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S-Band Fully Canonical Dual-Mode
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Vı́ctor D. Vázquez , Ricardo Pampliega , Jordi Verdú , Senior Member, IEEE,
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Abstract—This work presents the design and fabrication of
a narrowband, fully canonical, fourth-order monolithic filter
with fourth transmission zeros (TZs) operating in the S-band.
The device is based on dielectric resonators made of barium
titanate (BaTiO3) ceramics. The TE110, TE120, and TE210 modes
are employed to generate the poles and TZs. The resonant
frequencies are tuned by modifying the chamfer lengths at
opposite corners of the square resonator. The coupling between
cavities is implemented through an iris structure strategically
arranged to fully exploit the capabilities of the degenerate dual
modes. The experimental results show excellent agreement with
the simulations.

Index Terms—Barium titanate (BaTiO3), dual-mode, electro-
plating, narrowband, resonator, sputtering.

I. INTRODUCTION

THE need to develop compact and efficient devices is
critical in 5G/6G base stations and satellite applications,

where system miniaturization and weight reduction are driven
by decreasing the size of individual components. Dielectric-
loaded cavity filters enable significant volume reduction;
however, they typically require metallic housings and, in
some cases, low-permittivity supporting materials [1], [2], [3],
[4]. To further reduce volume and mass, metallized ceramic
dielectric filters have emerged as a promising solution, offering
miniaturization, low insertion loss, and high quality factor.
Several works [5], [6], [7] report fully dielectric-loaded dual-
mode resonators implementing filters with two poles and one
transmission zero (TZ), while other studies explore metallized
ceramic dielectric waveguide resonators in monoblock config-
urations [8], [9].

In this article, a fourth-order filter with four transmission
zeros (TZs) is proposed, obtained by concatenating basic
building blocks providing two poles and two TZs. The res-
onator geometry is fabricated using high-pressure abrasive
waterjet cutting, enabling high-dimensional accuracy without
external tuning elements. The metallization process combines
gold sputtering to form a seed layer with subsequent copper
electroplating to increase thickness, ensuring high conductivity
and enhanced resonator quality factor.
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Fig. 1. Dual-mode resonator. (a) Cavity dimensions. (b) Electric field
distribution TE110 mode. (c) TE120 mode. (d) TE210 mode.

II. DUAL-MODE RESONATOR ANALYSIS

For functional validation, this work proposes a
dual-TE-mode filter based on a monolithic ceramic structure
composed of barium titanate (BaTiO3), which exhibits
a relative permittivity of εr = 37 and a loss tangent of
tan δ = 1.5 × 10−4. The geometry consists of a fully
metallized square prism with a surface whose conductivity
was measured experimentally as σ = 4.1 × 107 S/m, shown
in Fig. 1(a), with dimensions a = 23 mm, ch = 4.5 mm, and
a total height of h = 3 mm. This structure, resembling a
waveguide section, supports the fundamental TE110 mode, as
shown in Fig. 1(b), along with the higher-order degenerate
modes TE120 and TE210, shown in Fig. 1(c) and (d),
respectively. These modes share the same resonant frequency
but exhibit orthogonal field distributions due to the structure’s
symmetry [10], enabling dual-mode operation within a single
physical resonator.

To achieve mode splitting, perturbations are introduced in
the operating conditions. In this work, controlled geomet-
ric modifications are implemented to fine-tune the resonant
frequencies of the degenerate modes—an essential aspect in
dual-mode filter design—by selecting a chamfer that separates
the TE120 and TE210 modes. Notably, these modes are inde-
pendent of the z-direction, implying that the height h does not
affect their resonant frequency.
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Fig. 2. (a) Degenerate TE120 and TE210 mode splitting and quality factor for
different chamfer values. (b) External quality factors for different lengths of
LC and positions of YCoax.

Fig. 2(a) illustrates the frequency splitting effect and the
unloaded quality factor Q for the TE120 and TE210 modes,
obtained through electromagnetic simulation for different val-
ues of the chamfer dimension ch, while keeping a constant.
The results confirm that the perturbation is enabling mode
separation while preserving the orthogonality between the
TE120 and TE210 fields. This mechanism allows precise control
over both the resonant frequencies of the degenerate modes
and the filter bandwidth.

According to rectangular waveguide theory [11], starting
from a square geometry with side a that includes a chamfer
(ch), the cross section is no longer strictly square, and the
analytical cutoff expression for a rectangular waveguide serves
only as a reference estimate. To compute the actual cutoff

frequencies, we numerically solve the 2-D eigenvalue problem
on the cross section Ω(a, ch), formulated from (1) considering
the Laplacian operator in (2), to obtain the eigenvalues αi

corresponding to the transverse electric field eigenmodes,
which are then converted into frequencies via (3)

∇2
t ϕ (x, y) + αi (a, ch) ϕ (x, y) = 0, ϕ

ˇ̌
∂Ω(a,ch) = 0 (1)

∇2
t =

∂2

∂x2 +
∂2

∂y2 (2)

fc,i =
c

2π
√
εr

p
αi (a, ch). (3)

The quality factor remains practically constant with this
perturbation mechanism. For the dimensions selected in this
design, the resonant frequencies of the first three modes
are being fT E110 = 1.40 GHz, fT E120 = 2.203 GHz, and
fT E210 = 2.233 GHz, and the unloaded quality factors obtained
from simulations are being QT E110 = 1387, QT E120 = 1730,
and QT E210 = 1746. The two resonance frequencies of the
degenerate modes are being used to form the passband, while
the fundamental mode, which is resonating out of band, is
being employed to create a direct reactive path between the
source and the load, which is necessary to achieve a fully
canonical transfer function.

III. DUAL-MODE MONOBLOCK FILTER

An interesting feature of this configuration is that the
resonator can provide two TZs, located in both the upper
and lower stopbands. As shown in Fig. 3(a), the two resonant
modes are excited at the input/output (I/O) ports by means

Fig. 3. (a) Filter passband. (b) Starting topology.

Fig. 4. (a) EM simulation and coupling-matrix model (CM1) of a dual-mode
TE cavity with two real-frequency TZs. (b) Fourth-order filter topology.

of a simple coaxial feeding probe. The input/output coupling
structure includes an inner conductor, which is in contact with
the dielectric walls, and an outer conductor, which belongs to
the SMA connector and is in contact with the ground plane;
these elements determine the port impedance.

The starting topology of the dual-mode filter is shown in
Fig. 3(b). The coupling coefficients satisfy MS 1 = ML1 and
−MS 2 = ML2, due to the fact that the electric field direction
of the TE120 mode is identical at the input (S) and output (L)
ports, whereas for the TE210 mode, the opposite is true. In
addition, there is a direct source-load coupling MS L, achieved
through a reactive energy path generated by the TE110 mode,
which resonates out of band. This enables the introduction
of an additional transmission zero, thus achieving a fully
canonical transfer function with two TZs, one on each side
of the band.

By using the group delay method described in [11], the
necessary link is established between the physical parameters
through the values of the external quality factor QExt and the
normalized impedance of the coupling matrix model, using
the (4) and (5). In this case, these values are calculated as a
function of the lengths lc, as well as S xc, as illustrated in
Fig. 2(b). These two parameters provide two degrees of
freedom that allow for fine-tuning the required coupling.
Consequently, since the external quality factor is not com-
pletely independent for each mode, as both are excited through
the same physical coupling structure, the adjustment of the
external coupling is addressed as a tradeoff between LC and
S xc, selecting an optimal combination that simultaneously
satisfies the required QExt values for both modes in accordance
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with the coupling matrix synthesis

τmax = τ (ω0) =
4Qe

ω0
(4)

Qe =
f0

BW × M2
S i
. (5)

Considering the electric field distributions shown in
Fig. 1(b)–(d), and following the approach in [12], we simul-
taneously excite the first three modes by placing the coaxial
feeding connectors orthogonally in the xy-plane, with a sep-
aration angle of θ = 90◦. In this design, we achieve the
desired external coupling through an optimal combination of
probe lengths and their positioning on one of the structure’s
faces. Additionally, the normalized resonant frequencies of the
TE120 and TE210 modes—which define the filter’s operational
bandwidth—closely match the eigenvalues of the transverse
coupling matrix obtained via the synthesis method. Fig. 4(a)
presents a comparison between the transfer-function response
associated with the coupling matrix CM1 and the corre-
sponding full-wave electromagnetic simulation results. The
filter was synthesized following the coupling-matrix synthesis
method proposed in [13], using the normalized TZs ΩTZ =

[−13.3668, 14.0921] as input parameters, from which the filter
coupling matrix was generated. For this second-order design,
the resulting response is characterized by a center frequency
f0 = 2.42 GHz, a bandwidth BW = 20 MHz, corresponding to
a fractional bandwidth FBW = 0.84%, and a return loss of
RL = 20.2 dB.

CM1 =

264 0 0.86504 0.87006 0.01364
0.86504 1.684999 0 −0.86504
0.87006 0 −1.683545 0.87006
0.01364 −0.86504 0.87006 0

375

CM2 =

2666664
0 0.28667 1.09832 0 0 0.00053

0.28667 0 0 0.22659 −1.08486 0
1.09832 0 0 −1.08486 0.51085 0

0 0.22659 −1.08486 0 0 0.28667
0 −1.08486 0.51085 0 0 1.09832

0.00053 0 0 0.28667 1.09832 0

3777775
The implementation of the topology shown in Fig. 4(b),

where the coupling paths can be clearly observed, enabling
the realization of a fourth-order filter with Four TZs through
the concatenation of basic blocks employing coupling irises
[14]. In this case, the input–output and intracavity couplings
can be simplified as MS 1 = M3L, MS 2 = M4L, M14 = M23, and
M13 , M24.

An essential part of the design relies on the couplings
between resonators M24, M14, M23, and M13, which, owing
to the dual-mode nature of the resonators can be implemented
in a clever manner without shifting the iris, but rather through
an appropriate placement of the feeding ports and the blind
holes, without the need to rotate or displace the resonators,
which remain aligned with the symmetry axis.

Analogous to the initial topology, a direct source–load cou-
pling MS L also exists, generated by a reactive path associated
with the nonresonant TE110 mode located outside the passband.
Both ports excite this mode, which couples through the central
iris and establishes the direct bypass associated with MS L.

The simultaneous presence of this source–load path and the
intracavity cross-couplings naturally leads to the appearance

Fig. 5. Electromagnetic 3-D design of the fourth-order filter.

Fig. 6. Fourth-order filter. (a) Comparison between the EM simulation and the
coupling-matrix model (CM2). (b) Transmission-zero positioning for different
lengths of hC and positions of PYC .

of two TZs on each side of the passband. This occurs because
the structure is homologous to two box sections in cascade, but
with source–load coupling [15]. The internal cross-couplings
generate the pair of zeros located closest to the passband,
whereas the TE110 mode provides the bypass that enables the
outer pair of TZs.

The TZs appear on both sides of the passband. The full 3-D
electromagnetic model is designed as shown in Fig. 5 and opti-
mized using the following dimensions: CH = 4.5 mm, Cwc =

5.5 mm, CLC = 2.5 mm, Lch = 48 mm, Wch = 22.8 mm, hc =

1.8 mm, lc = 2.3 mm, S xc = 7.5 mm, Pxc = 8 mm. All
dimensions are measured orthogonally from the center of each
resonator, considering the symmetric positions of both the port
and the blind hole. The blind hole hc, aligned with the feeding
connectors, modifies the electromagnetic field distribution and
enables modal coupling. By properly adjusting its position and
depth, it is possible to finely control the interaction between
the TE120 and TE210 modes, allowing precise tuning of the
transmission-zero locations. As shown in Fig. 6(b), TZs TZ1
and TZ2 appear below the passband, whereas TZ3 and TZ4
are located above it. It is worth noting that these zeros are
approximately symmetrically distributed around the center
frequency, contributing to the filter selectivity and providing
balanced out-of-band rejection on both sides of the passband.
Although different physical parameters mainly control the
transmission zero locations and the bandwidth, such control is
not fully independent due to the intrinsically coupled nature
of the structure.

Finally, Fig. 6(a) shows a comparison between the transfer-
function response obtained from the coupling-matrix model
CM2 and the results of the full 3-D electromagnetic sim-
ulation. In this case, a fourth-order filter was synthesized
with a return loss of RL = 24.4 dB, using the normalized
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TABLE I
COMPARISON WITH PRIOR STUDIES

Fig. 7. Fourth-order filter fabricated prototype.

Fig. 8. Comparison between the measurement and the electromagnetic
simulation.

TZs ΩTZ = [−7.7810, −5.7079, 5.7201, 7.7898] as input
parameters for the synthesis procedure.

Photographs of the fabricated fourth-order filter are shown
in Fig. 7. The input and output couplings are fixed and
implemented using 50-ohm coaxial connectors. The measure-
ment results, compared with the simulations, are presented
in Fig. 8, showing good agreement between them. The filter
exhibits an insertion loss IL = 0.86 dB, a center frequency
f0 = 2.42 GHz, a bandwidth BW = 48 MHz, and a fractional
bandwidth FBW = 1.98%, making it suitable for narrowband
applications. In addition, the filter provides out-of-band rejec-
tion greater than −50 dB at frequency ranges above 1 GHz.
The final dimensions of the filter are 48 × 22.8 × 3 mm.
Small variations observed in the response can be attributed to
inherent tolerances in the fabrication and assembly processes,
as well as the physical properties of the materials used. Table I
summarizes the comparison between this work and previous
relevant works.

IV. CONCLUSION

A fourth-order prototype based on an ultra-compact waveg-
uide section with dual-TE-mode dielectric cavities was
designed, fabricated, and measured. This approach enables

fully canonical responses with TZs on both sides of the
passband, as each cavity provides two poles and two zeros.
A high-quality metallization process ensured low conductor
losses and validated the proposed design. The resulting filter
exhibits high selectivity, confirming the effectiveness of the
implemented topology.
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