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The Wiener-Hopf technique for impenetrable wedge problems

Vito G. Daniele, Guido Lombardi

Department of Electronics, Politecnico di Torino, ITtaly
e-mail: VITO.DANIELE@QPOLITO.IT, GUIDO.LOMBARDIQPOLITO.IT

This paper presents how to define and solve Generalized Wiener-Hopf (GWHE)
equations for angular region problems. In particular it illustrates the techniques to
deal efficiently with arbitrary impenetrable wedge problems at skew incidence. Very
accurate and efficient numerical results are obtained numerically by reducing the
factorization problem to a Fredholm integral equation of second kind. Asymptotic
evaluation of far fields has been performed.

1 INTRODUCTION

In the last five years Daniele has developed a general theory based on the Wiener-
Hopf technique to study electromagnetic problems in arbitrary angular regions [1]-[4].
In general this technique vields a new class of functional equations called Generalized
Wiener-Hopf equations (GWHE). The GWHEs differ from the classical Wiener-Hopf
equations (CWHE) since the involved plus and minus functions are defined into two
different complex planes. It is remarkable that in some cases a suitable mapping reduces
the Generalized Wiener-Hopf equations to the classical ones. For instance it happens
in all the impenetrable wedge problems that have been solved by the Sommerfeld-
Malyuzhinets (SM) method. Closed form W-H solutions for these problems and also
for other problems, which are not solved with the SM method, have been obtained by
using an explicit factorization of the matrix kernels [2]-[4]. For arbitrary impenetrable
wedges problems, the W-H formulation involves the factorization of matrix kernels
of order four. With the exception of some classes of problems, including the all ones
solved by the SM method, closed form factorizations of kernels are not available and we
need to resort to approximate factorization techniques. Several techniques to obtain
approximate factorizations of arbitrary matrices are available in literature [5]. New
different approximate methods are defined with respect to reference [6]. In particular
the W-H factorization problem provides its immediate reduction to Fredholm equations
without applying regularizations to the kernel operator. In general the powerfulness of
the approximate W-H factorization technique depends on the kernel’s spectrum of the
related Fredholm equation. When we are dealing with impenetrable wedge problems,
we experienced that a particular mapping makes the Fredholm equation suitable to
be solved numerically. The aim of this work is to present an efficient method based
on the W-H technique to solve the all impenetrable wedge problems which are still
unsolved in literature. The second section describes how to obtain functional equations
to examine wedge problems immersed in arbitrary media, the third section describes
the Generalized Wiener-Hopf equations for impenetrable wedge problems. The fourth
section deals with the procedure for solving Generalized Wiener-Hopf equations and
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Figure 1: Angular region immersed in arbitrary homogeneous medium.

the following section is concentrated in the solution’s procedure for impenetrable wedge
problems. The last section shows numerical results to validate the method.

2 FUNCTIONAL EQUATIONS

We consider time harmonic electromagnetic fields with a time dependence specified ¥
the factor €?“! (which is omitted) to derive functional equations for wedge probems
immersed in arbitrary homogeneous medium. First, we consider the electroregnetic
field in the angular region indicated as reported in Fig. 1 with aperture ansie 7. For
this region the following constitutive relations hold:

D=:-E+¢-H
B=(C-E+u-H

In eq. (1) D, B are the induction fields; E, H are the electroma,netic fields and
the parameters ¢, £, ¢, 4 are known dyadic terms.

Without loss of generality we assume the z dependence of the el<ctromagnetic fields
e?%°% which is omitted in the next formula. The reference systers used in this paper
are: the Cartesian coordinates z,y, z, the polar coordinates p,»,z with (0 < ¢ <)
and the oblique Cartesian coordinates u, v, 2 which are defined by:

— . - Y
u=1r—ycoty, v= sy (1)

rz=u+twvcosy, y=uvsiny

By applying the abstract Bresler-Marcuvitz field traswersalization to the Maxwell
equations [7] we obtain:

0 o 0d
gy = Mg gy
E.(z,z)
- E:l?(z, {I}) . . K
where ¥;(z,2) = ’ H.(zz) and M is a known operator. By considering the z
z ]
| Hy(z,2) |
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dependence e7?°%:

J 0 . N ., 0?
(5, 5};) = A’[o(_]ao) + Ml(_]ao)b“r‘ + M2(—]ao)5ﬁ

The known M;(ya,) (1 = 0,1, 2) matrices are related to the complexity of the medium
filling the angular region. The introduction of oblique Cartesian coordinates (1) yields:
50 Y (2)

7] 0 0?
‘%'@ﬁt (fwoe + Mle + MZe

ou du?
where M,. = M,siny, M. = Mjsiny — I;cosy, My, = Mysiny and I; is the
identity matrix. By introducing the Laplace transform of the unknown 1; we obtain
from (2) the following functional equation:

d - _
_E—ﬁ’t = M, - P + s
[

where M, = M, — jn M. — 12M,., ¢y (n,v) = [ ey (u, v)du and

(v)
T , . a bs2(v)

/ — Y ) ] ) — Vi ol v = ,
Ps(v) = =My - (04, v) 4+ j5 Mae - (04, v) — My, auut(- ' 0) s Vs3(v)
‘ (v)

These functional equations relate the Laplace transforms of the transversal (along
y) field components of an homogeneous angular region. Fig. 2 reports the domain
definition for the quantities involved in the previous equations.

By using the characteristic Green’s function procedure, it yields for v = 0 :

bi(n,v) = LI be(n, 0)e™ Y 4 [12 . vi(n,0)e™ 2V ¢

+llll / e—)\l(v- v’)'l,bs(v,)dvf'*‘ 1212 ./ e—)\g(v—v')ws(vl)dvl_l_ (3)
0

0

_ISiB / e—,\g(v— Ul)lf)s(vl)dvl _ 1414 / —\4(v—u )WS(U )dv

v

where Ay, Ay, A3 and A4 are four eigenvalues, {y, Iy, I3 and l4 are four eigenvectors of
the 4x4 M. matrix and {', 2, 1> and [* are the reciprocal eigenvectors (I’ -I; = §;;). For
a general linear passive medlum two eigenvalues (A;, A;) have positive real parts and
the other two eigenvalues (A3, A4) have negative real parts. We define the tangential
vector along the v axis:

Ez(pv (19) ! z\u U) ]I
won—| Boa) | By |
lr‘)T(i')'Y) | Hz(p 99) Il Hz\u ’U) I 1/)7-(’0,‘)’)
[{U(pv ®) 'w i u U I

u=0
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Using the constitutive relations and the Maxwell’s equations the vector vs(v) is
related to the tangential vector ¢ (v,v):

$o(v) = T(3) -, (0,7) @
where

T(y)=
— o yyteyyhlayw—CoyEyyw
(eyyiyy—CyyEyy)w
n€yyteyytbzyw—Crylyyw
(eyyhtyy—Cyylyy)w
_ ocyy—eyyloywteaylyyw
(eyyhyy—Cyylyy)w
neyy —€zylyywteyylayw
(eyyhiyy—Cyylyy)w

__%e ﬂyy‘(yyllryw‘FCmyﬂlyyW 0
(eyyttyy—CyyCyy)w

1 Miyy=Coytyywlyyltoyw . 0

0

siny—cosy 0

sin

sin sin
v (eyyhyy—Cyylyy)w v

O’ony'*}'Ea‘yLLyyw—nyfryw
(syyttyy—Cyutyy)w

0 NCyy—€zyhyywtCyyleyw

(eyytyy —CuyEyy)w

sin «y 0

siny—cos vy

sin 7y

sin y 1

{.‘Pi(ﬂ,O)

Figure 2: Domain definition for w(n 0), ¥s(v) and ¥, (v,7) .

Multiplying equation (3) by # (j=1,2,..4) and taking into account (4), we obtain
the following four equations:

[ '?#T’f (n,0)=1"- 'Q’T’t(7,7~ 0)

1, 0) = 12 - 4y (,0)

B ty(n,0) = = - T(y) - pr(—jA3,7)
I* Ye(n,0) = ~{* . T(?) : Z/{’T(._jALh )

where @;T(af.'y) = fooo eV (v,y)dv. The first two functional equations are
identities, conversely the last two equations relate suitable Lapiace transforms of the
electromagnetic field components that are tangential to the two boundaries ¢ = 0 (or
v=20) and ¢ =+ (or u = 0).

(5)

2.1 Isotropic medium filling the angular region

In general the last two functional equations of (3) show complicated expressions for
arbitrary media but for an isotropic homogeneous medium with scalar ¢ and p values
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and vanishing & and ¢ values they reduce to simpler forms (6). In fact in this case the

eigenvalues degenerate: A; = Ay = —A3 = —A3 = —
. r2 Qo1 '
Ve (1,0) = —Tp (1,0) = —— L4 (0, 0) =

2
. T o, m
—n Vep(—m,y) — o Ly (=m,v) + /O — I+ (-m,7)

{ 5 ) : (6)

. T o
$Lan0)+ Vou(10)+ 1 Vi (7,0 =
, 2 am
—n z:+(_m,,7) o Verlmm ) = Ve (=my)

where

OO

Vz+(0“«¢.9):/0 E.(ps )eJ ?dp, I4(o,¢) = /0 I.(p, p)e’®dp

V})+(m¢)=/0 Ey(p, )€’ "dp, Tp+(a'.¢)=/0 H,(p,)e’™*dp

and where § = /72 —n%, m = — pcosy + /72 —n?siny, 7, = Jwius — a? and

— _€ s — 2 2
n = —={COSY — NSINY = 4/T; — m*.

3 GENERALIZED WIENER-HOPF EQUATIONS FOR IMPENETRABLE WEDGE PROBLEMS

Fig. 3 illustrates the problem of the diffraction by a plane wave at skew incidence on
an impenetrable wedge immersed in a medium with permittivity = and permeability u
with anysotropic surface impedances Z, and Zy,.

:(p,+®) ] [ H,(p, +®) ] [E:(p,—é)] __y [ H,y(p, —®) ] )
E (p +@) | M.(p,+®) | | Fo(p,—®) P =M.(p, -®)

Figure 3: Diffraction by a plane wave at skew incidence on an impenetrable wedge
immersed in an homogeneous medium.
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By using the same procedure of equations (6) we obtain functional equations that
hold in the angular region for negative value of ¢ (—y1 < ¢ < 0; in general v, # ¥).
For the problem reported in Fig. 3 we have y = —y; = ® thus:

T2 a, 1
3 Vz-é—(7770) - w_oé‘ p+(77,0) - (:8 Iz;—(n’O) =
T 0, m

= Ve (=m, @) = —= Loy (=m, @) + —

T02 o7
£ Iz+(7770) + Z‘)_/;Vp+(7710) + W Vz+(77, 0) =

Ly (-m, ®)

(87

‘I'O2 am
— nIz+(——m, @) + m‘/;.*_(*m, @) - m 2+(—m, (I’)

4 2 (8)

Ti : o,
€ Ve (1, 0) + == (17, 0) + — 1 (1,0) =
2 o, m
-n VZ+(—m, —@)-{- EI,,Jr(—m, —-q)) - z Iz+(—m, —@)
r? 7
I ) - —= —IHhY)— =V ,0) =
§ I:4(n,0) Y o+ (—1,0) w 2+ (7, 0)
T2 am

Ly (—m, =) — L2V, (—m, @) + 2V, (—m, —®
+( ) oh p| ) oy +( )

By considering the Leontovich boundaries conditions on the wedge’s faces (7) and
the functional equations for the two angular regions (0 < ¢ < ® and —® < ¢ < 0) (8),
we obtain the following system of equations:

G(m) X 4(n) = X_(m) )
where G(n) = D~1(m)S(n) and
Ver (n,0) ZoIpp(—m, ®)
V. (7],0) “ZoIz (—mv @)
X _ o+ . X — + 10
+(m) ZoI,1(n,0) (m) —Z, Iy (—m, —®) (10)
Z,I,4(n,0) Zoloq (=m, —®) |
and
2
¢ o g
T e | Dy(m) 0
_ A L . \m) 2
S(n) - AN 7.3 ’ D(m) - 02 Dg(m) (11)
£ 0 k &
Qo To2
FE ¢ 0
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with 5
—_n 22 _ 2 —n 2% — mao
Dy (m) nan 12 A
1\m) = a 2 a a2
_mzjo, + 217, _ Mzl | 2397,
k 5 k k k
T, mao
—n 2t — —g— —n2b, - —=2
Da(m) = b 2 b ' 2
( MZu% _ ZaTo 4 ME2% 29270
k k k k

Eq. (9) constitutes a system of Generalized Wiener-Hopf Equations (GWHE)
which differ from Classical Wiener-Hopf Equations (CWHE) because the unknowns
are defined into two different complex planes (7 and m).

4 PROCEDURES FOR SOLVING THE GWHE

In general in an arbitrary wedge problem several homogeneous angular regions are
present and for each of them functional equations of the previous kind hold. By
enforcing the boundary conditions relative to the different angular regions, we obtain
GWHE of the following form (12) where the number of m; spectral variables depends
on the number of the angular regions. In general GWHE for wedge problem presents
the following form:

> G X+ (n) = ~Yip [-mi()] (12)
7=1

where the unknowns X, (o) and Y, (a) are plus functions i.e functions regular in the
half-plane Im[a] > 0.

We recall that the all problems, that have been solved in closed form by the
Malyuzhinets-Sommerfeld method, yield matrix kernels which can be factorized in
closed forms [2]-[5]. From closed form factorization we obtain closed form solution
of the WH problem. Tn particular these kernels assume the Daniele-Khrapkov form [2].

However, no analytical solution technique exists for problems involving different
wave numbers m;.

In the following subsections we analyze the different procedures to solve GWHE, in
particular we focus our attention on the solution of wedge problems.

4.1 Reduction to Classical Wiener-Hopf equations

For impenetrable wedge problems immersed in an homogeneous medium eq. (12) reduce
to eq. (9) with unknowns defined in only two spectral domains (7, m). By using the
special mapping

@ —
n=mn(n) = —1,cos [— arccos [— E]}
w ToJ
we obtain that
@ —
m = m(i) = 7, cos [; arccos {— EJ + @]

To
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and egs. (9) reduce to Classical Wiener-Hopf equations:
GmX+ () = X-() (13)

where X4 (7) = X1 (1(5)) and X_(7) = X_(m(%)). When the matrix C_}’(ﬁ) has closed
form factorization the solution presents the following classical form where T, 7, depend
on the plane wave source:

+(0) = G5 (M) G+ (7o) 725
~() = G- ()G ()7L

4.2 Moment method

An approximate method to solve the GWHE equations is the moment method. The
unknowns X4 () are written in term of expansion functions W) (n) (r =1,2,...)

Xip(n) =Y Ciwl, ()

By applying the Parseval theorem it is possible to eliminate the unknowns Y;y(—m)
from eq. (12) with a suitable choice of test functions ®}, (m;):

m .

/ &5y (=ma) Yig (—=mi)dm; =0

—00

The application of the Moment Method yields the following system of linear equation:
n

Z MiCi =

Sr r
=1 r

where -
M= [l cm) Gyl (ol
-0
and C? are the expansion coefficients.
The success of the moment method depends on a suitable choice of the expansion
and test functions.

4.3 Use of the approzimate decomposition technique

The presence of a rational kernel yields to closed form solution of GWHE. This
property suggests the introduction of rational approximate kernels. In particular this
method is efficient when the rational approximate kernels do not lose the physical
properties of the original kernels and the mathematical consistence of the problem.
Padé approximants and interpolation methods are very convenient to obtain rational
expressions of the elements of the matrix kernels. However we experienced that the use
of rational approximants produces very good results only when the kernel presents a
dominant discrete spectrum (Waveguide problems). In wedge problems the spectrum
is continuous, thus the use of rational approximant seems to be less convenient with
respect to the Fredholm equation approximation described in the next subsection.
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4.4 Reduction to Fredholm integral equation

For impenetrable wedge problems immersed in an homogeneous medium we obtain eq.
(13) with unknowns defined in only one spectral domain (7).

Using the Cauchy decomposition formula we obtain that the factorization problem
for the plus unknown and for the plus factorized matrix can be reduced to a Fredholm
integral equation of second kind [4]:

_ &« _.’L‘ _C_;" X'i x )
G(f?)Xi+(n)+2;j/_n[G() (] Xir(2), _ R

T—7 m—Tp

where 5%'&'; is related to the source term (plane wave).

5 SOLUTION

5.1 The Fredholm equation in the w-plane

We introduce the w-plane and the w-plane defined through the following equations:

1= =T, COSW, = —T, COSW, W= ;ﬂ)
The introduction of these new planes is important to evaluate the far field in terms of
the Wiener-Hopf solution X, (7) by using the standard procedure based on Sommerfeld
functions, see for example [8]. We use the spectral transformation @ = —x/2 + j ¢ to
obtain a new Fredholm equation (14), which shows good convergence properties by
using simple quadrature scheme (step approximations) [4], [5], [9].

1 [+ _ R;
HBY:(t) + — M(t,w)Y;(u)du = ~———F—= -
(OYi() + (t, w)Y;(u)du To(jsinh t — cos wy,)

27§ J_o (14)

where

, ~ s ~ /. T - B - )
= =Tocoswy, G0) =G (ji=5) = HO), Xar(w) = Xy (ju- 1) =¥i(w),

[ H(uw) - H(t) H(u) - H(t)
M(t,u) = I, ==1t,1
(tu)=1f {u st {—sinh u 4+ sinh ¢ coshuf, —sinh u 4 sinhtCOShu}

with If{condition,t, f} that gives t if condition evaluates to True, and f if it evaluates
to False.

5.2 Far field evaluation

The W-H solution provides the Laplace transforms of the electromagnetic field
components X (7). The definition of the Sommerfeld functions (15) in terms of the
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W-H solution allow asymptotic evaluation of the field’s components (16).

; 2
-
sg(w) = % —7, 8in wV,4 (=7, cosw, 0) + j; o+ (—To cos w, 0)
LT P ap—

we 2 (15)

T
sg(w) = % —Tosin wl,4 (—7,cosw,0) — c_ao— o+ (—To cosw, 0)
+ 2Ty (o5 1,0)
wit

1 .
Ez(p, 90) = % [/ SE[’U) T (‘D]€+JTOCOS[w]de’]

. | (16)
H.(p. ) = 5 U sulw +¢let™ “’s[“’]”d“’}
Using the saddle point method on egs. (16) we obtain the far field decomposed in three
components:
E:(p, %) = EZ(p, ) + EZ(p, ) + EX(p, ¢)
H.(p,¢) = H(p, ) + Hi(p, ) + H:(p, ¢)

where E(H)(p,¢), E(H)(p,¢). E(H)5(p,) represent the geometrical optics
contribution, the diffracted fields and the possible contribution of the surface waves.
The diffracted field is evaluated through the Uniform Theory of Diffraction [10].

6 NUMERICAL RESULTS

6.1 The non symmetric wedge at normal incidence with surface wave
contribution

This case analyzes a well-known in literature test case reported in [8] by using our
methodology. In particular we evaluate the total field H, due to an H-polarized plane
wave at kp = 10 from the edge of an impedance wedge with reference to Fig. 3 and
with the following parameters: E, = 0, H, = 1, ¢, = /2, ® = T1/8, z, = 0.01
(quasi-perfect conducting face), z, = sin(f), € = 0.01 + (inductive impedance),
Zap = ZoZap, Zo = 3772 Fig. 4 presents the total field and its decomposition into
three components: GO field component, UTD field component, Surface Wave (SW)
field component.

6.2 The non symmetric impedance wedge at skew incidence

Fig. 5 shows the copolar GTD Diffraction Coefficient (we observe E, with an F,,
incident field) for the arbitrary impenetrable wedge at skew incidence. Two different
test cases are presented with the following common parameters: ¢, = /2, E,, = 1,
H.,=0,=7r/8, 3 = r/3. The two test cases differ on the face impedances: 1) z, = 0,
2, = 0 (PEC wedge) and 2) 2, = 10, z, = 0.
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185

tar

14

6.8

LE 3y

LN

@ 3

Figure 4: Total field, GO field component, UTD field component and SW field
component for kp = 10, ¢, = /2, E, = 0, H, = 1, ® = 7n/8, z, = 0.01,
zp = sin(6y), 0, = 0.01 + ).

REFERENCES

(1]

[4]

B

Daniele, V.G., 2000, Generalized Wiener-Hopf technique for wedge shaped regions
of arbitrary angles, 2000 International Conference on Mathematical Methods in
FElectromagnetic Theory (MMET 2000), Kharkov, Ukraine, pp. 432-434.

Daniele, V.G, 2003, The Wiener-Hopf technique for impenetrable wedges having
arbitrary aperture angle, STAM Journal of Applied Mathematics, vol.63, n.4, pp.
1442-1460.

Daiiele, V.G., Lombardi, G., 2003, Generalized Wiener-Hopf Equations for Wedge
problems involving arbitrary linear media, Proceedings of International Conference
on FElectromagnetics in Advanced Applications (ICEAA), Torino, Italy, pp. 761-
764.

Daniele, V.G., 2004, The Wiener-Hopf technique for wedge problems, Rep. 2-2004,
Dipartimento Elettronica, Politecnico Torino.

Daniele, V.G., 2004, An introduction to the Wiener-Hopf technique for the solution

of electromagnetic problems, Rep.1-2004, Dipartimento Elettronica, Politecnico
Torino.



DAYS on DIFFRACTION’ 2005 61

40 T

— PEC
o za=10,zb=0

35r

30r
25F
20¢
151
101

-Tn/8 -2 0 /4 /8

Figure 5: The copolar GTD Diffraction Coefficient.
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