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Abstract—Scaled models of simple two-dimensional urban

environments are considered in order to investigate propa-

gation along a vertical plane. Specifically, path loss measure-

ments are taken for different positions of the transmitting

and receiving antennas at 25 GHz. Then, measurement re-

sults are compared with theoretical predictions computed by

a ray-tracing polygonal line simulator. The measurements

indicate a very good agreement between the ray-tracing

model and the experiments.
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I. Introduction

RAY-TRACING methods are usually applied to make
path-loss estimates in complex environments such as

those found inside cities. In fact, cities are geometrically
and electrically too complex to be analyzed using full wave
methods. Even with ray-tracing methods, a full three-
dimensional investigation is very difficult to achieve and,
therefore, a simpler two-dimensional problem is examined
here. The two-dimensional problem assumes that propaga-
tion occurs above building obstructions and that the main
contributions come from trajectories contained in a ver-
tical plane passing through the transmitting and receiving
antennas. The theoretical path-loss estimates are made us-
ing a polygonal line simulator that is based on a ray-tracing
method described in [1], [2], [3]. The purpose of this work is
the measurement of the accuracy that can be achieved us-
ing the polygonal line simulator. In general, the accuracy
of a propagation prediction method is of strong interest
in the field of wireless communications in order to properly
characterize the communication channel. However, the rig-
orous application of ray-tracing methods requires the com-
putation of many trajectories even for simple geometries.
Therefore, in the polygonal line simulator, some approxi-
mations were introduced to reduce the number of trajecto-
ries. The advantage of the approach considered herein is
that the measurements are made in a controlled environ-
ment where the assumptions of the polygonal line simulator
are satisfied as much as possible. In fact, the measurements
are conducted inside an anechoic chamber, on scaled mod-
els of simple urban environments so that all parameters of
the problem are known. This approach does not intend to
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Fig. 1. Example of a scaled model and of the vertical plane along
which the trajectories are considered for the theoretical model.

replace actual field measurements, but rather it is meant
to provide detailed feedback about the method. On the
other hand, detailed feedback cannot be provided by field
measurements where too many factors are unknown, it is
not possible to relate discrepancies to the method, and the
standard deviation of the difference between prediction and
measurements is usually above 6dB.
The paper is organized as follows. A brief description of

the polygonal line simulator is given to justify the exper-
imental setup. In particular, the choice of antennas with
an appropriate directivity pattern is clarified. Then, the
experiments are discussed and comparisons with the theo-
retical predictions are thoroughly described.

II. The Polygonal Line Simulator

The polygonal line simulator is a computer-based predic-
tion tool for two-dimensional wave propagation in urban
environments. Wave propagation is considered along the
vertical plane joining the transmitting antenna to the re-
ceiving antenna, as shown in Fig 1. A detailed description
of the simulator is given in [1], [2], [3].
For a given urban environment, the intersection between

the vertical plane and the environment is approximated
with a polygonal line. With a polygonal line, different
building shapes as well as terrain variations are easily taken
into account. The simulator computes all the trajectories
that lie in the vertical plane, associates with each trajectory
an attenuation value, and determines the overall attenua-
tion of the received electric field. The evaluation of the
attenuation for each ray path is performed using the Uni-
form Theory of Diffraction (UTD) [4]. In particular, up to
second order UTD diffraction coefficients are employed [5],
[6], [7], [8]. This avoids field discontinuities that may ap-
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Fig. 2. View of the anechoic chamber at the University of Illinois at
Chicago. This facility was installed by Orbit FR and is certified for
measurements from 2 GHz to 26.5 GHz

pear when one of the antennas crosses a transition region.
The model also introduces impedance surfaces in order to
electrically characterize each segment of the profile. In ad-
dition, the algorithm considers both vertical and horizontal
polarizations, and accounts for the directivity of the anten-
nas. A comparison of the polygonal line simulator with the
knife-edge method has been addressed in Section V of [1],
whereas comparisons with other methods as well as mea-
surements are discussed in Section VII of [1].

III. The Experimental Setup

The experiments have the purpose to verify the accu-
racy of the polygonal line simulator. The polygonal line
simulator is based on a two-dimensional assumption and,
therefore, the experiments must approximate, as closely
as possible, this assumption. First of all, in order to re-
duce the influence of external factors, the measurements
are taken inside the anechoic chamber facility at the Uni-
versity of Illinois at Chicago, shown in Fig. 2.

The experiments consist of the measurement of the prop-
agation path-loss due to the presence of scaled models of
buildings between the transmitting and receiving antennas.
In particular, the trajectories considered by the polygonal
line simulator are contained in a vertical plane. As a con-
sequence, in order to experimentally emphasize only those
trajectories that are contained in the vertical plane, such
as trajectory TX → P → Q → RX of Fig. 3, the patterns
of both antennas in the horizontal plane must be narrow
and directed along the line connecting the antennas.

This directive pattern in the horizontal plane has also an
additional reason. Even though, in the theoretical model,
the buildings are infinitely large in the transverse direction,
the actual scaled models must be truncated at some point.
The termination introduces a disturbing contribution by
allowing trajectories to propagate around buildings, such
as for the trajectory Tx → D1 → D2 → Rx of Fig. 3.
Hence, the additional advantage of having a strong direc-

Fig. 3. Example of three-dimensional propagation. The trajectory
Tx → P → Q → Rx that is contained in the vertical plane is of
interest for the experiments; however, the trajectory Tx → D1 →

D2 → Rx is an undesired one.

tivity in the horizontal plane is the capability of reducing
the contribution of undesired trajectories that propagate
around the scaled buildings.
Furthermore, for both antennas the directivity patterns

in the vertical plane must be isotropic, so that the contri-
butions from all possible trajectories are equally weighted.
At least within the angular sector of interest shown in
Fig. 4, the directivity gain must be reasonably constant.
These requirements in the horizontal and vertical planes
were met by two high gain sector antennas BCAH90-250
operated at 25 GHz and provided by Andrew Corpora-
tion, Orland Park, IL, USA. The directivity patterns for
the BCAH90-250 antennas are shown in Fig. 5 and 6 for
azimuth and elevation patterns, respectively. The calibra-
tion of the BCAH90-250 antennas was performed in free
space conditions using standard gain horns operated in the
bandwidth from 18 GHz to 26.5 GHz. The experiments
measure the field E(Rx) that reaches Rx after propagating
past the scaled building models. During the experiments,
Tx is fixed while Rx is manually moved vertically. Mea-
surement data are plotted in terms of the normalized field
E0(Rx), i.e the measured field E(Rx) divided by the mag-
nitude of the field measured for the same position of the
antennas in free space Efree space(Rx):

E0(Rx) =
E(Rx)

|Efree space(Rx)|
. (1)

Two polarizations are considered: hard and soft. Hard po-
larization corresponds to a Neumann boundary condition,
which occurs when the incident electric field is perpendicu-
lar to the diffracting edge, and is also known as vertical
polarization. Soft polarization corresponds to a Dirich-
let boundary condition, which occurs when the incident
electric field is parallel to the diffracting edge, and is also
known as horizontal polarization.
The scaled models are made of copper to obtain a perfect

electric conductor behavior that strengthens the effects of
reflections. The geometrical size of the models is deter-
mined mainly by the dimension of the anechoic chamber;
within these limits, their width was chosen to be as large
as possible to reduce the contributions from undesired tra-
jectories propagating around the scaled models. Moreover,
absorbing material was wrapped around corners and edges
to further reduce unwanted contributions.
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Tx

Constant gain desired in these sectors

Fig. 4. Example of the angular sectors within which the directive
gain must be as constant as possible to guarantee that all trajectories
of interest are equally weighted.

Fig. 5. Azimuth pattern for the Andrew BCAH090-250 high gain
sector antenna. The strong directivity ensures that any undesired
trajectory, such as Tx → D1 → D2 → Rx of Fig. 3, is weighted at
least 20 dB less than the desired trajectories that lie in the vertical
plane.

Fig. 6. Elevation pattern for the Andrew BCAH090-250 high gain
sector antenna. The gain is within 1 dB of the maximum value inside
an angle of 60◦ and within 3 dB of the maximum value inside an angle
of 80◦. This pattern satisfies the requirements explained in Fig. 4.

The geometrical shapes of the scaled models are simple
but effective to test the performance of the polygonal line
simulator. The following shapes are examined:

• Single-building profile. This shape represents a single-
building obstruction, as shown in Fig. 3 and it is used
because a rectangular shape approximates a building more
accurately then the previously used knife-edge approxima-
tion, as pointed out in [9]. From a computational view-
point, the rectangular building approximation is more com-
plicated than using knife edges and requires second or-
der diffraction coefficients. These coefficients, as will be
proven, perform extremely well even in the worst case sce-
nario when both antennas are aligned with the building
rooftop.
• Two-building profile. This shape represents two build-
ings parallel to each other that have the same height, as
shown in Fig. 1. Buildings with almost the same height
challenge the ray-tracing method because of the grazing
condition that is created. The worst case scenario occurs
when the two buildings have exactly the same height and
both the transmitter and the receiver are aligned with the
top of the buildings. Our experiments show that the theo-
retical prediction of the polygonal line simulator is in very
good agreement with the measurements.
• Three-building profile. This shape represents three
buildings with unequal height and shape. This profile was
chosen to determine the relative importance of the contri-
butions from different trajectories to the overall measured
field.

Preliminary results of this investigation were given in
[12], [13], [14].

IV. Single-Building Profile

The single-building profile is the simplest approximation
of a building obstruction along the path joining the trans-
mitter to the receiver. Because of its rectangular shape,
there are two diffracting edges at the top of the building
model. From a computational viewpoint, even though this
appears to be a very simple case, the field diffracted past
these two edges cannot be computed using only first order
diffraction coefficients, but at least second order diffraction
coefficients must be applied. To prove this statement, three
different configurations classified upon the position of the
transmitter are examined. In all these configurations, the
transmitter is kept at a constant height, while the receiver
is moved vertically at small increments of a fraction of the
wavelength λ. The first configuration analyzes the trans-
mitter at a constant height above the rooftop level. The
measurement results are shown in Fig. 7 and Fig. 8 for
hard and soft polarization, respectively.
For both polarizations, two wide oscillations are observed

in the line-of-sight (LOS) region. They are the consequence
of the interference between the ray that goes directly from
the transmitter to the receiver and the ray reflected on
the rooftop of the building. The oscillations seen in the
shadow region are due to the interference between the tra-
jectories containing reflections from the ground with the
trajectories containing only diffractions by the edges of the
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Fig. 7. Propagation with Tx above rooftop level. Hard polarization
case: mean error: 0.87 dB; standard deviation: 0.82 dB.
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Fig. 8. Propagation with Tx above rooftop level. Soft polarization
case: mean error: 0.79 dB; standard deviation: 0.58 dB.

building. The hard polarization case of Fig. 7 shows a close
agreement between the measured data and the theoretical
prediction with a mean error of 0.87 dB and a standard
deviation of 0.82 dB. The soft polarization case of Fig. 8
also proves a good agreement with a mean error of 0.79 dB
and a standard deviation of 0.58 dB.

The second configuration considers the transmitter be-
low the building rooftop. The results for the hard polar-
ization case are shown in Fig. 9. The agreement between
the measurements and the theoretical prediction is given
by a mean error of 1.12 dB and a standard deviation of
1.23 dB. Fig. 9 also shows the theoretical prediction ob-
tained by computing the field using only first order UTD
coefficients. It is evident that, as long as the receiver is in
the LOS region, this first order theoretical prediction is in
close agreement with the measurements. However, when
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Fig. 9. Propagation with Tx below rooftop level. Hard polariza-
tion case: mean error: 1.12 dB; standard deviation: 1.23 dB. The
computation made using only the first order UTD coefficients fails to
predict the field correctly in the shadow zone.

the receiver enters the shadow region the first order theory
no longer provides correct results. This proves that, even
in this simple geometrical configuration, a first order UTD
theory is not sufficient to provide correct results.

Reflection from the terrain deserves a special remark.
When the receiving antenna approaches the ground, field
oscillations up to 12 dB are detected for hard polarization.
It is fundamental for wireless engineers to take into consid-
eration this phenomenon when dealing with highly reflec-
tive terrain. In order to further investigate the effects of the
ground plane, a particular experiment was performed. In
this experiment, we reproduced the situation of Fig. 9, but
without the contribution of ground reflections by covering
the ground plane with absorbing material.

As shown in Fig. 10, the oscillations of the measured
field are drastically reduced and a much smoother curve is
obtained. The comparison with the theoretical prediction
produces a mean error of 0.75 dB and a standard devia-
tion of 0.56 dB. These results show, again, a very accurate
prediction achieved by the polygonal line simulator.

The results for the soft polarization case are shown in
Fig. 11. Here the agreement between the experiments and
the theory is expressed by a mean error of 2.90 dB and a
standard deviation of 2.59 dB. In this figure, the result com-
puted using the first order UTD coefficients is also shown.
It is clear that, as soon as the receiver enters the transi-
tion zone between the LOS region and the shadow region,
the prediction is no longer correct. The discrepancy be-
tween theory and measurements, for lower positions of the
receiver, appear to be greater than other cases previously
examined. This is easily explained keeping in mind that for
soft polarization the field that propagates past the building
is weaker than for hard polarization. Therefore, when the
normalized values of the received field are below -30 dB,
the measurement noise starts playing an important role.
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Fig. 10. Propagation with Tx below rooftop level. Hard polarization
case with no ground reflection: mean error: 0.75 dB; standard devia-
tion: 0.56 dB. Compare with Fig. 9 and observe that the oscillations
of the measured field have practically disappeared for lower positions
of the receiver.
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Fig. 11. Propagation with Tx below rooftop level. Soft polarization
case: mean error: 2.90 dB; standard deviation: 2.59 dB. Notice that
the field predicted using the first order UTD theory is not correct in
the shadow zone.

The third configuration is the case of grazing incidence
and observation aspects, as shown in Fig. 12. Here the
transmitter, due to its non-negligible size, is positioned
slightly below the rooftop level to guarantee that no di-
rect ray illuminates the receiver. The receiver is moved
vertically at small increments of 0.08λ. This case is chal-
lenging for the application of the ray theory because the ray
approximation of the diffracted fields is not correct within
the transition zones. Nevertheless, the application of the
second order UTD theory provides a close agreement for
both polarizations as shown in Fig. 13. In fact, for the soft
polarization case, the mean error is 0.14 dB and the stan-
dard deviation is 0.08 dB. In the hard polarization case,

Fig. 12. Geometry for a rectangular building obstacle at almost
grazing incidence and observation aspects
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Fig. 13. Propagation at grazing incidence for the geometry shown in
Fig. 12. Soft polarization case: mean error 0.14 dB; standard devia-
tion 0.08 dB. Hard polarization case: mean error 0.36 dB; standard
deviation 0.27 dB.

the mean error is 0.36 dB and the standard deviation is
0.27 dB. The measurements for the single building profile
show that the appropriate application of the UTD to this
situation must account for a double wedge diffraction [10].
The UTD diffraction coefficients applied here are described
in [7], [8] and experimentally verified in [11].

V. Two-Building Profile

The two-building profile represents an extension to the
case of single-building obstacle analyzed in the previous
section. This profile may be regarded as the simplest case
of multiple rows of buildings having nearly uniform height,
which is a situation of practical interest, especially in sub-
urban areas. The case of two buildings of almost equivalent
height is challenging for any ray-tracing method. Referring
to the inset of Fig. 14, the challenge comes from the tra-
jectories that illuminate the building to the left and are
diffracted towards the building to the right. These trajec-
tories are in the transition zone of the edges and, therefore,
the application of the ray-tracing method must be verified.
In particular, the most difficult case occurs when the trans-
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Fig. 14. Propagation with Tx below rooftops. Hard polarization case:
mean error: 1.14 dB; standard deviation: 0.85 dB. The incidence
angle is 2.18◦.

mitter is below the building rooftop, since the field at the
receiver is only due to diffraction mechanisms, which have
to be carefully computed. This explains why the configu-
rations that were measured consider the transmitter either
below the rooftop or slightly below the rooftop to cause
grazing incidence.

The first configuration considers the transmitter located
below the level of the buildings’ rooftops, while the receiver
height varies from near the ground up to the line-of-sight
region. The hard polarization case is examined in Fig. 14
and the comparison results in a mean error of 1.14 dB and
a standard deviation of 0.85 dB. The agreement is very
good, but one notices stronger differences around the tran-
sition between the lit and shadow zone. This phenomenon
is easy to explain on the basis that at grazing incidence the
transmitter and the receiver are aligned with the four edges
of the two buildings. Strictly speaking, this situation re-
quires a diffraction coefficient of order higher than the sec-
ond; however, the polygonal line simulator uses only the
second order diffraction coefficients described in [7] that,
nevertheless, perform very well.

To emphasize this point, we have analyzed the second
configuration depicted in the inset of Fig. 15 that causes
the transmitter to create grazing incidence. In fact, in Fig.
14, the trajectory that impinges the left edge of the left
building makes an angle of 2.18◦ with the line through the
building rooftops, whereas in Fig. 15 the same angle is
reduced to 1.13◦.

Fig. 15 shows the details of this comparison and corre-
sponds to a mean error of 0.59 dB and a standard deviation
of 0.50 dB. Improvements could be achieved using higher
order diffraction coefficients, but the benefits would be far
too small when compared to the increased computational
effort.

The soft polarization case is only examined for the first
configuration in Fig. 16. Even though the predicted field
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Fig. 15. Propagation with Tx below rooftops. Hard polarization case.
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Fig. 16. Propagation with Tx below rooftops. Soft polarization case:
mean error 1.53 dB; standard deviation 1.45 dB.

results slightly exceed the measurements in the shadow
zone, the comparison still shows a very good agreement
corresponding to a mean error of 1.53 dB and a standard
deviation of 1.45 dB. Incidentally, a similar profile has also
been considered, but only theoretically, using the parabolic
equation method in [15].

VI. Three-Building Profile

The third profile contains buildings of different height
and shape and is shown in Fig. 17. The purpose of this
profile is to investigate propagation mechanisms more com-
plex than those found with the previous two profiles as well
as to prove that the polygonal line simulator can account
for more complex situations. Referring to Fig. 18, in these
experiments the transmitter was located above the rooftop
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Fig. 18. Example of some trajectories that are computed by the polygonal line simulator for the profile shown in Fig. 17

Fig. 17. Schematic of the three-building profile.

of building B1 to allow for direct illumination of the tilted
roof of building B3. The location of Tx also allows for an
indirect illumination of the rooftop of building B3 after a
diffraction from the rooftop of building B1. The main con-
tributions to the received field come from the trajectories:

Tx → S → Rx

and
Tx → P → S → Rx.

To obtain a more accurate prediction other trajectories
must be included. For example, the trajectory

Tx → P → Q → S → Rx

may provide a non-negligible contribution especially when
Tx, P , Q are almost aligned. Furthermore, a reflection may
occur on the rooftop of building B2 and this mechanism is
accounted for by the trajectory

Tx → P → R1 → Q → S → Rx.

Incidentally, this contribution couldn’t have been possible
if a knife edge assumption for the shape of the buildings
were made.
Moreover, when Rx approaches the ground plane, the

contribution of the trajectories that undergo a reflection
at R2 are comparable with those that propagate directly
from S to Rx. In fact, the evidence that these contributions
are comparable is provided by the results of Fig. 19 and
Fig. 20 showing oscillations for lower values of the receiver
height.
By accounting for the ray contributions indicated above,

as well as additional other mechanisms such as reflection
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Fig. 19. Propagation with Tx above rootops. Hard polarization case:
mean error 1.78 dB; standard deviation 1.35 dB.

from the ground plane, the theoretical predictions have
been computed. The comparison for the case of hard po-
larization is shown in Fig. 19, and produces a mean error
of 1.78 dB and a standard deviation of 1.35 dB. The soft
polarization case is considered in Fig. 20 and results in a
mean error of 1.06 dB and a standard deviation of 0.85 dB.
For both cases, we can conclude that the agreement with
the theoretical predictions is excellent.

VII. Conclusions

The authors have presented experimental results con-
ducted inside an anechoic chamber at the frequency of
25 GHz to further verify the simulator described in [1], [2],
[3]. The various comparisons show a very good agreement
between theory and measurements, as proven by a mean
error as low as 0.14 dB and a standard deviation as low as
0.08 dB. All the measurement results are summarized in
Table I and are in agreement with those published in [11].
The differences between the theory and the experiments are
believed to be due to the size of the anechoic chamber used
for these measurements, which limits the location of the
scaled buildings to be at the very beginning of the far field
zone of the antennas. Our results could be improved if the
measurements were taken inside a bigger facility where the
scaled buildings could be located in the far field zone of the
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Fig. 20. Propagation with Tx above rooftops. Soft polarization case:
mean error 1.06 dB; standard deviation 0.85 dB.

TABLE I

Summary of Measurement Statistics

Configuration Polarization Mean Standard

Error deviation

Single building
Tx-above hard 0.87 dB 0.82 dB

soft 0.79 dB 0.59 dB
Tx-below hard 1.12 dB 1.23 dB

hard (no refl.) 0.75 dB 0.56 dB
soft 2.90 dB 2.59 dB

grazing hard 0.36 dB 0.27 dB
soft 0.14 dB 0.08 dB

Two buildings
hard 1.14dB 0.85 dB
soft 1.53 dB 1.45 dB

Three buildings
hard 1.78 dB 1.35 dB
soft 1.06 dB 0.85 dB

antennas. These results point out that the trajectories con-
sidered by the polygonal line simulator are capable of care-
fully describing the behavior of the field. In this sense, the
ray tracing algorithm of the simulator is very accurate. The
polygonal line simulator, however, is not limited to perfect
electrical conductors, but can account for other types of
material using an appropriate surface impedance value on
each segment of the polygonal line that describes the geom-
etry of the two-dimensional environment. The importance
of this research is the comparison of the theoretical method
with measurements inside a controlled environment. This
allows for a validation of the theoretical method, without
the influence of external parameters that are unavoidable
in the case of open field measurements. To the best of the
authors’ knowledge there is only another study, reported
in [16], that describes measurements on a scaled model.

A time-domain analysis is conducted in [17], and a com-

parison of the two-dimensional simulator with empirical
models is shown in [18].
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