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A Ray-Tracing Method Based on the Triangular
Grid Approach and Application to Propagation
Prediction in Urban Environments
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Abstract—This paper presents a fast ray-tracing procedure It was also found that simulating a realistic 3-D propagation
based on triangular division of the propagation environments. environment using the standard shooting-and-bouncing ray
Unlike other accelerating methods that are mostly based on (SBR) method presents a considerable challenge due to the
pre-establishment of visibility, this method does not require . . . .
knowledge of the position information of the base station and/or 9€0Metric and physical complexity of the environments. It
receiving antennas and is thus more general. Although the trian- leads to the need for huge and often unavailable computation
gulation is done in a two-dimensional (2-D) plane, this method is resources. To overcome this difficulty, simplified models
suitable for three-dimensional (3-D) simulations when a proper \yere proposed to only include the contributions from main

data structure for buildings is constructed. Validation results rays and/or to only consider the main geometric and physical
show good agreement between calculated and measured data

from the European COST 231 project. The improvement in the characteristics of buildings and terrains. For example, walls

computational efficiency is clearly demonstrated in examples. with complex structures are approximated by uniform walls
Index Terms—Mobile communication, prediction methods, ray and the tops of buildings are assumed flat, etc. Also, in an urban
tracing, urban propagation. environment, transmitted rays through buildings are assumed

small and are hence neglected. Simplified ray-tracing models
are useful, however, in providing reasonably accurate results
for some propagation environments including, for example, the

ADIO wave propagation models are necessary for the irnase when the base-station antenna is well below the average

plementation of a mobile radio system. With the rapitieight of the buildings [16], [17]. In this case, the over-rooftop
growth of wireless communications, the cell sizes are gettipgopagation is negligible and the lateral rays—including LOS,
smaller and site-specific propagation information is needed f@flected, and diffracted rays—are the most important ones
the design of mobile systems. During the past decade, théiat need to be taken into account. Other approximations that
were many proposed theoretical and measurement-based progy be used to improve accuracy include the calculation of the
agation models for microcells in urban environments. At firstpoftop-diffracted rays as well as diffracted-reflected rays in
some empirical or theoretical models (formulas) were devehe propagation model [1], [4], [18]-[21].

oped as extensions of the models suitable for macrocells. Faca more recent advanced simplified model is the vertical plane
tors such as the heights of antennas and buildings, densityffnch (VPL) model [22], [23]. The VPL technique employs
buildings, line-of-sight (LOS) or non-LOS propagations, gehe standard SBR method in the horizontal plane while using a
ometry of the street grid, etc., are included [1]{8]. A goodeterministic approach to find the vertical displacement of the
review of these models can be found in [9]. Later on, prop@nfolded ray paths. This method is valid when the walls are ver-
gation mechanisms were extensively investigated and the {4 and similar methods can be found in [24], [25]. Full 3-D
theory emerged as a highly promising procedure for providingy.tracing methods have also been developed [26] and compar-

accurate, site-specific means to obtain useful simulation resyligns petween different methods and their applicability can be
[10]-[12]. It should be noted that ray tracing can also serygnd in [27]-[30].

as a starting poin_t for statistical modeling of Wir_eless ChannelsAnother approach in improving computational efficiency and
[1.3]_[1.5]' According to the ray optics and the unlfgrm theory 0glccuracy of the ray-tracing-based methods is the application and
diffraction (UTD), propggatloq mechanisms may include dlre‘E:Ievelopment of geometric algorithms. Basically, the overhead
LOS, § eflected, trar?smmed, qn‘fracted, s_cattered rays, gnd S08}%omputation in the ray-tracing algorithm is related to the de-
combined rays, which complicates and in many realistic PrOPRmination of the intersection of a ray and an object (a wall
gation environments, slows down the calculation procedure.surface, a ground plane, or a wall edge, etc.) in the propaga-

tion environments. This geometric testing can consume more
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Fig. 1. Triangulation of the third floor of an office building and positions of two base stations.
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Fig. 2. Building models. (a) Simple building and (b) (c) stacked buildings.

visibility between transmit antenna (Tx)/receive antenna (Rx) Il. TRIANGULAR GRID-BASED RAY -TRACING APPROACH
and wall surfaces (edges) can reduce the number of candidate
geometric objects to be tested [16], [26], [32]. These visibility- The ray-tracing engine used in this paper is based on the 2-D
based methods are usually Tx- and/or Rx-specific and the pray-tracing algorithm proposed in [35]. The basic solution pro-
processing procedure needs to be repeated for each Tx andésture was described earlier and simplified examples were used
Rx position. to illustrate its advantages and usefulness. In this paper, we will
A fast ray-traversing algorithm developed in [33], based astart by illustrating its computational efficiency advantage in a
uniform rectangular space division, is modified and applied tealistic propagation environment. A numerical experiment is
some environments, and higher efficiency is achieved over tbarried out to compare results from the proposed method with
visibility method [34]. Two-dimensional (2-D) results showthose of the visibility method in an indoor office building as
that, on average, the computation time of the new methodsisown in Fig. 1. Two positions of base station antennas were
15% of that of the visibility method. selected, Tx1 and Tx2, as shown in Fig. 1. It may be seen from
This paper is an elaboration and extension of the ideas ptiee figure that the numbers of edges visible to Tx1 and Tx2 are
sented in [35] for 2-D cases. Earlier calculations were extenddifferent and the numbers of edges visible to each edge in this
to deal with 3-D urban environments while using the 2-D tricase are also different.
angular grid method as described earlier. The new method isTo mimic an urban environment, only reflection rays are
not Tx/Rx specific and can serve as a basis for many differariiced. For each Tx position, the visible edges are determined
ray-tracing approaches, e.g., VPL and over-rooftop models. Tinethe preprocess. The visible edges to each edge in the entire
obtained 3-D simulation results were compared with experegion are also predetermined. Three hundred and sixty rays
mental data from the European COST 231 project for Muni@re launched uniformly in all directions for each Tx and each
City in Germany [9]. It should be noted that a similar triangularay is traced to 40 reflections. This large reflection number is
grid method was briefly described in [36] for indoor environselected to help include as many edges as possible with different
ments. numbers of visible edges. No reception test is included.
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Fig. 3. 2-D representation of buildings in Fig. 2 and typical triangulations. (a) Simple building and (b) (c) stacked buildings.

The simulation results show that for Tx1, the CPU time ratithe fast triangulation.) This paper uses the constrained triangu-
of this method over the visibility method is about 25%, whildation of a planar straight-line graph (PSLG) so that a minimum
for Tx2, the ratio is 30%. These calculations, hence, show sigamber of dummy edges will be added. An outer boundary,
nificant computational advantage of the proposed method. which is usually a polygon, is also added to enclose the envi-

ronment. A program developed by J. R. Shewchtilngle.c
I1l. 2-D TRIANGULATION OF REALISTIC PROPAGATION [37], is used for the triangulation of the resulting 2-D represen-
ENVIRONMENTS tation of the propagation domain.

A. 3-D Building Modeling
In the following calculations, it is assumed that all the build-  IV. 2- AND 3-D LATERAL RAY-TRACING ALGORITHMS

ings are stacked prisms with polygon cross-sections as show . . .
in Fig. 2. These building geometries are projected onto a hor-l:l-he basic ray-tracing algorithm for the 2-D case can be found

izontal plane, i.e.z-y plane, as shown in Fig. 3. The projec-In [35]]; I—r:ere_wegnl/e so%e mgre detallsdrec?ardlr_]g thec;ja}ya st\f;ug-
tion of a vertical wall can be represented by two neighborint reo the triangular grid and its extended use in modeling 3-

vertices in the 2-D plane. For example, walidc in Fig. 2(a) vironments.
may be represented by verticglsandcd. A vertex is actually

a vertical edge and has two heights associated with it. For é%- Data Structure of the Triangular Grid

ample, vertexab contains the heights of verticesandb. For  after triangulation, the topological information is processed
simplicity, the height of: is called theground heightwhile the  and stored into an array. The main entry of the array is a triangle.
height oft is called thevertex heightlt is assumed that the two From a triangle, one can determine its vertices and the three
vertex heights of a wall are identical. This means the rooftopgighboring triangles. The information of wall material for each
of buildings are level-flat polygons. Special attention should kgjge in a triangle is also stored. In particular, the dummy edge
paid to the situation in Fig. 2(c). The wallddc andce fghave a  (the nonwall edge) is characterized by a wall material indéx

common vertexgd in the 2-D plane. This suggests thatin somgdge direction in a triangle is also included for the purpose of
cases we may need three parameters to represent the heightit ray tracing.

formation correctly, i.e., the heights ofd andg. Fortunately,
we can still use_two parameters _to deal \_Nith this situation. T'I?. Data Structure of the Ray Associated With the Triangular
first parameter is the ground height (height#f The second Grid

is the larger value of the heights of verticéandg. When the

height information is needed for a wall, the vertex heights of the A ray can be represented by two vectors, one is the position
two vertices defining the wall are compared and the wall heigtiector p, and the other is the direction vectdy as shown in

is always equal to the smaller value of these two heights. Hog. 4. A series of these vector pairs can represent a ray origi-
example, when we have to determine the height of wéal:in  nating from a source point, reflected (or transmitted, diffracted)
Fig. 2(c), we have two vertex heightsiohndd. Since they have several times and then arriving at the field (observation) point.
equal values, the wall height is equal to either the heightanf For fast ray tracing based on the triangular grid, it is natural
d. When we need the height of waly fe, we have two vertex to associate a ray with an edge (for reflected and transmitted
heights ofd and f. Since the height of is less than the height rays) or a vertex (for diffracted rays) in a triangle. Fig. 5 shows

of d, the wall height is considered equal to the heighf of how a ray is related to an edge. For example, the ray in Fig. 5 is
_ _ first related to edgé”; and trianglelz, denoted E4, T3), then
B. Triangulation as it travels through the dummy edgeand enters triang|é,

When all the buildings in a propagation environment are motiJs related to(ez, Ts), etc. This process may be represented in
eled and represented as described in the previous sectiorfgiferal terms as
there are buildings which cannot be presented in this way, ap-
proximation will be used), standard triangulation methods can
be employed to triangulate the propagation region. (Commer- (£1,12) — (€2, 13) — (E3,15) — (e2,T2) — (€1, 17)
cial software or free codes on the Internet can be employed for — (F5,T7)...
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Fig. 4. Definition of a generic ray, located@tind pointed in directiod.

Dummy edge
—> Ray

This provides a natural data structure for a ray, in terms of o o
class when using C++ Fig. 5. Relationship between rays and edges in triangles.

class aRay
Vector Position, Direction;
unsigned Edgelndex, Trianglelndex;
int WallMateriallndex;

b

where WallMateriallndex is used to characterize the wall mate-
rial. It is set to—1 for the dummy edge and2 for the outer
boundary. Other information can be added to the aRay class
in the realistic implementation. A list of class arrays can then
represent a ray originating from a source point, reflected (or
transmitted, diffracted) several times, and then arriving at a fig]dl
point.

Initialization of a ray and the determination of the first edge the ray

C. Initialization of a Ray D. 2-D Ray-Tracing Procedure

When a source point (antenna) Tx in positianis given, The remaining part of the proposed ray-tracing procedure is
we first determine the trianglé,, containing it (Tx may be a recursive approach. In Fig. 6, when we trace the ray further,
on an edge of a triangle). This is a typical planar point locatidre., to find the next edge to be hit, we only have to do one
problem and can be efficiently solved by standard algorithmross-product test. For example, to determine the intersection
e.g., monotone subdivisions [38]. It should be noted that tloéthe ray with the appropriate edge, conngcto the opposite
triangular grid is itself a monotone subdivision and can thuertex ofe;, Vs, in triangleZ; and calculate = d; x p; V.
be straightforwardly solved. Then a ray is launched fggnin  Hered; is the direction vector of raye;,77) and is equal to
directiondp, see Fig. 6. This first ray segment is usually nofy sincee; is a nonwall edge that did not cause reflection or
related to any edge and is denofesdl, 7p). diffraction of the incident ray. It > 0, then edge will be hit;

To trace the ray, we have to determine the first edge that thfis: < 0, edgeZ, is hit; if ¢ = 0, vertexV; is hit.
ray will hit. This can be done by looking at the signs of two This test is equivalent to the test of calculating= dy x
cross products of 2-D vectors. First, connggto Vo, the vertex p, V5 since no reflection or diffraction occurs. This leads to the
opposite the edge, in triangle7y, then obtain a vectgs, V. fact that there is no need to calculate the position vector on a
Take the cross product df (original direction) ang,V, i.e., dummy edge. It is especially useful when a ray is traversing a
a = do x pyVo. If a > 0, the ray will not hit the edge;. If large number of dummy edges and this will result in a significant
a < 0, the ray will not hite,. Then, for the case < 0in Fig. 6, saving in CPU time.
connectp, to V; and take the cross produét= dy x pV1. If
b > 0,the raywilllhitel; if b< 0 the ray will hitep. Ifa=0o0r E. Reception Test and Diffraction
b = 0, a vertex will be hit, which means a vertical wall edge is
hit and diffraction will take place. Now we have a ray trajectory A ray is received by a receiving antenna when it hits the re-

ception sphere (or circle, for 2-D cases). To determine if diffrac-
(-1,75) — (e1, T1) — - -, tion occurs, the two end points of the wall edge will serve as re-
ceiving points and will be tested if the ray hits the corresponding
and the initialization of a ray is achieved. reception sphere. If yes, diffraction occurs.
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Fig. 8. Determination of over-rooftop rays.
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P, P2
Rubber band ray
Ground-reflected ray
| wall
ray
Tx
Rx’ /’ S,
(b Fig. 9. Vertical profile used to determine the over rooftop rays. Buildings can
be approximated by knife edges. Only main rays are shown and taken into
account.

ground-reflected ray is the one traveling from the transmitter
to the image of the receiver with respect to the ground, which
is coincident with the receiver when projected to the horizontal
plane, as shown in Fig. 7. Using the height information of ver-
H, —— & tical walls, we can also determine if a 2-D ray is a 3-D ray with

“""’ 7 ff/ffffffﬁff/f/ﬁ/ 7z &ound  oound reflection. For example, from the 2-D ray tracing, the

x’:< > unfolded ray length®, D; andD, are known (Fig. 7(c)). Then

i Dy D, 1 )

< D 1 the heights op; andp- can be calculated by
D

© hy = H, + (H, — H,)=
D
1
Fig. 7. Geometries of wall-and wall-ground-reflected rays. Rx’ is teh image hy = —H, + (Ht + Hv)f

of Rx with respect to the ground plane. Px-Rx is the wall-reflected ray and
Tx-p2-¢-Rx is the wall-ground-reflected ray. (a) Perspective view of rays. (

Top (projected) view of rays. (c) Unfolded rays. gl hi(ho) is greater that;, the height of the wall, the reflected

ray is not valid.
The diffracted rays by the vertical edges can be traced in a
F. 3-D Lateral Ray Tracing Based on the 2-D Triangle Grid similar manner.

For the 3-D ray tracing, this paper proposes a simple method
based on the 2-D method. Without loss of generality, we con-
sider the lateral reflected ray tracing. Suppose we trace a 2-DI0 calculate the over-rooftop rays, it is necessary to know the
ray and the ray is received by a receiving antenna. In this caBgilding profile cut by a vertical plane containing the transmitter
we have to determine the corresponding 3-D trajectory of tHd receiver. This can be done very efficiently by launching aray
ray. The 3-D ray may not be a real ray because the heightsfigim Tx to a receiving point using the 2-D ray-tracing method.
walls associated with it play a significant role. It is easy to caFig. 8 shows a ray launched from Tx, going through Rx, and
culate the hit point height on a vertical wall using the informahitting a series of edges, which determines the vertical building
tion of the 2-D ray. If the calculated height is larger than therofile. Using the height information of edges, the building pro-
height of the wall, the ray will not be reflected by the wall andile may then be constructed as shown in Fig. 9. Then the build-
no further action is needed. If the ray is valid (i.e., interceptadgs are replaced by knife edges and the main rays are traced.
by the wall), the received field or power associated with the rahe first ray is the “rubber band” ray that connects Tx and Rx.
will be calculated. A 2-D ray may represent a 3-D ray whicfihe second ray is the ground reflected ray, and the third one is
undergoes a ground reflection. This is due to the fact that ttie backward wall-reflected ray, as shown in Fig. 9.

V. OVER-ROOFTOPRAY TRACING ALGORITHMS
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Fig. 10. (a) Building geometry of Munich City. Also shows three routes (i.e., METRO200, METRO201, and METRO202) used in the experimental measurement
and the path losses along these routes were compared with the simulation results using the new ray-tracing method. Note that an outer bouratedynsiagided
dummy edges are inserted in the triangular grid. All dimensions are in meters. b) The triangular grid used in the ray-tracing simulation.

VI. SIMULATION RESULTS AND COMPARISON WITH - Comparizson b:atween measulr*ed and predlicted path Ilnss along mt)te HMETRO202

EXPERIMENTAL DATA
— Measurement

80

In an attempt to verify the accuracy and computational efi

ciency of the proposed method, calculations were made for c
of the propagation sites that was comprehensively studied 1% : : : : :
the European COST 231 working group. Experimental resu 434 : | : | fooiiin,
for Munich City have been amply reported and hence used & : : '
the test case for our method. 4 0
Fig. 10(a) shows the top view of Munich City and Fig. 10(b; 130
the triangular grid used in our simulation. In this test case, the< ,
are 2088 buildings and 17 445 walls. The transmitter positic
and the routes of measurement are also shown Fig. 10(a). Th _ : : _ :
were determined through the measurement efforts establis| 1so}f---- - . TR TR e e .

150

Mean error = -1,3%75 dB,

by the COST 231 working group. After triangulation, there | Lo =mgemdn L ]
are 31156 triangles and 46 796 edges. Note that the origil g g : : :

building database of Munich is in the form of vectors and we 18 0 200 500 300 000 1200
reformatted to fit our use. Measurement location number

Fig. 11 shows the comparison of the simulated and measured _ _ S
path losses for route METRO202. Table | gives a comprehe'ﬂg' 11. Comparison with the measured path loss for Munich City.
sive comparison of our simulation results with several other re-
sults for all three routes (i.e., METRO200, METRO201, and The total ray-tracing time for all three routes is 3.47 s,
METRO202, as shown in Fig. 10(a)) in Munich City. It can beunning on a Sun Workstation Enterprise 420 R, 450 MHz. To
seen that the proposed method provides results with very gaminpare the overall computational efficiency of our method,
accuracy as compared with others. The details of these modelU time results were compared with those from a commercial
can be found in [9]. software packagéNaveSight (http://www.wavecall.com/pre-
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TABLE |
COMPARISONWITH OTHER SIMULATIONS
Prediction model METRO200 METRO201 METRO202 Average
(970 points) (355 points) (1031 points)

STD mean STD mean STD mean STD

(dB) (dB) (dB) (dB) (dB) (dB) (dB)
Ericsson 6.7 0.3 7.1 2.3 1.5 1.4 7.1
CNET 6.9 -2.1 9.5 -3.6 5.6 -0.2 7.3
PTT (RT) 14.6 -6.1 15.5 -6.7 12.3 -1.1 14.1
PTT (TLM) 13. 0.8 21.7 6.7 12.9 6.5 16.1
COST-WI1 7.7 10.8 5.9 154 7.3 16.3 7.0
Uni.-Valencia 8.7 0.2 7.0 -6.6 10.3 -7.4 8.7
CSELT 104 21.8 12.3 16.1 13.3 20.6 12.0
PTT (MCOR) 7.0 -3.3 6.2 -0.1 7.6 -1.1 6.9
Villa Griffone Lab 6.3 -1.7 10.9 -6.3 6.8 -5.5 8.0
Uni.-Karlsruhe 8.5 -4.3 9.1 2.4 8.6 -1.0 8.7
This paper 7.1 -2.6 6.2 -0.7 8.3 -1.4 7.2

diction.html). For this commercial software, the CPU time is REFERENCES

420 s on a Pentium Il 266 for route METRO202, while our [1] 3. Walfisch and H. L. Bertoni, “A theoretical model of UHF i

: H H vvalfisch an . L. bertoni, eoretical model o propagation
CPU tlme for the same route _IS 1.5 s. It is understood that in urban environmentsJEEE Trans. Antennas Propagatol. 36, pp.
calculations were made on different computers, but taking 17881796, Dec. 1988.
these differences into account (even in an approximate sensg2] A.J. Goldsmith and L. J. Greenstein, “A measurement-based model for
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