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Dual Mode Coupling by Square Corner Cut in
Resonators and Filters
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Abstract—A new method for realization of dual mode cou-
pling in rectangular waveguide cavities is described and ana-
lyzed. The method completely replaces the coupling screw, and
therefore can be used to eliminate the need for tuning in dual
mode waveguide cavity filters. It also offers a wide range of
coupling values and can achieve higher power handling capa-
bility than coupling screws. Mode matching method is used to
calculate the mode chart of the infinitely long square corner cut
rectangular waveguide (SCCRW), the field distributions of each
mode, and the resonant frequencies of the cavity. Evanescent
mode rectangular waveguide is used to provide dual mode cou-
plings between adjacent cavities. The junction discontinuity be-
tween the SCCRW and the rectangular waveguide is modeled
by double mode matching method, obtaining modal scattering
parameters of the junction. A 4-pole dual mode elliptic function
rectangular waveguide cavity filter using the new coupling
method was constructed. The natural frequencies of the whole
filter structure is calculated and is verified by measurements.
The experimental filter results showed excellent agreement with
theory.

I. INTRODUCTION

UAL mode empty or dielectric loaded resonator fil-

ters are widely used in satellite communications, due
to their higher selectivity, smaller size and less mass than
conventional single mode direct coupled filters [1]-[7].
The usual way to couple dual modes is by adding a cou-
pling screw at 45° angle with the direction of the electric
fields of the two dual modes. By changing the coupling
screw penetration in the cavity, the coupling between the
two dual modes can be adjusted. Due to the sharpness of
the coupling screws, the filter’s power handling capability
is reduced. Although the tuning and the coupling screws
provide flexibility for adjusting the filter’s response, the
tuning process itself is time consuming and makes the cost
of dual mode filters production high. Waveguide compo-
nents can be miniaturized by filling them with high di-
electric constant material, resulting in linear dimensions
reduction by a factor of 1/ \/; [8]. Completely removing
screws from dual mode filters is the first step toward this
miniaturization. Recently, a method has been introduced
to realize dual mode coupling in planar waveguide struc-
tures [7]. The realization is through a perturbation of the
single mode microstrip line resonator. On waveguide
structures, a similar method can be used to replace the
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Fig. 1. Coupling configurations (a) new method, and (b) conventional
coupling screw.
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coupling screws in dual mode filters. This paper intro-
duces and analyzes such a method, which provides a
square corner cut in rectangular waveguide cavity, as
shown in Fig. 1(a). The new mechanism has the ability
to provide a wide range of coupling values with minor
reduction of cavity power handling capability and the po-
tential of reducing production cost of dual mode wave-
guide and dielectric filled cavity filters by eliminating the
need for tuning altogether. The key is the ability to ac-
curately analyze the coupling configuration. ‘

To illustrate the application of the new coupling mech-
anism, an experimental 4-pole dual mode elliptic function
rectangular waveguide cavity filter was designed. In ref-
erence [6] a length of evanescent mode rectangular
waveguide was used to provide the required coupling val-
ues between physically adjacent cavities and is accurately
modeled by mode matching method. These couplings can
be separately controlled by the two dimensions in the cross
section. The same method is used in the present paper to
design the 4-pole dual mode filter.

The square corner cut rectangular waveguide (SCCRW)
is modeled by mode matching method, producing the
mode chart of the infinitely long waveguide, the field dis-
tribution of each mode, and the resonant frequencies of
the cavity. The junction discontinuity between SCCRW
and evanescent mode rectangular waveguide is also mod-
cled by mode matching, yielding modal scattering param-
eters of the junction and then the natural frequencies of
the 4-pole dual mode filter structure, including all the
couplings.

The numerical results are verified by measurements.
The experimental filter was tested, showing excellent
agreement with theory, with no tuning.

II. THEORETICAL ANALYSES
A. Square Corner Cut Rectangular Waveguide

Fig. 1(a) shows the proposed new coupling configura-
tion under study. A square (or rectangular) waveguide
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cavity is perturbed by a square cut on one of its corners.
With no cut, the square waveguide cavity has two domi-
nant degenerate modes with the same resonant frequen-
cies and perpendicular electric field distributions. Those
two modes can be referred to as TE,y; and TEg;; modes
and are decoupled from each other. With the square cut,
the two dominant modes will be coupled to each other,
and the resonant frequencies will split. As a comparison,
the conventional method of coupling the two dual modes
in a cavity by a coupling screw is shown in Fig. 1(b).

To analyze the SCCRW cavity, first, the infinitely long
perfectly conducting SCCRW, with the cross .section
shown in Fig. 2, is analyzed. Mode matching method is
employed to-solve this problem. The cross section is di-
vided into two regions. Region I is the area 0 < y < by,
and region II is the area b; < y < b,. The modes existing
in the SCCRW are still TE and TM modes [9].

1. TE modes
For region I,

jouHy, = 2 Dy, 08 (kypx) cosh (ky,y) (1a)
Dln .
Exl = - Zn: ? kyln COos (kxlnx) sinh (kylny)
= ZgH,y, (1b)
Z Dln .
Eyl - = " 7;2_ k.in sin (ky,x) cosh (kylny)
= —ZmeH, (1c)
where
ki = Ky = ¥° + k2 = k¢ (1d)
ke = K = wlpe, Zyg =TE (Lo
a Y

2

v, k., and Z;g are the propagation constant, the cut-off
wave number, and the wave impedance, respectively.
For region 1I,

jopHy = 23 Dy, c08 (kpnX) cosh (ko (y — By)  (22)
D2m . '
Eo = — 7 kyZm c0s (ko X) sinh (kyZm(y - b))
= ZygHyp (2b)
D2m .
Ep = = 25" kay sin (konx) cosh (ko (y — b2)
= _ZTEHx2 (2(:)
where
Kom = Koom = 7* + k2 = k¢ (2d)
kam - m (26)

a;
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Fig. 2. Coordinate system and the cross section of the SCCRW.

By applying the boundary conditions at y = by, taking
the inner products, and using the orthogonality relations
on the sinusoidal functions in each region, the following
characteristic equation is obtained:

det [X] = 0 3)

where X is an (N X N) matrix and N is the number of
eigen-modes used in region I. The elements of the matrix
X are

M

xy = cosh (kyybr) 2 [Tkign tanh (ko (by = by))

* Loy Ty (gmy A1)

a,a,

1, m=*=20 0,
1 , 85 =
29 m = Oy 1,

where (M + 1) is the number of modes used in region II.
And the inner product of (&, k) are simply the line inte-
grations of two multiplied sinusoidal functions in x direc-
tionaty = b;.

Solving (3), a group of eigen-values of y’s can be ob-
tained. Each v corresponds to a mode in the SCCRW.

2. TM modes

Similar procedures can be used to describe TM waves
in the SCCRW. The same characteristic equation as equa-
tion (3) is obtained with the matrix elements given by

-6 kyy; sinh (ky;; b1) (4a)

i j
T

I

i=j (4b)

M [tanh (ky,, (by — b))
xij = COSh (klebl) Z
m=1 ky2m
' <é2m5 ﬁlj) <é2m5 ﬁli>:|
a;as sinh (kyli bl) (5)
Y4 kyii

And the wave impedance is

Zpy = Sl (6)

kZ

A computer program using the mode matching tech-
nique was developed to calculate the propagation con-
stants for the modes that can exist in the waveguide. Fig.
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Fig. 3. Mode charts of the SCCRW with (a) TE, and (b) TM modes.

3 shows the variation of the normalized propagation con-
stants with the normalized size of the square cut for sev-
eral TE and TM modes at normalized frequency fa, = 9
GHz - inch (i.e. (@ /Ng) = 0.762). The normalized prop-
agation constants 3a, for propagating modes are shown as
positive, and the attenuation constants «a, of cut-off
modes are shown as negative. The split of the dual modes
(le TElo/TEQI, TEzo/TEoz, TEQI/TElz and TE30/TE03
in Fig. 3(a)) is clearly apparent when the dimension of
the square cut increases. Due to the different propagation
constants of all the dual modes, once the two conducting
short circuit planes are added to form a waveguide cavity,
the corresponding resonant frequencies for the dual modes
will also be different.

B. Junction of SCCRW'’s And Rectangular Waveguides

Evanscent mode rectangular waveguide can be used to
provide dual mode couplings between physical adjacent
cavities. The junction discontinuity between SCCRW and
rectangular waveguide, as shown in Fig. 4(a), can be
modeled by using mode matching method twice. First
mode matching method is used to find the modes existing
in SCCRW. Second mode matching is again used to solve
the discontinuity problem to obtain modal scattering pa-
rameters.

The junction discontinuity shown in Fig. 4 is divided
into two regions. The rectangular waveguide side is re-
gion A, and the SCCRW side is region B. The transverse
fields in each region can be expressed in terms of incident
and reflected waves [10]:

For region A,

N
Ea= XA + ATEWe, (T

N
Hy= 2[4 7% — a7ewlh,  (Tb)

where é4; and h; are the normal modes electric and mag-
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Fig. 4. Junction discontinuity between SCCRW and rectangular wave-
guide with (a) configuration, (b) and (c) coordinate system, and (d) equiv-
alent scattering parameter network.

netic fields, respectively; +y,; is the propagation constant
of each mode; and N is the number of modes, including
both TE and TM modes. Coefficients 4, are the incident
waves from z < 0 to the junction, and 4," are the reflected
waves from the junction.

Similarly, for region B,

M

Ep = 2 [B}e "5 + B "wéy (8a)
j=1
M

Hp = 2 [B' e " — By e'wlhy (8b)
J=1

where M is the number of modes (TE and TM), and B f
and B, are the incident and reflected waves, respectively.
The relationships among 4,", A7, B;", and B, can be de-
scribed by a multiport generalized modal scattering net-
work, as shown in Fig. 4(d) [10].

Matching the boundary conditions at z = 0, which re-
quire the tangential fields to be continuous, and taking the
inner products with orthogonality relations of modes in
each region taken into account, the following relation can
be obtained:

A [Py Pol [ =Py —Py|[4
{B} - |:P21 sz [Pm Py, } [B+j|

Sn S|4
I:SZI S2j {BJ ©
where the submatrices P,;, Py,, P,; and P,, have the or-

ders M X N, M X M, N X Nand N X M, respectively.
The elements of each submatrix are given in Appendix.
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The modal scattering parameter submatrices of S,;, S5,
S>1and Sy, have orders N X NN x M, M X Nand M X
M, respectively. Exchanging region A and B in Fig. 4(a)
simply requires the exchanges of §;; with S5, and S;, with
8,1, respectively, in (9). For faster convergence in nu-
merical calculation, the ratio of N/M should be propor-
tional to the ratio of the cross section areas of region A
and region B.

Compared with scattering parameters, the generalized
modal scattering parameters given above have somewhat
different properties which can be summarized by the fol-
lowing:

1) Normal scattering parameters relate incident and re-
flected propagating modes in a transmission line.
Modal scattering parameters relate the waves in a
waveguide, including both propagating and evanes-
cent waves.

2) Normal scattering parameters are normalized by in-
put and output powers. There is no physical mean-
ing for power in evanescent waves in a waveguide.
Even using the word ‘‘wave’’ is not suitable for
evanescent modes, because there is no real ‘‘waves’’
for evanescent modes. To be consistent with the
propagating waves, ‘‘evanescent wave’’ is still used
here for simplicity.

3) If only one propagating wave exists in a waveguide,
then unitary and reciprocal properties are valid only
for this propagating wave in the modal scattering
parameters.

4) Normalization of modal scattering parameters is
made by multiplication with the corresponding in-
ner products (é,, 4y of each mode to the field coef-
ficients. The relation between unnormalized (S;)
and normalized ( S}) modal scattering parameters are

—*i . (10)

The inner products represent powers only for propagating
waves, in which case they are positive numbers. How-
ever, they become purely imaginary numbers for evanes-
cent waves [9]. In order to avoid the sign ambiguities
when taking square root of a pure imaginary number, ab-
solute values have to be taken in (10).

III. DuaL Mobe COUPLING
A. In A Cavity

The two equivalent circuits shown in Fig. 5 can be used
to model the coupling structures between two single mode
cavities [4]-[6]. If the coupling coeflicient between the
cavities is M, then from the symmetry of the structure, it
is possible to calculate M from a knowledge of the reso-
nant frequencies f, and f,,, where £, and f,, are the resonant
frequencies assuming the symmetric plane A — A as a
perfect electric conductor and a perfect magnetic conduc-
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Fig. 5. Equivalent circuits of the coupling in one physical cavity.
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tor, respectively. The coupling coefficient is simply:

M fi-f
TLT YA

The field distribution in the cross section for the first
dual modes in the SCCRW are calculated and plotted in
Fig. 6(a) and (b). From these two plots, it is seen that the
plane perpendicular to the cross section, containing the
z-axis and the line parallel to the z-axis through the vertex
of the square cut (a;, b;) in the cross section is the sym-
metric plane A — A as marked in Fig. 2. The electric
fields at this plane are maximum and are parallel to the
plane for the odd modes (magnetic wall) and perpendic-
ular to the plane for the even modes (electric wall). These
two modes are just the split dual modes due to square cut
perturbation. Equation (11) can be used to calculate the
coupling coefficient, where £, and f,, are the two split res-
onant frequencies with the higher one as f, (smaller prop-
agation constant, electric wall) and lower one as f,, (larger
propagation constant, magnetic wall).

an

B. In A 4-Pole Filter

A 4-pole dual mode filter configuration is shown in Fig.
7(a), which uses the new mechanism to provide dual mode
coupling in one physical cavity and the evanescent mode
rectangular waveguide to provide dual mode couplings
between two physical cavities. The corresponding modal
scattering parameter network is given in Fig. 7(b), where
the two modal scattering parameter networks S’ and
S” represent the two junction discontinuities between
SCCRW and rectangular waveguide. The two square cor-
ner cuts are at different corners in the two cavities to pro-
duce the necessary negative M 4 coupling for elliptic filter
response. By cascading the two networks [10] with the
three waveguide lengths, a simplified network can be ob-
tained, as shown in Fig. 7(c). If two short circuits are
introduced at the input/output ports, the natural frequen-
cies of the configuration can be obtained by solving the
equation: :

det[S+1]=0 (12)
where [ is a unit matrix.

An equivalent circuit of the 4-pole dual mode filter con-
figuration in terms of coupling coefficients M, with short
circuits at input/output ports is given in Fig. 8. From this
equivalent circuit, the four natural frequencies can be cal-
culated in terms of the coupling coefficients and the filter
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Fig. 7. 4-pole dual mode filter configuration with (a) configuration, (b)

_ equivalent scattering parameter network, and (c) simplified scattering pa-

rameter network.
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Fig. 8. Equivalent circuit of a 4-pole dual mode filter structure.

2 - My, — My + «/(m14 - m23)2 + 4m%2

fﬁ :f% . 2{(1 — my) (1 — my) — mis)
(13d)
where
M,j 1
m, = ‘I”:’fo = Py ok M3y = My . (14)

If the coupling coeflicients m;; and the filter center fre-
quency fp are given (e.g. from a synthesis procedure [1]),
the four desired natural frequencies can be calculated from
(13). These four natural frequencies must also be solu-
tions of (12). Thus the filter strocture dimensions are re-
lated to the synthesized coupling values, through the nat-
ural frequencies. Several iterations on the various
dimensions can be made to produce the required natural
frequency values of the filter structure with acceptable ac-
curacies. Equation (11) gives initial value of the desired
cut dimension to provide M,, by square corner cut in
SCCRW. However, when the effects of the other cou-
plings are introduced through (13), the cut dimensions
need further adjustment, due to the interactions of all the
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Fig. 9. Comparison of computed and measured £, f,,, and ¢ for a SCCRW
cavity resonator. :

couplings. Usually, a 4-pole dual mode elliptic function
filter requires |m4| # |my3|, thus the dimensions of the
evanescent mode rectangular waveguide ¢ and d must be
different. This difference produces different loading ef-
fects on the center frequencies of each electrical resonator
[11]. To keep the same center frequencies of each reson-
ator, the SCCRW cavity dimensions a and b will also be
slightly different.

IV. NUMERICAL AND EXPERIMENTAL RESULTS -

A computer program was developed to compute the
propagation constants for each mode in the SCCRW, its
field distribution, f,, f,,, and ¢ of (11). Fig. 9 shows the
calculated and measured results for TE,/TEy; modes in
an experimental cavity resonator.

A computer program for obtaining the modal scattering
parameters of the junction between SCCRW and rectan-
gular waveguide and then solving equation (12) for the
natural frequencies was also developed. The four natural
frequencies are calculated as functions of the dimensions
of the 4-pole dual mode filter configuration in Fig. 7(a).
Fig. 10(a)-(e) gives the typical numerical results and Fig.
10(f) gives the measured data. The cross section dimen-
sions definitions are given in Fig. 4. Fig. 10 can be used
as filter design charts. The effects of placing the square
corner cut at the same relative position in the two cavities
(i.e. My, positive) on the natural frequencies is shown in
Fig. 11. Comparing Figs. 10(f) and (11), it is clear that
completely different natural frequencies are obtained, and
that the. variation trends with the evanescent waveguide
length are also different.
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Fig. 10. Design charts of a 4-pole dual mode filter structure in terms of
natural frequencies (cut = a — a’ = b — b').

In order to verify the usefulness and validity of the new
coupling method, a C-band 4-pole dual mode filter using
the new technique was designed. The coupling between
dual modes in the cavities are m;, = msy, = ¢ = 0.01628,
which are provided by the cut in each cavity. The cou-
pling through the evanescent mode rectangular hole are
my, = —0.00603, and m,; = 0.01622, which are con-

-trolled by the dimensions of the hole. The measured filter’

responses are shown in Fig. 12. These results agree
closely with the theoretical filter responses.
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V. CONCLUSIONS

The new dual mode coupling mechanism presented in
this paper is simple, reliable, and flexible. It allows a wide
range of variation of the coupling with a reasonable cut
dimension. The same strategy can be used tocouple di-
electric loaded resonator dual mode filters. Mode match-
ing method was successfully applied to accurately com-
pute the propagation constants of the waveguide and then
the resonant frequencies and the couplings of the dual
mode cavity. Double mode matching was used to model
the junction discontinuity between SCCRW and rectan-
gular waveguide, producing modal scattering parameters.
Scattering parameter network model of dual mode filter
structure was given, calculating the natural frequencies of
the structure. Dual mode filter design charts based on the
natural frequencies of the filter structure were provided.
Experimental verification of the calculated results were
performed. Finally, a 4-pole dual mode filter was de-
signed using the new coupling mechanism. Measurements
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on the filter show the validity of the method. This config-
uration has the potential for relatively inexpensive pro-
duction of dual mode microwave and millimeter wave fil-
ters, since the cavities can be easily machined (e.g. using
Numerical Controlled Mill), then assembled to give the
required response with no tuning. It also provides the pos-
sibilities of miniaturization, by using the same configu-
ration in a dielectric filled filter.

APPENDIX
The elements of the submatrices of P;(i, j = 1, 2) in

(9) are inner products of (¢, Ai*y, defined as

é X h* -
S

&, h*y = S a,ds (Al

where S is the waveguide cross section. These elements
are given by

(P = (b RED (A2)
(Pi)iz = —8; (&g, hj) (A3)
(Pl = by (e fiAj) (A4)
(Pi)n = (&% hy). (AS5)
A. Self Inner Products In Region A
N 'y-* e I
(> h3Y = ——5 [k} CSA + k2 SCA],
_.]w”'kci
TE mode (A6-1)
I (T
= — 7 [k CSA + k;;SCA], TM mode
.]wp’ksi .
. (A6-2)
CSA = S cos*k, (x + ¢) dx
d
. S . sin’ky,; (y + d) dy (A6-3)
SCA = g sin’ky; (¢ + ¢) dx
d
. S ) cos’ky, (v + d) dy (A6-4)
k% o= k% + k% =K+ yi (A6-5)
k* = o’pgep (A6-6)

" where i denotes the number of modes.



LIANG et al.: DUAL MODE COUPLING BY SQUARE CORNER CUT

B. Self Inner Products In Region B

<éBi5 E;) = [Z Dlm yln CSB + kxln SCBI]

Jﬂk

+ 2 D31k % CSB, + k2, SCBZ]},

TE mode (A7-1)
_ Ky ) [kﬁln S —
= okl {Z D3, K, CSB, + SCB, J
+ 2 D% {k"z"’ CSB, + SCBZB
m y2m
TM mode (A7-2)
a
CSB, = X cos’ky1, (x + a) dx
b’ -
S , sinh’k,, (v + b) dy (A7-3)
SCB, = S sin*kyy, (x + @) dx
b
S—b COSh2kyln(y + b) dy (A7—4)
CSB, = S cos?kp, (x + a) dx
b
gb' sinh’kyy,, (v — b) dy (A7-5)
SCB, = S sin’k,,, (x + a) dx
b
2
gb' cosh kyzm (y - b) dy (A7‘6)

where coefficients D’s are given when solving (3) to find
the modes in the SCCRW.

C. Mutual Inner Products

The filter configuration used and shown in Fig. 4 must
satisfy: ¢ < a’ andd < b'.

v 5
4}
2 Z DlnBj [k\Atky]nBj

CSAB
”‘k CAlk cBj

A A3
<eAzs th>

—_— TE in region A
— koi k1,8 SCAB], (A8-1)

T'E in I‘Cgi()ll B
kz —_—
_] ‘cAz 25 lnBj[ yAi ®*x1nBj

TE in region A
— ky, SCAB], (A8-2)

TM in region B

2301

Yai'Y
—]w#kcAl ?Bj " lnB][ 2di ylnB]C

TM in region A
+ k yAL kxlnB] SCAB],
TE in region B

(A8-3)
7Alk2 Z
= —— 7 7 2 Digg lkaikuuz CSAB
-]w"l'kcAlk%Bj lnB][ xdi "x1nBj
+ k,,;SCAB] TM in region A
vAi , ™ in region B (A8-4)
CSAB = S €08 kysi (x + ¢) cOS kyy,pi (x + a) dx
d .
sinh k 0) + b)
S sin kyy (v + d) y;(”B] iy
N yInBj
(A8-5)

SCAB = S sin k, 4 (x + ©) sin kyy,5 (x + a) dx

cosh kylnBj(y + b)

d
S cos k(v + d) dy
—d -

kying,
(A8-6)
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