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Abstract

This article investigates the prediction accuracy of an advanced deterministic propagation model in terms of
channel depolarization and frequency selectivity for indoor wireless propagation. In addition to specular reflection
and diffraction, the developed ray tracing tool considers penetration through dielectric blocks and/or diffuse
scattering mechanisms. The sensitivity and prediction accuracy analysis is based on two measurement campaigns
carried out in a warehouse and an office building. It is shown that the implementation of diffuse scattering into RT
significantly increases the accuracy of the cross-polar discrimination prediction, whereas the delay-spread prediction
is only marginally improved.

Keywords: Propagation, ray tracing, indoor radio communications, scattering, polarization

I. Introduction
The characterization of wireless propagation channels
may rely either on stochastic or deterministic models
[1]. When site-specific predictions are required, the
choice often falls on deterministic models [2], e.g., ray-
based techniques. In particular, ray tracing (RT) is a
geometrical optics approach that evaluates all paths fol-
lowed by rays as they interact with the environment. It
has been successfully used for many years for macro
and microcellular channel modeling.
However, wireless systems have continuously evolved,

implying that models should evolve too. While a classi-
cal deterministic model may have proved accurate for
relatively narrowband cellular systems, this might not
hold true when dealing with the application-oriented
systems exploiting multiple dimensions (space, polariza-
tion, frequency, etc.).
When outdoor cellular propagation is modeled by

means of 3D RT tools, these usually consider line of
sight (LOS) propagation as well as specular reflection
and diffraction at various orders, and neglect transmis-
sion trough buildings [3]. It has been shown in [4,5]

that such tools are able to accurately predict narrow-
and wideband propagation characteristics in microcellu-
lar outdoor scenarios. However, to correctly reproduce
the cross-polar discrimination, improvements are
required [6,7] when, for example, transmitter and recei-
ver are at a similar height and most of the reflected and
diffracted rays are confined in the horizontal plane.
Indoor path-loss predictions using RT are also usually

satisfactory [8-10], at least if penetration is accounted
for. This mechanism is particularly important in the
absence of LOS or when the terminals are positioned in
different rooms. Yet, in situations when the communica-
tion takes place along the horizontal plane, it can be
expected that the few oblique rays modeled by RT (e.g.,
the ones reflected by the floor or the ceiling), even
when including penetration, might again not be able to
predict the polarization behavior [11]. However, only
few results can be found on the implementation of dif-
fuse scattering [12] or on polarization characteristics
[13,14] in indoor scenarios.
In view of the above discussion, the goal of this study

is to compare a classical UTD-based RT tool [15] with
an enhanced version incorporating penetration and dif-
fuse scattering models. Two indoor measurement cam-
paigns have been employed to investigate the prediction
accuracy on two metrics representative of wideband
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dual-polarized systems: delay spread and cross-polariza-
tion ratio.
An additional novel aspect of this study is the choice of

the scenarios. While the first one is an office building, that
is the typical indoor environment investigated when deal-
ing with RT, the second one is a warehouse [16]. To our
knowledge, only few articles have considered such indus-
trial environments for RT [17] or for general propagation
studies [18]. Nevertheless, such environments become
more and more representative of wireless systems
deployed to control the storage or industrial processes.
This article is organized as follows. Sections II and III

present the penetration and diffuse scattering models,
respectively. Section IV describes both the measurement
campaigns employed in this study. In Section V, the
prediction accuracy of RT simulations with respect to
experimental results is investigated. Finally, Section VI
summarizes the main conclusions.

II. Through-block penetration model
Penetration usually consists of two transmissions
through the two sides of a block. In the cases where
either the inward or the outward point is a reflection or
diffraction point, only one transmission is involved. In
order not to affect the image database construction on
which the RT tool is based, a simple approximation is
made whereby the path direction of a ray that under-
goes penetration is not modified by this interaction. The
output point and the length of the path are evaluated as
if it passes straight through the block. However, the
change in the angle of the path of the ray is calculated
to evaluate the transmission coefficients.
Further to this, the field at the observation point P,

after the penetration, can be evaluated as follows [19]:

E(P) = E0 · Tin · Tout · e−jk0(d1+d3)e−jkpd2

d1 + d2 + d3
(1)

where E0 is the impinging field at the transmitting
point, Tin and Tout are the dyadic transmission coeffi-
cients, d1 is the distance between the transmitting point
and the incoming penetration point, d2 is the distance
between the two penetration points, d3 is the distance
between the outgoing penetration point and the obser-
vation point, k0 is the propagation constant in free
space, and kp is the propagation constant in the lossy
medium, where the penetration occurs.
At each boundary, the dyadic transmission coefficient

is decomposed [19] into a perpendicular polarization
coefficient:

T⊥ =
2 cos θi

cos θi +
√

ε2e/ε1e − sin2θi
(2)

and a parallel polarization coefficient:

T‖ =
2
√

ε1e/ε2e cos θi

cos θi +
√

ε1e/ε2e
√
1 − (ε1e/ε2e)sin

2θi
(3)

The effective permittivity for a lossy medium is

εe = εr − j
σ

ωε0
(4)

where ε0 is the vacuum permittivity, and εr and s are
the relative permittivity and conductivity of the medium,
respectively. The complex propagation constant is
kp = k0

√
εe .

III. Diffuse scattering model
The diffuse component of the signal can be defined as
the one scattered in directions other than that of the
specular one as a result of the interactions with rough
surfaces or objects, which cannot be described in the
input database of the software. Considering that RT
depicts a virtual scenario made by perpendicular paralle-
lepipeds of any orientation, an irregularity can also be an
object that diverts from this ideality, e.g., for its shape.
The model implemented into RT tool is based on [20].

In RT, the diffuseness can be created by dividing the
surfaces affected by scattering into surface elements or
tiles. A diffuse scattering ray is assumed to originate
from the center of each surface element. The size of
each element is set by the well-known far-field condi-
tion [21]:

r >
2D2

λ
(5)

where r is the distance between the center of the ele-
ment and the terminal, and D is the dimension of the
surface element. Each element is evaluated in the tool
by recursively dividing a surface until it meets this far-
field condition. Each rectangular surface is divided into
four equal rectangle. For each of them, the condition is
then checked again. It may be possible that the tiles clo-
ser to the virtual transmitter do not meet this condition
but the further ones do, leading to a subdivision of a
surface into elements of different sizes.
A scattering coefficient S and a scattering pattern

model are associated with each surface. The reflection
reduction factor, R, sets the amount of energy sub-
tracted by the scattering from the specular reflection.
The definition of the scattering coefficient implemented
in this study is

S =
|Es|
|Er|

∣∣∣∣
dS

(6)
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Following this definition, R can be evaluated as

R =
√
1 − S2 (7)

The geometry of the scattering interaction can be seen
in [20].
The pattern models allow to estimate the amplitude of

the scattered field. As the scattered wave is assumed
incoherent, its phase generated randomly with an uni-
form distribution. In this study, diffuse scattering does
not include any model for depolarization. This means
that diffuse rays maintain their local polarization.

Two pattern models [20] are implemented in this
study:
1) a Lambertian model, with the maximum in the
direction perpendicular to the surface;
2) a directive model, with the maximum in the
direction of specular reflection

A. Lambertian model
The radiation lobe of the Lambertian model has its maxi-
mum in the direction perpendicular to the surface. The
amplitude of the scattered field from a surface element is

dE2s = K2
0S

2�2 dS cos θi cos θs

π

1

r2i r
2
s

(8)

where K0 =
√
60GtPt and Gt and Pt are, respectively,

the gain and the input power of the transmitting
antenna.

B. Directive model
The scattering lobe is steered toward the direction of
the specular reflection. To achieve this, it is possible to
write the following expression for the amplitude of the
scattered field from a surface element:

dE2s = E2s0 ·
(
1 + cosψr

2

)αr

αr = 1, ... , N (9)

where ψr is the angle between the specular reflection
direction and the scattering direction, and ar is a para-
meter that sets the width of the scattering lobe. The
higher the ar, the narrower the lobe. The expression of
the maximum amplitude Es0 is

E2s0 =
(
SK
rirs

)2

�2 dS cos θi

Fαr

(10)

where

Fαr =
1
2αr

·
αr∑
j=0

(
αr

j

)
· Ij (11)

and Ij is then defined as

Ij =

⎧⎪⎨
⎪⎩

2π

j + 1
if j mod 2 = 0

2π

j + 1
· f (θi) if j mod 2 �= 0

(12)

where

f (θi) = cos θi ·

j − 1
2∑

ω=0

(
2ω

ω

)
· sin2ωθi

22ω

(13)

IV. Measurement campaigns
Two indoor measurement campaigns have been used in
this study to tune the parameters and carry out the
accuracy analysis. The two contrasting scenarios are

• a warehouse scenario,
• an office scenario.

A. Warehouse scenario
Measurements were carried out at Transport Pierre in
Wavre (Belgium) in a warehouse of approximatively 300
m2 with metallic and wooden containers for the storage
of furniture. Walls and columns, in the room, are made
of concrete. Figure 1 shows the plan of the warehouse
and the position of the receiving (Rx) and transmitting
(Tx) antennas. The Rx position is fixed, while Tx is
placed in ten different positions, which proceed in a
clockwise direction from the position labeled Tx1 to that
of Tx10. The antennas used for making measurements

Figure 1 Plan of transport Pierre warehouse where
measurements were conducted.
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are linearly polarized, with an azimuth omnidirectional pat-
tern in the frequency range between 800 MHz and 2.5
GHz. The horizontal polarization has been obtained by
manual rotation of the antennas. Measurements have been
recorded with a SISO Channel Sounder at a frequency of
1.9 GHz with a bandwidth of 80 MHz [22]. The elevation
pattern of the antennas at that frequency can be found in
[23]. No information on the crosspolar pattern of the
antenna is provided by its manufacturer. The measure-
ments of cross-polar discrimination of the antenna have
been performed in an anechoic chamber. The mean value
is 8.2 dB with a standard deviation of 6.7 dB over all angles.
It is noted that the implementation of this scenario

must be simplified, mainly for the presence of a great
number of objects that could not be modeled into the
database, e.g., small boxes on top of the containers.

B. Office scenario
A. second measurement campaign has been performed
in an office environment at the Universitè Libre de
Bruxelles (ULB). A floor plan of the measurement envir-
onment is given in Figure 2. It consists of a main hall,
surrounded by offices. The rooms are filled with tables
and furniture, and the walls are composed partly of dry-
walls and partly of brick walls. The labs and offices are
also surrounded by several windows. The door between
Tx and Rx remained closed for all the measurements in
the hall to avoid line-of-sight conditions. At each mea-
surement location, a 2-level virtual uniform planar array
(2L-VUPA) was realized using an automatic positioning
device, yielding a 10 × 10 × 2 virtual array. The ele-
ments of the planar array were spaced by l/3, and the
two levels of the 2L-VUPA were spaced by 1.2l. The Rx
antenna was a tri-pole antenna, composed of three per-
pendicularly polarized short linear antennas. The θ-and

j-radiation patterns of the three antennas of the tri-pole
have been measured in an anechoic chamber [24], and
the 3D plots are shown in [25]. The Tx antennas con-
sisted of two log-periodic antennas, one vertically polar-
ized and one horizontally polarized, that were spaced a
few wavelengths apart. The crosspolar discrimination of
these antennas is larger than 15 dB.
At each position of the 2L-VUPA, the frequency

response was measured simultaneously on the three Rx
antennas with a 4-port Rhode&Schwarz ZVA-24 vector
network analyzer (VNA), while switching between the
two Tx antennas using a fast switching device. The cen-
tral working frequency of the VNA was 3.6 GHz, with a
bandwidth of 200 MHz. The measurements were per-
formed at night, so that the environment remained
entirely static between measurements.

V. RT Results
Results are presented in terms of delay spread, tds, and
cross-polarization ratio (XPR), denoted as c. First, c
may be defined as

χ = 10 log
(
Pxp
Pco

)
(14)

where Pxp is the cross-polar power at the Rx, and Pco
is the copolar power at the Rx. The delay spread may
then be defined as [26]

tds =

√√√√√
∑

i

(
ti −

∑
itiPi∑
i Pi

)2

Pi
∑

iPi

(15)

where ti is the time of arrival of the ith ray, and Pi is
the power related to that ray.
The simulated 3D environment is created taking into

account constituent parts of buildings (i.e., walls, ceiling,
and floor) and major objects present in the scenario (i.
e., the containers in warehouse scenario and doors and
desks in the office scenario). Unless otherwise stated, a
maximum of three reflections and a single diffraction
are utilized. Diffuse scattering is also included by con-
sidering a maximum of two interactions in the simula-
tions. It means that single scattering and scattering
before or after a single reflection are included. Penetra-
tion is also included unless otherwise stated.
Each delay spread is an average over five values evalu-

ated in an area with a radius of 15 cm around the nom-
inal position, to overcome fading due to error in the
positioning. Each XPR calculation, instead, is an average
over 15 XPR values in the same position to overcome
the arbitrariness introduced by scattering random phase.
In both scenarios, the evaluations begin with a sensi-

tivity test for delay spread and XPR with differing values
Figure 2 Floor plan of the office environment.
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of the diffuse scattering parameter S and for different
scattering pattern models. The model is then validated
through comparisons with measurements.

A. Warehouse scenario
The nominal permittivity, εr, and conductivity, s, values
of the materials present in the warehouse are [27]εr = 9
and s = 9 · 10-2 [S/m] for concrete walls, respectively,
and εr = 2 and s = 2 · 10-3 [S/m] for wooden containers,
respectively.
Table 1 shows mean errors in XPR prediction for each

value of the scattering coefficient and for each pattern
model after the sensitivity test. Three directive models,
distinguished by ar values, are tested. The row entitled
“Pattern Error“ refers to the average error for each pat-
tern model over the different values of S. The column
entitled “S Error“ is the analog for the scattering
coefficients.
A similar comparison has been made for delay spread

results. Table 2 shows the relative mean errors for delay
spread prediction, with respect to the measured delay
spread value in each location.
Some conclusions can be drawn from these tests:

• The Lambertian model gives the best results in
predicting both the XPR and the delay spread in this
environment.
• For XPR, the improvement with a Lambertian
model is significant, while for delay spread, it is less
important.
• Scattering coefficient variations do not greatly
influence the prediction errors.
• Considering Lambertian model, the higher the S,
the lower the errors.

For the following results, a Lambertian pattern model
with S = 0.4, which gives an error of 3.3 dB with a stan-
dard deviation of 2.3 for XPR prediction and an absolute
error of 6.9 ns with a standard deviation of 4.4 for delay
spread prediction, has been chosen. The choice of a
Lambertian model, where the amplitude of the scattered
ray does not depend on the direction of the impinging
wave, can be also explained by considering the nature of
the scenario where there are a great number of smaller

objects that could not be modeled. This may be the rea-
son for the Lambertian behavior of the scattering rays.
Figure 3 shows the comparison between measure-

ments and simulations for XPR. The mean prediction
error after the scattering implementation is 3.3 dB as
shown in Table 1. The importance of including diffuse
scattering to accurately predict XPR in this scenario is
clear, as otherwise, the software would not be able to
model the power transferred between the two
polarizations.
Figure 4 shows the comparison between measure-

ments and simulations for delay spread. There appears
to be an improvement in the prediction error, mainly in
deep non-LOS (NLOS) positions (between 5 and 8).
Nevertheless, the measurements are generally underesti-
mated by simulations.
If penetration is not included in the software, in this

particular scenario, then the prediction accuracy does
not suffer any degradation. In the case of the delay
spread, the prediction error does not increase, and in
the case of the XPR, the prediction error increases by
only 0.3 dB. It can be concluded that penetration is not
significant if diffuse scattering is included in the soft-
ware. This can be explained by considering the row of
metallic containers that separates the two terminals
when they are in opposite corridors of the warehouse, i.
e., the scenario where penetration could have been
significant.

Table 1 Cross-polarization mean error in warehouse
scenario (dB)

Lambertian ar = 2 ar = 3 ar = 4 S Error

S = 0.2 5.1 4.9 4.1 5.8 5

S = 0.3 4.3 5.3 6.9 5.3 5.4

S = 0.4 3.3 5.6 7.6 4.8 5.3

Pattern error 4.2 5.3 6.2 5.3

Table 2 Delay spread relative mean error in warehouse
scenario

Lambertian ar = 2 ar = 3 ar = 4 S Error

S = 0.2 0.36 0.35 0.36 0.37 0.36

S = 0.3 0.33 0.35 0.36 0.36 0.35

S = 0.4 0.33 0.34 0.35 0.36 0.345

Pattern error 0.34 0.347 0.347 0.363

Figure 3 Comparison of XPR simulation results with
measurements in warehouse scenario.
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To verify a possible improvement in the delay spread
prediction, the maximum number of reflections has
been increased from three to four. The outcome is that
there is no significant improvement in the prediction.
Moreover, the addiction of one more interaction to the
maximum number of reflections incurs impractical com-
putational times.

B. Office scenario
It is important to note that without the implementation
of penetration, in this office scenario, no results could
be obtained in any position since the Rx and Tx are
always separated by a door or a wall. Table 3 shows the
permittivity, εr, and conductivity, s, the values of the
materials present in the propagation scenario at 3.6
GHz.
Unless otherwise stated, in the XPR definition of (14),

Pxp is the power collected by the Rx antenna along �x ,
considering the coordinate system shown in Figure 2. In
this study, the Tx antenna is always the vertically polar-
ized one.
By analogy with the warehouse scenario, Table 4

shows the variations of XPR prediction mean error
with the scattering parameters. The columns entitled
ar refer to a directive pattern model with the relative
lobe width.

Table 5 shows relative mean errors in the delay spread
prediction for each value of the scattering coefficient
and for each pattern model.
Looking at Table 5, it is clear that in this scenario, the

choice between different scattering coefficients and
models does not influence significantly the prediction
error for delay spread. This error, in any circumstance,
is about 30%. Considering XPR prediction, it is possible
to conclude that the choice of S does not change the
error significantly, but on the other hand, directive mod-
els with an higher value of ar seem to perform better.
This means that the diffuse rays with higher power are
located close to the direction of specular reflection. A
similar conclusion has been drawn in [28] utilizing para-
meter extraction from the measurements performed in
the same scenario, where strongest diffuse power com-
ponents were found to be spatially co-located with spec-
ular channel components, which justifies the use of the
directive model.
Simulated results with and without the implementa-

tion of diffuse scattering are now presented to validate
the model. If scattering is not included, then no ray is
predicted arriving at the Rx in positions 20 and 21.
According to the results of the sensitivity test on scat-
tering parameters, the chosen model is the Directive
model with ar = 4 and S = 0.4, which gives an error of
4.8 dB with a standard deviation of 3.7 for XPR predic-
tion and an absolute error of 5.8 ns with a standard
deviation of 4.7 for delay spread prediction. The choice
of this model can also be intuitively justified by the few
objects that could not be modeled and by the small
irregularities in the surfaces.
Figure 5 shows the comparison between measure-

ments and simulations for S. The results show a general
improvement when scattering is included in the simula-
tions. In particular, the improvement is significant in

Figure 4 Comparison of delay spread simulation results with
measurements in warehouse scenario.

Table 3 Materials’ properties at 3.6 GHZ [29-32]

εr s [S/m]

Brick 4.5 1 · 10-2

Concrete walls 7 4 · 10-3

Drywall 2.3 1 · 10-5

Glass 4 -

Wood 2 2 · 10-3

Table 4 Cross-polarization mean error in office scenario
(dB)

Lambertian ar = 2 ar = 3 ar = 4 S Error

S = 0.2 6.5 6.3 5.7 5.8 6.1

S = 0.3 5.7 6.2 5.4 5.7 5.5

S = 0.4 6.6 5 6.6 4.8 5.7

Pattern error 6.3 5.8 5.9 5.4

Table 5 Delay spread relative mean error in office
scenario

Lambertian ar = 2 ar = 3 ar = 4 S Error

S = 0.2 0.29 0.3 0.29 0.3 0.295

S = 0.3 0.29 0.3 0.3 0.32 0.303

S = 0.4 0.3 0.31 0.29 0.3 0.3

Pattern error 0.293 0.303 0.293 0.307
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the first two rows of measurements in the hall (positions
1-8) and in the offices (positions 17-22). On the other
hand, in the last two rows of measurements (positions
9- 16) in the hall, the accuracy is not improved signifi-
cantly when diffuse scattering is included. The mean
prediction error is 4.8 dB as shown in Table 4.
Figure 6 shows the comparison between measure-

ments and simulations for the delay spread. The results
show that including scattering does not improve signifi-
cantly the prediction accuracy, except in the last three
positions, which can described as deep NLOS, where RT
without scattering fails to predict any ray, or a signifi-
cant number of rays, arriving at the Rx.
Figure 7 shows the XPR comparison where Pxp refers

to the power collected by the Rx antenna along �y ,
rather than �x as had been the case in the previous
results. Similar conclusions to the ones presented for
the other polarization of Rx antenna may be drawn. The
difference is that the mean prediction error, when scat-
tering is included, drops to 3.3 dB, and in this case, the
software without scattering fails also in some NLOS
positions in the main hall.

As in the warehouse scenario, to verify a possible
improvement in the delay spread prediction, the maxi-
mum number of reflections has been increased from
three to four. This results in an improvement, but the
latter is minimal and present only in few locations. The
relative mean error decreases by 2%, whereas the com-
putation time increases by 300%.

VI. Conclusion
This study has investigated the prediction accuracy of
UTD-based RT including penetration and diffuse scat-
tering models in the framework of dual-polarized broad-
band systems. To this end, two indoor measurements
campaigns have been analyzed. The first one was con-
ducted in a warehouse used for the storage of small
containers, and the second one in the offices of a uni-
versity building. Based on the obtained results, it can be
concluded that penetration is not relevant in the ware-
house scenario because of the geometry of the room
and the material of the containers, as a row of metallic
containers separates the two terminals when they are in
opposite parts of the warehouse, thus preventing any
penetration. On the other hand, penetration is essential
in the office scenario where Tx and Rx are always
located in different rooms, thus being separated by a
door or a wall.
For both scenarios, a sensitivity test on the diffuse

scattering coefficient and pattern model has been per-
formed. While the prediction error does not depend sig-
nificantly on S, the results of the test on pattern models
are interesting. In the warehouse scenario, the Lamber-
tian model gives the closest prediction to the measure-
ments. By contrast, in the office scenario, the best result
is achieved by a Directive model with a high value of ar,
i.e., a narrow beam diffusion. This difference is intuitive.
In the warehouse scenario, a lot of large objects could

Figure 5 Comparison of XPR simulations results with
measurements in office scenario.

Figure 6 Comparison of delay spread simulations results with
measurements in office scenario.

Figure 7 Comparison of XPR simulations results with
measurements while considering the Rx antenna along �y .
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not be modeled in the input database, and some sur-
faces, such as the ceiling, have strong irregularities. In
the office, the irregularities are fewer and smaller. It is
consistent, then, that the diffuse rays with higher energy
are closer to the direction of specular reflection in this
case, while they are more randomly distributed in the
warehouse.
Comparing the simulation results with measurements,

the following conclusions, valid for both scenarios, may
be drawn:

• The implementation of diffuse scattering is signifi-
cant for modeling polarization behavior of the chan-
nel (e.g. the power transferred from one polarization
to another) with a high degree of accuracy.
• The implementation of diffuse scattering is impor-
tant in the delay spread prediction only in deep
NLOS positions, where diffuse components can be
of the same order of magnitude of the coherent
ones.
• In LOS (or obstructed LOS in the office scenario)
positions, the classic RT tool (neglecting diffuse scat-
tering) is as accurate as the advanced version.

VII. Abbreviations
2L-VUPA: 2-level virtual uniform planar array; LOS: line
of sight; RT: ray tracing; VNA: vector network analyzer;
XPR: cross-polarization ratio.
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