if this
call increases the noise for any other existing call
above the tolerable level. In (Staehle & Mäder [7])
the same problem is dealt with.

This paper presents a powerful and flexible model
for evaluation of blocking probabilities of WCDMA
system and related teletraffic parameters as traffic,
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call and time congestion. At the end, the paper gives
an example of how to use the described model and
algorithms.

The technique presented in the paper is based on
the classical recurrence Erlang-B formula, further de-
veloped by Fortet and Grandjean (otherwise known
as Kaufman and Roberts’ algorithm) and Delbrouck.
We generalise it to include global-state-dependent
blocking probabilities.

In section 2 we review the basic principles of cal-
culating the capacity of WCDMA for services with
different bandwidth and Quality-of-Service (QoS) re-
quirements. Section 3 presents a new compact recur-
sion scheme based on Delbrouck’s algorithm. In sec-
tion 4 we introduce state dependent blocking prob-
abilities as they appear in WCDMA. New results
on conditions for product-form and reversibility are
presented, and the above algorithm is generalised to
global-state-dependent blocking probabilities. A re-
alistic large scale case is presented in section 5, and
conclusions are given in section 6.

2 WCDMA Capacity

WCDMA networks are designed to provide multi-
rate services with diverse Quality-of-Service (QoS)
parameters as different speed and bit error rates.
In the following we consider a single UMTS cell for
capacity analysis. Influence from neighbour cells is
modelled by the noise, which is expressed by neigh-
bour cell interference ratio i introduced below.

The usual way to describe WCDMA capacity is
through signal and noise power levels and their ra-
tio. Such modelling comes very close to physical net-
work layer. However, for teletraffic calculations, it is
preferable to convert all power levels and decibels
into channels, offered traffic and blocking probabili-
ties. Furthermore, only the up-link traffic direction
(from mobile station towards the base station) will
be considered. The down-link can be modelled in
similar way. For that we need to express UMTS ser-
vice definition by bandwidth resources needed from
the particular traffic channel by the considered ser-
vice.



The relevant WCDMA cell capacity defining pa-
rameters are the following [4]:

• WCDMA chip rate, W = 3.84 Mcps.

• Noise-rise is defined as the ratio of the total re-
ceived wide-band power to the noise power. It
is functionally related to the cell up-link utili-
sation factor ηUL ([4] formula 8.9: Noise rise =
1/(1− ηUL)). The value of 3 dB noise-rise corre-
sponds to ηUL = 50% utilisation.

• Neighbour cell interference ratio i:

i = other cell interference
own cell interference

Interference ratio depends on cell environment,
type of antenna used, and other factors. Com-
mon assumed values are 0.55 or 0.65. This
makes cell capacity reduce by factor 1/(1 + i).
In this paper we include other cell interference
by state dependent blocking probabilities bx,
discussed further.

Service classes in UMTS are described by following
three parameters:

• Service bit-rate Rj ;

• Signal energy per bit divided by noise spectral
density level Eb/N0 that is required to provide
predefined QoS;

• Activity factor νj . For data services it equals 1,
for voice 0.67 (50% voice activity plus overhead).

Let N denote the total number of active calls (or
users) in the cell for all services. The mathematical
relation between above entities is ([4] formula 8.12):

ηUL =
N∑

j=1

1
1 + W�

Eb
N0

�
j
Rjνj

. (1)

Let us denote the service-related entities product by
κj :

κj =
(

Eb

N0

)
j

Rj νj . (2)

Then the maximum number of channels of service j
in one cell is:

Nmax,j = ηUL

(
1 +

W

κj

)
. (3)

Let us denote by Rs,j the spread bit rate of service j,
which is the proportion of W utilised by one connec-
tion of service Rj (the chip rate of the connection):

Rs,j =
W

Nmax,j
=

1
ηUL

(
κj −

κ2
j

κj + W

)
. (4)

The formula above provides the technique to
obtain unified measure unit for calculating traffic
in multi-service and multi-QoS WCDMA systems.
An example of calculations using above formulæ is
shown in the Table 1.

In the following we need to specify the total capac-
ity and bandwidth requirement by a common band-
width unit which we may call a channel. The higher
the required accuracy, the smaller is the unit we have
to choose. As an approximation we may choose the
unit-channel to be equal to 13.5 kcps, and then ap-
proximate the bandwidth of the above services by 2,
4, 3, 5, 10, 16, 32 channels, respectively. The cell
capacity is then 3840/13.5 = 284 channels.

3 Algorithms for traffic perfor-
mance

We may evaluate the above model by using teletraffic
models. All models in the following are insensitive to
the service time distribution and thus very robust for
applications. In case of Poisson arrival processes the
algorithms become very simple, and we find the value
of state probability q(x) relative to state q(0) = 1 by
Fortet & Grandjean’s algorithm (Fortet & Grand-
jean, 1964 [2]):

q(x) =
N∑

i=1

di Ai

x
· q(x − di) , q(0) = 1 . (5)

The state of the system x is the number of busy chan-
nels. For service i the offered traffic (in connections)
is Ai, and each connection need di channels. This
algorithm is usually called Kaufman & Roberts’ al-
gorithm, as it was re-discovered by these authors in
1981, but is was originally published in 1964 (Fortet
& Grandjean [2]). The same model with BPP-traffic
(BPP = Binomial & Poisson & Pascal) and without
class limitation has been dealt with by several au-
thors. Delbrouck’s algorithm (Delbrouck, 1983 [1])
is the first and most general of these:

q(x) =
1
x

N∑
i=1

{
di Ai

Zi

} bx/dic∑
j=1

{
Zi − 1

Zi

}j−1

· q(x−j · di) , x = 1, 2, . . . , n (6)
q(0) = 1 ,

where bx/dic denote the integer part of x/di. In this
formula the traffic is more general. The peakedness
Z characterises the arrival process [5]. For Z = 1
we have a Poisson arrival process, whereas Z = 2
is a more bursty Pascal arrival process. For Z < 1
we have a finite number of users (Binomial case) and
more smooth traffic.

The relative state probabilities q(x) are nor-



j Service Rj [kbps] νj

(
Eb

N0

)
j
[dB]

(
Eb

N0

)
j

κj Nmax,j Rs,j [kcps]

1 Voice 7.95 0.67 4 2.51 13.38 144.0 27
2 Voice/moving 7.95 0.67 7 5.01 26.70 72.4 53
3 Voice 12.2 0.67 4 2.51 20.53 94.0 41
4 Data 16 1 3 2.00 31.92 60.6 63
5 Data 32 1 3 2.00 63.85 30.6 126
6 Data 64 1 2 1.58 101.43 19.4 198
7 Data 144 1 1.5 1.41 203.41 9.9 386

Table 1: Capacity of a WCDMA cell. Assumptions for calculations for cell parameters: ηUL = 0.5 and W =
3840 kcps.

malised to obtain the absolute state probabilities:

p(x) =
q(x)
Qn

, Qn =
n∑

i=0

q(i) , x = 0, 1, . . . , n (7)

We may rewrite Delbrouck’s algorithm as follows by
observing that the inner summation in (6) is a geo-
metric weighting of previous state probabilities [6]:

δi(x) =
di · Ai

Zi
q(x − di) +

Zi − 1
Zi

· δi(x − di) ,

δi(x) = 0 whenever x < di ,

q(x) =
1
x

N∑
i=1

δi(x) , x = 1, 2, . . . , n ,

q(0) = 1 , q(x) = 0 whenever x < 0 .

The algorithm is explained as follows. When the
state is increased from x − di to x, we get an ex-
tra term in the inner sum of (6) which is the first
term in (8). All previous terms are multiplied by
an additional factor Zi−1

Zi
and yield the second term

in (8). For Poisson arrival processes we have Z = 1.
This modified algorithm only requires a limited num-
ber of previous state probabilities. Therefore, we
may normalise the state probabilities after each step
in the iteration to avoid numerical problems as de-
scribed in [5]. In each step we have to normalise
not only q(x), but also all δi(j) , i = 1, . . .N ,
j = x, x − 1, . . . , x − di .

4 State-dependent blocking

In CDMA the capacity limiting factor is the power
transmitted by user terminals and antennas. The to-
tal power is made up of contributions from own cell,
other cells, and background noise. The contribution
from other cells is typically around 35–40 % (with
i = 0.55 – 0.65), and it is often assumed to be an in-
dependent log-normal distributed random variable.
Therefore, the blocking probability of a new connec-
tion in own cell is a random variable depending on
the state of the system (own cell) and the bandwidth
(noise-rise) of the new connection. In Fig. 1 we show
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Figure 1: State-transition diagram for state-
dependent blocking probabilities for a multi-rate
traffic. In this example the arrival processes are Pois-
son processes (λ1, λ2), and the slot size is d1 = 2,
d2 = 1, respectively.

a system with two multi-rate services. Let us denote
the global state by x (e.g. x = i + j in state (i,j)). If
the state-dependent blocking probability bx in state
x for a single slot call is zero, then the state transi-
tion diagram is reversible and has product form. The
reversibility is ensured when the flow among the four
neighbour states is the same clockwise and counter-
clockwise (Kolmogorov cycles).

The passage factor is defined as 1 − bx. When bx

is greater than zero, then we may choose bx so that
the diagram is still reversible, but the product form
will be lost. For a d–slot call we have to choose the
passage factor in state x equals to number of channels
occupied in the cell.

1 − bx,d = Πx+d−1
j=x (1 − bj)

= (1 − bx)(1 − bx+1) . . . (1 − bx+d−1)

This corresponds to that a d-slot call chooses one
single channel at a time (d times), and the call is
only accepted if all d channels are successfully ob-
tained. This is a quite natural requirement as we



Class A Z d

1 30.00 2.00 2.00
2 15.00 1.00 4.00
5 6.00 0.40 10.00
6 3.75 0.25 16.00

Table 2: Input parameters for the case considered. A
is offered traffic, Z peakedness and d bandwidth re-
quirement in channels. The total number of channels
is 284.

assume full accessibility, and it can be shown to be
a necessary and sufficient condition for maintaining
the reversibility of the process. If the process is not
reversible, then we have to solve a very large set of
linear equations to find the state probabilities, and
only very small systems can be solved. The product
form will be lost. As the blocking probability only
depends on the global state and the QoS & band-
width requirements (noise-rise) of the new connec-
tion, we may introduce the state-dependent blocking
probability as follows. The procedure is as follows:

1. we first calculate the global state probabilities
for a system without state dependent blocking
(section 3),

2. then we modify these states by the state depen-
dent blocking probabilities.

For example, Fortet & Grandjean’s algorithm (6) will
be modified in the following way:

q(x) =
N∑

i=1

di Ai

x
·q(x−di)(1−bx−di,di) , q(0) = 1 .

(8)
Other algorithms are modified in a similar simple
way. We are thus able to obtain the exact global state
probabilities for a system with global-state depen-
dent blocking probabilities as they appear in CDMA
systems, even if the system does not have a product-
form.

5 Case study

We consider an example with 4 services from table 1
with the parameters shown in table 2. The offered
traffic A is given in number of connections, and the
bandwidth demand d in number of bandwidth units
(channels). The maximum number of channels is
284. In addition to these parameters, the model and
program also allows for minimum guaranteed alloca-
tion of capacity and maximum allowed capacity for
each service and other features not included here.

For a system with full accessibility and 284 chan-
nels the performance measures are shown in table 3.
We consider three congestion measures.

• The time congestion E is the proportion of time
a service is blocked.

• The call congestion B is the proportion of call
attempts which are blocked.

• The traffic congestion C is the proportion of of-
fered traffic which is blocked, where we define
the offered traffic as the traffic carried when the
capacity is unlimited.

For Poisson arrival processes (Z = 1) we have the
PASTA–property and the three measures are identi-
cal. In all other cases the traffic congestion is the
most relevant. The carried traffic is measured in
channels. We notice that the four services have al-
most the same performance because Z ·d = 4 is con-
stant.

In table 4 the same model is considered with state
dependent blocking. The state-dependent blocking
probability is log-normally distributed, as presented
in previous section.

We introduce log-normal random process X ′ of
neighbour cell interference with parameters:

µ =
i

i + 1
· N (9)

σ = µ

N is our cell capacity of the cell in channels. The
mean value of the interference process µ is equal to
the average capacity lost in our cell because of the
neighbour cell. σ is chosen to be equal to the µ as
proposed by (Staehle & Mäder [7]).

Then bx is expressed as the probability that the
neighbour cell interference is greater than the avail-
able capacity in the current cell (N − x):

bx = P (x′ > N − x)
= 1 − P (x′ < N − x)
= 1 − D(N − x)

Here D(x) is the cumulative distribution function of
the log-normal distribution:

D(x) = 1/2
(

1 + erf

(
ln(x) − M

S
√

2

))
(10)

where M and S are corresponding parameters of
normal distribution and are obtained from µ and σ2

by the following calculations:

M = ln

(
µ2√

µ2 + σ2

)

S2 = ln
(

1 +
σ2

µ2

)

We choose the other cell interference factor i =
0.55 and the cell capacity N = 284 (channel rate
- 13.5 kcps). Then the interference process mean
value µ = 100.7 and we assume multiplicative vari-
ance σ2 = 10140.495.



Class Time cong. E Traffic cong. C Call Cong. B Carried Traffic

1 0.010133 0.022239 0.011245 58.665650
2 0.021220 0.021220 0.021220 58.726826
5 0.060565 0.018243 0.044394 58.905396
6 0.109536 0.015518 0.059312 59.068904

Total 0.019305 235.366777

Table 3: Performance measures for the parameters given in table 2 and without state-dependent blocking.

Class Time cong. E Traffic cong. C Call Cong. B Carried Traffic

1 0.262984 0.418228 0.264405 34.906318
2 0.458604 0.458604 0.458604 32.483784
5 0.789709 0.594068 0.785346 24.355907
6 0.920837 0.735190 0.917391 15.888620

Total 0.551522 107.634629

Table 4: Performance measures for the parameters given in table 2 and with state-dependent blocking.

6 Conclusions

The paper presents a new and innovative approach
to evaluate CDMA systems. We first show a way
to calculate Rs using a common unit and describing
speed and QoS of WCDMA services in a particu-
lar cell. Then we discuss state-dependent blocking
probabilities and show how they should be chosen to
conform with reality and at the same time maintain
reversibility of the process. Even if the product-form
of the model is lost by introducing blocking, we are
able to calculate the exact state probabilities by a
two-step procedure first using the known algorithms
and then modifying the result in a simple way. The
general Delbrouck-algorithm is presented in a modi-
fied form only requiring a minimum of memory and
maintaining full numerical accuracy. The model has
been implemented in C++ language [3].

The model described is flexible and can be applied
for different services and state dependent blocking
probabilities for any system size.
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