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Abstract—As site specific propagation modeling has become
crucial for most modern wireless systems’ applications, runningtime of the corresponding “ray tracing” techniques is a key issue.
We propose a new shooting and bouncing rays (SBR) technique
that optimizes the performance of traditional SBR methods in
terms of running time, for the same accuracy requirements. This
is accomplished via shooting rays towards the quadrangularly
arranged locations of interest and performing the calculations at
specific distance-intervals. The proposed method is straightforward and can be easily implemented in a ray tracing propagation
prediction tool. The main computational advantage, compared to
the traditional approaches, results from not performing the reception-sphere tests. The proposed SBR technique is thoroughly
explained and the corresponding advantages are demonstrated.
Index Terms—Geometrical Optics, Ray tracing, Electromagnetic propagation,
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I. INTRODUCTION

HE great penetration of modern wireless systems, combined with the constant trend for increasing data rates
have led to cell shrinking, in the case of traditional cellular
networks. This is accomplished, by placing the transmitting
antennas well below rooftop level, as mirrored in the planning
philosophy of 3G systems. Concurrently, WLAN solutions are
widely adopted. In such cases, where propagation strongly
depends on the specific environment, deterministic propagation-prediction models based on a combination of geometrical
optics and the uniform theory of diffraction, [1]—[11], represent the unique solution for acquiring reliable estimations.
The properties that characterize the performance of such
models are accuracy and running-time. The latter is particularly important for most applications, e.g. network planning,
where one might repeat a simulation several times for different antenna configurations, so as to decide on the final installation. Naturally, the efforts after the early 90s, [5]—[11],
focus on accelerating the performance of the early techniques.
For a complete list of all relevant reports, one should refer to
[12]—[14].
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In terms of the philosophy of the ray-tracing procedure, two
major categories of methods can be distinguished; those based
on the image concept, [1]—[2], [7]—[8], and the shooting and
bouncing rays (SBR) techniques, [3]—[6].
According to the SBR technique, rays are launched from
the transmitter towards all directions, splitting the area in almost constant solid angles. Each ray is traced and when it
crosses an obstacle, it is split in a transmitted and a reflected
one. Wedges, edges or other discontinuities are treated as
2ndary sources of radiation, by appropriately calculating diffraction.
The main drawback of these techniques arises from the
mismatch between the geometry of the study grid and that of
the shooting technique, as represented in Fig. 1. Rays are
launched from the source, considered to be the center of a
sphere, in almost equal solid angles, so as to cover all the region of interest, while the calculation points are usually arranged in an orthogonal grid. As a consequence, the sought
resolution at the extremes of the region of interest results in
unnecessary high ray-density around the calculation points at
the area near the source (over-resolution).
In order to ensure that for each actual path, a single ray is
included in the calculations, a reception sphere of radius
R = ad 3 that depends on the total distance d traveled by a
ray and its angular separation a with the neighboring ones is
considered around each receiver’s location [3]—[4]. Only the
ray that crosses the sphere is considered to have reached the
specific location. Since this control is repeated for all rays and
the corresponding calculation points, it degrades the performance of the technique, by greatly increasing the total runningtime.
We propose a new way of shooting rays and calculating
their effects in the study area that surmounts this disadvantage
of the classic SBR techniques. Instead of considering rays
uniformly arranged, inside a sphere, we consider only these
rays that target the quadrangularly arranged study points in the
area of interest, as shown in Fig. 3. We therefore avoid the
useless calculations. This is accomplished by adopting a varying step calculation procedure. The algorithm guarantees optimum performance of the SBR method in terms of runningtime while preserving the same accuracy.
The proposed shooting concept is explained in section II.
The entire algorithm is described analytically in section III. In
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Fig. 1. Representation of the classic SBR approach

Fig. 3. Representation of the proposed SBR technique.

a
b
Fig. 2. a) Direct calculation of the field’s values at the points of interest. b)
Calculation-failure of the reflected ray at point B.

section IV, the proposed method is compared theoretically
with the classic SBR approach. Some typical results are presented in section V and we conclude in section VI.

II. PROPOSED SHOOTING TECHNIQUE
A. Description of the Shooting Technique
Let’s consider a quadrangularly arranged set of points
around the transmitting antenna and assume that calculations,
regarding the received E/M field’s characteristics must be
performed at these locations, as shown in Fig. 2a. We name
this set of points as “Study set”. Since we are interested in
calculating the field’s values at these points, let’s consider all
the rays that initiate from the antenna Tx and target the points
of the “Study set”. This procedure would be sufficient to calculate the field’s strength in an “obstacle-free” area. When an
obstacle is considered, as shown in Fig. 2b, a new path,
through reflection, exists for certain points of the “Study set”.
Such a path would cross point A, since point A΄ is targeted,
but reflection at point B would not be considered, unless point
B΄, outside the “Study set”, is targeted.
This problem can be resolved by considering new rays, targeting points outside the study set. To maintain the same resolution in the space surrounding the transmitter, the set of targeted points should form a cube centered at the source.
In the proposed SBR technique, we consider a superset of
the “Study set”, the “Targeting set” that forms a cube centered
at the transmitter. Shooting in the study area is performed by
considering all rays emanating from the transmitting antenna
towards all the points of the “Targeting set”.
The characteristics of the propagating electromagnetic wave
along each ray are calculated every integer multiple of the

Fig. 4. Ray launching is carried out towards the outer cubes.

initial distance dri, as explained in Fig. 3. For each generated
ray, dri equals the distance from the antenna to the 1st targetpoint. For example, for the ray R1, that targets point K, the
JJJG
calculations take place every integer multiple of dr1 = OK .
As for point L, calculations across ray R2 are carried out every
JJJG
dr2 = OL .
No reception-sphere test is needed to ensure that a single
ray is considered for each actual ray path. Since the objects
are randomly arranged in the study area, after an incidence,
the calculation-points will not necessarily coincide with a
study point. In such a case, the field’s characteristics are
stored at the nearest study point.
We divide the “Targeting set” into subsets Ci, by forming
cubes centered at the field’s source, as shown in Fig. 4. Each
set Ci contains the points that belong to the surface of the corresponding cube. Ray launching occurs from the inner cubes
towards the outer. It can be easily proven that:
Each ray that originates from the antenna and targets a point
that belongs to Ci will also target one point that belongs to Cj,
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a

Fig. 5. Variation of the resolution at increasing number of rays.

b
Fig. 6. Comparison of the proposed technique with the classic SBR at free
space

with, j > i , if and only if j=ki, k ∈ `∗+ − {1} .
For example, point M of Fig. 3 that belongs to C2, is targeted by R1, initiated from set C1. Hence, no new ray is to be
launched for that point.
Diffraction points are treated as secondary sources of radiation and the same shooting procedure is carried out around
them. Since such points are not necessarily part of the initial
“Targeting set”, a new set is considered around them and the
calculations at each position are stored to the nearest point of
the “Study set”.
B. Selecting the Spacing of the “Targeting Set”
The spacing of the “Targeting set” is determined by the desired spacing among neighboring points of the “Study set”.
The latter is typically chosen according to the size and the
spacing among objects in the propagation area. For indoor
environments, where small objects are usually considered,
typical values of ds range from 1m to 5m, whereas for small
outdoor microcells, where large exterior walls are considered,
it ranges from 5m to 20m.
C. Size of the “Targeting Set”
The size of the “Targeting set” is selected based on the desired angular resolution in the propagation area. This can be
chosen by setting the desired maximum distance among two
neighboring rays, launched from the transmitter, at the
boundaries of the propagation area. The graph in Fig. 5 represents the resolution in steradians at increasing targeting cube
Ci and the related number of generated rays, assuming the
approximation that the departing rays divide space into equal
solid angles. Hence, the corresponding solid angle is given as:
Ω = 4π / N
(1)
where Ν is the total number of rays launched from the transmitting antenna.
D. Advantages of the Proposed Shooting Concept
In order to demonstrate the advantages of the proposed
shooting technique, we will compare it with the classic SBR
approach for the same resolution requirements.
Let’s consider an unobstructed area and assume that we
wish to calculate the received field strength at point Rx of Fig.

a

b
Fig. 7. Comparison of the proposed technique with the classic SBR in the
presence of an obstacle.

6a. Based on the classic SBR approach, one should consider a
reception sphere of appropriate radius around Rx, in order to
reject rays R1, R2, R4 and R5, passing at the vicinity of the receiver. On the contrary, by adopting the proposed method, the
field’s strength at Rx is calculated in a straightforward manner, without the need for the consideration of a reception
sphere, in order to reject the neighboring rays from the calculations, as demonstrated in Fig. 6b. Given that the “receptionsphere test” is repeated for all points of the study area, this
property of the proposed technique reduces the duration of the
simulation-predictions, for the same resolution requirements,
as will be shown in section IV.
Similarly, when considering a wall in the area of interest, as
shown in Fig. 7, the same advantage of the proposed method
is preserved. Hence, reflection at point Rx will be calculated
by ray R2 as long as Rx΄ is targeted (Fig. 7b).
Theoretically, the use of the reception-sphere test requires
that all rays are separated by neighboring ones by constant
angles. This however cannot be accomplished in 3D space for
any desired resolution. Hence, in the classic SBR technique
[4], nearly uniform angular separation is maintained, by adapting solutions from the theory of geodesic domes. Due to the
imperfections of the space-division, paths may be duplicated
in the receiver [4]. This problem is also overcome in the pro
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Fig. 9. Ray splitting after successive incidences.

3D radiation pattern of an antenna, by properly combining the
two principal cuts.
At each point of the study area, information regarding the
power, the direction of arrival, the time of arrival and the polarization state of each ray are stored.

IV. COMPARISON WITH THE CLASSIC SBR

III. DESCRIPTION OF THE ALGORITHM

In order to compare the proposed technique with the classic
SBR method, we consider the generation of the same amount
of rays; hence, the same resolution is assumed. Moreover, we
suppose that the maximum number of interactions of a ray,
before it reaches the noise level of the receiver, with the surrounding obstacles of the environment is n, as shown in Fig.
9. The maximum time for the calculation of all possible intersections of a ray generated from the transmitter is common in

The flowchart of the algorithm that carries out the calculations in the study area is given in Fig. 8. The calculations for
each ray end, either when the signal strength falls below a
predefined threshold or when the ray exits the area of interest.
According to E/M field theory, [15]—[16], the polarization
state of an E/M wave is altered when reflected in the boundary
surface of a lossy medium. The complex reflection coefficients for both perpendicular and parallel (according to the
plane of incidence) components of electric field intensity vecG
tor E , are calculated and the polarization effects are taken
into account. Moreover, the dielectric constant for all lossy
materials is considered complex [17], therefore the phase velocity of a traveling wave inside a thick wall is affected and
calculated accordingly. The implemented algorithm for the
calculation of all reflection and transmission coefficients is
easily adaptable to a set of N intermediate layers inside a wall
by using a recursive formula [15]—[16].
Diffraction is calculated by implementing the extension,
[18]—[19], to the classic, [20]—[21], UTD dyadic diffraction
coefficient for the inclusion of non-perfectly conducting surfaces. Wedges and edges are treated as 2ndary sources of radiation and the same algorithm, represented in Fig. 8, is executed.
The gains of the transmitting and the receiving antennas are
calculated by implementing the approximation technique presented in [22]. This technique succeeds in well-estimating the

maximum time to specify an intersection. Similarly, the calculations and storage of the field’s values at all points of the
study area are common for both techniques.
The only difference, in terms of simulation time, is the reception-sphere test that needs to be performed in the classic
SBR approach. In order to estimate the total time saved in the
proposed SBR technique, let’s assume that the receptionsphere test is repeated for each ray at constant dr intervals and
takes time ttest. Moreover, let’s consider that each ray travels a
total distance Rmax, as shown in Fig. 9, and is subject to n interactions with the surrounding obstacles. Each incidence is
assumed to occur at constant distances of Rmax/n. Hence, after
the 1st incidence the generated reflected ray will be subject to
n-1 interactions traveling a distance of (n-1)Rmax/n. The total
time for the reception-sphere test of a source-generated ray is
R
2n − 1 max ttest . Considering N rays generated at each
ndr
source and M sources, the total time for the reception-sphere
tests in the study area is:
R
MN 2n − 1 max ttest
(2)
ndr
In this approach, Rmax depends on the size of the study area
and the dynamic range of the transmit-receive system, dr on

Fig. 8. Flowchart of the algorithm

posed technique.
Finally, the proposed method is straightforward and can be
easily implemented in a ray-tracing planning tool.
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TABLE I
CONSTITUTIVE PARAMETERS OF THE MATERIALS IN SIMULATIONS
Material
Exterior Concrete Wall [24]
Interior Brick Wall [23]

Permittivity

Loss tangent

7.0
4.26

0.12
0.04

TABLE II
RUNNING-TIME FOR DIFFERENT ENVIRONMENTS
Environment
Urban
Indoor

ds

Number of rays

10
2

186626
438914

Running-time
(s)
220.276
854.508

the spacing among neighboring study points, ttest on the computer’s power, M on the environment, n on the E/M characteristics of the materials in the study area, and N on the desired
resolution. For example, the proposed technique outperforms
the classic SBR by 109ttest, assuming the following typical
values: M=5, N=105, n=7, Rmax/dr=100.
A different approach could be followed for the receptionsphere test; e.g. in [3], each “ray segment is tested to see if it
can be considered to have reached specified receiving locations in the same room”. In any case, the proposed SBR
method is straightforward and guarantees faster predictions
for the same resolution requirements.

V. RESULTS
Some typical results of the received signal strength for both
outdoor and indoor environments are given in Figs. 10—11,
where larger power levels are represented with darker variations of gray. The view for all extracted plots is handled by
utilizing the standard OpenGL graphics acceleration routings
that allow fast redrawing and changing of viewpoints. The
constitutive parameters of the materials considered for the
simulations are summarized in table I, [23]—[24].
In Fig. 10, a typical urban layout was considered. The antenna was placed well below rooftop level at 12m height,
transmitting 1W at 1800MHz. A directional antenna manufactured by Kathrein with 16.5 dBi gain (model 742241), tilted 6º
downwards, was considered. For the values shown in Fig. 10,
a theoretical isotropic receiving antenna at 2m height was considered. The average received power level was calculated using the following equation assuming that the phases of the
multipath components were random variables uniformly distributed in (0,2π).
λ2 1
Pˆ =
(3)
∑ GR (θi , φi ) Ei2
4π 2η i
where λ is the wavelength, η the free space impedance, and
Ei and GR (θ i , φi ) the intensity of the electric field of the specific component and receiver’s gain value at the angles (θi,φi)
respectively.
A single-floor building was considered in the 2nd scenario,
represented in Fig. 11. This time the antenna was set at 2.9m
height and the receiver at 1m height.
The running times of the corresponding plots of Figs. 10—
11 are given in table II. The simulations were carried out in a
Pentium M 1.5GHz processor. Different selection of the spacing of the “Study set” was made, based on the desired resolution in the two different cases. Hence, for the outdoor envi

Fig. 10. Received power level for a typical urban small area configuration.

Fig. 11. Received power level for an indoor environment.

ronment, 10m spacing was considered adequate, whereas 2m
spacing was selected for the indoor case. The simulation
lasted only 3΄40΄΄ for the urban case and 14΄14΄΄ for the indoor scenario, due to the greater number of launched rays. In
any case small prediction-times were maintained. More accurate results -better resolution- can be derived at the expense of
worse running-times.
The total time saved in the urban case is approximately
3.55×109×ttest, substituting M=21, N=186626, n=7, and
Rmax/dr=50 in (2). It is hard to estimate ttest, since it depends
not only on the ability of a system to compute floating point
operations (measured in Mflops-million operations per second), but also on the status of the system at simulation and the
compiler. Hence, the actual time for performing an operation
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