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In cellular networks, the signal-to-interference-plus-noise ratio (SINR) is a key metric for link availability
and quality. For network planning purposes, a straightforward modeling unfortunately yields numerically
difficult optimization models. Further, given a required data rate of a link, its bandwidth consumption
depends nonlinearly on the SINR.

In this paper, we develop two novel approaches to jointly model SINR-based link availability and band-
width requirements accurately. The first approach is a set-wise formulation from a user’s point of view,
while the second one exploits discrete channel quality indicators. We compare these formulations with
three known approximate approaches numerically, revealing the clear outperformance of our approaches
in terms of exactness. Moreover, since the exact models comprise an exponential number of either vari-
ables or constraints, we discuss their pros and cons in a further computational study and develop a more
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efficient algorithm dealing implicitly with the involved constraints.
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1. Introduction

One major challenge for the planning of cellular networks is
to manage interference. For instance, so-called inter-cell interfer-
ence is caused by signals from other cells which use the same fre-
quency for transmission. Thus, a receiver does not only receive the
intended signal from the base station (BS) within its cell but also
undesired signals from other BSs.

In this paper, we focus on the planning of cellular networks
in which inter-cell interference is to be constrained. Whereas in
networks of the second generation (2G), frequency assignment
was used (Aardal et al, 2007), from the third generation (3G)
on, signal-to-interference-plus-noise ratio (SINR) conditions have
to be satisfied for good signal perception; see, e. g., Gupta and Ku-
mar (2000). Such requirements ensure that the ratio between the
signal strength of the desired signal and the total strength of the
interfering signals plus some background noise is sufficiently high
to establish a physical link from the transmitter to the receiver.
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The derived physical model is widely used in the literature to limit
or prevent interference in various kinds of resource allocation sce-
narios occurring for different types of wireless communication net-
works.

With increasing traffic volumes, not only link availability, but
also bandwidth requirements have become critical and require an
accurate modeling. Here, the bandwidth required for transmission
at a requested data rate depends on the SINR as well. Whereas
modeling SINR conditions for link availability has received consid-
erable attention in the literature (see below), an accurate and nu-
merically stable modeling of the bandwidth consumption has, to
our knowledge, not been proposed.

Contribution and Outline. In this paper, we present two approaches
for the integrated modeling of the SINR conditions for both link
availability and bandwidth consumption. One formulation is a set-
wise model and the other one is based on discrete values for
the quality of a link. We compare our novel exact formulations
to three known, but approximate approaches regarding bandwidth
consumption (and coverage). A computational study reveals the
clear superior performance of our new approaches. Additionally,
we compare our exact models with each other in terms of number
of variables, number of constraints, and computing time. Due to
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the exponential number of either variables or constraints, instances
with a higher number of BSs cannot be solved in a straightforward
way. Hence, we additionally develop an alternative algorithm based
on separation of the exponentially many constraints. A further nu-
merical evaluation reveals the good potential of this approach. The
contributions we present are based on investigations presented in
the first author’s PhD thesis (ClafBen, 2015).

The remainder of this paper is organized as follows. A survey
on SINR modeling closes this section. In Section 2, we depict a
first complete, but nonlinear, formulation for the planning of a cel-
lular wireless network together with the necessary notation. Sub-
sequently in Section 3, we review and adapt three known linear
formulations that model SINR-based link availability exactly or ap-
proximately. They are combined with a relaxed version of the ca-
pacity constraints. Next, in Section 4 we develop two novel dis-
tinct exact formulations. In Section 5, we discuss the pros and cons
of the exact formulations in a numerical comparison. Addition-
ally, we present a computational comparison between the various
(in)accurate formulations. We conclude with some final remarks in
Section 6.

Related work. For a general introduction to wireless network de-
sign, including the classical way of formulating SINR constraint,
we refer to Amaldi et al. (2006). For a more recent collec-
tion of studies on various topics of optimizing wireless sys-
tems, see Kennington et al. (2006). One line of research has
been resource allocation in ad hoc and mesh networks. Start-
ing with Moscibroda and Wattenhofer (2006), the problem of
scheduling wireless links respecting the SINR model has attracted
algorithmic-oriented research, focusing on approximation algo-
rithms for link scheduling and power control. For example, for
arbitrary wireless networks with variable transmission powers,
the number of connections satisfying SINR constraints is max-
imized in Andrews and Dinitz (2009). Recently, the authors in
Li et al. (2014) investigate two basic approaches of modeling SINR
conditions for parallel link transmissions in wireless networks, and
introduce matching inequalities to improve the optimality gaps. In
Ramamurthi et al. (2011), wireless mesh networks where data is
distributed in the network cooperatively by all nodes is studied.
The authors use SINR conditions to determine interfering links for
every node as to assign channels, distribute capacity and deter-
mine link flows.

In Eisenbldtter et al. (2003), the authors presented a com-
plex mixed integer programming model for the planning of cel-
lular wireless networks taking, among other aspects, signal qual-
ity constraints into account. The linearization of the SINR condi-
tion leads to numerical difficulties in handling these constraints, cf.
Eisenbldtter et al. (2006). The authors in Amaldi et al. (2008) pro-
pose simple models and add the complexity step-by-step for
cellular network planning with conditions on the SINR. The
model addressing SINR becomes rather complex and is solved us-
ing a tabu search heuristic. Genetic algorithms have been pro-
posed in D’Andreagiovanni (2011), to solve a wireless network
planning problem with power and frequency assignment subject
to SINR consideration. In D’Andreagiovanni and Gleixner (2016),
the authors discuss recent advances in solving integer pro-
grams for addressing the numerical instabilities originating from
SINR constraints. The issue of numerically difficult SINR con-
straints is also present in other types of networks, such as
terrestrial broadcasting (Mannino et al., 2006) where emission
powers can be adapted to obtain a good signal-to-interference-
plus-noise ratio. In Capone et al. (2011), an alternative, nu-
merically stable SINR-model is presented, see Section 3. In
D’Andreagiovanni et al. (2011), a subset of the inequalities of
Capone et al. (2011) that is relatively easy to separate, is con-
sidered. Moreover, in D’Andreagiovanni et al. (2013), the authors

apply power discretization in wireless network design problems
and replace SINR constraints by bounds on sums of binary vari-
ables. The authors show numerically that their approach outper-
forms earlier formulations (like Eisenbldtter et al., 2003) that suffer
from numerical instabilities. More details of the theoretical aspects
of D’Andreagiovanni et al. (2013), along with a hierarchical classifi-
cation of wireless network design problems, are provided in a PhD
thesis (D’Andreagiovanni, 2010) (see also D’Andreagiovanni, 2012).
Note that for given BS deployment and association between users
and BSs, the SINR condition is easy to check and forms a lin-
ear equation system if power control is present (Eisenbldtter and
Geerdes, 2008). We also remark that SINR-type of constraints re-
main of high relevance to new, more advanced transmission tech-
nique, such as interference cancellation (Yuan et al., 2013).

Apart from heuristics and deriving strong integer program-
ming formulations, Benders decomposition has been considered
for wireless network optimization. In Gendron et al. (2016), Ben-
ders cut is used in a branch-and-bound framework for power min-
imization. Interference is however not part of the consideration. In
Naoum-Sawaya and Elhedhli (2010), the authors consider a cellular
network planning problem that is similar to ours, and apply com-
binatorial Benders decomposition, where the subproblem contains
some of the integer variables, for problem solution.

In addition to modeling SINR, other important aspects in per-
formance engineering of wireless networks include multi-objective
optimization and solution robustness. For developments related to
these two aspects, we refer to Gu et al. (2011), Koutitas (2010),
Zakrzewska et al. (2013) and Biising and D’Andreagiovanni (2012),
D’Andreagiovanni (2015), Garroppo et al. (2016), Heikkinen and
Prékopa (2004) and Olinick and Rosenberger (2008), respectively.
The works are of significance, in particular because some of them
include SINR considerations.

Among the aforementioned references, Capone et al. (2011),
D’Andreagiovanni et al. (2013) and Naoum-Sawaya and El-
hedhli (2010) are closely related to the current work. The ba-
sic idea of cover-type inequalities in Section 4.2 has been devel-
oped in Capone et al. (2011)and D’Andreagiovanni et al. (2013),
both having the motivation that the conventional way of mod-
eling SINR using big-M leads to very poor numerical stabil-
ity. The work in Capone et al. (2011) considers link activa-
tion in generic wireless networks with one single SINR level.
This problem setup lacks some of the key elements for cellu-
lar network planning, notably assignment of users to base sta-
tions, which is addressed in the current paper. In comparison
to D’Andreagiovanni et al. (2013), the model in Section 4.2 has
clear similarities, including that D’Andreagiovanni et al. (2013) uses
(generalized upper bound) cover inequalities with discrete power
levels. The differences consist in the problem setup, as we con-
sider both cost and service coverage as objectives along with mul-
tiple service quality levels, and the solution procedure in which
different sets of inequalities are separated exactly in our case.
Reference Naoum-Sawaya and Elhedhli (2010) considers a prob-
lem quite similar to ours, and proposes the use of Benders de-
composition. The idea of this approach is similar to ours, in
the sense that it attempts to solve a small-size integer program
while generating cuts repeatedly. However, the type of cuts is
different. Moreover, the Benders cuts in Naoum-Sawaya and El-
hedhli (2010) still use big-M coefficients, which are no longer
present in our formulation. Finally, a significant difference of our
work to Capone et al. (2011), D’Andreagiovanni et al. (2013), and
Naoum-Sawaya and Elhedhli (2010) is the derivation of the user-
oriented model in Section 4.1, which is not present in any of the
references.

We end the section by highlighting the practical relevance of
the problem that we study. First, SINR is a key performance indi-
cator of wireless networking, as demonstrated by the references
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mentioned above addressing optimization considering SINR. For
the current fourth generation (4G) cellular networks, all BSs reuse
the same frequency spectrum, representing the interference sce-
nario we consider, and the same radio transmission technology is
expected to be used also for the upcoming fifth generation (5G)
networks, Moreover, the transmission power is usually fixed in 4G,
whereas a number of coding and modulation schemes, each cor-
responding to a minimum SINR level, have been defined. These
aspects are part of our problem definition. Thus far, engineer-
ing practice tends to use various types of approximations (e.g.,
the so called conflict-graph model) to address interference, mainly
due to the difficulty of incorporating mathematically SINR con-
straints. Hence demonstrating the viability of accurately and effec-
tively modeling SINR for problem solving is of significance for cur-
rent network planning methods and tools (e.g., Atoll, 2017; Ran-
plan, 2017). To this end, we believe our study represents a step
towards pursuing the potential of optimization for the target ap-
plication of cellular network deployment.

2. Problem description

In this section, we introduce the notation and present a first
complete formulation to optimize the location and configuration
of BSs in a cellular access network. Capacity and interference
are modelled by nonlinear constraints which are linearized in
the following sections. The proposed formulation is inspired by
Engels et al. (2010) and its extension addressing robust optimiza-
tion is developed in ClaRen et al. (2013). The cellular network we
consider in this paper consists of BSs and mobile users. The lo-
cation and all other configuration parameters of a BS are consol-
idated in a BS candidate site s € S with S denoting the set of all
BS candidate sites. Note that multiple candidate sites s € S can
have the same geographical location, but differ in, for example,
the transmission power, azimuth, or tilt. For simplicity, we speak
of BSs instead of BS candidate sites henceforth. Each BS has cost cs
and provides a total downlink bandwidth bs which constitutes the
capacity of the BS in Hz.

A mobile user has to be assigned to at most one BS (call ad-
mission) and has to be allocated the requested bit rate. To reduce
the number of users which have to be taken into account in the
optimization models and to account for movements and fluctua-
tions in demands, we merge demands of users in a small area to
a single traffic demand node (TN) based on the concept presented
in Tutschku et al. (1996). We then denote the set of TNs by 7 and
each TN t € T requests a data rate w; (in bps).

The Cellular Network Planning Problem (CNPP) is in essence a ca-
pacitated facility location problem. We have to decide which BS
candidates to deploy and to assign TNs to BSs such that band-
width capacities are not exceeded. In contrast to the well-known
capacitated facility location problem, the bandwidth capacity con-
sumed by a TN depends on the BS it is assigned to and on all other
BSs deployed in the vicinity of the TN. In fact, it is possible that it
cannot be assigned to any of the BSs in its vicinity without con-
suming more bandwidth than available. Therefore, not every TN
has to be assigned to a BS, and the CNPP objective is twofold: on
the one hand to minimize the deployment cost and on the other
hand to maximize the number of TNs covered. Hence, the CNPP
is a multi-criteria optimization problem with contradicting objec-
tive functions. In this work, these two objectives are combined in
a single objective by a scaling factor, see (3a) below.

Before we can present a first integer programming (IP) formu-
lation, the bandwidth consumption of an assignment has to be
specified: Modern cellular networks utilize orthogonal transmis-
sion schemes such as the Orthogonal Frequency Division Multiple
Access (OFDMA) modulation scheme. One of the advantages is that
intra-cell interference can be neglected. To determine inter-cell in-

terference at TN t assigned to BS s, the signal-to-interference-plus-
noise (SINR) function y(x) as a function of the binary vector
x € {0, 1}!5! denoting the installed BSs have to be computed:

P:(s, t)
> R(o,t)+n’

oS (X)

Vst (%) 1= (1)

where Pi(s, t) denotes the received power at TN t from BS sa, 1
denoting the background noise, and S (x) the set of installed BSs
interfering the signal from sa to t (a BS is interfering if the received
power is above a certain threshold). The received power Pi(s, t) at
TN t from BS sa is computed as B (s, t) = psass with ps denoting
the transmission power of sa and as; the total power gain between
s and t. The unit of the SINR given by (1) is watt (W). The SINR in
dB is computed as

ys(tiB =10- lOglo(Vst)~

To guarantee a certain link quality, we introduce a func-
tion es(x) denoting the spectral efficiency for the link from BS sto
TN t. This function is exactly calculated as

est (x) =logy (1 + v (%)). (2)

To establish a transmission link, the spectral efficiency must exceed
a threshold e, > 0. Therefore, eg(x) is set to zero, if the value cal-
culated by (2) falls below ep;,-

To avoid unnecessary decision variables for impossible assign-
ments, we consider the spectral efficiency in case no further inter-
fering BSs are deployed, i.e., on basis of the signal-to-noise ratio
Pi(s, t)[n. In this way, an upper bound és; on the real spectral ef-
ficiency es is computed and the following auxiliary sets of indices
are defined:

SxT ={(5t)eSxT|lsx>enin}
S ={seS|(st)eS*T} VteT,
Ts i={teT|(st)eS*T} Vses.

The set S+ 7 consists of all BS-TN pairs for which the establish-
ment of a link is potentially possible. Based on this set, S; is the
set of all BSs which can provide the minimum required spectral ef-
ficiency to TN t. Similarly, 7; denotes the set of TNs for which a
link to BS sa has sufficient spectral efficiency.

Let xs € {0, 1} indicate whether BS s € S is deployed and z € {0,
1} whether TN t is assigned to BS s with (s,t) € S* 7. Further-
more, for simplicity of the objective function we introduce an aux-
iliary variable u; which is equal to one if TN t is not served by any
BS.

We formalize the basic formulation of the CNPP in the following
integer (nonlinear) program.

min Z CoXs + A Z U (3a)
seS teT
s.t. Zzst +u =1 VteT (3b)
sesSt
Z ﬁzst < byxq Vses (3c)
ter. est (X)
Zst < Xs Vs, t)eS*T (3d)
Xs, Zst, U € {0, 1} (3e)

The objective function (3a) minimizes the number of deployed
BSs while the number of served TNs is maximized. The two ob-
jecting functions are combined by the scaling parameter A > 0. The
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Table 1

Spectral efficieny based on S(I)NR requirements (in dB) for LTE and 10 MHz bandwidth according to Sesia et al. (2009).
caql 0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
start [ —00 =51 -29 -17 -1 2 43 55 62 79 1.3 122 128 153 175 18.6
end) =51 -29 -17 -1 2 43 55 62 79 113 122 128 153 175 186 0
spec. eff. - 0.25 0.4 0.5 066 1 133 15 16 2 266 3 32 4 45 4.8

connection between variables z and u is formalized in the cov-
erage constraints (3b). Furthermore, constraints (3c) represent the
capacity constraints, which ensure that the bandwidth allocated
to the TNs served by a single BS does not exceed its capacity.
Note that for a fixed x, these constraints are knapsack constraints
(and hence, the problem is NP-hard). Finally, constraints (3d) de-
note variable upper bound constraints which represent auxiliary
inequalities and guarantee that a TN can only be assigned to a BS
which is installed. In total, IP (3) comprises both |S| + |7| + |S * T
variables and constraints.

The major disadvantage of formulation (3) is clearly the nonlin-
earity of the capacity constraints (3c). They not only model (to our
knowledge for the first time) accurately the capacity consumption,
but implicitly also the SINR requirements needed in cellular net-
works. That is, if the SINR y(x) drops below a threshold, no trans-
mission link between s and t can be established. In such cases, the
function eg(x) simply returns zero, and the bandwidth consump-
tion of this assignment would be infinite, implying variable z is
forced to zero.

The values of the spectral efficiency computed according to
(2) are numerical difficult, not only in optimization, but also in
practice. Therefore, the spectral efficiency function is usually ap-
proximated by a stepwise constant function. For this, we use the
look-up Table 1 taken from Sesia et al. (2009), which maps a range
of SINR values (including interference) or SNR values (no interfer-
ence) given in dB to one discrete spectral efficiency for a band-
width of 10 MHz. For example, the interval [-5.1, —2.9) is associ-
ated with the spectral efficiency 0.25.

Thus, the second line in Table 1 denotes the left boundary of
the SINR interval, the third line denotes the right boundary, and
the fourth line denotes the associated spectral efficiency. Moreover,
each line is labeled by a channel quality indicator (CQI) in the first
line.

Although this stepwise function simplifies computations, model
(3) remains computationally intractable. For a computational more
tractable model, we have to linearize the capacity constraints (3c),
taking into account both aspects, the SINR and the bandwidth con-
sumption. In Section 3, we first review and adapt existing lin-
earizations for the SINR requirement, approximating the band-
width consumption in a rudimentary fashion. Next, in Section 4,
two novel formulations for the integrated modelling of capacity
and SINR requirements are presented.

3. Modelling SINR requirements

The two most commonly used interference models are (i)
graph-based and (ii) fading channel or physical models (Gupta and
Kumar, 2000). A physical model that is accurate and numerically
stable is discussed first, while we adapt two graph-based models
in Sections 3.2 and 3.3.

3.1. SINR constraints via cover inequalities

A common way to formulate the SINR requirement is

Vst (X) = 6, (4)

stating that the ratio should be above a predefined threshold §.
Recall the definition of y«(x) is given by (1). For notational con-

venience, let Si € &; \ {s} denote the set of potentially interfering
BSs.

To include the SINR requirement (4) in the basic optimization
problem (3), we have to reformulate it as a linear inequality. To
this end following Amaldi et al. (2008), we add the following big-
M constraints, exploiting the decision variables zs;; and x4 :

P(s, 0)zse + Mgt (1 —2g) =8 Z P(o,t)xs +1

0 €Sy

V(s,t) eSx*T,

(5)

with My being sufficiently large, e. g., Mst := 8 (X g s, Pr(0. ) +1)
making the constraint redundant whenever z; = 0.

Solving models with big-M constraints is in general numeri-
cally difficult due to the weak LP relaxation and the precision of
LP solvers. But handling constraints (5) is numerically even more
difficult since the received powers P;(s, t) and P:(o, t) can vary sig-
nificantly in magnitude (Eisenbldtter et al., 2006). The authors of
Capone et al. (2011) derive cover inequalities to replace the con-
ventional SINR constraints (5) and to overcome numerical insta-
bilities as described in the following. Since the big-M constraint
(5) for one (s,t) € ST is only restrictive if TN ¢ is assigned to BS
s, it reduces to

P(s.t) =8| D R(0. x5 +1] (6)

oSt
if z¢ = 1. Defining
Pi(s,t)
Tst 1= -,
st 8 77
constraint (6) is equivalent to

Z P (o, t)xs <y, (7)

o eS8y

which is a knapsack constraint. Knapsack constraints can be alter-
natively formulated by the set of all cover inequalities (i.e., a bi-
nary vector is feasible if and only if it satisfies all cover inequalities
(Wolsey, 1998). In the present context, a subset Css C S iS a cover
if

D R(ot) > 1y

o eCst

with corresponding cover inequality

> % < el - 1.

o eCyst

However, this inequality should only be restrictive if TN t is as-
signed to BS s, i. e, if zy = 1. Hence, we exchange the 1 of the
right hand side with the assignment variable and obtain the cover
inequality

Z Xo < |Cst| — Zst. (8)

o eCyst

Hence, SINR constraints (5) can be replaced by all cover inequal-
ities (8) for all pairs (s,t) € S*T. For each TN ¢, there exist at
most |S;| possible serving BSs and thus, at most |S;| - 25t1-1 covers.
In total, at most Y, |S¢| - 2!51=1 many cover inequalities (8) have
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to be added to the basic formulation (3) to obtain a complete for-
mulation.

To avoid this exponential number of constraints, as in
Capone et al. (2011), we separate only inequalities violated by an
integer feasible solution as follows (exploiting the technique of de-
layed row generation (Wolsey, 1998)). Let (%, Z, ii) be an integer
solution of (3). For every t € 7, we define the serving BS se &
with Zg =1 and the set of interfering BSs S/ := {0 € & \ {s} | % =
1} If

P (s, t)
> R(o,t)+n

oeS]

<4,

we add a cover inequality (8) with Cg := S/. The violation of this
inequality is 1 for solution (%, Z, {i). By greedily removing elements
from the set Cs, a minimal cover can be determined, resulting in
stronger inequalities.

If the bandwidth consumption in the capacity constraints (3c) is
approximated by its best possible value w;/és; (the case where
only noise interferes with the signal), we denote the formulation
(3) together with the separation of cover inequalities (8) described
in this paragraph by SINR cover formulation and use the acronym
SCF. It guarantees that a link from a BS to a TN is established if and
only if the associated SINR is sufficiently large. Hence, no violated
SINR condition occurs for an optimal solution. However, we cannot
guarantee that the capacity constraints (3c) are de facto satisfied
as the spectral efficiencies are based on the SNR, and hence the
solution may violate the capacity limit for SINR.

3.2. Conflict graph

In the context of wireless networks, the concept of a conflict
graph has been widely used to describe pairs of BSs that cannot
be operated with the same configuration simultaneously (e.g., in
2G networks, these BSs could not be assigned the same frequency
(Aardal et al., 2007)). In our setting, a conflict graph G = (S, £) can
be used to limit inter-cell interference and to avoid explicit SINR
constraints in the model, see also Gronkvist and Hansson (2001).
Only non-adjacent BSs can be exploited simultaneously, i.e., the se-
lection forms an independent set in the graph. Assuming a single
power emission level for all BSs, a reasonable definition of the edge
set £ is a minimum distance requirement, i. e., two BSs are adja-
cent if the distance between them is less than a minimum required
distance d;,. Concerning macro cells, d,;; = 500m is a common
value (Khan, 2009). An independent set in a graph is a subset
S’ € S of the vertices such that there does not exist an edge ij € £
for all i, j € S’. This restriction is reflected in the constraints

xi+x;<1 Vijek&. (9)

The concept of conflict or interference graphs is a commonly
applied technique; see, e. g., Gronkvist and Hansson (2001). It has
been employed in the planning of global system for mobile com-
munications (GSM) networks (Mathar and Niessen, 2000), wireless
local area networks (WLANs) (Riihijarvi et al., 2005), and LTE net-
works (Engels et al., 2011), and in a modified way via complement
sets for the deployment of cooperation clusters in general wireless
cellular networks (Niu et al., 2012) to name just some works.

By taking the convex hull of all independent sets we arrive at
the independent set polytope, for which, however, a complete de-
scription is unknown. Instead, two alternative linear formulations
exist (resulting in polytopes containing the independent set poly-
tope). The first one consists of constraints (9) and nonnegativity
of the variables and is known as the edge formulation. A stronger
formulation is obtained by replacing constraints (9) by maximal
clique inequalities (Padberg, 1973), where a clique is a complete
subgraph (the clique formulation). Formally speaking, let &/ € S be

a subset of the vertex set. We call ¢/ a clique of conflict graph G =
(8, €) if there exists an edge ij € £ for all i, j € Y. A clique is maxi-
mal if it is not included in a larger clique. The convex hull of binary
solutions satisfying all maximal clique inequalities

> %<1 YUCSS. U max. clique in G (10)

seu

is identical to the independent set polytope, but its LP relaxation
is more restrictive than the LP relaxation of the edge formulation.

The problem of finding a clique of maximum cardinality in a
graph with n vertices is NP-hard (Karp, 1972). Hence, it is unlikely
to enumerate all maximal cliques in polynomial time. All maxi-
mal cliques can be computed by, e.g., the Bron-Kerbosch algorithm
(Bron and Kerbosch, 1973) with complexity ©(3"3) (Tomita et al.,
2006) which is fast enough for our purposes. For larger instances,
more advanced algorithms for maximal clique enumeration are
available (e.g., Schmidt et al., 2009), or inequalities (10) might be
separated on the fly.

By (again) replacing the spectral efficiency es(x) in (3c) by its
best possible value é;; and incorporating the maximal clique in-
equalities (10), we obtain the conflict graph formulation and use the
acronym CGF for it. This model can only limit the inter-cell inter-
ference but may violate both SINR conditions (4) and capacity con-
straints (3c).

3.3. TN coverage requirement

The model which performed best among the approximate
formulations discussed in ClaBen (2015) is based on the work
Engels et al. (2013). It demands that a TN t can be covered by a
BS sif the ratio between the SNR-based spectral efficiencies of the
serving BS and any interfering BS o exceeds a threshold 8., which
is related to SINR thresholds. This is modeled by the TN coverage
requirement
€st
0 > 8¢
Note that é5¢ > ey, > 0 per definition of S;, which is the superset
of Sic. We formulate the linear model constraints as follows.

Vo e St

VieT.seS.oeSy with 2L < 6., (1)

Zy + X5 <1
€ot

which also represent a type of a conflict graph with (s, t) and o
forming an edge if e‘% < 8. This graph is however bipartite and
thus the maximal clique size is two. For each TN t, there ex-
ist |S;| potential serving BSs and at most |S;| — 1 interfering BSs
for an (s, t)-pair. Hence, we add at most > ;. |St]- (S| —1) =
Ster ISe|> — |St| many constraints (11) to the basic model (3) re-
sulting in the TN coverage requirement formulation (with replacing
est(x) by és in (3¢) one more time). To denote this formulation, we
use the acronym TCRF.

The TN coverage requirement can only guarantee a certain link
quality but has no influence on the actual transmission rate. Thus,
violations of SINR requirements (4) may occur and also violated
capacity constraints (3c) might exist.

4. Modelling capacity constraints

In this section, we present two approaches which model both
the SINR requirements (4) and the capacity constraints (3c) ex-
actly (a third exact approach can be found in Claen (2015), but
is left out here due to its underperformance). Both approaches re-
place the spectral efficiency function eg(x) by values from Table 1.
As these spectral efficiency values cannot be used arbitrarily, addi-
tional variables and constraints are derived to guarantee that only
feasible configurations are considered.
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4.1. A TN oriented formulation

First, we propose a TN oriented model where interference is
defined set-wise on a TN basis. For every TN t € 7, we define K;
different configurations where a configuration k € K¢ :={1,..., K}
comprehends a set Sk ¢ S; of deployed BSs (and all other BSs in
8¢\ Sk are not deployed) and an accentuated BS s* € S¥ which is
the serving BS for t. Furthermore, we define configuration k = 0 so
that TN t is not served by any BS but we do not make any assump-
tion on the deployment of BSs.

For each covered TN t and configuration k, we can compute the
SINR value y[¥ as follows.

.yk — Pr(sk, t)
Y BRG.tH+n

seSk\{sk}

VteT, kek:

Based on these SINR values, we define the associated spectral ef-
ficiencies ef according to Table 1. Note that we consider only con-
figurations with a corresponding spectral efﬁciency ef > €min-

Finally, we introduce indicator variables y[ which are set to 1 if
configuration k is chosen for TN t and O otherwise. In case y" =1
for k>1, the set S* of BSs is deployed, all BSs in S; \ S¥ are not
installed and sk is the serving BS for t. If y? = 1, TN ¢t is not served
and we do not assume anything on the deployment of BSs in S;.

We propose the TN oriented formulation denoted by the
acronym TOF as the following ILP.

min Y csXs + A Y yP (12a)
ses teT
K;
sty yi=1 VteT (12b)
k=0
> vk V(s,t)eS*T (12¢)
keK;:seSk
> vE=x—yp V(s,t)eS*T (12d)
kek;:seSk
>y ,fyi‘sbsxs Vses (12e)
teTs keK,:s=sk
X, yf €{0.1} (12f)

The objective (12a) is the reformulated objective function
(3a) in terms of the new variables yf. Constraints (12b) ensure that
exactly one configuration is chosen for every TN while (12c¢) and
(12d) connect variables yt to the BS decision variables x;. Note,
constraints (12c) are stronger than constraints of the form yk < x;,
which are comparable to the variable upper bound constraints
(3d), as one x; variable simultaneously limits several yf variables.
Finally, the refinement of the capacity constraints (3c) is given
by (12e). Since it is not immediately clear from the formulation
that the configurations selected for different TNs are consistent, we
show that this formulation is correct in the following lemma.

Lemma 1. The TOF (12) models the CNPP regarding interference via
SINR conditions correctly.

Proof. First of all, the SINR is modelled implicitly in the model by
the definition of yX and ek. Moreover, by the definition of vari-
ables y{ parameters e and capacity constraints (12e), it is clear
that the capacity of an installed BS s € S is not exceeded by the
assigned TNs. Therefore, to prove correctness of the formulation, it
remains to show that the selected configurations are in line with
the selected BSs.

By (12b), exactly one y¥ has to be set to one for each TN ¢ € 7.
If y? =1, (12c) and (12d) are trivially satisfied, and the TN does
not imply further restrictions. If y? = 0, (12¢) and (12d) reduce to
an equality constraint for all s € S;. For non-installed BS (i.e., xs =
0), all configurations k € K; with s € Sk are set to zero. For every
installed BS s € S, exactly one configuration from {k € K; : s € S¥}
has to be selected. By (12b), the selected configuration must belong
to

N {kelCt:SeSk}z

Se8tixs=1

{keke: S ={sesS :x=1}}.

Hence, these configurations only differ by their designated BS s
serving TN t. O

To make the above formulation exact, we needed a (potentially)
exponential number of configurations per TN and hence, the ILP
can become huge. In fact, ILP (12) comprises Y .. (Kr + 1) + |S|
variables and |S| + | 7|+ 2|S * T| constraints with

ISt

K < Z ('Sf ) < |82 VeeT.

Next, we present an alternative exact formulation which is not
exponential in the number of variables.

4.2. Exploiting discrete channel quality indicators

In our second model, we exploit the discretization of the spec-
tral efficiencies more directly. In total, we have to consider 15 dif-
ferent values for spectral efficiencies each labeled by the corre-
sponding CQI k, which serves as an index. For CQI 0, no link can be
established which is why we do not consider this CQI henceforth.
We denote the highest possible CQI for a link from sto t, which is
associated to the SNR value (no interference), by ks and the value
of the spectral efficiency for any CQI k by ek.

To incorporate these discrete CQIs in the basic formulation (3),
we introduce new binary variables zft for every (s,t) € S* 7 and
every CQl ke{1,..., Kst}. It holds zé‘t =1 if the signal from sto t
is established and has the quality of CQI index k, thus spectral ef-
ficiency ek. If TN t is assigned to BS s, then this link has exactly
one specified CQI. Hence, we can replace the former assignment
variables zg by Z’(“ t for every pair (s,t) e S*T.

The quality of a llnk is impaired by interfering BSs. If a sub-
set C € St \ {s} of BSs is deployed, the SINR y5(C) of the signal
from s € S; \ C to t is calculated as :

P (s, t)
Y P(o.t)+n’

oeC

Vst (C) =

We denote the corresponding CQI by xs(C). In case that all BSs

in C are deployed, better spectral efﬁciencies than e*t(©) cannot

occur for this link. Hence, Z’,:Sf,( (O zk = 0. This condition is for-

mulated in the following model constraints.
Kst

Z th = |C|_Zxa~

k=kst (C)+1 oeC

By observing that the right hand side does not depend on s, and t
can be assigned to at most one BS, we can strengthen this inequal-
ity to:

Kst
Yoood A <lel-) % VteSxT.CCS. (13)

5€8:\C k=K (C)+1 oeC

These inequalities have a similar structure as cover inequalities for
a knapsack problem and can be viewed as GUB cover inequalities
(D’Andreagiovanni et al., 2013; Wolsey, 1990). Hence, we use the
ambiguous term “cover” to denote C in the present context. The
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complete model, which we call the discrete CQIs formulation and
denote by the acronym DCF henceforth, then reads

miansxs +AZut (14a)
seS teT
Kst
Sty Yz +u =1 VteT (14b)
seSt k=1
Kst w
Z Z e—ktzft < bgxs VseS (14¢)
teTs k=1
Kst
o> A<lel-> % VteT,CCS (14d)
5€8:\C k=K (C)+1 oeC
Kst
>z <x V(s.t)eS*T (14e)
k=1
x5,z ur € {0, 1}, (14f)

This ILP further represents the basic formulation (3) with
adapted coverage (3b), capacity (3c), and variable upper bound
constraints (3d) in terms of the new variables and corresponding
spectral efficiencies; see constraints (14b), (14c), and (14e).

Lemma 2. The DCF (14) models the CNPP regarding interference via
SINR conditions correctly, i. e.,

i) no SINR condition is violated by a feasible solution,
ii) no capacity is exceeded by a feasible solution.

Proof. By means of the cover constraints (14d), we prohibit the as-
signment of a TN ¢ to a BS swith an insufficient link quality. Thus,
for any feasible solution of the ILP (14), no violated SINR condition
(4) can exist. Moreover, since we use the spectral efficiencies cor-
responding to the chosen CQI, no capacity violation can occur. O

The ILP (14) can be computationally challenging since there
might exist exponentially many constraints (14d) due to the ex-
istence of exponentially many covers C. Actually, (14) comprises at
most |S|+ |T|+15-|S* 7| variables and at most |S| + |T| + |S *
T+ th-z'st' constraints. We present a way to deal with the for-
mulation size by means of separation in the following paragraph.

Separation of Cover Inequalities. To decrease the size of DCF consid-
erably, we neglect the cover inequalities (14d) and separate only
violated inequalities on the fly for (fractional) solutions (%, Z, ii).
We present an enumerative separation algorithm, which deter-
mines all possible covers ¢ and maximal CQIs g (C) for each TN t
with iy < 1. If the corresponding inequality (14d) is violated, we
add it to the formulation.

First, we define the set of (partially) deployed BSs as W :=
{s € S|% > 0}. Based on ¥, we define ¥; :=S5; NV for all te T
with 1 < 1. We can then compute every subset C € W; and the
corresponding values x5 (C) for all se &\ C. If a violation of in-
equality (14d) is identified, we have found a violated cover in-
equality, which we add to the cut pool. The complete routine is
summarized in the algorithm stated in Fig. 1, briefly denoted as
Algorithm 1.

If this algorithm does not return a cover, then there does not
exist a violated inequality (14d) for the current solution since all
possible covers have been tested. Hence, the presented separation
routine is exact.

For integer solutions (X,Z, i), it is not efficient to run Algo-
rithm 1. Since the deployment of BSs and the TN assignment is

Input: solution (X, Z, it)
Output: C and «,(C) Vs € S, \ C with violated inequality of type (14d) or proof that
none exists
define ¥ :={s € S|X; >0}and ¥, .= S, N forall r € T with it, < 1
for t € 7 with it; < 1 do
for CC ¥, do

for s € ¥, \ C with 3, 2}, > 0. do

=1 st

Pi(s,0)
2 Pilon+n
oeC

define value for «(C) based on y(C) and Table 1

compute SINR value y(C) =

end for

end for

it 2 w0250 Dt o1 Zor > IC1 = ( Ec %, then
compute SINR values y,,(C) and corresponding «,(C) Vs € S;\¥, and s € ¥,\C
with Y5 2%, =0

return C and k4,(C) Vs € S, \ C

end if
end for
Fig. 1. Enumerative separation of cover inequalities.
3500
X x X y
3000 % ¥
2500 X x x
X
2000 X X X X
X
X
1500 o « % %
1000 ™ % % %
500
X x X X X
NN NIRRT NIRRT
NENFINROAN NERNFNRNAN INERNFININEN)
NN NN e NN e
(a) set “a” (b) set “b” (c) set “c”

Fig. 2. Three selected sets of 10 BSs in a 2500 x 3500 km area of the used test
scenarios.

fixed for a given solution, we simply compute the SINR value for
every TN f with serving BS § and test if it is sufficiently large. If
not, we add the cover inequality (14d) corresponding to TN f and
cover C := {0 € §;|%; =1} \ {§}. As is common practice, we sepa-
rate cover inequalities for fractional solutions in the root node and
for integer solutions in all nodes of the branch-and-cut algorithm.

5. Numerical evaluation

In this section, a numerical evaluation of the five proposed for-
mulations is presented. Before we compare them regarding SINR
and capacity accuracy (Sections 5.2 and 5.3, respectively), we in-
troduce the instances used. Afterwards, we compare the exact for-
mulations w.r.t. computation times (Section 5.4).

5.1. Scenarios and settings

The investigated test scenarios are based on signal propaga-
tion data for Munich, available at COST 231 (1996). This data set
comprises 60 BS candidate sites from which we choose three sets
of 10 BSs each, as displayed in Fig. 2. For simplicity, a BS can-
didate is limited to the location of the BS and we consider only
path loss in the computation of the gain dag, i. e., as = 10~ 107" &0
with PLdB(s, t) denoting the path loss of the signal from s to t
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Table 2
Traffic profiles for TNs.

Service  Usage (%) Bit rate (kbps)
data [10,20] [512,2000]
web [20,40] [128,512]
VolIP remaining 64

given in dB. We use a cube oriented ray launching algorithm
(Mathar et al., 2007) for the computation of the path loss. Assum-
ing a transmission power ps of 46 dBm for every BS s € S, we com-
pute the SNR value y = w for every (s,t) € Sx7 and extract
the best possible spectral efficiency é5 from Table 1. Additionally,
we set bg = 10 MHz (cf. Khan, 2009, Chapter 19). The noise value
in dB is computed as thermal noise (dB) plus noise figure for users
(set to 9 dB), where the temperature used in the thermal noise
is set to 290 K. Moreover, we define c¢s = 4 for every BS s, which
represents the scaled value of 4000 W depicting the (rounded) to-
tal power consumed by a BS; cf. Deruyck et al. (2010). Based on
the experiments in Clalen et al. (2013), the scaling parameter A is
set to 1.

For each BS set, we consider five different numbers of
TNs, 100,200,300,400 and 500, where the TNs are distributed
randomly in the considered area. A test scenario is denoted by
the number of TNs and the appended character of the BS set,
e. g., “100a” denotes the combination of BS set “a” and 100 TNs.

Since real-life data of mobile users is not available due to data
privacy limitations, we generate the demand values w; for each t
7 randomly from the user profiles in Table 2 (cf. Engels, 2013 and
Chapter 19 in Khan, 2009).

A percentage for both data (downloading) and web (browsing)
services is uniformly drawn from the “usage” column and multi-
plied by a bit rate uniformly drawn from the “bit rate” column. The
remaining percentage is used for Voice-over-IP (VoIP) telephony
with a bit rate of 64 kbps. The computed value is then rounded
up to integer kbps. As an example, the minimum required bit rate
of any TN is

[10% - 512 kbps + 20% - 128 kbps +70% - 64 kbps] = 122 kbps.

Furthermore, we define the SINR threshold as § = —5.1 dB,
which is the lowest possible value to establish a link, and the
corresponding minimum required spectral efficiency is ep;, =
0.25 bps/Hz. For the TCRF we set the threshold 6. to 1.0 based
on the numerical study performed in ClaBen (2015). For better
comparability, discrete spectral efficiencies are derived according
to Table 1 for TOF.

All computations are performed on a Linux machine with
3.40GHz Intel Core i7-3770 processor, 32 GB RAM, and a general
CPU time limit of twelve hours. Additionally, we limit the avail-
able RAM to 31GB (to leave some for the system) and use ILOG
CPLEX 12.6 (IBM - ILOG, 2013) as (I)LP solver.

5.2. Evaluation of SINR approximation

In our first numerical evaluation, we compare the two ap-
proaches which approximate the SINR constraints; the CGF and the
TCRF. From the optimal solutions obtained by these two formu-
lations, we compute the correct SINR values according to (1) and
count the number of violated SINR conditions. In Table 3, we de-
pict the number of uncovered TNs (u; = 1) in the optimal solutions
and the number of violated SINR requirements.

The numbers of TNs marked as covered are quite similar for
both approaches. Moreover, a tendency for higher numbers of vio-
lated SINR requirements when the number of TNs increases is ap-
parent for both formulations. As claimed in Section 3.2, the con-
flict graph actually limits the number of SINR violations. However,

Table 3
Number of TNs marked as uncovered in the solution
and number of violated SINR requirements for CGF and

TCRF.
CGF TCRF

Scenario #uncov #SINR  #uncov #SINR
100a 2 4 2 0
100b 0 15 0 1
100c 1 15 2 1
200a 0 0 0 0
200b 0 9 0 3
200c 3 15 0 7
300a 0 29 0 0
300b 2 2 0 4
300c 1 9 1 2
400a 0 10 0 1
400b 0 26 0 6
400c 0 33 0 16
500a 0 39 2 10
500b 1 23 1 8
500c 0 36 0 49

the resulting effect is not satisfactory as up to 15% of the TNs are
essentially not covered due to an insufficient SINR. Furthermore,
except for scenarios 300b and 500c, the TCRF violates significantly
less SINR conditions (only up to 4%) than the CGF. Hence, the lat-
ter formulation approximates the SINR conditions better than the
conflict graph which we do not consider further.

5.3. Evaluation of capacity approximation

We now analyze the quality of the capacity approximation for
the SCF as well as the TCRF in comparison with the exact solutions
obtained from the TOF and the DCF. To this end given a solution,
we first define the load of a BS s € &', where S’ denotes the set of
deployed BSs, i. e, 8’ = {s € S| xs = 1}. Denoting by 7/ the set of
TNs assigned to s, the load (as percentage) is given as

1 Wt
b= ) —,
bs t;} ey,
with e}, denoting the spectral efficiency corresponding to the ac-
tual SINR value

P:(s, t)
> R(o.t)+n’

o€l

The set Iy c S’ comprises the interfering and deployed BSs of the
signal from sto t. Note that ¢; > 1 indicates a capacity violation.

Table 4shows the number of deployed BSs (out of 10), the num-
ber of TNs regarded as covered, and the maximum load for all
four considered formulations SCF, TCRF, TOF, and DCF. The num-
bers marked by a * for DCF are not labeled as optimal by the solver
since the amount of memory is insufficient for the solution pro-
cess; the largest optimality gap is 2.8 %. However, we can deduce
from the solutions obtained by TOF that the solutions for scenar-
ios 400a and 500a-c obtained by DCF are indeed optimal.

The numbers for the two exact approaches are usually identical
as expected, except for scenario 200b, where the two distinct solu-
tions give the same objective value. Apart from scenario 100b, the
SCF as well as the TCRF deploys notably less BSs than the exact
solution since these approaches do not model the capacity con-
straints exactly. In the exact solution, the accurate modeling of in-
terference and bandwidth consumption has a twofold implication:
more BSs are necessary to satisfy the demand of the covered TNs
and (nonetheless) more TNs are left uncovered. In general, in the
SCF as well as in the TCRF more TNs are assigned (due to fewer
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Table 4
Number of deployed BSs and covered TNs and the maximum load for SCF, TCRF, TOF, and DCF.
SCF TCRF TOF DCF

scenario BSs  TNs max. load BSs  TNs max. load BSs  TNs max. load BSs  TNs max. load
100a 2 98 1.5 2 98 14 3 100 1.0 3 100 1.0
100b 3 100 11 3 100 11 3 100 1.0 3 100 1.0
100c 2 97 1.2 2 98 13 3 100 0.9 3 100 0.9
200a 3 200 21 3 200 22 6 200 1.0 6 200 1.0
200b 4 199 1.8 4 200 17 5 194 10 6 198 1.0
200c 4 200 16 4 200 20 6 200 1.0 6 200 1.0
300a 4 300 31 4 300 25 7 284 1.0 7 284 1.0
300b 4 298 29 5 300 22 9 297 1.0 9 297 1.0
300c 4 299 4.0 4 299 24 9 294 10 9 294 1.0
400a 4 399 40 5 400 2.7 10 377 1.0 10*  377¢ 1.0*
400b 6 399 28 6 400 2.7 9 364 1.0 9 364 1.0
400c 5 400 34 5 400 34 9 364 1.0 9 364 1.0
500a 5 498 43 5 498 4.0 10 431 1.0 10*  431* 1.0*
500b 6 494 39 7 499 29 9 422 1.0 9* 422 1.0*
500c 6 499 41 6 500 3.7 10 412 1.0 100 412* 1.0*

interfering BSs), but such assignments cause serious overload sit-
uations (after recalculating the bandwidth consumption) as indi-
cated by the columns “max. load” and many TNs will be dropped
in practice. As an example, a value of 4.0 indicates that one BS re-
ceives the load that should be handled by four BSs. Hence, both
approximate formulations violate the capacity constraints severely.

To demonstrate this violation more clearly, we perform the fol-
lowing postprocessing step for every approximate solution. For a
set S’ of deployed BSs, we solve the TN assignment problem

Ti=min Y u (15)
teT
Sty zg+u =1 VteT (16)
ses’
Z ?zst < b, Vseds (17)
teTs st
ur, zss € {0, 1} (18)

with the correct spectral efficiencies ef,. By ILP (15), we count the
true number of unassigned TNs for a given set of deployed BSs
when allowing a complete new assignment. We denote this num-
ber (the objective value) by 7. Then, we define the corrected ob-
jective value v as follows.

v::ZcS+Ar

ses§’

If a solution does not violate any capacity constraint nor SINR re-
quirement, v is equal to the objective value (3a). This is the case
for TOF as well as DCF.

In Fig. 3, we illustrate v for SCF, TCRF, TOF, and DCF. For the
three smallest scenarios comprising 100 TNs, the values of v for
the four formulations are at close quarters. However, for an in-
creasing number of TNs, the corrected objective values of the ap-
proximate formulations become noticeably larger than the exact
values due to serious capacity violations. Comparing the two ap-
proximate formulations, it is not possible to judge which formula-
tion violates the capacity constraints more severely in general. For
the SCF, the percentage increase of the corrected objective value
compared to the exact value ranges from 0 to 126 % where 0%, i. e.,
the optimal objective value, is obtained by reassigning the TNs for
scenario 100b. The percentage increase of the corrected objective
value lies between 8 and 114 % for the TCRF.

5.4. Comparison of the exact formulations

Now, let us compare the exact formulations on their pros and
cons. First, we compare the number of variables and constraints
per scenario for both exact formulations in Fig. 4 (note the loga-
rithmic scale). By the definition of the ILPs (12) and (14), the TOF
comprises significantly more variables than the DCF for which it is
the other way round for the number of constraints. However, the
number of constraints for the TOF is always lower than the number
of variables for the other formulation. Especially for the scenarios
with 500 TNs this observation becomes more important as the TOF
solves these scenarios while the DCF exceeds the memory limit for
all three scenarios. Thus, for the CNPP with interference modeling,
a high number of constraints is computationally more difficult than
a high number of variables.

In Table 5, we present the solving times for both exact formu-
lations, including Algorithm 1 which we will discuss later, and all
scenarios with up to 400 TNs. For the scenarios with 100 TNs and
for scenario 200a, the DCF is faster. But for an increasing num-
ber of TNs, this trend reverses in general as the number of con-
straints becomes more substantial. The TOF in particular performs
much better for scenario 400a. Thus, from the presented results
we could conclude that TOF should be favored over DCF. How-
ever, the performance of the former approach depends consider-
ably more on the number of candidate BSs as demonstrated in the
following.

We construct a new set of BSs by consolidating sets “a”,
“b”, and “c” resulting in a set of 28 BSs (two BS occur twice).
Following the description in Section 5.1, we create scenarios
with 100,200,300 and 400 TNs. Though, none of these scenarios
can be solved by TOF nor DCF due to excessive memory usage. But,
as described in the paragraph on the separation of cover inequal-
ities in Section 4.2, we can decrease the size of DCF (14) consid-
erably. By means of the separation Algorithm 1, we can determine
(optimal) solutions for (some) scenarios. To apply the separator, we
set the frequency to 1, i. e., Algorithm 1 is called at every node of
the branch-and-bound tree. Other frequency choices such as 0 (call
only at root node) were outperformed by the frequency 1 in pre-
liminary tests; see ClalRen (2015).

For the scenarios comprising 28 BSs (denoted by “28_#TNs"),
we present in Table 6 the number of deployed BSs and covered
TNs, the optimality gap and the solving time achieved by the DCF
combined with the separation algorithm 1.

We observe a degradation in performance for an increasing
number of TNs. Table 5 shows the same effect for scenarios com-
prising 10 BSs.
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Fig. 4. Number of variables and constraints for the TOF and DCF and all scenarios.
Table 5
Solving times (in s) of the TOF, the DCF, and of Algorithm 1 for scenarios solved to optimality.
Scenario 100a 100b 100c 200a 200b 200c 300a 300b 300c 400a 400b 400c
TOF 6.7 34 102 1101 142 357 10357 966 5323 181901  136.5 628.1
DCF 4.7 2.5 9.8 39.1 14.6 36.0 1654.1 46.8 262.8 Memory 576.2 3511.0
Alg. 1 3.7 12 15.5 20353 105.8 388.2 3600.4 955.9 9204.1 Time 2036.0 Time

Table 6

Number of installed BSs and covered TNs, optimality
gap in % and solving time in s for DCF combined with
the separation algorithm 1 and scenarios with 28 BSs.

scenario # BSs # TNs  gap (%) time (s)
28_100 2 99 0.0 331
28200 5 200 0.0 41,076
28300 8 299 68.2 43,200
28_400 0 0 2138.4 43200

The final presented results for DCF clearly demonstrate the ad-
vantage of the DCF over the TOF in case of a large number of BS
candidates since we did not obtain any solution for such test sce-
narios with TOF.

Although the computations show that the newly proposed
models are computationally tractable for small network sizes, the
models will be too demanding for the optimization of larger net-
works. The accurate modeling of SINR and bandwidth consumption
is merely to be used in scenarios of network expansion, network
changes, resolution of local quality of service issues, and local ver-
ification of heuristically developed larger network plans. In such
case, only a few BSs are involved and exact results can be achieved
this way.

6. Conclusions

In this paper, we have investigated interference modeling in
cellular networks. To this end, we have presented three estab-
lished approaches which are based on either SINR conditions
via cover inequalities or (conflict) graphs. Though remarkably
fast, all these formulations violate capacity constraints and the
graph-based models violate also SINR constraints. Therefore, we
have developed two novel formulations; on the one hand, a
set-wise model, the TN oriented formulation and, on the other
hand, a model based on discrete values for the quality of a
link, the discrete CQIs formulation. Both formulations are exact
in terms of SINR requirements as well as capacity constraints
but also comprise an exponential number of either variables or
constraints.

A numerical evaluation performed on fifteen scenarios compris-
ing ten BSs and 100 to 500 TNs has revealed the insufficiency of
the conflict graph formulation regarding the modeling of SINR con-
ditions. Furthermore, the two other approximate formulations suf-
fer from severe capacity violations as demonstrated by a postpro-
cessing step which solves the TN assignment problem for a prede-
fined set of installed BSs.

A comparison of the two exact approaches has revealed the
predominance of the TN oriented formulation for a small number
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of BS candidates. Further, for a significantly larger number of BSs,
the working size of the discrete CQIs formulation can be reduced
by means of a separation algorithm such that this formulation is
the only model being able to solve the larger test scenarios. The
improvement of the separation routine remains as future work to
solve scenarios with more than 200 TNs (optimally). Similarly, im-
proving the performance of the TN-oriented formulation remains
as future work. This can be done by implementing a branch-and-
price framework where variables are generated on the fly. Finally,
as the proposed approaches do not scale well with the number of
BSs (and TNs) considered, ways to incorporate the results in sys-
tems to optimize larger networks should be considered, e.g., by
round-robin approaches or local search.
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