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Abstract—The increase in mobile communications traffic has led to
heightened interest in the use of ray tracing (RT) methods together
with digital building databases for obtaining more accurate and
efficient propagation prediction in urban microcellular environments.
In this paper, a novel quasi three-dimensional (3-D) RT algorithm is
presented by taking into account the advantages of both the image
theory (IT) and the shooting-and- bouncing ray (SBR) method. It is
based on creating a new virtual source tree in which the relationship
between neighbor nodes is a left-son-and-right-brother one. Our
theoretical results of the signal path loss along the streets are compared
with measurements which have been reported for city streets in Tokyo
and Ottawa City for various values of the propagation parameters.
The good agreement with these measurements indicates that our
prediction model works well for such microcellular communication
applications. The proposed method can provide the reliable theory
basis for radio-wave propagation prediction and network planning in
urban microcellular environments.

1. INTRODUCTION

During the last decade, the progressive deployment of the first
extensive public mobile radio networks has spurred researchers
toward the study of radio propagation in urban environment and
the development of fast and reliable radio coverage prediction
models [1,2]. At present, the propagation prediction model can
be mainly divided into two categories: omne is statistical model,
and the other is deterministic model. Several statistical [3-5] and
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deterministic models [6-12] have been reported in the literature for the
estimation of a variety of signal-propagation characteristics in urban
environment. The most widely used statistical models are based on
closed mathematical formulas, obtained using statistical analysis of
measurements taken in the area of interest. These models are simple
to use but do not give site-specific prediction, requiring supplementary
on-site measurement data [13]. To overcome those problems, the
deterministic propagation models, which are principally based on
numerical methods such as the ray tracing (RT) method and the finite-
difference time-domain (FDTD) method [14], are developed and widely
adopted. Of those, the RT method combined with uniform theory of
diffraction (UTD) [15] is most frequently applied to radio coverage
prediction [16-19]. This method is used to identify all possible ray
paths between a transmitter (Tx) and a receiver (Rx) in multipath
channels. Once all possible paths have been identified, high-frequency
electromagnetic techniques, such as UTD, are applied to the rays to
compute the amplitude, phase, delay, and polarization of each ray [20].
The RT models potentially represent the most accurate and versatile
methods for urban and indoor, multipath propagation characterization
or prediction. Generally, such models are used in the planning phase
of mobile radio networks, where their accuracy may in principle lead
to great advantages in terms of deployment cost reduction and service
quality increase [21].

Nevertheless, the widespread adoption of RT methods is still
limited due to the high complexity and high computation time of the
corresponding computer programs [21-23]. And, for the conventional
RT algorithms such as ray tube method [17], the prediction accuracy is
not satisfactory. Such algorithms are generally based on shooting-and-
bouncing ray (SBR) or image theory (IT) techniques [24]. According to
the SBR method, rays are launched with a specific angular separation
from source points, so that no building faces are missed at large
distances from the Rx, and their paths are traced until a certain
power threshold is reached [25]. The IT takes into consideration all
walls and obstacles as potential reflectors and evaluates the location
of their base station images. This imaging technique works by
conceptually generating an image tree for each base station location.
This image information is then stored and used for computing the
channel characteristics at each user location. The IT technique can
guarantee high accuracy, but suffers from inefficiency when the number
of walls involved is large and reflection times are high [26].

In this paper, in order to overcome the drawbacks of SBR method
and IT and retain their merits, a RT method for the calculation of radio
coverage in urban microcellular environment using the new virtual
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source tree, which is based on the numerical simulation of geometrical
optics (GO) and UTD and can solve some of the problems that other
RT methods have, is presented. Comparing with the conventional ray
tube method [17], the results of the proposed method in this paper
show better agreement with the measurements.

2. THEORY OF NEW VIRTUAL SOURCE TREE

2.1. Three Types of Sources

To illustrate the theory of new virtual source tree, three types of
sources must be defined (see Fig. 1); the transmitter, reflection, and
diffraction sources on the plan view of the quasi three- dimensional (3-
D) environment and they are generated from site-specific information.
The transmitter source represents transmitting antenna and is
described by the position of the Tx and the visibility angle of 27 radian.
This source is the starting point of all propagation paths arriving at
Rx. Due to the existence of surrounding walls and corners, the reflected
and diffracted rays, which are respectively defined as reflection and
diffraction rays, are generated by the rays from transmitter source.
The reflection source is actually a virtual source and represents the
image with respect to the wall. It is described by the position of the
image on the wall and the visibility angle less than 7. Its image is one of
the multiple reflected images of a Tx or building corners as secondary
source. The visibility angle of reflection source is determined by the
illuminated portion of the wall and represented by two unit vectors n,;
and 0,9, as shown in Fig. 1. Basically, it has a fan-like shape but its
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Figure 1. Three types of sources and corresponding “visibility angle”.



400 Liu and Guo

valid region is confined by the corresponding wall and the blockage of
walls and corners in its interior region. The reflection sources can be
generated by all kinds of precedent sources when they illuminate the
wall in their valid region.

The diffraction source is generated as a child of three types of
precedent sources. It is described by the position of the corner,
the corner number, and the visibility angle. The visibility angle is
determined by two walls adjacent to the corner and described by two
unit vectors ng; and ngs, as shown in Fig. 1. And the most common
values of the visibility angle are /2 and 37/2 for buildings in urban
environment. It also has a fan-like shape, and the children of the
diffraction source are generated from the blockage of the scatters in its
valid region.

2.2. Construction of a Virtual Source Tree

In order to store as much information as possible by taking up as little
space as possible in the computer’s memory, a new storage structure
is designed and depicted in Fig. 2. Each node in this tree stores
essential information. Thus, large amounts of memory can be saved
when the depth of the tree is big. The root of the virtual source
tree is the transmitter source and the lower order virtual sources of
this tree are the precondition for generating the higher order virtual
sources. Starting with any node toward its left child in the virtual

€ Transmitter source

@ st order virtual sources

@ 2nd order virtual sources
(O 3rd order virtual sources
<22>Sibling source

______

-------

Figure 2. The construction of new virtual source tree.
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source tree, the order of the node would be increased by one for passing
through each node. Starting with any node toward its right child in the
virtual source tree, if we traverse the nodes by following each pointer
to the next node until no right child can be found, a single-linked list
composed by these nodes would be achieved. In this single-linked list,
all the nodes have a common order and are generated by the same
source. So, these nodes are vividly defined as sibling source. Fig. 2
presents four different sibling sources which are marked by the dotted
ellipse. Based on the virtual source tree as illustrated in Fig. 2, it
can be seen that the relationship between each node and its left child
is analogous to the relationship between a father and a son, whereas,
the relationship between each node and its right child is similar to the
relation between siblings. All the nodes in the tree are stored in the
form of the binary tree, i.e., the topology construction is composed of
different circles and thick solid lines in Fig. 2. In order to determine
the propagation paths from a Tx to a Rx with higher efficiency, each
virtual source in the same sibling source has a pointer to the common
father node and this pointer is visually presented by dotted lines in
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tagged by the Arabic numeral “n

Figure 3. Example of 2-D building layout and corresponding virtual
source tree. Walls are tagged by Arabic numerals and edges by letters.
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Fig. 2. According to the above analysis, the construction of the new
virtual source tree, which is proposed in this paper, looks very much
like a binary tree. And the relation between the neighbor nodes in the
tree is a left-son-and-right-brother one.

In Fig. 3, an example of the constructing a virtual source tree
(excepting the Rx in the structure of the binary tree) for the plan
view of a simplified environment made of two rectangular buildings is
presented. The maximum order of the virtual source tree is two. 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”.

2.3. Procedure for Creating Virtual Source Tree

In the process of constructing the virtual source tree, two terms must
be defined, i.e., the type weight of the ray and limit number. When
radio-wave transmitting under urban microcell, diffraction loss is so
much more than reflection loss generally that it is quite necessary
to distinguish reflection and diffraction using the type weight of the
ray. Therefore, the new concept of type weight is introduced. When
doing some simulation in this paper, the type weight of reflection and
diffraction are fixed to be 1 and 3, respectively. Meanwhile, the limit
number, which determines the depth of virtual source tree, is equal to
an allowable maximum of the sum of type weight for each propagation
path.

Figure 4 presents a simplified flow diagram of constructing a
virtual source tree. If we follow this flow diagram, a virtual source
tree can be built as shown in Fig. 2. The main steps of constructing
the virtual source tree are the following;:

(1) All the visible walls and corners of the transmitter source should
be found out firstly. In the process of determining the visible walls
of the transmitter source, the part of the wall, which is blocked
by the other walls, needs to be discarded, and this can avoid
checking if the propagation paths from Tx to Rx actually exist.
All the reflection sources, which are images of the transmitter
source with respect to visible walls, and diffraction sources, which
are described by the position of visible corners of the transmitter

source, constitute the first order virtual sources.
(2) After determining the first order virtual sources (i.e., the sibling

source generated by the common transmitter source), for all the
reflection sources and diffraction sources, the same operations
are carried out as step (1), taking into account the search area
restrictions for each propagation mechanism considered. All the
virtual sources of the second order virtual sources are determined
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Figure 4. Simplified flow diagram of constructing a virtual source

tree.

by the above operation. What calls for special attention is that
all the visible walls and corners for each diffraction sources need
to be kept in one contiguous memory and saved pointers to this
storage space. This way of dealing with the diffraction source can

avoid repeated calculation.

(3) For all the reflection sources in the second order virtual sources,
the same operations are carried out as step (2) for the reflection
source. But before execution of finding the visible walls and
corners for each diffraction source, one has to check if the
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diffraction source belongs to the lower order virtual sources. If
yes, instead of finding out the visible objects based on intersection
test of a ray with an object, the visible walls and corners will be
determined only by using the corresponding pointer to existing
results; otherwise, the same operations are performed as step (2)
for the diffraction source. All the virtual sources determined in

this step make up the third order virtual sources.
(4) By repeating above recursive process, the higher order of the

virtual sources will be got and the virtual source tree will be
completed until the predefined limit number is exceeded.

3. RAY TRACING METHOD BASED ON NEW TREE
STRUCTURE

The proposed method in this paper is developed for a quasi 3-D
environment, i.e., building walls are assumed to be much higher than
both the Tx and Rx height so that diffractions and reflections from
the rooftops are neglected. The ground is assumed flat, such that all
vertical obstacle edges are perpendicular to ground and, consequently,
parallel to each other. All the propagation paths with possible
combinations of wall reflections and corner diffractions can be found
by the virtual source tree. Once the trajectories from Tx to Rx are
determined, the signal path loss would be obtained.

In the process of executing RT algorithm in this paper, the
generation of the virtual source tree, the determination of propagation
paths and the field calculations are performed simultaneously and are
finished at the same time. Thus, the time of virtual source tree
traversal can be avoided and the storage space which stores a large
amount of propagation paths can be saved. The proposed RT method
is described by the flow chart shown in Fig. 5 and contains four
fundamental steps:

Step 1) Loading microcellular environment database: the building
layouts built with different digital map, wall material characteristics,
dimensions and locations of buildings, and positions of Txs and Rxs.

Step 2) Creation of the virtual source tree: the different order
of the virtual source with respect to the building walls and building
corners are determined, according to the procedure described in
Section 2.3.

Step 3) Finding propagation paths: Once the virtual source tree
is completed, ray-tracing routine is employed to find all the two-
dimensional (2-D) propagation paths. Since the construction of the
virtual source tree is independent of the location of Rx, the tree can
be used for any Rx location without reconstructing it. In order to
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Figure 5. Flowchart of proposed RT method.

show the process of finding propagation paths, we take the same case
as shown in Fig. 3 for example. For a given location of a Rx, one
should first check if some source, which belongs to the virtual source
tree (the structure of the tree excepting the Rx in Fig. 3), is visible
to the Rx (for line-of-sight rays). If yes, the Rx is added to the sibling
source generated by this source. After checking all of the sources in
the tree, the virtual source tree (including Rx) can be completed as
shown in Fig. 3. Then, all 2-D propagation paths will be got by tracing
from each Rx to the transmitter source. These ray paths are depicted
in Fig. 6. All the 2-D propagation rays are converted into their 3-D
counterparts following the procedure detailed in [24]. The conversion
of 2-D ray path into 3-D trajectories is performed with the help of the
total distance measured along the 2-D path and the antennas heights
with respect to the ground.

Step 4) Electromagnetic calculation: After all the trajectories
between Tx and Rx have been individuated, the total field at each
measurement point is computed by adding the contributions of all
pertaining propagation paths. Each contribution due to a specific path
is obtained by the following analysis and calculation.
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Building 1

Building 2

Tx

Figure 6. 2-D description of the propagation paths that can be
followed to go from the Tx to the Rx corresponding virtual source
tree in Fig. 3.

If a direct visibility path is considered, then the field strength
depends only on the distance between the source and the observation
point, and this field contribution is given by

efjkro

(1)

where k is the free-space wave number, and Eg is the electric field
where located at 1 m from the source. The value rg represents the
length of the directed path.

If reflections or diffractions are involved, the field strength is
calculated by Eq. (2), i.e.,

,
L] i=1

Eros = Eg
o

where the distance 71 is the distance from Tx to the first reflection
point or diffraction point, and r is the distance between the transmitter
and the observation point. Ar; and Ad; are the spreading factor for a
reflection from a surface, and for a diffraction at an edge, respectively.
The values n and m represent the total number of reflection and
diffraction. The dyadic quantities R; and D; correspond to reflection
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coefficient and diffraction coefficient, respectively. More details of the
calculation of the two coefficients can be traced in [27].

Once the trajectories are determined, the contribution of each
propagation path to the total received electric field Finq can be
obtained by Eq. (2). Thus, the path loss is calculated in dB as follows:

o || 3)

Etotal
Ey

L=20lg {

where A is the wavelength.

4. COMPARISON WITH PROPOSED METHOD AND
MEASUREMENTS

In order to demonstrate the accuracy of the RT method proposed in
Section 3, comparisons with published results in two high-rise urban
environments are presented. In the first test scenario, it represents the
core of Ottawa, Canada, for which measurements [28] for the vertical
polarization at 910 MHz are available in the literature. This scene
900m x 600 m area and consists of 130 obstacles (i.e., 130 buildings),
comprising 614 faces and edges, as illustrated in Fig. 7. The base-
station antenna (Tx) was mounted at 8.5m above the ground, well
below the rooftops, and the Rx, 3.65 m above the ground, was assumed
to move along two parallel streets (Slater street and Queen street). The
values of relative permittivity €, and conductivity o are very important
to the prediction results. Real building surfaces are made up of a
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Figure 7. Plan view of the Ottawa city core. The Tx is at T, and
Rxs placed along Slater St. and Queen St. (dotted line).
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Figure 8. A comparison of the calculated and measured path loss
characteristics for the mobile station moving along two parallel streets.
(a) Along Slater Street. (b) Along Queen Street.

complex pattern of windows and other structures with different wall
materials. The only practical method is to assign reasonable average
values of €, and o to characterize them [29]. In our calculations, the
value of ¢, and o was chosen as 9, 0.1 S/m for buildings and 15, 7S/m
for the ground. And the limit number is limited to seven.

Figure 8 shows the differences for the path-loss characteristics
between the simulated predictions (thick solid line), ray tube results
(dashed curve) [17], and the measurements (thin line) [28]. It could
be observed that the present simulation model performed consistently
well compared with the measurements. Figs. 8(a) and (b) present the
path loss along Slater and Queen Streets, respectively. The former
is a line-of-sight (LOS) street and the latter is an out-of-sight (OOS)
street. On both the street, there are local peaks of signals where the
open areas allow stronger signals to reach the street. Therefore, we
can infer that the path loss is highly dependent on the geometries and
distributions of buildings.

The means and standard deviations of errors between measure-
ments and simulated predictions [17] on the two streets are also pre-
sented in Table 1. The ray tube method presented in [17] is similar
to the proposed method in this paper. Both of them are applied to
the quasi 3-D environments. According to the errors shown in Table 1,
it could be observed that the RT method proposed here yielded bet-
ter prediction accuracy compared to the ray tube method. On Slater
Street, our simulated predictions are slightly larger than the measure-
ments. Whereas, on Queen Street, our predicted results are less than
the measurements. There are two main reasons for the case presented
above. On the one hand, we have no detailed information of the build-



Progress In Electromagnetics Research, Vol. 118, 2011 409

Table 1. Means and standard deviations of errors between predictions
and measurements on the two streets.

Street Proposed method Ray tube method [17]
Mean Standard Deviation Mean Standard Deviation
Slater St. 5.67dB 5.17dB 6.13dB 6.14dB
Queen St. | —5.76 dB 10.03dB —4.86dB 10.50dB
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Figure 9. Plan view of a Tokyo street grid.

ings 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 the other hand, the rooftop diffracted signals give large portion of
total received signals when there are many obstacles between Tx and
Rx, but the rooftop diffractions are ignored in the proposed method.
Figure 9 shows another scene in Tokyo where measurements have
been done at 1.48 GHz by Iwama and Mizuno [30], and was quoted
by S. Y. Tan and H. S. Tan [8]. The Tx is positioned 5.3 m above
the road surface and is close to the street side. A vertically polarized
receiving antenna Rx is placed 3m above the road surface, and its
position is moved along the measuring street. Based on the geometry
of Fig. 9, the signal path loss is computed along two measuring routes
in Tokyo for comparison with the published measurements [30], with
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Figure 10. Comparison of prediction versus measured path loss.
(a) Along the LOS street. (b) Along the side street BAC near Shinbashi
station in Tokyo.

Table 2. The computation time by our proposed method for Fig. 7
and Fig. 9.

Street Slater Street Queen Street LOS street OOS street BAC
ree

in Fig. 7 in Fig. 7 in Fig. 9 in Fig. 9
Time 109s 98s 2s 2s

the values of ¢, = 15 and 0 = 7S /m following the existing literature [8].
Fig. 10(a) and 10(b) show the simulation results for LOS street and
OOS perpendicular street, respectively. In Fig. 10(b), it was obvious
that near the junction, there was a significant increase of the received
signal strength due to the LOS and the first-order reflected fields. As
soon as the receiver moved away from the junction in OOS conditions,
the second-order field prevailed, and the path-loss factor dropped
abruptly. As for two scenarios mentioned above, the good agreement
between measured and computed path-loss data indicated that the
proposed quasi 3-D propagation method gives good results in such
high-rise urban environments.

The computation times required to complete the prediction of each
street in the two scenarios are also presented in Table 2 above. The
simulations were carried out under a Windows operating system with
Intel (R) Core (TM) i5 2.8 GHz processor and main memory of 4.0 GB.
According to Table 2, the computation times for the two streets in
the first scenario are obviously longer than the computation times in
the second scenario due to comprise more faces and edges in the first
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scene. And, the proposed method can quickly predict coverage in urban
microcellular environments for above two mentioned scenarios.

5. CONCLUSION

In this paper, a novel quasi 3-D RT algorithm, based on creating a
new virtual source tree in which the relationship between neighbor
nodes is left-son-and-right-brother one can be applied to any complex
propagation environment with composed of arbitrary-shaped buildings,
streets and open areas. The proposed method is fundamentally a point-
to-point tracing method, so reception tests are not required and it
guarantees high accuracy. It was proven to have satisfactory prediction
accuracy for 910 MHz and 1.48 GHz radio wave propagation in urban
microcellular networks. In the process of executing RT procedure,
a compromise between execution time and calculation accuracy is
achieved by the creation of the new storage structure, definition of
the type weight of the ray, limitation of limit number, acceleration of
handling diffraction sources, and operation of generating the virtual
source tree and finding propagation paths at one time. The proposed
method, which has the better prediction accuracy than the ray tube
method, is not optimized yet with respect to CPU times, but has a lot
of potential to be made much faster. Future investigations will focus on
the pre-process of input database (wall surfaces, wall edges, etc.,) and
acceleration techniques by reducing the number of intersection tests in
order to reduce the calculation time of the proposed method, without
affecting the accuracy of the prediction. In this paper, the proposed
RT algorithm can handle only buildings with vertical walls. However,
many modern buildings are not constructed in that way. So, in our
future work, these buildings are not constructed with vertical walls will
also be taken into account.
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