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ABSTRACT In this paper, the design and realization of quasi-elliptical waveguide filters with reduced

manufacturing complexity are discussed. The filters are based on TE mode cavities, which are loaded with
TM mode stubs. It is shown that dual-, triple- and quadruple-resonance segments are obtained by using up
to three stubs loaded on the broad side of a TE mode cavity. The structures obtained can either be used as
a stand-alone filter or even as a building block suitable for the realization of higher order filters. The multi-
resonance blocks reveal several advantages in the mm-wave area: The manufacturing complexity is easy to
handle and comparable to simple all-pole filters, which is especially important at high frequencies. Therefore,
three prototypes are manufactured as proof of concept in the D-band (110 GHz-170 GHz). Moreover, the
building blocks are able to produce n — 1 transmission zeros (TZs) with n being the number of resonances.
Therefore, the blocks generate between one (dual-resonance) and up to three (quadruple-resonance) TZs.
Advantageously, the filters can be cut in the E-plane in order to reduce the insertion loss and hence consist
of only two components. Three examples are manufactured by high precision CNC milling and reveal good
agreement to the simulation by obtaining unloaded Q-factors of up to 1000.

INDEX TERMS D-band filter, E-plane cut, high precision CNC milling, reduced manufacturing complexity,

TM mode stub.

I. INTRODUCTION

Waveguide components in the sub-terahertz frequency range
are a current research topic due to the steadily increasing
data rates in modern communication systems. This trend leads
to a higher demand for bandwidth resources, which can be
met especially at high carrier frequencies. While in the lower
gigahertz regime versatile technologies are known for the
realization of microwave filters (e.g. microstrip, coaxial or
dielectric), in the mm-wave area the focus usually lies on
the waveguide technology. The manufacturing of waveguide
components in the lower frequency bands is generally not
associated with any difficulties and different manufacturing
techniques are available, including the classical comput-
erized numerical control (CNC) milling or versatile 3-D

printing approaches [1], [2]. Up to moderate center fre-
quencies, tuning screws might be used to compensate for
manufacturing tolerances.

The requirements and hence the manufacturing techniques
change when the center frequency is further increased.
For example, in the mm-wave frequency range tuning of
the components is almost not possible anymore, leading
to the need of an inherent high manufacturing accuracy.
Consequently, it is important that the structures to be realized
are in harmony with the manufacturing approach to mitigate
this problem and reduce the reject rate in the production
of these components. Apart from CNC milling, the deep
reactive ion etching (DRIE) approach as well as the SU-8
photoresist technique have proven to be suitable for the
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realization of filters up to the terahertz regime [3], [4],
[5]. In both approaches, individually structured layers are
stacked above each other. In case of DRIE, TM dual-mode
filters have proven to be well suited for this manufacturing
approach [6], [7], [8]. Especially, small coupling elements
can be manufactured with high precision. A similar statement
is valid for the SU-8 photoresist technique, where cascading
several layers leads to good results [9], [10], [11]. A
disadvantage of both approaches is that specialized holders
for measurement and mounting might be required. In addition,
the machines for the production of both technologies are not
as commonly used as high precision CNC milling machines.

Implementing microwave filters by using multiple parts is
not meaningful if the milling approach is used for fabrication.
A high number of individual parts leads to inherent increased
losses because of the finite surface roughness and tolerances
arise due to the alignment of the parts. Considering the CNC
milling process, the component to be realized should consist
of ideally only two individual parts. This reduces alignment
problems as well as electrical losses. To further account for the
last aspect, an E-plane cut is highly desirable. All-pole filters
with an E-plane cut were already published in the literature
with remarkable performance [12], [13], [14]. Nevertheless,
no finite transmission zeros (TZs) are available to increase the
filter selectivity. This property is, however, highly desirable
in order to efficiently fulfill the rejection requirements while
keeping the filter order as small as possible. Filters with finite
TZs are in many cases realized with an H-Plane cut, e.g. [15],
[16], [17], [18]. These filters are either implemented as a clas-
sical quadruplet topology or utilize the singlet approach [19],
[20], [21]. In many cases the filters resulting from these design
approaches do not reveal an E-plane symmetry.

To improve this circumstance, this paper presents
multi-resonance building blocks consisting of a TE mode
cavity which is loaded with up to three TM mode E-plane
stubs. These segments are well-suited for the CNC milling
approach especially in high frequency bands due to the
following reasons:

e The filters are symmetric and therefore allow the imple-
mentation of an E-plane cut to improve the manufactur-
ing quality as well as to reduce the insertion loss.

e The filters are easy to fabricate as there are no structures
that are difficult to realize such as capacitive gaps or
cavities with high aspect ratio. Furthermore, alignment
issues are reduced to a minimum as only two parts are
required.

® A cavity loaded with stubs allows the implementation of
the same number of finite TZs as the number of stubs
used. Therefore, quasi-elliptical filter responses can be
realized. The filter order can therefore be reduced as
rejection specifications might be efficiently realized.

The article proposed here extends our basic investigations
in [22]. The approach using stub-loaded cavities is primary
based on the stubbed waveguide principle discussed in [23]
and [24], where a TE»9; mode cavity with one or optionally
two E-plane stubs is used to realize highly compact filters at
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moderate frequencies (around 21 GHz as well as 31 GHz).
The position of the stubs as well as the offset of the input /
output coupling prevents the filters, however, to be realized
with an E-plane cut. A similar statement is valid for the
approach proposed in [25], where a dual-mode base-cavity
is used and loaded with TM mode stubs to realize a pair of
real frequency axis or even complex TZs. The approaches
discussed there reveal several advantages with respect
to size and weight reduction of the filters, however, the
manufacturing complexity is not optimal for the realization in
the mm-wave range (above 100 GHz).

Another interpretation of the structures proposed here
is given by assuming the stubs as a dispersive admittance
inverter. By using impedance as well as admittance inverters
in a filter, the cavities between two different types of inverters
need to be a quarter wavelength long instead of half a
wavelength [26], [27], [28]. The arising TZ is then generated
by the dispersive characteristic of the inverter realized by the
stub. However, as the former interpretation of the stubs as TM
mode resonators reveals several advantages by discussing the
electrical filter behavior, this interpretation is used throughout
the paper.

Based on the concepts in [23], [24], [25] and in exten-
sion to [22], this paper proposes quasi-elliptical waveguide
filters based on the stub-approach. The focuses lie on an easy
fabrication at mm-wave frequencies and the realization by
high-precision CNC milling.

A TEj01 / TE1p2 / TE 93 mode cavity is loaded with one
/ two / three TM mode E-plane stubs, respectively, while
each stub implements one reflection zero as well as one TZ.
Depending on the filter set-up, the position of the TZs is either
flexible or almost fixed. However, in the latter case, a certain
flexibility is achieved by combining several of the proposed
structures with non-resonating nodes (NRNSs).

This paper is organized as follows: Section II provides an
overview over the basic second order building block. The
fields of the resonant modes as well as coupling matrix de-
pendencies are discussed. The high design flexibility is proven
on a fourth order filter realized by coupling two second order
building blocks with a quarter wavelength coupling aperture.
Basic design rules are discussed. A filter is designed and man-
ufactured as proof of concept. Section III extends the principle
to a TEjp2 mode base cavity loaded with two E-plane stubs.
The resulting third order filter reveals a high design flexibility
as well. A sixth order filter as a result of coupling two third
order building blocks is manufactured. Section IV provides a
further extension to a quadruple-resonance segment, consist-
ing of a TE|p3 mode base cavity and three TM mode stubs.
In Section V a comparison of the results obtained here with
results from the literature is accomplished. Finally, Section VI
summarizes and concludes this paper.

Il. DUAL-RESONANCE SEGMENT

A. BASIC CONSIDERATIONS

The basic dual-resonance element is shown in Fig. 1. It
consists of a TEjg; mode cavity with length /.4, width a
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FIGURE 1. Dual-resonance element consisting of a main cavity with length
Icq, and an E-plane TM mode stub. The red (dashed) line indicates the
cutting plane. The waveguide dimensions are a = 1.651 mm and

b = 0.8255 mm.
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FIGURE 2. S-Parameter simulation of the resonator in Fig. 1 with weak
excitation. The dimensions are chosen as follows (all in mm):

d;, = doyt = 0.6, Icq, = 1.7, hgyp = 1, typ = 0.756, t;, = 0.3, 0. = 0,
wetyp = d- The inset shows the topology of the dual-resonance element.

and height b (width and height of WR-6 waveguide standard,
respectively) as a base. On top of the cavity, a TM mode stub
with height Ay, thickness tg,;, and width wy,,;, is placed.
The stub is centered with respect to the TE;g; mode cavity
and may have an offset in z-direction, which is denoted
as o.. The dual-resonance segment is coupled by inductive
irises with diameter dj, and d,,; to the in- and output,
respectively. The red (dashed) line illustrates the E-symmetry
plane, in which all filters within this paper can be cut for
manufacturing purposes.

In a first investigation, the resonator is simulated with weak
excitation (d;; = d,,; = 0.6 mm) in order to evaluate the field
distribution of the participating modes. The S-Parameters are
shown in Fig. 2. One TZ at 112.74 GHz as well as two
resonances can be observed. Fig. 3 shows the electric and
magnetic field distribution at the resonance frequencies of
the S-Parameter response in Fig. 2. The electric / magnetic
fields of the lower-frequent mode at 115.3 GHz are shown
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FIGURE 3. Field distribution at the resonance frequencies from Fig. 2:
(a) and (b) electric / magnetic field distribution of TM;;, mode

(115.3 GHz); (c) / (d) electric / magnetic field distribution of TE;o; mode
(124.2 GHz).

in Fig. 3(a) and (b), respectively, which can be identified
as a mode similar to TMjg. The field distribution of the
resonance at 124.2 GHz is shown in Fig. 3(c) and (d) and
is denoted as TEj9; mode. In comparison to the “classical”
TEj01 mode, there are additional field portions within the
stub. As no coupling element is located in the dual-resonance
structure, both modes are excited from the source / load port.
The corresponding coupling scheme is a transversal array of
second order as shown in the inset of Fig. 2 [29]. The existence
of the TZ in Fig. 2 can for example be explained by the electric
field distribution of both resonant modes in Fig. 3(a) and (c).
On the one hand, the field of the TE;j; mode reveals the
same direction at the input and output port, while the field
of the TM 19 mode exhibits an opposite direction at the ports.
Therefore, one coupling factor in the transversal array must
be interpreted negative. One the other hand, as can be seen in
the field distributions in Fig. 3, the coupling strength between
the source / load port and both resonating modes is different
as required for the realization of a TZ.

By proper dimensioning, the dual-resonance segment can
be tuned to realize a second order filter with one TZ. It is worth
mentioning that the TZ can be flipped from one side of the
passband to the other by exchanging the resonance frequen-
cies of the resonating modes (zero shifting property) [30]. The
dual-resonance segment is especially suitable for the deriva-
tion of coupling factor dependencies, which is convenient for
the design of higher order filters. For this investigation, the
dual-resonance element is matched to a return loss of RL =
20 dB between the band edges at f; = 117.27 GHz and f, =
119.72 GHz and thereby reveals one TZ below the passband
at a normalized frequency of frz p = —;j2.63 (115.31 GHz).
The normalized coupling factors are given as Ms | = M 1 =
0.58, —Mg> =M =1.148, M1 = 1.6 and Mp» = —1.41
[29]. The dimensions of the prototype are found as (all in
mm): djy, = dpyy = 1.02, 1, = 0.3, gy = 1.38, hy, = 0.941,
tgup = 0.8, 0, = 0 and wy,y, = a.

Subsequently, the geometric dimensions are varied in dis-
crete steps and the coupling matrix is extracted for each step.
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FIGURE 4. Dependencies of the coupling factors of a second order filter in
transversal array topology upon geometric dimensions (compare Fig. 1).
The vertical dashed lines visualize the ideal dimensions for which the filter
is matched.

The results are shown in Fig. 4. The vertical dashed lines
visualize the dimensions, for which the filter is matched and
fulfills the desired specifications. Fig. 4(a) shows the de-
pendency of the coupling factors from the stub height /,p.
Obviously, only the coupling factor M ; increases for an
increasing stub height. This coupling factor might therefore
be associated with the TMjjop mode in the stub. A similar
statement is valid for the variation of the stub width wg,,
in (b), which might only be choosen smaller or identical to
the waveguide width a due to manufacturing reasons. Apart
from a neglectable variation in M> 2, M; | strongly depends
on the stub width. As can be seen in (c), for the simulated
parameter range an increase of the stub thickness ¢y, leads
to an increased center frequency as both self couplings M |
and M, » decrease. An offset from the center position of the
stub o, as well as a variation of the blend aperture diameter
di, should be used for an adaption of the coupling strength
between the ports and the resonant modes. As an interesting
observation, a shift of the stub leads to a decreasing coupling
factor My if it is shifted into the direction of the source port
(an identical case occurs if the stub is shifted in the direction
of the load port, where M| 1 decreases). Furthermore, loading
effects on both resonances can be identified by varying o, or
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FIGURE 5. S-Parameter results of TZ study for: (a) second order building
block with stub extending in one direction and (b) second order building
with stub extending in both directions. The insets show the simulation
set-ups of the borderline cases.

di,. Please note, that varying o, is only important for higher
order filters as any transversal coupling matrix of second
order requires [Ms 1| = [M; | and [Ms>| = |M> 1| to realize
a matched filter response, which is only fulfilled for o, =0
(cross-point of Mg 1 and M| 1). Finally, from Fig. 4(e) one can
conclude that the self coupling M> > (TE19; mode) should be
controlled by the length of the cavity /..y, since the coupling
factor My | can be compensated using wy,, and hg,,p. Similar
coupling factor dependencies can be observed, if a symmetric
second order filter (where the stub extends in both directions)
is investigated. From Fig. 4 it follows, that the TZ generated
by the dual-resonance segment can either be positioned above
or below the passband by exchanging the frequencies of both
resonant modes.

Under the defined constraints and design variables, the
relative position of the TZ can be varied to some extent by
changing e.g. the stub thickness, which defines the only de-
gree of freedom in the second order segment. A study is shown
in Fig. 5(a). In this analysis, the stub thickness is enforced to
a certain value and the filter is matched using the remaining
geometrical parameters to maintain the same filter character-
istic (band edges and return loss level). As a result, a minimal
TZ position of frz rpmin = —j1.68 for a stub thickness of
tyup = 0.2 mm can be achieved. The maximal TZ position is
achieved if the stub thickness is identical to the length of the
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W, ),
NRN; NRN,

N1

(b)

FIGURE 6. (a) Simulation model of a fourth order filter consisting of two
second order segments coupled by a quarter wavelength inverter and
(b) corresponding coupling topology.

base cavity. In this case the TZ occurs at a normalized fre-
quency of frz.rpmax = —j3.07. A similar statement is valid
for the second order filter using a symmetric stub extending
in both directions (compare insets in Fig. 5(b)), where the TZ
can be placed at frz 1pmin = —j2.11 for ty,, = 0.2 mm and
J1z.LP.max = —j4.42 for ty,p = leqy = 1.63 mm. The results
in terms of S-Parameters are shown in Fig. 5(b). This paper
focuses on filters realized by stubs extending in only one
direction, while stubs extending symmetrically are used in
filter design as well [25], [31]. A similar design flexibility as
provided by the second order segment is realized by a fourth
order filter as described in Sections II-B.

B. HIGHER ORDER FILTER DESIGN AND COUPLING
MATRIX DESCRIPTION
A fourth order filter can be realized by cascading two sec-
ond order segments with an iris aperture, whose length [}, is
approximately a quarter wavelength at the filter center fre-
quency. The simulation model is shown in Fig. 6(a) while
one feasible coupling topology is depicted in (b). In the
coupling matrix description, the iris aperture between both
dual-resonance segments might be modeled as two consecu-
tive NRNs, which are coupled by a unity inverter. The value of
the self-couplings of both NRNs is set to zero in this case [21],
[32], [33]. As the coupling inverter has a length of approx-
imately a quarter wavelength, this seems to be a physically
more meaningful description than the one initially proposed
in [22], where only one NRN is placed in the coupling
scheme to couple both cavities. Furthermore, the simulated
S-Parameters might be modeled more precisely by utilizing
this approach. As proof of this topology, the S-Parameters of
the manufactured filter are compared with the simulation as
well as the coupling matrix representation in Sections II-C.
Initial dimensions of a fourth order filter with one TZ below
and one TZ above the passband can be obtained by cascading
two second order segments as discussed in Sections II-A,
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FIGURE 8. Flexibility of the upper TZ of the fourth order filter as shown in
Fig. 6(a). The TZ is varied on the normalized frequency axis between
frz,l_p = il .45 (l 19.7 GHZ) and frz,[_p = i2.85 (121.95 GHZ).

where the dimensions of a second order filter with a TZ below
the passband are given as well. The TZ can be flipped to
the other side of the passband by choosing the dimensions
of the cavity and stub to e.g. I,y = 1.524 mm and hg,;, =
0.791 mm, respectively, while maintaining all other dimen-
sions. The coupling aperture between both dual-resonance
segments is chosen with the initial dimensions dj; = 1.05 mm
and /; = 1 mm. The final dimensions for the desired band-
width / TZ positions can efficiently be obtained by using for
example the trust region framework optimization algorithm in
CST Microwave Studio.

The flexibility of the proposed fourth order filter is rep-
resented in terms of Figs. 7 and 8. In Fig. 7 a bandwidth
study is carried out. The center frequency is maintained
constant at approximately 117.4 GHz while the bandwidth
is varied between 1.7 GHz (FBW = 1.45%) and 6.3 GHz
(FBW = 5.37%). The relative position of the TZs is choosen
symmetrically at frzp = %;1.82 and is constant within the
framework of this study. Due to multiple cross-dependencies
of the coupling factors as discussed in Fig. 4, the results of
the bandwidth study are based on optimizing the structure in
Fig. 6(a). Please note, that in the simulation model the upper
TZ is generated by the generally smaller stub (characterized
by I; and hg,;1) while the TZ below the passband is generated
by the second stub. In addition to the optimization strategy,
some basic dependencies observed by obtaining the presented
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results might be identified. For example, for increasing the
bandwidth, all coupling apertures (d;,, di2 and d,,) tend to
enlarge as is commonly known for waveguide filters. Addi-
tionally, the length of the base cavities /; and /> needs to be
reduced for increasing bandwidths. The height of the first stub
(hgup1) decreases for larger bandwidths while the height of
the second stub (hg,y) increases. This is expected as well,
because the absolute positions of the TZs diverge for larger
bandwidths.

Fig. 8 shows a TZ study, where for a given center frequency
of approximately 117.44 GHz and bandwidth of 3.1 GHz
the lower TZ is fixed at a normalized frequency of frzip =
—j1.836 (114.63 GHz) while the position of the upper TZ
is varied. Within the framework of this study, the TZ is var-
ied between fTZ,LP = j1.45 (1 19.7 GHZ) and fTZ,LP = j2.85
(121.95 GHz). Even if a direct synthesis strategy is not avail-
able, some basic dependencies as in the case of the bandwidth
study might be identified. One key element are the offsets o,
and o, which can be used to control the coupling strength
from the source / load port to the TM|;9 modes in both stubs
(compare Fig. 4(d)). Additionally, the input coupling strength
di;, as well as the inter-cavity coupling dj» increases when
shifting the TZ away from the passband. It is further worth
mentioning that the thickness of the first stub ¢y, tends to
decrease while shifting the TZ in the direction of the passband,
which may lead to unrealistically small values (unpractical for
manufacturing).

Different higher-order filter topologies can be obtained by
combining either several dual-resonance segments or even by
combining them with TE¢; single-mode cavities. The flexi-
bility in freely adapting the TZ positions by maintaining the
overall filter characteristic can only be confirmed for the cou-
pled fourth order filter presented in Fig. 6(a) as well as for the
triple resonance segment presented in Section III. However, a
certain degree of flexibility in case of higher order filters can
be obtained by varying e.g. the positions of the dual-resonance
segments within a filter. Furthermore it is possible, that any
available TZs are flipped to an arbitrary side of the passband.
Three examples will be discussed within the framework of
Figs. 9-11.

In Fig. 9 the set-up of two different sixth order filters as well
as simulated S-Parameter results are proposed. In Fig. 9(b)
the dual-resonance segments are placed near to the source
and load ports, respectively, while two TEjp; mode cavities
are placed in the filter center. The filter topology is abbre-
viated as “D-S-S-D.,” where “D” stands for dual- and “S”
for single-resonance resonator. Within the framework of this
study, two S-Parameter results with different bandwidths of
Byin = 2 GHz and B, = 3.6 GHz are shown. In order to
obtain a matched filter response, the TZs arise at a normal-
ized frequency of frz rp.pmin = {—j2.09, j1.99} in case of a
bandwidth of 2 GHz and frz rppmax = {—j1.88, j2.08}, if
the bandwidth is tuned to 3.6 GHz. By considering the dual
topology denoted as “S-D-D-S,” where the dual-resonance
segments are located in the filter center and the single-mode
cavities are placed at the filter in- and output ports, the
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FIGURE 9. (a) Simulated S-Parameter results of the filters presented in
(b) and (c), “D” stands for dual-resonance and “S” for single-resonance.
(b) D-S-S-D filter set-up, (c) S-D-D-S filter set-up.
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FIGURE 10. Simulated S-Parameter results of the filter from Fig. 9(b) with
either both TZs above or below the passband and different bandwidth
configurations.

TZs arise obviously closer to the passband at normalized
frequencies fTZ,LP,Bmin = {—j1.49, j1.49} and fTZ,LP,Bmax =
{—j1.42, j1.41}.

Additional flexibility can be achieved by tuning e.g. both
dual-resonance segments in a way, that the TZs arise at the
same side nearby the passband. Simulated S-Parameter re-
sults for the filter set-up in Fig. 9(b) are shown in Fig. 10.
The filters are again tuned to realize two different bandwidth
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FIGURE 11. (a) Sixth order filter responses obtained by cascading three
dual-resonance sections and (b) corresponding filter set-up.

configurations while both TZs arise either below or above the
passband.

In Fig. 11(b) the simulation model of a sixth order filter
consisting of three dual-resonance sections is shown. The cou-
pling between the resonators is realized by apertures whose
lengths are approximately a quarter wavelength. As each
dual-resonance segment contributes two reflection and one
transmission zero, a sixth order filter with three TZs is gen-
erated. It is easily possible to account for desired rejection
specifications by flipping an arbitrary number of TZs either
below or above the passband, which can be done by primarily
varying the height of the individual stubs. Especially interest-
ing is the possibility that all TZs can be placed above / below
the passband. Combinations where two TZs are located below
the passband and one TZ is above or vice versa are realizable
as well. The S-Parameter responses are shown in Fig. 11(a).
Similar specifications of a center frequency of 117.25 GHz
and a bandwidth of 2.5 GHz are defined for each simulation.

C. MANUFACTURING AND MEASUREMENT RESULTS

In order to verify the good manufacturing properties of the
proposed structures with respect to the milling technique,
a fourth order filter according to the simulation model in
Fig. 6 is manufactured as proof of concept. As discussed
in [22], basically two cutting planes, which are required for
the manufacturing, are available. On the one hand, the filter
can be manufactured as a quasi H-plane cut, where both stubs
are processed in one filter half and the remaining structure
is manufactured in the other half. However, this approach
is disadvantageous in terms of manufacturing accuracy and
losses [22]. Surface currents flowing over the cutting plane
reduce the unloaded quality factor while additionally the stubs
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FIGURE 12. Top: Measurement results of the manufactured fourth order
filter in comparison to the simulation and the coupling matrix
representation. The insets show the simulation model with all required
radii as well as the manufactured prototype. The coupling coefficients
(with respect to Fig. 6(b)) are as follows: Ms; = —0.963, Ms, = 0.65,
My nrnt = 1.033, My npvi = 0.435, My = 0.65, M ; = —1.28,

Mngnz,s = 0.298, Mygyz,a = —0.742, Ms | = 0.727, My = 1.04,

Ms 3 = 1.276, M 4 = —0.887. Bottom: Comparison of measured and
simulated group delay. Inset: Measurement set-up.

might be difficult to manufacture (high aspect ratio). On the
other hand, due to these reasons, the E-plane cut is the pre-
ferred choice for the manufacturing with the CNC milling
approach. The adapted filter model including all radii as well
as the used cutting plane is shown in the inset of Fig. 12. As
a cutter with diameter of d. = 0.6 mm is used, the radii are
chosen to r = 0.3 mm. The radii in the stubs increase the
frequency of the corresponding TM mode, which must be
compensated by adapting the stubs height. A similar state-
ment is valid for the base TE mode cavity, whose center
frequency should be adjusted by varying the corresponding
cavity length. The filter is designed to have the band edges at
fi1 = 115.2 GHz and f,, = 119 GHz while revealing a 25 dB
return loss level. The filter is made from brass due to the
good machining properties of this material. The measurement
results show very good agreement with the simulation as is
seen in Fig. 12. The return loss level is decreased to 22 dB
due to manufacturing tolerances. The unloaded quality factor
is determined by coupling matrix extraction methods [34]
and can be estimated to be Q, ~ 830. The filter (as well as
all other prototypes presented here) are manufactured with
a high precision CNC milling machine (Roeders RXP400).
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FIGURE 13. Triple-resonance filter consisting of a main TE;o, mode cavity
with length /., and two E-plane stubs. The red (dashed) line indicates the
cutting plane.

The measurement takes places using a R&S ZVA67 network
analyzer with ZC170 mm wave frequency converters after
thru-reflect-line calibration using the commercial available
calibration kit for the D-band [35]. The S-Parameters result-
ing from the coupling matrix representation with respect to
the topology in Fig. 6(b) are shown in Fig. 12 as well and
reveal good agreement to both, simulation and measurement.
Deviations in the stopband might arise due to lower/higher
order modes and dispersive effects of the waveguide building
blocks, which are not included in the coupling matrix theory.
The coupling factors are given in the caption of Fig. 12 and
are found through an optimization based process.

Iil. TRIPLE-RESONANCE SEGMENT

A. BASIC CONSIDERATIONS

The basic dual-resonance segment from Fig. 1 can be ex-
tended to a triple-resonance element as shown in Fig. 13. It
consists of a TEjp> mode cavity as a base with two E-plane
TM |10 mode stubs placed on top of it. The TE o, mode cavity
is coupled by inductive irises with diameter d;, / dy,; to the
source / load port, respectively. Initially, the first / second
stub is placed at a quarter of /.4, away from the edges of the
base cavity, but may have an offset denoted as 0.1 / o.>. The
distance between the stubs center is therefore approximately
half a wavelength. Both stubs are characterized by the height
hgup, the thickness #g,,, as well as the width w,p.

An S-Parameter simulation of the resonator in Fig. 13 with
weak excitation (d;, = d,,; = 0.5 mm) is shown in Fig. 14,
while all other dimensions leading to this result are given
in the caption. Three resonances as well as two TZs appear.
The position of the upper TZ at 121.32 GHz can mainly be
controlled by the height of the first stub A1, while the height
of the second stub can be used to control the position of the
lower TZ at 112.28 GHz. However, also the resonance fre-
quencies decrease by increasing the stubs height. This effect
might be compensated by the other tuning means such as
the width, thickness or offset position of the stubs from the
center position. As there are no coupling elements within the
triple-resonance element, the most suitable coupling topology
is a transversal array of third order as shown in the inset of
Fig. 14. The coupling matrix for defined specifications can be
calculated as discussed in [29]. The electric field distribution
of the resonating modes is shown in Fig. 14 as well.
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FIGURE 14. (a) S-Parameter simulation of the resonator in Fig. 13 with
asymmetric stub arrangement and weak excitation. The inset shows the
coupling topology. (b)-(d): Electric field distribution at resonance
frequencies. The dimensions are as follows (all in mm): d;, = dout = 0.5,
tip = tour = 0.25, lea, = 3.6, hstubl =0.8, hstubz =1, tyyp = 0.95,

tstub2 = 0.85, weryp = Wstupa = @, 0c1 = 0.05, 0, = —0.15.

The resonating modes might be identified more reliably by
using a symmetrical model. The parameters (in agreement
with Fig. 13) are choosen to be hgy,p1 = hgypr = 0.9 mm,
furthermore, there is no offset from the center position and
the thickness of both stubs is ty,p1 = tgup2 = 0.9 mm. In this
symmetrical set-up, the modes in both stubs reveal an even /
odd mode symmetry with respect to the center line as shown
in Fig. 15(a) and (b), respectively. The mode in (c) is similar
to the commonly known TEjp; mode, while there are also
field portions in both stubs. The modes might be interpreted as
global eigenmodes of the overall structure [36] which can be
excited from the source / load port, leading to the transversal
array coupling matrix topology in Fig. 14 as proposed above.

Different options for tuning the resonance frequencies and
finally obtaining a filter response are available. A parameter
study which reveals the influence of the main design variables
on the resonance frequencies and TZ positions is shown in
Fig. 16. The study is based on the asymmetric set-up from
Fig. 14. The TE;p; mode can be associated with the green
(diamond marked) line in Fig. 16(a) and is mostly effected by
the cavity length /.,,. However, an influence of this parameter
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FIGURE 15. (a) / (b) Electric field distribution of the even (open circuit) /
odd (short circuit) modes, respectively, and (c) electric field of TE;o, mode.
The dashed lines visualize the symmetry plane. The field evaluation takes
place with a symmetric stub arrangement.
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FIGURE 16. Frequency of the resonant modes and TZs in dependency from
the geometric dimensions: (a) length of base cavity /.q,, (b) height of first
stub hg,p1, () thickness of first stub t,,; and (d) offset of the first stub
from center position o, . For this study the initial dimensions as in Fig. 14
(asymmetric arrangement) are used.

on both stub modes is obvious as well. The blue (star marked)
line exhibits similarity with the even mode from Fig. 15(a),
where a significant field portion is concentrated in the first
stub due to the de-tuning from the ideal symmetric config-
uration. The red (circle marked) line has similarity with the
odd mode from Fig. 15(b) with a dominant field portion in
the second stub. The TZ positions (dashed black lines) are
completely unaffected by [.,,. The height of the first stub is
varied in Fig. 16(b). On the one hand, the blue (star marked)
curve representing the even mode decreases with increasing
stub height. As already mentioned, a significant field portion
of this mode is concentrated in the first stub due to the unequal
tuning in comparison to the case discussed in Fig. 15. On
the other hand, the TZ associated with this stub decreases
in frequency as well. The red (circle marked) curve is also
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FIGURE 17. Bandwidth study of the third order filter as shown in Fig. 13.
The bandwidth is varied between 1.4 GHz (FBW = 1.16%) and 6 GHz
(FBW =~ 5%) while maintaining a constant center frequency and relative TZ
positions.

slightly de-tuned in frequency. By increasing the thickness
of the first stub #y,,; in Fig. 16(c), an increase of both the
resonance frequency as well as the TZ associated with the first
stub is remarked. The TE g, mode is slightly increased by this
operation as well (green, diamond marked line). Finally, in
Fig. 16(d) the results of varying the offset of the first stub from
the center position are presented. As an important result for
negative values of o.1, it is possible to exchange the relative
position of a resonance and the upper TZ, as required for the
realization of a passband in the filter design process. Addition-
ally, the mode designation changes and more diverges from
the symmetric case discussed in Fig. 15.

As in the case of the realization of fourth and higher-order
filters in Section II, multiple cross-dependencies exist and
prevent the application of a straight-forward filter synthesis
strategy. The triple-resonance filter is therefore manually pre-
tuned in compliance with Fig. 16 by adjusting all resonances
to be close to the desired center frequency utilizing a realistic
input / output coupling strength (d;, / dyy). The structure is
subsequently optimized to the desired specifications (band-
width, TZ positions, RL level).

Like the coupled fourth order filter, the triple-resonance
segment reveals a high flexibility in terms of bandwidth and
TZ positioning. Fig. 17 shows a study, where the bandwidth is
increased from 1.4 GHz (FBW = 1.16%) to 6 GHz (FBW =~
5%) by maintaining a constant center frequency of 120.5 GHz
as well as constant relative TZ positions at frz p = £;2.63.
As design guideline, it must be considered to increase djy
and d,,, for increasing bandwidths while /.,, decreases. As
the absolute position of both TZs diverges for increasing
bandwidths, the associated stub heights change as well. Par-
ticularly, hg,p decreases while hy, increases for larger
bandwidths, which agrees well with the result from Fig. 16(b).
Finally, it must be mentioned that the stubs thickness varies
in the optimization process and for extreme small / wide
bandwidths dimensions might result, which are unpractical for
fabrication.

Similarly, it is possible to shift e.g. the lower TZ by main-
taining a constant filter characteristic as it is shown in Fig. 18.
The TZ is moved from 118.4 GHz (frzrp = —jl.41) to
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FIGURE 18. Flexibility of the lower TZ of the third order filter as shown in
Fig. 13. The TZ is varied on the normalized frequency axis between
fer_p = —j|.4| and frz,l_p = —j3.19.
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FIGURE 19. (a) Simulation model of a sixth order filter consisting of two
coupled triple-resonance segments and (b) coupling topology.

115.8 GHz (frz.p = —j3.19) by maintaining a constant cen-
ter frequency of 120.5 GHz and bandwidth of 3 GHz. The
upper TZ is fixed as well at 124.5 GHz (frz.rp =~ j2.62).

B. HIGHER ORDER FILTERS BASED ON THE
TRIPLE-RESONANCE SEGMENT

Different options for the realization of higher order filters
are available. Either several triple-resonance sections can be
coupled or even a combination with TE 9; mode cavities as
well as dual-resonance segments from Sections II-A can take
place. This section describes the achievable filter responses by
combining two third order segments as shown in Fig. 13. The
simulation model as well as the proposed topology are shown
in Fig. 19(a) and (b), respectively. The coupling between both
triple-resonance segments takes place by an inverter which is
modeled in the topology as two consecutive NRNs coupled
by a unity inverter. As expected from the discussion of the
former section, four TZs on the real frequency axis, which
can be flipped to positions above or below the passband, are
generated by this structure. The flexibility of flipping the TZs
is demonstrated in Fig. 20, where three configurations are
shown. Apart from the case in which two TZs are placed
above and below the passband, either three or even four TZs
can be placed above the passband. Especially the latter case
might be valuable for practical implementations, where e.g.
highly asymmetric rejection specifications should be realized
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FIGURE 20. Flexibility of the proposed sixth order filter from Fig. 19(a)
with respect to the TZ positioning.

with an easy manufacturable filter. It is worth mentioning that
the simulation model in Fig. 19(a) can still be cut along the
E-plane for manufacturing purposes into two identical halves
while structures that are difficult to realize are avoided. A
prototype is manufactured and the results are discussed in
Sections III-C in order to verify the good machining prop-
erties. The presented simulation results from Fig. 20 reveal a
constant center frequency of 117.8 GHz and a bandwidth of
2.4 GHz.

C. MEASUREMENT RESULTS

The filter model generating the S-Parameter response from
Fig. 20, where three TZs are placed above the passband and
one TZ is below the passband, is manufactured as proof of
concept. The filter model with all radii required for the man-
ufacturing is shown in Fig. 19(a). The fabrication and mea-
surement takes place under the same conditions as discussed
in Section II-C. The measurement results in comparison to the
simulation are shown in Fig. 21. The manufactured prototype
is matched to a return loss level of approx. 18.5 dB while no
significant change in the transmission characteristic is notice-
able. The unloaded Q-factor can be estimated to Q,, ~ 980. It
should be mentioned that, as in the case of the first filter, the
prototype is manufactured from brass and no surface treat-
ment is applied. The Q-factor might be further increased by
applying a thin gold or silver layer. Sputtering is particularly
suitable in this case, because the filter geometry does not have
a high aspect ratio.

IV. QUADRUPLE-RESONANCE SEGMENT

A. BASIC CONSIDERATIONS

The last building block proposed within this paper is a
quadruple-resonance segment. In many practical applications
a fourth order stand-alone filter might be sufficient to fulfill
the desired specifications. Two options are available for this
scenario: either the coupled fourth order filter investigated
in Sections II-B can be used while otherwise an extension

79



MIEK ET AL.: QUASI-ELLIPTICAL STUB-BASED MULTI-RESONANCE WAVEGUIDE FILTERS WITH LOW MANUFACTURING COMPLEXITY

—a— S11 meas. —— S2; meas.
- - S11 sim. ---- 521 sim.

0 ¢
= 20
=
% —40 - i A
° 116.5 117.5 118.5
% —60 9 .
g
A —80 i .
’ |
—100 I P I ey i I I
110 112 114 116 118 120 122 124 126 128 130
Frequency (GHz)
Group delay meas. - %-- Group delay sim.
E 3 T J T T
2 BRI .
kS
IRE ! :
% O x---#.-—. e \ . ..—..E—.—x—.-.....x... ....... o
] ' o ,z[. AT T
O -1 i i i i (11 I | ! |
110 112 114 116 118 120 122 124 126 128 130

Frequency (GHz)
FIGURE 21. Top: Measured S-Parameters in comparison to the simulation

of the filter prototype in Fig. 19(a). Bottom: Comparison of measured and
simulated group delay.

tstub']

FIGURE 22. Quadruple-resonance element consisting of a main TE; o3
mode cavity with length /.,, and three E-plane stubs. The red (dashed) line
indicates the cutting plane.

of the triple-resonance segment into a quadruple-resonance
element is possible as well. As an advantage of the second
option, three TZs near to the passband are available which
reveal, otherwise, limited flexibility. The basic structure is
shown in Fig. 22 and consists of a base TE|g3 mode resonator
with length /.4, coupled by inductive irises with diameter d;,
and d,y;. In total three E-plane TM mode stubs are placed
along the base resonator. The first / last stub is initially placed
with /.4, /8 distance from the in-/ output coupling iris of the
TE o3 mode cavity and may have an offset denoted as o /
0.3, respectively. The middle stub is placed at /.4, /2 and may
has an offset as well which is denoted as o.,. In Fig. 22, the
first and third stub extends in positive y-direction while the
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middle one is directed in the opposite direction. The alternat-
ing arrangement of the stubs in not necessarily required but
reveals advantageous rejection properties if at least two of the
available TZs are placed below the passband. It is interesting
to observe that even other configurations with respect to the
stubs direction may result in a matched filter response. How-
ever, in some configurations at least two TZs are inseparable
combined with each other.

Under the defined design constraints, the prototype shows
small flexibility as e.g. the TZ positions are nearly fixed for
a given configuration. In the study of Fig. 23 two different
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TABLE 1. Comparison With Recently Published Works (Where f, Is the Center Frequency, FBW Is the Fractional Bandwidth, n Is the Filter Order, TZs Is the
Number of TZs, RL the Maximal Return Loss in the Passband and /L the Minimal Insertion Loss in the Passband)

Ref. Year Type Manufacturing Techn. fo (GHz) FBW (%) n | TZs | RL (dB) IL (dB)
[37] 2022 | Filter E-Plane waveguide filter 88.55 3.6 (3-dB) 2 3 18 1.15
[38] 2016 | Filter CNC, H-plane, aluminum 92.65 5.5 (3-dB) 4 4 15 1.2 (average)
[39] 2019 | Filter CNC, H-plane, aluminum 92.5 20.2 (3-dB) 5 1 15 0.6 (average)
[40] 2013 | Filter CNC, E-plane, brass 99.5 5 4 0 25 0.7
[41] 2018 | Filter | Silicon micromachining, gold plating 140 8.6 6 0 16* 0.41
[42] 2020 | Filter CNC, gold plating 140 17.18 3-dB) | 8 3 12.5 0.33
[43] 2022 | Filter Structured glass, gold plating 87.86 2.3 4 0 22 1.43

T. W. (filter 1) | 2022 | Filter CNC, E-Plane cut, brass 117.15 3.38 4 2 22 0.5

T. W. (filter 2) | 2022 | Filter CNC, E-Plane cut, brass 117.76 2.16 6 4 18.5 1.44

T. W. (filter 3) | 2022 | Filter CNC, E-Plane cut, brass 122.41 1.15 4 3 17.15 1.3

configurations are investigated. The prototypes generating two
or even three TZs below the passband have the same structure
as shown in Fig. 22. Otherwise, if two or even all available
TZs are flipped to the upper passband side, the prototype with
all-equal stub directions reveals a superior performance. It
must be mentioned that even the basic prototype in Fig. 22
allows that two or three TZs are placed above the passband.
However, these TZs are either very close or even combined
with each other. The possibility to flip individual stubs up
or down increases the degrees of freedom in the design pro-
cess and especially allows to fulfill asymmetric attenuation
requirements. Within this study, the prototypes have a center
frequency of approx. 122.65 GHz and bandwidths between
1.3 GHz and 1.35 GHz. Finally, it should be mentioned that a
combination with further TE|9; mode cavities can take place
to e.g. increase the filter order.

B. MEASUREMENT RESULTS

In order to verify the good manufacturing qualities, a fourth
order filter is manufactured. The filter is designed to have two
TZs below and one TZ above the passband. The band edges
are located at f; = 122 GHz and f, = 123.3 GHz (FBW =
1.06%). The measurement results are compared to the simu-
lation in Fig. 24. The manufactured prototype reveals a return
loss level of at least 17.2 dB and has an unloaded Q-factor
of Q, ~ 1000. Furthermore, a 320 MHz (0.26%) down-
shift of the center frequency appears due to manufacturing
inaccuracies.

V. COMPARISON

Table 1 compares the results obtained within this work with
results of filters from the literature in a similar frequency
range. All three filters realized and characterized within this
work are compared with respect to the following aspects: type
of component, manufacturing technology, center frequency fy
(GHz), fractional bandwidth F BW (%), filter order n, number
of TZs, maximal return loss level in the passband as well
as minimal insertion loss level in the passband. If some of
the parameters are not explicitly stated in the corresponding
paper, these values are estimated and noted with a star. If

VOLUME 3, NO. 1, JANUARY 2023

filters are manufactured using CNC milling, the cutting plane
which is required for fabrication as well as a potential surface
plating are mentioned.

VI. CONCLUSION

In this paper, multi-resonance stub-based building blocks
with low manufacturing complexity especially suitable for
waveguide filters in the mm-Wave frequency range are pre-
sented. All components feature an E-plane symmetry, which
ease the manufacturing and increase the achievable unloaded
quality factor. Dual-, triple- as well as quadruple-resonance
sections are presented as a kind of building block, revealing
between one and three TZs. A high design flexibility (TZ po-
sitions, bandwidth) can directly be achieved by the cascaded
dual-resonance fourth order filter or by the triple-resonance
segment. If higher order filters are required, a combination
of different building blocks can be considered for the realiza-
tion of the desired specifications. Three quasi-elliptical filters
with good agreement to the simulation were manufactured as
proof of concept, revealing the advantageous manufacturing
qualities of the proposed filters in the D-band. Due to the
mechanical E-plane cut, unloaded quality factors in the range
between 830 and 1000 were obtained by using brass material
without any additional surface treatment. The Q-factors might
be further increased by sputtering a gold or silver layer, which
is especially convenient as no high aspect ratios are present
in the filter geometries. Finally, due to the good fabrication
properties, these filters might be further downscaled to higher
frequency bands.
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