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Abstract. Radio network planning for UMTS technology is a relevant task for operators
in the current roll-out phase.We recall a mathematical mixed-integer programming model
for planning cost-e�cien t radio networks under network quality constraints. Basedon this
model, we present network planning methods. Computational results are given for two
large-scale,realistic scenarios,and we compare the mixed-integer programming results to
the outcome of heuristic methods.

1 In tro duction

Third generation (3G) telecommunication networks basedon UMTS technology are currently rolled-out
acrossEurope. Radio network planning is an important task in this context. The WCDMA technology
employed for UMTS radio accessdi�ers signi�can tly from traditional GSM networks, experiencesfrom
2G planning are thereforeonly useful to a limited extent. The EU-pro ject Momentum developed models
and methods for automatic UMTS radio network planning and evaluation.

Webrie
y surveya mathematical mixed integer linear program (MIP) that capturesthe radio network
planning task. The full model turns out to be too complexto besolvedby global optimisation for scenarios
of relevant size. We therefore present a two phase planning approach that involves local optimisation
based on the MIP model. We report on computational results for realistic scenarios that have been
achieved with this procedure. The results are obtained using a MIP solver (Cplex ). Even though our
snapshot-basedapproach does not directly consider the classicalkey performance indicators (KPI), we
show that the results achieve good values there. They also compare favourably to those obtained from
optimisation heuristics presented in [1].

Optimisation modelssimilar to ours are suggestedin [2{4], heuristics methods such as tabu search or
greedyare usedto solve instances.Many technical aspects of UMTS networks and somepractice-driven
optimisation and tuning rules are given in [5]. Integerprogramming methods for 3G network planning are
alsopresented in [6], power control and capacity issueswith particular emphasison network planning are
treated in [7,8]. Pilot power optimisation under coverageconstraints using mathematical programming
is performed in [9]. Optimisation of network quality aspects not involving site selectionis treated in [10].

2 The Optimisation Mo del

Our mathematical model of the radio network planning task was already presented in [11,12]. In our
model, the objective function to be minimised is network cost. Network quality is a constraint. The
model can be characterised as a static snapshot-basedsystem level simulator in which network design
decisionsare left open. The input to the model is twofold: user snapshotsand potential sites and installa-
tions. Snapshotsare random realisations of user load distributions containing usersof di�eren t services.
According to their serviceand mobilit y, the usershave varying requirements on quality of service.

A feasiblesolution to the model represents one network design that provides the present userswith
their required degreeof radio servicein all snapshotssimultaneously. The network cost objective function
to be minimised amongall feasiblesolutions correspondsto the number of cells/installations usedin the
network.
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2.1 Decisions

The decisionsto be made are modelled by variables and can be grouped into two categories.The �rst
category contains the global designdecisionsfor the resulting radio network:
1. Site selection is about choosing sites from the set S of potential sites.
2. Instal lation selection is about picking typically up to three antenna con�gurations (installations) for

sites from all feasibleinstallations I .
3. Pilot power optimisation aims at minimising the uniform pilot power for all (macro cell) installations.
The secondcategory contains decisionsthat have to be made in all snapshotsindividually in order to
assessthe network's performance:
4. Mobile assignment is about deciding the serving installations for each user in a snapshot.Best-server

restrictions typically apply, i. e., the installation with the strongest received pilot signal serves the
user's mobile. Soft hand-over is not considered.

5. Power assignment is about determining the up- and downlink transmission powers for all connections
in all snapshots.The powers have to be chosensuch that interference is controlled and all usersare
served as required, seebelow.

These decisionsare formulated as a MIP in [12,11], with binary variables corresponding to items 1, 2,
and 4, and fractional power variables p for items 3 and 5. This optimisation model blends aspects from
set covering, facilit y location, and knapsack problems.

2.2 Net work Qualit y: CIR Constrain ts

A central part of the model are coverageand capacity requirements encoded in CIR inequalities (Carrier-
to-In terference-Ratio). Using the notation from Table 1 and provided that mobile m is serviced from
installation j (which is subject to a decision), theseinequalities for up- and downlink read as follows:
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The downlink caseis more complex than the uplink becauseof interferencereduction due to code orthog-
onality within cells. (Notice, strictly speaking code orthogonality doesnot apply for the synchronisation
channel.) The constraint imposed on network quality is that these CIR constraints have to hold for
each user. The threshold values � "

m ; � #
m depend on the user's serviceand on user mobilit y. This model

assumesperfect power control. The chosenpower valuesalso enter the objective function, but by scaling
the network cost is strictly prioritised. This ensuresthat a power-e�cien t con�guration is chosenamong
all networks with minimal cost.

Table 1. Notations in CIR inequalities (single snapshot case)

� m � 0 noise at mobile m
� "

m ; � #
m 2 [0; 1] uplink/do wnlink activit y factor of mobile m

! m 2 [0; 1] orthogonalit y factor for mobile m
� "

m ; � #
m � 0 uplink/do wnlink CIR target for mobile m
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j m 2 [0; 1] attenuation factors between mobile m and installation j
p"

m 2 R+ uplink transmit power from mobile m
p#

im 2 R+ downlink transmit power from installation i to mobile m
�p"

j 2 R+ Total received uplink power at installation j
�p#

j 2 R+ Total downlink power emitted by installation j

The basic mathematical optimisation model is used in four cases.The �rst and third casesare
addressedbelow, the secondand fourth casesare discussedin [1].
1. The original model is solved for small subproblemsusing mathematical programming techniques.
2. The original model is solved for small subproblemsusing heuristics.
3. We solve modi�ed/simpli�ed models using mathematical programming techniques on small subprob-

lems.
4. We solve modi�ed/simpli�ed models using heuristics on the original problem.



3 Net work Planning by Solving MIPs

We rely on detailed speci�cation of the planning task in terms of site locations, equipment capabilities,
user demand, planning constraints, etc., see[12{14].

3.1 Finding Candidate Installations

The �rst important aspect of input data provision is the de�nition of candidate installations for each
site (consisting of an antenna location, type, height, azimuth, electrical and mechanical tilt). Our basic
approach is to represent each feasibleazimuth (horizontal antenna direction) by one suitable candidate
installation with a �xed antenna type,height, electrical and mechanical tilt. Azimuths might, for example,
be infeasible if the antenna would point directly towards a nearby building. For a given azimuth, an
installation is selectedsuch that the resulting cell matches the expected tra�c load in the respective
direction best. In high tra�c areascells have to be smaller, which can, e.g., be achieved by tilting an
antenna down. In areaswith lesstra�c, cellsmay be bigger and coverageconsiderationsgain importance.
The shape of the cell resulting from a certain installation can, however, only be approximated at this
time, since the actual cell shape dependsheavily on the designof the surrounding network.

From the resulting collection of installations for each potential site, two candidate setsare derived. A
star contains the candidate installations for all feasibleazimuths in stepsof 10� ; examplesare shown in
Fig. 1(a). A clover leaf is a subsetof a star with at most three installations, all of them di�er in azimuth
by at least 90� . The clover are usedas pre-con�gured three-sectorisedcells, cf. Fig. 1(b).

(a) Stars (b) Clover leaves

Figure 1. Two types of site sets used for planning, Berlin Alexanderplatz; c
 Digital Building Model Berlin
(2002), E-Plus Mobilfunk GmbH & Co. KG

3.2 Tw o Phase Planning Approac h

The MIP-based optimisation is typically performed on the basis of 5{10 tra�c snapshotsat a time us-
ing mathematical programming techniques. In principle, the model presented in Section 2 is capableof
solving the network planning problem in one step. In order to do so, one would consider all conceiv-
able/desired candidate installations simultaneously. However, experiments have shown that even when
only the restricted candidate sets containing one single installation per azimuth { the stars intro duced
in Section 3.1 { are admitted, it becomesimpossible to even �nd feasible solutions to the model with
reasonablecomputing resources.This still holds true when only a single snapshot is considered.On the
other hand, if we admit too few candidate installations, we cannot be sure whether or not most relevant
designoptions have beenconsidered.

Our solution to this dilemma is to subdivide the network planning task into several subproblems.
This subdivision corresponds to �xing some of the decisionsoutlined in Section 2.1 and deciding the
optimal values for the remaining onesthat are left open.
1. For site selection, all potential sitesare pre-con�gured with clover leaves, the MIP solution determines

which sites to be used in the network design.



2. Starting with the result from (1), a local optimisation is carried out successively with a few neighbouring
selectedsitesat a time. The MIP solution determinesthe installations to use,giventhat the surrounding
network remains unchanged.The resulting network is the basis for the next iteration, where another
set of sites is optimised.

In terms of the decisionsoutlined in Section 2.1, the procedure can be described as follows: we �rst
�x somereasonablevalues for the Decisions2 by selectingsomeinstallations. Given thesedecisions,we
optimise only on the variables corresponding to Decisions1 (site selection). Given the selectedsites, we
now successively optimise manageableportions of 2.

Site Selection. At this point, we do not take into account di�eren t con�gurations for a site. We admit
only the clover leaves, thereby �xing the decisionson installation selection. The only option left is to
either use the pre-con�gured site in its entiret y or to switch it o�. Since our objective is to minimise
the network cost, the ensemble of sites is chosensuch that the tra�c can be handled by as few sites as
possible.

The result of this �rst step is a network that has enoughcapacity to handle the o�ered tra�c. Since
the individual sites have beencon�gured independently basedon tra�c consideration (cf. Section 3.1),
the resulting network might still be improvable.

Lo cal Optimisation. The sitesto be optimised aresuppliedwith a star assetof candidate installations.
For the other sites, the con�guration found in earlier steps is used. Despite performing only a local
optimisation, this procedure fully takes the surrounding network con�guration into account, including
all interferencestemming from surrounding cells. Sites that have a high level of mutual interferenceare
selectedto be optimised together in order to reducethe coupling.

In this step, it is also feasibleto closedown entire sites to further reducenetwork cost. This is some-
times possibledue to an optimised adjustment of neighbouring cells. The power terms in the objective
function also lead to more e�cien t result networks.

4 Planning Results

We cometo computational results of our MIP basedautomatic planning approach. As input data we use
two data sets from the Momentum planning scenarios[13], from which the di�eren t parameters in the
model are calculated, cf. Table 1. The example scenarioshave di�eren t characteristics: the scenariofor
The Hague, which is publicly available [14], has propagation grids with a resolution of 50m. The Berlin
scenariois not publicly available. It contains propagation data at a resolution of 5m, derived from a 3D
propagation model and taking high resolution building data into account.

The results are basedon the local optimisation approach described Section 3. The site selectionand
local site optimising MIPs could be solved to optimalit y within a time ranging from a few minutes to
onehour (using Cplex 8.0 on a standard PC with 2.4GHz Pentium 4 processorand 2GB RAM). Since
there is no data on operational UMTS networks available, we lack a meaningful point of referencefor the
site selection step. We thus merely state the result of the site selectionstep and illustrate the progress
made in our approach by comparing the following networks:

1. The reference network consistsof the selectedsites equipped with a regular three-sectorisedlayout of
cells. This regular layout was speci�ed by the respective operator in the Momentum consortium.

2. The site selection network is the actual outcome of the site selection process:instead of a regular
layout we use the predetermined clover leaf con�gurations determined in the procedure described in
Section 3.1.

3. The local optimisation result is the result of the iterated local optimisation routine described in Sec-
tion 3.2.

Network quality is a constraint in our model in the sensethat for all usersin a snapshotthe referring
CIR target hasto be reachedwithin our perfect power control model. This means,that we do not directly
take into many classicalKPI. Nevertheless,our results turn out to perform well alsounder the traditional
analysis, cf. Figs. 3, 5, and Tables2 and 3.



4.1 The Hague

With a total of 76 potential sites, this scenariocontains more sites than are neededfor providing the
requestedcapacity. The site selectionstep of our approach wastherefore important to reducethe model's
computational complexity. In this �rst optimisation, 26 sites were selected.The network con�guration
after locally optimising all sites' cell con�guration is shown in Fig. 2(a). The number of siteshasreduced
to 13. The coverageof our network is su�cien t, as can be seenin Fig. 2(b) (note that the scalehas been
adapted to take into account a possibleindoor loss).However, sinceno building information is contained
in the propagation grids, there could be indoor situations with bad signal reception for our network if
analysedon the basisof more re�ned propagation data.

(a) Best server map (b) Coverage map

Figure 2. Planning result for The Hague

The load distribution for the downlink in the network at the di�eren t stagesof the algorithm is
shown in Fig. 3. The downlink direction is more demanding than the uplink in the Momentum tra�c
speci�cations, since there are someasymmetric serviceswith high bit rate (such as video streaming).
The pictures show the gradual improvement achieved in our approach. In the referencenetwork layout,
no adjustment of installations at di�eren t sites is performed. This leads to some higher loaded areas
visible in Fig 3(a). Sincethe tra�c demand is not very high, no overload occurs. However, capacity can
be spared when using installations adjusted to the tra�c estimation, as can be seenin Fig. 3(b): the
sametra�c is handled with lessoutput power, becausemany cells disappear as sourceof interference.
The local optimisation step then reducesthe load in the network even further, the resulting downlink
load is shown in Fig. 3(c). The reducedload in the result network is alsodue to a decreasein pilot power
performed by the optimisation algorithm.

(a) Reference network (b) Site selection (c) Local optimisation

Figure 3. Optimisation progress for The Hague: downlink load map



4.2 Berlin

In the Berlin scenario,there are 23 possiblesites. The solution resulting from our approach is shown in
Fig. 4, it uses16 out of the 23 sites, employing a total of 46 cells. Among the seven unused sites are 6
sites for microcells. The coveragemap (Fig. 4(b)) reveals the presenceof someuncovered \holes" (red
areas).This is due to the fact that a) provably not all areascan be reached with the signal, since there
is a limited number of potential sites, and b) for the existing potential sites, a maximum of three sectors
is allowed. The load map depicted in Fig. 4(c) shows a well-balancedload distribution at an acceptable
level.

(a) Best server map (b) Coverage map (c) Load map downlink

Figure 4. Planning result for Berlin (cit y centre around Alexanderplatz) c
 Digital Building Model Berlin
(2002), E-Plus Mobilfunk GmbH & Co. KG

Again, our snapshot-basedMIP approach does not directly take into account many classical KPI
such as pilot Ec or Ec=I0 coverage.However, analysis reveals that our approach signi�can tly improves
the network's performanceunder the classicalmeasure.For pilot coverage,this canbe traced in Fig. 5 and
Table 2. The referencenetwork (Fig. 5(a)) su�ers from somelarge areaswith bad pilot Ec=I0 coverage.
Recon�guring the sites with the clover leavesalready shows a signi�can t e�ect on the pilot Ec=I0 map.
The local optimisation step solves many of the remaining problems, as can be seenin Fig 5(c). The
gradual improvement of pilot Ec and Ec=I0 coveragecan also be traced in Table 2. (The dissatisfying Ec

situation is due to the inevitable coverageholes,seeabove.)

(a) Reference network (b) Site selection (c) Local optimisation

Figure 5. Optimisation progress for Berlin: Pilot Ec=I0 map c
 Digital Building Model Berlin (2002), E-Plus
Mobilfunk GmbH & Co. KG



Table 2. Comparison of pilot coverage

The Hague Berlin
Ref. Site Sel. Local Opt. Ref. Site Sel. Local Opt.

Pilot Ec 100.0% 100.0% 100.0% 82.0% 83.3% 85.2%
Pilot Ec=I0 96.2% 100.0% 99.5% 95.0% 96.9% 97.6%

4.3 Comparison with Heuristics

Heuristic approaches for the optimisation problem presented in Section 2 have been proposedin [1]. A
comparisonof key performanceand cost indicators for the resulting networks canbe found in Table3. The
heuristic approachesrequire lesscomputation time, but in terms of network cost, the original optimisation
objective, we seethat the MIP basedsolutions are better. This superiorit y of the MIP solutions still holds
true when other indicators are analysed.The \missed tra�c" values in Table 3 are derived from static
system-level simulations within the Momentum project [15]. This more accurate view on the quality of
our networks reveals that the additional e�ort for solving the MIPs pay out in terms of missedtra�c
(blocking or dropping). In the MIP solutions, this performanceindicator lies always below 1% compared
to around 3% for the heuristic solutions.

Table 3. Key performance and cost indicators for MIP and heuristic approach

The Hague Berlin Ref.
Heuristics MIP Heuristics MIP

# Sites 28 13 20 16
# Cells 35 39 44 46
% Missed Tra�c 2.92 0.81 3.00 0.70

5 Conclusion

We recalled a mixed-integer mathematical programming model for the radio network planning task. For
copingwith the large complexity of the problem, we developedan automatic, two phasenetwork planning
approach basedon successively solving instancesof the model with mathematical programming software
and involving local optimisation. Using this approach, we presented the �rst computational results for the
detailed Momentum data scenarios.Detailed analysis shows the improvement in di�eren t performance
indicators typically used for network assessment. We also showed that the results of our optimisation
approach show better performancethan the outcomesof heuristic solution methods.

Future research will focuson re�nements of our approach, such that larger instancescanbeconsidered.
We will also consider other problems related to UMTS radio network design, such as network tuning,
where the basic network design is given, but only certain adjustments can be made in order to improve
the network's quality. This includes, for example,antenna tilt and pilot power optimisation.
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