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Abstract
The design of microwave filters for portable electronics is complicated by conflicting requirements that must be met

simultaneously such as high selectivity, low insertion loss and compact size. Substrate-integrated waveguide (SIW)
technology allows the design of low-profile high-Q resonators and low-loss filters based on this. However, SIW filters
are not well suited for telecommunication applications because of their remarkably large size in plane. The size of a SIW
cavity can be dramatically reduced with the use of capacitive loading. Capacitively loaded cavities (CLCs) operating in
the TM110 mode are shown to be as small as 1/8 of the guided wavelength and even smaller, i.e. comparable in size with
lumped-element resonators. Although the unloaded Q-factor decreases proportionally to cavity size, miniaturized
CLCs can exhibit a much higher Q-factor than that of lumped-element resonators. This paves the way for designing
small-size and low-loss filters for wireless communications and different applications. Miniaturized capacitively loaded
SIW cavities are favorably implemented by means of low-temperature co-fired ceramics (LTCC) technology. The
goal of the paper is to demonstrate the manifold possibilities and flexibility offered by LTCC technology for the
design of advanced microwave filters on CLCs. Different design and manufacturing aspects are considered. Various
design examples of high-performance LTCC resonators and filters for single- and dual-band wireless applications
are presented. The designed resonators and filters were manufactured using the commercial DuPont Green Tape 951
LTCC system. The LTCC filters on miniaturized CLCs are shown to be advantageous with regard to small size, low
loss, and absence of spurious response over a wide frequency range.
Keywords: Substrate-integrated waveguide (SIW), low temperature co-fired ceramics (LTCC), capacitively loaded cavities, dual-mode
resonators, bandpass filters.

I. Introduction
Microwave filters are indispensable front-end compo-

nents of all manner of telecommunication and wireless
systems. Filters for the future generation of portable wire-
less electronics have to be compact, lightweight and cheap
while exhibiting high selectivity and low insertion loss.
Such conflicting requirements that must be met simulta-
neously complicate filter design considerably. Advanced
small-size resonators with a high quality factor are re-
quired to overcome the problem.

The in-band insertion loss of a bandpass filter (IL) de-
pends on the fractional bandwidth (Df /f0), the unloaded
quality factor of resonators (QU) and the filter order (the
number of resonators involved – N). The minimum inser-
tion loss that is provided at the midband frequency f0 can
be roughly evaluated as follows

IL(ƒ0) ≈ 4.343
N

QUΔƒ/ƒ0
(1).

According to (1), a high resonator Q-factor is required to
realize a low-loss narrowband filter. In turn, a broadband
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filter of the same order exhibits less insertion loss but pro-
vides less selectivity as well. An increase of the filter order
N to improve the selectivity is followed by an increase of
the insertion loss in line with (1). Consequently, design of
either narrowband or highly selective broadband filters in-
volves a necessity to employ high-Q resonators in order to
keep the insertion loss at a tolerable level.

The unloaded Q-factor is defined as the energy stored
in the resonator (W) related to the power loss (Ploss) per
oscillation period:

QU = ω0W/Ploss (2),

where x0 = 2pf0 is the angular midband frequency.
The unloaded Q-factor is determined by the resonator

electromagnetic structure (i.e. the electric and magnetic
field distribution in the resonator) as well as the conductor
and dielectric losses of the materials of which the resonator
is made. There is a trade-off between resonator size and
Q-factor value. The smaller the resonator size compared
to the guided wavelength (kg), the lower the unloaded Q-
factor. That is why bulky and heavy waveguide and cav-
ity filters allow quite a low insertion loss to be obtained



306 Journal of Ceramic Science and Technology —V. Turgaliev et al. Vol. 6, No. 4

whereas lumped-element filters suffer from a poor Q-fac-
tor, resulting in a remarkable insertion loss level.

The substrate-integrated waveguide (SIW) technology 1

is a beneficial alternative to conventional waveguides and
cavities that allows the design of low-profile, lightweight
and low-loss filters based on high-Q resonators 2 – 9. SIW
structures are favorably realized in printed-circuit board
(PCB) technology or low-temperature co-fired ceramics
(LTCC) technology.

Despite the advantages in height and weight, typical SIW
filters still occupy a rather large area and consequently
are not well suited for low-frequency microwave applica-
tions.

Loading a cavity with a capacitive post reduces the res-
onant frequency while still maintaining a relatively high
unloaded Q-factor 10. Various designs of compact mi-
crowave filters based on capacitively loaded evanescent-
mode cavities using different fabrication technologies
(LTCC, PCB, silicon micromachining process) have been
reported 10 – 14.

Still, there remains a trade-off between the size and the
Q-factor of capacitively loaded cavities (CLCs). The ulti-
mate miniaturization of a cavity is accordingly limited by
a Q-factor value tolerable for certain application. Com-
pared with a high Q-factor of the unloaded cavity, there
is only little room for size reduction owing to a remark-
able Q-factor drop. However, with regard to lumped-ele-
ment resonators, whose Q-factor is much smaller, there is
plenty of headroom for downsizing while keeping the Q-
factor at a tolerable level.

Miniaturized LTCC CLCs can be designed as small as
lumped-element resonators (i.e. smaller than 1/8 of the

guided wavelength) while exhibiting a much higher Q-
factor 15, 16.

The manifold possibilities and flexibility offered by mul-
tilayer LTCC technology to the design of advanced mi-
crowave filters on CLCs are discussed in this paper. Dif-
ferent design and manufacturing aspects are considered in-
cluding single- and dual-mode CLCs implementation on
LTCC, CLCs with transmission zeros to increase selectiv-
ity, inter-resonator coupling organization, band-pass fil-
ter design using CLCs, etc. Various design examples of
high-performance LTCC resonators and filters for single-
and dual-band wireless applications are presented.

The resonators and filters were designed with the aid of
the Ansoft HFSS 3D electromagnetic field solver and man-
ufactured using the commercial DuPont Green TapeTM

951 LTCC system.

II. LTCC capacitively loaded cavities

(1) SIW cavities in LTCC technology

Waveguide-like structures implemented in planar tech-
nology by using periodic metallic via holes as sidewalls are
called substrate-integrated waveguides (SIWs) 1. Fig. 1a
shows a rectangular SIW cavity in LTCC technology. The
cavity volume filled with LTCC is confined by metallic
covers on the top and the bottom of the structure. Stacked
metallic via holes form the conductive fences to realize
sidewalls. A period of the via fences has to be much smaller
than the resonant wavelength to prevent energy radiation
through the sidewalls.

Fig. 1: Rectangular SIW cavity: (a) structure 3D view; (b) electric field distribution for the TM110 mode; (c) magnetic field distribution
for the TM110 mode; (d) unloaded Q-factor of a LTCC-filled cavity as a function of the resonator height related to the guided wave-
length.
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Owing to planar implementation, the height H of a SIW
cavity does not exceed a few millimeters. Therefore, the
cavity operates in the TM110 mode. The coplanar feed lines
used for excitation are arranged in the cavity top cover.
Distribution of the electric and magnetic fields are present-
ed in Figs. 1b and c correspondingly. The cavity resonant
frequency is equal to

f0 =
c

2
√εr

√
√
√
√

(

1
W

)2

+

(

1
L

)2

(3),

where c is the light velocity, er is the relative permittivity
of a dielectric that the cavity is filled with, W and L are
the cavity sizes in plane (see Fig. 1a). Typical values of the
relative dielectric permittivity of most commercial LTCC
materials lie in the range 5 – 9. Besides, LTCC materials
with higher er values are known as well.

Although the resonant frequency of the fundamental
mode does not depend on the cavity height H, the un-
loaded Q-factor does. The dependence obtained by elec-
tromagnetic simulations for a SIW cavity filled with the
DuPont Green TapeTM 951 LTCC (er = 7.8, tan d = 0.002)
is shown in Fig. 1d. It is worth mentioning that at a five-
fold height decrease, e.g. from 0.5kg to 0.1kg, the unloaded
Q-factor drop is only two-fold (i.e. from 340 to 170).

(2) Capacitively loaded SIW cavities

Fig. 2a illustrates a square-shape SIW cavity (W = L =a)
that is loaded by a conductive post with a metallic plate at
one end. The post is formed by stacked metallic via holes.
The middle part of the cavity top cover is not shown in
the figure so as to illustrate the inner resonator structure
in detail.

The electric field is concentrated between the metallic
plate and the top cover (Fig. 2b). As electric energy is

stored in the region, it is by nature of a capacitive loading.
The higher the capacitive loading, the lower the cavity
resonant frequency. In other words, a capacitively loaded
cavity has smaller size than the unloaded one with the same
resonant frequency.

Meanwhile, the magnetic field distribution remains near-
ly the same as in the unloaded cavity (Fig. 2c). Hence,
the current distribution in the metallic parts of the res-
onator is mostly unaffected and the power dissipation in
the cavity does not change significantly in the presence of
the loading. As a result, the unloaded Q-factor does not
drop as strongly as the resonant frequency does 10. This
leaves room to design highly loaded LTCC cavities that
are as small as lumped-element resonators (i.e. smaller than
kg /8) but still exhibit a much higher unloaded Q-factor.

The Q-factor dependence on the SIW cavity size in plane
is shown in Fig. 2d for LTCC-filled CLCs of different
size a but with the same height (H = 1.44 mm). The graph
presents results of electromagnetic simulations. Eventual-
ly, a miniaturized CLC with the size a = kg/10 is charac-
terized by the unloaded Q-factor of about 150. This is at
least 2 – 3 times higher than the Q-factor of lumped-ele-
ment resonators. According to (1), a bandpass filter using
such CLCs has the same degree of advantage in insertion
loss over its lumped-element counterpart.

A high capacitive loading is needed for an efficient size
reduction of an SIW cavity. On the other hand, the smaller
CLC size, the larger the ratio of the second and first res-
onant frequencies (Fig. 2e). For the above-mentioned ex-
ample (a = kg/10) the ratio f02 /f01 is not less than 5 whereas

for an unloaded square cavity the ratio is equal to
√

5/2 ≈
1.58. Hence, highly loaded cavities allow the design of
filters with no spurious response over a wide frequency
range.

Fig. 2: Square-shape LTCC capacitively loaded cavity: (a) structure; (b) and (c) electric and magnetic field distribution for the fundamen-
tal mode; (d) unloaded Q-factor versus normalized cavity size; (e) second harmonic frequency versus normalized cavity size; (f) simulated
characteristics of the resonator (dashed lines) and measured performance of four experimental samples (solid lines).
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In practice, CLC size cannot be smaller than that of the
metallic plate to realize the capacitive loading. In order to
efficiently reduce the cavity size, the distance between the
capacitive plate and the top cover should be minimized.
For this purpose, the separating LTCC layer should be
as thin as possible. However, it increases breakdown risk
and consequently reduces power-handling capability. For
LTCC materials, typical breakdown electric field strength
is about 40 V/lm whereas the minimum layer thickness
is limited to 40 – 50 lm. It allows power handling of a
few Watt, which is sufficient for most portable electronics
applications.

Fig. 2f presents the measured and simulated frequency
responses of a CLC embedded in nine layers of DuPont
Green TapeTM 951 LTCC (er = 7.8, tan d = 0.002) of dif-
ferent thickness. After sintering, six layers have the thick-
ness of 210 lm, two layers are 42 lm thick, and one layer
more has the thickness of 95 lm. Thus, the total height of
the LTCC structure is about 1.44 mm. The internal size of
the CLC with the resonant frequency of 2220 MHz is as
small as 6 mm × 6 mm, corresponding to kg/8 size in plane.
The conducting post measures 2 mm × 2 mm and is cov-
ered with the metallic plate measuring 4.4 mm × 4.4 mm.
The resonator is connected to external circuits by induc-
tive coupling elements as shown in Fig. 2a.

The CLC was manufactured using a standard LTCC
technological process. DuPont 6148 Ag co-fireable con-
ductor paste and DuPont 6141 AgPd co-fireable via fill
paste were employed to realize the metallic parts of the res-
onator. A typical value of the conductive paste surface re-
sistance (Rsur = 5 mX/square) was taken into account dur-
ing the electromagnetic simulation with the Ansoft HFSS
software

Experimental investigation was conducted using the
Agilent PNA E8361 vector network analyzer and the Cas-
cade Microtech Summit 9000 probe station with coplanar
G-S-G probes for on-wafer measurements. The TRL tech-
nique was used for calibration.

A good repeatability of the measured frequency char-
acteristics of four resonator experimental samples is ob-
served (Fig. 2f). Besides this, the measured data agree well
with the results of the electromagnetic simulation. The av-
erage unloaded Q-factor value extracted from the mea-
sured resonator characteristics is about 150.

At the resonant frequency, the resonator height
H = 1. 44 mm corresponds to kg/32. It is worth mention-
ing that the unloaded cavity of the same relative height
is characterized not only by a significantly large area but
also exhibits a much lower Q-factor (see, e.g. Fig. 1d).

(3) Coupled capacitively loaded cavities
CLCs can be coupled to each other in different ways.
As an example, an inter-resonator coupling can be orga-

nized by means of an iris in the mutual sidewall as shown in
Fig. 3a. Although the nature of such a coupling is generally
mixed (electric as well as magnetic), the main contribution
comes from the electric field (i.e. capacitive coupling). The
value of the coupling depends on the iris size b. The larg-
er the iris size, the tighter the coupling. From this point of
view, the cavity size a cannot be chosen fully arbitrarily as

it should be sufficient to provide a required coupling value
(i.e. b ≤ a).

The coupling coefficient M as a function of the iris size
b related to the cavity size a is plotted in Fig. 3b. Mea-
sured and simulated frequency characteristics of a two-
pole bandpass LTCC filter on a pair of iris-coupled CLCs
are presented in comparison in Fig. 3c.

Fig. 3: Two-pole LTCC band pass filter on iris-coupled CLCs: (a)
structure; (b) coupling coefficient as a function of the normalized
iris size; (c) numerically simulated (dashed lines) and measured
(solid lines) frequency response.

A different way to realize a capacitive coupling is to use
a metal strip overlapping the capacitive plates of the two
CLCs to be coupled. Such a coupling can be easily realized
in multilayer technology.

The technique is efficient to realize weak couplings. It can
be very helpful when the use of any iris leads to overcou-
pling. Besides, the technique can be used for fine adjust-
ment of a via-iris coupling, e.g. in case of undercoupling.

As the metal strip to realize overlapping should go
through a via fence which constitutes the mutual side-
wall of the coupled CLCs, the strip width in this region is
limited by a distance between adjacent metallic via holes.
In order to provide the necessary coupling value, a dumb-
bell-shape strip (Fig. 4a) can be used. Coupling value is
proportional to the overlapping area and inversely pro-
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portional to the distance between the metal strip and the
capacitive plates.

Fig. 4: Coupling coefficient versus geometrical parameter of the
metal strip for capacitive (a) and inductive (b) couplings between
CLCs.

An inductive coupling between two CLCs can be orga-
nized by using a narrow strip that is connected to the ca-
pacitive plates with the aid of metallic via holes (Fig. 4b)
or directly when it is situated in the same metallization
layer.

The coupling coefficient dependences on geometrical
parameters of the metal strip for capacitive and induc-
tive couplings (Figs. 4a and b) were obtained by means of
electromagnetic simulation of a number of coupled CLC
structures.

III. Advanced LTCC Bandpass Filters on CLCs
Design examples of small-size and low-loss bandpass

LTCC filters on coupled CLCs are presented in this sec-
tion.

(1) Three-pole filter
The multilayer LTCC structure of a three-pole bandpass

LTCC filter on miniaturized CLCs is shown in Fig. 5a.
The filter consists of three CLCs of the structure described
in Section II(2). The inter-resonator couplings are orga-
nized by means of irises in the mutual sidewalls. In turn,
the outermost CLCs are connected to external circuits
by inductive coupling elements. The filter is embedded
in nine layers of DuPont Green TapeTM 951 LTCC of
different thickness (see section II(2) for details). The en-
tire area occupied by the filter measures 19 mm × 7 mm
(0.38kg × 0.14kg).

ThefilterwiththeChebyshevcharacteristicwasdesigned
for UMTS/LTE-2100 applications (2110 – 2170 MHz). An
equivalent circuit of the filter is depicted in Fig. 5b.

Simulated and measured filter characteristics in the nar-
row and wide frequency ranges are presented in Fig. 5c.
The in-band insertion loss does not exceed 1.2 dB, cor-
responding to the unloaded Q-factor of the CLCs equal
to 150, i.e. at least three times higher than the Q-factor of
quasi-lumped-element resonators. The CLC size is small
enough compared to the wavelength that allows the filter
to exhibit no spurious response up to at least 10 GHz (see
Fig. 5c).

Fig. 5: Three-pole Chebyshev bandpass LTCC filter based on iris-coupled CLCs: (a) structure; (b) equivalent diagram; (c) measured
(solid lines) and simulated (dashed lines) characteristics at room temperature; (d) measured characteristics under a temperature variation.
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Fig. 6: Four-pole quasi-elliptic bandpass LTCC filter: (a) coupling scheme; (b) equivalent diagram; (c) structure; (d) frequency depen-
dence of scattering parameters obtained by 3D electromagnetic simulation.

Fig. 5d shows the filter performance measured under
the environmental temperature variation from – 20 °C
to + 30 °C. The advanced CLC-based LTCC filter re-
vealed good temperature stability of the frequency re-
sponse within the specified temperature range.

(2) Four-pole cross-coupled filter

In order to improve selectivity, a four-pole bandpass fil-
ter with a cross coupling was designed for the same fre-
quency band. The filter employs four CLCs of the same
structure with three inductive couplings and a capacitive
cross-coupling. The coupling scheme is shown in Fig. 6a.
The matrix of the necessary coupling coefficient values is
as follows:

M =

⎛

⎜
⎜
⎝

0.08 0.051 0 -0.012
0.051 0 0.043 0

0 0.043 0 0.051
-0.012 0 0.051 0.08

⎞

⎟
⎟
⎠ (4).

Fig. 6b shows an equivalent circuit of the filter.
Three inductive couplings are formed by narrow met-

al strips connected to the capacitive plates of adjacent
cavities. A capacitive cross-coupling between the outer-
most resonators is achieved with the aid of a dumbbell-
shape metal strip overlaying the capacitive plate of the
both coupled resonators. The multilayer LTCC structure
of the filter is shown in Fig. 6c. The filter size in plane is
13 mm × 13 mm.

Simulated characteristics of the filter are presented in
Fig. 6d. The bandpass filter with a cross-coupling provides
two transmission zeros near the pass band edges that dras-
tically increase the filter selectivity. The midband insertion
loss of the filter equals to 1.7 dB.

IV. Bandpass Filters on Nested CLCs

(1) Capacitively loaded cavities with additional trans-
mission zeros

A CLC can be surrounded by an extra metallic box in
such a way that a space between the external CLC surface
and the metallic box forms an additional capacitance Cz
(Fig. 7a). An equivalent circuit of such a resonator is de-
picted in Fig. 7b. Presence of the capacitance Cz results in
appearance of a transmission zero at the frequency

fz =
1

2π
√

L(C + Cz)
(5).

Fig. 7: CLC with a transmission zero: (a) schematic cross-sectional
view (not to scale); (b) equivalent diagram; (c) simulated frequency
response of the CLC with a transmission zero (solid lines) and
without a transmission zero (dashed lines).

Frequency characteristics of the resonator with the res-
onant frequency f0 = 2.2 GHz and a transmission zero at
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fz = 1.3 GHz are presented in Fig. 7c. For reference, the
frequency response of CLC without a transmission zero
is also plotted in the same graph.

CLCs with transmission zeros can be used to design
small-size low-loss filters with enhanced selectivity. The
approach does not require any cross-coupling to design
filters with transmission zeros. In contrast to a cross-cou-
pled filter structure involving four resonators (Figs. 6a, b,
and c), the method under consideration can be applied to
design, e.g. two-pole filters with transmission zeros. It al-
lows an increase in filter selectivity at the expense of a very
moderate increase of the occupied area and the structure
height that is associated with the extra metallic box.

An example of a two-pole bandpass filter based on LTCC
CLCs with transmission zeros is shown in Fig. 8a. The
structure uses eleven layers of DuPont Green TapeTM 951
LTCC. The filter measures 14 mm × 8 mm × 1.9 mm in
size. Fig. 8b illustrates an advantage in the selectivity of
the filter with transmission zeros over a two-pole filter
without transmission zeros.

(2) Dual-mode resonators on nested capacitively loaded
cavities

CLCs with different resonant frequencies can be nest-
ed one into another like a set of the well-known tradi-
tional Russian dolls ‘matryoshka’ 15. Fig. 9a illustrates a
schematic cross-sectional view of two nested CLCs in
LTCC. The external surface of the inner cavity acts as a
capacitive loading for the outer cavity. It allows a reduc-
tion in the total area occupied by the two cavities. Howev-
er, there is a trade-off between the occupied area reduction
and an increase in height.

Fig. 8: Two-pole bandpass filter with transmission zeros: (a) LTCC
structure; (b) simulated characteristics of the filter (solid lines)
compared to those of a similar filter without transmission zeros
(dashed lines).

The maximum height of LTCC structure is limited by the
number and thickness of layers in a stack to be co-fired.
The number of CLCs that can be nested one into another
is therefore limited by technological facilities.

Fig. 9: Dual-mode LTCC resonators on nested CLCs: (a) and (b) schematic cross-sectional view and equivalent diagram of two nested
CLCs; (c) and (d) schematic cross-sectional view and equivalent diagram of two nested CLCs providing an additional transmission ze-
ro; (e) photograph of a resonator experimental sample; (f) and (g) measured (solid lines) and simulated (dashed lines) characteristics of the
dual-mode resonators without and with an additional transmission zero, correspondingly.
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The two nested CLCs shown in Fig. 9a operate as a du-
al-mode resonator having two resonant frequencies which
can be chosen almost arbitrarily, and provide a transmis-
sion zero between the two resonances. An equivalent cir-
cuit of such a dual-mode resonator consists of two parallel
tanks connected in series as shown in Fig. 9b.

Similar to a single CLC, nested CLCs can be also sur-
rounded by an extra metallic box to form an addition-
al capacitance resulting in a transmission zero. A cross-
sectional view and an equivalent circuit of the dual-mode
resonator with a transmission zero on nested CLCs are
shown in Figs. 9c and d respectively.

The frequency behavior of the dual-mode resonators on
nested CLCs (with and without an additional transmis-
sion zero) was investigated with numerical electromagnet-
ic simulations and experimentally. Test structures of the
dual-mode resonators with as non-multiple resonant fre-
quencies as f01 = 748 MHz and f02 = 1748 MHz were re-
alized using sixteen layers of DuPont Green TapeTM 951
LTCC. A photograph of a resonator experimental sample
is shown in Fig. 9e. The resonator structure size in plane is
7.6 mm × 5.2 mm, which does not exceed kg/18 at f01 and
kg/8 at f02. The height of the LTCC structure is 2.9 mm.
Figs. 9f and -g present experimental characteristics of four
tested samples of the dual-mode resonators with and with-
out an additional transmission zero compared with those
predicted by electromagnetic simulations. Good repeata-
bility is observed for different samples as well as a good
agreement between measured and simulated data.

Advantages of the dual-mode resonators on nested
CLCs are as follows: i) resonant frequencies can be cho-
sen almost arbitrarily; ii) less occupied area compared with
two single-mode cavities; iii) still quite high Q-factor; iv)
a transmission zero between the resonant frequencies; v)
an additional transmission zero can be easily introduced;
vi) no spurious response over a wide frequency range. The
resonators are well suited for the design of miniature low-
loss LTCC filters for dual-band applications.

(3) Dual-bandpass filters on nested capacitively loaded
cavities

A structure of coupled dual-mode resonators based on
two nested CLCs is shown schematically in Fig. 10a. The
outer cavities are coupled to each other through an iris in
the mutual sidewall. Additional irises in the adjacent side-
walls of the inner cavities are used to provide a coupling
between them.

An equivalent diagram of the coupled resonators is pre-
sented in Fig. 10b. The coupling between the tanks with
the resonant frequencies f01 and f02 > f01 is represented
by the capacitances Cc1 and Cc2 of different branches of
the circuit. At the frequency f01 the two coupling capaci-
tances get connected in parallel, so the total capacitance of
the coupling is Cc(f01) = Cc1 + Cc2. Meanwhile, at f02 the
coupling capacitance is Cc(f02) = Cc2.

A design technique for dual-bandpass filters based on
iris-coupled nested CLCs was proposed in 16. As the first
step, two single-band filters with the central frequencies
f01 and f02 are designed separately using a conventional
synthesis method. Then the coupling values of the filter
designed for f01 are corrected as C’c1 = Cc1 – Cc2. After

this, the two filters are combined as shown in Fig. 10b. The
technique allows the design of dual-band filters based on
the CLC structures shown in Figs. 9a and c.

Fig. 10: Coupled dual-mode resonators based on nested CLCs: (a)
schematic cross-sectional view; (b) equivalent diagram.

Fig. 11: Three-pole dual-bandpass LTCC filter on nested CLCs: (a)
structure; (b) equivalent diagram; (c) characteristics obtained by a
full-wave numerical simulation.

A design example of the three-pole dual-band filter with
the pass bands of 698 – 798 MHz and 1710 – 1788 MHz
is shown in Fig. 11. The filter was realized in LTCC
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Fig. 12: Three-pole dual-bandpass LTCC filter on nested CLCs with lumped-element dual-frequency immittance inverters: (a) equivalent
diagram; (b) top-view of LTCC structure; (c) characteristics obtained by a full-wave numerical simulation.

technology using the above-mentioned structure of the
dual-mode resonator (Fig. 9c). The filter is as small as
12 mm × 7.6 mm, corresponding to only kg/12. It provides
a low insertion loss (1.4 dB and 2.1 dB in the lower and
higher pass bands, respectively) and a high selectivity.

Besides rather sophisticated iris couplings between the
dual-mode resonators on nested CLCs, dual-bandpass fil-
ters based on such resonators can also employ dual-fre-
quency immittance inverters on lumped elements 17 – 19.
Fig. 12 shows an example of a three-pole filter design us-
ing such immittance inverters. Three dual-mode nested
CLCs are embedded in a single LTCC structure similar to
the previous case. The dual-frequency immittance invert-
ers (see Fig. 12a) are realized on lumped elements which
are surface mounted on the top of the LTCC structure

as illustrated in Fig. 12b. A simulated filter performance
is presented in Fig. 12c. Owing to a specific frequency
response of the dual-frequency immittance inverters in-
volved 17 – 19, the filter provides an increased rejection be-
tween the pass bands compared to the design shown in
Fig. 11.

V. Conclusion
Design of high-performance microwave bandpass fil-

ters requires the use of high-Q miniaturized resonators.
A trade-off between resonator size and Q-factor value
makes the design of small-size and low-loss filters a chal-
lenge. Cavity resonators are of high Q-factor but have a
significant size. In turn, lumped-element resonators are
very compact but characterized by a poor Q-factor.
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Capacitively loaded SIW cavities can be considered a
promising solution. The higher the capacitive loading, the
lower the cavity size for a given resonant frequency. The
Q-factor also decreases with a capacitive loading increase.
However, due to a specific electromagnetic field distribu-
tion in the CLC, the Q-factor does not change as remark-
ably as the resonator size does. This leaves room to design
miniaturized CLCs with a relatively high unloaded Q-
factor.

Multilayer LTCC technology is well suited to realize
miniaturized resonators based on SIW cavities with a high
capacitive loading. It offers manifold possibilities and high
flexibility to realize single- and multi-mode CLCs with
and without transmission zeros.

It was demonstrated by the results of numerical elec-
tromagnetic simulations and experimental investigations
that highly loaded LTCC cavities operating in the TM110
mode can be smaller than kg/8, i.e. comparable in size with
lumped element resonators while exhibiting a much high-
er unloaded Q-factor.

The miniaturized LTCC-based CLCs were shown as ad-
vantageous for the design of small-size and low-loss band-
pass filters with no spurious response over a wide frequen-
cy range.

Various examples of the advanced LTCC resonators and
filters designed for wireless communication frequency
bands were presented. All the devices were manufactured
on the commercial DuPont Green TapeTM 951 LTCC
system in a standard technological process.

The experimental investigations of the designed high-
performance resonators and filters revealed that a typical
manufacturing accuracy of LTCC structures is sufficient
to provide a good repeatability of the frequency charac-
teristics for a number of experimental samples of the res-
onators and filters as well as good agreement between the
measured frequency responses and those predicted based
on electromagnetic simulations.
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