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Abstract: A new acceleration technique is presented for shooting and bouncing ray tracing in indoor
environments. Tracing just a few rays, the algorithm ﬁnds the solid angles around the transmitter that
transport electromagnetic power to the receiver. The accuracy is then improved by iteratively increasing the
tessellation frequency of the source in the power-transporting solid angles. No rays will be sent through nonpower-transporting solid angles, which results in signiﬁcant reduction of the simulation time. An example of
applying the method for studying indoor radio wave propagation is presented and the results are compared
with a very high-resolution fully three-dimensional (3D) ray tracing simulation as the reference solution. 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
680% saving in the simulation time) is achieved. Furthermore, concurrent application of the proposed method
and binary space partitioning method is shown to be possible, which results in a very efﬁcient ray tracing
with about 1080% saving in simulation time.

1

Introduction

The study of radio wave propagation is an essential part of
designing wireless communication networks in indoor
environments. Over the past two decades, ray tracing has
been widely used to predict signal characteristics in indoor
environments [1 – 7]. It is basically the application of
geometrical optics (GO). In traditional shooting and
bouncing ray tracing (SBR), the source is modelled with a
ﬁnite number of rays shooting out from the transmitting
antenna. The algorithm ﬁnds the closest wall visible to
each ray and calculates the reﬂected and transmitted rays
afterwards. The multi-path rays are detected if their
wavefronts illuminate the location of the receiver [1, 7].
The SBR method suffers from large computational time as
well as large amount of required memory for keeping track of
the rays. This drawback becomes more severe when high
accuracy is required and the source must be modelled with
a large number of rays. Several acceleration techniques have
been proposed since the introduction of the SBR method.
These acceleration techniques generally apply geometrical
algorithms to reduce the number of required intersection
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tests of the rays with the objects in the environment. For
instance, in [8] the binary space partitioning (BSP) and in
[9, 10] the bounding boxes are used, whereas [11] and [12]
accelerate the SBR method by tessellating the environment
using rectangular and triangular meshes, respectively.
A new acceleration technique for the SBR method has
been presented by the authors in the Asia – Paciﬁc
Microwave Conference [13], which unlike the previously
proposed methods in the literature does not try to reduce
the number of intersection tests; rather, it focuses on
tracing only the rays that contribute to the total
electromagnetic ﬁeld at the receiver. The basic idea behind
this method is to ﬁnd the solid angles around the
transmitter that transport electromagnetic power to the
receiver and then tracing the rays in those angles with high
resolution. This preliminary idea is now extended to a
complete study to evaluate the amount of speedup obtained
by applying this method. Speciﬁcally, different
decomposition schemes are studied in this paper and their
computational efﬁciencies are discussed. Through detailed
quantitative discussion, a decomposition scheme that yields
the best speedup is selected. A criterion for selecting the
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initial resolution of the source is also presented. Moreover,
concurrent application of our proposed method and BSP
method is shown to be possible, which results in a very
efﬁcient ray tracing.
This paper is organised as follows. The proposed
acceleration technique is presented in Section 2. Numerical
results, complexity analysis and processing gain in terms of
simulation time are reported in Section 3. Conclusions are
given in Section 4.

2 Proposed acceleration
technique
So as to uniformly generate the rays in all directions of the
three-dimensional (3D) space, an icosahedron is inscribed in
the unit sphere around the source [1]. A typical icosahedron
that has 12 vertices, 20 equilateral triangular faces and 30
edges is depicted in Fig. 1a. Each edge of the icosahedron is
divided into N equal segments. Then, lines parallel to the
edges are drawn and form a tessellated face as shown in
Fig. 1b for N ¼ 4. The parameter N is called the tessellation
frequency. The ‘source rays’ are launched in the direction
from the source location to the vertices that are generated on
the icosahedron faces. As a result, a total number of
10N 2 þ 2 source rays are uniformly generated with
hexagonal wavefronts and nearly identical angular separation.
If the source is not modelled with a high enough
tessellation frequency, the ‘inaccurate path problem’ will
occur. In order to illustrate the inaccurate path problem, let
us consider a simple 2D case as shown in Fig. 2. Suppose
that the ray labelled r0 is sent out from the transmitter,
which is located at point O, and let /AOB denote the
solid angle it represents. This solid angle is relatively large,
which implies that the source is modelled with a rather low
resolution. The ray r0 reaches the receiver via a single
bounce at wall 1 which is modelled as a lossy dielectric
slab. Let r00 and /AO0 B represent the reﬂected ray and
corresponding reﬂected solid angle, respectively. Since the
receiver falls within /AO0 B, the ray r00 is detected and its
contribution to the total electromagnetic ﬁeld at the

Figure 1 Source model
a Typical icosahedron with 20 equilateral triangular faces
b Tessellation of one face with the tessellation frequency of
N¼4
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Figure 2 Inaccurate path problem
receiver is considered. However, the exact path from the
transmitter to the receiver is through ray r1 that reaches the
receiver after being reﬂected by wall 1. This path difference
introduces amplitude and phase errors in the received ﬁeld.
This is because the incident angle of r0 at intersection with
wall 1 (which is calculated by the ray tracing program) is
different from the incident angle of r1 (which is the correct
incident angle). Therefore the reﬂection coefﬁcient, which
is a function of the incident angle, is calculated
inaccurately. Since the reﬂection coefﬁcient of a lossy
dielectric slab is generally a complex value, the received
ﬁeld contains both amplitude and phase errors. Similar
statements can also be said if a transmitted ray, instead of a
reﬂected ray, reaches the receiver. To obtain a better
insight, let us consider a 12 cm thick brick wall that has a
relative dielectric permittivity of 1r ¼ 5.20 2 j0.21 at
2.44 GHz [14]. The magnitude and phase of the reﬂection
and transmission coefﬁcients as function of incident angle
are depicted in Figs. 3a– 3d for TE and TM polarisations.
As the incident angle approaches the grazing angle, or near
the Brewster angle, the slope of the curves becomes very
steep especially for TM polarisation. This means that even
a slight error in the incident angle can impose a
signiﬁcantly large error in the reﬂection and/or
transmission coefﬁcients. In typical indoor scenarios a ray
may reach the receiver after several reﬂections and
transmissions. Thus, if its path towards the receiver is
inaccurate, the reﬂection and transmission coefﬁcients are
computed inaccurately causing signiﬁcant amplitude and
phase errors in the received ﬁeld. The solution to this
problem is to simply increase the tessellation frequency of
the source such that the source is modelled with a large
number of rays. This overcomes the inaccurate path
problem because each ray will now represent a much
smaller solid angle. However, the simulation time, which is
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Figure 3 Magnitude and phase of the reﬂection and transmission coefﬁcients as functions of incident angle for a 12 cm thick
brick wall with a relative dielectric permittivity of 1r ¼ 5.20 2 j0.21 at 2.44 GHz
a TE polarisation
b TM polarisation

a linear function of the number of source rays, will increase.
In the rest of this section, we will present a very efﬁcient
algorithm that eliminates amplitude and phase errors at
computationally affordable cost.
The solid angles around the transmitter that transport
electromagnetic power to the receiver constitute only a
small fraction of the total space through which the rays are
launched. If these solid angles are somehow speciﬁed prior
to the start of the high-resolution ray tracing, the rays will
be launched only through them and the computational
burden decreases signiﬁcantly. Therefore the problem
reduces to ﬁnding these ‘power-transporting’ solid angles.
In order to ﬁnd the power-transporting solid angles, we
use an iterative algorithm. The algorithm starts a lowresolution ray tracing and hence, its simulation time is very
low. It then ﬁnds the detected rays at the receiver. Each
detected ray is a part of the binary tree generated by a
source ray as the root. The term ‘binary tree’ refers to the
tree-like sequence of rays generated by a source ray at
consecutive intersections with the walls of the environment.
This root has transported the transmitter power to the
receiver by one of its sticks or leaves. Hence, its solid angle
contributes to the total electromagnetic ﬁeld at the receiver.
Note that the number of power-transporting source rays is
usually much less than the total number of launched source
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rays. Next, the algorithm decomposes the wavefronts of
power-transporting source rays to similar smaller
wavefronts. As we discussed above, smaller wavefronts
represent smaller solid angles and higher tessellation
frequency. This will enhance the correction of the paths
towards the receiver and reduces the phase and amplitude
errors in the reﬂection and transmission coefﬁcients. Then
the ray tracing algorithm traces the newly generated source
rays corresponding to these smaller wavefronts and ﬁnds
the detected rays at the receiver. The power-transporting
source rays corresponding to these smaller wavefronts are
then determined from the detected rays. Then the above
procedure (decomposition of wavefronts and tracing the
newly generated higher resolution source rays) is iteratively
repeated until a high enough predeﬁned tessellation
frequency (Nﬁnal ) is met. Note that the total number of
source rays that are traced at all iterations of our algorithm
is much less compared to the total number of source rays
that should have been traced if a complete ray tracing were
to be performed with Nﬁnal . Thus, runtime saving is achieved.
The choice of decomposition scheme determines the
computational burden of the algorithm. Note that in
the SBR method, the circumscribed circle around the
hexagonal wavefront of each ray is considered to be the
effective wavefront of that ray [1]. The effective wavefront
is used for ray detection test at the receiver. For a speciﬁc
1569
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ray, with the separation angle of a, the radius and the area of
the effective wavefront are, respectively, linear and quadratic
functions of a [1]. 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 effective wavefront has 1/N 2 dependence,
which means that its radius and the separation angle have
1/N dependence. For instance, if we double the tessellation
frequency, four times new source rays are generated. The
area of effective wavefront of each newly generated source
ray is 1/4 of the area of wavefront of a source ray with old
tessellation frequency. Fig. 4 suggests three methods to
decompose a circular wavefront to similar smaller
wavefronts. Keep in mind that we must not miss any part
of effective wavefront of the detected source ray. Moreover,
the number of new wavefronts should not be very high
such that each iteration of the above algorithm will have an
acceptable computational burden. In the rest of this
section, we will determine the computational efﬁciency of
these three suggested decomposition schemes.
We deﬁne the ‘increment coefﬁcient’ as the total number
of newly generated source rays after decomposition to the
number of decomposed wavefronts. For instance, the
increment coefﬁcients corresponding to Figs. 4a – 4c are 4,
6 and 7, respectively. The less the increment coefﬁcient is,
the less number of rays to be traced in the next iteration
of the algorithm. However, the increment coefﬁcient alone
cannot characterise the efﬁciency of a decomposition
scheme. We must take into account the amount of the
increment in the tessellation frequency (resolution) as well.
To do this, we deﬁne the ‘decomposition efﬁciency’ as the
ratio of the optimal value of the increment coefﬁcient to its
real value. Since the area of the effective wavefront has
1/N 2 dependence, the optimal value of the increment
coefﬁcient equals the square of the ratio of the radius of
large wavefront to the radius of smaller wavefronts.
Therefore the optimal values of increment coefﬁcients
of Figs. 4a – 4c are 2, 3 and 4, respectively. Thus,
the decomposition efﬁciency of these schemes equals 50, 50
and 57%, respectively. The more the value of
decomposition efﬁciency is, the more optimal the

decomposition
scheme
is.
Therefore
all
three
decomposition schemes of Fig. 4 are in general inefﬁcient.
The partial overlap of the large wavefront with the small
wavefronts has caused the reduction of the decomposition
efﬁciency from its optimal value. However, as we will see
later in this section, the decomposition efﬁciency of Fig. 4c
is much higher resulting in a nearly optimal decomposition.
By further investigation of Fig. 4c, it is observed that the
centre of the large power-transporting wavefront lies exactly
on the centre of the totally overlapped small wavefront
behind it. This means 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 had been
traced in the last iteration of the algorithm, it is not
necessary to trace the small wavefront in the new iteration.
Thus, the increment coefﬁcient reduces to 6 and the
decomposition efﬁciency increases to 67%.
The decomposition scheme of Fig. 4c may be interpreted
with another point of view. Suppose that we have modelled
the source with N ¼ 4 in the last iteration of the algorithm
and the dark wavefront in Fig. 5a has been found to be
power-transporting. At the start of the new iteration, the
tessellation frequency is doubled to N ¼ 8 to achieve higher
resolution as shown in Fig. 5b. The wavefronts of the
newly generated source rays are the small hexagons and are
lightly shaded. The dark power-transporting wavefront is
also shown in this ﬁgure. If we draw the circumscribed
circles around the dark wavefront and lightly shaded
small wavefronts, Fig. 4c is exactly obtained. Hence, the
decomposition scheme of Fig. 4c can be viewed as
generating source rays with twice tessellation frequency and
then selecting those that overlap, even partly, with powertransporting solid angles.
With this new point of view, it can be observed that the
increment coefﬁcient is a descending function of the
number of adjacent power-transporting solid angles. For
instance, suppose that all three wavefronts of the interior
vertices of Fig. 5a have been marked as power-transporting.
If the tessellation frequency is doubled as shown in Fig. 6,

Figure 4 Suggested decomposition schemes
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Figure 5 Decomposition scheme of Fig. 4c with another
point of view
only 15 rays must be traced in the next iteration. This means
an increment coefﬁcient of 5. Thus, the decomposition
efﬁciency is further improved to 80%. We will see in the
next section that for typical indoor environments, doubling
the tessellation frequency leads to an increment coefﬁcient
around 4.5. As a result, the decomposition efﬁciency is
enhanced to about 90% resulting in an acceptable
computational burden.

3

Numerical results

An indoor scenario is presented in Fig. 7, which shows the
ﬁrst ﬂoor of a building formed by two identical storeys
[14]. A vertically polarised half-wavelength dipole antenna
operating at 2.44 GHz and radiating 10 mW is used as the
transmitter. It is located in Room 1 at point (x ¼ 3.08 m,
y ¼ 4.52 m and z ¼ 2.6 m). The electrical properties of the
materials and thicknesses of the slabs used in the
simulation are given in Table 1 according to [14]. Fifty
equidistant points along the line at (x ¼ 6.5 m,
4 m , y , 12 m, z ¼ 1.2 m) are considered as receiving
locations. The line includes both line-of-sight and nonline-of-sight points. In our iterative algorithm, the initial
tessellation frequency of the source is selected N0 ¼ 15,
which is doubled at each iteration. The decomposition
algorithm and the following tracing procedure is repeated
three times resulting in a ﬁnal tessellation frequency of
Nﬁnal ¼ 120. A fully 3D ray tracing simulation with a
tessellation frequency of N ¼ 120 is considered as the

Figure 7 Plan of the ﬁrst ﬂoor of a building formed by two
identical storeys [14]
The transmitter is located in Room 1 just above the door

reference solution. To obtain accurate results, the
termination threshold for ray’s amplitude is taken to be
50 dB below the highest amplitude of the generated source
rays; that is, if the magnitude of the electric ﬁeld of a ray
falls below the threshold, it will not be traced further. The
results including simulation time enhancement of our
algorithm with respect to the reference solution are
summarised in Table 2. These results are obtained by
running a MATLAB code using a PC with 3 GHz Intel
Core 2 Duo processor and 4 GBs of RAM. The simulation
time of the reference solution was about 2 h and 9 min.
Note that the value of the simulation time of the reference
solution is high because all 144 002 emitted source rays are
traced. More than 5 million rays are generated at the end
of the tracing procedure by selecting the above termination
threshold. A high speedup in the simulation time is
obtained according to Table 2. The decomposition
efﬁciency is 88%, which indicates a nearly optimal
decomposition scheme. Note that the absolute simulation
time is highly dependent on the termination threshold,
electrical properties and losses of the walls and the
characteristics of the computer used for simulations. Thus,
we emphasise on the simulation speedup in this paper.
Fig. 8 shows the electric ﬁeld magnitude and root mean
Table 1 Material properties and slab thicknesses [14]

Figure 6 Decomposition efﬁciency is enhanced when
adjacent solid angles are detected at the receiver
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Table 2 Simulation speedup and difference characteristics
of our proposed method compared to the reference
solution
number of receiving locations

Fig. 8b is averaged using root mean square error (RMSE)
deﬁned as
"

50

RMSEE -field

total number of traced source rays in reference 144 002
solution
total number of traced source rays in proposed
method

20 208

simulation speedup

679%

average increment coefﬁcient

4.55

decomposition efﬁciency

88%

RMSEE-ﬁeld

0.76 dB

RMSEt,

0.25 ns

rms

square (rms) delay spread computed at the receiving locations
using our proposed method and the reference solution.
Excellent agreement between the curves is observed. There
is, however, a little difference between the results. The
source of the difference will be discussed later in this section.
To characterise the difference between the results of our
proposed iterative algorithm and the reference solution, the
difference between the two curves in Fig. 8a as well as

M
1 X
2
¼
(jE m j  jE m
P j)
M m¼1 R

"

RMSEt,rms

M
1 X
2
¼
( tm  tm
P)
M m¼1 R

#1=2
(1)

#1=2
(2)

where RMSEE -field and RMSEt,rms are, respectively, the
RMSE of the electric ﬁeld magnitude and rms delay spread
of our iterative algorithm with respect to the reference
solution. M is the number of receiving locations and
m
m m
(E m
R , tR ) and (E P , tP ) denote the total electric ﬁeld vector
and rms delay spread at the mth receiving location
computed by the reference solution and our proposed
acceleration technique, respectively. As we can see in
Table 2, the RMSE for electric ﬁeld magnitude is less than
1 dB and the RMSE of rms delay spread is only 0.25 ns.
This indicates a very good agreement between the results.
An interesting feature of wavefront decomposition method
is that it can be combined with other acceleration techniques
that are based on reducing the number of intersection tests
such as the widely used BSP method [9]. The reason is
that our proposed method tries to reduce the number of
launched source rays through an intelligent sampling of the
3D space around the transmitter, whereas the BSP method
tries to reduce the number of intersection tests for each
launched ray. Therefore there will be no conﬂict if these
two acceleration techniques are applied simultaneously. To
compare the speedups obtained by using the two methods
and show their consistency in simultaneous application, the
above simulation is performed in three different situations.
First, only the BSP method is used. Second, only the
method of decomposition of wavefronts is used. Third, the
two methods are applied concurrently. The speedups are
given in Table 3. It is observed that the method of
decomposition of wavefronts outperforms the BSP method
by a factor of more than 4. Furthermore, when the two
methods are applied simultaneously, the overall speedup is
a little less than product of the two individual speedups.
The reason is that some parts of the method of
decomposition of wavefronts such as ray detection test and
wavefront decomposition are independent of tracing
procedure and are not affected by BSP. However, the
concurrent application of the two methods is shown to be
Table 3 Simulation speedups obtained by using BSP and
method of decomposition of wavefronts
Acceleration technique

Figure 8 Simulation results of the method of decomposition
of wavefronts compared to the reference solution
a The electric ﬁeld magnitude
b rms delay spread

1572
& The Institution of Engineering and Technology 2010

Simulation speedup

BSP

162%

decomposition of wavefronts

679%

BSP þ decomposition of wavefront

1080%
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an effective tool of performing an efﬁcient ray tracing
simulation.
The little difference between the results of the method of
decomposition of wavefronts and the reference solution as
observed in both Figs. 8a and 8b is because of ‘large
wavefront problem’ already mentioned in the literature [15,
16]. Fig. 9 shows two possible ways in which power–
transporting rays may be missed. In this ﬁgure, 2D cases are
depicted for simplicity. Suppose that the ray labelled r0 is a
low-resolution ray sent out from the transmitter and let
/AOB denote the solid angle it represents. Suppose that
increasing the tessellation frequency of the source will
generate the rays ri , i ¼ 1, 2, 3, 4, within this solid angle as
well. As shown in Fig. 9a, the rays ri , i ¼ 1, 2, 3, hit wall 1,
just as r0 does, whereas r4 hits wall 2. Therefore the
sequence of walls encountered by r4 is different from that of
r0 . If, by any chance, r0 is not detected at the receiver in the
initial iterations of the method of decomposition of
wavefronts, the ray r4 will be suppressed from the list of the
rays to be traced in the next iteration. Since the wall
sequence encountered by r4 is not the same as that of r0 , it
may be detected at the receiver if being traced. But the
method of decomposition of wavefronts does not trace this
ray. In Fig. 9b, r0 is not detected at the receiver because of
the visibility test failure. Hence, its solid angle will not be
considered in the next step of the algorithm. In highresolution ray tracing, however, r4 is detected at the receiver.
In both cases, power-transporting solid angles are missed
because their wavefronts are very large. This problem has
been fully solved by using adaptive ray tube tracing

(ADRTT) method [15] or ray-beam tracing [16]. 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. We applied these methods on our proposed
method and eliminated the difference between the results,
but it degraded the simulation speedup signiﬁcantly. On the
other hand, the difference between our proposed method
results and the reference solution is very small and can
absolutely be neglected for engineering purposes. Therefore
it is suggested that our proposed method be performed
without ADRTT or ray-beam tracing techniques. Instead,
the initial tessellation frequency of the source should be
selected properly (neither very low nor very high). A
subjective criterion can be made to choose a proper value for
initial tessellation frequency. As discussed above, the cause of
missing power-transporting solid angles is that the
wavefronts of rays are large in initial iterations of our
proposed algorithm. If the missing ray has signiﬁcant power
(which happens when the ray is reﬂected by a strong
reﬂector), the error in the results will increase. Therefore if
the wavefronts of the rays are small compared to the area of
strong reﬂectors of the environment such as metallic facets,
the difference between the results of wavefront
decomposition algorithm and the reference solution will be
decreased. This criterion can mathematically be represented as

pﬃﬃﬃ2
p ad = 3  S

(3)

pﬃﬃﬃ
where ad = 3 is the radius of the wavefront of a ray with a
travelled distance d and the separation angle a, and S denotes
the area of the a strong reﬂector facet. Given d and S, an
upper bound for a and hence a lower bound for initial
tessellation frequency can be found. For instance, the strong
reﬂector of the simulated environment of Fig. 7 is the
metallic cabinet in the hallway, which contributes to the
received ﬁeld because the frequency is not very high and
the penetration of electromagnetic waves inside the walls is
signiﬁcant. The area of the smallest facet of the metallic
cabinet is S ¼ 1 m2 and is located about d ¼ 3 m away from
the source. If ‘’ in (3) is interpreted to be ‘less than onetenth’, the upper bound for a is found to be 0.103 rad or
5.908. This value is equivalent to the tessellation frequency of
about N ¼ 11. Thus, in order to reach the ﬁnal tessellation
frequency of Nﬁnal ¼ 120 by doubling the tessellation
frequency at the end of each iteration, the initial tessellation
frequency is selected N0 ¼ 15.
It is obvious that the selection criterion of initial tessellation
frequency as described by (3) is totally subjective; it depends on
the deﬁnition of the ‘area’ of the ‘strong reﬂector’. However, it
provides a rule of thumb for selecting a proper value for the
initial tessellation frequency of the source.

Figure 9 Two possible ways of missing power-transporting
solid angles

4

a Encountering different wall sequences
b Visibility test failure

A new acceleration technique for the ray tracing algorithm was
presented in this paper. Instead of reducing the number of
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intersection tests, our proposed method ﬁnds 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.
Since a few rays are traced in each iteration, high resolution
can be achieved within acceptable amount of time. The
simulation results indicated a very good speedup of about
680% with very little difference between the results of our
proposed method and the reference solution. With proper
choice of initial tessellation frequency, the difference can be
completely ignored and the results are reliable for
engineering purposes. Moreover, concurrent application of
our proposed method and the BSP method is shown to be
possible, which results in a more efﬁcient ray tracing code.
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