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Abstract: This study presents a new ray tracing acceleration technique for site-speciﬁc propagation modelling in
indoor environments. It overcomes one of the major problems regarding the computational efﬁciency of
shooting-and-bouncing-ray (SBR) method, that is most of the rays emitted from the source do not reach the
receiver whereas all of them must be traced. Our proposed method solves this problem in a two-step
procedure based on the idea of line search theory. In the ﬁrst step, called the bracketing phase, the solid
angles around the transmitter that transport electromagnetic power to the receiver are determined. In the
second step, called the sectioning or zoom phase, the accuracy is improved by iteratively increasing the
tessellation frequency of the source in the power-transporting solid angles. No ray will be sent through nonpower-transporting solid angles in the sectioning phase. Applying the method to a typical indoor problem is
presented and the results are compared with fully 3-D SBR simulation. It is observed that power-transporting
solid angles constitute only a small fraction of the total space around the source through which the rays are
launched. Therefore a high gain in terms of computational efﬁciency (about 550 – 800% saving in the
simulation time) is achieved.

1

Introduction

Proper design of wireless personal and local area networks
requires deep understanding and accurate characterisation
of radio wave propagation in indoor environments. Over
the past two decades, ray tracing has been widely used for
indoor propagation modelling [1 – 7]. The conventional ray
tracing, called the shooting-and-bouncing-ray (SBR)
method, uses geometrical optics approximation to model
electromagnetic wave propagation in the environment. By
using adaptive reception spheres [3], multiple-counting
cancellation techniques [8, 9] and ray tube models [4, 7,
10, 11], accurate results can be obtained.
In applications where high accuracy is required, the
transmitter must be modelled with a large number of rays.
Thus, a heavy computational burden in terms of simulation
time is imposed on the SBR algorithm. Reducing the
simulation time of the SBR method is still a challenging
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problem and several acceleration techniques have been
proposed in the literature to overcome this drawback. These
techniques may be classiﬁed into two main categories. The
algorithms of the ﬁrst category focus on reducing the
number of intersection tests of the rays with the objects in
the environment. This reduction is accomplished by using
geometrical algorithms based on the concept of bounding
volumes [12, 13]. Bounding volumes are simple geometric
objects that are simple to intersect with a ray and surround
the objects of the environment in a tree-like manner.
Instead of using a brute force method, the algorithm ﬁnds
the intersected wall through searching in the tree generated
by the bounding volumes. This technique signiﬁcantly
reduces the number of intersection tests required. For
instance, in [14] the binary space partitioning and in [15]
the space volumetric partitioning and angular Z-buffer are
used whereas in [16, 17] the environment is tessellated
using rectangular and triangular meshes, respectively. Since
intersection test calculations dominate the run time of the
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SBR method, very good speedup can be achieved by applying
these techniques.
If the wavefront of a ray hits more than one wall at a single
intersection, the computed reﬂection and transmission
coefﬁcients at the intersection point will not accurately
describe the electromagnetic interaction of the ray with the
intersected wall. This problem is referred to as space
sampling error in computer graphics [12] and is depicted
for a simple 2-D case in Fig. 1a. If a ray intersects a wall at
the grazing angle, the probability of space sampling error
will increase. The algorithms in the second category of
acceleration techniques apply the concept of adaptive supersampling in computer graphics [12]. They start with a
small number of source rays. Whenever the wavefront of a
ray hits more than one wall at a single intersection, it is
split into smaller wavefronts such that each small wavefront
hits only one wall. This situation is depicted in Fig. 1b
where the wavefront of the parent ray r0 has been split into
three child wavefronts corresponding to the rays r1 , r2 and
r3 . The number of child wavefronts generated by the parent
wavefront can be determined adaptively as a function of the
current sampling rate (current tessellation frequency of the
source) and the remaining power in the ray tube. In
electromagnetic applications, this method is referred to as
ray tube tracing [10] or ray-beam tracing [11]. The
sampling of the space (tessellation frequency of the source)
is increased only for the rays whose wavefronts hit more
than one wall at a single intersection. Thus, run-time
saving is achieved.
One of the major drawbacks of the SBR method is that
most of the rays emitted from the source do not reach the
receiver. Neither of the two categories of acceleration
techniques mentioned above is capable of solving this
problem. The reason is that the solid angles around the
source with contribution to the total electromagnetic ﬁeld

at the receiver remain unknown unless the ray tracing
procedure is completed. However, if these solid angles are
known a priori, the rays will be launched only through
them, resulting in a signiﬁcant decrease of the
computational burden. In this paper, we will present an
iterative algorithm to speed up the SBR method based on
this idea.
The original contribution of this paper is the presentation
of a novel iterative algorithm for increasing the computational
efﬁciency of the SBR method. This acceleration technique
ﬁnds the power-transporting solid angles around the source
and iteratively increases the tessellation frequency of the
source within these solid angles. Note that neither of the
two aforementioned categories of acceleration techniques
takes the power-transporting solid angles into account.
They merely perform speciﬁc algorithms on all rays
regardless of the contribution at the receiver. In contrast,
the acceleration technique of this paper considers the
receiver location, and traces the rays only in powertransporting solid angles. Therefore a major portion of
unnecessary calculations because of non-power-transporting
solid angles is avoided. Moreover, our acceleration
technique can be effectively combined with other
acceleration techniques that are based on reducing the
number of intersection tests. This will further speed up the
SBR method. The idea of our acceleration technique is
inspired from the line search theory in the area of
unconstraint optimisation [18, 19]. This acceleration
technique provides signiﬁcant speedup in typical indoor
scenarios.
The paper is organised as follows. Our proposed
acceleration technique is presented in Section 2. Numerical
results, complexity analysis and processing gain in terms of
computational time are reported in Section 3. Finally,
conclusions are given in Section 4.

2

Acceleration technique

In order to provide a high-resolution ray tracing, we present
an iterative algorithm. This algorithm is inspired from the
line search theory which is widely used in unconstraint
optimisation problems [18, 19]. In the next two
subsections, ﬁrst we will describe the concept of line search.
Then, we show how the idea of line search can be applied
to improve the computational efﬁciency and accuracy of the
SBR method.

2.1 Line search theory

Figure 1 Space sampling error and its solution
a Parent ray r0 hits wall 1 whereas its wavefront hits walls 1 and 2
b Decomposition of r0 into child rays r1 , r2, r3
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In a typical unconstraint optimisation problem, we wish
to minimise a multivariate cost function f (x) over the entire
R n space, where x [ Rn is the vector of independent
variables. The minimisation procedure is usually
accomplished in an iterative manner. Suppose xk is the
solution (estimated minimiser) at the start of the kth
iteration. The updated value of the solution, xkþ1 , may be
1291
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computed via the following expression
xkþ1 ¼ xk þ ak pk

(1)

where vector pk is a descent direction at point xk , which
guarantees that f (x) can be reduced if we move from xk
along this direction. For instance, pk can be chosen to
be rf (xk ), where rf (xk ) denotes the gradient of f (x) at
xk . The scalar ak , which has a positive value, is called
the step length. It determines how far to move along pk .
There always exists a tradeoff in choosing the step length.
We would like to choose ak to give a substantial reduction
of f, but at the same time, we wish not to spend so much
time on making the choice. The ideal choice would be
the global minimiser of the univariate function w(a)
deﬁned by

w(a) ¼ f (xk þ apk ),

a.0

(2)

This implies that within each step of the main optimisation
problem, we are dealing with another optimisation problem
that is minimising w(a). In general, however, it is
computationally too expensive to minimise w(a) and thus
identify the optimal value of the step length. Practical
strategies that identify a step length that achieves adequate
reduction in f at minimal cost instead of seeking the global
minimiser of w(a) are called line search algorithms.
A typical line search algorithm is performed in two stages.
In the ﬁrst stage, called the bracketing phase, an interval I0
containing the exact minimiser of w(a) is found. The
second stage, called the sectioning or zoom phase, performs
an iterative procedure starting with I0 . At each iteration,
the initial interval is bisectioned such that only one of the
two subsections contains the exact minimiser of w(a). This
subsection is passed to the next iteration of the sectioning
phase and the procedure is repeated. In other words, we
zoom on I0 until we ﬁnd a small interval containing the
exact minimiser of w(a). Any value of a in the ﬁnal
interval can be selected as an estimate of the minimiser of
w(a).

computationally too expensive. In the rest of this
subsection, we present an algorithm based on the concept
of line search theory to minimise the error at a
computationally affordable cost.
In general, the total ray tracing simulation time, denoted
by Dt, can be expressed as
Dt ¼ n  Dtn

(3)

where n is the number of rays emitted from the source (source
rays), and Dtn represents the average time required to trace all
rays within the binary tree generated by a single source ray.
The term ‘binary tree’ refers to the tree-like sequence of
rays generated by a source ray at the consecutive
intersections with the walls of the environment. Each
source ray represents a small solid angle around the source
and transports some part of its radiated power. The
conventional SBR algorithm traces the rays within the
binary trees generated by all source rays. However, only a
few numbers of binary trees usually contribute to the total
electromagnetic ﬁeld at the receiver. Therefore the ﬁeld at
the receiver can be computed by tracing only the binary
trees of the power-transporting solid angles. Consequently,
a signiﬁcant decrease in the simulation time can be
obtained. Equivalently, the source can be modelled with a
very large number of source rays, but the SBR algorithm
traces only the binary trees of the source rays within powertransporting solid angles. Thus, the error in the simulation
results (caused by modelling the source with ﬁnite number
of rays) can be minimised within an acceptable simulation
time.

2.2.1 Source model: The source model used in our
acceleration technique is taken from [3]. This method uses
an icosahedron inscribed in a sphere around the source.
The radius of this sphere is determined by the far-ﬁeld
region of the transmitting antenna. A typical icosahedron
with 20 identical equilateral triangular faces is depicted in
Fig. 2a. To achieve a higher resolution in terms of angular
separation between the adjacent rays, each edge of the
icosahedron is divided into N equal segments. Afterwards,

2.2 Proposed acceleration technique
In the SBR method, it is desirable to model the source with
an inﬁnite number of rays. This guarantees accurate reﬂection
and transmission coefﬁcients. Moreover, it ensures that all
paths between the transmitter and the receiver are traced
and no object in the environment is missed. In practice,
however, it is impossible to send out an inﬁnite number of
rays. Instead, the source is modelled with a relatively large,
but ﬁnite number of rays. This implies that there always
exists some error in the simulation results. If the number of
source rays increases, the error will decrease, but on the
other hand, the computational burden in terms of
simulation time will also increase. In other words, we are
dealing with an optimisation problem in which minimising
the cost function (the error in simulation results) is
1292
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Figure 2 Source model
a A typical icosahedron with 20 identical equilateral triangular
faces
b Tessellation of one face with the tessellation frequency of
N¼4
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lines parallel to the edges are drawn and form a tessellated
face as shown in Fig. 2b for N ¼ 4. The rays with
hexagonal wavefronts are launched in the direction from
the source to the vertices that are generated on the
icosahedron faces. Since the icosahedron is geometrically
symmetrical around its centre, in which the phase centre of
the transmitting antenna is located, the source rays are
uniformly generated with similar wavefronts and nearly
identical angular separation. The parameter N is called the
tessellation frequency. The total number of generated

source rays is 10N 2 þ 2. Thus, the tessellation frequency
controls the resolution of the source model.

2.2.2 Bracketing phase: We now use the idea of line
search to improve the computational efﬁciency of the SBR
method. The ﬂowchart of our acceleration technique is
depicted in Fig. 3. It is composed of bracketing and
sectioning stages similar to the traditional line search. In
the bracketing phase, the power-transporting solid angles
around the source are determined. Then, the sectioning

Figure 3 Flowchart of proposed acceleration technique
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phase improves the accuracy by iteratively increasing the
tessellation frequency of the source in power-transporting
solid angles. No rays are sent out in non-powertransporting solid angles in the sectioning phase.
The bracketing phase starts by modelling the source with a
relatively low tessellation frequency. Therefore a few source
rays are generated each of which representing a nearly large
solid angle. Then, the SBR method is used to trace the
source rays. Consider the ﬁrst source ray. If the wavefront
of this ray illuminates the location of the receiver, it is
marked as a power-transporting source ray and is passed to
the sectioning phase. Otherwise, it is traced and the
corresponding reﬂected and transmitted rays are calculated.
Now, we check whether the wavefronts of the reﬂected
and transmitted rays illuminate the receiver location. If the
receiver falls within at least one of the wavefronts, the
ﬁrst source ray is marked as power-transporting and passed
to the sectioning phase. Otherwise, the reﬂected and
transmitted rays are traced. Each of these two rays
generates a reﬂected ray and a transmitted ray. Thus, we
now have four rays to deal with. We check these rays for
probable illumination of the receiver. If at least one of them
illuminates the receiver, the ﬁrst source ray is marked as
power-transporting and is passed to the sectioning phase.
Otherwise, these rays are traced. This procedure is repeated
until either the ﬁrst source ray is found to be powertransporting or the magnitude of all generated rays in the
binary tree falls below a predeﬁned threshold without
illuminating the receiver.
The rest of the source rays are treated in the same manner
as discussed above. We emphasise that the goal of the
bracketing phase is to determine the power-transporting
solid angles. Utilising the above procedure, the rays within
the binary tree of a source ray are traced only if the source
ray has not been marked as power-transporting till that
speciﬁc time. Therefore the ray tracing procedure in the
bracketing phase is computationally very efﬁcient. It can be

observed in Fig. 3 that during the bracketing phase and the
initial iterations of the sectioning phase, the amplitude of
the electric ﬁeld of each ray must be checked to be above
the predeﬁned threshold prior to illumination test at the
receiver.

2.2.3 Sectioning phase: The goal of the sectioning
phase is to improve the accuracy. We note that powertransporting solid angles are determined in the bracketing
phase. The rest of solid angles (non-power-transporting
solid angles) do not contribute to the electromagnetic ﬁeld at
the receiver. To increase the accuracy, the wavefronts of
power-transporting source rays must be decomposed into
smaller wavefronts. This will guarantee more accurate
reﬂection and transmission coefﬁcients at each intersection
of the rays with the objects in the environment as well as
more accurate paths towards the receiver. The choice of the
decomposition scheme determines the computational burden
of the sectioning phase. One efﬁcient way of wavefront
decomposition is to generate the source rays with higher
tessellation frequency, but tracing only those rays whose
wavefronts overlap, even partly, with power-transporting
wavefronts. A deeper insight can be obtained by referring to
Fig. 4. Suppose that we have modelled the source with
N ¼ 4 in the bracketing phase and the dark solid angle in
Fig. 4a has been found to be power-transporting. At the
start of the sectioning phase, the icosahedron faces are
tessellated with N ¼ 8 to achieve higher resolution as shown
in Fig. 4b. The wavefronts of the newly generated source
rays are the small hexagons. The dark power-transporting
wavefront is also shown in this ﬁgure. As observed, seven
small hexagons overlap with the dark power-transporting
wavefront. Therefore the rays corresponding to these seven
hexagonal wavefronts must be traced.
The newly generated source rays whose wavefronts overlap
with power-transporting wavefronts are traced using the
procedure described in the bracketing phase. At the end of
the tracing procedure, the power-transporting solid angles

Figure 4 Wavefront decomposition by doubling the tessellation frequency
a Source is modelled with the tessellation frequency of N ¼ 4. The dark wavefront is marked power-transporting
b Source is modelled with the tessellation frequency of N ¼ 8. The dark wavefront overlaps with seven lightly shaded small wavefronts
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with N ¼ 8 are determined. Now, we repeat the above
procedure to achieve even better resolution. The wavefronts
of power-transporting solid angles (with N ¼ 8) are
determined on the icosahedron faces. Then, the source rays
are generated with a higher tessellation frequency, for
example, with N ¼ 16. The source rays whose wavefronts
overlap with power-transporting wavefronts are traced using
the procedure described in the bracketing phase. In other
words, the sectioning phase improves the accuracy by
iteratively increasing the tessellation frequency of the source
in power-transporting solid angles.
The sectioning phase continues until the source is modelled
with a high enough tessellation frequency. However, as can be
observed in Fig. 3, in the last iteration of the sectioning phase
we perform a complete ray tracing of the source rays that must
be traced, that is all rays within the binary trees of these source
rays are traced regardless of their contribution at the receiver.
The reason is that the electric ﬁeld level and other wireless
channel parameters are supposed to be computed at the end
of the last iteration of the sectioning phase. Hence, the
complete information of all rays within the binary trees of
power-transporting source rays is required. In other words,
the goal of the last iteration of the sectioning phase is
different from that of the bracketing phase and the previous
iterations of the sectioning phase (for which the only goal
was to determine power-transporting solid angles). When
the magnitude of all rays falls below the threshold, the ray
detection test and multiple-counting cancellation are
fulﬁlled. Now, the ﬁeld level and wireless channel
parameters can readily be obtained in the post-processing
stage. We emphasise that power-transporting solid angles
constitute only a very small fraction of the total space around
the transmitter. Therefore our proposed acceleration
technique improves the accuracy at an affordable cost.

2.2.4 Computational complexity: The increment
coefﬁcient is an important measure of the computational
burden of our proposed method. It is deﬁned as the ratio of
the total number of small wavefronts (in a new iteration of
the sectioning phase) that overlap with the large powertransporting wavefronts (already detected in the bracketing
phase or the previous iteration of the sectioning phase). For
instance, if the dark wavefront of Fig. 4b is the only powertransporting wavefront in the bracketing phase or the
previous iteration of the sectioning phase, the increment
coefﬁcient is seven. This means that seven rays
corresponding to the lightly shaded small wavefronts must be
traced in the next iteration of the sectioning phase. The
lesser the increment coefﬁcient is, the smaller the number of
rays that must be traced in the next iteration of the
sectioning phase. The value of increment coefﬁcient depends
on the amount of increase in the tessellation frequency. The
total number of generated source rays equals 10N 2 þ 2,
which is almost proportional to the square of the tessellation
frequency for typical values of N. Thus, the area of
hexagonal wavefronts has a 1/N 2 dependence which means
that the optimal value of the increment coefﬁcient is the
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square of the ratio of the new tessellation frequency to the
old one. For instance, the optimal value of the increment
coefﬁcient of the case shown in Fig. 4 is (8/4)2 ¼ 4 whereas
its actual value is 7. The partial overlapping of the dark
wavefront with the small wavefronts accounts for the
deviation of the increment coefﬁcient from its optimal value.
The value of the increment coefﬁcient can be reduced by
one unit if we double the tessellation frequency from one
iteration to the next. As we can see in Fig. 4b, the centre
of the power-transporting wavefront lies exactly on the
centre of the totally overlapped small wavefront behind it.
This implies that the ray corresponding to this small
wavefront is exactly the same as that of the dark wavefront.
Since the ray of the dark wavefront was traced in the last
iteration, it is not necessary to trace the small wavefront.
Thus, the increment coefﬁcient reduces to 6.
The increment coefﬁcient is a function of the number of
adjacent power-transporting solid angles as well. Suppose
that all three wavefronts of the interior vertices of Fig. 4a
have been marked as power-transporting. If the tessellation
frequency is doubled as shown in Fig. 5, only 15 rays must
be traced in the next iteration. This implies an increment
coefﬁcient of ﬁve. The increment coefﬁcient is a descending
function of the number of adjacent power-transporting solid
angles. We will see in the next section that for typical indoor
environments, doubling the tessellation frequency results in
an increment coefﬁcient between four and ﬁve. This value is
a little more than the optimal value resulting in an
acceptable computational burden.

3

Numerical results

To validate our proposed method, a fully 3-D ray tracing
code is prepared ﬁrst. It is important to validate our code
prior to presenting numerical results regarding our
proposed acceleration technique. To achieve this goal, an
electromagnetic problem with an available analytical
solution is taken into account and the ray tracing results are
compared to this solution. Fig. 6a depicts a 5-GHz
vertically polarised half-wavelength dipole antenna that

Figure 5 Increment coefﬁcient decreases when adjacent
solid angles are detected at the receiver
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Figure 7 Plan of the ﬁrst ﬂoor of a building formed by two
identical storeys [21]
Transmitter is located at Room 1 just above the door

Figure 6 Validation of the SBR method
a A 5-GHz half-wavelength dipole antenna located above a PEC
b Magnitude of normalised far-ﬁeld radiation pattern of the
antenna

radiates in free space. It is located one wavelength above an
inﬁnite perfect electric conductor (PEC). The far-ﬁeld
electric ﬁeld of the antenna is calculated by applying the
image theory [20]
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h P G cos((p=2) cos u) cos(2p cos u)
E(r, u, f) ¼ 2 0 rad
2p
sin u


ejk0 r ^
u
r

(4)

where Prad is the radiated power and G is the gain of the
transmitting antenna. Moreover, h0 and k0 are the intrinsic
impedance and the propagation constant of the free space,
respectively. Clearly, the electric ﬁeld described by (4) is
valid only for 0  u , p/2.
Fig. 6b shows the magnitude of the normalised far-ﬁeld
radiation pattern calculated by the analytical solution
presented in (4) as well as the result of high-resolution ray
tracing simulation. A good agreement between the two
curves is observed. The mean of the relative difference
between the two curves is computed to be less than 1%.
Therefore our ray tracing code is working properly.
After code validation, our proposed acceleration technique
is applied to the indoor propagation in the building shown
in Fig. 7. This ﬁgure shows the ﬁrst ﬂoor of a building
formed by two identical storeys [21]. A vertically polarised
1296
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half-wavelength dipole antenna operating at 2.44 GHz and
radiating 10 mW is used as the transmitter. It is located at
Room 1 just above the door at point (x ¼ 3.08 m,
y ¼ 4.52 m and z ¼ 2.6 m). There are wooden doors and
tables, wooden and metallic cabinets and glass windows
in the building. The wooden cabinets are labelled 1 and
the metallic cabinet is labelled 2. The electrical properties
of the materials and thicknesses of the slabs used in the
simulation are listed in Table 1 according to [21].
The electric ﬁeld magnitude and the rms delay spread of
the power delay proﬁle of the radio channel are calculated
by using our proposed acceleration technique. The results
are then compared to those of the fully 3-D ray tracing.
Both line-of-sight (LOS) and non-line-of-sight (NLOS)
cases are considered. For the LOS case, the channel
parameters are calculated in Room 1 for 50 equidistant
points along a line at (x ¼ 4 m, 3.8 m , y , 7.8 m and
z ¼ 1.05 m). The NLOS case is considered for 50
equidistant points along the line at (x ¼ 1 m, 5 m ,
y , 12 m and z ¼ 1.2 m) in the corridor. In our
acceleration technique, the tessellation frequency of the
source in the bracketing phase is selected as N ¼ 15, which
is doubled at each iteration of the sectioning phase. The
sectioning phase is repeated three times resulting a ﬁnal
tessellation frequency of N ¼ 120. The Turin’s model based
Table 1 Material properties and slab thicknesses [21]
1r

s (mS/m)

Thickness (cm)

ceiling/ﬂoor

7.9

89

25.0

external brick wall

5.2

28

22.0

internal brick wall

5.2

28

12.0

wooden door/
cabinet/table

3.0

0

4.0

glass window

3.0

0

0.5
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Figure 8 Radio channel parameters computed by our proposed method and fully 3-D ray tracing with N ¼ 60 compared to
the reference solution (fully 3-D ray tracing with N ¼ 120) for LOS case
a Electric ﬁeld magnitude
b rms delay spread

Figure 9 Radio channel parameters computed by our proposed method and fully 3-D ray tracing with N ¼ 60 compared to
the reference solution (fully 3-D ray tracing with N ¼ 120) for NLOS case
a Electric ﬁeld magnitude
b rms delay spread

on ﬁnite duration Gaussian pulses is used to calculate the
rms delay spread of the power delay proﬁle of the radio
channel [22]. A fully 3-D ray tracing with tessellation
frequency of N ¼ 120 is considered as the reference solution.
In each tracing procedure, the rays are traced until their
magnitude falls below the predeﬁned threshold. This
threshold is chosen to be 50 dB below the magnitude of the
strongest source ray at the reference distance of 1 m away
from the transmitting antenna. The results are depicted in
Figs. 8 and 9 for LOS and NLOS cases, respectively.
Excellent agreement between the results is observed. There
is, however, a little difference between the results. The
source of the difference will be discussed later in this section.
All of the cases previously discussed were simulated by
using a MATLAB code on a PC with Intel core 2 Duo,
3 GHz CPU and 4 GB of RAM. The processing gain and
difference characteristics for both LOS and NLOS cases
are summarised in Table 2. Processing gain is deﬁned as
the ratio of the simulation time of the reference solution to
the simulation time of our proposed acceleration technique.
It shows the amount of speedup obtained by applying our
acceleration technique. The difference between the electric
ﬁeld magnitude (in dB) resulting from our proposed
method and that of the reference solution is computed at
each receiving point. These values are then used to obtain
IET Microw. Antennas Propag., 2010, Vol. 4, Iss. 9, pp. 1290 – 1299
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the mean (M ) and standard deviation (SD) of the
difference using the following equations
n 
  
1X
E i   E i 
R
P
n i¼1
"
#1=2
n 
  i  2
1X
i 



SD ¼
ER  EP
n i¼1

M¼

(5)

(6)

where n is the number of receiving locations, and EiR and EiP
denote the total electric ﬁeld vector at the ith receiving
location computed by the reference solution and by our
proposed acceleration technique, respectively. A high
processing gain and acceptable difference characteristics are
achieved. The processing gain depends on various
parameters such as the termination threshold for the rays,
losses of the walls and the number of receiving locations. In
both LOS and NLOS cases simulated above, 50 points are
considered as receiver locations. If results are to be
computed for a smaller number of locations, the processing
gain increases even more. This is because a smaller number
of source rays will be detected at the receiver locations in
each iteration of the algorithm. On the other hand, if the
number of receiving locations increases, as is the case in
radio planning, the simulation speedup is reduced. For a
typical spatial resolution of 1 m  1 m, the simulation
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Table 2 Processing gain and difference characteristics of our
proposed method compared to the reference solution

number of receiving locations

LOS
path

NLOS
path

50

50

total number of traced source rays 144 002
in reference solution

144 002

total number of traced source rays
in proposed method

22 872

13 274

processing gain, %

545

794

average increment coefﬁcient

4.45

4.51

electric ﬁeld mean difference (dB)

0.22

0.28

electric ﬁeld difference standard
deviation (dB)

0.26

0.29

speedup of the environment of Fig. 7 with the same input
data as described above is reduced to 240%. However, the
speedup is still noticeable. Furthermore, the proposed
acceleration technique works well in situations where there
are ‘blind zones’ (locations with very weak signal power) in
the environment. In those cases, some compensation
techniques such as minor changes in the location of the
access point are performed by the system designer to
improve the signal level in the blind zones. Therefore a
limited number of points located in the blind zones needs
to be checked after the compensation is done. A fast ray
tracing simulation based on the proposed acceleration
technique will be a very good choice for this purpose.
According to Table 2, the average value of the increment
coefﬁcient in the three iterations of the algorithm is almost
4.5. This is just a little above the optimal value of 4 that
results in an acceptable computational burden.
In Figs. 8 and 9, two other graphs are depicted which show
the results of a fully 3-D ray tracing simulation with a lower
Table 3 Results of our proposed method and fully 3-D ray
tracing with N ¼ 60 compared to the reference solution
LOS
path

NLOS
path

electric ﬁeld mean difference of fully
3-D ray tracing with N ¼ 60 (dB)

1.04

1.14

electric ﬁeld mean difference of
proposed method (dB)

0.22

0.28

electric ﬁeld difference standard
deviation of fully 3-D ray tracing with
N ¼ 60 (dB)

0.81

1.24

electric ﬁeld difference standard
deviation of proposed method (dB)

0.26

0.29
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tessellation frequency, that is, with N ¼ 60. This tessellation
frequency is selected because its simulation time almost
equals the simulation time of our proposed method.
Table 3 compares the difference characteristics of these two
results with respect to the reference solution. It is evident
from Figs. 8, 9 and Table 3 that the result of our proposed
method follows the reference solution much better than
that of fully 3-D ray tracing simulation with N ¼ 60.
Therefore for the same simulation time, our proposed
method performance is much better than a fully 3-D ray
tracing simulation with a lower tessellation frequency.
The source of the difference between the results of our
proposed method and the reference solution is the wellknown problem of large wavefronts. Since the bracketing
phase starts with rather a low tessellation frequency, the
wavefronts of the rays are relatively large. Hence, it is
probable that the wavefronts of some rays hit more than
one wall at some intersections. This problem can be fully
solved by using the adaptive ray tube tracing (ADRTT)
method [10] or ray-beam tracing [11]. In these methods, a
ray tube that hits more than one wall is split into several
ray tubes such that each newly generated ray tube hits only
one wall. This situation was depicted in Fig. 1 earlier in
this paper. We applied these methods to our proposed
algorithm and eliminated the difference, but it reduced the
processing gain signiﬁcantly. For the LOS and NLOS
cases described above, the speedup decreased from 545%
and 794% to 103% and 105%, respectively, although
complete cancellation of the difference with respect to the
results of the reference solution was observed. However, the
difference between our results and the reference solution is
very small and can be absolutely neglected for engineering
purposes. Therefore it is suggested that our proposed
method be performed without ADRTT or ray-beam
tracing techniques. Instead, the tessellation frequency in the
bracketing phase should be selected properly (neither very
low nor very high). The proper choice of tessellation
frequency in the bracketing phase depends on the
complexity of the indoor environment. A more complex
case requires a higher tessellation frequency. However, a
number between 10 and 20 seems to be a proper choice
according to the authors’ experiences.

4

Conclusions

A new acceleration technique for the ray tracing algorithm
based on the idea of line search theory is presented in this
paper. Instead of reducing the number of intersection tests,
our proposed method reduces the number of traced source
rays by ﬁnding the solid angles around the transmitter that
transport electromagnetic power to the receiver. Then,
high-resolution rays are sent out only in these solid angles
and the procedure continues iteratively until a high enough
resolution is achieved. Since a few rays are traced in each
iteration, high resolution can be achieved within an
acceptable simulation time. A small difference between the
results of our proposed method and the fully 3-D
IET Microw. Antennas Propag., 2010, Vol. 4, Iss. 9, pp. 1290 – 1299
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simulation is observed. However, with the proper choice of
initial tessellation frequency, the difference is absolutely
negligible and the results are reliable for engineering
purposes. A high processing gain in terms of simulation
time is achieved. Our proposed method is different in its
foundations from other acceleration techniques that have
been previously presented in the literature. There will be no
conﬂict if it is used simultaneously with other acceleration
techniques which are based on reducing the number of
intersection tests. Preparing such a super-efﬁcient and
accurate ray tracing code will be the next step in this research.
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