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Abstract—In this letter, advanced concepts in polygon
computational geometry are combined to automate the placement of thousands of millimeter-wave (mmWave) wall-mounted
base stations over two large urban areas, and to gather their
line-of-sight coverage statistics; this is the first large-scale fullyautomated channel modeling study of mmWave cells over massive
open building data. This allows for a more accurate modeling
of small-cell mmWave access networks, which are currently
considered as a strong candidate technology for providing gigabit
rates to dense urban areas.
Index Terms—Channel modeling, line-of-sight, cell planning,
millimeter-wave, computational geometry.

I. I NTRODUCTION

S

MALL cells and millimeter wave (mmWave) carriers
(> 20 GHz) are currently considered as some of the most
viable technologies for providing gigabit mobile access in
dense urban centres [1]–[3]. These high expected rates are due
to a combination of very wide (multi-GHz) available bandwidths [2], [4] and low expected interference [2]. Indeed, the
systems are expected to be noise-limited, due to a combination
of the aforementioned high bandwidth, and strong dynamic
interference mitigation through directional beamforming
with massive MIMO [2], [4], [5]. However, urban mmWave
measurements in Manhattan [4] show that their propagation
is strongly bounded by the line-of-sight (LOS) condition
[1], [2], [4], resulting in low outdoor-to-indoor penetration
and non-LOS coverage, while LOS links allow for good
communication over distances of up to about 200 m, which
is now often the assumed radius of these small cells [2]–[5].
These characteristics make mmWaves ideal for small-cell LOS
outdoor urban coverage.
The small cell size, combined with the LOS condition, makes
the propagation strongly dependent on the layout of the buildings in the urban area, and some recent mmWave system studies
consider using small 2D urban maps [3], or random [5] or regular [2] rectangular buildings to model the LOS coverage areas
more realistically. Some studies at lower frequencies (2.4 GHz),
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where the LOS condition is also quite important [Sec. 1.3.1] [6],
also use site-specific maps [7], [8].
Meanwhile, recent years have seen the advent of massive
open map data [9], which allows for studies over much larger
areas [10]. In order to progress from small localized propagation studies on open maps [11] to large-scale studies, it is
necessary to intelligently process the maps so as to place fixed
base stations in reasonable locations, as this can no longer be
done manually. One work [7] places 2.4 GHz base stations automatically on top of buildings using an advanced ray-tracing and
optimization tool. Still, most works on automated placement
of fixed base stations only consider distances and propagation
channels [12]–[15], and, in one case, topographical data [16],
but not the shapes of buildings.
In this letter, we develop an algorithm to place below-rooftop
wall-mounted base stations (WMBSs) automatically using a
simpler propagation model (the LOS area), more appropriate for mmWave carriers. In [2] mmWave base stations are
manually placed on street intersections of a small map; we propose that identifying urban features (such as intersections) on
maps with highly-irregular buildings can be automated using
computational geometry [17]–[20].
II. P HYSICAL S ETUP
The WMBS is defined by its placement on an outer vertical
building facade, so as to provide an access link to mobile stations in the streets and open areas below. In the dense centre of
a European city such as Paris, France, the roofline and the land
topography are relatively flat, thus a WMBS’s coverage area
can be studied based on 2D building shapes.
The WMBS is backhauled either by wire [2] into the building, or wirelessly (as a relay): to a larger base station located
above the roofline [12], [21], and/or in a multihop/mesh manner
with other similar stations [2], [12]. The building also provides
a wired power source opportunity.
We don’t specify a height for the WMBS, but recommend
the highest possible in normal cases, as it is most likely to maximize both the over-roofline wireless backhaul opportunities
(e.g., in Central Paris [21]), and avoid most low-level obstacles
(people, vehicles, kiosks, etc.) in the access link (though high
tree foliage may be a counterexample to this).
The next section formulates the problem of finding good 2D
locations for WMBSs as a computational geometry problem.
III. G EOMETRICAL P ROBLEM F ORMULATION
The WMBS placement problem is formulated and solved in
terms of computational geometry, with concepts and quantities
summarized in Table I. The primitive object in our computational geometry problem will be the simple polygon (SP); it is
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TABLE I
C OMPUTATIONAL G EOMETRY N OTATION AND O BJECTS

Fig. 1. Example of how adjacent buildings (left) are merged into a block, with
inside holes removed (right), using the polygonal union operation [22].

defined as an area bounded by a closed non-self-touching path
of line segments. A 2D building bk is thus naturally represented
by an SP, where each straight wall is represented by a segment.
A 2D building database is thus a set of SPs {bk }, many of which
touch. We group the adjacent buildings into city blocks Bi using
the polygon union operation [22], and remove the inside holes
(courtyards), as done in [10] and shown in Fig. 1. This results in
a city map B = {Bi }, which is a set of SPs Bi that are disjoint
by construction.
The geometrical problem is: given a set B = {Bi } of disjoint
blocks, for a given
 Bi , find a set of candidate WMBS locations Oi = pi, j on the contour of Bi such that the LOS region
viewed from each pi, j has a locally maximum area. A formalization of this “local maximum”, and a computational geometry
solution, are proposed in the next section.
IV. WMBS L OCATION C ANDIDATE A LGORITHM
A. Generalized Voronoi Diagram and Natural Neighbours
In a regular grid of city blocks, it is trivial to identify neighbouring blocks, as they have a simple order. In a real city,
blocks have irregular shapes, locations, and sizes; to bring
order to such a complex environment, we take inspiration from
approaches in intelligent motion planning around polygonal
obstacles: for a set B of disjoint SPs, the generalized Voronoi
diagram (GVD) [17], [18] associates a GVD cell Ci to each SP
Bi in B, so that that each point in Ci is closer to Bi than to any
other SP in B. Then, any two SPs Bi and B j in B are said to be
natural neighbours (NNs) if their GVD cells touch. Then, if Bi
and B j are NNs, one can define their “NN link”, which is the
shortest segment i, j that connects Bi to B j .

Fig. 2. Searching for optimal placements of WMBSs on the exterior of block
B1 . Blocks are shown as shaded polygons; NN links are shown as thick red
lines; search points p are shown as blue dots (the spacing is exaggerated for
illustration). B1 has five NNs B2 , . . . , B6 ; the NN links partition the contour
of B1 into five regions: P1,1 , . . . , P1,5 . In each of the five regions, one locallyoptimal WMBS location (given r = 50 m) is shown (large red dot). The LOS
region of one of the location solutions is shown (yellow polygon).

An SP Bi has Ni NNs, and thus Ni contact points between
itself and each of its Ni NN links: These contact points partition
the contour of Bi into Ni regions Pi,1 , . . . , Pi,Ni , as seen in
Fig. 2. Each of these partitions is defined by two consecutive
NNs, and thus forms a natural region in which to search for an
intersection. NN links thus give a systematic and natural way
of defining regions Pi, j for finding locally optimal locations on
the contour of Bi .
B. Visibility Polygon
The Visibility Polygon (VP) is well-known ongoing research
problem in computational geometry, with many algorithms
available for its evaluation [19], [20]. The VP requires a “set
of polygonal holes” (in our case, the set B of disjoint blocks),
a “guard” or “observer” point p, and (optionally) a maximal
radius r > 0. The VP V is the set of all points si that verify:
1) the segment si p does not cross (but may touch) B, and
2) si p ≤ r .
The VP V(B, p, r ) thus represents the LOS region seen from
point p to a maximum distance r , with a set of obstacles B.
C. Proposed Algorithm
Our WMBS placement algorithm uses the VP and NN links
geometric computations, and searches1 along the walls of a
block Bi for the LOS region with the highest area along each
1 In practice, there are two implementation issues in this search: 1) One must
quantize the continuous line Pi, j into a discrete set of nearby points so that
a sequential search can be performed, and 2) Because the search points are
exactly on the contour of Bi , some VP algorithms may be confused as to which
side is the interior of the polygon. One way to circumvent this problem is to
move the search point away from Bi by a small amount.
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wall section Pi, j delimited by two consecutive NN links, thus
looking for intersections or open areas (plazas, etc.) when
possible (see Fig. 2).
WMBS C ANDIDATE P LACEMENT A LGORITHM
Require: a set of disjoint SPs B; one block Bi and its partition
Pi,1 , . . . , Pi,Ni according to its Ni NN links; r > 0.
Ensure: Oi a set of WMBS candidate locations on Bi .
Oi ← empty set of points.
for j = 1, . . . , Ni do
for p in Pi, j do
Find the area of the LOS region V(B, p, r )
end for
pmax ← p that maximizes the area of V.
Add pmax to Oi .
end for
return Oi .
In the next section, we run this algorithm over a large number of urban maps, and summarize the statistics of the resulting
LOS coverage areas.
V. P ERFORMANCE ON R EAL C ITY M APS
Maps of 2D buildings are taken from the OpenStreetMap
project [9]–[11]. Massive open city data, combined with our
algorithm, enables a fully automated study of WMBS LOS coverage over a large urban area. We consider two such areas:
South Manhattan Island (NY, USA) and Central Paris (France).
We divide each area into 1 km × 1 km tiles, displaced 500 m
from each other (so that there is overlap), and consider “dense
tiles” that are at least 40% covered by B, and have each of their
four quadrants at least 45% covered by B, so as to avoid major
open areas and large bodies of water2 . WMBSs are placed
according to the algorithm from Section IV, with a LOS radius
of r = 200 m, on all blocks located entirely within the inner
600 m × 600 m area, i.e., r = 200 m away from each edge, so
as to avoid edge effects. An example from each urban area is
shown in Figs. 3 and 4. We observe that the algorithm tends to
place WMBSs on block corners and intersections; as long as r
is greater than about 100 m (roughly the typical block size), the
WMBSs locations will be similar.
The cumulative distribution functions (CDFs) of the LOS
areas of typical WMBSs are shown in Fig. 5 as a fraction of the total circular area within a link distance of R =
50, 100, 150, 200 m, and their means (μ̂) and standard deviations (σ̂ ) are given in Table II. These LOS coverage results can
be used together with pathloss models to calculate link budgets
and rate coverage for outdoor urban areas.
The shapes of the resulting cells are highly irregular, as
observed in [3, Fig. 3] and [5, Fig. 2a)], usually “star-shaped”,
and in significant contrast to the more-or-less circular mmWave
cells described in [23]. For Manhattan, the 11.3% LOS coverage area of a circle of radius 200 m is consistent with the 11%
area given in [3] for the same radius and urban area. The LOS
2 The choice of the values (40,45)% was found by trial-and-error and visual
inspection of all resulting maps. It was found to be a quick way to select dense
tiles and makes our results easy to reproduce.

Fig. 3. WMBSs candidate locations (red dots) on a 1 km2 tile of Manhattan
Island, NY (centre: 73.9909 ◦ W, 40.7373 ◦ N), with r = 200 m. We manually
select a few of the candidate locations (green dots) and show their LOS regions
(in yellow) to illustrate what typical LOS coverage regions may look like.

Fig. 4. WMBSs candidate locations (red dots) on a 1 km2 tile of Central Paris,
France (centre: 2.3479 ◦ E, 48.8774 ◦ N), with r = 200 m. We manually select
a few of the candidate locations (green dots) and show their LOS regions (in
yellow) to illustrate what typical LOS coverage regions may look like.

coverage is about 20% lower in Paris for all radii, due to the
narrower, more irregular, streets. This shows how the nature of
the street layout affects the deployment of wall-mounted LOS
cells, and their coverage areas.
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Fig. 5. Distribution functions of fraction of LOS area within circles of radii
R = 50, 100, 150, and 200 (with one LOS region shown for illustration, with
the corresponding circles). WMBSs are placed based on the setup given in
Table II with r = 200 m. Naturally, the LOS portion can rarely exceed 75%,
since each WMBS requires at least a building corner to be mounted on.
TABLE II
S IMULATION S ETUP AND R ESULTS S UMMARY

VI. C ONCLUSION AND F UTURE W ORK
This work demonstrates how two computational geometry
concepts, natural neighbours and visibility polygons, can be
used to place mmWave cells automatically on a city map.
Future work may include an algorithm for finding small subsets of the candidate locations found here that can provide good
coverage to a city area, as well as augmenting the LOS regions
with good non-LOS regions for better coverage estimation.
The automation of the placement of small cell locations,
combined with the massive open geographical data, makes it
possible to automate very large propagation and system simulations on real world maps, making such large simulations more
and more accessible to the average researcher.
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