IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 1

UTD-PO Formulation for the Analysis of Multiple-Plateau Diffraction when
considering [llumination from a Low Source

José-Victor Rodriguez, Maria-Teresa Martinez Inglés, José-Maria Molina-Garcia-Pardo, Leandro Juan-Llacer,
Senior Member, IEEE, Takeo Fujii, and Ignacio Rodriguez-Rodriguez

What is the problem being addressed by the manuscript and why is it important to the Antennas & Propagation
community? (limited to 100 words).

The analysis of radiowave multiple-diffraction over a series of obstacles is essential for the planning of mobile communication
systems in urban areas. Many formulations have been proposed in this sense. Such solutions usually model the obstacles as knife-
edges and assume an angle of incidence greater than zero over the obstacles. However, in microcellular systems, the transmitter
can be located below the average rooftop level, and obstacles should be modeled as rectangular sections to obtain more realistic
results. A UTD-PO formulation for multiple-plateau diffraction when considering illumination from a low spherical source,
which overcomes the limitations of previous methods, is presented.

What is the novelty of your work over the existing work? (limited to 100 words).

The proposed UTD-PO solution overcomes the limitations of previous methods especially when the distance between the
transmitter and receiver increases (a greater number of blocks is considered). This way, the agreement of the presented UTD-PO
formulation with measurements is excellent, contrary to what is observed with other existing methods. Moreover, the main
advantage of the proposed solution is that, due to recursion, the calculations imply only single diffractions, thereby avoiding the
need of higher-order diffraction terms in the diffraction coefficients.

Provide up to three references, published or under review, (journal papers, conference papers, technical reports, etc.)
done by the authors/coauthors that are closest to the present work. Upload them as supporting documents if they are
under review or not available in the public domain. Enter “N.A.” if it is not applicable.

- J-V. Rodriguez, J-M. Molina-Garcia-Pardo, and L. Juan-Llacer, “A new solution expressed in terms of UTD coefficients for
the multiple diffraction of spherical waves by a series of buildings”, Radio Sci., vol. 42, RS4011, 2007, DOI:
10.1029/2006RS003464.

- M. Martinez-Ingles, J. Pascual-Garcia, J.-V. Rodriguez, R. Lépez-Moya, J.-M. Molina-Garcia-Pardo and L. Juan-Llacer, "UTD-
PO Solution for Estimating the Propagation Loss due to the Diffraction at the Top of a Rectangular Obstacle When Illuminated
from a Low Source," IEEE Transactions on Antennas and Propagation, vol. 61, no. 12, pp. 6247-6250, Dec. 2013. doi:
10.1109/TAP.2013.2281822.

Provide up to three references (journal papers, conference papers, technical reports, etc.) done by other authors that
are most important to the present work. Enter “N.A.” if it is not applicable.

- S. Tang and G. Lu, "Using parabolic equation to predicate the propagation-loss of the rooftops of buildings in urban
environments," 2nd IEEE International Conference on Computer and Communications (ICCC), Chengdu, 2016, pp. 1479-1482.
doi: 10.1109/CompComm.2016.7924948.

- E. Torabi, A. Ghorbani and A. Tajvidy, "A Modified Diffraction Coefficient for Imperfect Conducting Wedges and Buildings
with Finite Dimensions," IEEE Transactions on Antennas and Propagation, vol. 57, no. 4, pp. 1197-1207, April 2009. doi:
10.1109/TAP.2009.2015795.



IEEE TRANSACTIONS ON ANTENNAS AND
PROPAGATION

3

UTD-PO Formulation for the Analysis of Multiple-Plateau Diffraction when
considering [llumination from a Low Source

José-Victor Rodriguez, Maria-Teresa Martinez Inglés, José-Maria Molina-Garcia-Pardo, Leandro Juan-Llacer,
Senior Member, IEEE, Takeo Fujii, and Ignacio Rodriguez-Rodriguez

Abstract— A hybrid uniform theory of diffraction-physical optics (UTD-

PO) formulation for the analysis of the multiple-diffraction (MD) that takes
place over rectangular-shaped obstacles (plateaus) when the latter are
illuminated from a low source is presented. The solution, which is based on
Babinet’s principle, has been validated with measurements taken at 60 GHz
on a scaled model of the environment under study as well as with additional
measurements performed by other authors. Moreover, the proposed
approach has been compared with the wide-angle Fourier split-step
parabolic equation method, with the UTD-PO formulation showing better
accuracy against experimental data, especially when the distance between
the transmitter and the receiver is increased. Furthermore, the main
advantage of the proposed solution is that, due to recursion, the calculations
imply only single diffractions, thereby avoiding the need of higher-order
diffraction terms in the diffraction coefficients.
The results and findings of this work are particularly applicable to the
planning of microcellular mobile communication systems when the
transmitting antenna is located below the height of the surrounding
buildings.

Index Terms— Mobile communication,
rectangular obstacles, UTD, PO.

multiple diffraction,

I. INTRODUCTION

THE analysis of the multiple-diffraction (MD) phenomenon which
arises when an incident electromagnetic wave impinges over a series
of obstacles can be essential in several contexts, such as the planning
of mobile communication systems in urban areas [ 1,2]. Hence, a large
number of formulations has been proposed in order to predict the radio
signal attenuation caused by this phenomenon along the rooftops of
buildings. Such solutions usually model the obstacles as knife-edges
of equal height and assume either a plane-wave incidence [3-5] or a
spherical-wave incidence [6,7]. Nevertheless, if a more complex and
realistic approach is desired, buildings should be modeled as wedges
[8] or, more realistically, as rectangular sections, as considered in
formulations presented in works such as [9,10,11] (for plane-wave
incidence), and [7,12] (for spherical-wave incidence). In these
solutions, the angle of incidence over the obstacles is assumed to be
greater than zero (that is, the transmitter height is greater than the
average building height).

However, in microcellular mobile communication systems (where it
would be better to consider a spherical-wave incidence assumption

Manuscript received January 28, 2020. This work has been funded the
Ministerio de Ciencia e Innovacién, Spain (TEC2016-78028-C3-2-P and
PID2019-107885GB-C33/AEV/10.13039/501100011033), and by European
Fonds Européen de Développement Economique et Régional (FEDER) funds.

J.-V. Rodriguez, J.-M. Molina-Garcia-Pardo and L. Juan-Llacer are with the
Departamento de Tecnologias de la Informacién y las Comunicaciones,
Universidad Politécnica de Cartagena, Antiguo Cuartel de Antigones, Plaza del
Hospital, 1, 30202, Cartagena, Murcia, Spain. (tel: 34-968-326548; fax: 34-
968-325973; e-mails: jvictor.rodriguez@upct.es, leandro.juan@upct.es).

M.-T. Martinez-Inglés is with the Departamento de Ingenieria y Técnicas
Aplicadas, University Center of Defense, San Javier Air Force Base, Ministerio
de Defensa-Universidad Politécnica de Cartagena, 30720 Santiago de la
Ribera, Spain (e-mail: mteresa.martinez@cud.upct.es).

T. Fujii is with the Advanced Wireless Communication Research Center,
University of Electro-Communications, 1 Chome-5-1 Chofugaoka, Chofu,
Tokyo, 182-0021, Japan. (email: fujii@awcc.uec.ac.jp).

I. Rodriguez-Rodriguez is with the Departamento de Ingenieria de
Comunicaciones, ATIC Research Group, Universidad de Malaga, 29071,
Malaga, Spain. (email: ignacio.rodriguez@jic.uma.es).

Reference
point
& = En-1 N
En
1 2 3 n
<>
d v w w

Fig. 1. Propagation scenario under consideration.

[13]), the transmitting source can be located below the average rooftop
level, leading to a negative angle of incidence over the array of
rectangular-shaped obstacles (plateaus). This situation has been
studied —regarding MD phenomena— in different works [14-16]; all,
however, consider only one block (building). Therefore, a more in-
depth analysis is required of the MD caused by a series of plateaus of
equal height when illuminated from a low spherical source. A solution
based on the wide-angle Fourier split-step parabolic equation method
(FSSPEM) was recently presented for this purpose [17]. However, its
agreement with measurements begins to fail when the distance
between transmitter and receiving point is progressively increased
(that is, when a greater number of buildings is considered).

Regarding the above, in this work, a hybrid uniform theory of
diffraction-physical optics (UTD-PO) formulation which overcomes
the limitations of previous methods, is presented for the analysis of
multiple-plateau diffraction when considering illumination from a low
spherical-wave source (negative angle of incidence). The proposed
solution combines the UTD-PO recursive approach based on virtual
spherical sources presented by some of the authors in [7] with the fact
that the diffraction over one block from a low source can be broken
down —through Babinet’s principle— into just single and double knife-
edge diffractions (as shown by the authors in [16]). This way, the
limitation of the UTD-PO approach in [7] for the case of rectangular
plateaus with illumination from below is overcome. Such limitation
consisted of the impossibility to analyze negative angles of incidence
due the fact that, since the rectangular obstacles are seen as a series of
wedges made of interior angle n/2 radians —joined two by two—, the
spherical waves would hit the right-placed wedges forming the block
cross-sections from inside the obstacle, which is meaningless.
Moreover, the main advantage of the proposed solution is that, due to
recursion, the calculations imply only single diffractions, thereby
avoiding the need of higher-order diffraction terms in the diffraction
coefficients while at the same time achieving good accuracy. The
solution is validated with measurements performed at 60 GHz on a
scaled model of the environment under consideration (which, as
shown in [18][19], can be an appropriate method to obtain reliable and
useful results to be employed in real-world scenarios). Moreover, the
formulation is also compared with the FSSPE method proposed in
[17]. The results and findings of this work are particularly applicable
to the planning of microcellular mobile communication systems when
the transmitting antenna is located below the height of the surrounding
buildings.

II. PROPAGATION ENVIRONMENT
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In Fig. 1, a scheme of the scenario under consideration in this work
shows a series of n perfectly conducting rectangular obstacles of equal
height, width v, and constant inter-spacing w. The reference point
(receiver) is assumed to be located at the same level as the top of the
blocks (where, if an array of buildings is under study, an eventual final
diffraction down to a receiver positioned at street level would take
place), and at a distance w from the last obstacle. The transmitting
source, on the other hand, is located at a distance d from the first block
(spherical-wave incidence) and below the blocks height, at a
downward distance H from the top of the rectangular obstacles, so that
the incident wave impinges over the first block with a negative angle
a.

III. THEORETICAL FORMULATION

If we first consider the case of n=1 (see Fig. 2), following the
formulation published by some of the authors in [16] for the analysis
of diffraction over one rectangular obstacle when illuminated from
below —where Babinet’s principle is applied—, the field £; (which can
also be named as ;0 in accordance with the formulation for »>1 which
will be explained next) can be obtained as:
Ey = Ejq = Ejg 2Ejp —Efg (D).

That is, the summation of one component which accounts for
propagation over a double knife-edge instead of the rectangular
obstacle (£ 10) and another which considers the reflection caused on
the top of the block (£"’10—E""10, 1. e. the difference between a single
diffraction over the second knife-edge in the absence of the first —with
an angle of incidence a1 and illumination from above— and a double
knife-edge diffraction —with an angle of incidence a and, again,
illumination from above—), where ‘+’ is considered for hard
polarization and ‘-’ for soff polarization, with
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where: Ei is the relative amplitude of the spherical source (which has
been assumed in this case as 1), k is the wavenumber, D(¢, ¢’, L) is
the UTD diffraction coefficient for a knife-edge presented in [20], and
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Fig. 3. Geometry for n=2.
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Then, for n=2 (see Fig. 3), by considering the UTD-PO recursive
approach based on virtual spherical sources presented by some of the
authors in [7], the field E2 can be calculated as the average of the
contributions (£20 and Ez21) which result from the consideration of the
spherical wave fronts indicated in Fig. 3 impinging over each obstacle
separately (with Ei=1 for E20 and Ei=E1R.e’®° for E21, being that E; has
been calculated in the previous iteration). This way,

1
E, = E(Ezo +E) (13)
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with E2 and E>; calculated in the same way as for Ero, except from
the facts that, for E20, w is now w’=2w+v and, for E2;, as already
mentioned, E;=E;Roe® instead of 1.

Therefore, regarding the above, if we generalize the previous process
for the case of n plateaus (by considering both the mentioned UTD-
PO recursive approach based on virtual spherical sources and the fact
that, as previously stated, the diffraction over one block from a low
source can be broken down —through Babinet’s principle— into just
single and double knife-edge diffractions), the total field Ex reaching
the reference point indicated in Fig. 1 can be obtained as follows (see
Fig. 4):

:
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where Ro, o and E(1) should be considered as in (3), (4), and (5),
respectively, and
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with £°(1) as in (11), E; as in (17), and

Ri=JE2+{d+w) (22)

IV. MEASUREMENT SETUP
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Fig. 5. Scheme of the measurement setup.

The scheme of the measurement setup considered in this work can
be seen in Fig. 5. It should be noted that this setup is the same as that
employed in [21][22] (where a solution for MD analysis considering
positive angles of incidence over an array of dielectric plateaus was
validated with measurements). However, in our case, a series of n
perfectly-conducting (metallic) square-section bars of width v=0.04 m
was taken into consideration, along with a negative incident angle a.
Moreover, the insertion losses of the coaxial cable are 6 dB/m at 60
GHz and the gain of the antennae range from 4.3 to 4.8 dBi within the
frequency band taken into account: 58 to 62 GHz. Furthermore, the
3dB elevation beam width varies from 33° to 24°, while being omni-
directional in the horizontal plane. The ZVA67 Rohde & Schwarz
vector network analyzer (VNA) employed in the measurements bears
a dynamic range —for the 50 to 65 GHz band— of >107 dB (typ. 115
dB), and its measurement accuracy can be found in [23]. Moreover, it
should be noted that the measurement setup could be subject to
different errors which might come from the variation of the VNA’s
resolution, misalignments of the antennas, etc.
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Measurements were performed for three different values of n (1, 3,
5), w=0.192 m, soft polarization, and two values of d (0.10 and 0.20
m). The transmitting antenna height 4 was varied from -0.02 m to 0
m in steps of 0.0025 m, when ¢=0.20 m, and from -0.01 to 0 m with
the same steps, when d=0.10 m. Moreover, as shown in Fig. 5, a
metallic screen was positioned at the first bar in order to remove any
contribution coming from below the series of obstacles.

The channel frequency response was undertaken at 301 frequency
points, equally spaced between 58 GHz and 62 GHz, leading to a
frequency step of 13.3 MHz, with 1 Hz being the intermediate
frequency. As we selected 301 measurement points, we were able to
measure a maximum distance of 301/BW*3e8 = 22.6 m without time
aliasing (the maximum dimension of the measurement environment
was 7 m). The power transmitted by the VNA was -10 dBm, giving a
dynamic range of more than 100 dB at 60 GHz, and the time-gating
technique described in [21] was properly applied. This technique
permits us to select MD contributions while simultaneously removing
the remaining undesirable contributions.

V. RESULTS

Fig. 6 shows the total attenuation (MD losses and free-space loss)
at the reference point shown in Fig. 1, obtained using the proposed
UTD-PO formulation. Parameters of frequency=9.375 GHz, v=0.1 m,
w=0.4 m, d=0.162 m, H=-0.03 m (a=-10.5°), and hard polarization
were considered. For comparison purposes, the results obtained for
this scenario by using the FSSPE method proposed in [17] are also
shown in the plot, along with the measurements performed in the cited
work. As can be observed, a solid agreement is found between the
outcomes of the UTD-PO solution and the measurements. However,
when compared with the empirical data, the FSSPE formulation shows
a certain inaccuracy, which becomes greater as the number of plateaus
increases (that is, as the distance between the transmitter and receiver
grows). Moreover, as an extra validation of the proposed UTD-PO
formulation, a comparison between the knife-edge case (with a 0.5 m
spacing) —calculated with the method presented in [7]— and the UTD-
PO solution of the present work when considering v=0 m and w=0.5
m is also shown in the plot. As can be seen, an excellent agreement is
found between both curves.

In Figs. 7 and 8, the attenuation relative to the free-space field (MD
losses) obtained at the receiver (Rx) shown in Fig. 5 through the
proposed UTD-PO formulation is shown —for ¢=0.10 m and ¢=0.20
m, respectively— and compared with the measurements on the scaled
model performed by the authors, at 60 GHz, and explained in the
previous section. As can be observed, an excellent agreement is found
between the measurements and the UTD-PO solution proposed in the
current study, with a maximum difference of 0.48 dB for d=0.10 m
(when H=-0.005 m and »=5) and 0.52 dB for ¢=0.20 m (when
H=-0.0025 m and n=3). In any case, in order to quantify such
agreement, in Table I, the mean and the variance of the error (in dB)
between the theoretical results and the measured values are shown. As
can be observed, the statistical parameters exhibit a small error
between both outcomes for all the cases considered.

V. CONCLUSIONS

A UTD-PO solution, based on Babinet’s principle, to calculate MD
attenuation of radio waves caused by rectangular-shaped obstacles
(plateaus) when illuminated from a low source has been presented.
The formulation has been successfully validated through solid
agreement with measurements (both those taken by the authors and
those published in other works). Moreover, the UTD-PO model has
been compared with the wide-angle FSSPE method, with the results
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showing how the former achieves better accuracy than the latter when
both formulations are contrasted with experimental data, especially
when the distance between the transmitter and the receiver is increased
(that is, a greater number of blocks is considered).

The results and findings of this work are especially applicable to the
planning of microcellular mobile communication systems when the
transmitting antenna is located below the height of the surrounding
buildings.
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