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Abstract—Dyadic Green’s functions for inhomogeneous parallel-plate
waveguides are considered. The usual residue series form of the Green’s
function is examined in the case of modal degeneracies, where second-
order poles are encountered. The corresponding second-order residue
contributions are properly interpreted as representing “associated
functions” of the structure by constructing a new dyadic root function
representation of the Hertzian potential Green’s dyadic. The dyadic
root functions include both eigenfunctions (corresponding to first-order
residues) and associated functions, analogous to the idea of Jordan
chains in finite-dimensional spaces. Numerical results are presented
for the case of a two-layer parallel-plate waveguide.
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1. INTRODUCTION

In waveguiding structures the field due to an impressed source is
often represented in terms of a Green’s function. In general three-
dimensional parallel-plate waveguides the Green’s function can be ob-
tained in a number of ways. One method (method i) is to expand
the Green’s function in the vertical-coordinate (perpendicular to the
guiding plates) eigenfunctions, obtaining a discrete series of one-di-
mensional eigenfunctions multiplied by a closed-form two-dimension-
al Green’s function in the longitudinal infinite coordinates. Another
method (method ii) is to expand the Green’s function as a two-dimen-
sional continuous eigenfunction expansion in the infinite longitudinal
coordinates (i.e., a Fourier transform), obtaining a two-dimensional
integral representation having as kernel a one-dimensional closed-
form Green’s function in the vertical coordinate. In another method
(method iii) the Green’s function is represented as a three-dimensional
expansion in terms of a two-dimensional continuous eigenfunction ex-
pansion in the infinite longitudinal coordinates (Fourier transform) and
a one-dimensional discrete eigenfunction expansion in the vertical co-
ordinate. This results in a purely spectral form that is not convenient
computationally since it involves both integrals and series, but is useful
for theoretical manipulations.

The ability to obtain the Green’s function by usual eigenfunction
methods depends on the eigenfunctions forming a basis in the underly-
ing function space. This question, in turn, depends on self-adjointness
of the governing differential operator. In general, the eigenfunctions
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associated with a self-adjoint boundary value problem form a basis in
the underlying Hilbert space [1]. If the boundary value problem is not
self-adjoint then the eigenfunctions may not form a basis, although the
root functions, which include the eigenfunctions as well as functions
associated to them (associated functions), will often form the desired
basis [2].

If the medium filling the waveguide is lossless and a radiation
condition is imposed in the longitudinal infinite coordinates, then
the governing three-dimensional differential operator is formally self-
adjoint, but not self-adjoint. If the medium filling the waveguide is
allowed to admit dielectric loss, however small (which will be assumed
in the following), and is homogeneous, then the problem is self-adjoint
in the usual L? space; the resulting eigenfunctions form a basis,
and ordinary eigenfunction expansions are sufficient to represent the
Green’s function. Any of the methods (i), (ii), or (iii) are valid.

For parallel-plate waveguides filled with inhomogeneous lossy
media the situation becomes more complex, as one obtains a self-
adjoint operator in the longitudinal (infinite) coordinates, but not
generally in the vertical coordinate. For certain combinations of
structural and electrical parameters resulting in nontrivial modal de-
generacies, the vertical-coordinate eigenfunctions fail to form a basis
in the underlying Hilbert space. In this case the discrete series of
eigenfunctions will not represent the Green’s function, and methods
(i) and (iii) will fail at these points. In most cases of physical interest,
however, the root functions will form a basis in the desired space.
In this case root function expansion solutions can be used, providing a
correct representation using methods (i) or (iii), although the resulting
expansions are somewhat complicated. In electromagnetic theory this
problem has been pursued primarily in the Soviet literature [3-8]. A
related discussion concerning associated waves is provided in [9, pp. 50—
59], where the example of a hollow parallel-plate waveguide with an
impedance wall is explicitly considered.

It can be appreciated that, in general, method (ii), which com-
bines Fourier transforms in the infinite longitudinal coordinates,
and the solution (using nonspectral methods) of a one-dimensional
boundary-value problem in the vertical coordinate, is the “safest”
method to obtain the Green’s function. It is easily shown that the
integrand of the resulting inverse Fourier transform representation
of the Green’s function is meromorphic in the transform plane, and
complex-plane analysis can be used to obtain a discrete residue series
form for the Green’s function. The resulting series is obviously related
to an eigenfunction expansion; poles of unity order correspond to
eigenfunctions, whereas higher-order poles correspond to associated
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functions. The benefits of this procedure, compared to starting directly
with a root function expansion, are that the root functions are auto-
matically obtained (both eigenfunctions and associated functions) and
normalized. Thus, knowledge of the dispersion behavior of the modes
(necessary to find the poles and ascertain their multiplicity) leads to
a simple, rigorous method of obtaining a discrete series form for the
Green’s function, without the need to explicitly study root functions
and their complicated orthogonality relationships.

In this paper we present dyadic Green’s functions for inhomoge-
neous parallel plate waveguides, developed using method (ii), and ob-
tain a discrete dyadic residue series form using complex-plane analysis.
The purpose of the paper is fourfold. First, we discuss the possibility
of nontrivial modal degeneracies which render eigenfunction expansion
methods (the usual method) invalid at certain points, necessitating
the consideration of root functions. Second, in order to interpret the
dyadic residue series form of the Green’s dyadic, we introduce the idea
of dyadic root functions (dyadic eigenfunctions and dyadic associated
functions), rather than the usual vector or scalar eigenfunctions. These
dyadic functions capture the physics of the problem in a compact form.
Third, for first-order poles we show that the resulting dyadic residues
are dyadic eigenfunctions of the governing differential operator, and
that for higher-order poles the dyadic residues are related to dyadic
associated functions. Although it is not our intent to develop the
dyadic root function expansion approach thoroughly, for completeness
we discuss dyadic root function expansions and properties of the dyadic
root functions. Finally, we examine numerical consequences of nontriv-
ial modal degeneracies and the failure of the eigenfunctions to form a
basis in such cases.

2. FORMULATION

2.1. Nontrivial Modal Degeneracies

For any waveguiding structure source-free Maxwell’s equations, field
continuity conditions, and boundary conditions can be converted into
a functional equation for the discrete modes of the structure,

A(ky,w,6)X = 0. (1)

In (1) k, is the longitudinal spatial Fourier-transform variable re-
presenting the modal propagation constant, w is the temporal Fourier-
transform variable representing angular frequency, ¢ is a vector of n
electrical (e.g., permittivity, permeability) and structural (e.g., dielec-
tric thickness, waveguide dimensions) parameters, and X represents a
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modal field distribution. We consider each of the variables (k,,w) in
the complex plane C, and assume that ¢ € C” is specified. Nontrivial
solutions of (1) are obtained from the implicit dispersion equation

H(kp,w,s) = det(A(kp,w,¢)) =0 (2)
leading to modal propagation constants k, = k,n(w,s). If

0
8—]%H(kﬂvw7§> =0 (3)
in addition to (2), then k = k,, is a double root of H = 0 signifying
a modal degeneracy (i.e., a point at which two modes have equal
propagation constants). If the corresponding modal field patterns are
different, in particular, orthogonal in some sense, then the degeneracy
is trivial, otherwise the degeneracy is called nontrivial [8]. Obviously,
higher-order roots can be obtained in an analogous manner.

At a nontrivial modal degeneracy the complex pair (k,p,wn)
obtained from the solution of (2) and (3) can be classified in several
different ways. If, in addition to (2) and (3),

(a%mkp,w,g)) (aa—,:gﬂufp,w,c)) #0, (4)

then (kyn,wp) is called a fold-point, which has been shown to occur
at modal cutoff points as well as at certain modal interaction points
[10-12,15]. Alternately, if, in addition to (2) and (3),

0
%H(kpvwac) - Oa (5)

then (K,n,wy) is called a critical-point of the mapping H : C"*2 — C;
certain critical points have been shown to occur in the vicinity of
traditional mode-coupling regions [10, 13—15]. In the following we will
be interested in fold-type points, which are analogous to those explicitly
considered in [12] for an open grounded dielectric waveguide. It has
been shown [11] that the frequency w,, arising from the solution of
(2) and (3) is a branch point in the complex frequency plane, which
impacts transient modal analysis [16].

As an example, consider the parallel-plate waveguide depicted in
Figure 1. Dispersion curves (8 = k,, ko = wy/Hogo) for the first eight
TM? modes are shown in Figure 2 for di = do = d, €3 = €p, and
g9 = (2.25—10)eq (lossless case). It is obvious that modes do not couple
or interact. The case of strong dielectric loss, €2 = (2.25 — i1.0)ey, is
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Figure 1. Two layer parallel-plate waveguide.
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Figure 2. Dispersion curves for the first eight TM” modes of the two-
layer waveguide shown in Fig. 1, with €3 = ¢, g9 = (2.25 — i0.0)eo,
and d; = do = d (lossless case).

shown in Figure 3 (the first six TM” modes are shown). The modes
significantly differ from those in the lossless case.

At a critical value of loss, €3 = (2.25 — i1.735522)eq, the first
two modes intersect at kod = 1.303347 forming a nontrivial modal
degeneracy, as shown in Figure 4. Although this critical value of loss
is quite high, it is considered here merely to demonstrate the desired
phenomena; the resulting degeneracy is convenient since it involves the
two lowest-order modes. Exactly the same phenomena occurs for lower
values of loss, with the corresponding modal degeneracies involving
higher-order modes. Furthermore, although such large loss values
are not relevant for most electronics applications, material properties
similar to the considered values may occur in geophysical applications.
Nontrivial modal degeneracies also occur for anisotropic media even in
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Figure 3. Dispersion curves for the first six TM? modes of the two-
layer waveguide shown in Fig. 1, with e3 = g¢, €9 = (2.25 — i1.0)eo,
and d; = do = d (lossy case).

the lossless case.

For loss below the critical value, i.e., for Im{e2} > —1.7355219,
these two modes do not intersect (see, e.g., Figure 3), yet for Im{es}
near the critical loss value these two modes approach each other near
kod = 1.3. In this case a fold point that interconnects these two
modes resides in the fourth quadrant of the complex kod (analogously,
frequency) plane, which is the quadrant in which the fold point resides
in the lossless case. As loss increases this fold point moves towards the
real axis (see, e.g., Figure 6(c) in [12] for the analogous case of an open
dielectric slab), and at the critical loss value the fold point resides on
the real axis at kod = 1.303347. As loss is further increased beyond
the critical value the fold point moves into the first-quadrant of the
complex plane. For the critical value of loss, and at the corresponding
critical value of kod (frequency) corresponding to a modal degeneracy,
double poles of the Green’s function exist, which are the subject of this
paper.
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Figure 4. Dispersion curves for the first six TM” modes of the
two-layer waveguide shown in Fig. 1, with e3 = &9, g2 = (2.25 —
11.735523)e, and d; = d2 = d (first two modes are degenerate).

2.2. Dyadic Green’s Functions and Dyadic Residues

Consider a planarly inhomogeneous medium inside a parallel-plate
waveguide. Maxwell’s equations are

V x E(r) = —iwu(x)H(r) (6)
V x H(r) = iwe(z)E(r) + J(r),
where J represents an impressed source. Assume that e(x) and p(z)

are piecewise constant, complex-valued functions, forming M material
layers, with the j* layer being

Q; ={(z,y,2) : x € (aj_1,a5), —00 < Y,z < 00}, (7)
where
;Eﬁ; z ij} for =€ (aj-1,a;) (8)

with Im{e;} < 0, Im{p;} < 0. As an example, a three-layer parallel-
plate waveguide is shown in Figure 5. For simplicity, assume that the
source current has compact support in one region, §2;.
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Figure 5. General, three layer parallel-plate waveguide.

In addition to satisfying Maxwell’s equations (6), E and H satisfy
the continuity conditions at each dielectric interface a;, i =1,..., M —
L,

Xx (Et(r)—E (r)) =0, rc€a,,
X X ((}I+(r) —-H (r)) =0, rc€a, ©)

where +/— indicates a position infinitesimally above/below the inter-
face, the boundary conditions at the surface of the perfect conductors,
interfaces ag and ajy,

XxxE(r)=0, r€ag,ap, (10)
and the condition at infinity

Jim B [HE)| =06, 2P e
The condition at infinity replaces the usual radiation condition for
the case of dissipative media, and leads to a unique solution of the
excitation problem [6]. It also renders the fields Fourier transformable
in the longitudinal coordinates in the classical sense, since they decay
sufficiently fast as |y|, |z| — oc.

The electric field in the ;% layer is

EV)(r) = (k7 + vV )rU(r),

A A 12
HY (r) = iwe; V x 7 (r) 12)

where k; = w,/f1j€;, and where the potential 79 is obtained by solving
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the set of M Helmholtz equations (one for each region)

(V2 + k) m@O(r) = - =, r €,
iwe;
' r €, (13)
(V2 + k3)=U)(r) = 0, j=12,...,M,
J# i
subject to the condition at infinity
_ 6>0, reQy,
Jim |70 ()| = O™, LT Ty (14)

and appropriate boundary and continuity conditions on 7 at the
interfaces a;, i = 0,1,..., M, arising from (9)—(10). Specifically, at

each dielectric interface a;, i = 1,..., M — 1, the potential must satisfy
[17]
Wﬁ_NQng ﬁ:xaywza
ont or,,
= N2 =
oz For 7YV (15)

orr O, or,  On;
x x —_ _ N2 o 1 Ty z
<8a: 8:5) (V% )<8y+8z>’
where N% = ¢~ /eT, and at each surface of the perfect conductors,
interfaces ag and ayy,

ﬂ—a = 07 Q= y? Z’
Oy 0 (16)
or

To facilitate spectral analysis one can consider the M Helmholtz
equations (13) as one equation,

— (V2 +k*(z))m(r) = J(r) 7’ r e U Q;, (17)

zws l’

where k(z) = wy/u(x)e(z) subject to the above described continuity
and boundary conditions imposed at the various interfaces, and the
condition at infinity.

The equation for the potential (17) can be solved subject to the
continuity and boundary conditions (15)—(16) to yield [17]

/G” ') ()dQ’ (18)

zwaz
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where GU*) (r,r’) provides the field at r in region j due to an elemental
current source at r’ in region 4, and is not, in general, a diagonal dyadic.
The Green’s dyadic is a solution of

(V2 + k?)g(i’i)(r,r') =-15(r—1'), r,r' € Q;, (19)
i reQ,, I'IGQZ',
(VQ + k?‘)g(]’ )(I‘,I‘/) =0, j=1,2, J A (20)
which can be combined into the single equation
—(V? + K*(2))GU) (r,1') = I6(r — 1) (21)

where ¢’ € Q;. The Green’s dyadic is subject to the condition at infin-
ity

. i) —1-6 6>0, re,

Jim [GUI] =070, ST (22)
and to the boundary and continuity conditions imposed on 7, elevated
to dyadic level; at each dielectric interface a;, i =1,..., M — 1,

N P + _ N2
Gwﬁ = N¢Gw, Gon = N1GLy, (23)
oGL. oG, oG G,
TT x| _ oo N2 aa 2

< Ox Oz ) Oz T or (24)

oG, 0G_, G,
T za | N2 -1 aa 25
< oz Ox > (Nz—1) da ' (25)
B - x7 y7 Z7 a = y’ Z? (26)

and at the perfectly conducting walls (ag and ajs) boundary conditions
are

Gaa =0, a=Y,z (27)
Wi _0, ey (28)

Due to the longitudinal invariance in the y and z coordinates
and the condition at infinity, one can write (21) in the spatial Fourier
transform domain as

2 . .
- (g~ PP@)) GOt by k) =L - ) (29)
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where p(z \/k:2 + k2 — k?(x), leading to

i 1 [ LG iky (y—y') Liks(z—2
GO (r, v ::25%55/( /ﬁofiﬁ’)(x,a/,ky,kz)ek@(y D)= gl s,
(30)
:—j‘gmw%m%%wmmp (31)

where k2 = k7 + kZ and p = \/(y —¢/)?> + (z — 2/)2. The first form
(30) comes from a double Fourier transform on the infinite coordinates
y and z, and the second form (31) can be obtained from the first form.
Therefore, both forms are “safe” in that they don’t rely on spectral
properties of the z-coordinate part of the operator —V?2. Instead,
they make use of completeness of the y- and z-coordinate continuous
eigenfunctions in L?(—o0, 00) x L2(—00, 00) (i.e., the Fourier transform
technique). It can be shown that the form

GU(z, 2 k) = x%r0) (2,2, k,) + (55 + 22)r") (2,2, k)

0 0N (32)
+ (Xya—y + XZ@) r0D (z, 7' k,)

holds in general for any planarly-layered medium (i.e., for any number

of layers). The coefficients rl(,j ) are determined by the specific structure
of the waveguide and have the general form

nn(x, @', ky) _n e, kp)nb(zs, k)
2t (k) 2t (k) ’
nt(x’xlvkﬂ) _ n <x<7 ) (
zte(kp) zte(kp)
ne(z, o', k) ny(z,
2 (kp)zte(kp)

Tﬁiﬁi) (x7 .Z'/, kp) = (33)

199 @,/ k) = ko), (34)

L COUNI—-

ng,l) (x, x/’ kp) = Zte(kp)ztm(kp) ’

- KC(kp)

where z. (z-) indicates the lesser (greater) of the pair x and 2/,
Ztmte) (k) = 0 are the dispersion equations for TM (TE) surface-
wave modes of the inhomogeneous parallel-plate waveguide, and n,,
v = n,t,c, are coefficients that depend on (i,7) and on the structure
of the waveguide (see, e.g., (118)—(124)).

Due to the presence of the top and bottom perfectly conducting
plates, the dyadic GU*) (x,2',k,) is meromorphic in the lower-half
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complex k,-plane, leading to

GU(r,r') =
i\ i 0 d y
B 5 71221 <§§R7(LM) (r, r,’ kPne) T (;{?0—]/ * )/E/Z\a) REN)(I‘, I'/, k‘pne)>
- —nhZ:I( yy+zz)R )(1‘» v’ Kpny, )+ <Xya—y +xz&> R(J’ )(r,r’ k,mh)>

(36)

where RY) are residues of the product (r () (x, 2" k )H(2)(k: p)ky),

n,t,c n ,t,e
respectively, with the index n. used for TM (E) modes and ny, for TE
(H) modes.
Using the formula for the residue of a function f at an m'-order
pole k, = k,p,

m—1
L ki) . @)

Res,(f) = e
(m = 1)t dk~! kp=kon

we have for first-order poles (the usual case)

i 1,2, ko) HS? (Kprap) i
Rl(/ 7])(1'7 1'/7 kpn) = pzl(kp?l) £ £ . (38)

It will be shown that n, are proportional to the product of eigen-
functions u,(x) and conjugate adjoint eigenfunctions v, (x’) (see (82)—
(85)). Therefore, the first-order residues have the form of the product
of eigenfunctions and conjugate adjoint eigenfunctions, multiplied by

the radial Green’s functions H(()Q)(k:pn,o),

2 2 —1 - e*ikpnp
H ) o | 8 =22 (39)

for |kynp| > 1, which provides the usual cylindrical wave propagation
behavior.
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For second-order poles,

iy d ny(z, 2, k H(g)kpk
P r kp=kpm
(40)
2 d / (2)
= —— | —\n(z,x', k) Hy " (kop)k
2" (kpm) (dk‘p[ ( p)Hy" (kpp) P} A
[, Kon) HE (o) i 2" () )
32" (ko) '

It is clear from (41) that the second-order residues can be written as

Rz(j’j) (I‘, r/7 kpn) = Conu(l'a 37/7 kpn)H(gQ) (kpnp) +Cln;/ (xa xlv kpn)HéZ)(kpnp)
+ cany (2, @, ki) pHY (ki) (42)

where cg 12 are constants and nl, =dn,/ dk,. The term

1 (2,7 Kopn ) HS? (K ) (43)

is the same as that encountered in the case of first-order residues (38),
and has the usual propagation behavior of eigenfunctions propagating
as cylindrical waves. Since derivatives of eigenfunctions lead to
associated functions as shown later (see, e.g., (97)), then the term

n! (2,2, ko ) HS (K pmp) (44)

is related to associated functions propagating as cylindrical waves. The
last term in (42),

(2,2 kp) pH ) (K prp) (45)

involves the eigenfunctions via n,. However, the propagation factor is
pH 52), which has the asymptotic form

pH1(2)(kpnp) ~p < 2 ei(kpnp37r/4)> ~ \/ﬁefikpnp (46)
\/ Tkonp

for |konp| > 1. Therefore, this term has unusual propagation
characteristics, and would grow according to the factor \/p if not for
the exponential decay provided by the complex-valued poles (due to
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the assumed dielectric loss, which itself is often the reason for the
occurrence of nontrivial modal degeneracies). Thus, the second-order
poles lead to residue contributions which are very different than for
the first-order poles.

In the case of lossless media the conditions at infinity (11),
(14), and (22) are no longer valid. In this case waveguide radiation
conditions must be used, and the corresponding problem is non self-
adjoint even for the case of homogeneous media. As a result, complex
modes may still occur in the lossless case, although they carry zero
total power flux. A principle of radiation that leads to a radiation
condition is formulated in [18,19].

2.3. Dyadic Eigenfunctions

To interpret the dyadic residue series (36) we introduce dyadic
eigenfunctions satisfying (analogous to (29))

~ (dd_; _ p2(x)> u, () = A, (), (47)

where u,, has scalar components um], i,j = x,y,z, and where
p?(x) = k‘g k%(z). We rewrite (47) as

2
<dd 2 kz( )) u,(z) = yu,(z), =€ (ao,am), (48)

where v, = A\, kp, subJect to the continuity conditions at the dielec-

tric interfaces a;, 1 =1,..., M — 1,
:xﬁ N:?: nzﬁ’ un _N:%: 7;(1047 (49)
aun T _ 8un,zx 8un,aa _ 2 8un,aa (50)
ox or ' Ox T oox
out ou,, . _
( élea - 87;$Q> = _(NZ?: - 1)(Zk06)un,aa7 (51)
ﬁ = y7 o = ?/, (52)
and boundary conditions at the perfect conducting walls (ag and ayr)
Un,aa = 07 a =Y,z (53)
0
% =0, 8=xy,z. (54)

Note that un,ga(:c) = Un,ﬁa(% Yn)-
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From the conditions (49)—(54) it is clear that only dyadic compo-
nents u, »3, 8 = 2,¥, z, and Up qa, @ = ¥, z, are nonzero, and, moreov-
er, that the equations for u, ;, and for the pairs (un,aa(a:), unvm(az)),
a = y,z, all decouple from each other. Also, it can be shown that
the continuity and boundary conditions for u, aq, = y, 2, result in
TE modes, those for u, s, lead to TM modes, and those for uy gz,
a =y, z, can result in either type of mode (depending on the presence
or absence of u,, ,, on the right-side of (51)). Therefore we have five

decoupled (independent) dyadic problems,

2
~ (P20 ) o) = ), (55)
d2
(W) wt ) = @, amwe (69
d2
(R ) w @) =@ a=pe (5)

with n. indicating TM (E) modes and ny, indicating TE (H) modes,
where

[Une za(z) 0 O] [0 Up, zy(z) O]
u;t(x) = 0 0 0|, uf(z)=]0 0 of,
. O 0 0f 10 0 0
[0 U, wy(x) O] 0 0 up, 22(2)]
w?(z) = |0 up,yy(z) 0], upi(z)=|0 0 0 ;
0 0] 10 0 0 |
(0 0 up, 22(2)]
wi =00 0 (59)
10 0 Unh,zz(x)_

Note that ud® only needs to be obtained for one «, either a = y or
a = z; up to an arbitrary constant the corresponding non-zero entries
have the same form.

Since the operator is nonself-adjoint we must consider dyadic
eigenfunctions adjoint to the ones considered above. Let I' = (ag, ar)

and consider the inner-product

() = /F u(e) : ¥(z)de (59)

3
:/FZ uij(a:)@;j(x)da: (60)

t,j=1
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utilizing the double-dot product notation [20], where the overbar
indicates complex conjugation. The dyadic functions of interest belong
to the Hilbert space H = L2(T") consisting of dyadics such that

lulf? = (u,u) = /F u(e) : u(z)ds (61)

3
= /F Z luij(z)*dx < oc. (62)

i,7=1

Defining the operator A: H — H as

d? 9
A:_<@+k (x))’ (63)
Dy ={u: [luf <oo}
where D4 is the domain of A, then from
(Au,v) = (u, A"v) (64)
the operator adjoint to (63) is

@
r=- <@ * kz(‘”) ’ (65)
Dae = {v: |lv]| < 00} = Dy

leading to the adjoint eigenvalue problems

2
~ (P20 ) i) = v, (66)
2 -
(@) i) =i a=wa 60
d? -
(R i) =@, amus 69

where v = 7,,. Adjoint continuity conditions are found to be quite
different than (49)—(52), and are obtained as

_ _ -2

UTL,CC,@ = U;::D,B’ 'U,rhaa = NI,U;:CKON (69)

v _, 0v’
n,z3 — ?F n,z3 , (70)

Ox Ox

v —9 8U+ —9
n,oo n,ao . +

O A== ox - _(N:F - 1)(Zka)vn,ma7 (71)

B = x7 y7 Z7 Q= y) Z? (72)
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at the dielectric interfaces a;, ¢ = 1,...,M — 1. Adjoint boundary
conditions at the perfectly conducting walls (x = ag, aps) are the same

as (53)—(54),

Un,aa = 0, a=1Yy,z, (73)
Oy, 2
% :07 ﬁ:x7yaz- (74)

From the boundary and continuity conditions it is found that the
adjoint eigenfunctions have the form

[Vnezz(xz) 0 0] [0 vp, ay(x) O]
Xﬁf(x) = 0 0 0], X%Z(x) =10 Une,yy(@ of,
L O 0 0] 10 0 0]
[0 0 07 [0 0 vy, 2(2)]
X%‘z () = |0 vpypy(z) OF, Kzi (r)=10 0 0 )
10 0 0] 0 0 vy, .z(2)
0 0 0
Voo (x)= (0 0 0 . (75)
0 0 vy, ()
It is a simple matter to obtain the orthogonality relationship
Furthermore, by properties of the dyadic double-dot product,
(pt,v)) =0, af=wzy>2 a#f (77)

If the dyadic eigenfunctions form an orthonormal basis of H then
making the expansion

g(l‘)zj?k/)) = Z(ane 7’L ( )+bneun +Cne )

(78)
+ Z dn, WY (2) + e, uz (7))
and exploiting orthonormahty leads to
G(z, 2, k)
)0, z0(2) | 0hY(2)0n, yy (') WE(T)0n, 22 (')
B Z k2 + 2 7 + k2
+ ’Yne 14 + 'Vne P + 'Yne

un vn ( ) EZZ (x)l_}nh zz (J?/)
+ h hsYY + h ’ 79
z( &
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such that
1 [ (2) u (2)0n, 2o (')
G(r,r') = o /_OO dkykpH (%P){;( K2+ Y,
u%y x)Up x! Hsz T)Un, 2z x
= e( 2) e,yy( ) e( 2) ’ ( ) (80)
k + ne kp + fyne

5 (Bl () | B0 0n())
k2 + Yn,, k2 + vy, ’

Due to the factor (ikq) in the continuity conditions (51) and (71), the
za entries of the dyadics ud® have a multiplicative factor (iky) such
that complex-plane analysm leads to the Green’s dyadic as a partial
(in the z-coordinate) eigenfunction expansion, (k,, = i\/Vn)

G, 1) = = 57 (02 ()T (&) + 022 (), ()

Ne

0 ()0, 22 (7)) HS (Kipn, )

S (U (@) () + U (@) 02 () HE (o 0)

" (s1)

where the xa entries of the dyadics u%“ have a multiplicative factor
8/aaComparing (36) and (38) for first-order poles with (81) we see that

(
20y (z, 2/, kpp,

k
)/ e = Une,xx(.%)'l_)ne,zx(x/)? (82)
(ztm )
2ny(x, ! k np kpn )
( P ), P — Unh,aa(x)vnh,oca(l‘/)7 (83)
(=% (kpns))
2 C ) ) n n v
ne(z, 2! kp o () nle), (84)
ztm(k}pnh) (Zte(kpnh ))
2ne(, 2, Kpne Joigne (85)

(Ztm(k/me )),Zte(kpne)

which provides an interpretation of the first-order dyadic residues in
(36) in terms of dyadic eigenfunctions associated with eigenvalues of
unit multiplicity.
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2.4. Dyadic Root Functions

Since the operator is not self-adjoint the Green’s dyadic (32) may
have poles of order greater than one. In this case, in addition to
eigenfunctions it is necessary to consider root functions [21-23], similar
to the idea of a Jordan chain in matrix theory.

Consider A as defined by (63). An element 0 # u,, ., ; € H is a
root function of rank m of the operator A : H — H corresponding to
an eigenvalue 7, if

(A Tn ) nm 1= O
(A —Tn )m 1—n,m—1 7é Q:

where m is a positive integer Every eigenfunction of A is a root
function of rank 1 (u,, = u,), and the root functions having rank
m > 1 are called associated functions (functions associated with the
eigenfunction). The root system of A is defined as the union of the
eigenfunctions and the associated functions.

In practice, to determine the associated functions, one starts with
an eigenfunction u,, = u, ( satisfying (4 —~,7)u,, = 0. If the equation

(A - ’YnI)Qn 1 =14, (87)

has a solution u,,, then u,, is a root function of rank 2; more
specifically, an associated function associated with the elgenvalue Yn
and eigenfunction u,,. Continuing, if

(A - ran)HnQ = Hn,l (88)

is solvable, then u,, 5 is another root function (rank 3), associated with
the eigenvalue v, and eigenfunction u,,. In general, we consider

(A - ’YTLI)Hn,k = Hn k—1 (89)

such that the chain {u,,u, ,, U,9,...,1 n;) consisting of the eigen-
functions and associated functlons is called a Jordan or Keldysh chain
of length j 4+ 1 corresponding to the eigenvalue 7,. The same ideas
apply to the adjoint eigenfunctions.

It is straightforward to obtain the orthogonality relationships

(86)

(Yo = ) (W, Vi) + (uo vl = (il vl ) =0, (90)
8 =uz,9,2, and p,q = 0,1,2,..., where for notational convenience we

define gg% =0 for p < 0, and that

<unp7_7€7,6q> 07 O‘aﬁ:xayaza a?éﬁa P»q:071727--- (91)
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Note that if 7, # v, then recursively we see that

(Wl vii) =0, pag=0,12,... (92)
In particular, if only the k" eigenvalue has multiplicity two (all

others having unit multiplicity) we consider the set {ggﬁ ,g’gﬁ,ggﬁ ,

Xfﬁl} corresponding to the double eigenvalue 7z, and {u2’, vi®} cor-

responding to the other eigenvalues n # k. Then

(W)’ v’y =0, n#m, nm#k, (93)
Wl v’y = @’ vy =0, n#k, (94)
(), v’y =0, (95)

(u}? @}% = <ufﬁ,zfﬁ ). (96)

The third condition, <ggﬁ ,yf’g ) = 0, is quite different than in the

case of rank 1 root functions (eigenfunctions, in which case the usual

normalization is @55 ,Xfﬂ ) = 1, and, regardless of normalization,

(w)’, vi%) #0).
By taking derivatives of (89) it can be seen that

1 0P
wlheom) = (S - o) uon) (97)
where ¢ is an arbitrary constant. Therefore, associated functions are
related to derivatives of eigenfunctions, as discussed after (46).

For nonself-adjoint operators the eigenfunctions do not generally
constitute a basis in the desired function space. However, the root
system often does, and in this case the Green’s dyadic may be expanded
in the root functions. For simplicity we will assume all eigenvalues have
multiplicity one except the k™™ TM eigenvalue, which has multiplicity
two, and we concentrate on the xz-component of the Green’s dyadic
(the other components follow similarly). Then

Guz(z, 2 k)p) = Z UnUng 22 (2) + O 2z (T) + g1 z2(2).  (98)
ne#k

Exploiting orthogonality (93)—(96) assuming the root functions have
been normalized as

(W v =1, n+#k, (99)

2n 2 Yn

(W v = ], v%) =1, (100)
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we obtain

Une ez (2') Uk e (')

0’6277 Ck: Y
" ’Yne"i‘kg "Yk‘i‘kg

(101)
'Uk,l@x (J}/) 'Dk’,x:c (ﬂﬁl)q k;gk@k,wm (x/)
b, = 5 = — — (102)
Y+ k2 Vi + k2 (v + K2)

where ¢ = (uk 1,22, Uk 1,22). Therefore

1 [ Une 22(T)Uny za (2
Ga;x(r7r/) = E/ dkpka(gQ)(ka){ Z : ( ) 7 ( )

2
- Ne #k ’Yne + kp

+ U 22 (.1‘) <

Iljk,lyxw(x/) . @k,mz(xl)q _ kﬁkl_}k,xx(-xl)
Vi + k2 Vi + k2 (v + k2)?

= /
Vi + K
leading to
N _ NED (s
Gag(r,r') = 1 Z Ung w2 (2)Un, 2 () Hy (Kpn, p)
neF#k
+ (Uk,zx(l')@k,l,:rx(xl) + Uk 1,zx («T)@k,xx(xl)
(104)

— U () Ok e (7)) HE (i)

- i uk,zx(x)@k,mz(x/)kgH(gm(kpp)
ok, (kp +iy/5)?

k,,:kp)

The summation corresponds to rank one root functions (eigenfunc-
tions), and represents the residues due to first-order poles (38) in (36).
The other terms in (104), arising from the &' (multiplicity two) eigen-
value (bpug zz(x) + Crg 1,20(z) in (98)), provide the contribution

CoUE, xx (x)@k,m: (xl)H(()z) (k;pnp)
+ €1 (ks (2) T 00 (2)) H (ki)

+ e2Uk 2 (x)ﬁk,m (x/)PH{m(kpnP) (105)

to the Green’s function, where eg ;2 are constants. Comparing (105)
and (42) we see that the contribution to the Green’s function from the
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root functions associated with multiplicity two eigenvalues correspond-
ing to nontrivial degeneracies, (105), has the same form as the Green’s
function contribution due to second-order residues, (42).

2.4.1. Example 1 — Homogeneously Filled Parallel Plates

Consider a parallel-plate structure, homogeneously filled with a medi-
um characterized by € and pg, with plate separation d. This can be
obtained from the structure depicted in Figure 1 if e3 = ¢, do = d, and
dy = 0. It can be shown that the Green’s dyadic (32) has the form

G(z, 2, k) = xxrp (2,2, k) + (Y +22)ri(z, 2, kp). (106)
where

(w2l k) = cosh[p(z — 2’ $262]Si;;;zlh[p(x + 2/ — d)] (107)

= sinh pz Sin};[zi(gh;;b)] (108)

ro(z, 2 k) = coship(e — :FQCQ]Si—;hC;Zh[p(x to —d) (109)

= cosh pr« Cosz[:i(jhp;> ) (110)

forz = o', with p = | /k2 — k2, k? = w?uoe, and kz = ki—l—kg It is clear

from the form of (106) that vertical currents excite vertical potentials,
whereas horizontal currents excite parallel, horizontal potentials (i.e.,
the dyadic is diagonal in this simple case; in (32) r. = 0).

The integrands are meromorphic in the lower-half complex k-
plane, with simple pole singularities at

sinh p,d = 0. (111)

Therefore, poles occur at p, = +inw/d, n =0,2,3,..., such that

kpm = 1/ K2 — (%)2. (112)

Closing the integration contour in (31) with a semicircle of infinite
radius in the lower-half k,-plane and invoking Cauchy’s theorem we
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obtain the Green’s components as a sum of residues,

G(r,r') = 4% i{?ﬁ% cos (%Tx) cos (%Tx’)

n=0 (113)
i 2 . /M . /n
+ (¥y + ZZ)E sin (%x) sin (%x’) }Hé2)(kpnp>
where ¢g = 1, ¢, = 2 for n > 0. This discrete summation form

represents an expansion over the eigenfunctions in the vertical coordi-
nate, multiplied by a Green’s function for the radial direction.

The dyadic eigenfunctions are obtained in the form (58) and (75)
with ne = np = n,

Un,xx(x) = Un,xx(x) =14/ % Ccos %%, (114)

2
un,aa(x) = Un,aa(x) = \/gSin %$, (115)
(

un,za(x) = Un,za H?) = 07 a=1Y,z, (116)
2
%:(%) k2, n=0,1,2,.... (117)
In this case the operator A = —(d?/dz? 4 k?) is nonself-adjoint since

k is complex-valued. However, since k is constant with respect to =
the natural operator to consider for the homogeneous parallel-plate
waveguide is A = —d?/dx?, leading to a self-adjoint problem. By self-
adjointness, poles of multiplicity greater than one cannot occur. Thus,
the homogeneously-filled parallel-plate waveguide is manifestly self-
adjoint, and only residues corresponding to first-order poles (related
to eigenfunctions) are implicated in the Green’s function.

2.4.2. Example 2 — Two-Layer Medium

Consider the two-layer parallel-plate waveguide depicted in Figure 1.
The Hertzian potential is given as (18) where GYY (r,r’) has the form
(30) or (31) with GU9(z, 2/, k,) given by (32). The coefficients in (32)
are given by (33)-(35), where for (j,7) = (3, 3) the coefficients are

ntl (x,kp) = (sinhpady cosh pzx + (p2/p3) cosh pady sinhpzx),  (118)
nh(z, k,) = sinh ps(da — )
= (sinh p3ds cosh psx — cosh psds sinh p3z), (119)
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ni(z, ky) = (N223 cosh pad; cosh psx + (p2/p3) sinh pad; sinh psx),

(120)

ny (z,k,) = coshpz(da — x)
= (cosh p3ds cosh psx — sinh psds sinh p3z), (121)
K.(k,) = (N3; — 1) sinh pady cosh pad; (122)
Zte(k‘p) = p3 sinh pad; cosh p3ds + ps cosh pady sinh psdas, (123)

ztm(kp) = p3N223 cosh pad; sinh psdy + po sinh pad; cosh psda,  (124)

where p; = |/kZ — k:]2

The dyadic integrand (32) is meromorphic in the complex k,-

plane, leading to (36) in terms of residues R,(f; f’i

For eigenvalues having unit multiplicity the eigenfunctions in
region 3 have the form (58) and are, from (55)—(57) and (66)—(68),

1
B () — n
une,xac (ﬂj) Cne,xx Slnh £2d1 ny (x’ K/ne) (125)
—&2 n
= UYnexze T 1 -~ 5 s Pne )y 12
o oo g e 0, (126)
© “™ cosh E4dy ‘
1
=Chae—=y =11 (T, kn.), (128)
" N7 cosh &,dy
W® (@) = Coy e b (@ i) (129)
Thyoa hs 53 cosh fgdg ’ h
_Goc ¢
Np,o = 1 +~ 71 s vy ) 130
h>y 52 COSthdlnl(x K h) ( )
-1
(3) S ——— | YT 131
Un,aa(x) n,oq cosh §3d2 n2(x, K ) ( )
=C aa#ﬁﬁ(m, Kn), (132)
&, cosh €,dy
ul®) (x) =C, aa;lng(m Kn) (133)
e " sinh £3do ’ ’
—1
ng?:g:a(x) =C, 7_3(1‘7 "{n)a (134)

— n
" Ginh €4ds
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where n. indicates TM modes, np indicates TE modes, and n can

represent either mode type. In the above, 5]2 = Kp — k‘jz where
Kn, = —n, satisfies
2"(kp,) =0, (135)
Kn, = —n, Satisfies
2" (k) = 0, (136)
G — fpe ™ (137)

(NQ — 1)(2]{2a) sinh ggdl sinh fgdg ’

Cnezzs Cp 220 Cnyyaa, and Cy ., are independent constants, and Cy, ,,,
is
NV = = =
» Cn,m(zka)(N — 1)&5 cosh &,dy cosh E5dy
Cn,aoc = g Zte N (138)
2

Comparing (118)-(121) and (125)-(134), it is clear that the
numerators of the Greens function coefficients (33)—(35) are related
to the eigenfunctions (corresponding to unit multiplicity eigenvalues).

As shown in the numerical results, multiplicity two eigenvalues
exist for certain combinations of electrical and structural parameters.
Associated functions corresponding to rank two root functions can be
obtained from (125)—(134) via (97),

0
W) = (5 - ¢) w) (139)

and normalized as (100). In this case the operator A = —(d?/dz? +
k(m)) is manifestly nonself-adjoint, having multiplicity two eigenvalues

when

d
Z(kp)|kpn = d—k:pz(kp)

=0

kon

with 2z being either 2 or 2" in (123) or (124), respectively.

3. NUMERICAL RESULTS

The following numerical results are for the two-layer parallel-plate
waveguide shown in Figure 1, where di = do = d, €3 = &g, and
g9 = (2.25 — ig;)ep. For simplicity the component G, is examined;
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Table 1. Im(e2) = 0.0, kod = 1.303347.

. . int. __ residue
p/d Gy Grpidue ’—G —oE | % 100%
0.5 | (0.101453,—-0.213712) | (0.102225, —0.213712) 0.326%
1.0 | (1.297863,—0.173037) | (1.298841, —0.173036) 0.075%
5.0 | (—0.082335,0.026255) | (—0.082334,0.026256) 0.002%
10.0 | (0.049561,0.001304) (0.049561, 0.001303) 0.002%
Table 2. Im(e2) = —1.0, kod = 1.303347.
. . int. _ ~yresidue
p/d Gy Grepidue ‘76’ Gt | X 100%
0.5 | (0.063880,—0.176013) | (0.064240,—0.176105) 0.198%
1.0 |(—0.018109, —0.126584) | (—0.018105, —0.126584) 0.003%
5.0 | (0.002171,—0.001183) | (0.002171,—0.001183) 0.000%
10.0| (—0.001426,0.000508) | (—0.001426,0.000508) 0.000%

other components are similarly obtained. In all of the results the source
is a vertical electric dipole located at (2/,y/, 2’) with 2’ /d = 0.25, 3/ /d =
2'/d = 0.0, and the observation point is (z,y, z) with x/d = 0.75cm
and p = \/y? + 22 varying.

The dyadic Green’s function as a sum-of-residues, (36), has been
computed for the case of both single and multiple poles corresponding
to the plots shown in Figures 2-4. In Tables 1-3 the real-line inte-
gration form of the Greens function, (31), is compared to the sum-of-
residues form, (36).

The lossless case is considered in Table 1 and the case of Im(eg) =
—1.0 is shown in Table 2. In both cases only first-order poles are
encountered, and the first five modes are used in the residue series.
Residues are evaluated via (38), with numerical derivatives computed
using Ridders’ method of polynomial extrapolation [24, p. 182]. The
modal degeneracy case, Im(g2) = —1.735522, is shown in Table 3,
where the first two modes form the modal degeneracy (see Figure 4)
and the next three modes yield first-order residues. The second-order
residue is computed from (40) using numerical derivatives. In the
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Table 3. Im(e9) = —1.7355219, kod = 1.303347.

. . int. _ ~yresidue
p/d Gint Gresidue |CEEE X 100%
0.5 | (0.046295,—0.174910) | (0.046885,—0.175013) 0.331%
1.0 |(—0.033862, —0.120206) | (—0.033995, —0.120254) 0.113%
5.0 | (0.009484, —0.008429) | (0.009491, —0.008445) 0.138%
10.0| (0.000393, —0.000841) | (0.000393,—0.000842) 0.108%

Table 4. Im(e2)

= —1.735522, kod = 1.303347.

p/d E(Gg};idue)lstforder (G?;idue)Qndforder
0.5 (—0.032638, 0.004325) (0.079523, —0.179338)
1.0 (—0.005760,0.001105) (—0.028234, —0.121359)
5.0 (0.0,0.0) (0.009491, —0.008445)
10.0 (0.0,0.0) (0.000393, —0.000842)

event of a modal degeneracy the second-order residues provide the
main contribution to the Green’s function, as discussed later.

In all three tables the agreement between the Green’s functions is
quite good. In general, one observes that as p increases the agreement
between the two methods improves. Note that any disagreement
between the two methods is due either to numerical errors in evaluating
the integral form (31), or to errors evaluating the Hankel function
having complex argument in (36). In principle, the two Green’s
functions should agree exactly. No particular emphasis was placed
on refining the numerical methods utilized, the point of the paper
being analysis and interpretation of the residues in the case of modal
degeneracies.

For the case of a modal degeneracy the contributions to the
Green’s function component G, of the first order residues, correspond-
ing to eigenfunctions, and the second order residue, corresponding
to an associated function, is shown in Table 4. It is clear that the
second-order residue provides the dominant contribution to the Green’s
function.

Finally, in Figure 6 we show |G| versus p/d for Im(ez) = ¢; = 0.0,
g; = —1.0, and for the critical value ¢; = ¢, = —1.735522. It is
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0.26

—— real-line integration

0.22 )
------- residues

0.18

0.14

|Gxxl

0.10

0.06

0.02 €=-1.7355231

-0.02
4 6 8 10 12 14 16 18 20

p/d

Figure 6. |G| versus distance p/d for the two-layer waveguide shown
in Fig. 1, e3 = €9, €2 = (2.25 — ig;)ep, and dy = do = d, with g; = 0.0
(lossless case), €; = —1.0 (lossy case), and ¢; = —1.735523 (critical
value of loss resulting in modal degeneracy and associated double pole).
Results from the real-line integration (31) and the sum of residues (36)
(using the first five modes) are shown.

interesting to note that the mode attenuation for g; = &;. is less than
for ; = —1.0, even though the dielectric loss is greater. This is due to
the fact that as loss increases the dominant mode is “pushed” into the
air-region (upper region) of the waveguide.

4. CONCLUSIONS

The dyadic Green’s function for inhomogeneous parallel-plate wave-
guides has been developed as a residue series in the presence of
nontrivial modal degeneracies. It was shown that first-order dyadic
residues correspond to eigenfunctions of the structure, whereas second-
order dyadic residues lead to both eigenfunctions and associated
functions that occur in the case of modal degeneracies. A new dyadic
root function representation of the Hertzian potential Green’s dyadic
was developed as an aid to interpreting the dyadic residue series in
the case of modal degeneracies, and numerical results for a two-layer
parallel-plate waveguide were presented.
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