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A New Approach to the Design of
Dual-Mode Rectangular Waveguide
Filters with Distributed Coupling

Patrizia Savi, Daniele Trinchero, Riccardo Tascone, and Renato Nlxieher, IEEE

Abstract— A synthesis procedure for a new configuration of and difference modes, in the context of the coupled mode
four-pole dual-mode waveguide filters with distributed coupling theory [11]. Of course, in this configuration the rectangular
is presented. In this configuration the dual-mode coupling is ey slots that realize the input/output and intercavity coupling
obtained by exploiting the well-known fact that the diagonal . . )
polarizations are coupled in an almost square waveguide. The are rOIaFed by 45 with respegt to the CE.lV'ty cro.ss section.
obvious advantage of this type of structure is that the cross The obvious advantages of this type of filter, which allow an
sections of all the discontinuities are rectangular, hence the global easier prediction, are that the distributed coupling is evaluated
prediction of the filter is more accurate. The synthesis approach in closed form and that the cross section of all discontinuities
is based on a scattering matrix formulation where the dual- have a rectangular shape.

mode coupling is described in terms of a 2x 2 propagation - . .
matrix. Universal design charts, which directly yield the scat- Dual-mode filters are generally designed on the basis of a

tering parameters of the various junctions, have been obtained. lumped circuit prototype. When the coupling is realized by
Comparisons with experimental results of a four-pole filter are means of coupling screws, the final response of the filter is

also presented. then obtained by means of experimental tuning. In the case
Index Terms—Bandpass filters, cavity resonator filters, dis- Of distributed coupling configurations, starting from the study
tributed parameter filters, equipipple filters, microwave filters, of the dual-mode coupling on the basis of which the initial

rectangular waveguides, waveguide filters. dimension of the filter are determined, the final configuration is
generally obtained by means of a computer-aided optimization
I. INTRODUCTION process.

. In this paper we present a new synthesis procedure based
S IS well known, the use of dual-mode cavities allow§y, 4 scattering matrix characterization of the various coupling
the realization of compact high-quality microwave filtergjiscontinuities. First, a distributed modal circuit of the filter is
and multiplexers [1]. The dual-mode coupling is obtainegoquced and discussed. Then, starting from this circuit, the
conventionally by means of tuning screws [2]-{4]. In order tQynhesis procedure which exploits the properties of the scat-
eliminate the need of experimental tuning, efforts have begl}ig matrix of reciprocal and lossless devices is presented.
made to replace tuning screws with suitable discontinuities,, clarity, in Section Il a dual-mode cavity is investigated.
[5], [6]-[7]. An alternative technique exploits the possibilityrhen on the basis of the concepts introduced in this simpler
of coupling the modes for the whole cavity length by means @hqe * Section 111 deals with a synthesis procedure of four-
corner cuts in square or rectangulgr waveguides [8], [9]. T%Ie dual-mode filters. The synthesis scheme was condensed in
solution can provide advantages in terms of power handliggee gesign charts that directly yield the scattering parameters
capability, production cost, and compactness (dielectric-filleg} e various coupling discontinuities in terms of the filter
cavities can be considered). In this case, the resonators hgyg,onse specifications. The synthesis directly gives the final
a uniform cross section quite close to that of the waveguigyensions of the filter and no optimization is required. This
without cuts since the coupling is distributed, but even if thegt is due to the fact that the design is directly based on this
cross-section perturbation is small, the mode spectrum Mygtyinyted model and is, therefore, much closer to the physical
be computed numerically. Therefore, if a high precision i§epayior of the filter. Comparisons among design curve, full-
required (as in the case of narrow-band filters) this step ¢gilye analysis, and measurements on a breadboard confirm
be cumbers.ome.. , _ . the validity of the approach.
The configuration we have proposed in [10] definitely py,51.mode elliptic function filters can be obtained with this

overcomes this problem. In fact, the resonators consist of @6‘nfiguration as confirmed by the full-wave analysis.
almost square waveguide and the dual-mode coupling occurs '

between the diagonal modes of the square waveguide. In other
words, the usuallE,, and TE,; modes are viewed as sum Il. DUAL-MODE CAVITY

Before presenting the design procedure we have developed
Manuscript received December 12, 1995; revised October 18, 1996.  for dual-mode two-cavity filters, it is beneficial to consider the
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couplings are obtained by two thick rectangular slots rotated. 2. Modal circuit of the dual-mode single cavity filter. The transmission
by 45 with respect to the sides of the cavity cross sectigijes of lengthl refer to the diagonal modes of the unperturbed waveguide.
(see Fig. 1). Clearly, the two slots are perpendicular to eac  modal coupling is symbolically indicated by a wavy fine.
other in such a way that a dual-mode response is obtained. The
almost square waveguide, with sidesndb, can be seen as acorresponds to the two diagonal modes of the unperturbed
perturbation of the square waveguide with side= (a+5)/2 waveguide (1, 2) and the distributed coupling is symbolically
(hereinafter called unperturbed guide). From this point of viewketched by a wavy line. The 2 2 scattering matrice$(®
we could say that each slot couples tii&,, mode of the and S refer to the discontinuities between the cavity and
input/output waveguide with one of the two diagonal moddke external waveguides at the input and output sections,
of the unperturbed guide. These last two modes are the stampectively. The two ports of these scattering matrices refer to
and the difference of the degener&i&;, and TEy; modes the TE;q; mode of the input/output waveguide and to one of
of the unperturbed guide. Due to the perturbation introducélte two diagonal modes of the cavity. At the same section,
(the cross section of the cavity is not exactly square), these tthe other diagonal mode is reactively loaded because it is
diagonal modes are coupled to each other for the whole lengthupled through the slot with tHEEy; mode of the external
of the cavity. In other words, we realize a distributed couplinggaveguide which is evanescent. In Fig. 2 these reactive loads
between the diagonal modes of the unperturbed waveguidedrg represented by the reflection coefficiefits and I'¢
simply using a rectangular cross section. corresponding to the diagonal modes 2 and 1, respectively.

Slightly perturbed guides are generally studied by meansBecause of the distributed modal coupling, the propagation
of the coupled mode theory [11], according to which theperatorP, in the diagonal mode basis, is given by the matrix
characteristics of the relevant modes can be obtained. For this .
configuration, this study is not necessary at all, because we P= e—je[?o.S(Aeﬂ) J SIH(AQ/Q)} (1)
already know the relevant modes of the coupled structure Jsin(A8/2) - cos(A6/2)
(which are the well-knownTE;, and TEy; modes of the where
almost square waveguide). Thus, the dual-mode coupling is

2
known in closed form, and it can be controlled analytically by AO = Orp,, — Orpy, ~ <L) <Aa> ™ @
varying the difference of the side lengths of the cavity cross as as ) 0

section. Notice that a slight difference (about 1%) is generally the electrical length difference between the two relevant
required because the dual-mode coupling occurs for the whgle qes of the cavity (i.e., the usudlE,, and TEy; modes)
length of the cavity. , , which, in the light of the coupled mode theory, is interpreted as
~ Some readers could find another interpretation more attrga coupling coefficient is the cavity electrical length for the
tive, according to which the first slot excites equally 10  y0des in the unperturbed waveguide, and = a — b. Using

and TEo, modes of the unperturbed waveguide, while th@)) the reflection coefficierit, of Fig. 2 can be expressed as
second slot is decoupled because it excites them with opposjtection of 6 in the following way:

sign. If we now introduce a slight difference between the side o (AB/2) T i (AD /DY e em20

lengths of the cavity cross section, the propagation constarifs,(6) = ¢~2/¢ (2.0 ([FACO)SZ( AA@S/‘;)_(FB/S%L( A/ =7

of these two modes change giving rise to a rotation of the field 3)

polarization so that coupling occurs through the second slethere, for clarity, we have denoted the scattering parameter

Even if this interpretation could look more straightforwardség) with I'. It can be shown that for small values &9

it is not convenient from a design point of view. In fact, itand of the phase differencég — ¢,) between the reflection

requires the use of X 3 scattering matrices to describe theoefficientsl's andI', (which is actually the case occurring

discontinuities, whereas, according to the first interpretatioim, practice), the following symmetry condition holds:

where the slots couple only one of the diagonal modes, only . —2j(da—dntdo)

2 x 2 scattering matrices are involved. I'p(fo — 6) ~ I (0o +6) ) (4)
Following the description in terms of coupled diagonqjvhere

modes, the modal circuit of a single dual-mode cavity filter

is shown in Fig. 2. The two transmission lines of lendth bo = (Ppa + ¢c)/2. (5)

WRS0
WRS0

Fig. 1. Cutaway perspective of the proposed dual-mode cavity.
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Fig. 4. Modal circuit of a dual-mode two-cavity filter. See the text for the

-0.15 description of the devices.

-0.2t : : -
‘%- : -0.8 In other words, the over-coupling state produces a Chebyshev-
Real (I'p) type response, whereas a Butterworth-type response is ob-
tained when the critical conditiol\d = Ad. holds. In the
under-coupling state no reflection zeros are obtained because
the curvel'n does not pass through the poiﬁig)*.

As far as the Chebyshev response is concerned, the previous
equations can be organized to define the design procedure for
a single dual-mode cavity filter. Starting from the electrical
bandwidth specified through the parametes cos(fy —642)
pd of the ripple levek = (1 + [Tk|maz) /(1 = TE|max), We
irectly obtain the electrical parameters of the filter by the

Fig. 3. Example ofl'p(6) curves for different values of the distributed
coupling parameteg§/Af,. = [0.8,1,1.2,1.4,1.6].

Equation (4) means that symmetric valued afith respect to
6, correspond to points of tHep plane symmetric with respect
to the radial line through™ exp[j(¢s — ¢c)]. Plots of 'p(6)
for different values of the paramet& are shown in Fig. 3.
Two coupling states can be identified, according to Whethg
A6 is larger or smaller than a critical valuké,. given by ; S
following expressions:

in(A6./2) = (1 - |I'; 14+ |Cal). 6

Sln( / ) ( | A|)/( +| A|) ( ) SIHQ(AQC/2):(1—0)/(25—0—1)
If Af > A, (over-coupling state) the curve % (6) has a sin(A0/2) = S sin?(A6. /2)

double point atl'p = '} exp[j(¢B — ¢¢)]; this means that B AP )

this last value is reached fo = 6, 64> such that [Ual = [L = sin(A8:/2)]/[1 + sin(Ab./2)]. (11)

Oq1 — B4 cos(A6/2) Once the electrical parameters are determined, the geometry
cos 2 T cos(A6./2) (7)  of the cavity is defined by the following relations:

For A# < Af. (under-coupling state) the right-hand side = 6, Ao /2 Aa A (2a, 2 1
(RHS) of (7) is greater than one and the double point occurs * =~ 7~ /77— o/2a5)2 as b |\ X/
for imaginary values of). However, in both cases, for real (12)
values, the curve has a minimum 6| for 6 = 6o given by \yhere), is the free space wavelength at the central frequency
[1 —sin?(A0/2)] — [T a|[1 4 sin?(A6/2)] andé, is given by (5). Moreover, in the case of narrow-band
II'plmin = [+ sin?(A6/2)] — [T a [l — sin?(26/2)]| filters, the effective relative bandwidtB; is related to the
(8) electrical fractional bandwidti3, according to the following

This minimum value is less thafl'y| in the over-coupling expression:
state whereas the converse is true in the under-coupling state. B = By [1 —2o/(2a )2] (13)

If we assume the input/output discontinuities to be re- / 0 2
ciprocal and lossless, the magnitude of the input reflection

coefficientI'g can be written as follows:
(b) ®) On the basis of the analysis developed in the previous sec-

IUel = 1822 = I'pl/|1 = I'pSy|. ©) tion, the dual-mode two-cavity configuration can be analyzed
Hence, it is obvious that if the two discontinuities are identicatonsidering the modal circuit shown in Fig. 4. Similar to the
and in particu|a;9§g) =T, andI'c = I'g, the double point in previous case, each cavity is represented by two transmission
the curvel'n(6) gives rise to two reflection zeros @;,6,,. !ines of lengthl corresponding to the two diagonal modes
In this condition, a measure of the electrical bandwidth of tHéabeled 1, 2 for the first cavity and 3, 4 for the second one).
filter can be obtained by (7). Furthermore, the input reflectiofhe coupling between the cavities occurs through a thick slot

coefficient reaches its maximum value in the passband #hich couples the diagonal modes 2 and 3 (the scattering
6 = 6, given by matrix S(*) describes this coupling) and loads the other two

.9 . modes (1 and 4) with a reactive impedance described by
S%HQ(AQ/” - S%HQ(AQCM) ) (10) the reflection coefficienf'c. The input and output couplings
sin®(A8/2) +sin”(Af,./2) are obtained by two identical thick slots described by the

I1l. FOUR-POLE FILTER

|FE|nlaa} =
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is obtained:
- X ~ mag (T} L8 — o = ¢a — . (16)
As far as the magnitude ofﬁ) is concerned, we can ob-
r serve that in order to have four intersections, and hence four
\ Real {Tp} reflection zeros in the filter response, the distance
5 d=/(1—1SW)/a+IsY)) (17)

of the circumference from the origin must be greater than the
minimum value of [I'p| still given by (8). This yields the
condition

15591 > 2 [T 2/ (1 + Do 2m)- (18)

- b .
Fig. 5. Example of the curvE, (¢) and of the circumference related to the The SpECIfI_C value 0ﬂ551)| can T[hen be determined by_
central device in the case of four reflection zeros ai> A#... requiring the ripple to be a constant in the passband. According

to the geometrical interpretation of Fig. 5, the ripple level
scattering matrixS(® and by the reactive loadls. Notice is related to the distance between that part of the curve

that the possibility of controlling the phasig of the reflection L P(¢) corresponding to the passband of the filter and the

coefficientT’s by simply varying the aspect ratio of the sloircumference of the central device. Hence, it is easy to

aperture allows for the tuning of the filter (phase-matchin@PServe that low values of the ripple can be obtainddhift)

condition) without any further effort. has no double_ point, i.e., i\ < A6, (under-coupling state).
Our goal is to now obtain the expression of the inpdfurthermore, it can be recognized that:

reflection coefficient of the filtelF;. Recalling that the structure * the value of the ripple in the passband is a function of

is symmetric, reciprocal, and lossless, the magnitude of this the normalized parametexf/Aé,. only;

quantity can be simply expressed in terms of the reflection the electrical bandwidtiB, depends on two parameters:

coefficients ', andl'g. In fact, the two-port network described ~ the ratioAf/A68, and the external coupling valug, =

by the scattering matri8(*) is loaded on both sides by the /1 —|Ts|?;

same reflection coefficiefp and presents at its ports the < for a given pair of7,, and A#/Af. the enforcement of

input reflection coefficienl'g. Hence, the magnitude of the the equiripple condition allows to determine the central

input reflection coefficient of the filter can be written in the  coupling valueT} = |S§1)|.

form With the help of these properties, the universal equiripple
" design charts of Fig. 6 were obtained. Hence, the following
L;|=I'p =I'el/|1 = T'plEl 14 . .
Gl =15 el/| ple| (14) design scheme was established:
Notice that the expression afp is still given by (3) and < for a given value of the ripple in the passband, the ratio
all the considerations previously done still hold. From (14) A#/A6. is determined [see Fig. 6(a)];
we can see that the reflection zeros of the filter are relatece the external coupling valug, is obtained by the contour

to the conditionl'y = I'},. As is well known, if the central plot of Fig. 6(b) from the knowledge of the ratidd /A6,
device is symmetric and lossless, the points of e plane determined in the previous step and of the required
transformed by the device in such a way thaf = '}y form fractional bandwidthB, obtained by (13);
a circumference of centr€ and radius- given by « the central coupling T;) is obtained by the chart of
Fig. 6(c) from the values of, and A68/A6, previously
c=1/5%; r =158 /89, (15) determined:

g Af. is evaluated by means of (6);

By these considerations the filter design can be approache : : X _
¢ the cavity dimensions are determined by means of (5)

geometrically by looking for the intersections of this circum-
ference with the curvd'p(#). Fig. 5 shows an example of ~ and (12).

these intersections foA¢ > A#6.. This point of view is At this point the electrical design of the filter is completed
very convenient for an efficient design procedure becauded the coupling discontinuities are defined by means of the
several conditions can be enforced by simple geometricapgnitude of their transmission coefficierfts; at the central
considerations. In fact, in order to have a symmetric resporfsequency and the phase-matching condition (16). The final
with respect to the normalized central frequefigythe center step is the definition of the geometry of these discontinuities.
of the circumference must be on the symmetry axis of the The electromagnetic characterization of this kind of dis-
curve I'p(#), as sketched in Fig. 5. From this symmetrgontinuities can be efficiently done by a full-wave technique
condition and (15), the following phase-matching conditiohased on the well-known method of moments [12]. Similar
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Fig. 7. Frequency response of the dual-mode two-cavity filter. (a) Transmis-
sion coefficient. (b) Reflection coefficient. Design (solid line), measured data
(dashed line), full-wave analysis (dash-dotted line).
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difficulties nor reduces the reliability of the prediction with

Fig. 6. Equiripple design charts for the dual-mode two-cavity filter. See ﬂ?%spect to the case where the aperture is not inclined.
text for their use.

techniques such as the mode matching method can also be IV. DESIGN AND RESULTS

applied [13]. The slot thickness can be used to obtain smallAs an example, we designed and realized a four-pole
coupling values without reducing the slot aperture to too smdilter in a WR90 waveguide. The specifications were: central
of a size [13]. A possible approach is to view the discontinuityequency 11 GHz, bandwidth 72 MHz, return loss of 22
as a cascade of two steps, the generalized scattering matrit®s The electrical design, carried out according to the pro-
of which are computed and combined. This technique is paredure presented in Section Ill, directly gives the frequency
ticularly efficient when only the first few modes of the belowesponse of Fig. 7. Here the discontinuities are represented
cut-off waveguide play a role in the interaction between tHgy frequency-independent scattering matrices, whereas the
two opposite faces of the discontinuity. Conversely, for smalual-mode coupling is described rigorously. The unperturbed
thicknesses, the cascade procedure becomes burdensomewanedguide has a cross section of £8.8 mm. The geometry

it is more convenient to deal with the problem by consideringf the whole filter has been defined as follows. We realized
the electric field distributions at both sides of the discontinuityoth coupling discontinuities by means of 1 mm thick slots
as primary unknowns to be represented in the moment methwith rectangular apertures. In particular, the central disconti-
application [14]. A peculiarity of these discontinuities is theuity has a narrow aperture with a height of 1 mm so that the
45° rotation of the apertures with respect to the cavity wallsliagonal modes 1 and 4 are not coupled (see Fig. 4). Notice
As reported in [15], this rotation neither introduces significarthat if two transmission zeros are required, the aperture height
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I‘I'll'.HIhI'l.'h’lE‘ll.i
,mUSt be mcreas?d and the_secon_d cavity must be _rOtatedDby 98 11. Frequency response of the dual-mode two-cavity filter with two
in order to obtain the desired sign for the coupling betweefansmission zeros. Design (solid line), full-wave analysis (dash-dotted line).
these two modes.

Recalling that the discontinuities must satisfy the phasggth, height and length of the cavities are 18.14117.899
matching condition (16), it is convenient at first to defing 19.814 mm. All the aperture dimensions of the slots were
the geometry of the central slot by choosing the apertugosen to realize the scattering parameters directly obtained by
length which gives the desired valig for the parameter the design procedure and no optimization scheme was applied.
1557|. Fig. 8 shows the influence of the aperture length orhe input/output apertures dimensions are 8.228.060 mm,
this transmission coefficient at 11 GHz. The phase differenggile the central aperture is 7.443 1 mm.

(pc — gbl)) of the scattering paramete; corresponding  The slight difference between the electrical design and the
to the diagonal mode 1 and 2, respectively, must also hfll-wave analysis is related to the frequency dependence
determined (see Fig. 8 for its typical behavior). Remember thaft the coupling discontinuities and to the spurious coupling

this phase difference must be maintained by the input/outmiused by the slots. In fact, since the cross section of the
discontinuity. Now, the aperture dimensions of this last discopavity is not rigorously square, weak spurious couplings

tinuity are obtained by the intersection of two curves selectefle generated at the discontinuity sections. However, if the
from the two contour plots of Fig. 9. These contour plots givequiripple condition must be satisfied exactly, a design which
the magnitude of the transmission coefficieﬁfﬁf) and the presents a slope in the ripple envelope can be produced
difference between the phases of the two reflection coefficiemteploiting the geometrical interpretation given in Fig. 5. A

(¢B — ¢4 ) as a function of the aperture dimensions. prototype, whose parts are shown in Fig. 10, was manufactured

The frequency response of the filter obtained by a full-wavand measured, and its frequency response is also reported in
analysis is also reported in Fig. 7 (dashed—dotted line). Th&y. 7. We can observe a rather significant insertion loss in
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ities inside the resonators. This has been possible by excit sc‘)ui‘l’:ds rﬁ?gozt'rizopz;gheé}rEegE?r?g'ss_eﬁig\rﬁ:sg?gsagz';cﬂ_%%‘frt“re'
the diagonal polarizations of an almost square waveguide. pp. 1763-1769, Dec. 1991.
Moreover, all the discontinuities have been realized by thidkS] R. Yang and A. S. Omar, “Analysis of thin inclined rectangular

. aperture with arbitrary location in rectangular waveguid&;EE Trans.
rectangular slots. A new design scheme based on modal icowave Theory Techvol. 41, pp. 1461-1463, Aug. 1993.
circuits has also been presented and discussed. The use of
a distributed model in the synthesis procedure allows for
obtaining results closer to the analysis; hence, optimization
schemes can be avoided. Comparisons with experimental
results have confirmed the validity of this new filter concept.
Finally, the point of view used in this paper allows for a
deeper insight into the role played by the various paramet
involved in the design. In fact, thanks to the geometrici
interpretation of the synthesis procedure given in Fig. 5, n
only narrow-band filters can be designed. The dispersion
the parameters occurring in the case of broad-band filte
generally destroys the equiripple condition and produces
frequency Shlﬁ'. According to this geomemcal mterpretatlo search interests are in the area of dielectric radomes,
these degradations can be seen as a shift of the intersect frequency selective surfaces, radar cross sections,
between thd () curve and the circumference correspondingaveguide discontinuities, and microwave filters.
to the central device. Hence, they can be compensated by
moving the circumference or the curlig, (6) that is changing
the values of the scattering parameters of the discontinuities.

V. CONCLUSION
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