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A Deterministic Ray Tube Method for
Microcellular Wave Propagation Prediction Model

Hae-Won Son and Noh-Hoon Myung

Abstract—In this paper, we present a new and very fast ray-
tracing method using a ray tube tree, which is based on uniform
geometrical theory of diffraction (UTD) and can solve some of the
problems that other ray-tracing methods have. It is developed for
quasi three-dimensional (3-D) environments and can be applied
to any complex propagation environment composed of arbitrary-
shaped buildings and streets. It finds all propagation paths from a
transmitter to a receiver extensively with very high computation
efficiency. It is fundamentally a point-to-point tracing method, so
reception tests are not required and it guarantees high accuracy.
To validate our ray-tracing method, signal path loss and root
mean square (rms) delay spread were computed in the downtown
core of Ottawa, Canada, and they were also compared with the
published measurements. The results of the proposed method in
this paper show good agreement with the measurements. The
computation time required to obtain a path loss map in the site
reveals very short in comparison with other methods.

Index Terms—Cellular radio, electromagnetic wave propaga-
tion, geometrical theory of diffraction, ray tracing, urban areas.

I. INTRODUCTION

A S the demand for cellular radio services has increased
dramatically in recent years, new cellular systems are

needed to accommodate much more users with limited re-
source of frequency. This has resulted in the development
of microcellular systems in which the cell size is much less
than that of the current cellular systems and the base stations
are placed at street-lamp level. The successful implementation
of these systems requires the exact understanding of electro-
magnetic wave propagation mechanism such as path loss and
delay spread characteristics. For this purpose, it is important
to make propagation models which can predict propagation
characteristics for various environments.

To characterize the microcell propagation, uniform geomet-
rical theory of diffraction (UTD) and ray-tracing techniques
are often employed as a theoretical prediction model because
it provides much more accurate solution than other models
together with its simplicity in analysis. It has been reported
that the theoretical and empirical results were in very good
agreement. Several propagation models based on the ray
tracing techniques have been reported, which employ image
concept and “brute force” ray tracing [1]–[14]. However, they
present some limitations in the prediction modeling. In the
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brute force ray tracing, a large number of rays with a constant
angular separation between neighboring rays are launched
from a transmitter and intersection tests are performed for each
ray on every scatter to determine the scattering points. After
locating each scattering point, the reception test is performed,
which is based on the reception sphere concept. This method
is successfully applicable to complex environments, but the
enormous computation time and memory are required due to
a large number of rays and tests. Furthermore, the accuracy
of the predicted result depends on the separation angle very
sensitively. Image method, however, does not require the
reception tests. It is a point-to-point tracing technique and
provides accurate results. It also has very good computation
efficiency because the rays which do not reach a receiver are
not considered for the computation from the first. However, the
selection of the scatters to generate the images is very difficult
for complex environments, so it has been applied only to
simple structures, for example, a city-street grid, etc. Recently,
some approaches have tried to overcome this problem. In [13],
the authors used “test rays” to find the scatters generating
images, but their test rays are based on the brute force ray-
tracing method, which provides no guarantee of including
all possible propagation paths. In addition, the method also
requires more excessive computation time than the previous
image method. As another ray-tracing method, a “visibility
tree” (VT) concept was reported [14]. The VT method can
be used for any propagation environment because the path
selection process does not depend on the particular geometery.
Since all the propagation paths found from the VT do not
give rise to real paths exactly, however, the method requires
redundant computation time excessively to examine whether
the selected path processes on VT are real or not by testing if
the scattering points satisfying Fermat’s principle are located
on the corresponding scatters or not.

In this paper, we have developed a new ray-tracing method
that can overcome the abovementioned limitations. Our
method can be used for any complex propagation environment
and find all propagation paths from a transmitter to a receiver
extensively without redundant computations. In addition, since
it is fundamentally a point-to-point tracing technique based
on the image concept, it does not require reception tests and
guarantees high accuracy. Its computation efficiency is also
as high as the image method.

II. THEORY AND FORMULATION

The proposed method in this paper is developed for a
quasi three-dimensional (3-D) environment, i.e., building walls
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Fig. 1. Three types of ray tubes.

are assumed to be much higher than a transmitter height
so that diffractions from the rooftops are neglected. All the
propagation paths with possible combinations of wall and
ground reflections and corner diffractions can be found by
a systematic and unified process.

A. Three Types of Ray Tubes

To illustrate our method, three types of ray tubes must be
defined; the transmitter, reflection, and diffraction ray tubes
on the plane view of the quasi 3-D environment and they are
generated from site-specific information.

The transmitter ray tube represents bundle of rays from a
transmitter and is described by the position of the transmitter
and the tube angle of radian. It has an irregular shape
because of the blockage of surrounding walls and corners.
This blockage of the tube generates reflected and diffracted
rays and the reflection and diffraction ray tubes are defined to
represent these rays.

The reflection ray tube represents bundle of rays reflected
by wall. It is described by the position of the image on
the wall, the wall number and the tube angle less than
radian. Its image is one of the multiple reflected images of
the transmitter or building corners as secondary sources. The
tube angle is determined by the illuminated portion of the wall
and represented by two unit vectors and , as shown in
Fig. 1. Basically, it has a fan-like shape but its valid region is
confined by the corresponding wall and the blockage of walls
and corners in its interior region. The reflection ray tube can
be generated by all kinds of precedent ray tubes when they
illuminate the wall in their interior region.

The diffraction ray tube is consisted of family of rays
diffracted by corner and is generated as a child of three types
of precedent ray tubes. It is described by the position of the
corner, the corner number, and the tube angle. The position of
the corner is used as its apex. The tube angle is determinded
by two walls adjacent to the corner and described by two unit
vectors and , as shown in Fig. 1. It also has a fan-
like shape, basically, but its valid region is confined by the
blockage of other scatters in its interior region and its children
tubes are generated from the blockage of these scatters.

For any complex propagation environment, the tree structure
of the three types of ray tubes can be constructed always

(a) (b)

(c) (d)

Fig. 2. An example of constructing a ray tube tree. (a) Children of the
transmitter ray tube. (b) Children of the reflection ray tube 2. (c) Children
of the diffraction ray tube 4. (d) Ray tube tree.

from its site-specific information. Unlike conventional image
methods, predefined ray tubes have informations of their an-
gular extents and valid regions as well as their apex positions,
which corresponds to image positions in image methods, so
their children ray tubes can be easily generated from site-
specific information. In addition, our method treats reflected
and diffracted rays as the same manner using ray tubes, so any
combinations of reflections and diffractions can be found by
a simple and unified process.

B. Construction of a Ray Tube Tree

The root of a ray tube tree is always the transmitter ray
tube and it generates reflection and diffraction ray tubes as its
children from surrounding walls and corners. Each of children
also generates other reflection and diffraction ray tubes as its
children. This recursive process continues until the depth of the
tree is equivalent to , where is the order of scatterings
composed of reflections and diffractions.

Fig. 2 shows an example of the constructing a ray tube tree
for the plane view of a simplified environment made of two
rectangular buildings. Each building has four walls and four
corners. The walls are numbered from “1 to 8” and the corners
are labeled with the alphabet from “a to h.” The transmitter
is located under the wall 4 and generates the transmitter ray
tube, which is the root of the ray tube tree.

As the first order of scatterings, the transmitter ray tube is
blocked by two walls: 4 and 5; and three corners: a, d, and e.
Therefore, two reflection ray tubes from two blocking walls
and three diffraction ray tubes from three blocking corners
are generated as shown in Fig. 2(a). As the second order
of scatterings, each of the previous five ray tubes generates
reflection and diffraction ray tubes as its children. For example,
the reflection ray tube 2 is blocked by two walls: 3 and
4; and two corners: a and d, so it generates two reflection
and two diffraction ray tubes as shown in Fig. 2(b), whereas
the diffraction ray tube 4 is blocked by one wall and two
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corners and it generates accordingly one reflection ray tube
and two diffraction ray tubes, as shown in Fig. 2(c). If the
corners a and c are added to the blocking corners for the
tube 4, double diffraction by two adjacent corners should be
considered. By repeating this recursive process, it is possible
to complete the ray tube tree with the depth corresponding
to the order of scatterings. Fig. 2(d) shows an example of
the ray tube tree constructed from the above process. The
depth of the tree is 3, which accounts for the second-order
of scatterings.

In the process of constructing the tree, various criteria are
employed as well as the limitation of the scattering order. The
generation of each branch can be limited by specifying the
number of diffractions included in the th-order scatterings
or discarding the ray tubes, which have field strength below a
certain threshold value. The field strength of ray tubes can be
calculated approximately on the plane view.

C. Finding Propagation Paths

Once the ray tube tree is completed, ray-tracing is employed
to find all the propagation paths. Since the construction of the
ray tube tree is independent of the location of a receiver, the
tree can be used for any receiver location without reconstruct-
ing it.

The process of finding all the propagation paths is as
follows. For a given location of a receiver, one may search
the ray tubes enclosing the receiver by traversing the tree. For
each tube enclosing the receiver, the sequence of the tubes
from it to the transmitter ray tube can be founded in the tree.
There may be a number of sequences and each of them gives
one propagation path on the plane view. For each sequence
of the tubes, reflection or diffraction points are calculated by
backward ray tracing. Since the tube sequence provides the
corresponding propagation path exactly, one doesn’t have to
check its physical reality unlike other methods. This advan-
tage makes the computation efficiency of our method much
higher.

To illustrate the versatility of our method, an example of ray
tracing in a complex environment is shown in Fig. 3. It is the
plane view of the KAIST, which has many arbitrarily shaped
buildings. To find propagation paths, scatterings up to tenth
order are considered together with the first order of diffraction.

D. Conversion of 2-D to 3-D Paths

After completion of the ray tube tree and derivation of all
the propagation paths from it, the propagation paths on the
plane view can be converted to 3-D ones. One propagation
path on the plane view represents two 3-D paths, i.e., one is a
free-space path and the other is a ground-reflected path. They
are distinguished by the calculation of the heights of scattering
points and it is performed using the total propagation path
length on the plane view and two antenna heights. Fig. 4 shows
an example of the conversion from one two-dimensional (2-D)
path to two 3-D paths. The ground reflected path is calculated
using the image of the transmitter as shown in the figure. In this
process, the scattering points satisfying the laws of reflection
and diffraction are found exactly for 3-D case.

Fig. 3. An example of ray tracing in campus of KAIST.

Fig. 4. Conversion of two-dimensional (2-D) to 3-D rays.

E. UTD Formulation

As a final step, one needs to derive the expressions for the
fields contributed by each propagation path [18]–[20]. For a
reflection or diffraction at a point , the incident field
gives rise to a reflected field or diffracted field
at a point given by

(1)

(2)

where each parameter is meant by

dyadic reflection coefficient;
dyadic diffraction coefficient;
spreading factor for a reflection from a surface;
spreading factor for a diffraction at an edge;
propagation constant ;
wavelength;
distance from to .
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Fig. 5. Plane view of the downtown core of Ottawa, Canada.

The expressions for , , , and are given in the
Appendix. The contribution to the field (at a receiver)
due to a particular propagation path can then be obtained by
successive application of the above equation. Contributions
from all the propagation paths are determined and vectorially
summed to give the total field at a receiver.

III. RESULTS

A. Path Loss

To validate the proposed ray-tracing method in this paper,
we have computed the signal path loss in Ottawa, Canada and
compared it with the published measurements by Whitteker
[15]. The measurements were made at 910 MHz with low
antennas in the downtown core of the city, which is a typical
urban area with arbitrarily shaped high buildings and open
spaces. The transmitting and receiving antennas were vertical
monopoles on small ground planes and placed at 8.5 and 3.65
m above ground, respectively. Signal strength was measured
as a function of distance when the receiving van was driven
along the streets within 900-m 600-m rectangles. The map
of the area in which the measurements were made is shown
in Fig. 5. Street names and the outlines of buildings are
shown and the heights of buildings may be judged roughly
from the area they occupy. That is, buildings that fill a large
fraction of the space between streets are many stories high
and those occupying only a small area are typically three
stories. All of them are higher than the transmitting antenna.
The measurements were made for three different transmitter
sites, but we chose only one site among them as shown in
Fig. 5. Building walls and corners as well as the ground
were modeled as nonperfect dielectric surfaces and edges.
The values of relative permittivity and conductivity was
chosen as 9, 0.1 S/m for buildings and 15, 7 S/m for the
ground. The order of scatterings was limited to ten including
the first order of diffraction. In addition, we discarded the ray
tubes to give rise to path loss more than 150 dB by calculating
the strength of ray tubes on a plane view. The antenna height,
radiation pattern, and polarization were taken into account in
the calculations.

Fig. 6 presents a path loss map of the area for a given
transmitter location. To obtain the result, the tree composed of
one transmitter ray tube, 252 868 reflection ray tubes, and 784

diffraction ray tubes was constructed. It took 297 s to construct
the tree with the DEC Alpha Workstation. After constructing
the tree, signal path loss was computed on 12 508 locations
of receivers with the separation of 5 m between neighboring
locations to make the path loss map shown in Fig. 6. The
computation time required to complete the map was 934 s,
i.e., 0.075 s per receiver location. It is extremely fast compared
with the published result of 25 min per receiver location for
100 buildings, which employed image concept with test rays
[13]. In our calculations, 130 buildings, with 614 walls and
corners in total, were considered.

The detailed comparisons of our results and the measure-
ments are shown in Figs. 7–9 and there are good agreements
between them. Figs. 7 and 8 show the path loss along Slater
and Laurier Streets. The former is a line-of-sight (LOS) street
and the latter is an out-of-sight (OOS) street. On Laurier
Street, it is seen that the path loss is highly dependent on
the geometries and distributions of buildings. There are local
peaks of signals where the open areas allow stronger signals
to reach the street. In these comparisons, the predicted path
loss is slightly less than the measurements. This is because
we have no detailed information of the buildings and streets
in this area and the effects of other scatters such as trees
and vehicles are not taken into account in our calculations,
either. On Slater Street, the truncation of the measured path
loss within 20 m of the transmitter is due to receiver saturation.
Fig. 9 shows the path loss along Queen Street which is an OOS
street. On Queen Street, the errors between our results and
measurements are a little larger than those on the other streets.
This is because rooftop diffractions are ignored in the present
analysis as mentioned earlier. Rooftop diffracted signals give
large portion of total received signals when there are many
obstructors between a transmitter and a receiver and so 2-D
propagation paths have high attenuation. Table I shows the
means and standard deviations of errors between our results
and measurements on the three streets.

B. Delay Spread

One of the parameters to characterize wide-band multipath
channels is their rms delay spreads. Delay spread can have
determinantal effects on digital mobile radio systems, perticu-
larly on relatively high bit-rate systems. The rms delay spread
is the square root of the second central moment of power delay
profile and calculated as in [16].

In this paper, rms delay spread has been analyzed as a
function of path loss and compared with published measure-
ments [17]. In [17], authors presented results of wide-band
path loss and delay spread measurements for five representive
microcellular environments in the San Francisco Bay area at
1900 MHz and developed a simple exponential overbound
model for the worst-case estimation of delay spread as a
function of path loss. Fig. 10 shows predicted rms delay
spread as a function of path loss in the downtown core of
Ottawa at 1900 MHz. Transmitting antenna heights of 3.7
and 8.5 m were tested with a receiving antenna height of
1.7 m. Receving antennas are uniformly distributed in this
area and path loss up to 123 dB was considered. Other
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Fig. 6. Path loss map of Fig. 5.

Fig. 7. Path loss in Slater Street.

Fig. 8. Path loss in Laurier Street.

parameters needed in our model are the same with those
used in the previous path loss calculations. From the figure,
it is clear that our predicted results satisfy the proposed
exponential overbound model of the form ,
where is the rms delay spread in nanoseconds and PL is the
path loss in decibels. Table II shows the mean and standard
deviations of the rms delay spread for the two transmitting

Fig. 9. Path loss in Queen Street.

TABLE I
MEANS AND STANDARD DEVIATIONS OF ERRORS BETWEEN

PREDICTIONS AND MEASUREMENTS ON THETHREE STREETS

antenna heights. The low antenna at 3.7 m have an average
rms delay spread of 134.6 ns, whereas the high antenna
at 8.5 m have an average rms delay spread of 173.1 ns.
The delay spread increases as the antenna height increases
because as the antenna height increases, propagation channel
characteristics are affected by more scattering objects at greater
distances. Table II also shows measured rms delay spread
values in typical microcellular environments [17] and there are
good agreements between the measurements and our predicted
results in Ottawa.

IV. CONCLUSION

In this paper, we present a new ray-tracing method us-
ing ray tubes. Our method can be applied to any complex
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Fig. 10. Path loss versus rms delay spread.

TABLE II
MEANS AND STANDARD DEVIATIONS OF THE RMS DELAY SPREADS OF

OUR RESULTS IN OTTAWA AND MEASUREMENTS IN SAN FRANCISCO

propagation environment and find all the propagation paths
from a transmitter to a receiver exhaustively without redundant
computations, i.e., reception tests or existence tests of paths,
which can provide enormous computation efficiency. Further-
more, it guarantees high accuracy because it is fundamentally
a point-to-point tracing technique. The proposed method in
this paper is developed based on quasi 3-D environments.
However, it can be applied to 3-D environments completely
if one extends the ray tubes to 3-D ones. In addition, by
properly manipulating the process of constructing the ray
tube tree, our method can also include transmission ray tubes
in the tree, which can then be applied to indoor environ-
ments.

APPENDIX

The expressions for the terms in (1) and (2) are listed below
[20]:

for

for

integer that most nearly satisfy the

following two equations

interior wedge angle
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