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Abstract - A second generation 3-D ray-tracing
propagation model for microcell communication system
design is presented which includes a treatment for scatter-
ing from complex surfaces and structures of real build-
ings. Scattering profiles from several rough surface
building configurations are theoretical developed using
ray-tracing methods. A simplified scattering function
based on these profiles is presented and incorporated in
the microcell ray-tracing model. Results of ray-tracing
predictions which include the rough surface scattering
function show better agreement with measurements than
ray-tracing without the scattering function.

1. Introduction

Ray-tracing has been used for several decades for propa-
gation prediction and channel modeling in electrical commu-
nication systems. An early use of ray-tracing was estimating
the location and severity of “ghosting” in broadcast television
transmission, a reception defect which results from multipath
signals arriving at the receiver. With a 6 MHz bandwidth
using vestigial sideband modulation, it is an example of a
wideband communication system which was extensively de-
ployed well before wideband radio systems for wireless
communications were envisioned. Understanding and esti-
mating the frequency-selective channel impairments experi-
enced in broadcast television was the first practical use of ray-
tracing for wide area communication systems. Ikegami and
his co-workers[1] used broadcast television signals and ray-
tracing techniques to investigate time dispersion in an urban
propagation environment.

With the current interest in high data rate digital systems
for cellular and other mobile radio systems, the primitive ray-
tracing techniques used in broadcasting have been greatly
enhanced so that complex channel impulse response charac-
teristics can now be predicted. Examples of ray-tracing
models for urban microcell and wireless local area network
design have appeared in the literature over the last few years
[2,3,4,5]. Currently used models based on geometric optics
employ simple propagation mechanisms such as smooth sur-
face specular reflection, wedge corner diffraction, and wall
transmission to estimate the amplitude and phase of an en-
semble of rays arriving at the receiver from the transmitter.
Using this ensemble, predictions of mean signal level, channel
impulse response, RMS delay spread, time and spectrum sig-

natures, and fading statistics (k factor) can be made. This in-
formation can then be used to predict site-specific error rate
performance for digital systems in both flat fading and fre-
quency-selective fading channels[6].

The second generation ray-tracing model used here in-
cludes several new features, including full 3-D consideration
of buildings, their heights, and the terrain on which they are
located. It also uses slope diffraction coefficients to estimate
diffraction from adjacent corners on building edges. In addi-
tion a proprietary new technique using fractals has been de-
veloped to enhance ray-tracing predictions where limited
building information is available. Finally, the scattering ef-
fects from rough surfaces and complex building structures are
treated. The scattering element of the model is the subject of
this paper.

Current ray-tracing methods require a number of as-
sumptions about the propagation environment, among them
that the building walls are smooth and homogeneous. As a
result, the effects of non-homogenous rough surfaces which
more accurately characterize walls found in real environments
are ignored. Scattering from interior structural elements, such
as vertical steel columns in what is otherwise a glass and
plasterboard structure, is also ignored. The scattered energy
which is widely dispersed from a rough surface as compared
to the smooth surface specular case can be important to pre-
dicting the signal level in the non-specular directions, espe-
cially when the magnitude of the surface variations are much
greater than a wavelength.

Section 2 of this paper presents a general discussion of
rough surface scattering in the context of a ray-tracing propa-
gation model. Section 3 presents studies of the magnitude
and extent of scattering from a variety a building structures
which more closely represent real buildings. In Section 4 a
simplified expression for scattered ray amplitude is presented
and incorporated in the 3-D ray-tracing model. In Section §
an example of model predictions using rough surface scatter-
ing are compared with predictions from a 2-D model using
smooth surface reflections along a route in a complex city
environment. The comparison is also made with measure-
ments. The comparisons show that using rough surface scat-
tering produces better agreement with measurements than the
smooth surface model, especially at greater distances from the
transmitter. Finally, Section 6 presents a few conclusions and
ideas for further research.



2. Rough Surface Scattering

It is well known that rough surfaces will reflect and scat-
ter energy differently than a smooth surface. The degree of
roughness, or threshold at which roughness warrants consid-
eration, is often given by [7]
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where A is the wavelength, Y is the angle of incidence on

the surface by the illuminating wave, and & is the difference
between the maximum and minimum surface variations, as
shown in Figure 1. For a PCS frequency of 1900 MHz and

V= 45°, hgp =2.79 cm, or a little more than an inch. The

outside walls of many buildings exhibit surfaces variations
greater than this.

For most rough surfaces (the ground, water, building sur-
faces), it is not possible to exactly characterize the roughness,
and in the case of water, the features are not fixed. Theoreti-
cal analysis and scale modeling have been used to assess the
degree of scattering from random rough surfaces, including
Monte Carlo simulation techniques as described in [8]. In
this work scattering from a rough surface with a random
gaussian distribution of surface variations was analyzed using
FDTD and the integral equation (IE) method. An example of

the results are redrawn in Fieure 2 forw =45° (-45° refer-
enced to the zenith). The specular reflection component at 45
degrees is clear, but along with it energy of varying magni-
tude is re-radiated in all directions from the surface. The
RMS variation of the surface in this example is about 2.5 cm
at 1900 MHz, again smaller than the RMS variations one
might find on a modern office building.

The plot in Figure 2 shows the magnitude of scattered
energy in terms of radar cross section or RCS. The IEEE
standard definition of RCS is [9]
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where r is the distance from the scattering object to the field
point, E_is the scattered field strength (at the field point),

and E; is the incident field on the scattering body. The RCS

is usually given by ten times the logarithm of the ratio of the
scattering energy from the object under study and the scat-
tered energy from a reference object with a one square meter
RCS (units of dBsm).

From the above discussion it is apparent that real build-
ing surfaces are sufficiently rough to warrant further consid-
eration of scattering in a ray-tracing propagation model.
When compared to the smooth reflecting surface assumption
used in first generation ray-tracing models, including surface
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Fig. 1. Reflection and scattering from a rough surface.
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Fig. 2. RCS for rough surface using integral equation

method. - AEO. (Aot £ucma [Q])

roughness will have two important impacts on the energy
scattered from the surface:

1. The amplitude of the specular component is reduced.

2. Energy 1s scattered in directions other than the specular
reflection direction.

The first effect has been assessed in a number of ways,
again assuming a random rough surface. Using one approach
taken from [10], the total reflection coefficient is

R=R.p (3)

where R o is the specular (smooth surface) reflection coeffi-

cient such as found in [4], and p is a multiplicative constant
which is between zero and one for rough surfaces. From [10]
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where o, is the standard deviation of the surface variations.
For ¢, =5cm, p=0.755.

This would result in the ampli-

tude of the specular reflection field being reduced by about
2.4 dB compared to the smooth surface reflection case.



In a typical ray-tracing model, rays from the transmitter
to the receiver may undergo multiple reflections. Errors in
calculating the magnitude of the reflection coefficient at each
reflection will add up so that after 4 or 5 reflections, ray am-
plitude errors of 10 dB or more are possible when ignoring
rough surface effects.

The second consequence of rough surface scattering is
that energy is radiated is all directions (over the 180° hemi-
sphere) from the illuminating surface. In first generation ray-
tracing models it is common that in following ray trajectories
among buildings narrow arcs or sectors of illumination are
created, especially with high numbers of reflections. As a
consequence, it is possible to have a receiver illuminated by
few or no rays, especially if the receiver is far from the
transmitter and on a “back street” relative to the transmitter.
The results is that the ray-tracing model shows little or no
power at such locations where in reality power will certainly
be measured. Including diffracting corners in the ray-tracing
model helps mitigate this effect, but it is still inadequate to
account for observed power. Some researchers have at-
tempted to resolve this problem by using 15 or more reflec-
tion generations. But as shown above, after so many reflec-
tions, the calculated amplitude of the ray is highly question-
able, and substantial computation resources are expended in
finding and calculating such rays.

By including wide angle scattering from the reflection
interaction, it will be shown that better results for “back
street” power are achieved. The next section will show the
development of an efficient rough surface scattering approxi-
mation for use in ray-tracing models.

3. Scattering Profiles for Different
Building Structures

The analysis in Section 2 discussed random rough sur-
face scattering, usually assuming the surface variations are
gaussian-distributed around a mean surface level.

Currently, it would require considerable computational
effort to explicitly consider all the surface variations of real
buildings. The database requirements to store such detailed
information are also restrictive. However, it is possible to
perform ray-tracing studies on a selection of representative
detailed building configurations and from them derive some
simplified scattering functions which are efficient. Four
building configurations were studies for this research, as
shown in Figures 3 through 6. Each structure has an overall
size of 40 meters by 30 meters. The ‘columns’ structure con-
sists of 1 meter square re-enforced concrete columns space at
10 meter intervals. The ‘rooms’ structure is similar to
‘columns’ except that walls are been added to simulated inte-
rior walls. Finally, the ‘rough’ structure uses the same basic
exterior wall column layout as ‘columns’ but with the addi-
tional of glass walls in between columns along the outside of
the building, and a column spacing of 5 meters.
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Fig. 3. Smooth surface test structure with circle
analysis route and transmitter location.

Fig. 4. ‘Columns’ test structure.
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Fig. 5. ‘Rooms’ test structure.
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Fig. 6. ‘Rough’ test structure.






