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A New Class of Waveguide Dual-Mode Filters
Using TM and Nonresonating Modes

Simone Bastioli, Student Member, IEEE, Cristiano Tomassoni, and Roberto Sorrentino, Fellow, IEEE

Abstract—An innovative class of very compact and selective
waveguide dual-mode filters is presented in this paper. The basic
structure is the TM dual-mode cavity. Such a cavity employs both
resonant and nonresonating modes so as to provide two reflection
and two transmission zeros. The high design flexibility in terms of
transmission zero positioning and response bandwidth has been
demonstrated by means of several single cavity designs. The design
of Nth-order multiple cavity filters with N transmission zeros is
presented and discussed. Different filter topologies are obtained
depending on the waveguide structure used to connect adjacent
cavities. An efficient mode-matching analysis method is proposed
and verified for fast filter optimization. An eighth-order filter with
eight transmission zeros has been designed, manufactured, and
tested to demonstrate the potentialities of the filter class proposed.

Index Terms—Bandpass filters, dual mode, elliptic filters, trans-
mission zeros (TZs), waveguide filters.

1. INTRODUCTION

N SPITE of the excellent performance in terms of loss and
I power handling, size and mass are well known drawbacks
of waveguide-based filters. In order to alleviate such problems,
dual-mode and multimode cavities exploiting multiple resonant
modes within a single physical cavity have been widely em-
ployed, especially for satellite applications.

The most common dual-mode architecture is based on the
circular waveguide [1] by exploiting two degenerate TEq1;
modes with orthogonal polarizations. The same concept is
implemented in rectangular waveguide, where the cross section
is sized so as to produce the degeneracy of the TEj9; and
TEp11 modes [2]. Starting from these basic concepts, several
dual-mode waveguide filters have been proposed in the litera-
ture [3]-[6].

The cavity volume, however, can be more efficiently used by
employing TM resonant modes in combination with TE modes,
thus leading to triple- and/or quadruple-mode cavities [7], [8].
Although the size reduction is significant, triple- and quadruple-
mode designs are very sensitive and suffer from poor tempera-
ture stability [9].
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Most TE dual-mode configurations proposed in the literature
lead to elliptic and pseudoelliptic filter responses obtained by
properly coupling the resonant modes of a single or of adjacent
cavities. In any case, the number of transmission zeros is usually
limited with respect to the filter order IV, especially for high V.

In order to overcome such a limitation and realize even more
compact dual-mode filters, a rectangular TM dual-mode cavity
configuration has been proposed in [10] and [11]. Such a cavity
employs both resonant and nonresonating modes so as to pro-
vide two reflection and two transmission zeros. Although the
TM dual-mode cavity can be the building block for designing
Nth-order filters with IV transmission zeros, practical designs
have been limited thus far to NV = 4. Moreover, a clear descrip-
tion of the coupling and routing schemes occurring when mul-
tiple cavities are cascaded needs to be addressed.

This paper discusses in detail the properties of the TM
dual-mode filter class. The design flexibility is demonstrated by
means of several cavity designs along with the corresponding
coupling matrix descriptions. Cavity performance parameters
based on the cavity @) factor, length, and size are introduced
to compare the TM dual-mode cavities with respect to the
conventional TE191/TEg1; dual-mode cavities. An efficient
electromagnetic (EM) analysis method based on purely modal
techniques is presented and validated. Approaches are pre-
sented for the realization of higher order filters by combining
multiple TM dual-mode cavities: different filter topologies are
obtained depending on the waveguide structure used to connect
adjacent cavities. Finally, to show the potentialities of this class
of filters, an eighth-order filter with eight transmission zeros
has been designed, manufactured, and tested.

II. TM DUAL-MODE CAVITY

The use of nonresonating modes in combination with res-
onant cavity modes has been proven in [12] and [13], where
single-mode cavities are arranged so as to produce one transmis-
sion zero besides the reflection zero. The TM dual-mode cavity
combines the advantages of the dual-mode approach with the
functionalities provided by the use of nonresonating modes.

The structure of a TM dual-mode cavity is depicted in Fig. 1.
The degenerate resonant modes in the cavity are TMj20 and
TMa19, whose resonant frequencies are given by
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Fig. 1. TM dual-mode cavity. (a) Perspective view. (b) Front view.
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Fig. 2. Magnetic coupling. (a) Coupling between TE;q at input waveguide
and TM, 0. (b) coupling between TE;, at output waveguide and TM,g.
(c) Coupling between TE, at feeding waveguides and TM ;. (d) Topology.

where w and h are the cavity width and height, respectively.

Besides the TM;29 and TMs1 cavity modes, nonresonating
modes can also be excited. The latter are waveguide modes
propagating along the axial direction of the cavity, thus creating
an additional input-to-output path. The nonresonating modes
that are mainly involved are TM1; and TE;.

The TM dual-mode cavity is excited by two orthogonal
feeding waveguides. The coupling mechanism between the
dominant TE;( mode of the feeding waveguides and the cavity
modes is illustrated in Fig. 2: the input TE;9 mode excites
the resonant TM 5 cavity mode, while it is uncoupled to the
TMay10 cavity mode [see Fig. 2(a)]; on the other hand, the
output waveguide excites only the resonant TMs1( cavity mode
[see Fig. 2(b)]. As far as the nonresonating modes are con-
cerned, they are coupled to both input and output waveguides
[see Fig. 2(c)], thus creating a direct input-to-output coupling.
Stepped corners are used within the cavity as intra-coupling
discontinuities. The resulting coupling and routing scheme is
shown in Fig. 2(d).

Depending on the positions pg and py, of the input and output
waveguides, the resonant and nonresonating modes can be prop-
erly excited so as to realize either all-pole or elliptic filtering
functions with a pair of real or imaginary frequency transmis-
sion zeros [11]. In the following, some design examples are re-
ported.
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Fig. 3. HFSS simulation and coupling matrix response of a 10-GHz all-pole
TM dual-mode cavity.

The first design is an all-pole TM dual-mode cavity designed
at fo = 10 GHz with FBW = 1% according to the following
normalized coupling matrix:

0 1.034 0 0
1.034 0 1.274 0

0 1.274 0 1.034

0 0 1.034 0

The all-pole response can easily be obtained if the nonres-
onating modes are not excited. Such a situation occurs when
the input and output slots are located at the center of the re-
spective cavity wall. Fig. 3 shows the comparison between the
coupling matrix response (dashed lines) and the Ansoft HFSS
full-wave simulation (solid line) of the optimized structure.

The second and third examples are two elliptic TM dual-mode
cavities designed at fo = 10 GHz with FBW = 1%, according
to the following normalized coupling matrices:

r 0 0.774 0 —0.153
0.774 0 1.054 0
0 1.054 0 0.774
L —0.153 0 0.774 0
r 0 0.914 0 0.171
0.914 0 0.934 0
0 0.934 0 0.914
L0.171 0 0.914 0

The former realizes two symmetric transmission zeros at f; =
9.885 GHz and f> = 10.115 GHz, while the latter generates a
transmission zero pair for group delay equalization on the real
axis of the complex plane. The elliptic functions are obtained
when the input and output slots are properly offset with respect
to the cavity center. The relative position of the input and output
waveguides with respect to the stepped corners determines the
sign of Mgy. Figs. 4 and 5 show the comparison between the
coupling matrix responses (dashed lines) and the Ansoft HFSS
full-wave simulation (solid line) of the optimized cavities.
Finally, in order to show the design flexibility in terms of
transmission zero positioning and bandwidth, Figs. 6 and 7 show
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Fig. 4. HFSS simulation and coupling matrix response of a 10-GHz TM dual-
mode cavity with two real frequency transmission zeros.
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Fig. 5. HFSS simulation and coupling matrix response of a 10-GHz TM dual-
mode cavity with two imaginary frequency transmission zeros.
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Fig. 6. HFSS simulations of elliptic TM dual-mode cavities designed with dif-
ferent position p for the input/output waveguides.

the full-wave simulations of some elliptic TM dual-mode cavi-
ties. Although the control is not fully independent, the position
of the feeding waveguides mainly controls the transmission zero
locations, while the size of the coupling slots is mainly used
to modify the response bandwidth. In particular, the position
ps = pr, = p allows the control of the ratio between Mgq and
My, while the slot dimensions as = ay, = aandbs = by, = b
allow the increase or decrease of both Mg, and Msy,.

3911

A
i
i
i
{
f
|
g5 9 9.5 10 10.5 11 11.5
Frequency (GHz)

Fig. 7. HFSS simulations of two elliptic TM dual-mode cavities with relatively
narrow (solid line, ¢ = 15 mm and b = 2.5 mm) and wide (dashed line,
a =19 mm and b = 5 mm) passband.
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Fig. 8. Simulated unloaded ¢} factor versus the cavity length for a 10-GHz TM
dual-mode cavity having silver surfaces.

III. UNLOADED () FACTOR AND CAVITY SIZE

Since the resonant TMi59 and TMsqo cavity modes are
independent of the longitudinal direction, the cavity length [
can be chosen as small as desired in order to obtain compact
structures. Even for short [, the resulting unloaded () factor is
still reasonably high. Fig. 8 shows the unloaded @ factor for
a 10-GHz cavity (silver surfaces, oo, = 61 MS/m) versus
the cavity length. According to (1), the cavity cross section is
33.4 x 33.4 mm?.

As an example, for [ = 4.5 mm, that approximately corre-
sponds to A o/8, the unloaded @ factor is 5550. The resulting
ratio between () factor and volume is Q/V = 1.10 mm~3. A
conventional TE9; /TEg1; dual-mode rectangular cavity with
22.86 x 22.86 mm? cross section and 19.8 mm length has about
11190 unloaded @ factor at 10 GHz. The resulting ratio between
Q factor and volume is Q/V = 1.08 mm~3. Although the
Q/V ratios are similar, the TM dual-mode cavity yields a sig-
nificantly higher ratio between () factor and cavity length (Q/1):
the TM dual-mode cavity yields /I = 1230 mm~*, while the
TE101/TEo11 dual-mode cavity has Q/] = 568 mm~!.

Table I provides a complete set of performance parameters
based on (Q factor and size of 10-GHz TM dual-mode cavities.
Regarding the Q/V ratio, if [ < 5 mm, the TM dual-mode
cavity is slightly more efficient than the TEjo;/TEq;; dual-
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TABLE 1
@ FACTOR DATA OF10-GHz TM DUAL-MODE CAVITIES

I (mm) Q Q/V (mm?>) | Q/I (mm™)
1 1480 1.33 1480
2 2800 1.25 1400
3 3970 1.18 1323
4 5060 1.13 1265
5 6030 1.08 1206
6 6925 1.03 1154
7 7738 0.99 1105
8 8486 0.95 1061

Fig. 9. (a) Structure segmentation of a TM dual-mode cavity and (b) corre-
sponding equivalent network.

mode cavity, and vice versa for [ > 5 mm. On the other hand, the
@/l ratio of a TM dual-mode cavity is considerably higher than
that one of TE1¢1/TEg11 dual-mode cavity, independently of /.
The TM dual-mode cavity offers a valuable solution whenever a
moderate increase of the insertion loss can be tolerated to obtain
very short filters.

IV. MODE-MATCHING ANALYSIS

Although the TM dual-mode cavity has a nonseparable cross
section (due to the presence of the stepped corners), a convenient
and simple structure segmentation makes it possible to employ
purely modal techniques.

Fig. 9(a) shows the proposed segmentation as applied to a
single TM dual-mode cavity: the whole structure is segmented
into five regions suitable for the application of conventional
modal analyses. Regions 4 and 5, in fact, are simple steps that
can be characterized by the classical in-line mode-matching
technique. Similarly, regions 2 and 3 are conventional wave-
guide H-plane steps with the smaller port short-circuited at
a certain distance. Finally, region 1 is a rectangular cavity
connected through four apertures to regions 4 and 5 at the sides,
and, at the top and bottom, to regions 2 and 3. The analysis
of such a cavity can be carried out by using the generalized
admittance matrix (GAM) approach [14]. In this manner, a
multiport equivalent network is obtained for each region into
which the structure has been segmented, thusobtaining the
overall equivalent network of Fig. 9(b).

The proposed segmentation approach can easily be extended
to multiple cavity structures, providing an efficient and accu-
rate EM analysis suitable for fast design and optimization of
complex TM dual-mode filter structures, as discussed in the fol-
lowing.
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Fig. 10. Topologies of filters with second-order blocks cascaded by: (a) single
or (b) multiple NRNs.

V. FILTER DESIGN USING MULTIPLE CAVITIES

An all-pole TM dual-mode cavity, i.e., that not employing
the nonresonating mode capability, has the same topology as a
conventional TE;(; /TEg11 dual-mode cavity. In this condition,
multiple cavities can be coupled so as to realize direct- and/or
cross-coupling as with TE dual-mode filters. A design example
is reported in [11].

More interesting is the case when elliptic TM dual-mode cav-
ities using nonresonating modes are cascaded. In this condition,
the TM dual-mode cavity can be used as a second-order building
block for modular design of higher order filters.

A convenient way to cascade multiple blocks is to use
nonresonating nodes (NRNs) [15]. Fig. 10 shows two filter
topologies using NRNs between second-order blocks [16].
In such topologies, the NRNs are shown as circles instead of
square boxes. From the circuit point of view, an NRN consists
of a constant shunt susceptance. Irrespective of the number
of NRNs employed between adjacent blocks, both topologies
yield Nth-order filtering functions with up to N transmission
zeros. Each second-order block generates and completely
controls its own transmission zero pair.

As done in [13] and [15], for TM single-mode cavity fil-
ters, a way to realize the nonresonating connection between
adjacent cavities consists of using a relatively thick coupling
slot, as illustrated in the two-cavity TM dual-mode structure of
Fig. 11(a). Such a slot must be nonresonating in the vicinity of
the pass-band (strongly detuned resonator), thus behaving as a
constant susceptance. As long as the thickness of the coupling
slot is relatively large, like e.g., a quarter wavelength, such a slot
acts as a NRN with good approximation. In this condition, apart
from a minor interaction due to the presence of weak spurious
coupling, each cavity mainly controls its own transmission zero
pair. Thick coupling slots between adjacent cavities can there-
fore be used to implement the topology of Fig. 10(a), having a
single NRN between adjacent second-order blocks.

The nonresonating connection between adjacent cavities can
also be realized using quarter-wave waveguide sections [16],
as in the filter structure of Fig. 11(b). In this case, the uniform
quarter-wave waveguide section is a unitary inverter, while its
reference planes at the two adjacent coupling slots are NRNs.
Also in this case, each cavity mainly controls its own transmis-
sion zero pair. Such a connection between adjacent cavities is
suitable for the implementation of the topology of Fig. 10(b),
where a pair of NRNs connected by an inverter is used between
adjacent second-order blocks.

The two-cavity structure of Fig. 11(b) has been optimized
to design a fourth-order bandpass filter with four transmission
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(b)

Fig. 11. (a) Two-cavity TM dual-mode filters using thick coupling slot or
(b) quarter-wave waveguide section between the cavities.
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Fig. 12. Topology of a two-cavity fourth-order TM dual-mode filter using
quarter-wave waveguide section.

zeros. The center frequency is 10.2 GHz with 100-MHz band-
width. Referring to the topology of Fig. 12, the filter response
is described by the normalized coupling matrix shown at the
bottom of this page. The inmost coupling (My5) corresponding
to the quarter-wave waveguide inverter has been set to 1, consid-
erably simplifying the filter design procedure [16]. Each cavity
can first be individually designed from the corresponding sub-
matrix, and then cascaded to the other through a quarter-wave
waveguide section. The quarter-wave length has to take into ac-
count the reactive loading effects of the coupling slots. To the
authors’ experience, this represents a convenient starting point
for the final full-wave optimization of the whole filter. Fig. 13
shows the HFSS and mode-matching simulations of the opti-
mized structure. Observe the excellent agreement between the
results. As expected, two pairs of transmission zeros yield a
highly selective response.

VI. EXPERIMENTAL RESULTS

A very compact and highly-selective four-cavity TM dual-
mode filter has been designed and tested to prove the suitability
of the proposed approach to the design of challenging filter re-
sponses. The filter center frequency is 10 GHz with 1.5% frac-
tional bandwidth.

The structure of the optimized filteris depictedin Fig. 14(a). All
cavities aredesigned toexploitthe nonresonating mode capability
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Fig. 13. HFSS and mode-matching simulations of the designed two-cavity
filter with quarter-wave waveguide section [see Fig. 11(b)].
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Fig. 14. Four-cavity eighth-order TM dual-mode filter with short coupling
slots. (a) Filter structure. (b) Topology.

S0 as to generate four pairs of transmission zeros. To the best of
the authors’ knowledge, this is the first eighth-order dual-mode
filter with eight transmission zeros without using a direct-cou-
pling between the input and the output of the structure.

r 0 0.892 0 —0.128
0.892 0 0.825 0
0 0.825 0 0.904
—0.128 0 0.904 0
0 0 0 1
0 0 0 0
0 0 0 0
L 0 0 0 0

0 0 0 0 7

0 0 0 0

0 0 0 0

1 0 0 0

0 0.588 0 —0.155
0.588 0 0.884 0

0 0.884 0 0.906
—0.155 0 0.906 0 J
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Fig. 15. Filter structure. (a) Design parameters of a filter half. (b) Symmetry
between the two halves: the second half is obtained by rotating the first one
around the indicated axis. WR-90 waveguides centred with respect to the first
and last coupling slots constitute the filter interfaces.

The length of the cavities has been set to 5 mm: considering
copper surfaces, this choice yields a 5500 unloaded @ factor.
After a preliminary individual design of each cavity to prop-
erly locate resonances and transmission zeros, the cavities have
been first cascaded together by means of relatively thick cou-
pling slots, as illustrated in Section V. The efficient EM anal-
ysis technique described in Section IV has then been used for a
fast full-wave optimization of the whole filter. As is apparent in
the final structure of Fig. 14(a), during the filter optimization,
the thicknesses of the coupling slots between adjacent cavities
have been forced to be very short (0.5 mm) so as to obtain a very
compact filter.

If the thickness of the coupling slots is small, strong spurious
coupling phenomena occur within the filter. This is due to the
nonresonating modes that propagate through the cavities and the
slots along the filter. As a result, multiple cross-coupling coef-
ficients occur among the input/output and the cavity resonant
modes. In this condition, the inner coupling slots are not conve-
niently described by the NRN model anymore, and simple in-
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TABLE II
FILTER DIMENSIONS

Parameter Value (mm) Parameter Value (mm)
lal 15 Ibl 2
Sxl 0.25 Syl 7.26
la2 94 1b2 2
Sx2 5.711 Sy2 0.0
la3 9.4 1b3 2
Sx3 0.4 Sy3 5.7426
Rx1 33.543 Ryl 33.7416
Rx2 33.5246 Ry2 33.5039

Sl 3.7547 S2 3.3174
Rc 5 Ic 0.5

Fig. 16. Disassembled prototype of the four-cavity TM dual-mode filter.

verters can be used. Similar phenomena have been observed in
[17] for TM single-mode filters.

The designed filter with short coupling slots can be prop-
erly described by the coupling scheme in Fig. 14(b). Such a
cross-coupled topology can realize eighth-order filtering func-
tions with eight transmission zeros as the eighth-order version
of the topologies of Fig. 10. It can easily be demonstrated that
the coupling coefficients of the cross-coupled topology can be
directly calculated from those of Fig. 10(b) when the NRN sus-
ceptances are zero. In contrast with the latter, however, in the
cross-coupled topology the four transmission zero pairs are not
independently controlled by the individual cavities anymore: the
whole set of coupling and cross-coupling determines the posi-
tion of the transmission zeros.

The coupling matrix implementing the response of the de-
signed filter is shown in the equation at the bottom of the fol-
lowing page. All cross-coupling mechanisms are ascribed to
nonresonating modes that bypass single and/or multiple cavi-
ties. As an example, Mg5 is due to the nonresonating modes
that bypass the first and the second cavities making a coupling
between the fundamental TE;( at the input and the TM;oq
cavity mode in the third cavity. Since the cross-coupling magni-
tude decreases with the number of bypassed cavities and slots,
prescribed relationships between some of the coupling coeffi-
cients must be expected: as an example, |[Mg3| > |Mgs| >
|Ms7| > |Msy|. Moreover, due to the positioning of the cou-
pling slots, some cross-coupling mechanisms are not present
in the structure: in particular, the resonant cavity mode having
magnetic field direction perpendicular with respect to a coupling
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Fig. 17. Measurement and mode-matching simulation of the four-cavity TM dual-mode filter (inset, assembled prototype).

slot will not be excited by the nonresonating modes coming
from that slot. As an example, although the TM51( cavity mode
in the second cavity can be excited by the nonresonating modes
coming from the filter input (Mg3), it cannot be excited by the
nonresonating modes coming from the output (M35 = M3 =
M37 = M3z = M3g, = 0).

Since the transmission zero pairs are not independently con-
trolled, more effort is required for the design and full-wave op-
timization of a filter with short coupling slots. This fact further
highlights the importance of using efficient EM analysis tech-
niques. To give an idea, the mode-matching based technique
described in Section IV takes only 41 s for an accurate simu-
lation of the eighth-order filter (HFSS takes about 25 min). Ac-
cording to the coupling matrix, in the optimized structure, the
first and the second cavities, along with their slots, are equal
to the fourth and third cavities, respectively. With reference to
Fig. 15, Table II quotes all the filter dimensions.

The filter has been manufactured by machining several
copper layers, as shown in Fig. 16. Thicker layers (5 mm) con-
stitute the cavities of the filter, while thinner layers (0.5 mm)
contain the coupling slots. The layers have then been soldered
together. The assembled prototype is shown in the inset of
Fig. 17. Apart from the feeding waveguide flanges (standard
WR-90 interface), the filter length is 22 mm, that approximately
corresponds to one-half of the guided wavelength.

The measurements of the prototype are shown in Fig. 17,
along with the corresponding mode-matching simulation. The
agreement between the two has been obtained after a little
tuning involving only the cavity resonant frequencies: to this
purpose, a pair of orthogonal screws has been inserted into
each cavity. Since the screws are located at the maxima of the
magnetic field, the resonant frequencies increase with the screw
penetration. Thanks to the eight transmission zeros, the filter
response is highly selective and provides at the same time a

r 0 1.05 0 —0.0386 0
1.05 0 0.894 0 0
0 0.894 0 0.57 0
—0.0386 0 0.57 0 0.642
0 0 0 0.642 0
0.022 0 —0.09 0 0.535
0 0 0 0 0
—0.378m 0 0.597m 0 —0.09
0 0 0 0 0
L 0.02371m 0 —0.378m 0 0.022

0.022 0 —0.378m 0 0.02371m 7
0 0 0 0 0
—0.09 0 0.59™m 0 —0.378m
0 0 0 0 0
0.535 0 —0.09 0 0.022
0 0.642 0 0 0
0.642 0 0.57 0 —0.0386
0 0.57 0 0.894 0
0 0 0.894 0 1.05
0 —0.0386 0 1.05 0 i
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Fig. 18. Broadband measurement of the four-cavity TM dual-mode filter.

high out-of-band rejection. The measured return loss is better
than 16 dB, while the insertion loss is 0.6 dB (inset of Fig. 17).
The actual unloaded @ factor is estimated to be about 4500.
Observe that the return loss at the center of the passband is
slightly lower than expected. This is mainly due to the fact
that the tuning screws actually alter the intra-coupling between
resonant cavity modes. The introduction of screws located at
45° (within the stepped corners) would enhance the tuning
capability and solve such a problem. A more complete tuning
capability would be obtained by inserting additional screws or
discontinuities at the input and output of the filter, as well as
into the inner coupling slots. Anyway, since the inner coupling
slots are realized within very thin metallic sheets, high preci-
sion manufacturing processes could be adopted with moderate
costs. This would avoid the tuning of the inner coupling slots.

Fig. 18 shows a broadband response demonstrating a spu-
rious-free stopband extending up to 12.6 GHz. Such a perfor-
mance is comparable with that of some TE dual-mode filters
[6]. The spurious responses can mainly be ascribed to the res-
onances occurring within the coupling slots, as well as to the
higher order TM25y mode. It must be pointed out that if the
nonresonating modes are partially or not exploited (i.e., not all
the available transmission zero pairs are generated), the spurious
performance of a TM dual-mode filter can be significantly im-
proved.

VII. CONCLUSION

The TM dual-mode filter class allows the realization of
very compact and highly selective waveguide filters. The TM
dual-mode cavity is itself an elliptic response structure able
to generate two transmission zeros besides the two poles. In
contrast with conventional TE dual-mode filters, /Nth-order
filters with IV transmission zeros can be realized, being at the
same time very compact along the longitudinal direction. By
a proper structure segmentation, an efficient mode-matching
analysis can be used for fast filter design and optimization. Mul-
tiple cavity configurations have been designed and discussed.
Depending on the waveguide structure used as interconnecting
section between adjacent cavities, such as thick or thin coupling
slots and quarter-wave waveguide sections, different topologies
must be used to properly describe the filter structure.
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The filter class has been experimentally validated by a
10-GHz four-cavity eighth-order filter with eight transmission
zeros. Besides generating the maximum allowable number of
transmission zeros, the overall length of the filter is just one
half of the guided-wavelength.
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