iriricd applied
o sciences

Article

Spectral Analysis of Electromagnetic Diffraction Phenomena in
Angular Regions Filled by Arbitrary Linear Media

Vito G. Daniele ' and Guido Lombardi **

check for
updates

Citation: Daniele, V.G.; Lombardi, G.
Spectral Analysis of Electromagnetic
Diffraction Phenomena in Angular
Regions Filled by Arbitrary Linear
Media. Appl. Sci. 2024, 14, 8685.
https://doi.org/10.3390/
app14198685

Academic Editor: Augusto Ferrante

Received: 21 July 2024
Revised: 19 August 2024
Accepted: 27 August 2024
Published: 26 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

The Department of Electronics and Telecommunications (DET), Politecnico di Torino, 10129 Torino, Italy;
vito.daniele@polito.it

* Correspondence: guido.lombardi@polito.it; Tel.: +39-011-0904012

 These authors contributed equally to this work.

Abstract: A general theory for solving electromagnetic diffraction problems with impenetrable/penetrable
wedges immersed in/made of an arbitrary linear (bianistropic) medium is presented. This novel
and general spectral theory handles complex scattering problems by using transverse equations for
layered planar and angular structures, the characteristic Green function procedure, the Wiener-Hopf
technique, and a new methodology for solving GWHEs. The technique has been proven effective
for analyzing problems involving wedges immersed in isotropic media; in this study, we extend the
theory to more general cases while providing all necessary mathematical tools and corresponding
validations. We obtain generalized Wiener-Hopf equations (GWHEs) from spectral functional
equations in angular regions filled by arbitrary linear media. The equations can be interpreted
with a network formalism for a systematic view. We recall that spectral methods (such as the
Sommerfeld-Malyuzhinets (SM) method, the Kontorovich-Lebedev (KL) transform method, and the
Wiener-Hopf (WH) method) are well-consolidated, fundamental, and effective tools for the correct
and precise analysis of electromagnetic diffraction problems constituted by abrupt discontinuities
immersed in media with one propagation constant, although they are not immediately applicable to
multiple-propagation-constant problems. To the best of our knowledge, the proposed mathematical
technique is the first extension of spectral analysis to electromagnetic problems in the presence of
angular regions filled by complex arbitrary linear media, thereby providing novel mathematical tools.
Validation through fundamental examples is proposed.

Keywords: wave motion; diffraction; electromagnetism; arbitrary linear media; bianisotropic media;
layered media; applied mathematics; Green’s function; Wiener-Hopf method; integral equations;
Fredholm factorization

1. Introduction

The theory of wave diffraction constitutes one of the fundamental problems in mathe-
matical physics. Apart from its direct relevance to engineering and physics, this subject
gives rise to significant methodologies in applied mathematics.

Spectral methods play a crucial role in the study of electromagnetic diffraction. No-
tably, the Sommerfeld-Malyuzhinets (SM) method, the Kontorovich-Lebedev (KL) trans-
form method, and the Wiener-Hopf (WH) method are fundamental and complementary
in studying diffraction problems in the presence of sharp discontinuities. These methods
have been extensively and effectively applied for studying wedge diffraction in isotropic
regions; see [1-6] for SM, Refs. [7-10] for KL, and Refs. [11,12] for WH, along with the
references therein starting from the early 2000s literature produced by the authors of this
study. Moreover, using synergy among the three methods (WH, SM, and KL), the au-
thors obtained a complete network representation of the angular region in the presence of
isotropic media [13], which helped to build a systematic methodology for analysis.

The main advantage of the aforementioned techniques (SM and KL) is also a limitation,
i.e., the utilization of the spectral complex angular plane derived from the Sommerfeld
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integral theory [14], which, since the early 2000s, the authors of this study have also effec-
tively used in the WH framework for Fredholm factorization [11,12] and in the definition
of rotating waves in isotropic angular regions [11,12]. The definition of this complex plane
is intricately connected to the physics of the problem, as it specifically requires spectral
transformations associated with the propagation constant. Consequently, this methodology
is applicable to problems involving a single propagation constant, such as isotropic media
in electromagnetic fields, as well as other specific problem configurations with decoupling
properties in propagation modalities. Different attempts have been developed to extend
the spectral analysis to diffraction problems in more complex media, such as gyrotropic
media and/or uniaxial media. For example, we recall the analysis of scattering by a perfect
electrically conducting (PEC) half-plane immersed in such anisotropic media; see [15-24].
However, to the best of our knowledge no spectral method for scattering problems by
wedges in arbitrary linear media (i.e., bianisotropic media [25-27]) characterized by multi-
ple propagation constants has been developed to date. One of the most important results
obtained in the presence of anisotropic media is the exact solution obtained by Felsen in
the case of scattering by a PEC wedge immersed in a uniaxial medium illuminated by
plane waves at normal incidence [17,18]. However, the method used for this problem
is substantially that of the separation of variables after transformations in the physical
domain, which does not present the powerful characteristics of spectral methods such as
asymptotic evaluation of fields and physical interpretation of field components in terms
of structural and source spectral singularities. Other important works have examined the
behavior of the field near the edge of a wedge immersed in a complex medium [28] and
diffraction by a wedge immersed in the special case of an isotropic chiral medium with the
SM method [29].

Given our experience in spectral analysis of complex electromagnetic scattering prob-
lems in isotropic media [11,12,30-32], and with the help of the theory proposed in [33] for
the analysis of structures embedded in layered media, in this work we develop a new theory
in the spectral domain with proper mathematical tools that allow for the representation of
scattering problems immersed in arbitrary linear media of an angular shape. In particular,
these new formulations are in the spectral domain (Laplace domain) without introducing
angular complex planes, and as such are not limited to one-propagation-constant problems.
In [34], we developed the general theory in abstract form to model angular regions filled
by arbitrary linear media and we reported its implementation only for isotropic media.

In the present work, we propose a complete theoretical package for solving diffraction
problems with impenetrable wedges immersed in an arbitrary linear medium; in addition,
this package is extendable to multiple penetrable angular regions. The proposed method
exploits the combination and the extension of powerful mathematical tools developed in
different contexts. The first tool is the Bresler-Marcuvitz (BM) transverse equation theory
for layered media [33,35], the second is the characteristic Green function procedure [36,37],
the third one is the Wiener-Hopf technique [33,38] in its generalized form [11,12], and the
fourth one (which is a completely novel contribution) is the direct application of Fredholm
factorization to generalized Wiener-Hopf equations (GWHES).

The method starts with an extension of transverse equation theory for layered arbitrary
linear media applied to the stratification of an angular shaped region with the help of
abstract BM notation. We then apply the characteristic Green function procedure to obtain
the solution of equations in angular geometries. The solutions defined at the faces of the
angular region are spectral functional equations that relate continuous (tangential) field
components of the two faces delimiting a homogeneous angular region. The application
of boundary conditions yields a system of generalized Wiener-Hopf equations (GWHEs),
where generalized means that the field components of each face are defined into different
complex planes but related to one another. The GWHESs preserve the characteristic form
of classical Wiener-Hopf equations (CWHEs), where the system of equations presents a
kernel and plus and minus unknowns; however, the plus and minus unknowns are defined
into different complex planes which are related to one another. The functional equations
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and GWHEs of angular regions can be suitably interpreted with a network formalism, as is
common for classical layered regions using transmission line theory. This circuit/network
modeling representation of angular regions allows for the description of the technique with
systematic steps to avoid redundancy. This capability is particularly useful when dealing
with complex scattering problems, where we break down the complexity of a geometry
into subdomains of canonical shape. These subdomains are modeled via spectral functional
equations or related integral representations that can be interpreted through a network
approach (obtained once and for all) and are capable of modeling the entire complex
problem through the composition of circuital relationships; see, for instance, [30-32].

In the presence of an isotropic medium (and further special cases of more general
media), a suitable mapping reduces the GWHEs to CWHESs, which in certain cases are
amenable of exact solutions; alternatively, we can resort to the semi-analytical /approximate
general-purpose factorization method, that is, Fredholm factorization, which reduces the
factorization problem to Fredholm Integral Equations (FIEs) of the second kind. This
technique was presented in the early 2000s for CWHESs; it was first effectively applied in
impenetrable and penetrable wedge problems immersed in isotropic media [11,12], and
more recently in isotropic complex scattering problems [30-32].

The main constraint in the present work resides in the complexity of media that do not
allow mappings between complex planes of GWHEs for their transformation into CWHEs.
Consequently, when dealing with arbitrary linear media in particular, we propose relying
on a novel version of the versatile approximate method known as Fredholm factorization.
Here, for the first time, we apply the Fredholm factorization method directly to GWHEs as
a regularization tool. This regularized method can also be derived before the imposition
of boundary conditions, i.e., directly on spectral functional equations (that is, before ob-
taining the GWHES of the problem) by reversing the classical order of imposing boundary
conditions and then applying Fredholm regularization to obtain the same effectiveness. We
call this new methodology direct Fredholm factorization.

We observe that the impossibility of mapping GWHEs to CWHEs in arbitrary linear
media is similar to the impossibility of defining a unique angular complex plane for the
SM, KL, and WH methods; however, the new WH methodology proposed in this study
overcomes this obstacle by resorting to direct Fredholm factorization applied to GWHEs.

From the solution of the GWHEs inherent to the angular region problem, we obtain
the spectral representation of the field components along the faces delimiting homogeneous
angular regions. The complete spectral analysis of the diffraction problems is then obtained
by resorting again to spectral functional equations written for an arbitrary azimuthal
direction. Finally, spectral inversion yields field components in the physical domain for any
point in the angular regions. An alternative method for obtaining the field is also proposed;
because of the linearity, it is based on the use of superposition on spectral representations
prior to spectral inversion by identifying the spectral contributions of the faces of the
angular regions through the equivalence theorem.

All of the theoretical properties of the mathematical statements are fully described
in the text, although completely rigorous mathematical proofs are sometimes limited. On
the other hand, validation of the proposed novel theoretical package through examples
is reported, starting by demonstrating the effectiveness of direct Fredholm factorization
applied to GWHE:s in the scattering from a PEC wedge immersed in an isotropic medium
and ending with validation of functional equations of angular regions in arbitrary linear
media with the analysis of a PEC half-plane immersed in particular anisotropic media.

While implementing the method, we observe that the main difficulty resides in cor-
rectly estimating the kernel functions in the GWHEs and the corresponding FIE formu-
lations for the presence of multivalued functions that need particular attention in their
definition and calculation. The following sections highlight all multivalued functions and
their correct estimations and assumptions.

In summary, we highlight in brief the main novelties of this work with respect to the
state of the art reported in the introduction:
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e Development of a novel spectral method capable of handling scattering in arbitrary
linear media with multiple propagation constants.

¢ Introduction of a novel solution procedure for GWHEs, particularly for those with
multiple propagation constants, which we call direct Fredholm factorization.

* A description of spectral functional equations and related integral representations for
angular regions filled by arbitrary linear media in terms of the network interpretation.

¢ Computation of the field at each point within the angular region by resorting to the
equivalence theorem and using Kirchhoff representations in the spectral domain;

¢ Improving the quality of the approximate spectral solutions by reimposing GWHEs,
referred to as iteration.

It is important to highlight that the applicability of the proposed WH technique to
arbitrary linear media resides in its formulation directly in the Laplace domain while
avoiding other complex planes; notably, other techniques such as SM use complex angular
planes based on Sommerfeld representations, which are applicable only to isotropic media
or special cases of anisotropic media. Moreover, although SM also uses Fredholm integral
equations in the complex angular plane for approximate solutions [2,6], it is limited to
isotropic media; again, the proposed WH method is extended to arbitrary linear media
with direct Fredholm factorization because it is directly formulated in the Laplace domain.
Furthermore, another important result is that while Sommerfeld-Malyuzhinets solutions
combined with asymptotic methods require analytical extension of the spectral solutions
in the improper sheet to compute the far field, our application of equivalence theorem in
the context of the proposed method can be directly applied to approximate WH spectral
solutions in the Laplace domain. This result is due to the direct solution of the GWHEs
which provides the complete spectra of the field on the two faces of an angular region,
useful and sufficient for asymptotic estimations.

This article is organized into seven sections and one appendix. In Section 1, we
introduce the motivation and the scope of the present work, then report the state of the
art related to the spectral analysis of diffraction in complex media. Section 2 presents the
main mathematical steps for obtaining spectral functional equations in an angular region
filled by an arbitrary linear medium and with arbitrary boundary conditions, starting from
the abstract BM notation for transverse equations in layered planar regions and extending
this theory to layered angular regions filled by arbitrary linear media. Section 3 develops
the theory, starting from the spectral functional equation to obtain regularized integral
representations for angular regions in arbitrary linear media with the direct application of
the Fredholm factorization method. If boundary conditions are applied, the representations
are GWHEs. Section 4 presents the route for obtaining an asymptotic estimation of the
far field inside the angular region after the face spectra on the two limiting faces have
been obtained. To demonstrate the efficacy of the proposed methodology, in particular
direct Fredholm factorization, Section 5 reports a validation using the simple case of a PEC
wedge immersed in an isotropic medium. To further validate the method in arbitrary linear
media, Section 6 presents an example of the application of functional equations in arbitrary
linear media, specifically, a PEC half-plane immersed in a gyrotropic medium. Section 7
presents the conclusion of the paper. Finally, the Appendix A reports the full and explicit
formulas and equations, as abstract notation is used in the main text with the dual purpose
of enhancing readability and ensuring completeness.

2. Spectral Functional Equations in an Angular Region Filled by Arbitrary Linear Media

Spectral functional equations in angular regions filled by arbitrary linear media are
obtained by exploiting the combination and extension of the following powerful mathe-
matical tools developed in different contexts: first, the Bresler—Marcuvitz (BM) transverse
equation theory for layered media [33,35], and second, the characteristic Green function
procedure [36,37]. In this section, following [34], we first briefly revisit the BM theory for
layered planar arbitrary linear media as a fundamental step in analyzing layered angular
regions. We then apply the characteristic Green function procedure to derive solutions of
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the obtained system of differential equations. Finally, we provide the spectral functional
equations by evaluating the solution at the faces of the angular region. In particular, the
functional equations relate continuous (tangential) spectral field components defined at the
two faces of the angular region.

We start from the application of BM theory to Maxwell’s equations in layered arbi-
trary nondispersive homogeneous linear media with tensorial constitutive relations (i.e.,
bianisotropic media [25-27]):

2 (1)

where the electric and magnetic fields (E, H) are related to the electric and magnetic fluxes
(D, B) and the tensors (&, 1, ¢, {) are, respectively, the electric permittivity, the magnetic
permeability, and the two magneto-electric coupling parameters.

By assuming

(@) Cartesian coordinates (z, x,y),
(b) eti“t time—harmonic field dependence,
(0) Invariant geometry along z and stratification along y, and

(d)  Sources constituted of plane waves with z-dependence e ~/*Z, where a, depends on
the skewness angle with respect to z (with &, = 0 at normal incidence on z),

We obtain the transverse differential equations in matrix form for layered planar media:

d .0
_@IPy(xfy) :My(_]“ma)*/’y(xfy) (2)

where Py is the four-dimensional column vector (Throughout the article, we assume the
notation | | for vectors and not for the modulus of a vector).

¢y = |EL, Hi|', with Ex = |E., E|', Hy = |Hz, Hy|". 3)

Based on the nature of Maxwell’s equations, My, (—ja,, aa—x) is a second-order four-
dimensional matrix differential operator of the form
82

0
3 +Mp—s 4)

.0
My(_]al?/i) :My0+Myla ale

ox
where the explicit forms of the matrices My,, My1, M, for an arbitrarily linear medium (1)
are reported in Appendix A with (A2)-(A9). The application of the Fourier transform along
x reduces (2) to

d o
*@tpy(w) = My (—jao, —jn) - $y(n,y), (5)
where i, (,y) = 5 | 1y (1, y)e 77 dy and

My (—jao, —jn) = Myo — My — ’72My2' (6)

We introduce here an analysis of the operator My (—ja,, —jn) of the layered planar arbi-
trarily linear media; this is necessary to obtain the solution of (2) in terms of eigenvalues,
eigenvectors (with the characteristic Green function procedure), and boundary conditions.
The same analysis is needed to obtain a solution for layered angular arbitrarily linear media.
Supposing for the general case (removing exceptions) that M,, is semi-simple, we compute
its eigenvalues A; and eigenvectors u; as follows:

Myu; = Aju; ()
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a=—tr(My), b=

ie.,
M, = U,J,u,’ (8)

where J, = diag{A1,A2,A3,A4} and U, = (u1,uz2,u3,u4) (dependence on 7 and «, is
omitted). The computation of the eigenvalues is obtained from the zeros of the characteristic
equation of order four (9), the coefficients of which can be written using Bocher’s formula,
as shown below [39].

det[My — MiI) = A} 4+ aA? + bA? +cA;+d =0 9)
atr(My) + tr(M? btr(M,) + atr(M?) + tr(M3
oMy i) bty ot ) ) w0

This yields the following four eigenvalues:

\f+\/ A__f VT — \/

M=- 4 (11)
A_a\me/ 2 ﬂf*\/a* "
= -3 s= - YVl (12)
where
a®>  —Bac+b*>+12d  Yu—2b a® — 4ab + 8¢ 3a?
T=— , 0=————— — M,=—-2b—T (13
with
3
u= \ﬁ;— v, v= 9(3a2d — abc — 8bd + 302) + 203, s = 0% — 4(—3ac +1? + 12d) . (14)

We note that the column vectors u;—1 3 4 of Uy, provide a basis in the space C*, where we
define the transverse electromagnetic field ¥, while the column vectors v;_1 3 4 of

v, =u,’ (15)

in the reciprocal space will be fundamental in obtaining functional equations through
the characteristic Green function procedure. Each couple (u;,v;) is related to a single
A; for which the explicit forms are, in general, the cumbersome expressions reported
in (11) and (12), which depend on 7. In the most simple case, i.e., the isotropic medium
(e=¢eLp=pul ¢ =1T=0),A; assumes the following forms:

M=A=-A3=-A=/(a§ +7%) =k =j\/ (K —a}) —n* = jCiso, k = w /e (16)

where in the presence of losses (k = k, — jk;; k;,k; > 0) we have Re[A;,] > 0 and
Re[A3 4] < 0, which are respectively related to progressive (i = 1,2) and regressive (i = 3,4)
waves with regard to y of form e~/1¥¢~A¥¢ =% In this framework, we associate the di-
rection of propagation with attenuation phenomena; we let the phase variation be free of
constraints to allow modeling of left-handed materials. In a general arbitrary (even small)
lossy linear medium, we always have two eigenvalues (say, i = 1,2) with a positive real part
A; = +j¢; representing progressive waves and two (say, i = 3,4) with a negative real part
A = —j¢; representing regressive waves, yielding all four y-longitudinal propagation con-
stants with Im[&;] < 0 (y-progressive/regressive waves e /%Y, i.e., assuming time-harmonic
dependence e*/“f, we have x, y, z progressive waves e 7’7"6 i e~J%?  respectively, with
Im(, i, a0] < 0).

We affirm here the importance of retaining the generality of the medium; while inves-
tigating the scattering of objects immersed in arbitrary linear media, the scatterer can be
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arbitrarily oriented with respect to the principal axis of the (crystal) medium. However,
when the problem permits the definition of a coordinate system that coincides with the prin-
cipal axes of the crystal medium, we obtain tensorial constitutive relations with diagonal
tensors (1). These media are called biaxial, uniaxial, and isotropic, while the three terms in
the diagonal are, respectively, all different, one different, and all equal. Other special cases
are gyrotropic media, which represent media in which the tensorial constitutive relations
are Hermitian with respect to the coordinate system and of the following type (in (17), we
limit the description to the permittivity, i.e., a gyroelectric medium):

€ +jeg 0
e=| —jeg € 0 1. (17)
0 0 €,

Starting from planar layered regions, we extend the theory to angular-shaped regions
of aperture v filled by arbitrary linear media, as already done in Section 3 of [34] for angular
regions filled by isotropic media. With reference to region 1 in Figure 1a, we derive from (2)
the oblique transverse Equation (19) using an oblique system of Cartesian axes (z, 1 = x,v):

X=u-+vcosy, y=ruvsinvy, (18)
0 .0

_%‘/’y(”rv) = M, (—jao, @) ¢y (u,0). (19)

y

X Y2® O<y<m
T
o
®

Yi

(a) (b)

Figure 1. Angular regions and oblique Cartesian coordinates. (a) The figure reports the Cartesian
coordinates z, x, y and the oblique Cartesian coordinate system z, u = x, v with reference to angular
region 1 of aperture v (0 < ¢ < 7) with 0 < ¢ < 7, delimited by faces 2 and o. In the figure, a
second region is identified (-7t + vy < ¢ < 0) delimited by faces b and o. The figure also reports
the local-to-face Cartesian coordinate systems Z; = z, X1, Y] and Z; = z, Xp, Y, for face a of region
1 and face b of region 2, respectively. The local-to-face Cartesian coordinate systems are obtained
from the z, x, y Cartesian coordinate system through rotation for a positive ¢y and a negative 7 — v,
respectively. (b) The figure shows the new framework of the space divided into two angular regions,
which is useful for the study of wedge structures. The figure reports both the Cartesian coordinates
z,x,y and the oblique Cartesian coordinate system z, u = x, v, where 7 is the aperture angle of region
2'. The figure also reports the local-to-face-b Cartesian coordinate system of region 2’ Zy = z, Xy, Yo,
which is obtained from the z, x, y Cartesian coordinate system through a rotation of an angle —v.
Finally, in both figures we also use cylindrical coordinates (z, p, ¢).

The application of a Fourier transform along u = x reduces (19) to

d .
— 55 Wy (1,0) = My (=joo, —ji7) - 9y (11, 0), (20)
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where ¢y (1,0) = 2 [ 3y (n,0)e /1"dyy and
My (—joo, —ji) = Myo — jiMop1 — 11> My, (21)
Myo = Myosiny, My = Mygsiny — Itcosy, Mqz = Mysiny. (22)

Based on the link between M,, and M,;, we have M, with the same eigenvectors u; of M,;,
and the following relationship between the eigenvalues A.;() and A; can be obtained:

Ayi(y) = jncosy+Ajsiny, i=1---4 23)

resulting in the following “oblique” v-longitudinal propagation constants:

mi(y) = —jAyi(y) = +ncosy +¢gisiny, i =1,2 (24)
mi(y) = +jAqi(y) = —ncosy + isiny , i = 3,4 (25)

which is in agreement with the relationship between A; and ¢; as well as with the correlated
progressive and regressive propagating interpretation along the longitudinal direction y
and along the oblique “longitudinal” direction v (progressive/regressive e¥/"i?). We note
that the quantities M., (—jao, —j#), Ayi(7y), and m;(7y) depend on the geometrical parameter
v and on the spectral variable 7.

With reference to region 1 in Figure 1a, we obtain the functional equations with a
circuital interpretation as a mathematical manipulation of the solution of the differential

Equation (19) using the Laplace domain ¢y (17, v) = [ /14, (u,v)du.
0
d . . ) -
_%ll’y(ﬁrv) = M, (—jao, —j1) - Py (11,0) + $sa(v), © >0 (26)

ll)sa (Z)) = TVl lpy(OJr/ Z)) +]77 M’yZ : ¢y(0+: U) - M’yZ : %4@(% 7)) 0 (27)
U=y
The benefit of using the Laplace transform is correlated with the incorporation of boundary
conditions through initial conditions with the term s, (v). In (26)—(27), the condition
u = 04,v > 0 imposes boundary conditions on the fields along face a in Figure 1a. The
solution is obtained by using the characteristic Green function procedure [34] in terms of
homogeneous and particular solutions, yielding the representation shown below.

4 2 g 4 e
Py(n,0) =Y Cie MMy, Y upv; - /e*/\w(v)(v* ") thsa(0))d0) + Y uiv; - /e*/\m‘(v)(v* ") tpsa (v )do (28)
i=1 i=1 0 i=3 J

Now, considering the asymptotic behavior in (28) of exponential functions in v for v — oo,
we need to have C3 = C4 = 0; at the same time, the first couple of integrals are null, as
Re[A12] > 0and Re[A34] < 0 are related to progressive and regressive waves, respectively.
For this reason, setting v = 0, we obtain the following spectral field representation along
face o:

4 [ee]
Po+ (1) = Py(1,0) = Crug + Couz + ) wjv; - /672\”(7)(”7 D ipea(v')do’. (29)
i=3 5

By weighting (29) with the reciprocal vectors v3, v4 of M,,, we obtain the following func-
tional equations:

0; - 1[304_(77) =0 lijsa-i-(_mi(’Y))’ i=34 (30)
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where we use the following definition of the Laplace transform:
o0 oo
Psa+t(— /3 I s (0)do = / e MR q () dp. 31)
0 0

With reference to Figure 1a and its caption, analyzing and expanding $sa+ (—m;(y)) in (30)
using Maxwell’s equations, we rephrase the functional equations for region 1 as

0i (I;O‘F(U) =0 T('Y) ’ ‘i’a—k(_mi(')’)/ r)/)/ i=34, (32)

where ¢, (77) is the 17 Laplace transform of the tangent-to-face-o field components (i.e., at
¢ = 0) in Cartesian (z, x,y) and cylindrical coordinates (z, p, ¢) (omitting the z coordinate
for invariance)

Pot-(1) = |E2(x,0), Ex(x,0), Hy(x,0), Hy(x,0)|fe/*dx

' (33)
|E=(0,0), Eo(p,0), Hz(p,0), Hy(p,0) "¢ dp,

|

where .4 (—m;(7y),7) is the —m;(7y) Laplace transform of the tangent-to-face-a field
components (i.e., at ¢ = ) in local-to-face-a Cartesian (z, Xj, Y1) coordinates and global
cylindrical coordinates (z, p, ¢) (located at ¢ = +7)

Pat (—mi(7),7) = f |E2(X1,0), Ex, (X1,0), Hz(X1,0), Hx, (X1,0)| e/ %1 dx

. | (34)
Of |Ez(0,7), Ep(p,7), Hz(p,7), Hp (p, ) 'e= " (Ve dp,
and
Sin('Y)(“ogyy""gxy‘:yyW—nywgyy) Sin('Y)(“OFyy+§xyVyy“’—§nyxyw)
w (yy€yy—CyySyy +cos(y) 0 w (Hyyeyy—CyyCyy 0
sin(y) (= Czy&yyw+n8yy+pzyweyy) 1 sin(y) (Qyy payw—Cay Pyyw+1pyy) 0
@ (pyyeyy—CyyCyy) @ (pyyeyy—CyyCyy (35)
sin(y) (—wo€yy —Cyywexy+Eryweyy) 0 COS(’)/) B sin(y) (o Cyy —CyyCayw+pyywery) 0
@ (yyeyy—CyySyy) w (yyeyy—CyySyy)
sin(7y) (Eyywezy —eyy (11+Ezyw)) 0 sin(y) (uyywezy —Cyy (1+E2yw)) 1

w(pyyeyy—CyyCyy) @(pyyeyy—CyyCyy)
Note that (32) are functional equations that relate the Laplace transforms of combinations of
field components on the boundaries of angular region 1 in Figure 1a, i.e., faceou >0, v =0
(p = 0)and faceau = 0, v > 0 (¢ = 7). Furthermore, we observe that the angle 7 is
essential in determining the impact of anisotropies through T ().

Repeating the same procedure for region 2 in Figure la, we obtain the functional

equations as the solution of the differential Equation (19) in the Laplace domain using the
0

left Laplace transform §y(1,0) = [ /"4, (u,v)du:
d . . ) ~
— 7o P (1,0) = My (=joo, —jin) - y (11, 0) + s (0), 0 <0 (36)

where ¢, (v) has the same expression of s, (v) (27) but with a different support v < 0,
and allows the incorporation of boundary conditions along face b (1 = 04,v < 0). The
application of the characteristic Green function procedure yields expression (28) for region
2 in Figure 1la, which is identical to that for region 1 except for C; and the source term
sp(v), which depend on the local constitutive parameters and boundary conditions of
region 2. Now, considering the asymptotic behavior of the exponential function in v for
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Yot (—mi(m =), =) =

(7),—7’[4—’)/ f |Ez X2, EXZ(XZ,O),HZ(XZ,O),HXZ(XZ,O)|t€7jmi(7)X2dx
0

= [|E=(p, =7+ 7). Eglo, =70+ ), Helo, =70+ ), Hplp, - p)lte /™00

v — —oo, we need to have C; = C; = 0; at the same time, the second couple of integrals
are null. For this reason, setting v = 0, we obtain

2 o0
Fot (1) = Py (1,0) = Cauz + Cyug — Y v, - /efAi(v)<v7v V(o) 00 (37)
i=1 0

By weighting (37) with the reciprocal vectors v, v of M., we obtain the functional equations

Vi Potr (1) = —0i - Pspi- (—mi(7y)), i=1,2, (38)
where we have used the definition of the v left Laplace transform

e}

0
Fovr (i) = [ e () = [Ty (—p)dp. 39)

0

Note the differences and similarities between Laplace transformations (31) and (39), which
yield the same definition of the —m;(-y) Laplace transform in p but are applied to different
quantities. Furthermore, the regularity properties of the —m;(vy) Laplace transform are
inherited from ¢; (Im|¢;] < 0) according to (24)—(25).

With reference to Figure 1a and its caption, analyzing and expanding gy (—m;(7y))
in (38), we rephrase the functional equations into

v Pot (17) = —0; - T(7) - P Ppp (—mi(y), -t +7), i=1,2 (40)

In (40), T(7) is again (35); as for region 1, P = diag{1,—1,1, —1} is needed for v = —X;
in region 2 with respect to v = Xj in region 1, ¥4 (1) is the 5 Laplace transform of
the tangent-to-face-o field components reported in (33), and 4 (—m;(7y), —7t + ) is the
—m;(7y) Laplace transform of the tangent-to-face-b field components (i.e., at ¢ = —7 + )
in the local-to-face-b Cartesian (z, X, Y») coordinates and global cylindrical coordinates
(z,p, @) of Figure 1a.

(41)

While considering the wedge scattering problem with symmetry with respect to the x
axis, in combination with region 1 in Figure 1a, we need to consider region 2’ in Figure 1b,
where v — 71 —  with respect to region 2 in Figure 1a, i.e., for the same face 2, we change
the orientation of face b at ¢ = 7y from ¢ = —7t + 7 to ¢ = —. The functional equations of
region 2" become

0i - II;0+ (77) = 0 T(T[ - ’Y) P lpb-l—(_mi(ﬂ - 7)/ _7)/ i=12, (42)

where

|E2(X2,0), Ex, (X2,0), Hz(X2,0), Hx, (Xa,0)|fe /mi(T=7)X2 4

. ’ (43)
Of IEz(0, =), Eo(0, =), Hz(p, —7), Ho(p, —) |fe1mi(m=1edp,

which is the —m; (7t — 7) Laplace transform of the tangent-to-face-b field components (i.e.,
now at ¢ = —v) in local-to-face-b Cartesian (z, Xp, Y») coordinates and global cylindrical
coordinates (z,p, ) in Figure 1b. Note that in (42) we assumed that region 2’ is homoge-
neous to region 1, yielding the same u;, v;; otherwise, specific vectors would be needed.
Equations (42) are functional equations that relate the Laplace transforms of combinations
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of field components on the boundaries of the angular region 2" in Figure 1b, i.e., face o
u>0,v=0(p=0)and facebu =0, v <0 (¢ = —7). In (42), note the new dependence
of T(-) (35) on 7w — 7 due to the effect of anisotropies while changing the orientation of
face b from —7t + 7 to —<. Furthermore, in the case of symmetric media (A1 = —A34), we
have m34(7) = m1a(7T — 7); see (24)~(25).

In general, the system of functional equations in (32) and (42) allows for the analysis
of angular regions that are symmetric with respect to the x axis; these are at the base of
the analysis of scattering problems constituted by impenetrable and penetrable wedges
surrounded/made by arbitrary linear media. In the following, to investigate a practical
scattering problem, we impose boundary conditions at the faces of each angular region on
the functional Equations (32) and (42), yielding a system of GWHEs.

3. From Functional Equations to GWHEs and Their Regularized Integral
Representations with a Network Interpretation

Network representations of angular regions in isotropic media for electromagnetic
scattering were extensively studied in multiple spectral domains in [13] using algebraic
and integral formalisms. The proposed equations were effectively applied in several works
to practical wedge scattering problems; see [11,12] and the references therein. Further-
more, network formalisms have been effectively applied for complex canonical problems
containing angular and layered regions in isotropic media; see for instance the double
wedge [31], flanged dielectric loaded waveguide [32], and wedge over dielectric layer [30],
among others.

In arbitrary linear media, the system of functional Equations (32) and (42),

(4 1[204—(77) =0 T('Y) : ‘i’a—#(_mi(ﬁ’)/'ﬂr i=3,4 (44)
Vi Por (1) = —vi T(m—7) Py (—mi(mt—1),—7), i=12

constitutes two systems of network relations that link the spectral field components in
region 1 and region 2 (Figure 1), respectively, via a sort of two-port transmission relations
in algebraic form. Looking at the first system in (44), we have two combinations of
Yo+ (17) components (33) related to two combinations of P, (—m;(7y), ) components (34),
i.e., with reference to Figure 1a, the tangential field components of face o are related to
tangential field components of face a. A similar interpretation can be repeated for the second
system in (44) for region 2 with field components defined at faces o and b, respectively, in
Po+(17) (33) and Py (—m;(7r — ), =) (43).

We further note that in (44) the components of face o and face 4, b are functions of the
spectral variables # and —m;(-), respectively, which are related to one another via (24)-(25).
We can reverse the role of the variables 77 and —m;(-) in the arguments of the components of
these faces. In this way, we double the equations of region 1, i.e., the first line of (44), which
is again reported in (45), yielding the second line of (45), which relates the components
of face a (now functions of the variable #) to the components of face o (now functions of
—m;(-)). The second line of (45) is obtained by defining region 1 as region 2’ (Figure 1) after
a clockwise rotation of an angle +, yielding the following complete set of equations for
region 1:

i Pot- (1) = 0i - T(7) - Pat-(—mi(7),7), =34, (45)
Viv, - Pat () = —viy, - Ty, (M=) - P oy (—mjy, (m— ), —7), i=12

In the second pair of Equation (45), we have used the subscript Y; to refer to a rotated
coordinated system (z, Xy, Y1) with respect to (z, x, y); see region 1 in Figure 2a and the
related region 2’ in Figure 2b.
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Figure 2. (a) Angular region 1 of aperture 7y, which is delimited by faces 2 and o with the original
reference Cartesian coordinate system z, x,y. The figure also reports the local-to-face-a Cartesian
coordinate systems Z; = z,Xj,Y7. (b) Angular region 1 after a clockwise rotation of an angle v,
becoming region 2’. The figure shows the reference systems of region 1 after the rotation. (c) Angular
region 2 of aperture <, which is delimited by faces b and o with the original reference Cartesian
coordinate system z, x,y. The figure also reports the local-to-face-b Cartesian coordinate systems
Zy = z,X5,Y,. (d) Angular region 2 after a clockwise rotation of an angle -y, becoming region 1. The
figure shows the reference systems of region 2 after the rotation.

We note that the second pair of equations in (45) can be easily derived by studying the
classical region 2’ (see the second pair of equations in (44)) except with modified definitions
of the quantities v;y,, Ty, (7), My, () (from Ay, (7)) because of their dependence on the
constitutive tensorial parameters (g, u, 5, g ) of region 1, which are redefined in the reference

coordinate system (z, X1, Y1), i.e., (§; ,7;17 ,€ ,C ), for example,
=’y 2y, 2y,

cos(y) —sin(y) 0
e, =R/ e R, R = sin(gv) cosow) 0 ) (46)

due to the rotation of +.
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The same rationale is applied to region 2 to double the equations of that region (second
line of (44), as also reported in (47)) by obtaining

v, " Po+ (1) = viv, - Ty (7) - Yot (i, (7)), 1=3,4, 47)
Vi Por () = —v;i  T(m—7) P-Ppy (—mi(m—1),—7), i=12

In the first pair of equations in (47), we have used the subscript Y, to make reference to
a rotated coordinated system (z, X, Y») with respect to (z, x,y); see region 2 in Figure 2¢
and the related region 1’ in Figure 2d. We note that the first pair of equations in (47) can
be easily derived by studying the classical region 1 (see the first pair of equations in (44))
except with modified definitions of v;y,, Ty, (), and m;y, () because of their dependence
on the constitutive parameters (g, #, &, {), which are redefined in the reference coordinate

system (z, Xp, Y>), i.e., (ng’Ey ,gy;gyz), for example,
Sy, 2y, 2

cos(y) sin(y) O

e, =R '-eR , R = —si(r)l('r) Cosb(v) (1J , 48)

due to the rotation of —1.

The sets of Equations (45) and (47) constitute a complete set of functional equations
that respectively describe regions 1 and 2 in Figure 3. In the case of symmetric media (i.e.,
M2 = —Azq) we have mz 4 () = my (7 — 7); see (24)~(25).

VA
@Z
@ O<y<m
v,X1
a
Y
A
oy o
=0 x4
Y
b
Y
X:
. Y2

Figure 3. Two angular regions that are symmetric with respect to the x axis of the aperture angle
v and represent wedge problems immersed in arbitrary linear media; they are modeled using the
complete sets of Equations in (45) and (47).

In isotropic media, it is always possible to introduce the angular complex plane w and
the KL transform method [13], where functional equations become two-port admittance
relations of the Norton type in integral and algebraic forms in a unique complex plane. In
arbitrary linear media, the definition of such complex planes is not possible; however, a
novel method that resorts to the following Cauchy decomposition formula in the —m(7)
plane is introduced. This is a fundamental tool that allows for the description of angular
region problems in arbitrary linear media without introducing further complex planes
other than the initial Laplace transforms. In particular, to obtain regularized integral
equations from GWHEgs, it is not necessary to map the GWHEs into CWHEs with suitable
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transformations before the application of Fredholm factorization (originally ideated and
valid only for the CWHES). This revisited novel version of the regularization procedure
can be called the direct Fredholm factorization method .

At the origin of this method, we introduce the following generalized form of the
standard Cauchy decomposition formula in the —m () plane (i.e., one of the m;(-) that
all depends on ) applied to an arbitrary F, (—m()) (i.e., the standard form is obtained
simply by replacing —m (7)) with 7):

FelomOn) = [ 7 gyt + P i), n € B )

where F'*(—m(n)) is the non-standard contribution of F, (—m(#)) in the —m(7) plane.
Assuming a lossy medium, we observe that, in general, —m(#) is located with the positive
imaginary part for 7 € R, i.e,, it is in the upper half-plane of complex plane #; thus, the
application of (49) to plus functions is justified. For example, see Figure 4, where we have
assumed that k =1 — 0.1j and y = 0.77, yielding a path of —m(t) for t € R from right to
left because of v > 71/2. On the contrary, for v < 71/2 we obtain a similar path located
in the upper half-plane, but in the opposite direction. We anticipate that the application
of (49) to GWHEs with multiple propagation constants, i.e., with more than one m;(7), is
fundamental for developing a solution in the # plane, as (49) transforms the GWHEs into
integral equations in the unique complex plane 7.

10 . . . .

Im|t]

_2 1 1 1 1
-6 -4 -2 0 2 4 6
Relt]
Figure 4. Cauchy smile contour integration line 7;; and an example of line —m(t) for t € R,

k=1-0.1j, v = 077 (if v < 7/2, then the behavior of —m(t) has a similar path but oppo-
site direction; to intuitively understand this property in an isotropic medium, consider the definition

of m in the w plane for supplementary angles 7).

The complete sets of Equation (45) for region 1 can be represented in the following form:

AL (1) Eoz(n) + A% (1) Eop (1) + Av1 () Hoz (17) + A12(7) Hop (17) = BE; (1) Eaz(—m3) + B, (17) Eap(—m3) + B11(17) Haz(—m3) + Bua(17) Hap(—m3)
AL (0)Eoz(n) + AL, + Ag1 (1) Hoz (1) + Axa () Hop () = BE; (1) Eaz(—m4) + BE, (17) Eap(—m4) + Ba1 (1) Haz(—my) + Baa () Hap(—my) (50)
AL (1) Eaz () + A% (1) Eap () + As1 () Haz (17) + As2(1) Hap (17) = BE; (1) Eoz (=) + B5 (17) Eop(—1m1) + By (17) Hoz (—m1) + Baa(17) Hop(—m1)
AL (1) Eaz () + AL, + Aqy (1) Haz (1) + Ag2 (1) Hap (1) = BE (1) Eoz(—m2) + B, (17) Eop (—1m2) + Ba1 (17) Hoz (—1m2) + Baz (17) Hop(—112)
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A1 (1) Hoz(17) + Az () Hop (17) = 232

Ana (1) Hox () + Aza () Hop ) = 2.

where the spectral field components of face 0 and face a are related to one another (Through-
out this study, in spectral equations we assume a notation with two subscripts for the
spectral field; the first subscript is related to the considered face (0,4, b) and the second to
the field component (z, x, y)). Moreover, the complete set of equations for region 2 (47) has
a similar representation. The imposition of boundary conditions makes these equations
a well-posed mathematical problem, resulting in a system of GWHEs. In particular, if
the region is surrounded by something modeled with impenetrable impedance boundary
conditions, then we establish relations among field components on the boundary faces. On
the contrary, if the region is surrounded by penetrable regions, then we establish continu-
ity through tangent components to neighboring regions that provide further functional
equations (coupled together). In any case, the types of completed functional equations and
constraints with boundary conditions are always of the same form and are a well-posed
mathematical problem of GWHEs.

As a simple example to illustrate the procedure, let us consider a problem constituted
by only region 1 with PEC boundary conditions when filled by arbitrary linear media. In
this case, we obtain

(51)

where on the LHS we have plus field unknowns in # and on the RHS we have minus field
unknowns in m;(). The apparent redundancy in (51) after the imposition of boundary con-
ditions is exploited to obtain integral representations only in terms of the field components
Hoz(17), Hop(17), Haz(17), Hap (1) in the unique complex plane # using (49). Furthermore, the
application of the novel version of the Fredholm factorization method allows us to obtain
regularized integral equations. We assert that this procedure is applicable to GWHEs in
general, not only for the specific problem presented in this simple example. The application
of (49) to the RHS of (51) yields the following:

Haz(77 )d;,] + BlZ(}])

H,
g o) gyt 4 HS (—ms) + Hyp* (—m3)

n'+ms

Haz(’]/)d /+ 322(77)

|
/

Sl ' 4+ i (—ma) + Hjs (—ma)

o Tma 271j 0+ )
< 0Z HU
A1 () Haz(17) + Asa (1) Hap (7) = 2300 [ Helllgyr 4 B2) f ey’ + H (<o) <+ Hy (=)

At () Haz (1) + A () Hop () = 2420 | Heel) gy - Bol)

[e)

)y + Hy (—mg) + i (—my)

|
8’\8

—00

recalling that all occurrences of m; are functions of 7, i.e., m;(1). The integral equations
in (52) are of the singular type; for this reason, we resort to the Fredholm factorization
method to obtain regularized expressions. The procedure consists of 7y1; Cauchy smile
contour integration [11] on both sides of each equation and consequent mathematical
elaboration. Focusing our attention on the LHS for each term of each equation in (52), using
dummy subscripts, we have the following regularized expression:

[ AQR0y 1 AOZAGDHD gy A [ ey,
Vit Vit it (53)

= ok [ QORI g4 An)H () — A HES (7).
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Focusing our attention on the RHS for each term of each equation in (52), using
dummy subscripts and going back to the representation in (51), we have the following
regularized expression:

B(t)H. (— B(t)—B mit H
z%f%q(”dt A [ a0 (nt» Ha(omt) gy 4 B0) [ Ha(mli) g
Yt o o Y1t Y1t (54)
—B(y))H
(27U2 {o {o 57”+m(+t§) )4t dy’ + 2 f Ik mdtH+(17’)d17’+n.s. terms.

—00 Y1t

Given the expressions of m;(n) in (24)—(25) with Im[m;(t)] < 0 in lossy media (Figure 4),
Equation (54) requires the computation of

no_ 1
M) = | e

Y1t

dt, (55)

which can be performed either numerically or analytically while paying attention to the
branch cuts of m(t). Furthermore, in (54) we also need to consider n.s. singularities related
to the field.

The validity of the estimation of M,(7, %) extends to complex values of 1’ as long as
1" does not cross the singularity line determined by the behavior of —m(t) for t € R, as
shown in Figure 4.

The expressions in (53) and (54) are regularized integral terms, as their kernels are
compact. Moreover, they include the n.s. terms of the field components in # and —m;, re-
spectively. The detailed proof of this assertion needs to be performed for specific problems.
While numerically implementing the method we observe that one of the main difficul-
ties resides in the correct estimation of kernel functions A(#), B(y7) for the presence of
multivalued functions that need particular attention in their definition and calculation.

For simplicity and compactness of discussion, we examine the properties of inte-
gral equations in the simple case of a PEC wedge immersed in an isotropic medium
in Section 5.2. Equation (51) yields a 4 x 4 system of Fredholm integral equations of
the second kind by utilizing (52), (53), and (54). This system is expressed in terms of
Hoz(17), Hop(17), Haz(17), Hap(17). It is important to highlight that the system only depends
on the spectral variable #, ensuring that functions do not rely on m; outside of the inte-
gration sign. This property is fundamental to avoid the analysis of unknowns defined
in different complex planes (7 and various m;) that are correlated through cumbersome
improper sheet properties.

4. Asymptotic Estimation of the Field in the Angular Region

Having obtained the spectra at the faces of the angular region, we can estimate the
asymptotic behavior of the far field inside of the angular region.
Going back to the solution of (26) in Section 2 for region 1, according to (28) we have

2
Fy(,0) =Y Ce™ u1+2u v; - / iD= g (o, 0> 0. (56)

i=1 ]

From the homogeneous portion of the solution in (56), we obtain the definitions of arbitrary
coefficients in terms of the field components at v = 0 (face o):

(I t[~)y(11,0) = Ci, i= 1,2. (57)

The particular integrals in (56) are terms related to face a via 9ps,(v). Due to the linearity of
the problem, we apply the superposition principle; we can interpret (56) as the result of an
equivalent theorem, where 9, (17, v) is represented through equivalent sources at faces o
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and a. Similarly, the spectral field in region 1 can be considered as a result of the analysis of
the rotated region 2’ from Figure 2b in Section 3, yielding

d . . ) -
_%‘P)ﬁ (1,0) = Mn—v(_]"‘O/ —jn) - Py (11,0) + $so(v), v <0, (58)

where we note that v — 7 — ¢ impacts all terms of the solution, as already reported in
Section 3, i.e., #;y,, vivy, Aiy,, Miy,, and the field components. The solution takes the form

[e9)

4 2 ,
Fya(n,0) = 2 Cief)wiyl(nfv)vuiyl _ Z“invin . /ef)wiyl(ﬂf?)(va )lIJsg(U/)dU/, v <0, (59)
i=3 i=1 2
where v = —x in Figure 2b is now different from v = X; in Figure 2a. From the homoge-

neous portion of the solution in (59), we obtain the definitions of arbitrary coefficients in
terms of the field components at v = 0 (face a):

viy, - Py1(17,0) = Cj, i = 3,4. (60)

The particular integrals in (59) are terms related to face o via 150 (v). Due to the linearity
of the problem, we again apply the superposition principle and can interpret (59) as the
result of an equivalent theorem, where $y1 (77, v) is represented through equivalent sources
at faces a and o.

Using the superposition principle and considering only homogeneous portions of (56)
and (59), we can represent the complete field without the particular integrals. Each con-
tribution originating from (56) and (59) is a spectral component that can be inversely
Fourier/Laplace transformed into the physical domain (1, v); these contributions represent
the fields from equivalent currents distributed in half-planes (face o and face a, respectively).
The application of the asymptotic representation of fields for each component in a unique
global system of cylindrical coordinates provides the estimation of the field in terms of the
classical GTD for angular region 1, but as a superposition of the GTD for two half-planes
(face o and face a), as in Kirchhoff representations. This procedure will be examined in
detail in the practical examples reported in the following sections and is a fundamental tool
for estimating the GTD directly in the Fourier/Laplace domain for an angular region filled
by arbitrarily linear media, where the GTD in the w plane is not available (as is common in
isotropic angular region problems). Indeed, the computation of the GTD for an angular
region filled by arbitrarily linear media is proposed here by effectively resorting to the
computation of the GTD in two half-plane problems.

An alternative way to obtain the far field is based on the computation of the spectral
field for any azimuthal direction ¢ by splitting the angular region into two subregions at
any observation angle ¢ (subregion A 0 < ¢’ < ¢ and subregion B ¢ < ¢’ < 7). After the
face spectra at ¢ = 0,y have been obtained for the entire angular region, as proposed in
the previous sections, we can then relate the spectra at ¢ to those of the two faces using the
functional equations of the two subregions. These ¢-parametric spectral representations of
field spectra allow for asymptotic evaluation of the far field at any ¢. We observe that the
functional equations are written in terms of continuous field components at the boundary
faces of the angular region; see Section 4. The properties analyzed in this section can
be interpreted as a novel and original form of the electromagnetic equivalence theorem in the
spectral domain in the specific context of problems involving angular regions filled by an arbitrary
linear medium.
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5. Validation of the Novel Regularization Procedure with a Simple Example: Direct
Fredholm Factorization Applied to a PEC Wedge in an Isotropic Region

In order to validate the procedure from a mathematical point of view, let us first
demonstrate its efficacy in the simple case of angular region 1 (Figure 2a,b), representing a
PEC wedge filled by an isotropic medium, where a closed-form WH solution is available.
From the following:

m=m;(t—7y) =mjo(y) = —ncosy+¢siny, i=1,2; § = /k2— a2 —7? (61)

il %ol 3 _ Loy

weg - we
iy @) o el
u = wed |, Uy = wel , Uz = wed |, ug = wel (62)
0 1 0 1
1 0 1 0
_ | 2442 agn 1 o a1 KB—aZ2 1
1= % uc 2w0]4(',‘ 0 2 /2= ’ 72w0y§ T 2wué 2 0 (63)
— | g g1 1 _| o K-ag 1
v3 ’ 2w Zwoyé 0 2 0= 2w0y§ 2wu¢ 2 0

we have the functional equations [34] for region 1 (the first two equations in (45)):

—aonEop(17) + (17 = k) Eoz(17) + kEZoHop (1)
= —a11Eqp(—m) — [&sin(y) + cos(y) (k* — y?)]Eqz(—m) (64)
+kEZoHap(—m) — sin(7y)aokZoHpz (—m)

(k> — D‘%)EOP(’Y) + a0 Eoz(17) +kEZoHoz (17)
= (k* — ag) Eap(—m) + to[cos () — sin(7)¢]Eaz(—m) (65)
+kZo[sin(7y)n + cos(7)§]Haz (—m).

At normal incidence (x, = 0), we obtain
—&Eoz(17) + kZoHop (1) = —[nsin(7y) + & cos(7y)|Eaz(—m) + kZoHap(—m), (66)

kEop (1) + §ZoHoz(17) = kEap(—m) + Z,[17sin(y) + & cos(y)|Haz(—m), (67)

where we note the decoupling of Equations (66) and (67) for E, and H; polarization, respec-
tively. The imposition of the PEC boundary conditions on functional Equations (66) and (67)
yields the GWHEs

Hop(17) = Hap(—m), (63)
&Hoz(17) = [n7sin(y) + ¢ cos(y)|Haz(—m), (69)

with plus/minus field unknowns, respectively, in 77, m. We note that the regularity prop-
erties of the problem depend on the multivalued function § = \/k? — 2 (due to physical
reasons) [11], which defines proper and improper sheets of the # plane.

5.1. Classical Solution of the GWHEs of the Problem in Different Complex Planes

In order to illustrate and validate the new direct Fredholm factorization procedure of
Section 3 in the following subsections, this subsection presents the classical WH solution
of (68) and (69) obtained in closed form [11] with the help of a specialized mapping, factor-
ization, and decomposition and with the extraction of source terms such as geometrical
optics (GO) fields for plane wave illumination. This subsection also clarifies important
properties related to different complex planes (including the angular complex plane w)
where the problem and the solutions are represented.
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The specialized mapping for the closed-form WH solution is

_ x 1
n= kcos(narccos< k))’ (70)

which was introduced for the first time in 2001 and has been extensively used in isotropic
wedge scattering problems, as reported in [11,12]. The mapping transforms plus unknowns
in the # plane and minus unknowns in the m plane (61) into plus and minus unknowns
in the 77 plane, respectively, yielding the following classical Wiener-Hopf equations in the
new complex plane 7:

H0p+ (’7) = Hllp+(_77> (71)
GHoz+(17) = [7sin(7) + & cos ()| Haz+ (—77) (72)

where ¢ and 77 become functions of 77 and
m= kcos(:[ arccos(—Z) +’y>. (73)

From this point, the solution proceeds as it does for CWHESs, with factorization, decomposi-
tion, and the application of Liouville’s theorem while considering plane wave illumination
with E; and H, polarization and incident waves.

; ‘ _ ; 1 9Ei(p, k. ; _

Ez(PrQD) _ Eoe]kpcos((p qoa), Hp(pl (P) — ]wypza(s)qo) = Ty Sln(qp — (po)e]kpcos((P (PD)EO (74)
; - _ ; 1 9Hi(p, k. 4 _

Hilp, ) = Hoe 000, By g) = SR = — e sinlp — quio i 73

Due to the PEC boundary conditions, we obtain the following GO source terms, which are
tangential to faces a and o, respectively, of angular region 1.

E, . E, . : B
HYO(p, 0) = =227 sin o0 %, HFO(p,7) =22 sin(y — go)e/*” cos(r=go)(76)
0 0

HSO(PI 0) = ZHoejkPCOS(%), HZGO(P,’)/) — 2Hoejkpcos('yfq)o) (77)

In the spectral domain, according to the Laplace transforms (33)-(34), (76)—(77) become

—2jE, sin @, —2jE,sin(y — ¢o)

HeP () = =22, HGP (—m) = 78
op ( ) ZO(U_WO) ap ( ) Zo(m_mo) ( )

2jH —2jH

GO(,\ — Mo pGoo_,.y_ —4MHo
Hy; 77) - n— ’701 Hg; ( m) m—m, (79)
with 17, = —kcos ¢, and m, = kcos(y — ¢,). In the 77 plane (70), pole 7, is mapped into
o = —kcos(—Z¢,). In the following, we assume ¢, < /2 to locate 7, in the upper

half-plane of the complex plane 7, yielding non-standard plus unknowns; generalization is
straightforward, yielding 7, in the 7j-lower half-plane, while v/2 < ¢, < 7.

Focusing our attention on E, polarization, due to the simplicity of Equation (71),
we observe the absence of a need for factorization; thus, we perform decomposition to
highlight the non-standard contribution in the plus unknown Hy,+ (77), which is consti-
tuted by H5° (1) = R/ (17 — 1) (78) and can be mapped into the 7j plane (70), yielding
Hgi)o(ﬁ) =T/(n —1o). We obtain

T T

Hop+(177) — 7—1lo = Hap+(—1]) — 77 (80)
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with

—2jE,sing, dij| _ 7 sin %%

ij . Ep
T=R-—~| =-2j—— = , .
J Z, nl,, v sing,

d
d’? o Y ZO

LT
sin ;(pg, R = (81)

Due to the regularity and asymptotic behavior of the LHS and RHS of (80), applying
Liouville’s theorem, (80) is equal to zero; thus, we obtain the following simple closed-
form solutions:

T T
Hop+ () = ——=, Hap+(7) = ———. 82
0p+(’7) 7— 17 ap+(’7) 7+ 7o (82)
The solutions in (82) can be mapped into the # plane using the inverse mapping of (70):
7— n 1
= kcos(’y arccos( k>> (83)

We recall that the regularity properties of the problem in (68)—(69) in the # plane depend
on the multivalued function ¢ = /k? — 2 (due to physical reasons), and now, after the
application of the mapping in (70), on the multivalued function ¥ = y/k? — 772 in the 7
plane through the log representation of arccos(—7/k); see Section 3.4 of [11]. Contrary
to (70), the transformation in (83) requires particular attention, as it maps 7 into 7 for
0 < 7 < 7 without covering the entire proper sheet of the 7 plane defined by the ¢ function.
For this reason, a portion of the proper sheet of the # plane falls into the improper sheet
of the 7j plane (defined by «), and because the closed-form solution is obtained in the 7
plane, this solution must be considered correct (not offending) only in the proper sheet of
7 even after applying the transformation in (83). To easily control the proper/improper
sheets of the # and 77 planes, we can resort to their visualization in the complex plane w

(n = —kcosw; thus, 77 = —kcos(%w) and m = kcos(w + 7)). The w plane shows the

proper sheets of both planes (7, 7) in a unique plane. In particular, for real w, the proper
segments originating from # and 7 (related to ¢ and «, respectively) are —7r < w < 0 and
—v < w < 0, respectively; see Section 3.4 of [11]. This means that the closed-form solution
obtained in the proper sheet of 7 is not valid in the entire proper sheet of the 77 plane but
only in a portion, which is due to the properties of (83).

Let us now consider the CWHE of H, polarization (72)

G(77)Hoz+(77) = Haz+(—17), G(77) = ¢/n, (84)
with n = —ysin(7y) — & cos(y) = Vk? — m2. According to [33], we have the factorization
_ G(7) N_ & e _
G-(1) = =7 G+(7) = &= Vk=i, ny = Vk+T (85)
G+(77) Gy

Confirming the same assumption that ¢, < /2 for simplicity, 7, is located in the 77 upper
half-plane, yielding a nonstandard plus unknown H,  (77) that is constituted by the source
nonstandard component HSC (1) = Ry /(17 — 1) (79), which in the 77 plane becomes

T df 7 8in 7 9o
Hyy (1) = r—y Ty = Ry a, 2Ho" o Ry = 2jH,. (86)

Applying factorization and decomposition to (84), we obtain

G4 (1) Hoz 4 () — G (7o) HSC (1) = G~ (1) Haz+ (—77) — G4 (o) HZC (7). (87)
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Due to the regularity and asymptotic behavior of the LHS and RHS of (87), applying
Liouville’s theorem, (87) is equal to zero; thus, we obtain the following simple closed-
form solutions:

Hozt (1) = G3H(7) Gt (7o) HSC (71), Hazt (—77) = G—(7) G+ (o) HSO (7). (88)

Again, the closed-form solutions in (88) with the H, polarization obtained in the proper
sheet of the 77 plane can be mapped into the # plane using the inverse mapping in (83);
however, we need to consider these solutions valid only for # values belonging to the proper
sheet of the 77 plane. Moreover, this property can be ascertained by checking that (68)—(69)
(from which we obtained the solutions in 77) are enforced only for # values belonging to the
proper sheet of the 77 plane.

In order to obtain solutions that are valid in the entire proper sheet of the # plane or
beyond (i.e., also in the improper sheet), we need to resort to an analytical continuation
technique that, in case of a unique propagation constant problems, can be implemented
via representation of GWHEs in the complex w plane yielding difference equations (for
instance, see the examples in [11,12]). Another option is to describe the problem with a
unique propagation constant directly in the w plane, where the concept of proper and
improper sheets of the 7 and 7 planes is expanded periodically into the w plane with an al-
ternative vision of Riemann sheets. In this case, the closed-form solutions corresponding to
(88) and (89) are valid in the entire w plane, as opposed to approximate solutions obtained
with numerical line integration located in a particular sheet in either the 77 or w plane. In this
last case, which originates from the classical implementation of Fredholm factorization [12],
we again need to resort to difference equations for analytical continuation.

2jH, 7 escwsin 7% 2jH, 7 escwsin 7%
TPy / HﬂZ+(w) = - TPo (89)

Hoz+( ) Tw
Y k7cosT + ko cos >

—k7y cos 22 ”w + k7 cos

5.2. Regularized Integral Equation Method for the Direct Solution of the GWHEs in Angular
Regions (Direct Fredholm Factorization)

Following the procedure in Section 3, which is simplified in the current problem
because of the isotropic medium, we duplicate the equations. For E, polarization, we have

H, (77) = H, (_m),
Hap 1) = Hop(—m), (00)

while for H, polarization, we have

CHoz(17) = [y sin(7) +¢ cos ()] Haz (—m) ©1)
§Haz(n) = [n7sin(7) + & cos(y)]Hoz (—m)

where m = m(n) is defined in (61). Notice that when applying (70) to each of (90)—~(91), the
duplicated equations assume the same form of the original ones (both CWHESs), with only
the replacement of 77 with —7.

Both systems of equations can be considered a particular case of

GF, (1) = HOnX, ()
Col) X (1) — FLp) s () ©2)

which is suitable for describing more general cases. To describe the procedure, for simplicity,
let us assume that F, (1) is a non-standard plus # unknown while X (—m) is a standard
minus m unknown; generalization is possible with a little effort.
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Applying the Cauchy decomposition Formula (49) to the unknowns defined in —m (1),

o m
T ) (93)
Xp(=m) =5z [ Sy, n €R
From (92), we obtain the following system of integral equations
GONF+(n) = skHO1) | i’
27j ' +m(i)
e (94)

Ga(11) X+ (1) = 75 Ha() T ,7+m())d11 + Ha () FE5 (=m(n))-

This is not a system of Fredholm integral equations of the second kind (non-compact
kernel). To regularize (94), we follow the procedure presented in Section 3. Performing a
smile integration of (94), after mathematical manipulation, on the LHS, we have

o f = G(NFy () + 5 [ COED gy — Gy Ee ()
e (95)
% f 551 dt:Gu(U)X-k(Tl)"‘%nj [ (G“(t)_(fi(ﬂﬂ))x+(t)dt
Tt -
and on the RHS we have
1 1 H(t) T X+(77/) 3 1 T ! ! l
277_[]-7 it—7 / ;7’+m(t)d’7 dt = (2 /M(;y,;y)X+(77 )dn (96)
1t —0o —00
and
H(t) T Fi(y <
2%7{ 7 J o dt = Gt Maln' )R ()’ -
Ha(t) pis T [Ha(t)~Ho(IFE(—m(t) 5 Hq FiE(—m(t)) 4y
%ﬂ:j t—(};)FJr (—m(t))dt = 2%];[ t—;;+ dt + 27(;]7) I = ]
Tt b Tt
where
__HWO g [ _HWOZHOp) I S
M) = | e = | wnarenm B0 | oy
1t 0 Y1t 98)
Iy — H() dt = 7 Hy(t)—H, () dt H 1 dt (
Maln ') = | it = @ ot + “(’7)7{7 (GNICET0)
Merging (95) and (96)—(98), we obtain the following FIEs of the second kind:
1 7 (G(t)— G(y))Ee(t T
CONEL 1) + 575 | COZIE = ey [ M) X, 6+ Gl P )
Ga(U)X+(17)+2%]- I (G“(t)_?j%ﬂ))x+(t)dt
0o e 0o (100)
Hoa(t)—H, (7)) FYS FS(—m
= (271]‘)2 f Mﬂ(ﬂrU,)F+(W,)dﬂl+%m f (Ha(t) (t’7_)1;+( ())dt—l- 27({]) f +(t_,7(t))dt.
oo —0c0 Tt
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It can be observed that the regularized FIEs (99) and (100) are particularly efficient
from a computational point of view due to the presence of compact kernels integrated
along the real axis, with the exception of the smile integration included in (98):

1
Do T m)”

Melnn) = [ G

it

(101)

The evaluation of the integral in (101) can be effectively performed by warping the smile
contour 7y; in the lower half of the complex ¢ plane into the integration path A; wrapped
around the vertical branch cut I'; of m(t) (61), which originated in branch point +k (see
Figure 5).

6 T l_ ] T T
Tt A2 A2
Yt
o )
Ly Y
2 i S .': ]
-k\‘v:’
=)
g 0 © ©
(o
IA\+k
2 / \ .
1 \
! \
4 L
Y
|
1A 1AM
1 1 ] 1
-6 -4 -2 0 2 4 6
Relt]

Figure 5. Vertical branch cuts I'y » of m(t) originating in branch point -k assuming a lossy medium
(for visibility, k = 1 — j), smile contour integration line 1;, and frown contour integration line y,; with
corresponding warped contours A1 and Ay wrapped around vertical branch cuts I'; and T'p. Note that
71t and yy; assume different observation points for indentation in the figure.

By collapsing A1 onto I';, we obtain

M) = [ Al st (102)

ri (E=n)(n" +m(t)
where
A( 1 )= 4./ (k—t)(k+t)sin(7y)

(=)' +m(t) (=) [=k> +2(# + 1) — 4ty cos(7) + k? cos(27)]

Assuming that t = k — ju (v > 0), the representation in (102) is quickly numerically
convergent. A closed-form expression of (102) is obtainable by considering the following:

(103)

1. Selection of the branch cut I'y as the line t = ku (with real u > 1) replacing A1 and use
of the mapping t = ku under the integration sign.

2. Expansion of (103) with a minimal denominator.

3.  Careful mathematical manipulation of multivalued functions.
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We obtain
_ Foo (u1(17)) Foo(112(17')) Foo(113(17'))
Me(n,1') = =251 (Gt st~ =G e =mmD + it e =at) (104)
with
Foo(u) = julog(2) — V1 —u?log(—u+ jv1—u?) (105)
and the poles
"cosy — +/kZ — 2 sin "cosy + +/kZ —n'2sin
ui () = n/k, up(n') = 27 p T30, gy = 15220 p T30, (106)

Let us now go back to particular cases and consider equations for H, polarization (91)
in angular region 1 representing a PEC wedge, written in the form (92) with the follow-
ing definitions:

Fy (1) = Hoz (1), X4 (1) = Haz(), G(17) = Ga(7) = nsin(y) ECCOS(’Y)’

The set of FIEs (99)—(100) is simplified; in particular, M(17,7") = Ma(1,1") = Me(1,7"),
as reported in (102). Equations (99)—(100) respectively become the following system of FIEs:

H(y) = Ha(y) = 1. (107)

e e e s /Me 1) Haco '+ 51(n) (108
and
GO Her 1) + g [ (CO=ZIR = s [ Mt o) +520r) 009
ith
" PV 1 HEm)
101) = GUNHE(),  saly) = 5 [ =5 (110)
Tt

Let us focus our attention on the source term (110); for simplicity, we assume that only
Fi (1) = Hpz(7) is nonstandard:

2jH,

p (111)
o0

Fi () = Hoz () =
where 17, = —kcos(¢,), 0 < ¢, < /2 and k has small losses (k = k, — jk;, ki << ky).
From (111), according to the properties of —m(1) (see also Figure 4), H})(—m(y)) in
the proper lower half of the complex 7 plane shows poles originating from the zeros of
m(n) + 1o (in the m plane, we have the pole m, = —1,). The poles can be related to
GO waves, i.e., connected to the last couple of reflections from faces a and o that create
shadow boundaries (for instance, see [40]). As an example, if ¢, < 7T — 7, then we have
one reflection from face a and one reflection from face o reflected again by face a. In
fact, from a mathematical point of view, in this case we have pole m, related to poles
Nra = —kcos(y — @,) (reflection from face a) and 77,410 = —k cos(y + ¢,) (reflection from a
after 0), which are associated with incoming azimuthal directions y F ¢, with respect to
the reference face g, i.e., the incoming directions 2y F ¢, with respect to face 0. However,
we also need to note that the residues of the poles in the selected test problems are always
related only to the incident field. This means that the primary spectra of H}S(—m(1))
in (110) are more similar to a replica of the incident spectrum for #g, 7470, similar to what
was described in the w plane in [13].
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Indeed, the integrand of the source term in (110) also exhibits a branch cut of —m(7).
Thus, we estimate (110) by warping 71; into A1, as follows:

RH RHO

1 [ HE(=m(t))
S = — dt + + 112
2(’7> 27‘[])/ t—n N—HWra 1 — Hraro 112
1
where R, and R, are the residues of Hy;(—m(#)) in 17y, and 40, respectively.
2jH, Ty .
H"(—m = — = £ , Ty, = —2jH 113
oz( (’7)) TYI(—U) +;70 71’1(-1’]) +7]0 mo ] 0 ( )
d 2iH
Roo = T, 51 = (114)
m HraMraro COS’Y + 22
U NraMraro
Using the same mathematical procedure that yields (102)—(104) from (101), from (112)
we obtain
1 [ Hig(=m(t)) H, 1 H,
— | At = — dt = ——M.,(n,1,). 115
s | 7 T Cm g™ T Ml (9
1
Thus,
Hg a RﬂO
s = ——M,(7n, + + . 116
2(17) —Me(17,770) e ——— (116)

The final set of FIEs for H, polarization when the structure is illuminated by a plane
wave with 0 < ¢, < 71/2 is then (108)—(109) (a specialization of (99)—(100)), with sources
s12(17) being defined and calculated in (110), (111), and (116). Note that s1(17) and sy (1) are
spectral components defined in the 7 plane of H,,(77) and H,. (1), respectively, i.e., with
the reference coordinate system of face o and face a.

We now examine the convergence properties of the FIEs in (108)-(109) to obtain accu-
rate numerical results [41]. According to the classical Fredholm factorization method [11],
the regularization procedure provides compact kernels of the type reported on the LHS of
(108)—(109), i.e., it is square-integrable. The further integral operator reported on the RHS
of (108)—(109) in terms of M,(7,1") is related to the coupling term between the spectra of
delimiting faces. This kernel is again compact, as (101) shows that M,(7, ') is never singu-
lar for 7 # t and i’ # m(t) and (104) shows that M, (7, 7') is square-integrable according
to its asymptotic behavior in terms of (106). Similar considerations can be repeated in more
complex and general cases of angular regions immersed in/made of arbitrary linear media.

5.3. Implementation of a Numerical Example and Validation of Direct Fredholm Factorization

Let us consider region 1 in Figure 1 with an aperture angle 77/2 < o < 7, which
is filled by a homogeneous isotropic medium with a propagation constant k (k = k, —
jki, ki << k+) and terminated by PEC boundary conditions. The angular region is illumi-
nated by an H, polarized plane wave with an incoming direction ¢, (0 < ¢, < 7T — )
and intensity H,. The spectral solution (Ho (%), Haz(17)) can be provided by the system of
FIEs in (108)—(109). Due to the convergence properties of the kernel [41], simple sample-
and-hold approximation is enforced with the truncation of integration intervals at A
and integration step & such that A/h € N. We tested our novel direct FIE solution against
the classical exact closed-form solution provided in Section 5.1 in the # and w planes,
respectively ((88) and (89)). Furthermore, we compared the asymptotic results in terms
of GTD coefficients. We examine the case where v = 0.7,k =1 —j0.1, H, = 1A/m, and
@o = 0.177 in detail. Because we have 0 < ¢, < 7w — 7, the GO field is constituted by the
incident waves, waves reflected by face 4, and doubly-reflected waves (from face o and
then from face a); only the plus spectral unknown along face o, i.e., Hy;(77), is nonstandard
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in the WH formulation (91), as reported in the example in the previous subsection. To
enhance the convergence of the approximate FIE solution provided by (108)-(109), we
warp the integration line constituted by the real axis into a straight line located in the first
and third quadrants of the complex plane at an angle 6 with respect to the real axis (the
singularities of the kernel and the sources are located in the second and fourth quadrants;
see Sections 5.3 and 5.4 of [12]):

a(t) =texpl, t e R, 0< 6 < 71/2. (117)

According to the physical parameters of the test problem, we have 7, = 0.309017 —
0.0309017j, #raro = 0.809017 — 0.0809017;, with both located in the lower half-plane, as
considered in (116). The discretization of (108)—(109) by the sample-and-hold technique
with A, h yields a linear system of equations with dimensions of 2(2(A/h) + 1):

ic + 5(; _Me
_ME gc + 5(;

’ HOZ

o (118)

==az

_ | 5
ED)

where the diagonal matrix d ., the matrix K ., and the matrix M contain samples of G(n),

G(H=G(n)
t=y

of Hoz(17), Haz(17) and s1(1), s2(1), respectively. Note that M is a coupling matrix that is
much weaker than the remaining terms. The sampled solutions allow for a representation
of Hyz(17), Haz(17) to be built by substituting them into the integral part of (108)—(109):

,and M,(n,7"), respectively, while the vectors H,,, H,, and s, s, contain samples

(G (1)G (e (hi)) — 1] Hozaz (s (1)) | hG" () S

ar(hi) — (27_(].)2 7;}1 Me (1, 0 (hi)) Haz oz (ar (hi)) + G_l(’i)sl,z(ﬁ)~ (119)

These approximate expressions of Ho; (1), Haz(17) are valid for analytic continuation in
the proper sheet of the 1 plane, which is useful for correctly estimating fields in the physical
domain through the asymptotics of half-planes, as discussed in Section 4. This property
limits the requirement to know the spectra only in the proper sheet, as acquired in the
procedure, which is a novelty and represents progress with respect to classical Fredholm
factorization combined with spectral mapping in GWHE wedge problems.

To highlight the performance of this method, we compare the spectra along the real
axis of the 77 plane and a segment of the # plane that is useful for asymptotics according
to the steepest descent path (SDP) method, which in an isotropic medium corresponds to
7 = —kcosw with —m < w < 0, i.e., the segment that connects —k with k.

To study the convergence of the method, we select physical parameters of region
1 with an aperture angle of v = 0.77 and plane wave illumination at H, polarization
with H, = 1A/m, ¢, = 0.17, and k = 1 — j0.1. We select the quadrature parameters
5<A<40,02<h<025 60 =0.1suchthat A/h € N. The numerical results are provided
in Figure 6 along the segment for asymptotic estimation. In the figure, we note that along the
segment we have a degradation of the spectral solution near w = —7, 0, which corresponds
to the branch points 7 = k, —k of ¢ (where ¢ defines the proper and improper sheet of
the 1 plane [11]). We recall that the solution of the FIEs was obtained through the simple
sample-and-hold quadrature and estimation of M, (1, #’), which saturates the precision,
particularly near 7 = k, —k (the branch point 7 = —k is a local offending singularity for the
plus spectra that should not appear, while # = k is related to physical structural properties
of the problem). An improvement would be obtained with a specialized quadrature (and
method of moments) capable of taking into account non-algebraic behavior such as branch
points (see [42]); however, the scope of the present method involves obtaining a very
simple, fast, and convergent solution that cannot incorporate sophisticated quadratures.
Furthermore, we observe that the lack of precision near # = k, —k is mitigated while
computing asymptotics because plus spectral unknowns are multiplied by sin w, providing
locally-smoothing errors. However, while the offending # = —k is a very local perturbation,
the physical = k is more present, as it is physical.
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Figure 6. On top, plots of the absolute values of the spectral solutions |Hy;(—kcosw)| and
|Hzz(—k cosw)| obtained as exact solutions and with the FIE approximations for different values
of A, h. On the bottom, the corresponding relative errors between the exact solutions and the FIE
solutions for different values of A, on a log,, scale. Degradation of the spectral solution can be
observed near w = —7,0, which corresponds to = k, —k. The branch point # = —k is an offend-
ing singularity for the plus spectra, while 5 = k is related to the physical structural properties of
the problem.

To recover the quality of the solution near w = —7,0 (y = k, —k), we resort to
spectral considerations based on the properties of the original GWHE formulation in (91).
Equation (91) can be applied to the approximate solutions obtained from the FIEs to obtain
a new improved representation of the plus spectra. This application allows us to obtain an
approximate spectrum near w = —7,0 (# = k, —k) that originates from another portion of
the 1 plane according to m (7). This procedure is particularly effective and valid because
m(#) for i in the proper sheet lies in just a portion of the proper sheet of the 7 plane. This
property is particularly evident (in this simplified isotropic problem) by rewriting (91) in
the w plane:

Hoz(—kcosw) = %Haz(—k cos(w + 7))

Hyz(—kcosw) = %Hoz(—k cos(w + 7))

(120)

with §(—kcosw) = —ksinw and —n = —ksin(w + 7). We note that —77 < w < 0 on the
LHS corresponds to —71 + v < w < <y on the RHS due to (m = kcos(w + 1y)), where the
unknowns are correctly computed. This methodology (named iteration) reimposes GWHEs
on the initial FIE-approximated spectra and shifts the lack of precision to a region where
the spectral solution is good, yielding a homogenization of the error level (see Figure 7).
In the figure, we report (1) the exact solution, (2) the approximate solution obtained from
the quadrature of FIEs with A = 40,1 = 0.025, (3) the approximate solution obtained from
the quadrature of FIEs with A = 40,k = 0.025 plus the application of (91), and (4) the
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approximate solution obtained from the application of (91) to the sources of FIEs while
ignoring integral terms, i.e., using Hyz 4:(77) = +G~1(17)s12(77).

Note that when considering (91), the map in (120) is only limited; thus, we cannot
interpret this procedure as a first iteration of the application of the contraction theorem.
In fact, according to our studies, successive iterations do not yield any benefit in the
convergence of the solution. This is also justified by the fact that in the w plane, the multiple
applications of (120) correspond to recursive equations/difference equations that further
shift the spectra in the w plane, thereby navigating replicas of the proper and improper
sheets of the 77 plane defined by ¢; see [11,13]. Moreover, the map is also excluded from
compensating for all physical behaviors of the problem starting from roughly approximate
solutions. Figure 7 shows the importance of the quality of starting spectra that originate
from the solution of the FIEs before the application of (120).

|sinwH,,(—k cosw)| |sinwH,,(—k cosw)|

25 25
exact exact
FIE FIE
20 ¢ GO-Hter 1 201 GO+iter |
FIE+iter FIE+iter
151 15+
10 ¢ 10t
5t 5%
0 : : 0 : : :
- -3m/4 -7/2 -/4 0 - -37/4 -7/2 -/4 0
w w
3 rel.err. log;, scale 3 rel.err. log,, scale
FIE FIE
2t GO+iter 2r GO+iter
FIE+iter FIE+iter

- -3n/4 -m/2 -m/4 0 - -3r/4 -m/2 -m/4 0
w w

Figure 7. On top, plots of the absolute values of the spectral solutions |sinw H,,(—kcosw)| and
| sinw Hyz (—k cos w)| obtained as exact solutions and with (1) the FIEs with A = 40, h = 0.025, (2) the
FIEs plus application of one iteration of (91) (FIE+iter), and (3) application of (91) to the source
terms of the FIEs (GO+iter). On the bottom, the corresponding relative errors between the exact
solutions and the approximate solutions. It is possible to observe an improvement of the solutions
near w = —71,0 after applying an iteration of (91) to the approximate solution from the FIEs, yielding
a homogenization of the error.

Finally, we observe that while the FIEs provide good spectra except near the branch
cuts, the iteration in (91) enforces correct modeling of structural spectral properties such as
branch cuts.

To further compare the solutions and validate the proposed procedure, we have
computed the GTD diffraction coefficient as outlined in Section 4 using asymptoptics.
Using superposition, we can compute the diffraction by applying asymptotics individually
to the spectral solutions at faces 0 and a while considering only homogeneous terms
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in (56) and (59). This takes care of the different reference coordinates (see the discussion
in Sections 3 and 4 considering region 1 characterized by 7y as region 2’ characterized by
7T — 7; see Figures 1 and 2, (45), and (59)):

2
Fho(n,0) = Y v y(,0)e MV %u;, 0 >0, (121)
i=1
4
P (y,v szyl Py1(17,0)e” Ayivy (=)0 Uiy, v <0. (122)

Starting from the inversion of the contribution of face o (121), we have

Pp(u,0) = ¢ °(n,0)e M"dy. (123)

27

According to the coordinate mapping in (18), from (16) and (23) we have

—Ayi(7) v —jnu = —jncosyv —j¢;isinyv —jy(x —vcosy) = —j(nx+¢&yy), i = 1,2 (124)
with §; = ¢, i = 1,2; thus,

2

Pi ) = o [ 3 o By, 0y Ty, (12
i=1

27 JB, =

where B, is the Bromwich contour (over all singularities). The asymptotic estimation of (125)
at the far field is composed of GO terms (captured poles) and GTD diffracted components
(due to the saddle point with the application of the SDP method); in global cylindrical
coordinates, this is

ki 2 . .
Ilﬂgo'gtd((’,qv): 727'(106 i(ke 7r/4)Z{vi~1,IJy(kcosgo,0)uism|go|. (126)
=

In our test problem (region 1 with PEC faces with H, polarization), this reduces to the
third component

k _iteo— H,(kcos .
Py (0, 9)3] = HE (0, ) = 2mp° o M)M‘gmm (127)

according to the definition of 1[~Jy(17, v) in (3) and u;, v; in (62)-(63). We obtain the following
GTD diffraction coefficient component due to face o:

otd kH,; (k cos ¢) sin \qo|
DHoz ( (P) ]2H0

(128)

Now, we repeat the procedure starting from the inversion of the contribution of face
a (122) using the notation in Figures 1 and 2b:

gxio) = 5 [ @Gy 0)e M. (129)
According to the coordinate mapping
Xy =u+vcos(wt—7), Y1 =vsin(m — ), (130)

from (16) and (23) we have

—Ayiv, (70— ¥) v — jnu = +jiycosy v+ j¢;sinyv — jn(Xy +vcosy) = —jnXy +jé;Y1, i = 3,4 (131)
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where ¢; = ¢, i = 3,4; thus,

1 4 5 . .
PR(Xy, Yy) = E/B Y vivy - Pya(1y, 0)upy, e X1 gy, (132)
ri=3

where B, is a Bromwich contour. The asymptotic estimation of (132) at the far field is composed
of GO terms and GTD diffracted components in the following global cylindrical coordinates:

ho,gtd ko 4 ~ .
lIJyl{ 8t (o, 9) = —znpe j(ko—7t/4) Z;’viyl - Py1(kcos(¢ — ), 0)uy, sin|p —y[.  (133)
1=

For our test problem (region 1 with PEC faces with H; polarization), this reduces to
the third component

o, k itko—mya) Haz(k — .
P8t (0, )[3] = HS (0, ) = 3¢ jtkp—rc/4) Haz( C";("’ ) ginlp—q] (134)

according to the definition of 9, (1, v) in (3) and u;y, = u;, viy, = v; in (62)-(63). Note that
the invariance of u;y, = u;, v;y, = v; in the rotation of the reference system is allowable only
in isotropic regions; otherwise, a more complex procedure is required for their definition in
arbitrary linear media (see Section 2).

Finally, we obtain the following GTD diffraction coefficient component due to face a:

DSt (- KHaz(kcos(p —7))sin[¢ — 7|

Haz (@) BH, (135)

The complete GTD coefficient is just the sum for the superposition of (128) and (135):
td td td
D}z (9) = Dfip=(@) + Doz (9)- (136)

Figure 8 shows the GTD diffraction coefficient for the test problem under consideration,
that is, v = 0.77 and plane wave illumination with H, polarization with H, = 1A/m,
@o = 0.17r, and k = 1 — j0.1. The figure reports the exact GTD coefficient in terms of
the absolute value and phase together with those obtained with the FIE-approximated
estimation of the spectra without and with the application of an iteration while selecting
A =20,h = 0.05,0 = 0.1. Figure 9 shows the corresponding relative error of the GTD
diffraction coefficient on a log,, scale.

We note, as expected, that the solution with the iteration is correct, while the solution
without the iteration is lacking in its estimation near the faces of the angular regions, i.e.,
face o for ¢ = 0 and face a for ¢ = 7, as they are related to the spectra of H,,(1) near
n = k (128) and H,;(n) near n = k (135), respectively (3 = k corresponds to w = —1,
and is a physical branch point). In addition, note that the spectra of H,, (1), Haz(17) near
7 = —k (w = 0) are not used for the GTD computation; thus, the lack of possible precision
in the offending branch point does not impact the quality of the solution. Moreover,
the change in the slope and level of the relative error in Figure 9 is obtained using the
reported algorithm to improve the quality of the approximate solution provided by the
direct application of Fredholm factorization. In fact, FIE+iteration involves computation of
the GTD diffraction coefficient in (136) via (128) and (135), where the spectra H,,(—k cos w)
and H,;(—k cosw) are obtained by enforcing (120) on the approximate spectra obtained
through the direct application of Fredholm factorization. This procedure mixes the spectral
resolution properties of the two faces, thereby improving the quality of the spectra and
recovering the degradation of the spectral resolution near w = 7,0, i.e., y =k, —k.
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Figure 8. GTD diffraction coefficient (absolute value and phase) for the test problem under consid-
eration: ¢y = 0.77 and plane wave illumination with H, polarization with H, = 1A/m, ¢, = 0.17,
and k = 1 — j0.1. The figure reports the exact GTD coefficient together with those obtained with the
FIE-approximated estimation of the spectra without and with the application of an iteration while
selecting A = 20,h = 0.05,60 = 0.1.
| rel.err.Dy,(¢) logy, scale
T T T

FIE
FIE+iter

0 0.17 0.2 037 0.4 0.57 0.6 0.77
®

Figure 9. Relative error of the GTD diffraction coefficient on a log;, scale corresponding to the results

4

in Figure 8.

Finally, we comment that the direct implementation of FIEs in the w plane yields high-
precision results in isotropic angular region problems [12], exceeding the precision of the
current procedure in terms of spectra; however, we recall that the scope of the present work
involves presenting an effective procedure for computing diffraction that is implementable
in problems where the w plane cannot be defined, such as in arbitrarily linear media.

6. An Example of the Application of the Functional Equations in Complex Media:
Scattering from a PEC Half-Plane in a Gyrotropic Medium

The scattering of an electromagnetic plane wave at normal incidence by a perfectly
conducting semi-infinite screen embedded in a homogeneous gyrotropic medium (such as
plasma) is presented in this section with the goal of validating the proposed method, the
functional equations, and the WH equations in nonisotropic media. As our formulation is
in terms of field components, we selected [15,16,20,21] as studies for comparison; we did
not consider other literature where definitions in terms of potentials were employed. In
particular, we selected [15], where the distinguished axis of the electric gyrotropic medium
is parallel to the edge of the half-plane, i.e., as in plasma, with a uniform magnetic field



Appl. Sci. 2024, 14, 8685 32 of 37

impressed along the edge direction. This medium enforces a tensorial electric permittivity,
which in our reference system of coordinates (z,x,y)is

€3 0 0
e=| 0 & Hje

0 —je &

, (137)

where z is the distinguished axis of the medium and pu = oI, § = { = 0. As reported

in [15], this vector problem is separable into two equivalent scalar problems for the E,
(H-mode) and H, (E-mode) polarizations.

By applying the procedure described in Section 2 and with simplified definitions of
the quantities reported in Appendix A, we obtain the following (progressive, regressive)

eigenvalues:
Mpa =12 =k = £j81, Aoa=+\/n?—k3 =+£ji (138)
where k§ = w?poe/e1 = kie/e1, kK = w?poes = kaeys, € = €i/€0, € = € — €3, and

ko = w/eoto-

The corresponding eigenvectors u;, from which we can easily compute the reciprocal
vectors v; through inversion, are

0 How 0 _ How
€
j(=ean+e1jé1) 56 _ j(ean+e1jé1) 0 2 139
— ew = = ew =
u 1 , U2 0 , U3 1 , Ugq 0 ( )
0 1 0 1

The problem shows simplification because of ¢y = 7; see for instance the impact of the
anisotropies on (35) or

m=mj(m—75)=mi(y)=1n i=12. (140)

However, we keep the procedure as general as possible, i.e., applicable to wedge
problems (arbitrary 7); from (27) and (31), we obtain

~ M i 3 3 t
Pt (=mi(1)) = | Euz cos(y), Egp + PEER, Hoz cos(y) — FEnl, Hy, — B0 (141)

€1 How

From here on, we omit the spectral dependence in the field components for better compact-
ness of the formulae. Applying (32), we obtain the following two functional equations for
region 1 in explicit form:

Eoxwe + HozG1€1 + i Hoze2 = Haz[sin(7) (€1 — jG1€2) + cos(7)(Gre1 + jiea)] + Eqpeww, (142)
Hoxﬂow - Eoz‘:Z = Hap,uow- (143)

Similarly, the procedure can be repeated for region 2. The complete set of equations high-

lights the decoupling of E, from H, polarization. Applying the PEC boundary conditions

on the faces, after some manipulations we obtain the following equations for the E, and
H, polarizations:

Hy ~ Hy (144)

{ Eoxwe + HozG1€1 + jiHozea = Haz[sin(7) (e1 — jG1€2) + cos(7)(C1e1 + jnez)] (145)
—Eoxwe + Hpz8181 — jiHozez2 = Hy [sin(7) (17€1 + jE1€2) + cos(y) (Gre1 — jne2)].
Now, we impose v = 7, i.e.,, the angular regions are defined for the half-plane problem. In
(144), we note that E, polarization behaves as a half-plane problem immersed in a classical
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isotropic region [33] but with a propagation constant of k3 = w?poe3 = k3e,3, i.e., this can
be interpreted via a network representation with characteristic impedance Zg, = wu,/3>,
confirming the findings of [15].

With further mathematical manipulation of (145), we obtain

_2H,, + 2iEoxnweey Haz + Hy,

222l
_ 2Epfwee; L 9 2 o (146)
7%8%_’_’728% az bz

and the second equation in (146) shows the same WH kernel as that of Equation (25) in [15]:

Gyl = a4t (H-on)d s Ke/e—n? (147)

201 weey Zstsl ZWWQ

with the sole irrelevant distinction of a multiplication by a scalar. Moreover, the characteris-
tic pole of the surface wave phenomenon is easily recognizable from the numerator, as also
found in [15]. The solutions to the problem can be achieved with the proposed approximate
technique that was validated in previous sections or via the classical WH procedure, as
in [15]; however, this is beyond the scope of the present study.

7. Conclusions

Spectral methods (such as SM, KL, and WH) are well-consolidated, fundamental, and
effective tools for the correct and precise analysis of electromagnetic diffraction problems
with one propagation constant, although they are not immediately applicable to problems
with multiple propagation constants.

In this study, we propose a comprehensive theoretical package in the spectral domain
with all necessary mathematical tools that for the first time extends the possibilities of spec-
tral analysis to electromagnetic problems involving wedges immersed in an arbitrary linear
medium, and is additionally extendable to multiple penetrable angular regions. The theory
is presented in an exhaustive way, showing the theoretical background, implementation,
and validation. The methodology is based on transverse equations for layered angular
structures, the characteristic Green function procedure, the Wiener—-Hopf technique, and
our novel direct Fredholm factorization method, which reduces GWHEs with multiple
propagation constants to integral representations in a unique complex plane. Validation
through examples is applied, starting from demonstrating the effectiveness of direct Fred-
holm factorization applied to GWHE:s in the scattering from a PEC wedge immersed in
an isotropic medium and ending with the validation of functional equations of angular
regions in arbitrary linear media with the analysis of a PEC half-plane immersed in particu-
lar anisotropic media. While numerically implementing the method, we observed that one
of the main difficulties resides in the correct estimation of kernel functions for the presence
of multivalued functions that need particular attention in their definition and calculation.

The proposed equations are interpreted using a network formalism in order to provide
a systematic perspective, particularly for the analysis of complex scattering problems where
the complexity of the geometry is broken into subdomains of canonical shapes in which
the angular regions are immersed in/made of arbitrarily linear media.

This work presents significant advancements in the spectral analysis of electromag-
netic problems from different mathematical, physical, and engineering perspectives: (1) the
first spectral method capable of handling scattering in arbitrary linear media with multiple
propagation constants; (2) direct Fredholm factorization, a novel solution procedure for
GWHES, particularly those with multiple propagation constants; (3) a network interpre-
tation of spectral functional equations and related integral representations for angular
regions filled by arbitrary linear media (4) computation of the field at each point within
the angular region, avoiding spectral analytical extension; and (5) improved quality of
approximate spectral solutions from FIEs by reimposing the GWHEs of the problem, which
we name iteration.
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This theoretical package has been validated and is ready for future applications.
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Appendix A. Explicit Form of Expressions Used in the Main Text

Appendix A contains details and supplements to the main text, in particular explicit
expressions that would be cumbersome to report in the main text due to issues with
readability and preserving completeness.

The explicit expressions of the 4 x 4 matrices My,, My, My, used in Section 2 for (4), i.e.,

.0 d 9 .o
My(_]‘xma) = Myo+ (a)Myl + (a) Myz (A1)
for arbitrary linear media are presented in factorized form as follows:

j(wMég) + ocoM;,l)) + uc%M%) /W)
My, = (A2)
€yytyy — CyyCyy
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CayCyzCyy — CxzlyyCyy + Cxzbyy€yy — Cyzbxy€yy — CayMyy€yz + Cyybixy€yz  —CaxlyyCyy + CayCyxCyy — Cxybyy€yx + Cyylay€yx + Cxxtlyy€yy — Cyxtxy€yy
MO — CyyGazGyy — CyzGaySyy T Cyzbay€yy — Cazlyy€yy — CyyHzy€yz + Cayblyy€yz  —CyxCayGyy + CyyCzxGyy — CyyMzy€yx + Czylyy€yx + Cyxtzy€yy — Caxthyy€yy
Y —CyzCyyexy + Hyy€xy€yz + CyyCyy€xz — Pyy€xz€yy + CyzCay€yy — CyyCuyeyz  CyyCyy€xx — Hyy€xx€yy — CyxCyy€xy + Pyy€xy€yx — CyyCay€yx + CyxCxy€yy
—CyzGay€yy + tyy€yy€zz + TyyCay€yz — Hyy€yz€zy + CyzCyy€zy — CyyCyy€zz CyyCay€yx — Myy€yx€zy — CyxGay€yy + tyy€yy€zx — CyyCyy€zx + Cyalyy€zy
—CxytyyCyz + Cayty=Cyy + CyybxyCyz — CyyMazCyy — HayMyz€yy + Hazyy€yy  CxytyxCyy — CxybyyGyx — CyybaxGyy + CyyhayCyx + Paxtlyy€yy — HayMyx€yy
—CyyHzyGyz + CyylzzGyy + CaylyyCyz — CayPyzCyy — Pyybzz€yy + HyzPzy€yy  CyyMzxGyy — CyyMzyCyx — CzybyxCyy + CzylyyGyx + HyxPzy€yy — pyyHzxEyy (A3)
—CyyCxyCyz + CyyCxzCyy + tyyCyz€xy — MyzCyy€xy — MyyCrz€yy + MyzCry€yy  CyyCuxCyy — CyyCayCyx — MyxCyy€xy + HyyCyx€xy + HyxCxy€yy — HyyCxx€yy
_nygyygzz + gyyéyzgzy + Vyygzzeyy - Vyzgzyeyy - Vyygyzezy + Vyzgyyezy nyéyxézy - gyygyygzx - Fyxgzyeyy + Vyygzxeyy + ,uyx‘:yyezy — Vyy(:yxezy
Cyz8yy — Myy€yz  Cyy(Cyx — Cay) — Myy€yx + Hxy€yy  MyzCyy — HyyGyz  —Myy(Cay + Cyx) + Cyybixy + HyxCyy
MY = 0 CayCyy — Hazy€yy 0 Caytyy — CyyMzy (Ad)
Y Cyyeyz — Gyz€yy  Cyyexy + Cyyeyx — €yy(Cyx +Cxy)  Cyyyz — Myz€yy Gy (Cyx — Sxy) + pyyexy + pyx(—€yy)
0 Czy€yy — Cyy€zy 0 CyyCzy — Hyy€zy
0 —Cyy 0 —pyy

@ |0 0 0 o0
Myo = 0 ey 0 Gy (83)

0 0 0 0

(0) (1)

B My1 + z)coMy1 /w (A6)

€yyhyy — CyyCyy

Hay€yy — CayCyy 0 Cyyhxy — Caylyy 0
MO — | Cuz6uy t CayCyy — May€yy t Hyy€yz  Pyyeyx — Gyxbyy  —Cyybzy + Caybyy  MyyCyz — PyzCyy  HyyCyx — HyxGyy (A7)
1
v Cyy€xy — Cxy€yy 0 Hyy€xy — CyyCuy 0
Cyz€yy + Cayeyy + Cyy(—€yz) — Cyy€zy  Cyx€yy — Cyyeyxr  —CyyCyz + Cyylay + Myz€yy + Hyy(—€zy)  pyxeyy — TyyCyx
—Cyy 0 —Hyy O
(1 _ 0 Syy 0 Hyy
Ma=l ey 0 gy 0 (A9
0 —ey 0 Oy

0 0 0 0

_ —Cy 0 —pyy O
M2=1 06" 0 o o (A9)

ey 0 Gy O
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We note that the expressions of My,, M1, My, reported in (A2), (A6), and (A9), respec-
tively, when in factorized form with respect to «,, allow for immediate evaluation in the

case of normal incidence &, = 0 by nullifying the contribution of Mﬁ), My(g), Mﬁ) in (A2)

and (A6).
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