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Preconditioned Astigmatic Beam Tracing
for Urban Propagation

Emidio Di Giampaolo, Fernando Bardati, and Marco Sabbadini

Abstract—In wireless communication network planning, de-
terministic and statistical propagation tools have been developed.
Astigmatic Beam Tracing, a deterministic method based on ray
tracing (GO/UTD), can beapplied to urban propagation modeling.
A numerical code has been applied to a model of urban scenario
with increasing complexity. The results of a numerical analysis
are discussed to evaluate the relevance of the test case size on the
computational charge.

Index Terms—Ray-tracing, urban propagation.

I. INTRODUCTION

IRELESS communications demand accurate methods

for electromagnetic field computation in complex envi-
ronments such as urban/indoor scenarios. Different propagation
models are in use, however ray-optics GO/UTD algorithms are
suitable for microcellular environments and small distances
from low-height base stations [1].

Based on ray tracing, ray-optics models calculate the total
field impinging on a receiver as ray field superposition. In
particular, three-dimensional ray-tracers require high-reso-
lution site-specific information, which hugely increases the
computational cost. The overall accuracy depends on the
amount of detailsin the scenethat aray tracer is ableto handle,
as well as on the agorithms in use for ray tracing, several of
which have been proposed. Those based on the visibility theory
are well suited for electromagnetic propagation studies as they
can lose less contributions and can be faster [2]-{5] than other
methods such as the image method. Astigmatic Beam Tracing
(ABT) [5], [6] computes the visibility in a global manner,
in the sense that any area-to-area or source-to-area visibility
test is performed in the presence of all the obstacles featuring
an environment. This property makes ABT waell suited to
treat multiple interactions, including diffraction, which can be
responsible for communication to shadowed (nonline-of-sight)
areas. Filling adata base with the characteristics of sources and
obstacles, and performing the visibility computations constitute
the off-line steps of ABT. They result in a hierarchical arrange-
ment of ray tubes. ABT adopts a beam-tree for data storage.
Ray path determination from a source to an observation point,
and field propagation using GO/UTD aong ray paths constitute
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ABT on-line steps. We here report recent improvements in
the off-line steps of a computer code, which applies ABT to
moderately large urban scenarios, and present numerical results
with a discussion of the computational cost.

Il. SCENE MODELING AND BEAM-SCENE INTERSECTION

Application of ABT, asany deterministic propagation tool, to
urban scenarios requires geometrical and morphological models
of the propagation environment as input data. Geometrical data
can be obtained from Geographical Information Systems (GIS),
which are usually used as database manager and graphical in-
terface. Database information is exchanged between GIS and
ABT by a trandator, which supports standard graphical for-
mats for scene description. Vector formats are convenient for
geometrical data within a Boundary Representation (known as
b-rep [7]). We restrict b-rep to handle only polyhedrons whose
surfaces are 2-manifolds with convex polygonal boundaries, so
that the surface of hills and buildings with curved walls are
approximated with polygons. An urban scene is modeled as a
unique continuous surface resulting from the union of adjacent
flat facets. Each facet is characterized by edges, slope and di-
electric properties, while small-scale surface roughness is ne-
glected. The number of facets depends on desired resolution for
a given scene.

A beamisabundleof rayswith afinitecrosssectioni.e., apor-
tion of anormal ray congruence. ABT exploits convex beams,
which are defined by convex cross-section. When abeamispro-
jected onto ascene, thefacet(s) includedin theintersection of the
beam with the polyhedron representing the scene is determined
resorting to asearch algorithm based on space partitioning. Then
the beam is clipped to the scene facet(s). Therefore, the most
performed operationin ABT is polygon-beam intersection. This
visibility test is a heavy computational task and dominates the
overall cost for large scenes.

Preconditioning is particularly valuable in beam tracing be-
cause allows quick and accurate ray beam clipping. To achieve
this, each facet storesdataabout itstopology, i.e., adjacent facets
to agiven facet, in order to allow fast recognition of neighboring
facets. A particular data structure, known as winged-edge (WE)
[8], has been used in the work reported by this paper to de-
crease the cost of the queries corresponding to adjacency rela
tionships required to compute beam clipping. The winged-edge
data structure is particularly suitable for our problem as it al-
lows determining in constant time which vertices or faces are
associated with a specific edge, i.e., the information required
to clip beams and to determine the portions of edges involved
in diffraction. A further useful property of winged-edge is that
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the data structures for edges, faces, and vertices are each of a
small, constant size [9], [10]. The winged-edge data structure
uses edges as reference elements and to store most of the adja-
cency information. The data structure associated to each edge
contains pointers to the two end-points of the edge, to the two
faces adjacent to it and to four of the other edges sharing the
two vertices. These four edges are the “wings’ from which the
structure gets its name. For any given edge on the contour of a
face, we are allowed to promptly find all the other edges by fol-
lowing theloop of edge pointers. The coordinates of verticesand
the identity of faces for further processing can then be derived
form the edge data structures. The winged edge data structure
requires a fixed amount of memory to store the data. In Woo
[10Q], it is shown that the total storage cost is 9E while the total
time complexity is6EV; + 3k. £ isthe number of edges con-
stituting the scene; E'V; isthe number of edges connected to the
particular vertex V;, and has been chosen in [10] as a unit for
complexity; k isaconstant timefor direct accessto data. Indeed,
of the nine topological queries, three are constant time queries
while the other six queries require local “clocking” around a
face or avertex costing £V; intime. Therefore, E'V; isvariable
with 3 < EV, < E/2[9], [10].

Besides clipping, abeam tracer algorithm requires additional
operations on polygons. It has to subtract one polygon from
another to find the nonobstructed part of the incident beam
cross-section, which propagates beyond the obstructing facet.
This operation produces, in general, a nonconvex polygon or
a polygon with a hole. As ABT deals with convex polygons,
the algorithm is able to perform a suitable partitioning of
nonconvex beams. Moreover, during the clipping procedure,
the edge portions belonging to the beam cross-section are
singled out as they will be considered, in a following step,
sources of diffracted beams. On the other hand, a sorting of the
facets forming the scene is necessary to avoid an exhaustive
research of the facet intercepting the propagating beam in
complex scenes with several facets [11].

For each one of the af orementioned operationsitispossibleto
use “ad hoc” agorithms, which are optimized in computational
geometry and computer graphics. However, the assembling of
a set of standalone, optimized agorithms does not assure the
optimum of the resulting algorithm, so in this work we shall
focus on the global computational cost.

I1l. COMPUTATIONAL CHARGE RESULTS

We have executed some numerical experiments increasing
the environmental complexity and the number of specular re-
flections. Four parameters have been chosen to figure out the
computational charge, i.e., storage requirement for scene data
structure, storage requirement for whole computation, time con-
sumption and number of beams. The test has been run on a
PC/Windows computer with 1048 MB of memory and XP1500
AMD Athlon processor.

We have considered a typical urban environment with agrid
of rectilinear streets and parallel-piped blocks along the street
sides as shown in Fig. 1. Each block can have different size
and height. The flat ground has been assumed dielectrically in-
homogeneous, so many additional faces have been featured to

Fig. 1. Model of urban environment and source position in the numerical
analysis.

TABLE |
FOUR TEST CASES WITH NUMBER OF BUILDINGS, NUMBER OF POLYGONS IN
THE SCENE AND WINGED-EDGE MEMORY REQUIREMENT

Scene | Number of | Number of | WE Memory
buildings faces [MB]
Si 9 102 0.029
S2 25 270 0.077
S3 49 518 0.147
S4 81 846 0.240
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Fig. 2.  Number of beams versus reflection order for the four scenesin Table .

account for this. An isotropic source is placed at the centre of
the scene halfway between the maximum and minimum height
of the buildings. Other source positions have been tested, how-
ever, the central position corresponds to the worst casg, i.e., to
the largest number of generated beams. We adopted the total
number of reflections undergone by each individua beam as
termination rule in beam tracing. Other interactions, as trans-
mission through facets or diffraction have been disregarded in
the numerical analysisin order to appreciate the relevance on
the computational charge of the test case size and of the number
of specular reflections. For each test case we have traced beams
until they have suffered eight reflections. Table | reports four
test cases with number of buildings, number of polygonsin the
scene and winged-edge memory requirement. The memory re-
quirement to store input data within the WE structure increases
linearly with the number of faces, as expected.

The number of beams is shown in Fig. 2 as a function of
the reflection order for the test cases in Table I. The number
of reflected beams generally increases with the reflection order
owingtothe sequential splitting at thefaces. The overall number
of beams and memory requirement are reported in Fig. 3 for re-
flection up to the eighth order and increasing scene complexity.
The memory is nearly proportional to the number of beams,
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Fig. 3. Total number of beams (left scale) and memory requirement (right
scale) versus scene complexity (reflections up to eighth order).
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Fig.4. Averagetimefor single beam tracing (left scale), and total tracing time
(right scale) versus scene complexity.

therefore the memory allocated for beam storage prevails over
that for WE data. The total time for the visibility test fulfilment
is shown in Fig. 4 together with the average time ¢ for asingle
beam tracing. We observe that ABT code has a cost in time,
which is well interpolated by (an)* with o = 7.4 - 102 and
n number of facets, i.e., the algorithm has a cost proportional
to n*, aso indicated as O(n*). Other ray-tracing algorithms,
like direct implementation of forward and backward ray-tracing
or of the image method would have a O(n®) cost for eight
reflections.

The average cost per interaction, £ is calculated as the ratio
between the total time to complete the tracing and the overall
number of beams. It increases with the number of faces, there-
fore the code feels the effects of the scene complexity.

IV. CONCLUSIONS

ABT has been adapted to a model of urban scenario with
increasing complexity and the corresponding computational
charge has been evaluated. From the numerical analysis it re-
sults that the algorithm generates alarge number of beams with
execution time increasing with the fourth power of the number
of faces in a scene. This feature together with the memory
requirement lead to conclude that our code can be applied to
the electromagnetic analysis of moderately large scenarios
without having recourse to large computational resources. An
optimization of the code together with the further use of “ad
hoc” algorithms aimed to perform a better partitioning of the
scene would improve the performance.
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