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Abstract— This paper derives a general analytical expression
of the feasibility condition for the uplink of a CDMA mobile
communications system in a general scenario where the users in
the system belong to an arbitrary number of service classes and
the coverage deployment includes the presence of repeaters. An
explicit expression of the admission region is derived and the
dependencies on the parameter values are shown. An example is
presented in order to illustrate the application of the proposed
methodology in a real case.
Index Terms— CDMA, mobile communications, capacity,
multi-service.

I. I NTRODUCTION

M

OBILE communications systems often work under
high heterogeneous conditions, both in time and space
domains. This fact makes the proper design of the network
infrastructures very important, specially the radio access part.
Optimizing this design is a technical and economical challenge. On the other hand, active repeaters are of special interest
when considering the deployment of the coverage of a mobile
communications system in a certain set of situations that
include, but are not limited to: Inside big buildings, tunnels,
or any place where the propagation losses are high, open
areas where there are time limited very high demand peaks
(stadiums, expositions, etc), remote sites, normally in rural
areas, where the service demand is widely spread in space
domain, suburban areas, near big urban cities, and roads and
railroads.
The presence of repeaters modifies the interference and thermal noise patterns. Note that, using the load factor definition
in [1], the presence of a single repeater in a cell increases
the load factor up to 0.5, even in the absence of active users.
Although much previous research efforts have been focused
on the analysis of CDMA-based systems ([2]-[4] only to cite
a few), not many studies in the literature analyse the effect
of repeaters on the capacity and feasibility conditions for
a CDMA mobile communications system [5]-[7]. Moreover,
these studies consider simplified and homogeneous scenarios,
with the presence of users that belong to a single service
class. It is clear that, in the near future, mobile communication
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systems will support multimedia services with diverse traffic
patterns, distributions and QoS requirements. Having all these
ideas in mind, this paper derives the analytic expression of
the feasibility condition for the uplink of a CDMA mobile
communications system with repeaters in a multi-service environment with a general heterogeneous layout.
II. S YSTEM D ESIGN
Consider a general mobile communications system based
on a CDMA access scheme with an arbitrary number of
Base Stations. One of them, the one under study, has Nr
repeaters connected to it. These repeaters extend the Base
Station coverage. We assume that the users in the system
belong to one of M possible different services, each one with
its own set of QoS parameters. In particular, each service
k (1≤k≤M) has a bit rate (Rb,k ), activity factor (ν k ) and
required energy per bit versus total interference plus noise
ratio (Eb /It )req,k . We denote by Nb,k the number of users
belonging to service k connected directly to the Base Station,
and by Nm,i,k the number of users belonging to service k
connected to each repeater i. We assume that each user is
connected only through one system element, that is, the Base
Station or one of the repeaters.
Let Sk denote the received power at the Base Station from
any user belonging to service k. If a user is connected through
a repeater, this value may not be the same as the received
power at the repeater. The difference will depend on the
repeater settings. However, the quality of the transmission
depends only on Sk as the power control scheme only uses
this target value.
Then, the average quality of the transmissions of the users of
service k, (Eb /It )k can be evaluated by means of the following
expression:
E [Eb /It ]k =

Sk /Rb,k
γb + γr + γu

k ∈ {1, ..., M }

(1)

where E[·] stands for the expected value, γ b is the spectral
density of the thermal noise generated by the Base Station
receiver, γ r is the spectral density of the thermal noise
generated by the receivers of all the repeaters, and γ u is the
level of interference produced by all the users except the one
considered in the evaluation. γ b can be calculated from the
following expression:
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γb = Nth Fb

(2)
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⎡

γr =

Nr


GRX,b GT X,ri,b Gri Lb,ri Nth Fri

(3)

Υ = γ ·

i=1

where GRX,b denotes the gain of the Base Station receiver
for the link with the repeater, GT X,ri,b is the gain of the
transmitter of the repeater in the link with the Base Station,
Gri is the gain of the repeater i, Lb,ri is the propagation
loss in the link between the Base Station and the repeater i
(considered stationary) and Fri is the Noise Figure of repeater
i. This expression sets the explicit dependency of the repeaters’
configuration on the quality, as the contribution of γ r could
be even higher than γ b , even in the absence of active users.
Finally, the value of the multiuser interference γ u is:
γu =

Nr

(1 + β) 
νk Sk (Nb,k +
Nm,i,k − 1)
W
i=1
M


+

νn Sn (Nb,n +

Nr


(4)

where β is the intercell interference ratio, supposed constant,
and W is the total available bandwidth. Notice that the interference contribution of each user depends on its Sk and, assuming
that repeaters are properly designed and they not produce
distortion due to saturation or other undesirable effects, this
interference is independent on whether the user is connected
through a repeater or not. Then, the relevance of the thermal
noise increase produced by repeaters is stressed as constitutes
the main impact on the system.
1) Received Power: The power control scheme will select
the appropriate value for each Sk in order to achieve the
required (Eb /It )req,k for each service k. These values are
obtained from the M equations linear system which is generated applying the expression (1) for each one of the services
k∈{1,...,M}. In order to simplify the notation, let us make the
following definitions:


 −1
W
1
Eb
αk ≡ νk +
Rb,k (1 + β) It req,k
γ ≡

γb + γr
W
1+β

σk ≡ νk (Nb,k +

Nr


(5)

Nm,i,k )

i=1

Note that σ k represents the total effective number of users
belonging to service k, connected to both the Base Station
or any of the repeaters. With these definitions, the system of
equations can be expressed in matrix notation as follows:
(Ω − A) · S = −Υ

(6)

where:
Ω=



σ1

σ2

···

σM

T 
· 1

1 ···

1

S=







⎤
0
0 ⎥
⎥
··· ⎦
αM

···
0
···
0

1 1 ···
S2

S1

···

1
SM

T
T

This linear system of equations allows to obtain the optimum received power for each service (Sk ), which assures the
QoS, when all the rest of parameters are known, including the
number of users belonging to each class (σ k ).
It is possible to generalize the solution of this system for any
number of services (M). Indeed, developing the determinant of
the matrix (Ω–A) and working with the obtained expressions,
we can derive that the needed receiver power for all users
belonging to service class k can be expressed as:
M



Nm,i,n )

i=1

n=1 n=k

0
α2
0
0

α1
⎢ 0
A=⎢
⎣ 0
0

where Nth is the reference thermal noise density (KT0 = -174
dBm/Hz) and Fb is the Base Station Noise Figure. On the
other hand, γ r can be evaluated as:
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Sk = γ



j=1 j=k
M

j=1

αj −

M

j=1

σj

αj
M


m=1 m=j



=
αm

αk

γ
1−

M

j=1


σj
αj

(7)
Using the definitions in (5), this expression leads to the
solution for any system layout.

A. Capacity and Admission Region
Note that, assuming an unbounded optimum received power,
the only valid solutions for (7) should accomplish that Sk >0
∀k. Then, as both αk and γ’ are always positive real numbers,
the following inequality must be accomplished:
M

σk
<1
αk

(8)

k=1

This inequality defines a M-dimensional region of the values
of σ k that give valid received powers Sk for all service
classes. Then, this compact expression represents the so
called admission region. Furthermore, the border of this
admission region (expression (8) written as an equality)
defines the maximum capacity of the system. However, note
that σ k is a discrete variable, with steps of size ν k . Then,
the border of the admission region actually is what is called
a Pareto Front, and, for a general system layout, the values
of σ k will not accomplish (8) with equality. Notice that
for the case of a low number of services, this equation can
be interpreted geometrically. Indeed, for M=2 it defines a
straight line in the plane (σ 1 , σ 2 ), while for M=3 it defines
a plane in a 3-dimensional space. In general, it defines a
M-dimensional hyper-plane. Obviously, there are multiple
combinations of the number of users per service that lead to
valid solutions, and the boundary of the admission region is
a discrete stair-shaped multi-dimensional border.
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TABLE I
PARAMETER VALUES FOR THE COMMON PARAMETERS
Total available bandwidth

W

5 MHz

Inter-cell ratio

β

0.4

Number of Repeaters

Nr

5

Net Loss link
Base Station-Repeaters

GRX,b GT X,ri,b Lb,ri

-90 dB

Base Station Noise Figure

Fb

5 dB

Repeaters Noise Figure

Fri

5 dB

Repeaters Gain

Gri

90 dB

TABLE II
PARAMETER VALUES FOR THE DIFFERENT S ERVICE C LASSES
Service 1

Service 2

Quality

(Eb /It )req

5.8 dB

5.5 dB

Bit Rate

Rb

64 kbps

128 kbps

Activity Factor

νk

0.4

0.5

Fig. 1.

B. Practical Limitations

IV. C ONCLUSION

In a real system, the values of Sk are upper bounded.
From expression (7) it is clear that the thermal noise addition
provided by the repeaters in the system affects the system
capacity as it increases the value of γ’. Indeed, if we denote
as Smax the maximum allowed received power, from (7) we
can write that:
M

σk
γ
≤1−
αk
αk Smax

Received power for users of service class 1 and admission region.

(9)

k=1

Then, comparing (9) with (8), we can explicitly see the
capacity reduction of the system due to the bounded value
of Smax and the contribution of the repeaters to the thermal
noise level. This expression defines the new admission region.
As a final observation on these expressions, notice that they
can be applied with no restrictions on the characteristics of
the system layout.
III. E XAMPLE
To enhance the understanding of the presented solution
and to illustrate its behavior, this section shows the optimum
values of Sk for a two-service scenario, with parameter values
taken from a representative real case. In this simple case, the
admission region can be easily plot in a graph.
Let us suppose a system where the users belong to two
possible service classes. In order to get example values, Table
1 shows the values for the parameters concerning the system
layout, whereas Table 2 shows the settings for the two service
classes. Solving (6) for every combinations of the number
of users, Fig. 1 shows the needed received power for users
belonging to service 1. It is easy to verify that the boundary of
the admission region corresponds to equation (8) with discrete
variables σ k . Its shape can be seen on the bottom of the
graph. Note that the specific values of the needed receiver
power depend on the parameter values. The presented results
verify that they are in a range that fits with the state of the
art technology for mobile communication devices.

An analytical solution of the feasibility condition for the
uplink of a CDMA mobile communication system for a
general system deployment with the presence of repeaters in a
multiservice scenario has been derived. A closed simple analytical expression allows to obtain the admission control region
for any kind of users with heterogeneous QoS requirements.
This solution shows explicitly the dependencies on the system
settings of the capacity, in terms of number of users, focusing
on the reduction provided by the increased noise level due
to the presence of repeaters. Moreover, the solution can be
applied to implement an admission control mechanism.
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