Technical Physics, Vol. 46, No. 10, 2001, pp. 1281-1290. Translated from Zhurnal Tekhnicheskor Fiziki, Vol. 71, No. 10, 2001, pp. 77-86.

Original Russian Text Copyright © 2001 by Bulgakov, Sadreev.

RADIOPHYSICS

The Effect of Bound Statesin Microwave Waveguides
on Electromagnetic Wave Propagation

E. N. Bulgakov* and A. F. Sadreev*: **
* |nstitute of Physics, Sberian Division, Russian Academy of Sciences, Krasnoyar sk, 660036 Russia
** Department of Physics and Measurement Technology, Linkoping University, S-581 83 Linkdping, Sveden
e-mail: almas@tnp.krasn.ru, almsa@ifm.liu.se
Received July 17, 2000

Abstract—The transmission of a TE microwave field with afrequency w through I, T, and X waveguide junc-
tionsfilled with aferromagnetic is considered. These junctions are known to have bound states with bel ow-cut-
off frequencies. A probing microwave radiation with afrequency Q applied to the scattering region generates
magnetic oscillations with frequencies w + nQ (where n = 0, £1, £2, ...), which resonantly combine with the
bound waveguide states. This effect provides for a new method of studying bound waveguide states and effi-
ciently controlling the transmission of microwave radiation. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION
It iswell-known [1] that TE electromagnetic waves
propagating through a planar waveguide of constant
width may be represented in terms of scalar potential
WX y),
E(x,y) = ikzZW(x,y), B(xy) =-=2W®, (1
which satisfies the Helmholtz equation
[D°+w]¥ =0 2

(where OO is the Hamiltonian operator) with ;=0 on
the waveguide walls. The velocity of light isassumed to
equal unity. Equation (2) coincides with the
Schrodinger equation that describes ballistic electron
transport in electron waveguides [2].

If thewaveguideiscurved (as shownin Fig. 1a), the
Helmholtz equation has an additional bound solution
(state) with a TE frequency below the cutoff frequency
of the propagating TE waves: o? < (17d)? [3], where d
is the waveguide width. This bound state is localized
near the waveguide bend. Such bound states, as partic-
ular solutions of Eq. (2), have been originally found for
" waveguide junctions [4, 5] and T and X waveguide
junctions [6, 7] (Figs. 1b—1d). These states are illus-
tratedin Fig. 2. In[8, 9], the bound states were theoret-
icaly and experimentally studied as applied to TE
modes in microwave I waveguides. When a probing
radiation field was applied to the center of the
waveguide bend, the reflected power of the microwave
field propagating in the waveguide showed a resonant
minimum from which the frequency of coupled electro-
magnetic oscillations was found [8]. The spatial field
structure of localized bound states was also found. Dif-
ferent bound states have also been observed in dielec-

tric waveguides artificially created in two-dimensional
photon crystals [10].

However, these bound states by no means affect the
propagation of TE waves in waveguides. Earlier [11,
12], we proposed a technique for combining bound
states with ballistic transport of electrons in
waveguides, using a radiation field with a frequency
that istuned to the resonance between the Fermi energy
of electrons being transported and the energy of a
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Fig. 1. Waveguide structures that support the bound states
illustrated in Fig. 2. (a) Curved waveguide; (b) I', (¢) T, and
(d) X waveguide junctions. (1-4) Waveguide arms (shaded
regions are those to which the probing field is applied).
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Fig. 2. Spatia structures of the electric field of the bound
states in the waveguide junctions shown in Fig. 1.

bound state. As a result, a small-amplitude radiation
field is capable of producing deep resonance dipsin the
waveguide transmittance. A similar approach is consid-
ered in this paper for TE waves propagatingin I, T, and
X waveguide junctions. However, in a linear medium,
electromagnetic fields do not interact. Therefore, a
medium is necessary that would cause such an interac-
tion. In this paper, we consider awaveguide filled with
a magnetically ordered material of magnetization M.
Then, the interaction of the magnetic component of the
probing field with the magnetic moment of the ferro-
magnetic will produce magnetic oscillations with fre-
guenciesw + nNQ, wheren=0, 1, 2, ... and Q isthe
frequency of the probing field. If the frequency of one
of these harmonics coincides with that of the coupled
oscillations, one can expect resonance interaction
between the TE wave traveling through the junction and
the bound state of the waveguide. Thus, by tuning Q to
the resonance between the propagating microwave
radiation and the coupled electromagnetic oscillations,
one may observe resonance anomalies in the transmis-
sion of microwave radiation through curved
waveguides. This resonance technique for controlling
the transmission of microwave radiation and studying
the bound states may also be of applied value.

DYNAMICS OF THE MAGNETIZATION

The equation of motion for magnetic moment M in
impressed electromagnetic fields [13] is written as

oM

St = 9M x (H™+H9Y), (3)
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where H® is the applied magnetic field consisting of
the constant field H, and variable magnetic field of the
probing radiation aligned with the zaxis, and H™ isthe
magnetic component of the microwave field propagat-
ing in the waveguide (H™ liesin the xy plane).

It isconvenient to introduce the complex amplitudes

M. = MxiM,, H™ = HP+iH™, (4
in terms of which Eq. (3) takes the form
M.
aat —igHM, +igM,H",
oM. ®)
|g[H(m’M —~H™M,].
ot
For harmonic oscillations, &, = M. /M issmall. Then,
M,M 1
5= M-

Accordingly, Eq. (5) can be written in the linear
approximation as

55+ H e H
at = g ()E+ g +1
(6)
10]¢./* m
_§_|;t| = glm(H(+ )E_).

Let the probing microwave field have the simplest
form, HO(r, t) = Hy + AcosQt, and be directed along
the z axis. We assume that the alternating component of
thisfield acts only in the waveguide region occupied by

the bound state. Consider the amplitude H{™ (t) =

H{” &« that describes the field rotating counterclock-
wise with a circular frequency w in the xy plane.

If the probing field is absent (A = 0), the coupling
between magnetization oscillations €,(t) = £ gt gng
the microwave field propagating in the waveguide is

expressed in terms of the susceptibility [13] as £ =

x(@)H? where

g__ (7)

X@) = 5

In general, when A # 0, we substitute &, (t) = £ g

into Egs. (6) to obtain

aa‘”(t)
ot

A solution to Eg. (8) can be sought in the form

= (w+gHo+ghcosQt) (1) —gH”. (8)

£0(1) = F(t)exp[ i(w+gHo)t—i%sith]
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Substituting it into Eq. (8) yields

F(t) = Fo+igH!”

XIeXD[i(w gHo)T + i%)\sinQr}dT. ®

Sincewe consider forced oscillations, F, = 0. There-
fore, the solution to Eq. (8) can again be represented in
terms of susceptibility x(t), which is now a periodic
function of time:

g0 = x.(HH?,

x.(t) = igexp[—i(oo+ gHo)t—i@sith}
Q
\ (10)
XJ’exp[l(uH gHQ)T +i ) SanT}dT

3.0

mOQO
_ 0,;9A .
= gexpig an%zw—+ T erxp(lmQt).

As follows from (10), the susceptibility x.(t) is a
periodic function of time, with its period being equal to
that of the applied probing field. Therefore, the solu-
tions for the probing field and the magnetization have
the form of a superposition of TE modes of different
circular polarizations with frequencies w + nQ, where
n=0,%1, £2, ...

H+(t) = Z{hnei(‘*""nﬁ)t_'_ Hne—i(uan)t} ,
n (12)
E() = J{E(DECT ™ + (e

Then

Ea(t) = En(Dhn, En(t) = Xyn(D)n,

where X .)q(t) is the response of magnetic system (10)
to the magnetic field rotating with afrequency w + nQ
counter- or clockwise (the plus and minus subscripts,
respectively).

As follows from (10), the susceptibility X .)q(t) has
the period 217Q. Therefore, we represent it as a Fourier
series over this period:

inQt

imQt
Xn(t)e = ZX(+)nmeIm ,
m

(12)
X(_)n(t)e—ith — ZX(_)nme—imQt’
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where

21/Q
i(n—m)Qt

Q
X(+)nm = 5.[ I X(+)n(t)e
0

20 (13)

Q Sith—
Xonm = -2-1:[‘[. X(—)n(t)el(n m)Qt.
0

The best way to calculate X .)nm iSto make advantage
of thefact that, asfollows from Egs. (8) and (10), X.q(t)
satisfy the equations

id>((j(t+)n = (w+nQ +gHy+gAcosQt)X)n—7,
| (14)
ilét:m = (gHo— w—nQ + gACcosQ) Xy — .

Substituting expansions (12) into Egs. (14), we
arrive at the system of algebraic equations for X,y

A
EX(+)n, m-11 (Ho + /g +mQ/g)X +)nm

+§X(+)n,m—l = 6nmv

N (15)
éX(—)n, m-1+ (Ho—@/g—mQ/g)X nm

+§X(—)n|m+1 = 6nm-

EQUATIONS FOR ELECTROMAGNETIC
FIELDS

Let us write the Maxwell equations in a magnetic
medium:

9B

B™ = H™ +4mm ——
R ot

OxE = —
(16)

9E  gm - 0, OE = 0.

m _ 4 0E
OxH 4nj+at,

Solutionsto (16) in view of (11) will be sought such
that the electric field is directed along the z axis, the
magnetic field H™ liesin the xy plane, and both fields
are functions of x and y. We represent E, in terms of
complex fields W, as

E,(X V,t) = Im{z W (X, y)ei(w”mt}. (17)

It is convenient to introduce the Cauchy derivative

lno ;90
20ax oy

0
ou
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with which the following useful relationships can be
written:

_ P& _ 0&.n
(0xM), = 2MIm52H = 2MRel{i =5,
_ oreP4]
M ZRGDa 0
(m) m (18
(my — [13"' 098 0
(OxH™™), = 2Im D 2ReD—| FITRAL

(m)
m _ pa®H: [
H ReDa D

Itisalso useful to reduce Maxwell equations (16) to
the second-order differential equations

_ ooxB™
0 xJ XE———(:’Y——,

0E

Ox (B™—4mM) = 47 + — =

from which one more equation follows:

_ 40 oM 9°E
050 xE = —4ms —4nlx = poct

Since the impressed current is zero (j = 0), we have

0 E—‘lE—4 ox M o,
at ot

(19)
Next, we combine the equation O(H™ + 4rtM) = 0
and (18) to obtain

H™ 9
RePH:” | 42

T ou un = O

Substituting representation (11) for H, and &, into
this formula, we come to

Rez él(+)n(t)%%1ei(w+ng)t
’ (20)
- )n(t)ahn —I(w+nQ)tE 0,
where
Hon(t) = 1+41MX4)a(1), (21)

p-(t)nm = 6nm + 4T[MX(i)nm

is the permeability.
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From expansions (12),
ReDZ[ n |(w+nQ)t (+)nm

ahn i@+ may o_

hence,

[@hra

DaUD l-l( -)nm-* (22)

oh, :
Zmu(ﬂnm - =
n
Now consider the second Maxwell equation

oE, _ OH.0
T 2ImDauD'

With Egs. (11) and (17), we obtain

U i@+ no[; BALS
| +nQ)W, — 2
Zm%e [l(oo nQ)w, DauD}
_zgphdj —|(co+n(2)t|:| =0
oul] -
or

_Z@hra _ZE@hrD

i(w+nQ)W, oyl Tyl

(23)

Substituting this equation into (22), we have

1 h N
éz g;_ur%[p*(ﬂnm + p’(—)nm]
" (24)

i
= Z_Z p:(k—)nm(w + nQ)LPn-
n

Formula (24) is a system of linear algebraic equa-

tions that relates oh,/ou and W,

oh _ ;

30 = AY, (25
where h = (...h;, hy, hy, ...) and ¥ = (...W;, W,,

W, ...).
Relationship (24) allows us to write a closed equa-

tion for W,. Infact, in view of Egs. (18), Eg. (19) takes
the form
0’E, 9, 0%,
2
O°E,—- P> a,[I Em = 0. (26)
TECHNICAL PHYSICS Vol. 46 No. 10 2001
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Asfollowsfrom (11),

0&, _ U i(w+na)t
ou Z%B X

nm

fhn
(+)nm|:|au|:|

[@h
X( )anaUD D

Substituting this relationship into (26), weaobtain, in
view of (17),

+ e—i(w+ nQ)t

|:| i +
Ingpl(w nQ)t|:5nm(D2L|Jm+ ((L)+ nQ)ZLIJm)

—-8mMi(w + mQ)x(+)anauD]
S+ hy D
+8mMie™ ”Q)t(w+mQ)x(_)nmE%h’ED 0
0

or

0°W,, + (w+ mQ)*Y,, + 8TIM Y (@+mQ)

. Phg het) _
X[X(—)nmE%_uIH _X(+)nmgz_ud|%i| = 0.

With the expression for (aﬁn/au)* from (23), we
eventually derive the closed equation for W,,;:

O°W_+ (w+mQ)°W, + 4TM Z (w+mQ)

x(w+ nQ)xZ‘_)nman—8TrMiz(oo+ mQ)  (27)

h
x g%—J'H(X(ﬂnm_X?—)nm) =0,
where the derivatives (dh,/du) are defined through W,
by Eq. (25).

Let us check that, in the limit A — 0, Eq. (27)
describes the well-known problem of microwave prop-
agation through a magnetic medium [14]. As follows
from (10) and (13), the susceptibility matrix is dia-
gonal:

9 -9
gH,+w+nQ’ O™~ gH —w-nQ’

Accordingly, Egs. (24) and (27) take the form

1
Zg)auD[U(ﬂm +UGm = 4U( m(w+mQ)W,,

X(+)nn =

D LlJm+ ((*)+ mQ) u(—)mLIJm
. h
=210+ M) (ym ~ o) o = 0,
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where

Heym = 1+ ATIMX 1) mm-

Combining the last two equations, we obtain the
equation givenin [14]:

2 2
2w, + (w+mQ)2E ;“awm -0, (28)
where Py, = K £ Ha.

Let us turn back to the case when a waveguide is
filled with amagnetic and is subjected to alocal radia-
tion field with a frequency Q. Consider the simplest
spatial inhomogeneity in the probing field when it is
uniform in the region of the bound state and vanishes
outside. In order to derive the boundary conditions at
the interface, we invoke one more Maxwell equation

08, _ OE, 9B, _OE,

ot  dy’ ot  ox’
where the magnetic induction can also be represented
asaseriesin h,, and hn, by virtue of (11).

Substituting these series for the magnetic induction
B, and expansion (17) of theelectricfield E, in W, (X, y)
into Egs. (29) yields the equations

ow,
ay

(29)

B+ MEymah®),  (30)

owv, . *  Lx
aX = I((’o-l'nQ)Z(lJ-(ﬂmnhm'i'H(—)mn m)y

(31)

where the matrix W is defined by Egs. (21).
From these two equations, one readily deduces the
expressions for Cauchy’s derivatives:

ow, . x Cx
30 —|(00+nQ)ZU(—)mnhmv
" (32)
ow,
ou*

= i(w+nQ) z H)mnPim

Equation (22), which follows from the equation
0B =0 (where B isthe scalar product), can be extended
to the nonuniform case as follows:

au(+)nm O
Zﬂm et =5y
(33)
U( )nm
- ll nm T hn :
zé‘%@um 2 0

If the medium is inhomogeneous along the x axis,
Eq. (33) can be used to show that the jumps at the inter-
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face satisfy the equation
O O O =~ O
ADY holeynd = -AQ h:U?—) nid
DZ e DZ "

or, by virtue of Egs. (32),

Y [kw
A= (34)
goug Da

Equation (23), which follows from the third Max-
well equation in (16), is satisfied everywhere:
Bﬁfﬂ ah

Ooul — 5__
The €electric field must be continuous at the inter-
face. Otherwise, as follows from (32), the fields h,,

would be singular. Hence, Eg. (35) gives one more
boundary condition:

ARY = Ah,, (36)

If the interface is perpendicular to the y axis,
Egs. (32), (33), and (35) yield the similar boundary
conditions

(o)+ nQ)W,. (35)

AW Y
noupg D"U* (37)
Ahy = —Ah,.

It is convenient to represent the equation for the gen-
eralized vector ¥ in the matrix form:

o¥ _rr, 0¥ _ ¢

ou L, aur - b (38)
where

I:(—)nm = _((*)+ nQ)u?—)mn! (39)

£(+)nm = I((*)+ nQ)U(+)mn'

Then, Egs. (24) and (27) take the more compact
form

~ dh _ 1- o
(Lo-Lo50 = 5L-Py, (40)
2 SR -~ dh _
0w+ L Pw-2(L.+ L) = 0, (41)

respectively, where
P = idiag(w+ nQ).

Combining Egs. (40) and (41) givesthe closed equa-
tion for Y

0% + [ _PWP

N mmm s (42)
+(Lo+ L) (L =L 'LPP = 0.

BULGAKOV, SADREEV

Using the matrix

D= (L P+C+L )L -L) )P
and the equality
N 0 ~-10¥ 0 ~-10¥
(L--LHA = 46_L Fm 46uL 3
werewrite Eq. (42) as
0 ~-10¥ 0 ~-10¥ _
4= |__au 4= L+a*+D‘P 0. (43)
In this case, boundary conditions (34) and (36) take
the form
AEL_la\P —13;1:5 -0,
= (44)
ik oY
850 = for

For the interface orthogonal to the x axis, the latter
boundary condition means that 0W/dy is continuous at
the interface; hence, it is satisfied automatically. The
former boundary condition in (44) is easily taken into
account in Eg. (43), which also includes the interface

where L. exhibitsajump. It can easily be checked that
Eq. (43) is dso consgtent with boundary conditions (37)
for the interface orthogonal to the y axis. This conclu-
sion isimportant, because it allows usto solve Eq. (43)

everywhere, including the interfaces at which L. is
discontinuous.

I, T, AND X WAVEGUIDE JUNCTIONS

Consider I, T, and X waveguide junctions with the
interfaces shown in Fig. 1. The shaded regions are those
to which the probing field AcosQt is applied. We
assume that the probing radiation is weak and its mag-
netic field crosses the two-dimensional waveguide
orthogonally, i.e., along the z axis. In our calculations,
we will use the following values typical of ferromag-
netic materials: M = 1700 G and g = 2 x 10’ CGS. Let
us introduce the dimensionless quantities

Q = dQlc,
m = gMd/c,

r =r/d, o= dwlc,
Ho = gH,d/c, A = ghdlc,

where c isthe velocity of light.

When the probing field is absent, the equation for
the microwavefield in terms of the dimensionless quan-
tities takes the form

(45)

O°W+ KW = 0,
-2 2
2 = o e (46)
T
TECHNICAL PHYSICS Vol. 46 No. 10 2001
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My = 1+4T= m —.
Hoxw

For a typical centimeter-wave waveguide with the
width d = 1 cm subjected to a constant magnetic field

H, = 1000, formulas (45) yieldm=1, Ho ~ 1, w=3x
10°s? and @ ~ 1.

NUMERICAL SOLUTIONS

Our numerical analysis of the scattering of an inci-
dent microwave radiation in a magnetic-filled
waveguide relies on system (43) of second-order linear
differential equations for amplitudes{W,}. The bound-
ary conditions specify the asymptotic behavior of the
electromagnetic waves far away from the scattering
region (waveguide diffraction conditions). A typical
scattering scenario considers an incident wave only in
one arm of the waveguide junction that will referred to
asthefirst one. The scattered field penetratesinto all the
waveguide arms.

System (43) was numericaly solved on a sguare
mesh, which is natural for the waveguide junctions
under study (Fig. 1). Sincethe probing radiation field is
applied only to the region of scattering (the shaded

region in Fig. 1), the operator L. isno longer diagonal
in this region, and the propagating microwave field
mixes with coupled electromagnetic oscillations in the
waveguide structure. In the waveguide arms (i.e., far
from the scattering region), Eq. (43) is the Helmholtz
equation and describes TE waves with frequencies w +
nQ in a perfect ferromagnetic [see Eq. (28)]. The
waveguide diffraction problem is solved by joining a
solution to Eq. (43) in the scattering region and all TE
wavesoutsideit. The problem isamost the same asthat
of ballistic electron transport in electron waveguides.
The basis for the numerical solution of this problemin
the steady-state case was set by Ando [15]. A generali-
zation to the dynamic problem of electron scattering
was given in our previous paper [12].

Let us define the transmission coefficient T; as the
ratio of the output power intheith waveguidearmtothe
input power in the jth waveguide arm, wherei and j are
the respective numbers of the input and output arms.
Clearly, if thereis no probing field,

1+6= 5T =1,
i

as follows from the energy conservation law.

However, when the probing field isapplied, theelec-
tromagnetic power may be derived (or transmitted) as
the microwave field passes through the junction. Thus,
G defines the absorbed power of the probing field.

The power can be calculated in terms of the Poynt-
ing vector

£

H:41'[

ExH.
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With representations (11) and (17), this equation
yields after time averaging
= £ ~ W
rlx - SHRGZ{wmhm qJmhn}i
" (47)

J— C ~
My = golmy {Wofim—Wih .
m

Figure 3 shows the resonant distribution of the pow-

ers M for all the waveguide junctions considered
above. It is clearly seen that the resonant mixing of the
localized bound states causes the vortex structure of the
power fluxes. The lower right panel in Fig. 3 demon-
strates how the nodal lines of the second bound state of
the X junction affect the power-flux pattern. These
effects were also considered for ballistic electron trans-
port through electron waveguides[12].

In order to find the power flux of the microwavefield
in the waveguide arms (outside the scattering region),
werepresent h,,intermsof W, using Eq. (38). Consider
waveguide arm 1 (Fig. 1) to be theinput and integrating
over its cross section of unit width, we obtain the time-
averaged power from (47) as

[ [ o] E I AN PN LOW
Wi = gy AL~ (LI imEv; s, 49
m
The power flux in the other waveguide arms are cal -

culated likewise. As a result, we find the transmission
coefficients

Figures4aand 4c plot the frequency dependences of
the transmission coefficient for the TE wave passing
through the I waveguide junction when the frequency

of the probing field is Q = 0.4. The thin lines refer to
the zero probing field. These figures clearly show the

resonant transmission of the TE wave at @ = 1.204.
Accordingly, the frequency of the bound electromag-

netic oscillations in the I" junction is @, = @ — Q =
0.804.At Ho =1,m=1, and thefrequency of the bound

oscillations &, = 0.804, formulas (45) yield k = 0.92,
which is close to the theoretical value 0.92911¢ for al”
junction [4]. The bandwidth of the resonance dip in the
transmission coefficient T,, is proportional to the prob-
ing field amplitude sgquared, as naturally follows from
the dynamic perturbation theory.

Figure 4b plots the absorbed power of the micro-
wave field versus frequency. It is seen that absorbed
power (48) exhibits the resonant behavior due to the
dynamic addition of the bound state. Note that, at cer-
tain frequencies of the probing field, the absorbed
power exceeds unity. This means that, when passing
through the scattering region, the microwave field takes
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Fig. 3. Fluxes of the electromagnetic field power in the case of the resonance addition of the localized states. The lower right panel
illustrates the addition of the second bound state to the X junction, which is antisymmetric with respect to thex — —xandy —

-y reversals.
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a small portion of the power of the probing radiation.
Figures 4c and 4d refer to al™ junction that guides the
microwavefield in the direction opposite to that consid-
ered in Figs. 4a and 4b. The Poynting vector is not

invariant under they — —y reversal. Therefore, asfol-
lows from Figs. 4b and 4d, the frequency behavior of
the absorbed power depends on the direction the output
arm of the I' junction. Accordingly, the transmission
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Fig. 6. Same asin Fig. 4 for the X junction at I:lo =1, m=1, Q= 0.5, and A = (thin line) 0 and (thick line) 0.2. (a) Reflection

coefficient; (b, c) coefficients of transmission to waveguide arms 2(3) and 4, respectively; and (d) coefficient of probing radiation
absorption. The probing field is tuned to excite the fundamental bound state of the electromagnetic field in the structure.

coefficients, which are defined as the output-to-input

difference in the absorbed power is, however, small,

about 1%.
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Figures 5-7 show similar effects for the T and
microwave power ratio, are also not invariant. The Xjunctions. Figure 7 illustrates the possibility of reso-
nantly controlling the transmission of the microwave
field through the X junction via the resonance addition
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Fig. 7. Sameasin Fig. 6 at I:|0 =1,m=1, Q-= 0.4, and A = (thinline) 0 and (thick line) 0.15. The probing field tuned to excite the
first bound state with the frequency above the cutoff frequency of the waveguide arms.

of the second bound state with the eigenfrequency w, =
1.91. For ahollow waveguide X junction, the frequency
of the second bound state is w, = 606.91. The range of
w = 1.95 includes the second passband for the electro-
magnetic waves, hence, the specific behavior of the
absorbed microwave power at these frequencies. Recall
that, because of the high permeability of ferromagnet-
ics, al the frequency responses (the frequencies of the
bound states and frequency transmission threshol ds) of
the waveguide junctions are significantly shifted
towards the low-frequency region.
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