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Chapter

Introduction

1.1 Background - problem description

In the past 10-15 years we have witnessed an enormous growth in the demand
for mobile communications ranging from speech only and simple mobile data ap-
plications in the early years to full mobile Internet with multimedia applications
via smart phones nowadays. To handle the mobile traffic growth and meet the
increasing service requirements (higher speeds, etc.) new radio access technologies
are deployed. In addition, network operators face the challenge to use the capacity
of their installed networks as efficiently as possible.

The third generation Universal Mobile Telecommunications System (UMTS) em-
ployes Code Division Multiple Access (CDMA) as the technique of sharing the
network capacity among users. In a CDMA system, calls share a common spec-
trum, their transmissions are separated using (pseudo) orthogonal codes. The
impact of multiple calls is an increase in the interference level, that limits the
capacity of the system. Therefore, variation of load over space and time, and
the inherit capacity restrictions due to scarce resources are fundamental issues in
the operation of a wireless CDMA system. Load variation may occur at different
time scales that require different solutions. At the operational level (time scale of
minutes), load fluctuations occur due to randomness in call generation, call loca-
tion and call lengths. At this time scale, load balancing is carried out via power
and rate assignment as well as a reconfiguration of calls over cells. Managing the
scarce resources via power and rate assignment requires an underlying algorithm
that is fast enough to adapt to variations at this time scale. This thesis develops
mathematical models for characterizing and optimizing capacity of CDMA-based
wireless network via power and rate allocation.
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1.2 Related work

The joint rate and power assignment problem for CDMA systems has received
considerable attention over the past 10-15 years. Due to the complexity of the
problem, several restrictions have been made, in order to obtain mathematic-
ally tractable models. The most common simplifications are considering a cell in
isolation, thus neglecting the interference effects, or assuming some extra prop-
erties of rates/powers, like unlimited rates or powers. For a simplified model of
a single cell in isolation, downlink power assignment schemes for maximizing the
throughput (sum of rates) or minimizing the total power in the cell are proposed
in [LMS05, DNZ02, YX03]. In [DNZ02], Duan et al. present a procedure for find-
ing the power and rate allocations that minimizes the total transmit power in one
cell. For the downlink most studies are based on pole capacity [Sip02] or based
on discrete event or Monte-Carlo simulation leading to time consuming evaluation
of feasibility and/or capacity [Sta02]. Resource assignment in a multicell envir-
onment is more complex than in a single cell, due to the interference caused by
users in adjacent cells. It has been studied in the framework of cell-breathing for
fixed data rates, see e.g. the pioneering work of [Han95, Yat95] that consider the
uplink, that in the early days of CDMA was considered to be the bottle-neck. In
this thesis, we aim for developing analytically tractable models for the joint rate
and power assignment problem in the downlink of CDMA systems.

First, we review some related work of Chapter 2 where we develop a model for two
cell linear model. We consider the joint rate and power assignment problem under
the assumption that all users are using the same known rate. This leads to a model
for characterizing downlink and uplink power assignment feasibility. For this, we
will make use of the Perron Frobenius theory (see [Sen73]). A similar successful
work using Perron Frobenius theory on the uplink was presented in [EE99, Han99,
BCPO00]. Effective interference models such as developed in [EE99] allow for a
characterization of feasibility based on the total number of users only. However,
the analysis in [EE99] requires a homogeneous distribution of the users over the
network cells. In [Han99], feasibility is characterised via the Perron-Frobenius
eigenvalue of an interference matrix of the network state. Unfortunately, for the
uplink the PF eigenvalue is not available in closed-form so that it provides only
a semi analytical evaluation of the uplink capacity. In Chapter 2, the analytical
expression of the Perron-Frobenius eigenvalue is available in closed-form. As in
[EvdBBO05], we derive a condition for the existence of a feasible power allocation
for the downlink when the rates allocated to users are known. The discretized
downlink two cell model enables a characterization of downlink power feasibility
via the Perron-Frobenius eigenvalue of a suitably chosen matrix.

Next, we review some related works of Chapter 3. The model in Chapter 3 is based
on Perron-Frobenius theory. Another approach for joint optimal rate and power
allocation, based on the Perron-Frobenius theory, is proposed by Berggren [Ber(1]
and by O’Neill et al. [0JBO03]. Berggren [Ber01] describes a distributed algorithm
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for assigning base transmitter station (BTS) powers such that the common rate
of the users is maximized. In [OJB03], Perron-Frobenius theory is used to design
an approximation algorithm for a model with multiple rates, which permits the
use of techniques from convex optimization. Both papers assume continuous rates
for users. The models in [Ber01, OJB03, EvdBB05] have lead us into the model
extension with the rates chosen from a discrete set. The goal is to allocate rates
from a discrete and finite set R = {Ry,..., Rk} to the users such that the total
utility, i.e., the sum of the utilities of all users, is maximized.

Moreover, in Chapter 3 we develop a model with cell decomposition, which leads
to a distributed algorithm for downlink rate allocation. In [LMS06], a distributed
algorithm, without considering the status of the other cells, was developed via a
dynamic pricing algorithm. In Chapter 3, we include the rate allocation of other
cells.

Next, in Chapter 4, we extend the model under a continuous rate assumption.
The goal is to assign rates to users, such that the utility of the system is maxim-
ized. For this purpose, we do a dimension reduction of the power control matrix,
as was done for the uplink (see [Han99, MHO01, ZBGO03]). Due to the complexity
of interference-limited systems, analytical solutions for optimal joint power and
rate assignments are scarce. In a game theoretic approach, [ST11] optimize power
allocation for a single cell. For continuous rates, for a single cell uplink model
[KO09] allows a rate dependent energy per bit to interference ratio. For a mul-
tiple cell uplink model, in [DYX09] the maximum minimum-rate under quality of
service constraints is considered via a power assignment search method. This is
a combinatorial optimization method that is similar to that used in [BSWO06] for
minimizing the total power in a two cell downlink model with fixed data rates.

In Chapter 5, the last part of this thesis, we address the joint downlink rate and
power assignment for maximal total system throughput in a multi-cell CDMA
network in an analytical setting. It generalizes the results of [BEGO7, LMS05,
Mus10, ZOBO07] to multiple cells to obtain a full analytical characterization of the
optimal power and rate assignment in the downlink of a multi-cell CDMA network.
[MKTO06] shows that in the optimal rate assignment some mobiles operate at max-
imum rate while others operate at the minimum rate, and only one mobile operates
at an intermediate rate, and [ZOBO07] shows that the optimal power assignment
in the uplink can be obtained by a greedy procedure, where fairness is guaranteed
via interference constraints. Optimizing network performance requires perform-
ance measures. In this thesis, the satisfaction of a user in segment i,i € {1,...,L}
is measured by means of a positive utility function u;(R;). For a presentation of
the utility functions commonly used in the literature see [TAG02]. For the up-
link, optimal rate and power assignment strategies to maximize total throughput
are considered in [HA07, ZMG11, Mus10, OW99, OZW03, VRM11, SS10] and to
maximize the minimum rate to achieve fairness in [DYX09, PJ06]. For the down-
link, [LMSO05] propose a distributed algorithm for rate and power assignment that
maximizes total utility. In [Jav06], Javidi analyzes several rate assignments in the
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context of the trade-off between fairness and overall throughput. The rates are
supposed to be continuous and the algorithms proposed for the rate allocation
are based on solving the Lagrangean dual. For a subset of utility functions (i.e.
either convex or concave or S-shaped or inverse S-shaped), [LK09, ZMG11] pro-
pose a near optimal algorithm for downlink resource assignment problems, where
the resource may be the power or the rate of the mobile. The non-convex power
allocation problem is solved using particle swarm optimization. Weighted fairness
is introduced by assigning weights to each user. A dynamic pricing algorithm to
obtain a power assignment that maximizes the total utility of the mobiles for two 1
dimensional cells (mobiles situated e.g. on a highway) is proposed in [ZHJ05]. An
iterative linear programming approach for joint power allocation and BTS assign-
ment is considered in [LSMO09]. An exact algorithm for rate and power assignment
that maximizes total throughput in two cells is presented in [BEGO07]. Although it
may lead to significant imbalance among the mobiles [SSB10], see e.g., [Tsill] for
the trade-off between fairness and throughput, it is argued in [Lit03] that maximal
throughput also results in minimal mean sojourn time (time to handle the call).

1.3 Basic models

Effective interference

CDMA is an interference limited system, therefore the capacity of the system is
directly related to the interference level. A common measure of the quality of the
transmission is the energy per bit to interference ratio, (Ey,Ip);, that for a user
i is defined as (see e.g. [HT07])

(Eb> _ W useful signal power of user i
Iy

= , 1.1
;T interference + thermal noise (1.1)
where W is the system chip rate, Ny is the thermal noise and r; is the data rate
for a user 1.

First, let us consider the numerator. The received signal power of user i depends
on the transmitted power and the user location. In this thesis, for simplification of
the mathematical model, we assume deterministic path loss propagation between
a transmitter X and a receiver in segment ¢ of the following form

P, = Pil; x, (1.2)

where ; x depends only on the distance d; between a user i and BTS X, P, is the
received power of the user ¢ and P; is the transmission power towards the user 1.
If [, x = d; ", where v > 0 is independent of the distance, this model performs

reasonably well in flat service areas for d; > 1 km (see [ARY95, Hat80]).

Next, let us consider the interference term in the denominator. In a multicell
environment, since all users are using the same frequency, interference either comes
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from users in the same cell, called the intracell interference, Iintracen, Or comes
from users in the neighboring cells, called the intercell interference, lintercenn- For
downlink intracell interference, non-orthogonality factor a represents how much
interference can be reduced by the system within the cell. The value of « is between
zero and one, i.e., 0 < a < 1, where @ = 0 means the system is completely non-
orthogonal and o = 1 means the system is completely orthogonal. The higher
the value of non-orthogonality factor «, the lower the intracell interference. For
uplink intracell interference, it is generally assumed (see e.g. [EE99, HT07]) that
the signals are perfectly orthogonal.

Quality of service

In order to ensure a certain quality of service, the energy per bit to interference
ratio of a user ¢ has to be above a prespecified value €}, (Ep,Iy), = € (see
[EE99]). In the presence of perfect power control, we assume that the energy per
bit to interference ratio of a terminal in segment ¢ equals the threshold €], i.e.,

E,
=) = e;, for all users i. (1.3)
Iy ),

For the rest of this thesis, we develop models under the perfect power control
assumption.

Next, we discuss the downlink transmit power and the uplink received power model
separately. Although these problems are similar in nature, that is power and rate
assignment is based on maximising a utility function and is subject to energy
per bit to interference ratio constraints, the actual power and rate assignment
problems differ. In the downlink a few BTSs transmit to many mobiles, whereas
in the uplink many mobiles transmit to a few BTSs. The corresponding sources
(locations) for interference are different, resulting in similar but different power
and rate assignment problems. As a consequence, some insight from the uplink
power and rate assignment are of interest for the downlink problem, but a solution
for the uplink does not yield a direct solution for the downlink.

Downlink transmit power

Consider a CDMA wireless system with two BTSs, say cell X and cell Y. Assume
that the number of users in the systems is L, where I users are assigned to BTS
X and (L — I) users are assigned to BTS Y. Let [; x, respectively l;y, be the
path loss of user ¢ from BTS X, respectively from BTS Y. Let us assume that the
location of users in cell X is ordered such that I; x <l2 x < ... <lr x. Thus, the
user 1 with path loss /; x is located the closest to BTS X, and the user I with
path loss l; x is the furthest to BTS X. And from users in cell Y, let us assume
that the location of users is ordered such that l;41y > lj42,y > ... > l1y. Thus,
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the user L with path loss [, y is located closest to BTS Y. Hence, the users path
loss from BTS X is ll,X < lQ,X <. < ZI,X < ZI+1’X < l]+2,X <. < lL,X-

Let r; be the assigned downlink rate to user ¢ that requires a transmit power P;
from the BTS. Under the described path loss model and a constant thermal noise
Ny, the energy per bit to interference ratio of user i assigned to BTS X is

% down _ E PJ@X (1 4)
IO T I L ’ '
alix(X P —P)+liy > Pi+No
j=1 j=I+1

for i € {1,...,I}, where [; x the path loss from the BTS X to user i and P; is the
transmitted power from the BTS to the user in the cell. Similarly, the energy per
bit to interference ratio of a user i assigned to BTS Y is

(&)downw Ple (1 5)
[ T ’ ’
0 aly ( Z P — P)+lzXZP + Ny

Jj=I1+1 Jj=

for i € {I +1,...,L}, where « is the non-orthogonality factor, [;y the path loss
from the BTS Y to user ¢ and P; is the transmitted power from the BTS to the
user in the cell. Next, we will derive an explicit formulation of the total transmit
power of a BTS given that the user 4 in the cell is assigned a downlink rate ;.

From Eq.(1.3) and Eq.(1.4), the downlink transmit power of BTS X to the user 4
in cell X, fori e {1,...,1},1is

I L
P, = Oéz V(’I“j)Pj +1; Z V(?“j)Pj + V(Tl)l;)lfNo, (16)
Jj=1 j=I+1
where .
€r;
)=-—="— forie{l,.., L 1.
V(r:) W+ acr’ orie{l,..L}, (1.7)
and
, for i € {1,.
I, = {1 I (1.8)
, for i e {I +1,...,L}.

Similarly, from Eq.(1.3) and Eq.(1.5), we can also express the required transmit
powers of BTS Y to the user ¢ in cell Y, fori € {I +1,---,L},

L
V(rj)Pj+a Y V()P +V(ri)lyNo. (1.9)
j=I+1

HM~
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Uplink received power

The interference model for the uplink differs from that for the downlink, as a for
the uplink many terminals transmit to a few BTSs. In the uplink, the interference
is measured by the BTS, hence, it is more appropriate in the uplink to measure
the received power in the BTS. Let the received power of a user 7 in BTS X with
pathloss I; x be PiX7 then

PX =P, x. (1.10)
Moreover, the uplink transmit power of a user is limited, say P; < Ppax-

Let r; be the uplink rate for user 4 in cell X. From (1.3), the uplink energy per
bit to interference ratio for the user 7 assigned to BTS X is

(Eb) _ i (111)

IO i_ r; I L ’
YPY =P+ X P+ No

j=1 j=I+1

fori e {1,...,1}.

Similarly for BTS Y, the uplink energy per bit to interference ratio for the user ¢
assigned to BTS Y, given that the uplink rate r;, is

<E”> v i (1.12)

I ). o1 L ’
’ szpjx+< > PjYPiY> + No
j=1 j=I+1

forie{I+1,..,L}.

For a user i, ¢ € {1,2,---, L}, under the assumption of perfect power control, in
the uplink, the user’s terminal is required by the BTS to transmit enough power
such that (B, Iy);, = €, for all users i, i € {1,2,---,L}. Moreover, under the
assumption of uplink perfect power control, each BTS requires all terminals in
the cell/t\o transmit erl(llgh power such that the received signal is the same, i.e.,
PX = PX and PjY = PY (see e.g. [EE99, HT07]). Hence, from (1.11) and (1.12),
we have

W PX
6: = T— L 5 (1.13)
"PX(I—-1)+PY Y I+ Ny
j=I+1
2%
€ = w : (1.14)

P § —
"PXS L+ PY(L—1-1)+ N
j=1
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Then, the uplink received signal, f)\(, at the BTS X should satisfy

L
PX=V(r) [ IPX+ | > ;| PY+No |, (1.15)
j=I+1

and the uplink received signal, ]/3?, at the BTS Y should satisfy

I
PY =V | [ DL | PX+@T-DPY+No |, (1.16)
j=1
where .
€T
Vi(r)=—"—. 1.17
(ri) W+ €fr; ( )

1.4 Overview and contribution

Chapter 2

In Chapter 2, we develop a model for downlink power assignment in a CDMA-
based wireless system. We analyze feasibility of the downlink power assignment in
a linear model of two CDMA cells, under the assumption that all downlink users in
the system receive the same rate. This is done by discretizing the area between two
BTSs into small segments. The model considers the number of users and the users’
location in each segment. Then, the power requirements are characterized via a
matrix representation. We obtain a closed-form analytical expression of the so-
called Perron-Frobenius eigenvalue of that matrix. Based on the Perron-Frobenius
eigenvalue, we obtain an explicit decomposition of system and user characteristics.
Although the obtained relation is non-linear, it basically provides an effective
interference characterisation of downlink feasibility for a fast evaluation of outage
and blocking probabilities, and enables a quick evaluation of feasibility. We have
numerically investigated blocking probabilities and have found for the downlink
that it is best to allocate all calls to a single cell. Moreover, this chapter has
also provided a model for determining an optimal cell border in CDMA networks.
We have combined the downlink and uplink feasibility models to determine cell
borders for which the system throughput, expressed in terms of downlink rates, is
maximized.

This chapter is based on the papers:

e [EvB03] A.I. Endrayanto, J.L. van den Berg and R.J. Boucherie. Charac-
terizing CDMA downlink feasibility via effective interference, in Proceedings
1st International Working Conference on Heteregeneous Networks - Het-
NetsO03, pp. 62/1-62/10, Ilkley, United Kingdom, 21-23 July 2003.



1.4 Overview and contribution 9

e [EvdBBO05] A.I. Endrayanto, J.L van den Berg, R.J Boucherie, An analytical
model for CDMA downlink rate optimization taking into account uplink cov-
erage restrictions, Performance Evaluation 59, ISSN: 0166-5316 , February
2005.

Chapter 3

In Chapter 3, we extend the model from Chapter 2. This chapter still considers
the two cells linear model where the coverage area is divided into small segments.
Previously, we have assumed that all users in the cells are using the same rate,
regardless users’ location. In this chapter, we differentiate rate allocation based
on their location. We assume users in the same segment receive the same rate.
The rates are chosen from a discrete set. The goal is to assign rates to users in
each segment, such that the utility of the system is maximized.

For each segment the transmit power requirements are characterized via a mat-
rix representation that separates user and system characteristics. Based on the
Perron-Frobenius eigenvalue of the matrix, we reduce the downlink rate allocation
problem to a set of multiple-choice knapsack problems. The solution of these prob-
lems provides an approximation of the optimal downlink rate allocation and cell
borders for which the system throughput, expressed in terms of utility functions
of the users, is maximized. We have reduced the downlink rate allocation problem
into a set of multiple-choice knapsack problems. Thus the rate allocation problem
is NP-hard. Thus it is very unlikely that polynomial time algorithms exist (unless
P=NP). In this chapter, we design an algorithm that is actually a fully polyno-
mial time approximation scheme (FPTAS) for the rate optimization problem. We
have derived a combinatorial algorithm for finding a downlink rate allocation in a
CDMA network, that, for € > 0, achieves a throughput of value at least (1 — ¢)
times the optimum.

The approach in this chapter has several advantages. First, the discrete optimiz-
ation approach has eliminated the rounding errors due to continuity assumptions
of the downlink rates. Using our model, the exact rate that should be allocated
to each user can be indicated. Second, the rate allocation approximation we have
proposed guarantees that the solution obtained is close to the optimum. Moreover,
the algorithm works for very general utility functions. Furthermore, the model in
this chapter indicates that the optimal downlink rate allocation can be obtained
in a distributed way: the allocation in each cell can be optimized independently,
interference being incorporated in a single parameter t¢.

This chapter is based on the papers:

e [EBB04] A.I. Endrayanto, A.F. Bumb, R.J. Boucherie, A multiple-choice
knapsack based algorithm for CDMA downlink rate differentiation under
uplink coverage restrictions, in Proceedings 16th ITC Specialist Seminar,
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Antwerp, Belgium, 31 August- 2 September 2004.

e [EBBWO04] R.J. Boucherie, A.F. Bumb, A.I. Endrayanto, G.J. Woeginger,A
combinatorial approximation for CDMA downlink rate allocation, in Pro-
ceedings Tth INFORMS Telecommunications Conference, Boca Raton, Flor-
ida, United States, March 7-10, 2004.

e [BBEWO06] R.J. Boucherie, A.F. Bumb, A.I. Endrayanto, G.J. Woeginger, A
combinatorial approximation for CDMA downlink rate allocation, in Ch.14
of Telecommunications Planning: Innovation in Pricing, Network Design
and Management, ISBN: 978-0-387-29222-5 , Springer, 2006.

Chapter 4

In Chapter 4, we propose a fast and exact joint rate and power allocation algorithm
in the downlink of a telecommunication network formed by two cells, where the
base stations transmit at limited powers. Thus, we incorporate in our model two
important aspects of a CDMA network, namely interference and limited powers.
We assume that the rates are continuous and may be chosen from a given interval.
Thus, it is a different model than that of the previous chapters. The assumption
in this chapter seems realistic, since in a CDMA system data rates may be rapidly
modified in accordance with channel conditions, resulting in an average rate that
lies in an interval.

First, we have developed a model for the joint rate and power allocation problem.
Due to the impact of the interference between users in different cells, this problem
is much more difficult then that of the previous chapters, where the model was
analysed under unlimited powers. Despite its non-convexity, the optimal solutions
can be very well characterized. Second, we have analyzed several properties of the
optimal solutions. We proved that the optimal rate allocations are monotonic in a
function of the path loss. Based on this property, we show that in the optimal rate
allocation, only 3 rates are given to users. Finally, we propose a polynomial time
algorithm in the number of users that solves optimally the joint rate and power
allocation problem. The results can be extended to non-decreasing utility func-
tions. Moreover, the algorithm can be extended to iteratively solve the rate/power
allocation problem in a small number of cells.

This chapter is based on the following paper

e [BEGO07] R.J. Boucherie, A.F. Gabor, A.I. Endrayanto, Optimal joint rate
and power assignment in CDMA networks, presented in The 3rd Interna-
tional Conference on Algorithmic Aspects in Information and Management
(AAIM’07), Portland, USA, 6-8 June 2007.
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e [BGE(7] R.J. Boucherie, A.F. Gabor, A.I. Endrayanto, Optimal joint rate
and power assignment in CDMA networks, in Lecture Notes in Computer
Science , ISBN: 978-3-540-72868-9, Springer-Verlag, 2007, pages 201-210.

Chapter 5

In Chapter 5, we extend the continuous rate model to the multi cell case. We
present a full analytical characterization of the optimal joint downlink rate and
power assignment for maximal total system throughput in a multi cell CDMA
network. The cell model is a planar model, where the cell coverage has a hexagonal
shape.

Chapter 5 has three main contributions. First, we provide an explicit and ex-
act characterization of the structure of the optimal rate and power assignment.
Second, we give a characterization of the optimal rate assignment in each cell.
We prove that in a network with N base transmitter stations (BTSs) either all
mobiles have maximum rate, or in k¥ BTSs all mobiles have maximum rate and the
other BTSs transmit at maximum power, or N — 1 stations transmit at maximum
power. In the latter case, finding the optimal power for the remaining BTS can be
reduced to a discrete problem in which only a discrete set of powers must be con-
sidered in the optimization procedure. Third, based on these results, we give an
exact algorithm for solving the rate and power assignment problem and a fast and
accurate heuristic algorithm for power and rate assignment to achieve maximal
downlink throughput in a multi cell CDMA system. Under this heuristic, for a
cell with the total transmit power less than the maximum, the intermediate rate is
neglected, i.e., the heuristic assigns maximum and minimum rates only. Moreover,
the heuristic orders the cells according to a certain criterion and assigns maximum
power and rates in this order. It is shown that the heuristic is fast and accurate
up to high load.

This chapter is based on the paper:

e [EGBI12] R.J. Boucherie, A.F. Gabor, A.I. Endrayanto, Exact and Heuristic
Algorithm for Throughput Maximization in MultiCell CDMA (submitted).
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The relation between chapters is illustrated in Figure 1.1.

Chapter 2

Two-Cell
Unlimited Power
Single Rate from the set of Discrete Rates

-

Chapter 3

Two-Cell Downlink
Unlimited Power
Multiple Rates from the set of Discrete Rates

¥

Chapter 4

Two-Cell Downlink
Limited Power
Multiple Rates from the set of Continuous Rates

. 4

Chapter 5

Multi-Cell Downlink
Limited Power
Multiple Rates from the set of Continuous Rates

Figure 1.1: The relation between chapters
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Summary

This thesis presents a full analytical characterization of the optimal joint downlink
rate and power assignment for maximal total system throughput in a multi cell
CDMA network.

In Chapter 2, we analyze the feasibility of downlink power assignment in a linear
model of two CDMA cell, under the assumption that all downlink users in the
system receive the same rate. We have obtained an explicit decomposition of
system and user characteristics. Although the obtained relation is non-linear, it
basically provides an effective interference characterisation of downlink feasibility
for a fast evaluation of outage and blocking probabilities, and enable a quick
evaluation of feasibility. We have numerically investigated blocking probabilities
and have found for the downlink that it is best to allocate all calls to a single cell.
Moreover, this chapter has also provided a model for determining an optimal cell
border in CDMA networks. We have combined downlink and uplink feasibility
model to determine cell borders for which the system throughput, expressed in
terms of downlink rates, is maximized.

In Chapter 3, we have considered the two cell linear model where the coverage
area was divided into small segments. Previously, we have assumed that all users
in the cell are using the same rate, regardless their location. In this chapter, we
have differentiated rate allocation based on their location. We have assumed that
users in the same segment receive the same rate which is chosen from a discrete
set. The goal is to assign rates to users in each segment, such that the utility of
the system is maximized. In this chapter, we design an algorithm that is actually
a fully polynomial time approximation scheme (FPTAS) for the rate optimization
problem. The model in this chapter indicates that the optimal downlink rate
allocation can be obtained in a distributed way: the allocation in each cell can be
optimized independently, interference being incorporated in a single parameter ¢.
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In Chapter 4, we have analyzed the two cell model under the assumption that the
rates are continuous and may be chosen from a given interval. Moreover, we also
taken into account the downlink limited transmit power. First, we developed a
model for the joint rate and power allocation problem. Despite its non-convexity,
the optimal solution in this chapter can be very well characterized. Second, we
analyzed several properties of the optimal solutions. We have proved that the
optimal rate allocations are monotonic as a function of the path loss. Based
on this property, we have showed that in the optimal rate allocation, in each
cell, only three rates are given to users. Finally, we have proposed a polynomial
time algorithm in the number of users that solves optimally the joint rate and
power allocation problem. The results can be extended to non-decreasing utility
functions.

In Chapter 5, we have extended the model of the previous chapter to a multi-cell
setting. We have presented a full analytical characterization of the optimal joint
downlink rate and power assignment for maximal total system throughput in a
multi cell CDMA network. Moreover, the cell model is a planar model. Chapter 5
has three main contributions. First, we provide an explicit and exact characteriz-
ation of the structure of the optimal rate and power assignment. Second, we give
a characterization of the optimal rate assignment in each cell. Third, based on
these results, we give an exact algorithm for solving the rate and power assignment
problem and a fast and accurate heuristic algorithm for power and rate assignment
to achieve maximal downlink throughput in a multi cell CDMA system.

Irwan Endrayanto Aluicius
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