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Abstract

Designing a W-CDMA network is a complicated task requiring the selection of sites
for radio towers, analysis of customer demand, and quality of the service provisioning.
In W-CDMA networks, system capacity and quality of service are intimately related
through signal-to-interference measures. This investigation presents a net revenue max-
imization model that can help a network planner with the selection of tower sites and
the calculation of service capacity. The integer programming model takes as input a set
of candidate tower locations with corresponding costs, a number of customer locations
with corresponding demand for traffic, and the revenue potential for each unit of ca-
pacity allocated to each demand point. Based on these data, the model can be used to
determine the selection of radio towers and the service capacity of the resulting radio
network. The basic model is a large integer program and requires a special algorithm
for practical solution. Our algorithm uses a priority branching scheme, an optimization
gap tolerance of at least 1%, and two sets of global valid inequalities that tighten the
upper bounds obtained from the linear programming relaxation. The algorithm has
been implemented in software for the AMPL/CPLEX system and an empirical inves-
tigation has been conducted. Using over three hundred problem instances with up to
forty towers and two hundred fifty service locations, various combinations of algorithm
settings have been evaluated. Using the recommended setting results in a design tool

that generally runs in under twenty minutes on a 667 MHz AlphaStation.



1 Introduction

During more than 20 years of operation of radio-based mobile telephone communication
systems, the mobile telephony industry has experienced tremendous growth and technological
development. Due to the limited availability of radio frequency spectrum and the limitations
in radio transmission technologies, the communication bandwidth for mobile radio service is
severely limited. This was the background for the development of cellular radio systems in
which a service area is divided into smaller areas (called cells), each of which is serviced by
a radio tower using a fraction of the available bandwidth. By limiting transmission power
and, thus, the reach of the radio signal transmitted by mobile telephone users and radio
towers, the same portion of the bandwidth can be re-used by mobile telephone users and
towers located sufficiently far away from one another. Based on this concept, it is possible
to increase system capacity by replicating the network infrastructure.

In first generation cellular systems, the bandwidth was shared between users by dividing
the bandwidth into distinct frequency channels. This technology is referred to as frequency
division multiple access (FDMA). To maximize system capacity, assigning channels to cells
was an important resource management problem of great computational difficulty. The fre-
quency assignment problem is closely related to the graph coloring problem and has been
studied extensively (see Murphey et al. [9] for a survey). Typical first generation cellular
systems allow for the use of the same frequency approximately in every seventh cell. Assign-
ment of frequency channels to radio towers determines which customers are serviced from
which tower. Since total system capacity is a function of the infrastructure investment, tower

location is another problem of interest in cellular network design (Mathar and Niessen [7]).



Traditionally, these two problems have been solved independently with frequency assignment
following tower location decisions.

In second generation cellular systems, radio signalling was changed from analog to dig-
ital encoding. As a consequence, the effects of interference were reduced so that a frequency
channel could be re-used on average in every four cells. Two dominant technologies emerged.
In time division multiple access (TDMA), a frequency channel is divided into several time
slots, each of which is assigned to a different user. Users share the frequency channel and
take turns using it. Two implementations exist in the United States. The U.S. digital cellular
standard (IS-54) splits a regular frequency channel into three time slots. In global system for
mobile (GSM), a wider frequency channel accommodates eight simultaneous users. The twin
problems of tower location and frequency assignment remained largely the same.

The other technology used in second generation cellular systems is code division multiple
access (CDMA). In CDMA, the entire bandwidth available to a service provider is shared
by all users of the system using a technique called direct sequence pseudo-random noise
spreading. CDMA network design differs considerably from FDMA and TDMA network
design in that channel allocation is not an explicit issue. In each cell, all of the bandwidth
available to the service provider can be used. The features in CDMA making this possible
are stringent power control of all system devices (including user handsets) and the use of
orthogonal codes to ensure minimal interference between simultaneous sessions. CDMA
systems operate so as to keep the signal-to-interference ratio of each user at an acceptable
level. As each new call causes incremental noise, new calls are admitted into the system only
if the signal-to-interference ratio will remain within a reasonable threshold for all calls in the

system. The power transmitted by a user’s handset depends to a large extent on the distance



between the handset and the radio tower providing the service. Thus, as indicated by Amaldi
et al. [1], the issues of tower location and customer service assignments (i.e., which customer
locations will be serviced by which towers) must be solved simultaneously.

Third generation cellular systems currently under development and testing are all based
on CDMA technology. The two major standards that have emerged are wideband CDMA
(W-CDMA), which uses 5 MHz radio carriers, and CDMA2000, which uses multiple 1.25
MHz radio carriers. Compared to second generation systems, third generation systems will
be able to provide more communication bandwidth per user, so as to provide mobile users
with high-speed data services at rates up to a hundred times those of second generation voice
channels. Compared to second generation services, third generation wireless services require
orders of magnitude more bandwidth per communication session. Given that only limited
additional bandwidth is available for third generation services, it is clear that operators
of third generation networks must increase system capacity by increasing bandwidth re-
use. This, in turn, implies that third generation network operators must make considerable
investments in infrastructure to reduce the reach of each radio tower and increase tower
density in the service area.

Little research has been reported on the simultaneous selection of radio tower (or base
station) locations and customer service assignments to base stations. The authors (see Kal-
venes et al. [6]) present a profit maximization model for base station location, frequency
assignment, and customer service allocation in hierarchical cellular networks based on the
FDMA or TDMA technology. Galota et al. [4] propose a profit maximization model for base
station location and customer service allocation in CDMA networks. They further analyze

the computational complexity of the problem and develop a polynomial-time approximation



scheme to solve it. Mathar and Schmeink [8] maximize system capacity subject to a budget
constraint. However, their interference model only accounts for the towers being utilized and
does not include the number of customers serviced by the respective towers. In a similar vein,
Amaldi et al. [1] develop a cost minimization model that explicitly considers the signal-to-
interference conditions generated by the base station location and customer service allocation
choices. The signal-to-interference levels are incorporated into the objective function rather
than as a system capacity constraint. They subsequently produce feasible solutions with a
heuristic randomized add-drop algorithm. In a companion paper, Amaldi et al. [2] develop
a tabu search based procedure to find improved feasible solutions.

Building upon the work by Amaldi et al., we propose an enhanced model that maximizes
service provider net revenues for the base station location and service assignment problem.
While the previous work by Galota et al. and Amaldi et al. use signal-to-interference as a
penalty term in their respective objective functions, we use the signal-to-interference ratio as
a hard constraint. We also incorporate minimum service requirements based on the licensing
rules developed by the Federal Communications Commission for service providers in the
United States.

The contributions of this work are threefold. First, we provide a new and improved
model for the base station location and service assignment problem. When selecting base
station locations, our model explicitly considers the trade-off between the revenue potential
of each tower with its cost of installation and operation. This trade-off is subject to quality
of service constraints in terms of sufficient signal-to-interference ratio at all towers in the
service area. Second, we develop an efficient algorithm using AMPL and CPLEX to produce

very high quality solutions with known error bounds. The computational viability of our



algorithm is demonstrated on both test cases from the literature and data from a real-world
market in the United States. Finally, we demonstrate the use of our design tool on two
problems arising from the use of existing second generation network infrastructure in the
development of a third generation service network. Hence, our design tool can be used not
only for the initial design for a third generation system, but can assist with the migration

problem from second to third generation.

2 Tower Selection Model

In this section, we present our base model. It differs from previous work on CDMA network
design (with the exception of [4], which uses a limited interference model) in that it maximizes
net revenue, rather than minimizes cost. The basic constraints include minimum service
requirements as mandated by the FCC in the United States and minimum quality of service
requirements as dictated by technology. In order to improve the upper bound provided by
the continuous relaxation, a pair of global cuts are developed. An empirical analysis using

several hundred test problems is presented.

2.1 Minimum Service Requirements

In the United States, the Federal Communications Commission (FCC) regulates the telecom-
munications industry. Rather than stipulating the proportion of the population in each mar-
ket (the larger geographical area for which a service provider has a license) that has to have
access to service, the FCC has regulated the rate at which the service provider develops the

market. The stipulations are as follows:



1. From the date the license is granted, each service provider has five years to develop
a network infrastructure to service the allocated market. For a service provider with
a license for 30 MHz of bandwidth, the network has to be able to reach geographical
areas that combined have at least 1/3 of the population in the market. For a service
provider with a license for 15 MHz of bandwidth, the corresponding requirement is at

least 1/4 of the population in the market.

2. At the end of this five-year period, any geographical area within a market that is not
covered with sufficient signal strength to offer service in this area will revert back to

the FCC for allocation to other service providers.

3. Within 10 years from the date the license is granted, a 30 MHz licensee must cover
geographical areas that combined have at least 2/3 of the population in the market.

For other service providers, there are no additional service requirements.

In other words, a licensee can choose not to offer service in a limited geographical area if
it is not profitable to do so. Also, please note that the service requirements do not stipulate
how many customers should actually be able to receive service. It only specifies the land

coverage of the market and not the system capacity in the covered areas.

2.2 Constants and Sets Used in the Model

Let L denote the set of candidate locations for tower construction and M denote theset of
subscriber locations. The demand for service in customer area m € M is denoted by d,,,. This
value is the number of channels required to service the population in the area at an acceptable
service level (call blocking rate). Let r denote the annual revenue (in $) generated by each
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channel equivalent utilized in a customer area. The mandated minimum service requirement,
given as a proportion of the number of customers in the market the service provider operates,
is denoted by p. The cost (amortized annually) of building and operating a tower at location
¢ € L and connecting it to the backbone network is given by the parameter a;,. Operating
cost includes the cost of transmission power, marketing, accounting, customer aquisition and
retention, and any other cost that is contingent upon operating a tower. When a subscriber
in location m is serviced by tower £, the subscriber’s handset must transmit with sufficient

power so that the tower receives it at the target power level P, Due to attenuation, the

arget -
signal transmitted weakens over the path from the handset to the tower based on the relative
location of the origin and destination (depending on distance, topography, local conditions,
etc.). The attenuation factor from subscriber location m to tower location £ is given by the

parameter g,,,. To ensure proper received power, P, at the tower location, the handset

arget s
will transmit with power level P.,...../gme. At each tower location, signals are received from
many subscriber handsets in the surrounding neighborhood. In order for the voice packets
to be processed with a reasonable error rate, the signal-to-interference ratio for any active
session must be more than the threshold value SIR,;, (a derivation of STR,, is provided in
Appendix A). The set C,,, C L denotes the set of candidate towers that can service customers
in location m € M. The set C,, includes all locations ¢ € L such that g,,; > Gmin, Where
Jmin 18 derived from the maximum transmission power of the handset and the target received

power level at the tower. Similarly, for every £ € L, P, C M denotes the set of customer

locations that can be serviced by tower £.



2.3 Decision Variables Used in the Model

The decision variables in this model include general integer and binary variables. The decision
to build a tower at a candidate location is represented by variable ,, which is one if a tower is
built at location [ € L; and zero, otherwise. The integer variable z,,, denotes the maximum
number of customers at m € M that can be serviced by a tower at [ € L. That is, x,,,
represents a capacity assignment at tower £ for service of customers at location m. The
variables are related so that z,,, > 1 only if y, = 1, that is, customers in location m can be
assigned to tower £ for service only if tower /£ is constructed. The variable z,,, is also limited
by demand for service in location m so that chm Tme < d,,. For computational efficiency
reasons, we have chosen a general integer variable for service assignment for each demand
location instead of binary variables for each unit of customer demand for service so as to
reduce the number of variables and the number of constraints in the formulation. Finally,
¢m 1s an indicator variable that is one if customer location m can be serviced by at least one

tower; and zero, otherwise.

2.4 Quality of Service Constraint

Suppose that x,,, customers in location m are assigned to tower £ for service. Each
user’s handset will transmit with power P, ../gm¢ so that the received power at tower £
1S Gt Prosget/ Gme = Phiager from each of the customers in location m. Similarly, suppose that
Zn; customers in location n are assigned to tower j for service. Each user’s handset will
transmit with power P,,.../gn; so that the received power at tower £ i gngPiugei/gnj from

each of the customers in location n. The total received power at tower location £, P,°", from



all customers in the market receiving service is given by

Z Z Ime
PZTOT = Ptarget gmxm]’ (1)
mEM jECm, ¥

where the right-hand side sums the received power at tower £ from all customer locations
that are serviced by some tower.

For a given session assigned to tower £, P,,,... represents the signal for the session, while
all other signals received at tower £, P;°" — P,,...., represents interference for that session [2].
Thus, a quality of service constraint based on the threshold signal-to-interference ratio for

each session assigned to tower £ is given by

-Ptar et
Pérorrfsp Z SIRmiIU (2)

target

provided that tower £ is constructed. Since the tower is built only if y, = 1, this constraint

can be written as follows:

m 1
NN Iy <1y +(1—y)Be Ve, (3)
. 9mj SIRmin
meM jECm
where 8, = > dm{ MAaXmeC,,\{£} (%) } and maxjec,,\{0 (%) =0if C,, \ {4} = @.
The second term on the right-hand side is zero when a tower is built (y, = 1), so that the
signal-to-interference requirement must be met at tower £. When y, = 0, the right-hand side

is so large that the constraint is automatically satisfied.



2.5 Integer Program

The objective of the model is to maximize the total annual revenue generated by the cellular

network less the cost of building, maintaining, and operating it. Mathematically we have

maximize r E E Tome — E agle -

mEM LECm, Lel ( 4)
——
revenue cost

There are 9 sets of constraints that define the model. The first set ensures that customers

can be serviced only if there are towers that cover the demand area.

Tt < dm e Vme M, { e C,,. (5)

The next set of constraints ensure that one cannot serve more customers in a location than

there is demand for service.

D T < d Vm € M. (6)

The minimum service restrictions are handled by three sets of constraints. The first set states
that customers cannot be serviced in location m if there are no frequency channels assigned
to the tower-cell combinations that can reach demand area m. Second, if there is at least
one channel that can reach area m, then customers in this location can be serviced. Finally,
the third constraint ensures that service is available in demand areas that have at least a
proportion p of all customers in the operator’s total service area. Note, however, that there

does not have to be a sufficient assignment of channels to service all of the customers that

10



can be reached by the cellular network.

I <> e Vm € M, (7)
¢eCrm
Gm > Yo Vme Ml e Cy, (8)
D g > p Y dim (9)
meM meM

The next set of constraints enforce the quality of service restrictions on received signal quality

at the towers.

SN Iy < s+ (1 -y Vel (10)

mEM jECrm, Ymi

where s = 1+ 1/S1 Rpp.

The last three sets of constraints provide the domains for the variables.

qm € {0,1} Vm € M, (11)
ye € {0,1} VieL, (12)
Tye €N Ym e M,t € C,,. (13)

2.6 Valid Inequalities

In order to improve computational performance, we add valid inequalities to strengthen the

LP bound. The first set of valid inequalities is based on the property that an assignment

11



of a customer to the tower that requires the least handset transmission power is also the
assignment that causes the least interference at any tower location and, hence, minimizes the

system resource consumption.

Proposition 1 If y, = y, = 1, {u,v} € C, and guy < Gny, then there exists an optimal

solution with x,, = 0.

Proof Consider a feasible solution x to an instance of (4)—(13) so that &, =% > 0. Without

loss of generality, let v = argmax{gne}. Define x' so that x! , = ., Ym € M, £ € L, except
LeChiy=1

zl, = 0 and z, = x,, +T. The objective function value is the same for x and x'. Since

constraints (5)—(9) are satisfied for x, they are also satisfied for x'. Consider constraint (10):

Z gmlxl . Z Z gml gné__ %_ Vf c L.

meM jECn, Gmyj meM jECr, Gnw Inu

Since T > 0, gny < Gny and gme > 0Vm € M, L € L, it follows that g,eT/gny — GneZ/Gnu < 0

and
S Y I, < Y Y S, el
meEM jECm ng meM jECn,
Since (10) is satisfied for x, it is also satisfied for x' and the proposition follows. [ ]

Proposition 1 indicates that if customers at site n are served, then profit can be maxi-
mized by assigning them to the available tower that has largest attenuation factor. That is,
the objective function value cannot be increased by assigning service of customers at site n

to a tower with a smaller attenuation factor. Hence, the following valid inequalities can be
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added to the formulation:
Tt < d(1 — y;5) Vm € M, ¢, j € Cy, such that gme < gm;- (14)

The second set of valid inequalities is based on the quality of service constraint (3). For
each selected tower location £ € L, the customer assignments that contribute the most to the
interference level at this location are the ones that receive service from tower £. Thus, instead
of calculating the total interference at tower ¢ from all serviced customers, we calculate only
the interference generated by those customer locations m that have been assigned to tower £

for service, i.e., ;e > 1. The left-hand side of (3) can be re-written as

Zzg’"‘ i =Y %xmﬁz S It Vel

mEM jECm meM|LECr, mEM jeCm\{€} Imi

In other words, we have separated the interference caused by the customers that are serviced
by tower £ from the interference caused by other customers. Define the sets T, = {m € M :
m can be serviced by tower £}. Observing that g,,; > 0 Vm € M,j € L and z,,, € N, we

obtain

Y ame < ZZW Tmi  VLEL.

meTy meEM jECr,

Thus, the following set of valid inequalities can be added to the formulation:

1
< .
Y zme <1+ TR VieL (15)

13



Although this set of valid inequaltites is weaker than (3), it helps speed up the pruning of

the branch-and-bound tree.

2.7 NP-Hardness

Proposition 2 The W-CDMA Base Station Location and Service Assignment problem rep-

resented by (4)-(13) is NP-hard.

Proof Restrict the problem instances represented by (4)—(13) so that r =0, M = L

and C,,, = {m}. The problem reduces to

max — E apYy

lel
subject to
Gm < Z Ye Ym € M,
£eCm
Gm = Ye Vme M, L e C,y,,
D dmtm 2 p ) dm,
meM meM
gm € {0,1} VYm e M,
ye € {0,1} Vi e L.

Observing that since C,,, = {m} Vm € M, constraints (17) and (18) imply ¢, = Ym and the

14



problem is simplified to

subject to
Z AnGm > p Z A, (23)
meM meM
am € {0,1} Vm € M. (24)
This is the knapsack problem, which is known to be NP-hard. [ |

2.8 Solver Parameter Settings

Instances of the base station location and service assignment problem with the
added valid inequalities were solved with the branch-and-bound based CPLEX solver

(http://www.cplex.com). CPLEX offers the choice of several solver parameter settings,

including the branching order in the branch-and-bound tree, as well as a user-determined
acceptable gap between the best known feasible solution and the current upper bound on the

solution (CPLEX will terminate the solution procedure when this gap requirement is met).

2.8.1 Branching Order

There are two important sets of decision integer variables in our formulation of the base
station location and service assignment problem. These are the tower selection variables

(y¢) and the customer assignment variables (z,,0). If the tower locations have not been

15



selected, then the number of possible customer assignments is very large. However, based
on Proposition 1, if the tower locations have been selected (i.e., for a given set of values for
the y, variables), the problem of customer assignment reduces to a choice of which customers
will be serviced (i.e., a multi-constrained integer knapsack problem). Since the number of
candidate tower locations is small compared to the number of customer locations, a reasonable
conjecture would be that branching on y, before z,,, would reduce computational times. The

computational study tests the effect of branching order on solution times.

2.8.2 Optimality Gap

The CPLEX solver permits the user to set a gap for termination between the best feasible
solution obtained and the current upper bound. The larger the gap, the more rapidly the
branch-and-bound tree is expected to be pruned. The user must determine an acceptable
optimality gap for the design problem under investigation. Typical settings are 1%, 5%, or

10%. The computational study tests the effect of optimality gap on solution times.

2.9 Post-Processing Procedure

Since the values of the attenuation factors have a large range, the coefficients in (10) may
differ in magnitude by as much as 10°. This may result in numerical instability and we
observed this when CPLEX was applied to problem instances. To ensure that feasibility is
achieved within a reasonable tolerance, we created a post-processing procedure that drops
a few customers in exchange for satisfying the signal-to-interference restrictions. CPLEX
scales the coefficient matrix so that all coefficients of the constraint set have an absolute

value between zero and one. The scaled problem is solved and then the reverse procedure is
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applied to obtain the solution. Solving the scaled problem is Phase I of our procedure. Even
though the solution to the scaled problem satisfies feasibility within the default tolerances,
the original problem may not. To address these infeasibilities automatically, we have added

the following post-processing procedure that eliminates infeasibilites in a solution, if present.

Procedure: Phase II: Eliminate Infeasibilities

Inputs: T and ¥y are an optimum for the scaled problem
Output: z* is the best feasible solution obtained
Step 1: LV « {£:(10) is not satisfied}
Step 2: A {(m,£) : Tppy > 0}
Step 3: Let &, for all (m,£) € A denote an optimum for
min Z Ome (25)
(m,l)eA
subject to

I Fnj = Omi) < s+ (=B VLELV, (26)

(mogyea Imi

dme € N V(m,/) € A. (27)

Step 4: Zyy < Tme — Oy

2.10 Computational Results

On a Compaq AlphaServer DS20E with dual EV6.7 (21264A) 667 MHz processors and 4,096
MB of RAM, we used CPLEX 6.6.0 to solve twenty instances of the test problem proposed
by Amaldi et al. [1, 2]. The test data are summarized in Table I. Each of the twenty problem
instances was generated by drawing different random sets of tower and customer locations.

Based on the propagation model for urban areas developed by Hata [5], we calculated the
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path attenuation coefficients g,,,. That is,

wo = 069.55+ 26.16log(f) — 13.821log(H,) +

mé

—[(1.11log(f) — 0.7)H,, — (1.56log(f) — 0.8)] + (28)

+[44.9 — 6.55 log(Hy)| log e,

where s,,,¢ is the distance between customer location m and tower location £. A%, is given in

dB and the conversion to the attenuation value is given by g, = 10701 4me.

Table I about here.

The computational results are summarized in Table II. We ran twelve different exper-
iments with the same set of twenty test cases, varying the optimality gap and the inclusion
of the two valid inequalities. The first column in the table identifies the specific test run,
while columns two, three and four indicate the experimental settings. Columns five, six and
seven provide the average results for the twenty test problems with respect to the percentage
of customer demand satisfied, objective function value, and CPU time consumed. Column
eight indicates the number of test problems that required the second phase of the proce-
dure to eliminate infeasibilities caused by CPLEX scaling of the input data. The last two
columns provide the average and maximum gap, respectively, compared to our best upper
bound on the solution. We observe that the choice of optimality gap has little impact on
the computational times, with the exception of the test cases that were not using inequal-

ities (15). We also note that the addition of inequalities (14) alone improves the solution
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quality, but also increases computational times significantly. In contrast, the use of inequali-
ties (15) improves the solution quality substantially without disproportionally increasing the
computational time. However, using both sets of inequalities provides the best solutions at
reasonable computational times (22 minutes on average). Our conclusion is that the best

choice of solution parameters is to use an optimality gap of 1% and both valid inequalities.

Table II about here.

In a second series of computational experiments, we used a set of 40 tower locations first
presented in Farmehr[3]. These tower locations are from a market in the northern plains of
the United States. For this set of candidate tower locations, we drew 100 sets of 250 customer
locations. For each customer location, we generated different sets of demands drawn from
a uniform distribution with varying parameters. Uniform on the range [1,8] is denoted by
U[1,8]. While in the previous experiments, each customer location could be serviced by any
candidate tower (i.e., |Cy,| = |L|), the distances in the second series of experiments were
such that each customer location could be serviced on average by between 1.7 and 2.4 tower

locations (i.e., 1.7 < |Cy,| < 2.4). The computational results are summarized in Table III.

Table III about here.

We observe that as the subscriber density increases, the problems become more diffi-
cult. At low customer densities, branching rules and the addition of valid inequalities are of
minor importance and all problems are solved within a couple CPU seconds. As customer
density increases, so do both computational times and the number of cases that require

post-processing in Phase II of the algorithm to eliminate CPLEX scaling inaccuracies. At
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the highest customer density levels, with demand uniformly distributed between 1 and 32
customers in each of the 250 locations (yielding an average of 4,125 simultaneous customers
in the system), both the branching rule and the addition of valid inequalities become sig-
nificant for the performance of the solution procedure. We observe that if we let CPLEX
run without specifying a branching rule and without adding the valid inequalities, we simply
cannot solve the problem (case 12). Due to the very long computational times required, we
only attempted 10 problem instances without using the branching rule or the valid inequal-
ities (14). The average CPU time for these 10 problem instances exceeded 7 hours. Using
both the branching rule and the valid inequalities (14) and (15), we can solve all problem
instances (case 15) with an average gap of 1.18% and a maximum gap of 4.27% between the
best feasible solution and the upper bound. The average CPU time to do so was 13 minutes.

Based on the two series of experiments, we conclude that using a branching rule in
CPLEX that considers tower location variables before customer assignment variables im-
proves solution times significantly. We also conclude that the valid inequalities (14) and (15)
are helpful in both series of experiments. However, the valid inequalities (14) add significant
computational time to the first series of test problems while it reduces computational times in
the second series. We believe that the reason is associated with the number of towers to which
each customer location can be assigned. When this number is high, the valid inequalities (15)
that consider the interference level at each tower generated by its own customer assignments
are efficient at eliminating customer assignment choices. Adding the valid inequalities (14)
does not reduce the choice set considerably, but adds to the computational time. However,
when the number of possible tower assignments is limited (as is the case in our second test

series), assigning customers to the closest tower reduces the choice set of customers which
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may receive service.

3 Service Capacity of Existing Infrastructure

Motivated by a problem brought to our attention by a U.S. service provider, we next consider
the following special case of the model introduced in the previous section: Given an existing
infrastructure for second generation wireless service, how many customers in the service area

can be accommodated with W—CDMA service and how should resources be allocated?

3.1 Test Data

The tower locations are identical to those used in Table II. There are 250 customer location
test points randomly distributed over a 14 by 10 km geographical area. With each test point
is an associated set of path attenuation coeflicients corresponding to each of the 40 tower
locations. Each of the customer locations has an artificial demand for simultaneous service
of 100 customers, for a total of 25,000 demand units at any point in time. This number far
exceeds what the infrastructure can service and, thus, only a subset of the demand will be
assigned to towers. The purpose of the high demand numbers is to find the maximal number
of customers the infrastructure can support.

We assume that the cost of towers and equipment at the tower locations is zero. That
is, the network designer’s decision problem is to service as many customers as possible in the
market from an existing infrastructure of towers and equipment. The objective function is to
maximize the revenue generated by the customers serviced. We use a signal-to-interference

ratio requirement of 0.009789.
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3.2 Results

Figure 1 illustrates the solution to one of the test cases in graphical form. Each tower location
is marked with a 7" and an index number. Each x represents a demand point that receives
service while each - represents a demand point that is not serviced by any tower. From the
Figure, it is apparent that customers close to the tower locations have been given priority
over those located far away from the towers. The reason for this that customers located far
away from a tower must transmit at a higher power than those that are close to the tower.
Compared to nearby customers, the higher transmission power of far away customers will
contribute more to the total interference level in the service area, thus reducing the overall

capacity of the infrastructure.

Figure 1 about here.

Table IV shows that 36 of the 40 towers in the market will be used to service customers,
while 51 of the 250 demand points will receive service. The system can service a total of

3,245 simultaneous customers.

Table IV about here.

4 Expansion of Existing Infrastructure

In this section, we consider a special case of the basic model. For an existing infrastructure,
the service provider wants to add resources so as to service a changing demand population
subject to a budget constraint on the capacity expansion. For the existing infrastructure,
the corresponding annualized cost @, is zero so that for existing towers, y, = 1. We also add
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the constraint

) “awe < B, (29)

where B is the annualized capital investment budget.

4.1 Test Data

The test data for this sample problem are essentially the same as for the existing infrastructure
example examined in the previous section. However, 30 new candidate tower locations were
added, as indicated in Figure 2. The cost per new candidate tower location was so that

@y = a, while the budget was ten times this number, i.e,. B = 10a.

4.2 Results

The solution is illustrated in Figure 2 for one test case. The ten selected new towers were
spread out geographically, demonstrating the propensity of the model to maximize the num-
ber of customers serviced by minimzing the total system interference level. The computa-

tional time for this 70-tower example was approximately two hours.

Figure 2 about here.

5 Summary and Conclusions

This manuscript presents a new model and computational procedure for solving the W—
CDMA base station location and service assignment problem. Our model takes as input can-

didate tower locations and customer demand points and determines the revenue maximizing
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tower configuration and customer assignment. The solution procedure was implemented and
tested on a Compaq AlphaServer, using as a base the commercially available integer linear
programming software package CPLEX. While CPLEX can solve small instances of the prob-
lem, it cannot solve larger problem instances. To address this issue, we developed two sets
of valid inequalities that were added to the model. In addition, we developed a branching
rule that results in faster pruning of the branch-and-bound tree. With these enhancements,
we could use CPLEX to solve realistically sized problem instances within reasonable compu-
tational times.

Three variations of the problem were considered. First, we addressed the case of entirely
new infrastructure development. We solved twenty test problems with dense candidate tower
locations and customer demand points using different selections of branching rules and valid
inequalities to learn which ones were the most effective. We concluded that branching on
tower locations first was beneficial. We further concluded that both the distance-based and
the interference-based valid inequalities also worked well for this type of problem. However,
the distance-based valid inequalities added considerable computational time for this set of
test problems. In contrast to previous work, which is based on randomized local search
procedures, we find feasible solutions that are provably within 5% of the optimal solution on
average and within 16% of the optimal solution in the worst case.

We also solved a set of 300 test problems with less dense candidate tower and customer
location structure. Starting with 40 candidate tower locations from a wireless market in
the northern plains of the United States, we generated 100 sets of 250 randomly located
customer demand points. Each of the 250 customer demand points were subsequently loaded

with service demand drawn from a uniform distribution. For each of the 100 problems, three
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different demand levels were considered, resulting in a total of 300 test problems. For this set
of test problems, we found that both the branching rule and the two sets of valid inequalities
were essential to solving the test problems. The obtained solution quality for this set of
problems was excellent. The average gap between the best feasible solution and the upper
bound was 1.2% on average and 4.3% in the worst case. The average CPU time was only 13
minutes.

Motivated by a real-world problem encountered by a W—CDMA provider, we considered
two additional applications of the design tool. In the first application, we found the maximum
capacity of an existing second-generation wireless tower infrastructure that is refurbished
with new transmission equipment to provide W-CDMA service. In the second application,
we considered expansion of an existing tower infrastructure subject to a budget constraint.

Both applications were solved within acceptable computational times.
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Appendix A Derivation of SIR;,

In spread-spectrum system design, it is customary to express quality of a communication link
in terms of a signal-to-interference ratio. The factors used to define this ratio may be found

in Table V. The target signal-to-interference ratio S/I is commonly given in terms of E,/Ny,
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where FEj /Ny guarantees the bit error rate of the transmission. The relationship between S/ T

and Ep/Nj is

5 _ Ey /T, _ Ey /Ny _ Ey /Ny
I~ NW _ WT,  W/R

(30)

The ratio W/R is also known as the spreading factor (SF'). The bit error rate is the critical
factor in providing consistent quality of service. Consequently, to provide consistent quality

of service (i.e., Ep/N, fixed), we would require

(S/1) - (W/R) = Ep/No. (31)

If the data rate of a transmission is increased relative to the total bandwidth (AW/AR < 0),
then the signal-to-interference ratio requirement S/I must be increased correspondingly to

satisfy the bit error rate requirement Ej,/Np.

Table V about here.

Consider the following two examples. First, suppose that the signal quality requirement
is Ep /Ny = 6dB, the spreading factor is 128 (for instance, W = 1.2288 MHz and R = 9.6 kHz,
or W =4.9152 MHz and R = 38.4 kHz). Then, the signal-to-interference requirement is

S  6dB  10%/10  3.98 4 1
S = = ~N— = — =0.03125. 32
I~ 128 128 128 128 32 (32)

Amaldi et al. [1] use STRp;, = 0.03125 in some of their computational experiments. Next,
consider a more stringent traffic channel requirement of F,/Ny = 7dB for a W-CDMA band

of W = 4.9152 MHz used in voice communication at rate R = 9.6 kHz. The signal-to-
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interference requirement becomes

? > 7dB _ 5.0119

S5 = 5y = 0009789, (33)
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Figure 1: Sample solution for tower location and service assignment in a W-CDMA network.

Tower location 1 1s indicated with the symbol T;. Demand points receiving service are marked
with the symbol x. Unserviced demand points are marked with -.
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Figure 2: Sample solution for an infrastructure expansion and service assignment problem
in a W-CDMA network. Etzisting tower location i is indicated with the symbol T;, selected
candidate tower location j is indicated with the symbol S;, while unselected tower location k

15 indicated with the symbol Cy. Demand points receiving service are marked with the symbol
x. Unserviced demand points are marked with -.
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Table I: Data for test problems.

Data Value or Description
Item Range
Grid size 400 m x 400 m  Coverage area for test cases.
|L| 22 Number of potential base stations randomly placed in the
coverage area.
|M | 95 Number of potential subscribers randomly placed in the
coverage area.
Cnm L The potential base stations to which subscriber m can be
assigned.
dm 1 The number of potential subscribers in location m.
T $42.820 Annual revenue for each subscriber serviced.
p 0.25 Mandated minimum service requirement.
ag $145,945 Annualized cost for installing a base station in location £.
SIR in 0.009789 Minimum signal-to-interference ratio required.
f 2,000 MHz Operating frequency.
H, 10 m Height of base station antenna.
H, 1m Height of mobile device antenna
6] 95 The large number used in constraints of type (10).
Table II: Computational results for a dense set of customer locations.
Test Opt. Ineq. Ineq. Average Phase Avg. Max.
Case Gap (14) (15) Demand Profit CPU 11 Gap Gap
1 1% no no 61.21%  $2,154,309 17:47 15 39.25% 65.09%
2 1% yes no 63.05% $2,221,947  27:55 14 37.34% 65.09%
3 1% no yes 93.79%  $3,238,779 4:30 9 8.76% 33.85%
4 1% yes yes 97.47%  $3,381,352  22:05 9 4.76% 15.82%
5 3% no no 66.05%  $2,322,092 2:41 12 34.48% 65.09%
6 3% yes no 69.63%  $2,453,086 11:43 10 30.79% 65.09%
7 3% no yes 95.00% $3,280,725 3:50 8 7.57% 33.85%
8 3% yes yes 97.32% $3,374,929  20:17 8 4.94% 15.82%
9 5% no no 66.16% $2,326,374 3:33 12 34.36% 65.09%
10 5% yes no 70.05%  $2,455,619 9:32 10 30.73% 65.09%
11 5% no yes 95.11% $3,285,007 3:19 8 7.48% 33.85%
12 5%  yes yes  96.16%  $3,335124 24:40 8 6.07% 28.49%
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Table IV: Customer service assignments by tower location.

Tower Customer Customers Tower Customer Customers
Location Location Serviced | Location Location Serviced
1 140 95 21 66 1
151 1
170 1
237 84
2 32 97 22 91 1
94 1 191 96
3 87 97 23 45 1
60 97
4 40 55 24
154 46
5 188 100 25 133 98
6 139 1 26 205 97
241 95
7 210 2 27 63 98
244 85
8 93 94 28 11 96
9 12 96 29 221 70
10 204 1 30 25 1
218 96 183 92
11 222 93 31
12 89 90 32 144 90
13 35 59 33 220 87
14 109 8 34 26 97
129 82
172 1
15 200 97 35 17 1
108 94
16 42 98 36
17 37 120 89
18 43 85 38 107 12
19 190 96 39 73 1
83 74
20 193 98 40 238 97
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Table V: Notation for signal-to-interference requirement derivation.

Symbol Description Units
S received power for the desired signal Watts
1 interference power at receiver Watts
R data rate Hertz
Ty the duration of a bit (=1/R) Seconds
w spread bandwidth Hertz
E, received energy per bit for desired signal Watt-Seconds
Ny equivalent noise spectral power density =~ Watts/Hertz
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