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Abstract—The study of electromagnetic scattering problem
related to a thick slot within a conducting screen is particularly
significant in applications. The aim of the paper is two folds: to
present a new effective semi-analytical solution for this problem in
spectral domain and to present a novel mathematical methodology
based on Wiener-Hopf techniques capable of dealing with finite
Laplace transform physical unknowns.
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I. INTRODUCTION

The electromagnetic scattering problem constituted by thick
slot filled by penetrable media within a conducting screen is of
interest in applications such as antenna systems, periodic
structures, screens and propagation, see Fig. 1.

Although the problem may be considered canonical; it
receives constant attention for practical applications.

The problem can be analyzed by means of numerical, semi-
analytical techniques and asymptotics, however an interest on
full comprehension of physical phenomena and application at
high frequency stimulates research finding in the field of
spectral method with asymptotic evaluation of field
components. For this reason, we focus the attention on semi-
analytical methods with physical interpretation. For the sake of
completeness we report that the initial studies using numerical
methods may be referred to integral equation formulations, see
[1-2]. Different attempts to get solutions have been reported for
this problem and for very similar ones as the scattering by two
sets of parallel plate waveguides with a hole and by parallel
planes of finite length.

Among the works that implement semi-analytical methods
we recognize the application of Wiener-Hopf (WH) technique
in [3-8], of the mode-matching and coupled integral equations
in [9-13], of Weber-Schatheitlin discontinuous integrals and
Kobayashi-Nomura's method in [14-15], of combined modal
expansion and ray tracing methods [16] and, of Kirchhoff
approximation and asymptotics [17-18].

The proposed technique, in contrast to iterative methods
such as Physical Optics and Ray Tracing, presents a complete
representation of the problem and its structure through a
comprehensive mathematical model in the spectral domain. This
approach eliminates the need for multiple interaction steps
between distinct diffraction canonical structures. Consequently,
we derive the accurate spectra of field components, from which

we extract physical and engineering phenomena, similar to the
approach utilized in closed-form spectral analytical solutions.
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Figure 1. Thick slot filled by penetrable media within a conducting screen

The approach relies on the formulation and the solution of
Wiener-Hopf equations in spectral domain, partitioning the
problem's geometry into canonical sub-regions.

This method integrates the characteristic Green's function
technique [19], the Mittag-Leffler theorem [20], and an
innovative specialization of Fredholm factorization. The
original version of Fredholm factorization was developed by
these authors to address Wiener-Hopf problems not-amenable of
closed-form solutions, systematically transforming the Wiener-
Hopf factorization problem into a Fredholm integral equation of
the second kind [21-23] that can be semi-analytically solved.

The method proposed in this paper is general and does not
require any specialized (pre)factorization and solutions of
systems of infinite equations for unknown coefficients as well
known in the effective Jones’ method for the solution of
modified Wiener-Hopf equations [24].

Indeed, the proposed method provides explicit integral
equation formulation for the solution of modified Wiener-Hopf
equations such as in this problem. A similar methodology gas
recently demonstrated its efficacy in problems with not entire
spectral unknowns [25].

In this work we propose the theory and the demonstration
that the Fredholm factorization is also the perfect instrument to
consider entire function unknowns with exponential phase-
factors. Due to the convergence properties of Fredholm integral
equation modeling of the problems, simple quadrature schemes
allow high precision results via reconstruction formula [26].

Moreover, both Wiener-Hopf formulation and Fredholm
integral equation modeling can be interpreted systematically as
network relations avoid redundancy.



The solution procedure is constituted by the following steps
in order: 1) deduction of WH equations, 2) Fredholm
factorization, 3) estimation of field components via asymptotics.

For completeness, we report that the theory was partially
reported in [27], while only recently we have developed a
solution method for modified Wiener-Hopf equations with
entire unknows and exponential phase factors [28]. The
precision of the first numerical validations seems to exceed the
one of alternative techniques such as the one presented in [29]
where pre-factorizations together with non -physical sampling
(like in information theory) of entire unknows is used to get
integral equation formulations to be solved numerically.

II. FORMULATION OF THE PROBLEM

Fig. 1 illustrates the problem where the slot is of thickness d
and wideness s. The figure reports that the slot is filled by an
arbitrary penetrable stratification. In the following we use
reference coordinate systems with different origins also for the
definition of spectral transformations: Cartesian coordinates
(x,y,z) and cylindrical coordinates (p,p,z) with origin O, and
shifted Cartesian coordinates (X=x-s,y,z) with origin O' (not
reported in Fig. 1). Moreover, for asymptotic estimation of fields
we use also coordinate system at the center of the port of the
hole respectively for the top region and the bottom region, i.e.
A'=(x,y,2)=(s/2,0,z) and A"=(x,y,z)=(s/2,-d,z).

Let us subdivide the geometry of the problem into three
regions of simple canonical shapes. Using the (x,y,z) reference
system with origin O, region 1 and 2 are homogenous regions
and defined by respectively y>0 and y<-d, while region 3 is the
slot region with 0<x<s, -d<y<0.

For the sake of simplicity, we consider E, polarization, and
we assume time harmonic fields with a time dependence
specified et which is omitted. The problem is governed by the
wave equation:
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where k; is the propagation constant of the medium according to
the three regions. For the complete mathematical formulation of
the problem, we impose PEC boundary conditions on the two
thick half planes, i.e. E,/=0 (PEC condition) for (x=0,s; -
d<y<0;z), (x<0; y=0,-d;z), (x>s; y=0,-d;z). As radial distance
from the four edges (x=0,s;y=0,-d;z) decrease to zero, E, goes to
zero (Meixner's edge condition). Radiation condition is enforced
considering vanishing small losses in k; and it is useful for the
correct definition of WH unknows.

The source considered in this work is an Ez-polarized plane
wave with incidence angle ¢, from region 1:
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where £ is the propagation constant (the region outside the slit
can be considered free space).

The WH equations of the problem are written in terms of
Laplace transforms along x direction of relevant field
components at y=0,-d:

Vo) =] E.(x,00e™dx,

| (3)
Vs () = [ E.(x,~d)e’dx,
5,0 = | H,(x,00e™dx,
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L, =] H,(x.~d)e " dx,
L,(m)=e’™ J:O H (x,—d)e’dx,
L, (n)=—e" J:O H (x,—d)e " dx.
Using transverse equations formalism in spectral domain,
from (1) we get network relations in spectral domain to model

region 1 and region 2 which result to be after imposing PEC
boundary conditions:

—I, (- +1,(m+e" I (M) =Y.(pV,,(m)] D

L,..(-m)—=L,(m)—e" 1, () =Y.(pV,,(m)] )

with ¥, ()= () 1k Z,.60) =Nk =1" -

To model region 3 in the WH formulation we need to start
by applying the finite Laplace transform (6) to the wave
equations (1).

E,(.y)= [ E.(x.y)e"dx (6)

For the sake of brevity in this theoretical formulation we
consider a region 3 that is homogenous to the other two regions
with propagation constant k. It yields
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with £, (v)=—jou H (s,y)e’™ + jou H,(0,y).

By applying the Greens’ function procedure, and observing the
solution at y=0,-d, we get two-port network model

Y, (mV,, () + Y, (Vs () = =™ q,(m) + p, ()= 1,,(17)
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where

Y, () =Y, () =—=jY,(i7) cot[S(1)d],
Y.(7) )

Fon) = Vo) =Y, = o o

and q,(n7), p,(17),s,(n7),r,(n7) arenot explicit terms related
to particular integrals due to f, ().

The application of Mittag-Leffler theorem to these terms allows
a different representation in terms of samples of the spectra of

WH unknows ., 7), V2, (7) 4t 1, = [ = (n 2 -

Notice that till now we have produced 4 WH equations reported
at (4), (5), (8). Due to exponential phase factors reported in the
equation, and in order to solve completely the system of
equation with Fredholm factorization method we duplicate the
equations by substituting 77 with —7 and using the auxiliary
unknowns (10):

Vi) = "V, (=1), V(1) ="V, (=10),

. _ (10)
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The motivation is that the application of Fredholm factorization

requires regularization properties of the unknows and

convergence of exponential factors [28].

The resulting system of equations allows to compute all the
defined unknowns in terms of just the voltage entire unknowns.

In order to obtain explicit integral equation formulation, we need
to represent the samples of spectral unknowns contained in

q,(n),p,(n),s,(n),r,(n) along the integration contour of
the Fredholm integral equation. For this scope we apply a
modified version of integral Cauchy representation formula that
transforms sampled unknowns into augmented kernel terms
while applying the Fredholm factorization method [25,28].

The final system of integral equations becomes explicit in terms
of voltage entire unknows and of Fredholm type, thus it can be
solved by simple quadrature and reconstruction formula.

ITII. SOLUTION OF THE PROBLEMS

Once solved the problem in terms of voltage spectra, via
asymptotics we get diffraction coefficients and total fields of the
problem for plane wave illumination.

Further details on the formulation, numerical validations and
results will be shown during the presentation.

A first promising numerical result is reported in Fig. 2 where
the slot is considered filled by free space and with dimensions
kd=2, ks=7, the illumination is constituted by an Ez polarized

plane wave with incidence from region 1 at ¢, =27 /9, and

intensity Eo=1V/m. Fig. 2 reports the GO field, the GTD
component and the total far field at kr=10.
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Figure 2. Thick slot filled by free space within a conducting screen:

dimensions kd=2, ks=7. Ez polarized plane wave illumination from region 1with

@0=21/9, Eo=1V/m. The figure reports far filed computation at kr=10: GO

component (red line), GTD component (green line), total far field (black line for
top region 1 GO+GTD, green line for bottom region 2 GTD only).
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IV. CONCLUSIONS

We present an effective method for the analysis of a thick
slot within a conducting screen based on Wiener-Hopf
technique. In particular, first numerical results show the
effectiveness of the technique. Beyond the interest on the
engineering application the paper presents also a method to
solve modified Wiener-Hopf equations with entire unknowns
and exponential phase factors.

ACKNOWLEDGMENT

EU-Next Generation EU within PNRR M4C2, Investimento
1.4-Avviso n.3138 16/12/2021-CN00000013 National Centre
for HPC, Big Data and Quantum Computing (HPC)-CUP
E13C22000990001-Multiscale modeling and Engineering App.

REFERENCES

[1] F. L. Neerhoff and G. Mur, “Diffraction of a plane electromagnetic wave
by aslit in a thick screen placed between two different media,” Appl.Sci.
Res., vol. 28, no. 1, pp. 73-88, Jul. 1973.

[2] D. T. Auckland and R. F. Harrington, “A nonmodal formulation for
electromagnetic transmission through a filled slot of arbitrary cross section
in a thick conducting screen,” IEEE Trans. Microw. Theory Techn., vol.
MTT-28, no. 6, pp. 548-555, Jun. 1980

[3] D.S. Jones, “Diffraction by a waveguide of finite length, ” Proc. Camb.
Phil. Soc., vol. 48, pp. 118-134, 1952.

[4] W. E. Williams, “Diffraction by two parallel planes of finite length, ”
Mathematical Proceedings of the Cambridge Philosophical Society, vol.
50, pp. 309-318, 1954

[5] S.C.Kashyap, and M. A. K. Hamid, "Diffraction characteristics of a slit
in a thick conducting screen," IEEE Trans. AntennasPropagat., vol. AP-
19, pp. 499-507, July 1971

[6] K. Yoshidomi, K. Aoki, K. Uchida, “Diffraction of an electromagnetic
plane wave by a slit in a lossy dielectric slab,” Electronics and
Communications in Japan (Part I: Communications), vol 66, n 8, pp. 81—
90, 1983.

[7]1 F.Birbir, A. Buyukaksoy, “Plane-wave diffraction by a wide slit in a thick
impedance screen,” J. Electromagnetic. Waves Appl., Vol. 10, n. 6, 803—
826, 1996.

[8] L H. Tayyar and B. Colak, “Plane wave scattering by a dielectric loaded

slit in a thick impedance screen,” J. Electromagn. Waves Appl., vol. 31,
no. 6, pp. 604-626, Apr. 2017



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

H. Henke and H. Fruchting, “Irradiation in a slotted half space and
diffraction by a slit in a thick screen,” Nachrichtentech. Elektron. 29, 401—
405, 1976

0. M. Mendez, M. Cadilhac, and R. Petit, “Diffraction of a
twodimensional electromagnetic beam wave by a thick slit pierced in a
perfectly conducting screen,” J. Opt. Soc. Am., vol. 73, no. 3, pp. 328-
331, Mar. 1983

S. H. Kang, H. J. Eom and T. J. Park, "TM scattering from a slit in a thick
conducting screen: revisited," in IEEE Transactions on Microwave
Theory and Techniques, vol. 41, no. 5, pp. 895-899, May 1993

H. J. Eom, Wave Scattering Theory: A Series Approach Based on the
Fourier Transformation. Berlin, Germany: Springer-Verlag, 2001.

A. H. Haddab and E. F. Kuester, "Extraordinary Transmission Through a
Single Dielectric-Loaded Slot in a Thick Metallic Shield," in IEEE
Transactions on Antennas and Propagation, vol. 66, no. 4, pp. 1846-1853,
April 2018.

K. Hongo and G. Ishii, "Diffraction of an electromagnetic plane wave by
a thick slit," in IEEE Transactions on Antennas and Propagation, vol. 26,
no. 3, pp. 494-499, May 1978

R. Sato, H. Shirai, “PlaneWave Diffraction by a Thick Slit-TE Case,” in
Proceedings of ISAP’96,” Chiba, Japan. 21-24, 1996, pp. 109-112.

H. Shirai, M. Shimizu and R. Sato, "Hybrid Ray-Mode Analysis of E-
Polarized Plane Wave Diffraction by a Thick Slit," in IEEE Transactions
on Antennas and Propagation, vol. 64, no. 11, pp. 4828-4835, Nov. 2016

K. N. Nguyen and H. Shirai, "High Frequency Diffraction by Thick
Loaded Conducting Slits —H Polarization Case—," 2019 IEEE
International Symposium on Antennas and Propagation and USNC-URSI
Radio Science Meeting, Atlanta, GA, USA, 2019, pp. 497-498.

K. N. Nguyen, H. Shirai, and H. Serizawa, “Electromagnetic scattering
analysis from a rectangular hole in a thick conducting screen,” IEICE
Trans. Electron, vol. 104-C, no. 4, pp. 134-143, April 2021

B. Friedman, Principles and Techniques of Applied Mathematics, New
York, NY: John Wiley & Sons, 1956, Ch. 3

[20]

[21]
[22]
[23]
[24]

[25]

[26]

[27]

[28]

[29]

G. Mittag-Leffler, “Sur la représentation analytique des fonctions
monogenes uniformes d’une variable indépendante,” Acta Mathematica,
vol. 4, pp. 1-79, 1884.

V.G. Daniele, G. Lombardi, “Fredholm factorization of Wiener-Hopf
scalar and matrix kernels,” Radio Sci., 42: RS6S01, pp. 1-19, 2007

V.G. Daniele, R.S. Zich, The Wiener Hopf method in Electromagnetics,
Scitech Publishing, 2014

V. Daniele and G. Lombardi, Scattering and Diffraction by Wedges 1:
The Wiener-Hopf Solution- Theory, Hoboken, NJ, USA, Wiley, 2020.

D.S. Jones, “Diffraction by a waveguide of finite length,” Proc. Camb.
Phil, Soc., vol. 48, pp. 118-134, 1952.

V. Daniele, G. Lombardi and R. S. Zich, "Physical and Spectral Analysis
of a Semi-Infinite Grounded Slab Illuminated by Plane Waves," in IEEE
Transactions on Antennas and Propagation, vol. 70, no. 12, pp. 12104-
12119, Dec. 2022

L. V. Kantorovich and V. L. Krylov, Approximate Methods of Higher
Analysis. Groningen, The Netherlands: Noordhoff, 1964.

V. Daniele and G. Lombardi, "Wiener-Hopf Solution of E-Polarized
Plane Wave Diffraction by a Dielectric Slit in a Thick Screen," 2021 IEEE
International Symposium on Antennas and Propagation and USNC-URSI
Radio Science Meeting (APS/URSI), Singapore, Singapore, 2021, pp.
895-896

V. Daniele, G. Lombardi, “Regularized Wiener-Hopf Method in
Problems Modeled by Entire Unknowns and Exponential Phase Factors:
the Electromagnetic Thick Slot,” Phil. Trans. R. Soc., 2025, in preparation

1.D. Abrahams, G.R. Wickham, “On the scattering of sound by two semi-
infinite parallel staggered plates-I. Explicit matrix Wiener-Hopf
factorization,” Proceedings of the Royal Society of London. A.
Mathematical and Physical Sciences, vol. 420, issue 1858, pp. 131-156,
1988.



