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Abstract-The ray tracing (RT) method offers significant
advantages in terms of the accurate and comprehensive
prediction of radio channel characterization in indoor
environments. As a consequence, this paper presents results of
computer simulation based on a three-dimensional (3D) RT
method for various directional polarized antennas, where the
effects of antenna polarization on power and RMS delay spread
are investigated in line-of-sight (LOS) and out-of-sight (OOS)
indoor channel. These results indicate that the difference in
predicted power between cross-polar case and copular case,
under LOS environment, is more noticeable than that of OOS
case. Whereas, the difference in predicted RMS delay spread
between cross-polar and copular case, under OOS environment,
is more noticeable than that of LOS case.

I.  INTRODUCTION

The forthcoming years, the market for indoor wireless
networking facilities is expected to grow considerably in both
commercial and domestic sectors [1]. Thus, a thorough
investigation of indoor propagation channel characteristics
represents a fundamental step toward the design and the
implementation of such applications [2]. This makes it
necessary to have an accurate propagation to predict
propagation channel characteristics in indoor environment.
Deterministic methods as ray tracing (RT) are a good
alternative to be used [3]. RT is a commonly used
computational method for site-specific prediction of the radio
channel characteristics of wireless communication systems.
The RT technique inherently provides time delay and angle of
arrival information for multipath reception conditions [4].

Due to the advantage of the RT model, researchers have
sought to use this model as a crucial reference to investigate
the indoor and outdoor propagation channel characteristics. In
[5], the influence of building shape near the corner and its
electrical properties on the ray-tracing predictions are
presented. The shape is shown to have an important role in
accurately predicting both received power and delay spread.
Rizk et al. [6] study the influence of database accuracy on
two-dimensional (2D) RT-based predictions in urban
microcells. The work reported in [7] presents results of
computer simulation based on a three-dimensional (3D) RT
method for various directional polarized antennas, where the
effects of polarization, antenna directivity, and room size on
delay spread are investigated in the line-of-sight (LOS) indoor
channel.

The current study, based on the RT model that have been
proven and proposed in [8], is focused on investigating effects
of antenna polarization on power and RMS delay spread in
LOS/ out-of-sight (OOS) indoor cases. This paper is organized
as follows. The used indoor RT model is introduced in Section
II. The main focus is described in Section III, where power
and RMS delay spread for both transmitter (Tx) and receiver
(Rx) with two polarizations (vertical and horizontal linear) is
predicted. Finally, the conclusions are drawn in Section IV.

II. INDOOR RAY TRACING MODEL

The RT model used in the present study considers the
following ray paths:

1) direct rays as line-of-sight,

2) ray paths with all possible combinations of reflected rays
on vertical facets, transmitted rays on vertical indoor
objects and diffracted rays on vertical edges,

3) ray paths containing all ray paths belonging to type 1)
with one additional reflection on the floor,

4) ray paths involving all ray paths belonging to type 2)
with one additional reflection on the ceiling,

5) all possible combinations of reflected rays on both floor
and ceiling and transmitted rays on indoor objects with
one additional wall reflection or not,

6) single-reflected ray paths on horizontal facets (roofs)

belonging to indoor objects,

7) single-diffracted ray paths on horizontal edges.

In order to improve the efficiency of finding propagation
paths, all propagation paths mentioned above are divided into
four major categories (i.e., ray category I, I, III, and IV). And,
different methods are used to deal with different ray categories.
Based on creating virtual source tree [9] in which the
relationship between neighbor nodes is left-son-and-right-
brother one, all the propagation paths belonging to ray
category I can be found out. All the propagation paths
included in ray category II can be easily and rapidly
determined by using the geometry principle presented in [10]
and doing necessary intersection tests. Due to only taking into
account one order reflection or diffraction, the computational
cost determining both ray category III and IV can be ignored.
Other details about the the 3D RT model can be obtained in
[8].

Once all ray paths from Tx to Rx are determined, the



contribution of each path can be expressed as
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where

k propagation constant;

E, reference field;

Jf, and f, transmitting and receiving antenna field
radiation patterns in the direction of the ray,
respectively;

r path length;

A spreading factor for /th diffraction;

n, m, and u total number of reflections, diffractions, and
transmissions, respectively;

R;, D, and T, reflection coefficient for the ith reflector,

diffraction coefficient for the /th diffracting
wedge, and transmission coefficient for the
sth  transmission,  respectively  (the
calculation of the three coefficients can be
traced in [11], [12]).
According to the results calculated in Eq. (1), the
contribution of each propagation path to the received power
can be calculated using the following expression [13]:
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where
E, J@,/4m)EG, ;
, n/€ =120z = intrinsic impedance;
P, transmitted and received power, respectively;
G,, transmitter and received gain, respectively;

E, total electric field at receiver.

All rays contributing significantly to the channel
characterization at the examined position must be traced, and
the complex impulse response of the radio channel is then
found as the sum of these contributions [14]
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Here, the received signal A(?) is formed by N time delayed
impulses (rays), each represented by an attenuated and phase-
shifted version of the original transmitted impulse. The
amplitude A4;, arrival time 7; and phase [J; of each ray are
calculated by Eq. (1) and path length r.

III. SIMULATION AND DISCUSS

In order to analyze the effects of antenna polarization on
RMS delay spread in LOS/OOS indoor radio channel based on
the 3D RT model introduced in Section II, a practical complex
indoor environment is investigated in this section. The
geometrical model of this indoor environment is shown in Fig.
1, including the floor and ceiling in order to consider the
reflections produced in both. The room dimensions are width
7.9 m, length 17.9 m, and height 3.85 m. For this study, not
only are the windows and doors included in the environment

database, but also the tables and all major metallic objects.
This indoor environment is also used to demonstrate the
accuracy of the proposed 3D RT method, and details about the
geometrical features can be obtained in [15].

Fig. 1. 3D representation of the office.

In our calculation, two antenna positions are considered and
are individually mounted at 1.8 m (located at T;) and 0.5 m
(located at T,) above the floor. The carrier frequency of the
two antennas are 2.4GHz and transmitted power are 20 dBm.
Two sets of Rxs are distributed with constant spatial steps
(chose as 0.2 m in the paper) along route AB (1.8 m high) and
route CD (0.5 m high), respectively. For each route (15.0 m
long) 76 prediction points are calculated. Both the transmitting
and receiving antennas are typical half wavelength polarized
dipoles. The two transmitting antennas are vertical
polarization, while receiving antennas have both vertical
polarization (parallel to the z-axe) and horizontal polarization
(parallel to the x-axe). The material characteristics used in this
study are shown in Table 1. All the electrical properties and
characteristics of the indoor environment elements, such as
doors, windows, tables, cupboards and so on, are set by
referring [1], [16].

TABLEI
THE MATERIAL CHARACTERISTICS USED IN THIS STUDY
Relative permittivity Conductivity (S/m)

concrete (pillars,
external wall, and 9 0.1
the ceiling)
Plasterboard
(internal walls) 28 0.1
Floor covered 7 0.00022
with marble )
Glass (windows) 6.67 10"
Wood (doors) 3.72 4.6x10*
Metallic sheet 3 100
Metallic object 1 3.23x10°
Chipboard (tables
and cupboard) 2 0.015




A.  Simulations for LOS Case

Fig. 2 shows the predicted power along the route AB in
LOS indoor environment. It can be seen that the power curve
for copular case have the same trend as that of cross-polar
case. However, the average of predicted power for copular
case is about 30 dBm more than that of cross-polar case.
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Fig. 2. Power for receivers along the route AB with two polarizations in LOS
case, and Tx is located at T).

Fig. 3 illustrates the effects of antenna polarization on RMS
delay spread in LOS indoor radio channel. Comparisons with
results about predicted power shown in Fig. 2, the curves of
delay spread for the two polarizations show better agreement,
except for the middle of the route AB. This phenomenon
occurs because the stronger signal with short delay is given up
for cross-polar case.
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Fig. 3. RMS delay spread for receivers along the route AB with two
polarizations in LOS case, and Tx is located at T}.

B.  Simulations for OOS Case

As indicated in Fig. 4, the difference in predicted power
between cross-polar and copular case is not noticeable in
contrast to the simulation results shown in Fig. 2. So, we can
presume that directions of the electromagnetic field for
propagation paths are rotated through undergoing multiple
reflections on the facet, diffractions on the edges, or the
combinations of them.
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Fig. 4. Power for receivers along the route CD with two polarizations in OOS
case, and Tx is located at T).

RMS delay spread for receivers along the route CD with
two polarizations in OOS case is present. The trends of power
curves for the two polarizations are opposition with each other.
This proves that the directions of the electromagnetic field for
propagation paths are rotated in OOS indoor environment. As
for both LOS and OOS cases, the environment elements
(tables, cupboard, and so on) more or less rotate the directions
of the electromagnetic field, change the phase of each
propagation path, and weaken the power taken by the path.
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Fig. 5. RMS delay spread for receivers along the route CD with two
polarizations in OOS case, and Tx is located at T>.

IV. CONCLUSIONS

In this paper, a new 3D indoor ray-tracing model, which can
be applied to any complex indoor propagation environment, is
presented. Based on a technique where multiple reflections,
transmissions and diffractions are considered via the ray-path
classification into four different categories, the used model
implements different methods to deal with different ray
categories. Ultilizing this model, the effects of antenna
polarization on power and RMS delay spread in LOS/O0S
indoor radio channel are investigated. Simulation results
indicate that for OOS cases, directions of the electromagnetic
field for propagation paths are evidently rotated to varying
degrees. Therefore, the signal arriving at Rx is not always the
strongest for the copular case, especially in OOS indoor



environment. Furthermore, the difference in predicted power
between cross-polar and copular case, under LOS environment,
is more noticeable than that of OOS case. Whereas, the
difference in predicted RMS delay spread between cross-polar
and copular case, under OOS environment, is more noticeable
than that of LOS case.
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