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A Comprehensive Study of Discontinuities
In Chirowaveguides
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Abstract—We provide a comprehensive study of two- and with discontinuities [15], [16]. However, to our knowledge,
three-dimensional discontinuities in chirowaveguides. The multi- three-dimensional (3-D) discontinuities in chirowaveguides
mode coupled-mode method is an effective numerical approach to have not been analyzed to date.

analyze this problem. After obtaining the coupled-mode equations, In thi id h . tudv of di
we diagonalize the coupling matrix to obtain a multimode scat- n this paper, we provide a comprenensive study of dis-

tering matrix rather than the usual two-mode approximation. We ~ continuities in chirowaveguides. It is also the first study of
calculate the scattering properties of coaxial waveguides partially 3-D discontinuities in chirowaveguides. We focus on the
filled with lossy chiral media. Excellent agreement is observed effects of discontinuities for metallic waveguide partially filled

between our results and those obtained by the mode-matching \yith chiral media. Our procedure is to treat the discontinuity
method. We also compare our results in the achiral case for .

dielectric material partially filled rectangular waveguide with problgm by a_ multimode coupled-m_ode meth_od. We us_e
experimental data and results obtained by the mode-matching the eigenfunctions of a hollow metallic waveguide as basis
method. Excellent agreement is again found. Based on our anal- functions to expand the fields in the chiral media partially

ysis, numerical and analytical results are displayed to provide filled region and then insert those expressions together with
physical insight into the problem. First, we discuss the effects of o chiral constitutive relations into Maxwell’s equations.

the chirality admittance on scattering properties and find that the Usina th th litv relati fth talli id
sensitivity of the scattering parameters to chirality admittance Ssing the orthogonality relations of the metallic waveguide, we

increases as the chirality admittance increases. Second, we findobtain a set of multimode coupled-mode equations. Approx-
the dielectric constant has a great influence on the scattering imate coupled-mode theory has been used in the analysis of

parameters. Third, we find the relative influence of height and mode-coupling effects of chirowaveguides and chiral periodic
width of chiral obstacles in rectangular waveguides. structures [17]-[22]. Although the multimode coupled-mode
Index Terms—Chiral material, chirowaveguide, coupled-mode method has been used to analyze the eigenvalue problem of
method, discontinuity. straight chirowaveguides and bianisotropic waveguides [23],
[24], we use the multimode coupled-mode equations to provide
a useful numerical solution for discontinuities rather than
) straight waveguides in this paper. In our discontinuity analysis,
D URING THE past decade, attention has been focus@g consider the influence of higher order modes rather than
on electromagnetic chirality [1]-[3] and its application;sjng only two modes in approximate coupled-mode theory,
to microwave, millimeter-wave, and optical waveguideghich considers only the forward and backward dominant
structures. The concept of chirowaveguides was introduced fyand first higher order modes. Therefore, our method is useful
Engheta and Pelet [4], [5], and the characteristics of uniforfgy giscontinuities with significant geometric variations.
chirowaveguides have been extensively investigated [4]-[10].|n our analysis, we diagonalize the coupling matrix whose
As a further step toward the design of novel devices and Cigenvalues and eigenfunctions are associated with the eigen-
cuits, the analysis of various discontinuities in chirowaveguidgg|yes and eigenfunctions of the partially filled chirowaveguide.
is important. Recently, two-dimensional (2-D) discontinuitiegfter matrix manipulations, we obtain a multimode scattering
in chirowaveguides were studied by several researchers. Rpiirix for the entire structure. From these results, we find the
example, Mariotte and Engheta analyzed the reflection aQElattering properties of the discontinuities.
transmission of guided electromagnetic waves at a chiral slab inggsed on the above analysis, we solve this problem numer-
a parallel-plate waveguide [11], [12], Wu and Mariotte analyzega|ly. \We first analyze a lossy chiral media partially filled
a partially filled chiral media coaxial waveguide [13], Buss@oaxjal waveguide and compare our results with those obtained
and Jacob analyzed lossy chiral slabs in circular Waveguidg)ﬁthe mode-matching method [13] and excellent agreement
[14], and the authors analyzed open planar chirowaveguidgsound. We also validate our numerical analysis using the

. . . . achiral case for dielectric material partially filled rectangular
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where

K Ko wpée —jwu}
K= =" . 6
{Km K22} {JWQ wpke ©

On the other hand, scalar multiplying (2) by we obtain

[E} :Kl[vt-(Etxiz)} -

0 w z

Fig. 1. Configuration of a chiral media partially filled waveguide with
arbitrary cross section.

HZ Vt'(Ht Xiz)

whereK ! is the matrix inversion oK whose elements are
dielectric constant has a great influence on the scattering R R
parameters. Third, we find the relative influence of height and -1 _ [ffn K12:| _ 1 { wpde jwu} (8)
width of chiral obstacles in rectangular waveguides. All the Ky Ky kyk_ | —jwee wpbe |’
results are explained on the basis of underlying physics.

Substituting (7) into (5), we obtain

Il. ANALYSIS OE,

= V[Kllvt . (Et X iz) + Klgvt . (Ht X iz)]

As an example of the discontinuity problem, let us consider| 0z . .
+K11(Et X lz) =+ Klg(Ht X lz)

a metallic waveguide with arbitrary cross section partially filled
with chiral media, as shown in Fig. 1. oH, D . - .
R A . _ =V |Kn V- (B xi)+ KoV, - (Hy x1i,
For the chiral media, the constitutive relations for time—har- | 9z K21V (. e x 1) 2 ! (H, x1.)]
monic fields ¢7“*) can be written as [1]-[3] HHo1(Ey X i2) + Kop(Hy X ).

)

In our analysis, we expand the transverse electromagnetic
(1) fields in the chiral media partially filled region by the summa-

{D =E - j¢.B
tion of the eigenfunctions of the hollow metallic waveguide as

H:B/N_jch

whereé. is the chirality admittance; is the permittivity, and.

is the permeability. E. = Z V2 (A,jr + Ak_) ey
Substituting the above constitutive relations into Maxwell's k ., .
curl equations, we obtain +> V7 (Ak+ + Ak_) e
* (10)
VXE=—jwpH+ wk /ue. E ) HtIZM(AE—A;f)h/k
V x H = jwe E+wr Jue. H k
VT (A - A )y
k

wheree. = ¢ + €2, andx is a dimensionless and normal- \
ized quantity, called the chirality parameter, defined<as= N ) ) ]
¢ \/11/€.. In homogeneous media, the solutions of (2) are rigthere quantities with a single and double prime denote the TE
circularly polarized (RCP) and left circularly polarized (LCPNd TM modes, respectively. In our notation, quantities without
eigenwaves. The wavenumbers for the two eigenwaves are @ single or double prime may denote either TE or TM modes.
The superscript+” and “—" denote the modes propagating
o 53 along the positive:-direction and negative-direction, respec-
b = wpde tw v pe 28 3) tively. Here,e;, andh;, are eigenfunctions in the cross section

) i of metallic waveguide and ., (=1/Y.:) are the characteristic
where the plus-{) and minus ) subscripts denote the RCPimpedances. They are given by

wave and LCP wave, respectively.
The electric and magnetic fields in (2) can be expressed by

/ . /
. . . . e =1, x V .
the summation of transverse and longitudinal fields as th ™= i

te =~ Vit (11)
{ g:_?{t + IEH @) et = Vidi,
R fhe =ia X Vo] (12)
Cross multiplying (2) byi., we have 7o 1 [ weo, for TM modes (13)
=Y. wuo/k,,  for TE modes.
OE, . .
92 VB 4+ K (B x 1) + Ki2(H, x 1) Equation (10) is the Fourier series expansions of the fields

oH, . . ®) in partially filled chiral media region using the eigenfunctions
5, = VtH:+ Ko (Ey x 1) + Koo (He x 1) of hollow waveguide as basis functions. Substituting (10) into
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(9) and making use of the orthogonality relations of the metallid
waveguide [27], we obtain a set of coupled-mode equations
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(14)

dA,+ /+ //+ ’_ "”_
PP P iAT+PpA T +PisA~+P A
dA”+ /+ //+ /7 //7
PP Py AT +PrpA T +PasA T +PauA
dA,_ /+ //+ /_ //_
e Py AT +PpA T4+ PssA ™ +P3A
dA"~ , " . "y
b PuAT +PpA T +PusA +PuA
where

- (A’j, AL )T
- = (A’;, AL )T
At = (A + ALY )T

(A

'P11— M1+F1+G1+N1 /2
F1+G1
M1+F1

( )
=M )
=( )
=M )
(M2 +F2 + G2 + N3)/2
(MQ —Fy+ Gy — NQ)/2
P3y = (M +Fy — Gy — Ny)/2
Py = My —Fy — Gy + Ny)/2
Py = (M3 +F3+ Gs+ N3)/2
Py = (Mg —F3+Gs3— Ng)/2
Py = (M3 +F3— Gz —N3)/2
Py3 = (M3 — F3— G+ N3)/2
Py = My +Fi+ Ga+ Ny)/2
Poy= My —Fi+ Gy—Ny)/2
Py = (M4 +F,— Gy — N4)/2
\ Py = (M4 —F,— G4+N4)/2

(15)

(16)

{F1}lie =Y, ck/ Kis€l -, dS

Fapi = V2V [ Kusel e s
(®a)o = Y20 [ K- el as

|:/ Klge/i/ . e% ds
S

_k;?k!lg / K 128 Py, dS}
s

{F4}ik — Yy
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{Nutin = Z(/ﬁ/(fli/ Kxh! - el d

(18)

(19)

(20)

Equation (14) can be expressed in the following compact

and the elements of the matrices on the right-hand side of (16) /

are

( {Mi}tir =

YZzZék/ Klle’i - h% ds
S

ct“ck

{Mg}zk = —Y/ Z” / Klle’i - h'/k/ dS

(Mg} = -Y" 2", [ / K€ h dS

K22 / / Kol dS}
S

ct“ck

{M4}7k = —Y”Z” /SKlleIi/ . h/k/ ds

(17)

form as:
dA
=PA
dz
where
_A+
A”+
N
A-
_A//_
and
Pi1 P2 Pz Py
P Py Py Piz Poy
Ps; P3x Piz Pay
LPy Py Pyz Py

(21)

(22)

(23)

Uncoupling the coupled differential equation set (21) is pos-
sible by a linear transformation upon the amplitudes. In this
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Fig. 2. Configuration of a chiral media partially filled coaxial waveguide.
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case, the transformation is approached numerically. The cot
pling matrix P can be transformed into a diagonal matk,
by means of a transformation matflxas follows:

0.3

TPT ! = —jK, (24) 01

where 0
wib

Kz = dl&g(k‘zl, ]CZQ, ey _k,:/17 —k‘zg, .. ) (25)

Fig. 3. Normalized reflected, transmitted, and lossed power of the TEM
; mode for the structure of Fig. 2 versus/b. The solid lines are obtained

It has ,been proven that each column of matlixconsists by the coupled-mode method, while the dashed lines are obtained by the

of one eigenvector o, and+k.,,(m = 1,2,...) are the mode-matching method [13].

eigenvalues oP and also the eigenvalues of the chiral media

partially filled waveguide. If the transformed amplitude vector

T T
11 12} B

(26)
T2 Ta2

A:TB:[

is defined, an uncoupled wave equation system results as fol-
lows:

dB
dz

from which the amplitudes at a plare= w is obtained by

= —jK,B, (27)

Fig. 4. Configuration of a rectangular waveguide partially filled with chiral
media.

B*(w) = HtB*(0) (28)

where 1

H* = diag( exp(Fikemw)). 0s

From (26) and (28), we obtain the following equation after o

some matrix manipulations: 0.7

0.

5+

[Am)} g [A+<o>
At(w)] A~ (w)
whereS is the multimode scattering matrix of the chiral media
partially filled waveguide with lengthw. It is given by

} . (29) ”

&

0.4

0.3

g [511 S12} _ [ T2 Tzz(H)l} 0.2
S21 Sa2 T1HT T2 o
[ T11 T12(H)1}1 (30) 0 ‘ ‘ : : ‘ ‘
Ty H* Tys . 8 85 9 95 Freque:]gy <GHZ)10.5 1" s 12

Fig. 5. Amplitude of reflection coefficientS;; versus frequency for a
dielectric partially filled rectangular waveguide. Here, we take 22.86 mm,

L c=12mm,b =d = 10.16 mm,e = 8.2¢¢, p = o, andé. = 0, as shown

In order to check the validity of the present approach, Werig. 1. The calculated results (solid line) are compared with measurements

first analyze a 2-D problem. We investigate the scattering of tkie") given in [25] and excellent agreement is found.

TEM mode in a coaxial waveguide partially filled with chiral

media, as shown in Fig. 2. The problem has already been arediuse = 3.04 mm and outer radiu$ = 7.00 mm. The
lyzed by one of our authors using the mode-matching methfréquency is taken to be 10 GHz so that only the dominant
[13]. We choose a typical 50- coaxial waveguide with inner TEM mode can propagate in the hollow coaxial waveguide. The

I1l. NUMERICAL RESULTS
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Fig. 6. Comparison of the results by the multimode mode-matching method with those obtained by the mode-matching method for achiral diel@dtric mater
partially filled rectangular waveguide. Here, we take= 22.86 mm,b = 10.16 mm,c = 11 mm,d = 5 mm,e = 2.5¢9, andp = po, as shown in Fig. 4.

The results obtained by the mode-matching method are depicted by “x,” “o,”hébt w = 10, 7.5, and5 mm, respectively; while the results obtained by the
coupled-mode method are depicted by solid lines. Excellent agreement is found.

chiral material is taken to be lossy material with parameteo$ scattering parameters. We find excellent agreement for both
€. = (2.1 — j0.5)eq, 4 = 1o, andx = 0.1. We are interested amplitudes and phases. The above comparisons of our present
in the reflected, transmitted, and lossed power as a functionresults with experimental data and results by the mode-matching
the normalized length of the chiral mediglb. We observe from method for achiral case provide partial validation of our numer-
Fig. 3 that the reflected power oscillates with a decaying ampiéal method and implementation.
tude, the transmitted power drops down, and the lossed powefo investigate the effects of chirality admittance on the
increases as/b increases due to material loss. In this figurescattering properties of chiral media partially filled rectan-
the solid lines provide the results of the present method, whielar waveguide, we consider the WR 75 waveguide and
the dashed lines depict the results of the mode-matching metHiadthe frequency at 9 GHz. We consider a sample of chiral
[13]. Excellent agreements of the two methods are found, whiofedia with a cross section @f = 11 mm byd = 5 mm
validates this new approach. in the middle of the waveguide and calculate the scattering
Next, we use our program to analyze achiral dielectric matparameters versus, as shown in Fig. 4. In Fig. 7, the solid,
rial (£. = 0) partially filled rectangular waveguide, as shown imlashed, dotted, and dotted—dashed lines give the results for the
Fig. 4. We consider a WR 75 waveguide with a widthaot=  chirality admittance. = 0 (achiral case)).0005, 0.001, and
22.86 mm and a height df = 10.16 mm. When this waveguide 0.0015 mho cases, respectively. When the chirality admittance
is operated in the 8-12-GHz frequency range, only the dongi- is small, the difference between the RCP wavenuniber
nantH;, mode can propagate and all the higher order modasd LCP wavenumbek_ in chiral media is small, and we
are evanescent. The inserted material slab has dimensiens find the influence of the chirality admittance is very weak. The
12mm,d = b = 10.16 mm,w = 6 mm, and dielectric con- difference between the curves for the achiral case (solid lines)
stante = 8.2¢. In Fig. 5, the solid curve shows our calculationand foré, = 0.0005 mho is very small. This coincides with the
of the amplitude of input reflection coefficieffi;; | versus fre- qualitative analysis of Saadoun and Engheta [28] in that the
guency and is compared with measurements [25] and excellerfluence of chirality admittance is a second order effect when
agreement is found. Fig. 6 gives another example for comparitige chirality admittance is small.
our results with those obtained by the mode-matching methodHowever, as the chirality admittanég increases, the differ-
proposed by one of the authors of [26]. Here, we take= ence between the RCP wavenumbgrand LCP wavenumber
22.86 mm,b = 10.16 mm,c = 11 mm,d = 5 mm, e = 2.5¢3, k_ in chiral media becomes larger and the influence of chirality
andyu = pg. The results obtained by the mode-matching meth@dimittance becomes larger. Moreover, we find the scattering
are depicted by “x,” “0,” and 4" for w = 10,7.5, and5 mm, parameters will become more sensitive to the increase of
respectively, while the results obtained by the coupled-modkhirality admittance. For an example, we find the difference be-
method are depicted by solid lines. We compare in this examesen the curves faf. = 0.001 mho and for, = 0.0005 mho
not only amplitudes of the scattering parameters, but also phagekere the difference of. is 0.0005 mho) is more evident
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Fig. 7. Influence of small chirality admittanée on scattering parameters for a rectangular waveguide partially filled case. Here, we show the amplitudes and
phases of reflection coefficiert;; and transmission coefficier;; versus the lengtlv of chiral media at a fixed frequency of 9 GHz. We take= 22.86 mm,
b=10.16 mm,c = 11 mm,d = 5 mm,e = 2.5¢q, andu = po, as shown in Fig. 4. The solid, dashed, dotted, and dotted—dashed line give the cases for chirality
admittanceé .. takes the value of 0 (achiral case), 0.0005, 0.001, and 0.0015 mho, respectively.
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Fig. 8. Influence of large chirality admittange on scattering parameters for a rectangular waveguide partially filled case. Here, we show the amplitudes and
phases of reflection coefficiest;; and transmission coefficiest;; versus the lengthv of chiral media at a fixed frequency of 9 GHz. We take= 22.86 mm,

b =10.16 mm,c = 11 mm,d = 5 mm, e = 2.5¢q, andu = po, as shown in Fig. 4. The dotted—dashed line, solid line, dashed line, and dotted line give the
cases for chirality admittancé. takes the value of 0.0015 (achiral case), 0.002, 0.0025, and 0.003 mho, respectively.

than the difference between the curves §or= 0.0015 mho lines), 0.002 mho (solid lines), 0.0025 mho (dashed lines),
and foré. = 0.001 mho (where the difference &. is also and 0.003 mho (dotted lines). We find the difference between
0.0005 mho). This effect is more clearly depicted in Fig. 8 fahe curves fo, = 0.0025 mho andé. = 0.003 mho is the
large values of chirality admittance. In Fig. 8, we give the resullargest compared with the difference between any two other
when the chirality admittance is 0.0015 mho (dotted—dashadjacent curves. A simple physical explanation can be made by
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Fig. 9. Influence of chirality admittancg on the amplitudes of scattering parameters for coaxial waveguide partially filled case. Here, we show the amplitudes
of reflection coefficientS;; and transmission coefficied.; versus the lengtlv of chiral media and chirality admittanée at a fixed frequency of 10 GHz for
coaxial waveguide, as shown in Fig. 2. We take- 3.04 mm,b = 7.0 mm,c¢ = 6.0 mm, e = 2.5¢¢, andp = pg.
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Fig. 10. Influence of chirality admittancde on the phases of scattering parameters for a coaxial waveguide partially filled case. Here, we show the phases of
reflection coefficientS1, and transmission coefficieri;; versus the lengtlv of chiral media and chirality admittande at a fixed frequency of 10 GHz for a
coaxial waveguide, as shown in Fig. 2. We take- 3.04 mm,b = 7.0 mm,c¢ = 6.0 mm, e = 2.5¢q, andp = pg.

considering (3), from which we find the sensitivity bf to . large and small fog. small. Also, whenrg, tends to be zero,

given by the sensitivity tends to be zero, as shown in Fig. 8.
§ dhy ks 1 m We fgrther invegtigate the effects of chirality admittapce for
Sff = = =+£, \/i =4x. (31) a coaxial waveguide. Here, we choose the same coaxial wave-
£e/&e 1/ ﬁJrl Ce guide as that in Fig. 3. The radiu®f chiral material is taken to

be 6 mm and the material parameters are taken w0-be.5¢
From (31), we find|5§f| does not keep a constant value, budnd;, = 1. The results in a 3-D surface graph have been given
increases a&. increases. This means that the sensitivityeof in Figs. 9 and 10. The same property that the sensitivity of the
and, therefore, the scattering parameterg. tés large foré. scattering parameters to chirality admittance increases as the
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Fig. 11. Influence of dielectric constant on scattering parameters for a rectangular waveguide partially filled case. Here, we show the amoptihaes @f
reflection coefficientS;; and transmission coefficierfz; versus the lengthw of chiral media at a fixed frequency of 9 GHz. Here, we take- 22.86 mm,
b=10.16 mm,c = 11 mm,d = 5 mm,{. = 0.0001 mho, andu = p,, as shown in Fig. 4. The dotted—dashed, solid, dashed, and dotted line give the cases for
dielectric constant: takes the value ofg, 2¢q, 3¢, and4eq, respectively.
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Fig. 12. Influence of dielectric constant on the amplitudes of scattering parameters for a coaxial waveguide partially filled case. Here, wamshbiudles of
reflection coefficientS;; and transmission coefficieist;; versus the lengtlv of chiral media and dielectric constanat a fixed frequency of 10 GHz. We take
a = 3.04mm,b = 7.0 mm,c = 6.0 mm,¢. = 0.0001 mho, andu = p,, as shown in Fig. 2.

chirality admittance increases has been shown clearly in thésehe middle of the waveguide and calculate the scattering
figures. parameters versus, as shown in Fig. 4. In Fig. 11, the solid,

In Fig. 11, we investigate how the dielectric constant aflashed, dotted, and dotted—dashed lines give the results for
fects the propagation properties of a chiral media partialtiie dielectric constant of = ¢g, ¢ = 2¢y, ¢ = 3¢, and
filled rectangular waveguide. Here, we choose the WR #5= 4¢,, respectively. Here, we find the influence of dielectric
waveguide operating at 9 GHz and fix the chirality admittanagnstant is quite significant, which verifies that the influence
&. = 0.0015 mho andi, = 1. We consider a sample of chiralof dielectric constant is a first-order effect as the perturbation
media with a cross section @f = 11 mm byd = 5 mm theory indicates. This may also be explained from the fact that
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b=10.16 mm,c = 11 mm,e = 2¢q £, = 0.0001 mho, ande = po, as shown in Fig. 4. The dotted—dashed, solid, dashed, and dotted line give the cases for
dielectric constant: takes the value of = b/4, b/2, 3b/4, andb, respectively.

when¢, is small, the sensitivity ok to the dielectric constant waveguide is investigated in Fig. 14. Here, we fix the width of
is almost a constant value of 0.5 no matter what value tkiee chiral material to be = 11 mm and change the heighit
dielectric constant takes. For the coaxial waveguide case, the Fig. 4. The solid, dashed, dotted, and dotted—dashed line de-
same properties may be found from the 3-D surface plot shopitt the case whed = b/4, b/2, 3b/4, andb, respectively. It is
in Figs. 12 and 13. found from the figure that the influence of the heighs signif-

The influence of the heiglitof the chiral material to the scat-icant and the influence is always large no mattetig small ¢
tering properties for a chiral media partially filled rectangulaiends to be zero) or larg€ {ends to bé). The reason is that for
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Fig. 15. Influence of the width of chiral media on scattering parameters for a rectangular waveguide partially filled case. Here, we show thesanglitud
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the incidentH ;o mode, the strongest electric field occurs in theesults are compared with those obtained by the mode-matching
middle of the width of the waveguide. The increase of the heighitethod and excellent agreement is found. We have also checked
gives the incident mode strong disturbance. It is also interestiagr results for an achiral dielectric material partially filled rect-
to note that the influence of the widthof the chiral material angular waveguide, and excellent agreement between our cal-
is quite different from the influence of height In Fig. 15, we culation and experimental data, as well as data from the mode-
fix d = 5 mm and show the cases foe= a/4, a/2, 3a/4, and matching method is again found. Based upon our analysis, we
a with a dotted, dotted—dashed, solid, and dashed line, respleave numerically calculated the scattering parameters for chiral
tively. It is clear that whem is small, the influence afis strong media patrtially filled rectangular waveguide and coaxial wave-
because the electric field of the incident mode in the middle gliide. We investigate the effects of chirality admittance on scat-
the width is the strongest. The influence ©ofs gradually de- tering properties and find the sensitivity of the scattering param-
creased whenis further increased because the electric field @ters to chirality admittance increases as the chirality admittance
the incident mode decreases for the increased par{which increases. The effect of the dielectric constant is also investi-
is zero at the boundary). The curves for 3a/4 (solid lines) gated and itis found to have a great influence. We have also dis-
are found to be very close to those for= a (dashed lines). cussed the effects of the height and width of chiral media for a
rectangular waveguide case. We find the influence of the height
is always large, but the influence of the width decreases as the
width increases. Our results have been explained by underlying

We have reported a comprehensive study of discontinuitiesfhysical insights. o o o
chirowaveguides. To our knowledge, this is also the first study It is noted that chirowaveguide discontinuity analysis is im-
of the 3-D discontinuity problem in chirowaveguides. The scaportant for the application to develop useful devices, such as
tering characteristics of a metallic waveguide partially filleglirectional couplers, filters, mode converters, etc. Research on
with chiral media are carefully investigated by a multimode codibese topics are in progress.
pled-mode method. Rather than taking the two-mode approxi-
mation typical of the traditional coupled-mode theory, we diag- REFERENCES
onalize the coupling matrix and take into account the contribu-[1] D. L. Jaggard, A. R. Mickelson, and C. H. Papas, “On electromagnetic
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