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Inline TM7;0-Mode Filters With High-Design
Flexibility by Utilizing Bypass Couplings of
Nonresonating Tk ,; Modes

Uwe Rosenberg, Senior Member, IEEE, Smain Amari, Member, |EEE, and Jens Bornemann, Fellow, IEEE

Abstract—This paper presents a new class of pseudoelliptic
function filters that are based on compact inline TM;j;,-mode
cavity configurations. Nostructural foldingisrequired. Thebypass
couplings are implemented through the nonresonating TE 1001
modes so that arbitrarily positioned transmission zeros can be
implemented. Design guidelines to generate a given transmission
zero on the desired side of the passhand and how to contral it are
presented. Todemonstr ateitsflexibility, theapproach isillustrated
at examples of four-pole inline filters providing Chebyshev, €l-
liptic-function-type, and asymmetric characteristics. Performance
comparisons with different numerical codes validate the designs.
A fourth-order pseudodlliptic filter with four transmission zeros
isthen designed, constructed, and measured. Excellent agreement
between ssimulated and experimental resultsverifiesthe approach.

Index Terms—Bandpass filters, dliptic function filters, filter
synthesis, waveguide filters.

I. INTRODUCTION

LLIPTIC and pseudodlliptic function filters are finding

widespread application in modern communication sys-
temswhere sharp cutoff skirtsarerequired for efficient use of an
aready crowded and limited electromagnetic spectrum. These
classes of filters exhibit transmission zeros at finite frequencies
in the complex plane and are often implemented by introducing
structural folding to allow cross-coupling, or by using dua
and multimode resonators in inline topologies [1]-{4]. The
extracted pole technique also allows the implementation of
pseudoelliptic transfer functions [5]. Transmission zeros at
real frequencies can also be implemented by using strongly
dispersive coupling [6].

In the actual design of pseudoelliptic cross-coupled resonator
filters, the bypass or cross-couplings are most often represented
by coupling dlots, irises, coupling screws, or other physical el-
ements. Another mechanism that has been reported in the lit-
erature is the use of higher order modes to provide additional
paths for the signal between different pointsin inline structures
[7],[8]. A limitation of such an approach is the fact that the re-
sulting transmission zeros are positioned in the upper stopband

Manuscript received October 8, 2002; revised January 29, 2003.

U. Rosenberg iswith Marconi Communications GmbH, D-71522 Backnang,
Germany (e-mail: Uwe.Rosenberg@marconi.com).

S. Amari is with the Department of Electrica and Computer Engineering,
Royal Military College of Canada, Kingston, ON, Canada K7K 7B4 (e-mail:
Smain.Amari @rmc.ca).

J. Bornemann is with the Department of Electricd and Computer
Engineering, University of Victoria, Victoria, BC, Canada V8W 3P6 (e-mail:
jbornema@ece.uvic.ca).

Digital Object Identifier 10.1109/TMTT.2003.812577

Fig. 1. Novel TM;0-mode inline filter structure utilizing bypass couplings
of nonresonating TE 14,91 modes.

of thefilter. Furthermore, it is not easy, and even impossible, to
position these zeros arbitrarily close to the passband [8].

An examination of the inline structures implementing trans-
mission zeros at finite frequencies shows that they are based
on TEq(; resonances in rectangular waveguide [7], [8]. How-
ever, with this choice of resonances, the inline configuration al-
lows only coupling of the magnetic field components. The size
and location of irisesis used to control the desired coupling be-
tween the adjacent resonators. Asymmetric iris locations pro-
vide only exiguous bypass couplings by nonresonating cavity
modes, thereby severely limiting the range of transfer functions
that can be realized [7]-{9]. In order to extend the design capa-
bility of inline structures in rectangular waveguide, it is, there-
fore, imperativeto have more degrees of freedominregardto the
nature of the coupling allowed by the chosen resonances and the
mechanism used to implement bypass couplings. A simple a-
ternative, which allows both magnetic, electric, and mixed cou-
pling between resonators in inline structures in the rectangular
waveguide, isto use TMj ;o resonances. An examination of the
field distribution of this type of resonance shows that by prop-
erly positioning the coupling slot (iris) between two adjacent
cavities, it is possible to control the strength and nature (sign)
of the coupling.

In this paper, we propose a new class of compact inline
TM;10-mode filters that implement elliptic and pseudoelliptic
function responses (Fig. 1).

In these filters, the transmission zeros are generated by ex-
ploiting nonresonating modes in the structure to provide addi-
tional paths for the power flow between adjacent resonators. By
properly adjusting the coupling to these modes and their rela
tive phases, it will be shown that pseudoel liptic responses, with
arbitrarily positioned transmission zeros, can be implemented

0018-9480/03%$17.00 © 2003 |IEEE
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Fig. 2. Coupling and routing scheme from source (S) to load (L) for asinglet
(one resonator, one transmission zero).

using rather simple geometries in rectangular waveguide tech-
nology. All couplings are basicaly realized by magnetic-field
components of the respective modes of the cavitiesand interface
waveguides, However, their nature may be inductive or capaci-
tive depending on thedimensionsof thecouplingiris. Therefore,
for aspecid filter design, inductive, capacitive, or both coupling
types can be used, thus providing additional flexibility to tailor
the far-out-of-band rejection of the introduced filter type (see
Section I11).

To the best of our knowledge, inline TM;19-mode cavity
filters providing eliptic and pseudoelliptic function responses
have not been reported before.

Il. GUIDELINES FOR INITIAL DESIGN
A. Operational Principle of a Snglet

The presence of avisible passband intheinitial design can be
achieved by determining the dimensions of the resonators such
that their resonant frequency isequal or closeto the center of the
passband. In the case of arectangular cavity of width a, height
b, and length ¢, the resonant frequency of TM;, resonancesis
known analytically and is given by

Ve 1 1
Ir= SV a2 + %) D
where v.. isthe speed of light in vacuum. Note that the resonant
frequency does not depend on the length of the cavity (in the
z-direction). On the other hand, the resonant frequency of the
TE;0: IS given by

Ve 1 1
fr=5\ =+ 5 @
From (1) and (2), it isobvious that the dimensions of the cavity
can be chosen such that TM1 19 isresonating while TE¢; isnot
and can be used to implement the bypass couplings.

The next step is to position the transmission zeros as close
as possible to their desired location. This is achieved by care-
fully examining the field distributions at the eventual position
of the coupling dot in order to determine the strength of the
coupling coefficients and their relative signs. Consider, for ex-
ample, the implementation of a transmission zero on the upper
side of the passband using arectangular cavity resonating in the
TM;:10 mode and the nonresonating TE;o; mode as a bypass
mechanism. The coupling and routing scheme of this one-res-
onator—one-transmission-zero structureisshowninFig. 2andis
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referred to asasinglet, in analogy with triplets and quadruplets,
since only one resonator is used to generate afiltering response
with one transmission zero.

An examination of the corresponding synthesis problem
shows that the coupling coefficients are all positive for a
transmission zero in the upper stopband [10]. For example,
if a zero is located at normalized frequency 2 = 6 and the
in-band return lossis 20 dB, the coupling matrix corresponding
to Fig. 21is

0.0000 1.3043 0.5647
M =113043 —-29877 1.3043|. (3)
0.5647 1.3043  0.0000

Note that the resonator is strongly detuned, as the diagonal ele-
ment of the coupling matrix shows.

To implement this coupling matrix, it is necessary to examine
carefully thefield distributions of the resonating mode (T Mi10),
as well as the TE;y mode, which is propagating, but nonres-
onating. For first fundamental investigations, a basic TM;1g
cavity is used that is directly coupled (without any iris) to the
connecting waveguides (see insets in Fig. 3). Coupling of the
TM; 10 resonance mode with the TE;; modes of the interface
waveguides is obtained by employing proper centerline offsets
between the waveguides and cavity. The TM;;9 mode would
not be coupled in a centered structure and, therefore, small off-
sets correspond to weak couplings with the resonance mode.
(Note that, in spite of the elementary structure used, the prin-
cipal results also hold for configurations applying additionally
inductive or capacitive irises at the interface ports.) To deter-
mine the sign of the bypass coupling at the input and output, we
need to consider the phase of the propagating TE;q mode. If
the magnetic field reverses direction at the output with respect
toitsdirection at theinput, anegative sign resultsin the coupling
coefficient at the output with respect to the direct coupling co-
efficients. Since the bypass coupling is unique (represented by
one coupling coefficient), such asign reversal is best attributed
to one of the direct couplings, either source to resonator or res-
onator to load. However, the coupling matrix in (3) requires no
change in the relative signs of the coupling coefficients at the
input and output. It is, therefore, necessary to introduce an addi-
tional sign change to compensate for the sign change due to the
phase of TE;q. This can be easily achieved when TM; 1, reso-
nances are used to design the filter. Indeed, whereas the TE,
mode does not depend on the y-coordinate, the H,.-field com-
ponent of the TM;19 mode isan odd function of ¢ with respect
to the center of the cross section of the waveguide. Here, = and
1y arethe horizontal and vertical coordinatesin the cross section
of Fig. 3(a), for example. A relative sign change results when
the coupling windows are located symmetrically with respect to
a horizontal line through the center of the cross section of the
waveguide.

With this arrangement, the overall relative signs of the cou-
pling coefficients are all positive under the important assump-
tion that the TE 1o mode introduces a phase reversal between
the input and output. (An implication of this assumption will be
the presence of a spurious resonance in the lower stopband of
the filter due to the TE;( resonance of the coupling windows,
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Fig. 3. Single TMy:o-mode cavity with: (a) transmission zero right, (b) |eft of the reflection zero, and (c) without transmission zero.

which is close to its cutoff frequency. Note that this spurious
resonance is avoided when using additional inductive irises at
the interface ports of the cavity.) The optimization of a struc-
ture based on the arrangement just described yields the response
shown in Fig. 3(a). The presence of the transmission zero to the
right-hand side of the reflection zero is evident. The transmis-
sion zero can be located arbitrarily close to the passband using
this structure.

Toinsure flexibility in the design, it is necessary to be ableto
movethetransmission zero in the previous structureto the lower
side of the passband. An examination of the corresponding syn-
thesis problem showsthat the rel ative signs of the coupling coef-
ficientsat theinput should be the opposite of those at the output.
In other words, if the coupling coefficients are both positive at
the input, one of them must be negative at the output. More
specifically, if the transmission zero is located at 2 = —6 and
the in-band return lossis R = 20 dB, the following coupling
matrix results:

0.0000 1.3043 0.5647
M=113043 29877 —1.3043|. (4)
0.5647 —1.3043  0.0000

Again, under the assumption that the nonresonating TE+, mode
introduces a relative sign change between the input and output,
it isonly necessary to place the coupling windows on the same
side of a horizontal line through the center of the cross section.
The resulting structure is symmetric, and a typical example is
shown in Fig. 3(b) along with its response. The presence of the
transmission zero in the lower stopband, i.e., below the reflec-
tion zero, is clearly observed.

From this discussion, it appears that transmission zeros will
aways be present sincetwo pathsfor the signal are present at the
source (and theload). Such an arrangement hasbeen used to pro-
duce attenuation poles by other researchers [11]-{13]. For the
structures used in this paper, there are two situations where the
attenuation poles are eliminated, thereby producing a Cheby-
chev response. Thefirst oneisthetrivial casewhereinput/output
guidesand irises are centered at the cavity interfaces. Of course,
such a structure will not act as a TMj19-mode filter since the
TM;; mode will not be excited. The second case is shown in
Fig. 3(c). Here, bypass couplings of the nonresonating TE1 01
cavity modes are suppressed by using interfaceswith perpendic-
ular orientation relative to each other [inset of Fig. 3(c)]. This
arrangement isused in standard Chebyshev filters or whenever a
certain bypass coupling needsto be eliminated (see Section I11).
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B. Design of a Singlet

Although an exact and direct synthesis of the completefilters
introduced hereisnot known at thistime, it ispossibleto design,
rather easily, individual singlets.

From the specifications of the filter, the coupling matrix of a
singlet isfirst extracted using the technique introduced in [10].
The coupling matrix of such an arrangement is of theform [e.g.,

(3) and (4)]
0 X1 o
M= Ty X3 Zl:-Tl . (5)
T2 Xy 0

The next step isto select the dimensions of the cross section of
the cavity according to (1). The third dimension of the cavity
is chosen to make sure that TE+¢ is nonresonating. To design
the bypass coupling, we use the fact that the coupling from
the input (TE;¢ in the feeding waveguide) to the nonresonating
TE;9 modein the cavity is practically independent of the -co-
ordinate of the coupling aperture. We, therefore, place theinput
and output coupling apertures at the center of the cross section
of the cavity. Under these conditions, TM;;q iS not excited in
the cavity and the resulting scattering parameters from input to
output are due to the bypass coupling alone. These scattering
parameters can be easily determined using a fiel d-theory-based
analysis [14]. If these parameters are set equal to those of a
two-port, which contains only the bypass coupling, it can be
easily shown that x5 in (5) satisfies the equation

A —]5ul)

[521[ (6)

To =

The size of theinput and output apertures of the singlet are then
adjusted until the value of =, obtained from (6) is identical to
the one in the coupling matrix (5).

Following the principles outlined in Section I1-A, we now
move the input/output ports vertically away from their centered
position. Depending on thevertical offset, theanalysiswill show
areflection zero and atransmission zero at normalized frequen-
cies 2, and 2, respectively. The coupling coefficient z; is
then given by

B =

The positions of the input and output apertures are changed
until z; given by (7) isidentical to the value given by the cou-
pling matrix in (5). To determine the frequency shift 3, the di-
mensions of the cavity are changed until the center of the band
is at the desired position. Note that, in this case, the center of
the band differs from the location of the reflection zero.

As an example of the accuracy of the design, the values ob-
tained from the synthesis [10] are compared to the final ex-
tracted values of the analysis. For the singlet shownin Fig. 3(b),
the synthesized parameters of the coupling matrix are x; =
1.5895, x5 = 0.4588, and z3 = 3.0536. Through analysis, we
obtain xz; = 1.6112, zo = 0.4375, and x3 = 25.3597. The
large difference in x5 is due to the loading of the cavity by the

ta).’L'Q(l — x%) l
143 ’

)
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relatively large apertures. Thisloading is usually assumed to be
negligiblein the synthesis of the coupling matrix. Therefore, the
parameter x5 is determined by fine optimizing the singlet.

In the event of Fig. 3(c), where the bypass coupling is sup-
pressed, x> = 0, and x; is extracted through

1
L=V |AQ3 aB). (8)

Here, AQ3 4 = Qo — Q4, where 2; and 25 are normalized
frequencies at which |.So; | = —3 dB. The positions of the aper-
tures are adjusted until the transmission performance showsthe
desired bandwidth. The cavity will then be detuned again to ac-
count for the loading.

C. Two Cascaded Snglets

In order to provide additional design guidelinesfor the place-
ment of transmission zeros, we proceed with inline arrange-
ments of two TM;1o-mode cavities. These configurations are
designed using overall optimization of two pre-synthesized sin-
glets. Note that additional restrictions can now be imposed on
the center iris. Following the previous explanations with re-
spect to theinset of Fig. 3(a), it is obvious that atwo-pole filter
with two transmission zeros above the passband can be con-
structed by adding a second TM1o-mode resonator, which re-
verses the offset of input/output waveguides shown in Fig. 3(a).
The corresponding filter structure and its response are shown in
Fig. 4(a) with transmission zeros at 29 and 29.6 GHz. Similarly,
extending the structurein theinset of Fig. 3(b) by another cavity,
but maintaining the vertical offsets of input/output guides and
the coupling iris, will result in atwo-pole filter with two trans-
mission zeros below the passband. This is shown in Fig. 4(b)
where the zeros are located at 25.45 and 25.75 GHz. Finally,
the combination of a cavity arrangement of Fig. 3(a) with that
of Fig. 3(b) will produce atwo-polefilter with one transmission
zero each above and below the passband. Fig. 4(c) shows the
inline structure and its response. The zeros appear at 26.25 and
29.67 GHz.

Evidently, when more resonators are cascaded, more opti-
mization is required, especially if some of the irises need to
be changed to behave inductively (see Section I11). Neverthe-
less, the pre-synthesized singlets clearly identify the transmis-
sion zeros and presence of apassband. Based on our experience,
once the transmission zeros appear at their desired locations, the
optimization process converges rapidly for this type of filters.

Spurious resonances and/or transmission zeros might appear
well above or below the passband (cf. Fig. 4). They are usu-
ally caused by aperture resonances, as mentioned above, or by
fundamental (e.g., TE101) or higher order mode resonances in
the cavities. If required, they can be used as additional design
parameters during the final optimization process. Alternatively,
they can be shifted or their influence reduced by utilizing proper
irises between cavities (see Section I11).

Ill. RESULTS

Based on the design guidelines outlined above, alarge variety
of inline TM;o-modefilters has been designed for operationin
thelower K a-band. Only afew exampleswill be presented here
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Fig. 4. Two-poleinline TM,,-mode filters with: (a) two transmission zeros above the passband, (b) two transmission zeros below the passband, and (c) one

transmission zero each above and below the passband.
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Fig. 5. Four-poleinline TM;;,-mode cavity filter with Chebyshev response.

to highlight the flexibility of the proposed filter and coupling
structure.

Fig. 5 shows a four-pole TM;10-mode filter satisfying a
standard Chebyshev response by making use of the principle
introduced in Fig. 3(c). Due to the arrangement of alternating

90° rotated interface ports and irises (couplings AM12 and
M34 exhibit perpendicular alignment; see inset of Fig. 5),
TE1,01-mode bypass coupling is eliminated. Good agreement
is observed between results of our coupled-integral-equation
technique (CIET) [14] and an independently developed code
based on the mode-matching technique (MMT).

The second design example produces an eliptic-func-
tion-type response shown in Fig. 6. The transmission zeros are
realized separately using bypass couplings across the first and
last resonator. In order to suppress any further bypass couplings,
the iris between cavities 2 and 3 is vertically aligned (inset of
Fig. 6). Thedifferent signs of the coupling sections required for
the generation of the transmission zeros below and above the
passhand, respectively, are obtained by exploiting the principle
explained above, i.e., one section provides iris offsets in the
same direction, whereas the other one uses opposite offsets.
The performance of the design is verified by comparison with
the commercially available package . WaveWizard.

Filter responses with more than two transmission zeros can
be achieved by cascading singlets that produce the respective
zerosin their individual responses. One such exampleis shown
inFig. 7. Asseen in theinset of Fig. 7, cavities 1-3 are inter-
faced at the same side with respect to a horizontal line through
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the center of the cavity crosssection. According to Fig. 3(b), this
arrangement produces three transmission zeros bel ow the pass-
band, as shown in Fig. 7. The last possible transmission zero is
suppressed by rotating the output waveguide by 90° with respect
to theiris between cavity 3 and 4 [cf. Fig. 3(c)]. The possibility
of rotating the output waveguide can be regarded as another de-
gree of freedom, which adds to the design flexibility of the pro-
posed filter structure. The parasitic passhand at 34.55 GHz is
due to a spurious TE 1o resonance. The possibility of shifting
such resonances is explained below.

This example is selected as the test case for realizability
options. The four-pole filter in question has four transmission
zeros, two below and two above the passband. Fig. 8(a) shows
performances of three different possible realizations, which are
sketched in Fig. 8(b). Whereas the three designs show the same
passband characteristics and locations of transmission zeros,
their behavior is distinctly different in frequency ranges away
from the passband. The design with capacitiveirises (solid lines
in Fig. 8) showsthe best attenuation performance toward higher
frequencies. This basic property is well known from E-plane
corrugated waveguide harmonic reject filters. However, due to
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the fact that all irises support at least TE;,-mode propagation,
there is only little rejection in the frequency range close to the
cutoff frequency of the feeding waveguide (21 GHz). (This
can be attributed to the TE, resonance effect of the coupling
windows (at the interface ports) and the capacitive irises; cf.
[15]). A better selectivity in the lower stopband is achieved
by inductive irises (dashed lines), which is well known from
al-inductive iris filters, but their stopband performance at
higher frequencies is compromised by iris resonances (here
a 31.5 GHz). Of course, a combination of inductive and ca
pacitive irises (dotted lines) will yield a performance that falls
somewhere in between those of the two cases just discussed.
Note that the transmission zeros at around 36 and 40 GHz are
not included in the design process. They are due to the spurious
TE;o;-mode resonances in the TM;o-mode cavities and, if so
desired, can beincluded in the final optimization of afilter.

In order to validate the entire TM;j;o-mode filter design
process, the configuration with all-capacitive irises was chosen
for experimental verification. To facilitate an easier manufac-
turing process, the respective designin Fig. 8 has been modified
to include milling radii. The fine optimization was carried out
using MiCIAN’s yWave Wizard.
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Fig.9. (a) Comparison between computed and measured response of aninline
four-pole TM; ; o-mode filter with two transmission zeros below and two above
the passband. (b) Photograph of the two halves of the K a-band prototype and
size comparison with a 1-Euro-cent coin.

Fig. 9(a) shows a direct comparison between the computed
and measured data over a wide frequency range. Excellent
agreement is observed. Only dight differences occur in the
passband return loss at values below —20 dB. Thisis attributed
to manufacturing tolerances of 0.02 mm. The measured in-
sertion loss is less than 0.4 dB over a 700-MHz bandwidth.
A photograph of the manufactured component is depicted in
Fig. 9(b). Note that there are no post-assembly tuning devices
added to the prototype filter. The excellent agreement between
measured and computed datawas obtained in thefirst prototype
manufacturing process.

Finally, we would like to address the comparison of the
TM;10-mode configurations presented here with known types
of pseudoelliptic rectangular waveguide filters. If we consider
any other four-pole rectangular waveguide filter structure with
four transmission zeros, we need at least four cross-couplings
(including that of source to load) for the control of the four
transmission zeros. However, each cross-coupling will affect
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the position of all transmission zeros. Consequently, the filter
will require alarge design and tuning effort to obtain a desired
response with four transmission zeros. Moreover, the realiza-
tion of the source-oad coupling will most likely demand some
sort of structural folding of the cavity arrangement.

Compared to such a scenario, the main advantages of our
TM;i:0-modefiltersare, first, the structural simplicity of thein-
line configuration and, secondly, the individual control of each
transmission zero.

IV. CONCLUSIONS

Inline TM;19-mode bandpass filters offer an attractive solu-
tion for the design of pseudoelliptic rectangular waveguide fil-
ters. These filters have simple geometries, which lend them-
selves to design by accurate and fast computer-aided design
(CAD) toals, but retain ahigh flexibility asto the number and lo-
cations of transmission zeros. Wide stopbands can be achieved
by carefully selecting the coupling irises. A variety of design
examples have been presented; and excellent agreement with
measured data has been demonstrated.
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