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ABSTRACT This work presents an alternate and improved approach for the design of dual-mode filters that
utilize transverse magnetic (TM) and nonresonating modes. The method that is proposed in this work allows
for an improvement of the typical TM dual-mode filter design through the reformation of the coupling irises
that connect the TM dual-mode cavity to the source/load waveguide ports, where the new interconnection
means takes the form of resonate slot-irises. In this manner, a fourth-order quasi-elliptic response can be
achieved within a very limited physical geometry and able to cover more than double the usable fractional
bandwidth than previously reported. Furthermore, the selectivity and insertion loss of the filter response is
significantly improved when compared to the typical single-cavity TM dual-mode filter response that uses
coupling irises, while on the comparison of equal-order structures, a reduction in fabrication complexity and
improved insertion loss is achieved. A characterization of the dimensional variations and effects of altering
one of the source/load port positions in the proposed filter design is investigated in order to demonstrate no-
table effects on the rejection characteristics and positions of transmission zeros. A presentation on the design
theory is given and formulations of various filter responses are examined. The fabrication of an experimental
prototype with approximately 7.3% fractional bandwidth (FBW), centered at 90 GHz is conducted using
high-precision computer numerical control (CNC) milling in order to demonstrate that the unique simplicity
and overall compaction of this method can be easily applied at millimetre-wave frequencies without the need
of tuning means. The results which are presented demonstrate highly accurate measurements throughout
the W-band range, while an additional Q-factor analysis is provided in order to compare the improved filter
scheme with other known design methodologies.

INDEX TERMS Bandpass filter, dual-mode, millimetre-wave, miniaturization techniques, nonresonating
modes, passive components, TM-mode, resonant-iris, waveguide filter, W-band.
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I. INTRODUCTION

As waveguide technology remains the dominant choice in
industry due to its performance capabilities, high-end commu-
nication and space-bound systems require constant adaptation
of both the electrical and physical properties to meet the
stringent conditions imposed by industry as well as meet the
needs of future applications that call for the use of higher fre-
quency ranges. For decades, solutions for innate, yet critical
properties such as size and weight have been an important area

of research and have resulted in many compact multi-mode or
multi-band solutions. In the case of multi-mode designs, many
versatile methods, such as [1], [2], [3], [4], [5], have been
proposed that allow for compact and light-weight microwave
filters to be developed for high-end applications. One of the
most resourceful methods of accomplishing this has been
through the adoption of nonresonating nodes (NRN) and
nonresonating modes (NRM) in order to connect resonators
more flexibly or allocate new bypass couplings throughout the
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structure; several advanced examples can be reviewed in [5],
[6], [7], [8], [9], [10], [11], [12], where new classes of highly-
compact filter components that utilize transverse magnetic
(TM) mode cavities are demonstrated. The use of TM-mode
filters with nonresonating modes has driven much innovation
and research into modular building-block designs and have
allowed for many new filter structures to be demonstrated, for
example [13], [14], [15], [16], [17], [18], [19].

Maximizing the capabilities of filter structures that have
highly stringent requirements is of great interest but also
comes with great difficulty. In examples such as [6], [11],
[20], [21], [22], [23], [24], [25], resonating irises (RIs) have
been proposed as a means of maximizing the use of given
filter structures for single-band or dual-band configurations. It
is clear that the impact of these types of resonating irises can
have a significant influence not only on the obtainable filtering
characteristics, but also the resulting size and weight. In light
of these results, the use of resonating iris configurations in
the literature is relatively low. Pushing these types of filters
to their maximum potential is of great interest and can grant
design engineers the ability to utilize all of the cavities and
interconnecting irises with a minimum of two purposes or
modes during operation.

To this end, we propose an improved configuration to
the TM dual-mode filters presented by [8], [9], [10], where
the general operation and geometric simplicity of the filter
is further maximized through the inclusion of resonating
irises at the source/load positions of the dual-mode cavity. A
description of the configuration and the subsequent impact
on dimensional variations are exhibited for the first time. The
impact of this work demonstrates: a more than doubling of
the usable fractional bandwidth, an increase in selectivity,
an increase in filter order, and improved Q-factor, all with
minimal alterations to the original work proposed in [8], [9],
[10] when comparing characteristics of designs with single
resonators and iris/slot-irises. Furthermore, -notwithstanding
the aforementioned attributes- when considering a
comparison of equal-order designs, a substantial reduction
in fabrication complexity can be obtained while attaining a
significantly improved Q-factor. An experimental prototype of
a filter is constructed for W-band (75-110 GHz) operation in
order to demonstrate the geometrical simplicity and elegance
for micro-scale design where each elementary structure of the
filter operates with at least two purposes, (e.i., the resonant
slot-irises for main-line coupling and producing passband
poles, and the TM dual-mode cavity for producing two
poles and a nonresonating mode for bypass coupling). The
experimental prototype is specified for a fractional bandwidth
(FBW) of approximately 7.3% and centered at 90 GHz in
order to demonstrate the unique simplicity and low geometric
complexity of the design for millimetre-wave operations
where alignment becomes highly critical and tuning means
become impractical or infeasible. A comparison of the
proposed filter design and other TM-mode filter solutions is
provided in order to highlight the benefits of the new design
methodology.

(@) (b)

FIGURE 1. Equivalent e ent-mode resonators fed by WR-10
waveguides; in (a) double-ridge form and (b) slot-iris form.
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FIGURE 2. Simulated S-parameter results for the comparison of the
double-ridge resonator and its equivalent slot-iris type resonator from
Fig. 1.

Il. RESONANT-IRIS APERTURES

Elementary resonating-irises can be configured from the gen-
eral dimensions of a mixed-coupled (inductive and capacitive)
slot-iris, or in the form of evanescent-mode partial-height
posts (e.g., double ridge). Although evanescent-mode post-
type designs have been utilized in work such as [11], the small
and intricate details of partial-height posts make it difficult
or even infeasible for the overall component to be scaled for
millimetre and sub-millimetre wave applications. However,
this partial-height post structure can be altered to form a
synonymous configuration that avoids the use of partial-height
posts and significantly eases fabrication. Fig. 1(a) depicts an
evanescent-mode double-ridge resonant iris, while Fig. 1(b)
depicts an equivalent form in the shape of a slot-type resonant
iris. A comparison of the simulated S-parameter character-
istics of both of these circuits is shown in Fig. 2 over the
full W-band range, where the poles have been specified for
90 GHz operation. This demonstration instantiates a very
similar behaviour over the full frequency band of interest
for both the S;; and S,; response, and provides a suit-
able alternative to the manufacturing of partial-height post
configurations in high-frequency applications. As a further
demonstration, two interconnected resonating slot-irises are
shown in Fig. 3 where the S-parameter responses for a variety
of dimensional configurations are demonstrated in Fig. 4 for
control over the bandwidth and center frequency. It can be
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FIGURE 3. A second-order filter structure by mirroring two resonant
slot-irises back-to-back. Waveguide structures are WR-10.

clearly shown that the center frequency and bandwidth can
be controlled with variations of either the Sy or Sy dimen-
sions from Fig. 3, respectively. This instance demonstrates
the effect of a well controlled filtering response through the
use of sequential resonant slot-irises and can be applied to
more complex structures, as will be shown in the following
sections.

IIl. TM DUAL-MODE FILTERS
Dual-mode filters using TM and nonresonating modes have
been well defined and demonstrated in many works such
as [10] and [19]. A short review of the theory and general
operation will be discussed here as this work aims to be an
improved and alternate approach that ultimately reduces the
fabrication complexity and the need for cascading multiple
TM-mode cavities as demonstrated in the works previously
discussed.

Initially, the fundamental design of the TM dual-mode cav-
ity follows the well-known design equations

fn= |2+ (2)

=gl () + G

from [26], where w = width and & = height of the cavity.
In general, the length of the cavity is kept smaller than a
quarter of the guided wavelength due to the possible inter-
ference of the TE101 mode resonating near the passband of
interest. The addition of stepped-corners allow for the forma-
tion of the TM120 and TM210 modes within the dual-mode
resonant cavity while simultaneously allowing for the nonres-
onating TM11 mode to act as a source/load bypass coupling.
However, one of the key differences in the structure that we
propose in this work, is a modification to both of the coupling
irises that are connected to the source/load. In this manner
the typical thin coupling irises are replaced by resonating
slot-irises that were previously described in Fig. 1(b). With
this modification, the order of the filter is increased and effec-
tively increases the rejection characteristics above and below
the passband. Additionally, by reconfiguring one of the ports
from its typical location (as shown in Fig. 5(a)) to the op-
posite side of TM-mode the cavity (as shown in Fig. 5(b)),
and redefining the dimensions, a modified response can be

(Ta)

(1b)
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FIGURE 4. Simulated S-parameter results of the slot-iris type resonators
shown in Fig. 3 with various values of Sy and Sy, while S; and L; are held
constant at 0.800 mm and 0.900 mm, respectively. Simulation values are
(a) Sx = 0.800 mm, Sy = 0.231 mm, (b) Sy = 0.900 mm, Sy = 0.231 mm,
(c) Sx = 1.000 mm, Sy = 0.231 mm, (d) Sy = 0.861 mm, Sy = 0.200 mm,
(e) Sx = 0.861 mm, Sy = 0.250 mm, (f) Sy = 0.861 mm, Sy = 0.300 mm.

expressed where, again, there is a significant change to the
rejection characteristics. The configurations from Fig. 5 will
be refereed to as configuration (a), and configuration (b) for
simplicity. It is clear that in configuration (b), both of the
source/load waveguide ports share a common corner of the
TM-mode cavity that is not interrupted by one of the two
necessary stepped-corners. A prospective view of this config-
uration is shown with integrated resonant slot-irises in Fig. 6.
It is important to note that a simple mirroring of the port
in configuration (a) to configuration (b) will not satisfy the
S-parameter goals, re-dimensioning is necessary to stimulate
the transmission zero response.

The evolution of the commonly used topology (e.g., [9]) to
the new topology containing resonant slot-irises is described
in Fig. 7(a) and (b), respectively. The addition of the two
resonant slot-irises can facilitate two new poles within the
passband while simultaneously acting as a typical coupling
iris that allows for the nonresonating TM11 mode to act
as a bypass between the first and fourth resonators (now
resonating irises) and again on through to the source/load,
effectively promoting the formation of two transmission ze-
ros around the passband. Interestingly, the length of the slot
irises have little effect on the position of the transmission
zeros and simply allow for the bypass coupling to be passed
over resonator 2 and 3; a demonstration on the effect of re-
ducing the resonant slot-iris’s length is further described in
Section IV in order to highlight this effect. In light of the res-
onant slot-iris topology described in Fig. 7, it will be evident
that for a comparison of single-cavity TM-mode cases (i.e.,
typical second-order versus the proposed fourth-order) that
the proposed design achieves better rejection characteristics,
better insertion loss, and can overcome narrow bandwidth
limitations. Furthermore, a second dual-mode cavity and in-
terconnecting coupling mechanism (such as a thick coupling
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(a) (b)

FIGURE 5. Front view of the dual-mode filters. Configuration (a) with
typical feed positions (e.g., [10]), and Configuration (b) with a reconfigured
coupling location. WR-10 waveguides are shown in each as the feeding
ports and centered with respect to the selected irises.

R,

Offset,

FIGURE 6. Perspective view of the dual-mode filter (configuration (b))
with given design parameters. WR-10 waveguides are centered with
respect to the coupling slot-irises. Dimensional values for the fabricated
prototype: Ry =R, = 3.816 mm, T;; = 1.000 mm, /; = 0.404 mm,

L, = 1.804 mm, I; = 0.868 mm, Offset, = Offset, = 1.076 mm,

P; =0.477 mm, C; = G, = 0.678 mm. All radii are set to 0.200 mm.

slot, quarter-wave waveguide section, or thin coupling slot)
that is typically required in the cascaded fourth-order de-
sign [9], [10] can be forgone; ultimately allowing for reduced
design complexity and a simpler milling procedure.

In previous works of this type, no equations have been
outlined, nor is it evident how to easily evaluate this type
of structure with resonant irises without the use of extraction
tools. In regards to the structure shown in Fig. 6, we propose
that a combination of coupling coefficient methods can be
used to describe the coupling nature between the symmetric
and asymmetric portions of the filter. In this manner, the
structure can be evaluated based on the external quality factor
Q. and coupling coefficient k3 = Ky, which follow from
the standard equations [27] as

Qe:w 2)
2 2

ksym:iwv (3)
fi+r3

where t and f; are the Sy; group delay and its associated
center frequency with respect to the first resonator, and f;
for i = 1, 2 are the eigenmode frequencies of two symmetric
resonators, and the coupling coefficients k12 = k3s =~ kugym
follow from an asymmetric approximation of coupled res-
onators (in this case, resonator to resonant iris) as

TM11 Bypass
| e hl
1 My, 1
e\ TN
) —"—Q— L)
— My M, My —
TMI120 TM210
(@
TM11 Bypass
hl
1 M 1
e\ A\ VAP VAR
2 M, T M), My Mu\~—/ My —
TE101 T™I20 TM210 TE0I1
(b)

FIGURE 7. Topology evolution: (a) the topology path of a typical
dual-mode filter (e.g., [10]), and (b) the topology path of the resonant
slot-iris dual-mode dual-band filter. (Resonating nodes are black,
source/load nodes are white, and gray nodes are resonating slot-irises.
Solid lines indicate the direct-coupling paths and dashed lines indicate
bypass-coupling paths.).

)
ko= + L= - / = (4a)
la + f2a
2 2
)
ky = & =20 (4b)
i+ 3
kasym == A |ka : kb'v (40)

where f;, fori = 1, 2 and x = a, b are the eigenmode frequen-
cies of two symmetric resonators formed from the mirroring
of two decoupled asymmetric resonators [28], [29].

In the case of the TM11 bypass coupling, we propose a
modified approach to the method described by [5] for TM110-
mode filters; this approach can be used to approximate the
k14 = kpypass of the proposed filter by removing the stepped
corners of the TM-mode cavity and studying the transmission

coefficient as
2
1— /1= Sz

So1,sL

. ®)

kby pass ==

where |S21sz| is the transmission coefficient of the
source/load coupling through the TM-mode cavity [5], [30].
In this manner, the structures in Figs. 5 and 6 can be defined
by coupling matrix theory.

IV. FILTER CONFIGURATIONS AND ATTRIBUTES
In order to demonstrate the functional nature of the proposed
topology, a dimensional analysis is exhibited for simulated
filters operating at 90 GHz with varying fractional bandwidths
as well as a prototype filter to be fabricated for operation at
90 GHz with a fractional bandwidth of approximately 7.3%.
Fig. 8 depicts the S-parameter responses of filter config-
uration (a) with and without resonant slot-irises. It can be
shown that for similar specifications where the transmission
zeros are held at the same locations, a significant improvement
can be rendered over the full frequency band in favour of
the resonant-iris type TM-mode filter structure. In a similar
manner, configuration (a) and (b) are compared in Fig. 9
with similar dimensions and similar specified bandwidths.
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FIGURE 8. The simulated S-parameters of a typical TM dual-mode

filter [10] (Configuration (a) without resonant slot-irises) versus the
proposed TM dual-mode filter (Configuration (a) with resonant slot-irises).
The transmission zeros are held in the same position for a relative
comparison between the second- and fourth-order characteristics.

- - -S11 Proposed Config.A w/ RI - - -S21 Proposed Config.A w/ RI
——S11 Proposed Config.B w/ RI ——S21 Proposed Config.B w/ RI
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FIGURE 9. The simulated S-parameters of the proposed TM dual-mode
filter (Configuration (a) with resonant slot-irises) and its reconfigured
version (Configuration (b) with resonant slot-irises). The 20 dB bandwidth
is held in approximately the same position for a relative comparison
between the return loss improvement and detuning of the transmission
zero locations for filters with similar dimensions.

Observing the differences in transmission zero location, it is
clear that the bypass coupling value is altered by changing
from configuration (a) to (b), and the achievable rejection
region characteristics are effected, particularly in the upper
portion of the frequency band, and the return loss is further
improved. Although comparisons generally maintain equiva-
lent characteristics such as filter order and return loss ripple,
this comparison highlights the evident improvements with
minimal dimensional variation and similar bandwidth require-
ments.

Utilizing configuration (b) for its strong quasi-elliptic re-
sponse, a filter operating at 90 GHz with a fractional band-
width of approximately 7.3% is demonstrated and analyzed;
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FIGURE 10. Simulated narrowband (FBW = 7.3%) S-parameter response
of the TM-mode filter in Configuration (b) with resonant slot-irises and its
associated coupling matrix S-parameters from equation (6). The filter
dimensions are specified in Fig. 6.

first, with respect to the effects of parameter variations on the
coupling values, and then the S-parameter characteristics with
respect to dimensional variations in the lengths of both of the
resonant slot-irises and the TM-mode resonator length itself.
Fig. 10 depicts the simulated S-parameter response, where
the coupling matrix response, described by (6), follows from
equations (1)—(5) with regards to the filter structure defined
in Fig. 6; note that the internal radii of corners is specified as
0.2 mm. Fig. 11(a) and (b) demonstrate the effects of param-
eter variation on the external quality factor, coupling values
and resonant-iris frequency. Each parameter is swept over a
wide range in order to highlight the effects.

0 1.140 0 0 0 0
1.140 0 1.002 0 —0.157 0
0 1.002 0 0.824 0 0 ©)
0 0 0.824 0 1.002 0
0 —0.157 0 1.002 0 1.140
0 0 0 0 1.140 0

Control over the length of the resonant slot-iris dimension
I7 is demonstrated in Fig. 12 for the structure and given
dimensions outlined in Fig. 6. Studying Fig. 12, stimulation
of two additional poles can be seen within the passband while
varying the dimension Iz over the range of I = 0.1 mm to
0.868 mm. Inspection of this response sequence shows that
a variation in the length of irises has negligible effect on the
position of the transmission zeros. However, the bandwidth
and selectivity of the filter is substantially increased, where
on comparison of Fig. 12(a) and (f), the lowest rejection
level at the edges of the plots can be shown to evolve from
approximately 20 dB to 36 dB, while the return loss ripple
evolves from approximately 1.8 GHz bandwidth at 36 dB to
approximately 6.5 GHz bandwidth at 25 dB, demonstrating



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BARTLETT ET AL.: IMPROVED TM DUAL-MODE FILTERS WITH REDUCED FABRICATION COMPLEXITY

Stepped Corners C ; & C, (mm)

N

% 0.3 0.4 0.5 0.6 0.7 0.8 0.9

< 110 T T T T T 0.15

>

2 /)

S 105 ke, %

) ~. %

g [~ e =
100 F T Y o
2 < 11 5
o [ I g

g 9of Trel S
S N ~— g

P Rals ~... =

ot e S.o ~m] 0.05 &
ER L 3

£ sof e ST

& -~

RN = : : : 0

‘3 1.6 1.7 1.8 1.9 2

H Resonant-Iris Width 7 5 (mm)

(a)

0.8 0.9 1 1.1 1.2
0.08 T T T 0.25
0.075 |
BT R R =
< ool lo, <
g 007 T : /_’_,.—'- 0.2 5
s .9 4T s
=~ 0.065 e &
[ R . 2 T on
= e =]
B 0.06 [ et 1015 &
o | e (=]
O LT o]
0.055
0.05 . : . 0.1
1.6 1.7 1.8 1.9 2
Resonant-Iris Width / P (mm)
(b)

FIGURE 11. Effects of parameter variation on the external quality factor, coupling values and resonant-iris frequency for the filter specified in Fig 6.
(a) External quality factor, resonant-iris frequency, and coupling factor k,3’s dependence on resonant-iris width I, and stepped corner sizes C; and G, and
(b) Coupling factor ki, and ki4's dependence on resonant-iris width /, and the dual-mode resonator length 7;.
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FIGURE 12. Evolution of the simulated S-parameter response for the
proposed dual-mode filter specified in Fig. 6 while varying the resonant
slot-iris thickness value (/7). For images (a) though (f), /; = 0.1 mm,
0.275 mm, 0.45 mm, 0.625 mm, 0.8 mm, and 0.868 mm respectively.
(re-optimized dimensions not shown).

a substantial variation of the characteristic response with re-
spect to parameter /7.

In regards to the simple mirroring of one of the source/load
feeding ports to the opposite side of the TM-mode cavity (and
with minimal re-dimensioning), a coupling sign change is
invoked which results in an all-pole equalized filter response.
This case is shown in Fig. 13, where a mirroring of one of the
feed ports back to configuration (a) and a re-optimization of
the dimensions is applied. In this scenario, the characteristics
of a fourth-order Chebyshev response can be shown, where
again, the stimulation of the two resonant slot-irises can be
seen within the passband while varying the resonant slot-iris
length from Iz = 0.1 mm to 0.868 mm. Again the bandwidth
and selectivity of the filter is substantially increased with

0 0 0
220 -20 -20
-40 40 -40
g-60 @) (b)) 0 ©
2 80 90 100 80 90 100 80 90 100
=)
g 0 0 0
i
? 20 20 20
-40 -40 -40
60 @ %0 @ ®
80 90 100 80 90 100 80 90 100
Frequency (GHz)

FIGURE 13. Evolution of the simulated S-parameter response for the
proposed dual-mode filter specified in Fig. 6 when one of the ports is
mirrored across the TM-mode cavity for equalized filter characteristics. The
resonant slot-iris thickness value (/) is again varied. For images (a) though
(f), Iz = 0.1 mm, 0.275 mm, 0.45 mm, 0.625 mm, 0.8 mm, and 0.868 mm
respectively. (re-optimized dimensions not shown).

the use of the resonant slot-irises, where on comparison of
Fig. 13(a) and (f), the lowest rejection level at the edges of
the plots can be shown to evolve from approximately 16.4 dB
to 25.7 dB, while the return loss ripple evolves from approxi-
mately 2.1 GHz bandwidth at 30 dB to approximately 5.9 GHz
bandwidth at 28 dB. Again, demonstrating a substantial vari-
ation of the characteristic response with respect to parameter
I7. In order to control the transmission zero response, a vari-
ation of the TM-mode cavity length (7z;) can be applied,
where in Fig. 14, a demonstration of the transmission zero
control is shown over the dimensional range of 7z; = 0.7 mm
to 1.5 mm.
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FIGURE 14. Simulated transmission response of the resonant slot-iris
dual-mode filter specified in Fig. 6 while varying the dual-mode resonator
thickness value (T;;), where i = 1,2, 3. Tz; = 0.7 mm, Tz; = 1.0 mm, and
Tzz = 1.5 mm. (re-optimized dimensions not shown).
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FIGURE 15. Wideband (FBW = 15%) simulated S-parameter response of
the TM-mode filter in Configuration (a) and Configuration (b) with similar
dimensions and both with resonant slot-irises.

In [10], an upper limit of approximately 7% fractional
bandwidth is suggested for the TM-mode filter. However,
in light of the properties of the new topology proposed
in Fig. 7(b), we expand this fractional bandwidth limit by
more than double and demonstrate the simulated results to
be suitable for at least 15% fractional bandwidth in both
configuration (a) and (b). The S-parameter results are shown
in Fig. 15 with a similar return loss ripple and fractional
bandwidth over 60 GHz to 130 GHz. It can be noted that
the achievable fractional bandwidth can be greater 15% and
Fig. 15 is used as a wideband example. On the lower limit for a
usable narrow fractional bandwidth, a practical limit of 2% is
suggested. Notwithstanding, these bounds may be exceeded,
however, can come at the cost of undesirable effects such
as the introduction of spurious modes and increased losses.
For bandwidth below 2%, the use of the classical structure is
recommended. The simulated transmission response for the
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FIGURE 16. Narrowband (FBW = 2%) and wideband (FBW = 15%)
simulated S-parameter responses of the TM-mode filter in Configuration
(b), both with resonant slot-irises.

stated practical fractional bandwidth limits are demonstrated
in Fig. 16.

V. FABRICATION AND RESULTS

As a demonstration of the compact and simple nature of
this design, a prototype filter corresponding to the specifi-
cations outlined in the previous section for a 90 GHz filter
operating with a 7.3% fractional bandwidth has been man-
ufactured. Brass has been selected as the cutting material
due to its machinability and high-quality surface finish in
high-precision CNC milling. The dimensions of the structure
are defined in Fig. 6 with internal radii of 0.2 mm. Images
of the milled cavity and the assembled filter are shown in
Fig. 17(a) and Fig. 17(b), respectively. The measured surface
roughness of the milled cavity in Fig. 17(a) has been found to
be approximately R, ~ 1 um, where R, describes the mean
arithmetic height.

Once fabricated and assembled, the filter was tested using a
Rohde & Schwarz ZVA67 with W-band up-converters. Fig. 18
presents a comparison of the simulated and measured results
over 75 GHz to 110 GHz. This direct comparison demon-
strates good measured results; the return loss is better than
20 dB, while the insertion loss is on range of 0.42 dB to
0.63 dB throughout the measured passband. Analyzing the
response, the unloaded quality factor is found to be approxi-
mately Q, & 550. The measured results demonstrate very high
accuracy when compared to the simulated results in both the
passband and rejection regions with negligible shift in center
frequency. A close-up view of the simulated and measured
insertion loss is given in Fig. 19 over the range of 83 GHz to
97 GHz. No gold (Au) or silver (Ag) coating has been applied
to enhance the performance. The results of the prototype allow
for the design approach to be demonstrated as a competitive
option for ultra-compact structures, especially when selecting
structures suitable for millimetre-wave design where tuning
screws or the cascading and alignment of multiple cavities
becomes increasingly difficult, if not infeasible.
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(b)

FIGURE 17. Fabricated W-band prototype. (a) Close-up view of the internal
cavity and one of the resonating iris-slots, and (b) the assembled filter unit.

Vi. Q-FACTOR COMPARISON

As a verification of the design methodology, the Q-factor of
a proposed configuration (b)-type filter is compared to several
other TM-mode filter designs. Although it is evident that not
all filtering characteristics can be matched, the two primary
attributes in the comparison are in terms of equal return loss
ripple and fractional bandwidth. In this comparison, the pass-
band is set between 87.2 GHz to 92.8 GHz for a fractional
bandwidth of 6.2%. In this manner, the typical dual-mode
filter configuration -[9]- is within its suggested upper limit of
7% fractional bandwidth, while the proposed filter is closer to
its lower limit.

Three filters are compared to the proposed filter design,
two of which are variations of the typical dual-mode filter
design — shown in Fig. 20(b) — and one of which is similar to
the TM 110 single-mode filters demonstrated in [31] — shown
in Fig. 20(c). The simulated results of the four filters are
shown in Fig. 21 over 70 GHz to 110 GHz. The equivalent
conductivity of brass used for the measurement comparison
provided in Section V has been applied to each of the struc-
tures for a realistic Q-factor comparison. The inset of Fig. 21
provides insight into the capabilities of each of these filters
over 82 GHz to 98 GHz, where it can be clearly shown that
the proposed filter in this work provides the lowest and flattest
insertion loss of the four designs. Table 1 is provided for a
quick comparison of values between the specified passband
range. Although some argument can be made in regards to the
variation of the Sp; parameters in terms of transmission zeros,
spurious modes, and relative selectivity, it can be understood
that it is difficult to perfectly match all characteristics, and the
authors estimate the Q-factors as best as possible for simulated
data for designs with equal return-loss ripple and fractional
bandwidth. The proposed filter design reaches a Q, &~ 660, the
two typical dual-mode designs reach Q, =~ 350, and the four-
cavity single-mode design from Fig. 20(c) reaches Q, =~ 350.
It is note worthy to observe that with the use of resonant-irises,
the Q-factor of the proposed design still overcomes that of the
other simulated structures and provides a very flat insertion
loss within the specified passband. Furthermore, the fabrica-
tion complexity is kept minimal by only requiring the use of
one TM-mode cavity, opposed to two or four cavities that are
required by the other design schemes to achieve fourth-order
filter characteristics.

——S11 Sim ——S21 Sim - - -S11 Meas - - -S21 Meas

+—
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FIGURE 18. Simulated versus measured S-parameters of the resonant
slot-iris dual-mode filter modelled in Fig. 6. (equivalent conductivity of
brass taken as 5.9x10° S/m).
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FIGURE 19. Close-up view of the simulated versus measured insertion
loss of the resonating-iris dual-mode filter modelled in Fig. 6. (equivalent
conductivity of brass taken as 5.9x10° S/m).

While it may be possible to increase the Q-factor of the
structures shown in Fig. 20(b) and (c) by increasing their
length, one must take into account that a simple lengthening
of the cavities has intrinsic effects; primarily, the transmission
zero positions will be altered due to a variation of the bypass
coupling. In order to compensate this effect, one must try to
vary the other dimensions of the filter, often resulting in other
undesirable trade-offs that do not meet the required speci-
fications. This becomes especially difficult if one considers
that the length of the cavity should remain smaller than a
quarter of the guided wavelength to keep the TE101 mode
from resonating in the vicinity of the passband. Moreover,
from a fabrication complexity point of view, the additional
parts that are required to assemble the classical designs will
cause more gaps, dimensional errors and misalignments that
further degrade the Q-factor performance when applied in
practice.
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FIGURE 20. Fourth-order TM-mode filter structures. (a) The proposed

dual-mode TM-mode resonant-iris filter structure, (b) the typical

dual-mode TM-mode filter structure [10], and a single-mode (TM110)

four-cavity structure [31].

TABLE 1. Comparison of Simulated Fourth-Order TM-Mode Filters

Operating at 90 GHz and 6.2% FBW

——S11 Proposed =~ ——S21 Proposed

- ==SI1 Typical Ex.1 - - =S21 Typical Ex.1
----- S11 Typical Ex.2 =-=-=S21 Typical Ex.2
= §21 Other Ex.3 - S11 Other Ex.3

S-Parameters (dB)

. i
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Frequency (GHz)

FIGURE 21. Simulated S-parameters of fourth-order single- and dual-
TM-mode filters with FBW = 6.2%. The proposed dual-mode filter takes
the form of Fig. 20(a), dual-mode examples (Ex.1 and Ex.2) take the form
of Fig. 20(b), and the single-mode example (Ex.3) takes the form of

Fig. 20(c). (equivalent conductivity of all filters is taken as 5.9x10° S/m).

to demonstrate the elegance and reduced complexity of the
design. The prototype has been tested and demonstrates an
exceptionally accurate response over the full frequency band
of interest. A comparison of simulated fourth-order TM-mode
filters is provided in order to highlight the obtainable Q-factor
and flatness of the insertion loss with respect to other filter

. TM-mode Approx.  Design Style
Filter Ca(v;;les IL (dB) Q-factor  (from Fig.20)
Proposed 1 0.45 - 0.36 660 (a)

Ex.1 2 1.31 - 0.70 350 (b)

Ex.2 2 1.17 - 0.68 350 (b)

Ex.3 4 1.17 - 0.66 350 (c)

*The equivalent conductivity of brass is taken as 5.9210° S/m for all filters.

VII. CONCLUSION

In this work, an alternate and improved approach for the
design of dual-mode filters that utilize TM and nonresonat-
ing modes has been investigated. A reconfiguration of the
typical TM dual-mode design allows for the inclusion of res-
onant irises between the TM-mode cavity and the source/load
connections. This approach demonstrates an improvement to
the typical single-cavity design in several aspects, that be-
ing: increased filter order and suitability for wideband and
millimetre-wave frequencies, all with minimal alterations to
the original design, while in comparison to equal-order de-
signs, a reduction in fabrication complexity and improved
insertion loss is achieved. Furthermore, this method desig-
nates all of the filter’s structural elements with a minimum
of two operating purposes or modes in order to optimize the
given geometry. In this manner, the novelty of the filter ap-
proach presented in this work allows for simple, compact and
lightweight designs which do not require any tuning elements.
A prototype of a W-band fourth-order quasi-elliptic filter has
been manufactured using high-precision CNC milling in order
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types, ultimately validating the design approach.
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