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ABSTRACT This paper discusses dielectric TM-mode filters based on high permittivity Y-shaped ceramics.
It is shown that this type of ceramic operates as a dual-mode resonator and therefore contributes two reflection
zeros as well as one transmission zero (TZ) to the filter response. Hence, it can be interpreted as a doublet
structure and used for the realization of quasi-elliptical filter responses of different order. The dual-mode
resonator can be used in multiple different filter set-ups: On the one hand, a combination with classical
TM010-mode resonators is possible to allow the realization of TZs in an in-line filter configuration without
using cross-coupling apertures. Therefore, negative or diagonal cross-couplings, which are often difficult to
realize and handle, can be avoided. On the other hand, several Y-shaped ceramics can be coupled directly
with each other to increase the number of TZs to n f z = n/2, where n is the order of the filter. Finally, it
is shown that even a combination with extracted pole elements is realizable. Prototypes based on modular
segments are manufactured as proof of concept.

INDEX TERMS Doublet, dual-Mode, extracted pole, TM-mode, Y-shaped ceramic.

I. INTRODUCTION
Dielectric resonator filters are a current research topic as they
reveal several advantages in most communication systems
with respect to cost, volume, mass and electrical performance
compared to other filter types. They offer a substantial size
reduction in the lower gigahertz regime compared to wave-
guide filters and feature high Q-factors depending on the
ceramic material used for fabrication [1], [2]. Filters based
on dielectric resonators can be realized by using different
modes of operation, whereby in many cases TE- as well as
TM-mode resonators are used. A typical TE-mode ceramic
is shown in Fig. 1(a). The ceramic with high permittivity
is placed on a support structure with lower permittivity. In
the fundamental TE01δ-mode, the electric field rotates inside
the ceramic and reveals advantageous properties with respect
to the achievable quality factor. Otherwise, the spurious-free
range is often comparably small and higher order modes are

FIGURE 1. (a) Principal drawing of a TE-mode resonator placed on a low
permittivity support material and (b) principal drawing of a TM-mode
resonator with silver-plated top and bottom surfaces.
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comparatively close. One solution to overcome this drawback
is to combine different resonator types / modes of operation or
to use a wideband lowpass filter in cascade with the bandpass
filter [3], [4], [5], [6]. TM-mode filters are a well-known
alternative [7], [8], [9]. A typical ceramic in TM010-mode con-
figuration is shown in Fig. 1(b). In the fundamental mode, the
electric field is guided between both silver-plated ends, which
are provided here for soldering purposes. Disadvantageously,
TM-mode resonators require a suitable contact between the
ceramic material and the surrounding metallic housing, which
has the most impact on the insertion loss of a filter.

Different approaches are known for the realization of quasi-
elliptical filter responses in dielectric TM-mode filters. The
most forward approach is to use single-mode resonators and
to employ cross-coupling apertures between the resonators
as designated by the coupling matrix to achieve the desired
filter response / TZ positions [10], [11]. However, the real-
ization and tuning of the (possibly negative) cross-coupling
might be complicated due to mechanical reasons. Another
option is to use the recently discussed extracted zero tech-
nique, where TZs can be generated using singly terminated
resonators, which are excited close to the source and / or
load port [12], [13]. Disadvantageously, only a TZ is included
in the filter response without introducing a further reflection
zero. Therefore, the footprint is increased by at least one
resonator without increasing the filter order.

In this paper, a dielectric TM-mode doublet structure based
on a Y-shaped ceramic is discussed. As a characteristic prop-
erty of a doublet, it contributes two reflection zeros as well as
one transmission zero to the filter response [14]. The ceramic
itself was first proposed in [15] as a dual-mode resonator.
However, the paper is limited to the realization of a second
order filter and the advantages of the structure are not fully
exploited. This paper therefore focuses on the realization of
higher order filters based on the combination of different res-
onator types. The advantages of the Y-shaped ceramic can be
summarized as follows:
� All branches of the ceramic are bent to a common base

plate. Contact problems are therefore minimized com-
pared to standard TM-mode ceramics, which require a
contact to both, bottom and cover.

� The resonator introduces two reflection zeros as well as
one TZ and is therefore proposed as a ceramic TM-mode
doublet.

� It can be used within an in-line filter configuration
by coupling to standard TM-mode resonators. Cross-
coupling apertures might therefore be avoided.

� In addition to the points mentioned above, several Y-
shaped ceramics can be coupled as well, leading to a
maximum number of n f z = n/2 TZs, where n is the filter
order. Furthermore, a combination with extracted pole
segments is possible.

This paper is organized as follows: Section II reviews and
expands the investigation of the basic second order dual-mode
resonator from [15]. Section III presents the incorporation of
the doublet in an all-pole filter response, resulting in a fourth

FIGURE 2. Second order filter including the input / output coupling as well
as tuning screws: (a) top view and (b) bottom view.

order filter. Measurement results are presented based on a
modular and flexible prototype. Section IV shows, that several
doublets can be coupled with each other. In Section V the
combination of the doublet with two extracted pole sections
is discussed, resulting in a fourth order filter as well. Finally,
Section VI summarizes and concludes this paper.

II. SECOND ORDER DUAL-MODE RESONATOR
A. BASIC INVESTIGATIONS
The basic set-up is shown in Fig. 2(a) (top view) and (b)
(bottom view). The Y-shaped ceramic is placed in a hexagonal
cavity with height hh = 25 mm and width wh = 22 mm. The
dimensions of the Y-shaped ceramic are identical to those
discussed in [15] and are hence not repeated here. In the
standard configuration, each branch of the ceramic has the
same dimensions. Therefore, it reveals a 120◦ rotational sym-
metry. The ceramic is assumed to have a relative permittivity
of εr = 42.4.

Four screws denoted as cs1-cs4 are included at the side-
walls of the set-up in order to tune the resonances of the
Y-shaped ceramic. Additionally, six tuning screws (ts1-ts6)
distributed on a circle with radius rc,T S = 13.6 mm can be
inserted from the bottom of the hexagonal-shaped cavity.
These screws are preliminary used in the measurement set-up
in order to have additional degrees of freedom in the tun-
ing process rather than in simulations. The input and output
couplings are realized by inductive plate couplings [11]. The
plates have a width of win/out , height hin/out and distance to
the ceramic branch din/out . In case of a second order filter, two
of the three branches are excited by the inductive coupling
plates.

By initially neglecting all screws as well as the input /
output coupling, the proposed configuration reveals a 120◦
rotational symmetry with respect to the center. The electric
field distribution of the arising modes can be calculated ana-
lytically as proposed by the branch-vector approach in [16],
[17]. For this configuration, two modes at the same frequency
result with the electric field distribution as shown in Fig. 3.
The modes can be distinguished by their symmetry plane: The
mode in Fig. 3(a)/(c) has a magnetic symmetry plane whereas
the mode in (b)/(d) exhibits an electric symmetry plane. In
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FIGURE 3. Electric field distribution of the eigenmodes in the Y-shaped
ceramic resonator: (a) / (c) mode with magnetic symmetry plane and (b) /
(d) mode with electric symmetry plane. The input / output couplings in the
principal drawings in (a) / (b) are only shown for comparison purposes
with Fig. 2 but are not included in this investigation.

FIGURE 4. Topology of the second order filter responses with respect to
Fig. 5. The coupling factors are as follows: MS1 = M1 L = 0.545,
−MS2 = M2 L = 1.183, M11 = 1.577, M22 = −1.356 in case of Fig. 5(a) and
MS1 = M1 L = 0.687, −MS2 = M2 L = 1.042, M11 = −1.658, M22 = 1.534 in
case of Fig. 5(b).

the latter case, there is no electric field in the lower branch.
For the given dimensions, the desired resonant modes arise at
2019 MHz whereas the first spurious mode can be identified
as a cavity mode at 2829 MHz. Due to the 120◦ rotational
symmetry, the modes might be rotated pairwise. With respect
to Fig. 2, the dual-mode resonator must be tuned in a way
that both modes can be excited from the source/load port. The
resulting topology for this case is a transversal array of second
order as shown in Fig. 4 [18].

A filter response of second order can be obtained by includ-
ing the input / output coupling as well as all tuning screws
to the simulation model. Fig. 5 shows two different simu-
lated S-Parameter results. By choosing e.g. only the screw
cs3 for tuning the filter response, a TZ below the passband
occurs at normalized frequency fT Z,LP = − j2.37. The ap-
pearance of the TZ might be explained by means of Fig. 3.
The electric field components of the mode with magnetic
symmetry (Fig. 3(a)/(c)) are guided to the symmetry line from
the source and load ports point of view. Otherwise, as shown
in Fig. 3(b)/(d), the electric field of the mode with electrical

FIGURE 5. Simulated S-Parameters in comparison to coupling matrix
representation for (a) the case with a TZ below the passband and (b) the
case with a TZ above the passband.

symmetry plane has opposite directions at the source and
load ports. Therefore, one coupling factor must be interpreted
negative in the transversal array coupling matrix description.
Furthermore, as the electric field of both modes reveal differ-
ent intensity in the branches which are excited by the source /
load ports, the coupling factors differ in their absolute values
which cause the occurrence of a TZ [19], [20]. By using only
cs4 instead of cs3, the TZ can be shifted to a normalized
frequency of fT Z,LP = − j3.58. It is worth mentioning, that
the use of tuning screws from the sidewalls decrease the fre-
quency of the first spurious mode. In case of Fig. 5(a), the first
spurious mode arises at 2602 MHz.

By using the tuning screws cs1 and cs2 whose length
is changed symmetrically, the TZ can also be moved to
the other side of the passband to the normalized frequency
fT Z,LP = j4.107 (compare Fig. 5(b)). The dual-mode res-
onator therefore shows the zero-shifting property [21] as
already discussed in [15]. In this case, the first spurious mode
arises at 2460 MHz. The spurious mode behaviour might be
improved by using a Y-shaped resonator with holes in each of
its three feet. The tuning screws might then be inserted from
the bottom instead of from the sidewalls, which shifts the first
spurious mode to higher frequencies. However, in this paper
the ceramics shown in Fig. 2 or [15] are used due to their
availability.

B. COUPLING FACTOR INVESTIGATION
The results from Fig. 5 motivate the implementation of a
coupling factor study. Considering the matched filter response
from Fig. 5(b) as well as the associated coupling factors of a
second order transversal array filter (compare Fig. 4), the in-
fluence of the variation of tuning screw depths is investigated
and expressed in variations of coupling factors. The results are
shown in Fig. 6.

In Fig. 6(a) cs4 is varied in depth and the effect on all
coupling factors is visualized. As the mode with electric
symmetry plane has no field portions in the corresponding
branch (compare Fig. 3(a)), only the mode with magnetic
symmetry plane is influenced by this operation. This mode
can therefore be associated with the coupling factor M11, as
all other coupling factors remain constant. In Fig. 6(b) the
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FIGURE 6. Coupling factor study of the filter set-up from Fig. 2 with a TZ
above the passband in dependency from: (a) depth of screw cs4, (b) height
of the input coupling, (c) depth of screw cs3, (d) depth of the screws cs1
and cs2 (symmetrically tuned) and (e) depth of screw ts7.

height of the input coupling plate hIn is varied. The abso-
lute values of the coupling factors MS1 and MS2 increase for
growing height of the coupling plate. Furthermore, loading
effects on both resonances as well as small variations of
the output coupling factors can be recognized as well. The
depth of cs3 is varied in Fig. 6(c). This coupling screw is not
used in the initial simulation of Fig. 5(b). For an increasing
screw depth, the coupling factors show an opposite behavior,
since the self-coupling M22 decreases while M11 increases.
This observation enables the zero shifting property, where it
is required that both self-couplings exchange their signs. By
varying cs1 and cs2 (symmetrically), both self-couplings M11

and M22 increase while all other coupling factors maintain
constant, which is shown in Fig. 6(d). The tuning screw ts7,
which is localized on the bottom of the cavity below the
Y-shaped ceramic, allows with increasing depth, that both
self-couplings M11 and M22 decrease synchronously (compare
Fig. 6(e)). This property is useful, if exemplary the bandwidth
of the fourth order filter proposed in the next section should
be increased. Loading effects might then be compensated,
as the resonance frequency of both modes can be increased
synchronously.

A prototype as well as measurement results of a second
order filter are outlined in [15], wherefore this paper discusses
the realization of higher order filters based on Y-shaped ce-
ramics.

III. DOUBLET IN IN-LINE FILTERS
A. BASIC INVESTIGATIONS AND FILTER DESIGN
A meaningful application of the proposed dual-mode res-
onator is the incorporation in in-line filter configurations in
order to realize TZs without using cross-coupling apertures.
A fourth order filter model is shown in Fig. 7(a) while the
associated coupling topology is depicted in (b). The filter
model basically consists of three elements, namely two TM-
mode resonators as well as a doublet realized as a Y-shaped
ceramic. The input and output couplings are realized as in-
ductive plates, which couple to the TM single-mode dielectric
resonators [11]. In agreement with Fig. 1(b), the rods have an
outer diameter of d = 10 mm, a height of h = 20 mm and
a hole for the insertion of tuning screws with dth = 3 mm
diameter. The relative permittivity is assumed to be similar
to that of the Y-shaped ceramic. The TM010-mode resonators
and the Y-shaped ceramic are designed to have a similar center
frequency. Therefore, a coupling of both elements is possible.
The TM-mode rods are coupled via inductive coupling aper-
tures with diameter wca = 12 mm and depth dca = 4 mm to a
branch of the Y-shaped ceramic. The inter-resonator coupling
can be adjusted using tuning screws inside the iris. The dual-
mode resonator reveals the same tuning options as denoted in
Fig. 2.

The coupling topology is shown in Fig. 7(b). The source
and load ports are both coupled to TM single-mode res-
onators with couplings factors MS1 and M4 L, respectively. The
TM010-mode resonators couple to both modes of the Y-shaped
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FIGURE 7. Fourth order filter consisting of two TM010-mode resonators
(with lcav = wcav = 21 mm) and a Y-shaped doublet: (a) simulation model
and (b) associated coupling topology.

ceramic simultaneously (compare Fig. 3), while it is assumed
that there is no coupling between the modes of the doublet
(compare Fig. 4).

The filter design procedure can be divided into different
steps. The determination of the external quality factor of the
first / last resonator is well known in the literature for the case
that single-mode resonators are used [11], [22]. The depths of
the tuning screws cs1-cs4 in the doublet structure are used to
place the TZ either above or below the passband (compare
Fig. 5). In the initial simulation of the fourth order filter,
the depth of the tuning screws might be adopted from the
simulations in Fig. 5. The TM010-mode ceramics couple two
modes in the Y-shaped dual-mode resonator simultaneously.
In the initial simulation the depths of the screws ts1,2 and ts2,3

should be chosen in a way to achieve a sufficient coupling
strength. Fig. 8 shows a plot of the coupling factors M12

and M13 in dependency from the screw depth ts1,2. The cou-
pling factors can be obtained by coupling matrix extraction
techniques while simulating the complete filter with varying
tuning screw depth. In the case presented here, the reference
coupling matrix is adapted to a return loss level of RL =
23 dB and reveals a TZ above the passband at a normalized
frequency of fT Z,LP = j2.24. From this specifications, the
coupling matrix in Table 1 can be derived. As visualized in
Fig. 8, the desired coupling factors can be achieved using a

FIGURE 8. Coupling factors M12 and M13 in dependency from the depth of
the screw ts1,2 for the filter presented in Fig. 7. The vertical dashed line
visualizes the depth, at which the desired coupling factors in Table 1 are
achieved.

TABLE 1. Coupling Matrix of the Filter Topology in Fig. 7(b) With One TZ
Above the Passband at Normalized Frequency fT Z,LP = j2.24 and a Return
Loss Level of RL = 23 dB

screw depth of approx. 19.7 mm (compare vertical dashed
line).

As can be seen from Fig. 8, the coupling factors M12 and
M13 (and similarly M24 and M34) cannot be controlled in-
dependently from each other. This leads to the restriction,
that the TZ cannot be moved freely along the frequency axis.
However, the Y-shaped ceramic resonator is proposed as a
building block in the filter design. It can be used in combi-
nation with other techniques which provide TZs and might
reduce the number of (negative) cross-couplings in a filter
set-up. Additional TZs might also be realized using e.g. the
extracted pole [23], [24] or the extracted zero technique [12],
[13]. Furthermore, it is possible to couple several Y-shaped
resonators with each other to achieve a high selectivity either
below or above the passband. This is discussed in Section IV.

It is further worth to mention that with respect to Fig. 8,
the bandwidth of the fourth order filter might be varied. An
increase of the bandwidth can exemplary be achieved, if the
depth of the tuning screws ts1,2 and ts2,3 as well as cs1 and cs2
(in case that the TZ is placed above the passband) is increased.
Furthermore, the input/output coupling strength must be en-
larged using the distance or size of the coupling plate. Due to
loading effects, the tuning screw ts7 centrally located below
the Y-shaped ceramic must be increased in depth as well. This
screw increases the resonance frequency of both eigenmodes
and therefore compensates the loading effects. However, a
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FIGURE 9. TM-mode segment. Left: Inductive coupling aperture with M2
tuning screw. Center: Bottom and two sidewall-elements of a TM-mode
segment. A ceramic is placed in the center. Right: Top of the TM-mode
segment.

FIGURE 10. Doublet segment. Left: Cover with M8 thread. Right: Housing
of the Y-shaped ceramic with tuning screws assembled.

decrease of the resonance frequency is not possible, wherefore
the dimensions of the ceramic must be properly selected in the
design stage of the filter.

B. MANUFACTURED PROTOTYPE AND MEASUREMENT
RESULTS
The filter model from Fig. 7 is manufactured as proof of
concept. A modular design was chosen in order to allow
the realization of different filter configurations presented in
this paper without manufacturing several prototypes. A TM
single-mode resonator segment as well as the inductive cou-
pling aperture are shown in Fig. 9. The segments are designed
in a way that either a combination with further TM-mode
resonators or doublet structures is possible. The TM single-
mode resonator segment is constructed for an easy and simple
manufacturing and reduces the time-consuming machining
of copper to a minimum. It therefore consists of a bottom
part, two removable sidewalls and a top, which are mounted
together by screws. The bottom as well as the top reveal a
recess to correctly align the TM single-mode ceramic within
the housing. The ceramic is then clamped between the bottom
and the top [8]. A thread for inserting a tuning screw is located

FIGURE 11. Assembled components from Fig. 9 and Fig. 10 resulting in a
third order segment.

in the center of the bottom element. Additionally, the blend
apertures between the resonators can be exchanged as well.
The input / output coupling plate is connected to the SMA
port through a wire and its orientation can be adjusted with a
screw using a designated hole (compare [11]). The segment is
then terminated by a plate with an SMA connector mounted
on the outside. The realization of the input coupling element
is exemplary shown in Fig. 11.

The dual-mode resonator segment is shown in Fig. 10. It
consists of a cover with a centered M8 thread, in which a
plastic screw is introduced to clamp the Y-shaped ceramic
within the housing. Alternatively, it is also possible to solder
the silver-plated ends of the ceramic with the housing. The
Y-shaped ceramic itself is fabricated conventionally, i.e. a
ceramic powder with the desired electrical properties is mixed
with a binder. Afterwards, this mixture is pressed in a suit-
able form and subsequently sintered. Due to the shrinkage
of the ceramic in the sintering process, the negative form
must be properly enlarged, which may require some iterations.
The hexagonal-shaped cavity provides threads for the tuning
screws at positions shown in Fig. 2. Two openings in the side-
wall are designed to allow a coupling with either a TM-mode
segment or further doublets. Additionally, these openings can
be closed with a plate and used as an input / output coupling.
An assembled third order filter consisting of a doublet as well
as a TM single-mode resonator segment is shown in Fig. 11.
The TM single-mode ceramics are manufactured using the
same process as the Y-shaped ceramics. In comparison, cylin-
drical TM single-mode ceramics can be manufactured easily
and are often used in the literature [11], [25].

Two different measurements are accomplished by inves-
tigating the fourth order filter set-up from Fig. 7 using the
modular segments. In Fig. 12 the filter is tuned to achieve
a return loss level of RL = 22 dB between the band edges
at f1 = 2056 MHz and f2 = 2089 MHz. The TZ arises at
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FIGURE 12. S-Parameters of a fourth order filter consisting of two TM
single-mode resonators and a doublet with one TZ below the passband.

FIGURE 13. S-Parameters of a fourth order filter consisting of two TM
single-mode resonators and a doublet with one TZ above the passband.

a normalized frequency of fT Z,LP = − j1.49. The measure-
ment results are presented in comparison with a coupling
matrix representation, from which an unloaded quality factor
of Qu ≈ 1730 can be estimated [26]. The most significant
loss mechanisms include the modular set-up, which consists
of multiple parts, as well as the plastic screw which is used
to provide the contact between the housing and the Y-shaped
ceramic (see Fig. 11).

Furthermore, deviations between the measurement and the
coupling matrix representation far out of band appear. These
deviations are attributed to the frequency dependency of the
couplings. While all couplings are assumed frequency inde-
pendent in the coupling matrix approach, there is a dispersive
characteristic in physical coupling apertures. Besides, spuri-
ous modes above the passband reveal further coupling paths
which might contribute to the deviations.

By varying the depth of the tuning screws within the dou-
blet, the TZ can be moved to the other side of the passband.
The measurement results are shown in Fig. 13. The filter is
matched to a return loss level of RL = 23 dB between the
band edges at f1 = 2062.2 MHz and f2 = 2089.3 MHz. The
TZ arises at a normalized frequency of fT Z,LP = j2.431. In
this measurement, an unloaded quality factor of Qu ≈ 1600

FIGURE 14. Spurious mode performance of the measurement in Fig. 13.

can be achieved. The degraded Q-factor compared to the first
measurement might be explained by the tuning screw depths,
which are required to achieve the presented results. In the case
where the TZ arises below the passband, mainly cs3 is placed
close to the ceramic. However, in the case where the TZ is
located above the passband, cs1 as well as cs2 need to be
inserted deeply. The spurious mode performance of the latter
measurement is shown in Fig. 14. The first spurious mode
arises at 2350 MHz and can be associated with the tuning
screws, which are deeply inserted. As discussed in Section II,
improvements might be obtained if the Y-shaped ceramic has
holes in the feet which allow the insertion of tuning screws
from the bottom.

IV. COMBINATION OF SEVERAL DOUBLETS
A. FILTER SET-UP
Apart from the coupling between a Y-shaped ceramic and
TM010-mode resonators, it is also possible to couple multiple
Y-shaped resonators. Fig. 15 shows the simulation model of
a fourth order filter consisting of two doublets. As in the
former filter set-up, the in- and output couplings are realized
as inductive plates with defined height, width and distance to
the ceramic. Once again, four screws from the sidewalls are
used to tune the dual-mode resonators similar to the basic
set-up from Fig. 2. The coupling between both doublets is
realized in form of a T-shaped iris aperture with width wi and
height hi (i = 1, 2). The shape of the aperture is adopted from
the shape of the ceramics as well as the coupling fields [19].

Due to multiple cross-dependencies that occur when the
filter is tuned, a direct synthesis method is not available. As
a design guideline for the synthesis of a fourth order filter
with one TZ below and one TZ above the passband, the initial
tuning screw depths from the doublets in Fig. 5(a) and (b) can
be used. The dimensions of the blend aperture can again be
estimated by coupling matrix extraction techniques.

Exemplary, a coupling matrix of a fourth order filter with
two TZs is shown in Table 2. The topology of the coupling
matrix is visualized in Fig. 15(b). The input and output cou-
plings both excite two modes in the Y-shaped ceramic, while
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FIGURE 15. (a) Simulation model of a fourth order filter consisting of two
coupled Y-shaped ceramics and (b) corresponding coupling topology.

TABLE 2. Coupling Matrix of the Filter Topology in Fig. 15 (b) With TZs at
Normalized Frequencies fT Z,LP = [−J1.488, j2.44] and a Return Loss Level
of RL = 20 dB

one coupling factor is assumed to be positive and the other
one is negative. The position of the TZs is mainly determined
by the sign of the self-couplings: The first doublet produces
a TZ below the passband (M11 > M22) while the second dou-
blet generates a TZ above the passband (M33 > M44). In the
topology in Fig. 15(b), which represents the coupling matrix
in Table 2, four coupling factors between the first / second
as well as third / fourth resonance exist, which cannot be
influenced individually. Fig. 16 shows a plot of these coupling
factors in dependency from the iris width w1, which is varied
between 18 mm to 22 mm. A nearly linear dependency be-
tween the coupling factors and the iris width can be observed.

FIGURE 16. Coupling factors of the filter topology in Fig. 15 (b) in
dependency from the iris width w1 (compare Fig. 15 (a)).

FIGURE 17. Prototype consisting of two coupled Y-shaped resonator
segments as shown in Fig. 10 (covers removed).

Using the coupling matrix as a guideline, it is possible to
estimate the width of the iris accordingly.

The final dimensions of the iris aperture, suitable tuning
screw depths as well as the dimensions of the input / output
coupling are found using optimization strategies in CST mi-
crowave studio. Two measurements are accomplished using
the housing presented in the former section. The prototype is
depicted in Fig. 17.

B. MEASUREMENT RESULTS
The measurement results are shown in Figs. 18 and 19. In
order to obtain a meaningful starting point for the tuning
process, one resonator is tuned in agreement with Fig. 5(a),
while the depths of all tuning screws of the second resonator
can be adopted from Fig. 5(b). After tuning, the filter reveals
a nearly symmetric pair of TZs at normalized frequencies
fT Z,LP,1 = − j2.17 and fT Z,LP,2 = j2.22 as well as a return
loss level of RL = 20 dB (compare Fig. 18). An unloaded Q-
factor of Qu ≈ 1350 can be estimated. In Fig. 19 measurement
results are presented, in which both TZs are placed above
the passband at normalized frequencies fT Z,LP,1 = j1.55 and
fT Z,LP,2 = j2.89. It is not required to replace the centered
iris aperture, only the depths of the tuning screws need to
be varied. The filter can be matched to a return loss level
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FIGURE 18. Measurement results of the prototype in Fig. 17 with a TZ
below and a TZ above the passband in comparison to the coupling matrix
representation in Table 4.

FIGURE 19. Measurement results of the prototype in Fig. 17 with two TZs
above the passband in comparison to the coupling matrix representation
in Table 5.

of RL = 21 dB and reveals a higher unloaded Q-factor of
Qu ≈ 2200 compared to the first measurement. The differ-
ences in the unloaded quality factors must be associated with
variations in the quality of the clamping of the resonators and
the assembly of the filter. The spurious mode performance
is shown in Fig. 20. The first spurious mode is located at
2577 MHz.

The Q-factor, especially of the first measurement, is com-
paratively low and can be increased for practical applications
by the following adaptions:
� The modular set-up is a cost-efficient approach to real-

ize multiple filter set-ups without manufacturing many
components. However, due to multiple transitions, the
Q-factor is reduced and a fixed set-up should be used
for commercial / industrial purposes.

� The Y-shaped ceramics can be soldered to the housing,
if the operating environment does not have high tem-
perature fluctuations. Alternatively, the retaining screws
should consist of a material which is proven to have low
losses.

FIGURE 20. Spurious mode performance of the measurement results from
Fig. 19.

FIGURE 21. Simulation results of a sixth order filter consisting of three
coupled doublets in comparison to the coupling matrix representation in
Table 6. The inset shows the simulation model.

� The tuning screws from the sidewalls are inserted very
deeply. Alternatively, the ceramic might be manufac-
tured to have holes in the feet in each of the three
branches, in which tuning screws might be inserted in-
stead.

As a further extension of the results presented above,
Fig. 21 shows the simulation results of a sixth order filter con-
sisting of three doublets. In this case two TZs are placed above
the passband and one TZ is localized below. As discussed
above, a direct synthesis approach is not available yet and the
presented results are based on optimization of the structure
shown in the inset. Additionally, the tuning screws from the
bottom were considered and used in this simulation.

C. TEMPERATURE STABILITY
A temperature stability analysis of the filter in Fig. 17 is
performed in order to obtain information about thermal drift.
For this investigation, the configuration in Fig. 19 with two
TZs placed above the passband is used. The temperature is
varied in a range between −20◦ C and +75◦ C. The results are
shown in Fig. 22. The center frequency is downshifted from
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FIGURE 22. Temperature stability analysis of the filter in Fig. 17.

FIGURE 23. (a) Simulation set-up of a fourth order filter consisting of a
doublet as well as two extracted pole segments and (b) corresponding
coupling topology.

2086.6 MHz at −20◦ C to 2086.11 MHz at 75◦ C. The center
frequency therefore varies with −5.16 kHz/K (correspond-
ing to 2.472 ppm). Furthermore, the insertion loss slightly
increases with increasing temperature.

V. COMBINATION OF THE DOUBLET WITH EXTRACTED
POLE SEGMENTS
A further approach for the incorporation of TZs in a filter
response by avoiding (negative) cross-coupling apertures is
given by the extracted pole technique [23], [24]. An extracted
pole segment consists of a non-resonating node (NRN), which
is solely coupled to a single resonator. Such a segment is able
to introduce a reflection zero as well as a TZ.

A fourth-order prototype consisting of a Y-shaped ceramic
and two extracted pole resonators is shown in Fig. 23(a),
while the topology is depicted in (b). In total three TZs are
generated. Two of which are realized by the extracted pole
segments, which are indicated as a combination of an NRN
coupled to a dangling resonator (resonator one and four). The
third TZ is realized by the Y-shaped ceramic. While all res-
onating nodes are realized by dielectric resonators, the NRNs

FIGURE 24. Simulated S-Parameters of the model from Fig. 23 in
comparison to the S-Parameters generated from the coupling matrix in
Table 3.

TABLE 3. Coupling Matrix of the Model/Topology From Fig. 23(a)/(b) for
the Realization of the S-Parameter Response in Fig. 24

are implemented as coaxial resonators [27]. These resonators
are detuned with respect to the center frequency of the filter
and therefore show a reactance at the filter center frequency
as desired in the extracted pole approach.

It is not necessarily required to use coaxial resonators as
NRNs. However, this type of resonator often shows a superior
spurious mode performance as well as a large tuning range [6],
[28]. The S-Parameter response is shown in Fig. 24. The
TZs below the passband are realized by the extracted pole
segments close to the source / load port of the filter whereas
the centered Y-shaped ceramic generates the TZ above the
passband.

The corresponding coupling matrix for this approach is
shown in Table 3 and was obtained by optimization. Fur-
thermore, as each NRN introduces an additional degree of
freedom in the coupling matrix representation, the input and
output coupling strength was set to unity [29].

VI. CONCLUSION
This paper describes the usage of Y-shaped ceramics as dou-
blet structures in higher order filters and different coupling
topologies. For this purpose, the fundamental eigenmodes
arising in Y-shaped ceramics are discussed firstly. The in-
fluence of tuning mechanisms in a second order filter set-up
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on the coupling matrix entries are presented as well. Sub-
sequently, fourth order filters with one or two transmission
zeros are realized. The proof of concept is implemented based
on a modular set-up, which allows the realization of filters
composed by single TM010-mode as well as Y-shaped dou-
blet structures. It is shown by simulations that at least three
Y-shaped ceramics can be coupled with each other, allowing
the implementation of a sixth order filter with three TZs.
Furthermore, the doublet structure can be coupled with two
extracted pole sections to create a fourth order filter with
three transmission zeros. In addition, possibilities to further
improve the performance of the filters are discussed in the
form of fixed filter set-ups, holes in the feet of the ceramics for
inserting tuning screws, and soldering the Y-shaped ceramics
to the cavity.

APPENDIX

TABLE 4. Coupling Matrix Representation of the S-Parameters in Fig. 18
With TZs at fT Z,LP,1 = −J2.17 and fT Z,LP,2 = j2.22

TABLE 5. Coupling Matrix Representation of the S-Parameters in Fig. 19
With TZs at fT Z,LP,1 = j1.55 and fT Z,LP,2 = j2.89

TABLE 6. Coupling Matrix Representation of the S-Parameters in Fig. 21
With One TZ Below and Two TZs Above the Passband at fT Z,LP,1 = −J1.659,
fT Z,LP,2 = j1.541 and fT Z,LP,3 = j3.234
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