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Implementation of a Ray Tracing Simulator for Propagation Prediction
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ABSTRACT

In wireless ,;ommunications, understanding of the propagation channels is necessary to achieve optimum
performallce 1f a communication system, Even though direct measurements enable accurate evaluation of onsite
performance, it requires a considerable amount of time and efforts. Therefore, a computer tool that could
characterize the wireless channel from the building plans and material properties would be a good solution. This
paper considus an approach for developing such a simulation tool using ray tracing. The simulator has been
implemenled in Matlab, Assuming that the scattering objects are much larger than the wavelength, the
electromagnetic waves are modelled as rays, From the ray tracing results, receivedjield strength is computed based
on the theory ofGeometrical Optics and Uniform Geometrical Theory ofDiffraction,

Keywords: Ray tracing simulation, propagation prediction, Geometrical Optics, Uniform Geometrical Theory
ofDiffraction

Introduction

In indoor or outdoor microcellular communication system, if the volume of the users exceeds the limit, the cell size
of the transmitting base station needs to be optimized to accoll1ll1odate the increased spectrum requirement At the
same time care should also be taken to minimize the region of poor coverage and the overlapped areas. The above
objectives are feasible only with the propagation study in such environments. Due to the reflection, transmission and
scattering of th,~ radio waves by structures inside a building or in city streets, the transmitted signal reaches the
receiver by m(,re than one path, This multipath propagation causes inter symbol interference in a wireless
communication system, Besides this the interference between the signals from the co-channel cells, co-channel
interference, also reduces the performance of a wireless system. Even though these interferences are often generated
within the cellular system, they cannot be completely eliminated, However if the channel is characterized well, the
effective transmitter antenna locations can be selected such that optimum propagation performance will be achieved.
This requires the use of propagation prediction tools, since direct measurements are not cost effective.

This paper considers a method to make such a tool and the shoot-and-bounce ray tracing technique(SBR) is
implemented to predict the path of reflected and transmitted rays (Seidel & Rappaport 1994). It also includes single
diffraction from the diffracting edges, The field intensity at the receiver with respect to the reference field strength,
i,e, at Im from the transmitter, due to the reflected, transmitted and diffracted signal components is computed with
geometrical optics and uniform geometrical theory of diffraction, This field intensity can be further used to get the
desired parameters, such as path loss and RMS delay spread, for channel estimation and cell planning.

Shoot and Bounce Ray Tracing

In SBR method, jrom the transmitter, the rays are launched in all directions and the progress of each ray is traced
through the environment, taking into account the propagation mechanisms, For each ray, intersection tests are
conducted betwee1 ray and obstacles. At every intersection point, a ray is split into a reflected ray and transmitted
ray Before condu,;ting the intersection test for these two rays, a reception test is performed on them, The ray tree in
Figure I shows, how a source ray can be decomposed into many transmitted and reflected rays due to the
intersections with ,Jlaner boundaries, To test whether a ray is received or not, a reception sphere is constructed about
the receiver, If the ray intersects the reception sphere, it is considered as received, The radius of the above mentioned
reception sphere is an important one, It should be sized to guarantee the reception of one and only one ray from each
wave front (Durgin, Patwari & Rappaport 1997). This ray tracing is done until a maximum number of scattering
levels is exceeded or has no further intersection, The distance travelled, direction of arrival and phase are recorded to
compute the field intensity later.

Ray Tracer

Before performing lay tracing, the ray tracer checks whether the receiver is visible from the transmitter position, i,e,
for line-of-sight path. At first, ray-object intersection test is performed with a ray that goes through the receiver from
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the transmitter and the object intersection distance is found, If there are no obstacles between them, the object
intersection distance will be zero or greater than the distance between the transmitter and receiver. Then, the electric
field intensity due to the direct ray is calculated, Next, the rays are launched from the transmitter and the SBR ray
tracing technique is applied to compute all the reflection points and the direction vectors of reflected rays; the ray
direction vectors that are derived in the previous section are used to launch the rays. At first, a source ray is taken and
intersection test is performed to find the point of intersectionlreflection. If there is no reflection from the obstacles,
i.e. if there is no intersection, the ray'is. d}'opped; with a new ray, the ray tracing is continued. From every point of
reflection a reception test is performed. If the ray is received, the reflecting objects/plancs in that propagation path,
n.:flection levels and the total distance travelled are recorded. Then with these details, the brute force double ray
counting verification is carricd out (Flores, Mayorgas, Jimenez 1998). That is, the reception is considered only if
there is no previous ray that follows the same path. Then field intensity is computed for the received ray, Upon
n,flection, the source ray is divided into a transmitted ray and a reflected ray. Ray tracing is preceded with the
dJrection vcctors of these two rays separately. Direction vector of the incident ray is used as that of the transmitted
ray with the intersection point as its origin. This recursive, ray-tracing procedure is continued until it reaches a
maximum number of tree levels, The direct diffraction is also incorporated in this ray-tracing simulator and the field
intensity of the received rays due to diffraction is determined next. Finally, the vector sum of all the received field
components is obtained and used to determine the path loss.

Total Electric Field Intensity at the Receiver

Due to multi path propagation, the number of rays received by the receiver is often more than one; that is direct,
rdleded, transmitted and diffracted rays. He'nce, the total electric field intensity, E" is obtained by the coherent
sJmmation of individual ray contribution. The complex field intensity of mth ray, which experiences multiple
reflection and transmission, at the receiver is given by (Seidel & Rappaport 1994)

(I)

where
E;(Qm) = Incident clectric field intensity at the first scattering

point, Qm

f(O"m), T(Opm) = associated reflection and transmission

coefficients, respectively.

Amm , A/I'm = spreading factors for reflection and transmission of

the m /1> multipath component, respectivcly

.(f ~'to'tal path length of m 'h ray'

e:ikll = propagation phase factor due to path length
x, y = total number of reflections and transmissions, respectively

Sincc the diffraction is treated separately (single diffraction), the field intensity due to n'h diffracted ray at the
receiver can be obtained by replacing the product of complex reflection and transmission coefficients in the equation
I with the complcx diffraction coefficient; that is

(2)

where.
Ei(Q,,) = Incident electric field intcnsity at the diffraction

point, Q", of n'h diffracted ray
Ad" = spreading factor for nth diffracted ray
D" = diffraction coefficient for nth diffracted ray
d = total path length of n'h diffracted ray
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The total field intensity, Er, due to all the received rays is

where,

m=1
Er=

n=l
(3)

Path Loss

n = total number of rays traced in the ray tracing part
z = total number of diffracted rays

If the gains of tr e transmitter and receiver antennas are unity, the total received power can be defined as

(4)

where,
p,.P r = transmitted and received power respectively
Er = total electric field intensity at the receiver

Er/Eo can be obtained from the total field intensity; that is from equation 3. The path loss is defined as the difference
between the effective transmitted power and the received power in decibels (Rappaport 2002); that is

IOIOglO(::)
PL in dB =

Comparison with Two Ray Model

(5)

To validate the ray tracer, a two-ray model is simulated and the results are compared with the results of Xia, Bertoni,
Maciel, Stewart and Rowe (1993). The geometry for a two-ray model is shown in Figure 2. The antennas are
assumed isotrop·c. The transmitting and receiving antenna heights are 8.7m and 1.6m respectively. The frequency of
the incident wave is 900MHz. The receiver will receive one direct ray and one ground reflected ray. Received power
for vertical and horizontal polarization is plotted against the antenna separation (shown in Figure 3). As the antenna
separation increases, the path loss oscillates due to the interference between the two rays as they go in and out of
phase. In additic,n, the received power reduces with the square of the antenna separation, d2 At larger distances, it
falls off with d

4
(Rappaport 2002, chapter 4). Exact match with the results of Xia, Bertoni, Maciel, Stewart and Rowe

(1993) is found in the shorter distances up to a few hundred meters. Slight deviation is noticed at longer distances
and this is due to the increased radius of the reception sphere. .
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Fig. 2: Two Ray Model for Propagation above Flat Earth
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Fig. 3: Path Loss of the Two Ray Model

Cllmparison with Measurements and Predictions in Ottawa City Streets

For further validation of the wave propagation prediction tool and to check its applicability to complex environments,
path loss predictions for Ottawa city Streets environment are carried out and compared with the published
m(:.~suremenls that have been collected at 910MHZ in Ottawa City, Canada by Whitteker (1988) and with the
sirnulation results of Tan and Tan (1995). The transmitter and receiver antennas used for the measurements were
vertical monopoles. They were located on small ground planes at a height of 8.5m and 3.65m respectively. The
m(:,~sured data were recorded and path loss was plotted with 2m resolution. Each point was the median of the path
1m::; samples, which were taken in 2m interval. The antenna gains wer~ not included in the published measurements.
The plan view of the simulated street scene is shown in Figure 4. The buildings are higher than the transmitting and
re(;,~iving antennas and all the walls are assumed to have a dielectric constant (E,) 7.0 and conductivity (cr ) 0.2 S/m
(T:.In & Tan 1995). In this simulation, the transmitting and receiving antennas are modelled as Hertzian dipoles with
unity gain. The received field strengths are predicted at random interval and used to compute the path losses. Up to
ten reflections and single diffractions from diffracting corners are included; transmission mechanism is excluded
'from this prediction. Following Tan and Tan (1995), Fresnel reflection coefficients are used instead of the multi-layer
wall reflection coefficients. The tessellation frequ!ll1cy 9f the transmitter, icosahedron, N, is fixed at 172 so that the
ray separation would be about 0.4 degrees. ' r, : " ..'
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Fig. 4: Two Dimensional View of Ottawa City

At first, tra 1smitter is placed at the Slater Street i.e. at T j • Receiving antenna is moved along the Laurier Street.
The path losses are predicted using the ray tracing simulator and plotted in Figure 5. Next, the transmitter is located
at Laurier Street i.e. at T2 . The receiver is moved along the Bank Street. The path loss characteristics of this scenario
are plotted in Figure 6. The measurements of Whitteker (1988) and the simulation results of Tan and Tan (1995) are
also included fo' comparison in the Figures 5 and 6. Reasonable agreement found in these results ensures the validity
of the simulator to some extent.
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OUava City· Laurier Street Comparison
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Fig. 5: Measurements and Predictions of Path Loss along Laurier Street
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Fig. 6: Measurements and Predictions of Path Loss along Bank Street

In this paper a ray tracing simulator, which can be used for wave propagation prediction of an indoor or outdoor
microcellular communication system, has been discussed. This simulator can handle multiple reflections,
transrnissions, and combinations of them with the three dimensional shoot-and-bounce ray tracing technique. From
the ray tracing results, received field strength is computed based on the theory of Geometrical Optics. In addition,
single: diffraction from diffracting corners and edges are included whereby the received field strength is determined
using ;:he Uniform Geometrical Theory of Diffraction. To validate the ray-tracing simulator, simulated results are
compared with published measurements and predictions. Reasonably good agreement is observed.
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