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Abstract—A novel double-layer coupled stripline resonator
structure is introduced to realize miniature broadband bandpass
filters. Filters with relative bandwidth up to 60% and size less
than A\/8 X A/8 X h () is wavelength at the midband frequency;
h is the substrate height, which is much smaller than A/8) can
be fulfilled using such resonators. Two possible filter configura-
tions are proposed in this paper: combline and interdigital. The
filter synthesis procedure follows the classical coupling matrix
approach that generates very good initial responses. Optimization
by the mode-matching method and fine tuning in Ansoft’s High
Frequency Structure Simulator are combined to improve the filter
performance. Two filter design examples are given to validate the
feasibility. Low temperature co-fired ceramic (LTCC) technology
is employed to manufacture the filters. Experimental results of the
two manufactured filters are presented. The effects of LTCC man-
ufacturing procedure on the filter performance are also discussed.

Index Terms—Bandpass filter, broadband, combline, compact,
interdigital, low-temperature co-fired ceramic (LTCC), miniature,
resonator, stripline.

1. INTRODUCTION

INIATURE broadband filters compatible with printed
Mcircuit board (PCB) and monolithic-microwave inte-
grated-circuit (MMIC) fabrication technologies are required
in many communication systems. The filter size is usually
constrained by the size of the employed resonator structures,
and the filter bandwidth is limited by the achievable max-
imum couplings between these resonators. Many available
compact resonator structures can be found in literatures. Some
of them, such as a stripline resonator with one grounded end
[1], hairpin resonator [2], etc., have the size constraint of a
quarter-wavelength. Others, such as folded quarter-wavelength
resonator [3], ring resonator [4], spiral resonator [5], etc., have
a smaller size than a quarter-wavelength, but are usually not
applicable for broadband filter designs due to the difficulty in
realizing the strong couplings.

The goal of this paper is to design broadband filters with com-
pact size less than A/8 x A\/8 x h (filter height A is usually
very small and approximately equal to the substrate height of
the stripline). A novel double-layer coupled stripline resonator
structure is, therefore, proposed to fulfill the purpose. The size of
the proposed resonator structure can be less than A/12, and the
coupling between two resonators can be realized strong enough
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Fig. 1. Double-layer coupled stripline resonator structure. (a) Three-
dimensional view. (b) Cross section. (c) Side view. The structure is filled with
a homogeneous dielectric material.

for filter designs up to 60% bandwidth by proper mechanisms.
Physical realization of the resonator structure can be easily per-
formed in low-temperature co-fired ceramic (LTCC) technology
that is a suitable manufacturing choice for a high-integration
level of multiple-layer structures.

Two types of filter configurations can be implemented using
the proposed resonator structures: combline and interdigital [6].
In this paper, two design examples of interdigital filters are pre-
sented to validate the theory. The two filters having the same
specifications, but employing different resonator dimensions are
manufactured to investigate the LTCC manufacturing effects on
the performance.

II. FILTER CONFIGURATION

A. Proposed Resonator Structure

The proposed double-layer coupled stripline resonator struc-
ture is shown in Fig. 1. The idea is to introduce a strong capac-
itive loading effect inside the resonator to reduce its physical
length [7]. The resonator structure consists of two strongly cou-
pled strips, as shown in Fig. 1(b). The opposite ends of these two
strips are shorted to ground, as shown in Fig. 1(c), so the cou-
pling between these two strips will behave like a capacitance
that will lower the resonant frequency. Due to this capacitive
coupling effect, the total physical length [r of the resonator will
be much shorter than a quarter-wavelength at the desired reso-
nant frequency. The physical length [r of the resonator is deter-
mined by three factors, which are: 1) the width ws of the two
strips; 2) the coupled (overlapped) length [c; and 3) the vertical
distance ds between them because these three factors will af-
fect the capacitive coupling between the two strips. Actually,
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Fig. 2. Proposed filter configurations using double-layer coupled stripline

resonators. (a) Interdigital filter configuration. (b) Combline filter
configuration.
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Fig. 3. Inter-coupling curves of interdigital and combline configurations.
Identical resonators are used. S is the separation between two resonators.

resonator with physical length less than A/12 at the desired res-
onant frequency can be realized by such a configuration with
properly selected dimensions of these three factors.

It must be noted that the vertical distance ds between the two
strips must be an integer multiple of the thickness of one ceramic
layer in LTCC technology, and so is the whole height of the
resonator.

B. Possible Filter Configurations

Shown in Fig. 2 are two possible filter configurations using
the proposed double-layer coupled stripline resonators: inter-
digital as in Fig. 2(a), and combline as in Fig. 2(b). These
two filter structures are more compact compared with conven-
tional one-layer microstrip/stripline interdigital and combline
filters. The input/output external couplings are realized by
the tapped-in 50-2 striplines. The inter-coupling between res-
onators is achieved by the fringing fields between two resonator
lines. Usually the coupling between two interdigital resonators
is stronger than the coupling between two combline resonators
having the same spacing [8]. Shown in Fig. 3 are the coupling
curves for both cases with identical resonator dimensions. The
smaller the separation between two resonators, the more no-
ticeable the coupling difference between the two configura-
tions. Therefore, interdigital configuration is more appropriate
for broadband filter designs, while combline configuration is
a proper choice for some relatively narrower bandwidth filter
designs since it has more compact size than the interdigital
one.
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III. FILTER DESIGN AND MODELING

To design a filter with either of the proposed configurations
in Fig. 2, the following three steps are implemented.

Step 1) Initial filter dimensions are determined according to
the given filter specifications.

Step 2) Optimization using the mode-matching method
(MMM) is performed to find the optimum filter
dimensions.

Step 3) Ansoft’s High Frequency Structure Simulator
(HFSS) is employed to check the optimum de-
sign from (2) and fine tune the filter dimensions if
needed.

The detailed information is illustrated below.

A. Initial Design

Given the specifications of a desired filter, the filter design
starts with synthesizing a circuit model prototype. Physical re-
alization is then performed according to such ideal model. For
the cases presented in this paper, the initial design procedure is
given as follows.

1) An ideal circuit model is generated according to the filter

requirements [9].

2) The dimensions of the double-layer coupled stripline res-
onator are determined in terms of the center frequency of
the filter.

3) Determine the tapped-in stripline position to achieve the
external coupling R [6], [10].

4) Determine the separations between resonators to provide
the required inter-couplings [6], [11].

5) Assemble the tapped lines and resonators together ac-
cording to the calculated dimensions. Initial filter re-
sponses can be obtained by full-wave electromagnetic
simulation in MMM or Ansoft’s HFSS.

One of the advantages of combline and interdigital filters is
that the resonant frequency of the resonators will not be changed
much by the loading effects of the couplings. Therefore, the
initial filter response is usually a good starting point (return loss
is typically below 10 dB) for further optimization.

B. Optimization by MMM

The initial design procedure given above does not take into
account the higher order modes and the nonadjacent couplings
between resonators, which have more effects on broadband filter
designs than narrowband ones. To achieve the desired filter per-
formance, optimization by MMM can be employed. To demon-
strate the optimization procedure by MMM, an interdigital filter
configuration is used (the combline case is similar).

Shown in Fig. 4(a) is an interdigital filter with two stripline
ports along the z-axis. To model this filter configuration, the
MMM should be applied along the z-direction. The cross
sections involved are a stripline (I), an asymmetric stripline (II),
side view of a double-layer coupled stripline resonator (III), a
rectangular waveguide (IV), etc. [as in Fig. 4(b)]. Eigenmodes
and eigenfields of these cross sections can be calculated as in
[12] and [13]. Basically, a given cross section is decomposed
into many parallel-plate regions and the eigenfields in each
region are expressed as a summation of Fourier series with
unknown coefficients. By applying the boundary conditions
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Fig. 4. (a) Tenth-order interdigital filter using double-layer coupled stripline
resonators. (b) Involved cross sections along z-axis.
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and the field-continuity conditions between the parallel-plate
regions, a linear system is obtained and the solution of this
system will lead to the cutoff frequencies of eigenmodes and
the coefficients of Fourier series. Accordingly, the eigenfields
of the total cross section can be solved. The discontinuities
between these cross sections are modeled by generalized
scattering matrices (GSMs) solved according to the matching
boundary conditions [13]. Finally, the overall response can be
calculated by cascading all the GSMs together.

In principle, this MMM approach is very rigorous, but the
convergence and simulation speed must be considered. The
rectangular waveguides separating the discontinuities are very
short, and the fundamental resonating modes of the interdigital
filter are mainly operating with TEM® fields, while the fields
in cross sections of III, IV, etc. are presented as a summation of
TE?® and TM”* modes in the MMM analysis. As a consequence,
a very large number of modes are needed for convergence,
which would result in large computation time and numerical er-
rors. In order to do the optimization with this MMM approach,
the appropriate number of modes should be selected to have
the fast optimization speed and acceptable simulation results.
Usually the simulation durations and responses using different
number of modes are examined, and a tradeoff between simula-
tion speed and accuracy is made to select the number of modes
for optimization.

The tapped-line position, widths of resonators, and separa-
tions between resonators can be optimized to improve the filter
performance. The error function to be minimized is constructed
depending on the locations of the poles ( f,;) and equal-ripple

points (fe;)

N, N.
err = Y wpils1i (foi) P+ Y wei(|si(fei)] = )7 (D)

i=1 i=1

where N, and N, are the number of poles and equal-ripple
points, respectively. w, and w,. are the optimization weights.
e represents the equal-ripple return loss.

C. Fine-Tuning in HFSS (If Needed)

The optimized filter response by the MMM with the selected
number of modes might be different from the converged one.
Ansoft’s HFSS is then applied to verify the design and fine tune
the filter if needed. The parameter extraction method [14] can
be employed to guide the fine tuning in HFSS to speed up the
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Fig. 5. End view along x-direction of the filter configuration in Fig. 4(a).

procedure. Basically, only the tapped-line position and the width
of the first resonator are needed to be tuned in this step.

HFSS is not used in the previous optimization step because of
the slow simulation speed. For the design examples in this paper,
it takes MMM approximately 5 h and 1000 iterations to generate
the desired performance after the eigenmodes and eigenfields
have been calculated (150 modes are used), while it takes HFSS
more than 6 h to obtain the converged response for one single
filter structure. For an optimization procedure of 1000 iterations,
it will take HFSS approximately 6000 h to acquire the optimum
design, which is not acceptable. A desktop PC using 3.0-GHz
Pentium 4 processor and 4-GB memory is employed to perform
the designs.

IV. DESIGN EXAMPLES

Two design examples of interdigital filters are performed to
show the feasibility. They have the same specifications, but dif-
ferent resonator dimensions, and are manufactured to investi-
gate the effects of the LTCC manufacturing procedure.

A. Design Example 1

A design of a ten-pole Chebyshev filter with a center fre-
quency of 1.125 GHz and 500-MHz bandwidth is performed.
The relative bandwidth is approximately 45%. The desired stop-
band rejection level below 0.75 GHz and above 1.5 GHz must
be larger than 50 dB. The external couplings and the normalized
inter-couplings are

Rin = Rous = 0.98562

mye = 0.81907

mas = 0.58576

maa = 0.54538

mas = 0.53288

mss = 0.52976. 2)

The interdigital filter configuration to be employed is shown
in Fig. 4(a). This filter will be embedded inside a PCB system
using LTCC technology, and the stack-up options with other
components set many constraints on the vertical dimensions.
Shown in Fig. 5 is the end view of the filter along the z-direction.
The height of the whole filter box is A = 59.28 mil, the vertical
position of the lower strip is A1 = 25.94 mil, and the vertical
position of the upper strip is h2 = 29.69 mil. Only one ceramic
layer (thickness is approximately 3.74 mil) exists between the
two strips. The metallization thickness of the strip is ¢ = 0.4 mil
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Fig. 6. (a) Configuration to decide the dimensions of the resonator. (b) Typical
frequency response of S»; for configuration (a).

and the relative permittivity of the ceramic is €, = 5.9, which
are decided by the selected LTCC technology.

Fig. 6(a) is the configuration to determine the resonator di-
mensions to have the fundamental resonating mode at the center
frequency of 1.125 GHz. Two ports are weakly coupled to the
resonator and the peak frequency of the simulated So; response,
as shown in Fig. 6(b), is the resonant frequency. The length Ir
of the resonator is selected as /7 = 500 mil. The coupled length
lc and width ws of the two strips (two strips in one resonator
have the same dimensions) are being swept until the required
resonant frequency of 1.125 GHz is achieved. The found values
are [c = 420 mil and ws = 20 mil.

The external coupling curve is presented in Fig. 7, which
shows the external coupling is linearly proportional to the
tapped-in position. The value of htapin to have R = 0.98562
is approximately 432 mil.

The computed inter-coupling curve is shown in Fig. 8 and
the separations are calculated by interpolation to have the de-
sired inter-couplings. The found separations for the five desired

adjacent couplings in (2) are S = 7.1 mil, Sp3 = 11.9
mll, 334 = 13.0 mll, S45 = 134 mll, and S56 = 13.5 1’1’1117
respectively.

The initial filter response is presented in Fig. 9. The simu-
lated frequency responses by MMM and HFSS of the final filter
design are both shown in Fig. 10, which demonstrates a good
agreement between them.

The minimum return loss over the passband is approxi-
mately 15 dB because the nonadjacent couplings for such
broadband filter are not avoidable and make it very difficult
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Fig. 9. Frequency response of filter example I with initial dimensions.

to achieve a return loss better than 15 dB. The upper stop-
band of this filter has clean spurious response up to the third
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Fig. 10. Simulated responses of the optimized filter I by MMM and HFSS.

harmonic. The final dimension of the whole filter box is ap-
proximately 500 mil X 515 mil x 59.28 mil, which is less than
A/8 x A/8 x h = 540 mil x 540 mil x 59.28 mil at the center
frequency of 1.125 GHz.

This filter is manufactured in LTCC technology for testing.
Fig. 11(a) shows the filter prototype and the arrangement of
the measurement. Input and output ports of the filter are bent
toward the same direction for the convenience to connect
with other components. Transitions from 50-{) microstrip
lines to the tapped-in striplines are also added on the filter.
J-probe launches and a Cascade Microwave Probe Station are
used in the measurement. The measured response is shown in
Fig. 11(b). The insertion loss at the center frequency is ap-
proximately 3 dB and at the higher band edge is approximately
6 dB. The wideband response shows that the spurious response
that starts around 3.6 GHz is approximately three harmonics.
A simulation by HFSS with lossy materials is also performed
to investigate the response difference between the designed and
manufactured filters. The employed parameters for loss are:
finite conductivity o = 13100000 S/m for conductor and loss
tangent of 0.001 for ceramics. Both the simulated and measured
responses are shown in Fig. 11(c). A good agreement is noticed,
except a frequency shift between them. The frequency shift is
caused by the effects of the LTCC manufacturing procedure
such as vias, inhomogeneous ceramic layers, etc. (in HFSS sim-
ulation, solid walls and homogeneous materials are assumed),
which will be discussed later.

B. Design Example I1

In design example I, one ceramic layer of thickness
ds = 3.74 mil exists between the two strips of a resonator.
To investigate the sensitivity of the filter with respect to ds
and the effects of the LTCC manufacturing procedure on filter
performance, a second design with larger ds is carried out
for an odd-order interdigital filter. The filter requirements are
identical with design example I, but a design of an eleven-pole
filter is performed for this example. The stack-up option is
different from example 1. For this example, h1 = 29.68 mil,
h2 = 37.08 mil, and A = 63.02 mil. Definitions of A1, h2, and
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Fig. 11. (a) Built filter I and the measurement arrangement. (b) Measured fre-
quency response of filter I. (c) Comparison between the measurement and sim-
ulated response by HESS. (Color version available online at: http://ieeexplore.
ieee.org.)

h are given as shown in Fig. 5. The separation between the two
strips is ds = h2 —hl = 7.4 mil, which means that the physical
length of the resonator will be longer than example I due to
the relatively weaker coupling between two strips. The selected
dimensions of the resonator are I = 700 mil, lc = 516 mil,
and ws = 20 mil.

The same design procedure as example I is followed for this
design. The final dimension of the whole filter box is approxi-
mately 700 mil x 540 mil x 63.02 mil, which is larger than de-
sign example I. Fig. 12 shows both manufactured filters of ex-
amples I and II. The measured response is shown in Fig. 13(a).
The spurious response starts around 2.5 GHz, which is about
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Filter 1 Filter 11

Fig. 12. Manufactured filters (design example I and design example II). Filter IT
is slightly larger than filter I. (Color version available online at: http://ieeexplore.
ieee.org.)
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Fig. 13. (a) Measured response of filter II. (b) Comparison between the mea-
surement and the simulated response by HFSS.

two harmonics. The reason why filter I has worse spurious per-
formance than filter I is related to the resonator structure and
dimensions. The first higher order resonating mode of the res-
onator is controlled by the introduced capacitive coupling be-
tween two strips. The stronger the coupling, the further the first
higher order mode. Resonators in filter Il has larger ds than filter
I and, thus, smaller capacitive coupling between strips; there-
fore, the first higher order resonating mode is closer to the center
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Fig. 14. Draft of the physical realization of filters in LTCC technology. (Color
version available online at: http://ieeexplore.ieee.org.)

frequency, which causes the spurious performance to be worse
than filter I. The response comparison between the measure-
ment and HFSS simulation is shown in Fig. 13(b). The measured
bandwidth is slightly narrower than the simulated one, which is
also due to the manufacturing effects.

In both design examples, the measured insertion loss is
slightly larger than the simulated one. Two main reasons are
responsible for that, which are: 1) vias in actual structures
might introduce more loss than the solid wall model in HFSS
and 2) the loss tangent of the actual ceramic material is larger
than 0.001.

V. LTCC MANUFACTURING EFFECTS ON FILTER PERFORMANCE

The measured responses of the two filters are slightly dif-
ferent from the simulated ones, which is usually caused by the
LTCC manufacturing effects. Shown in Fig. 14 is a draft of
the physical realization of the designed filters in LTCC tech-
nology. Basically, the filled ceramic is placed layer by layer with
fixed thickness of each layer. The horizontal walls and resonator
striplines inside the ceramic are implemented by metallization
of gold. The vertical walls are realized by a via-fence of closely
placed vias. If the signal is communicating between different
layers, vias are also applied to connect the signal lines. Such a
manufacturing procedure will affect the filter performance from
several points-of-views.
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First, the via-fence to realize the vertical walls of the filter
will affect the resonator length, which can be observed from the
zoom-in view of Fig. 14. Diameter D of vias is approximately
6 mil. The distance between two vias should be selected to be
as small as possible to decrease the parasitic resistance and also
create an effective “pure resistance” environment (i.e., parasitic
inductance and capacitance are counteracted), which is usually
decided experimentally. The via-fence position relative to the
ideal vertical wall position (S in Fig. 14) should be determined
to have the manufactured resonator resonating at the same fre-
quency as the ideal resonator, otherwise the actual filter response
will be shifted from the designed one. The optimum via-fence
position is approximately S = D/4.

Second, the thickness of gold metallization usually varies
from 0.4 to 0.6 mil. This effect will cause the variation of the
vertical distance ds (as in Fig. 1) between two strips in a res-
onator and, thus, the frequency shift of the resonators. The filters
designed with smaller ds will be influenced more by this effect
than those with larger ds since the variation occupies more per-
centage in smaller ds. This might be one of the reasons that the
measured response of filter I is shifted from the desired center
frequency.

Third, assembling the filled ceramic layer-by-layer causes the
variation of the permittivity of different layers, i.e., the filled
ceramic is not perfectly homogeneous. The relative permittivity
can be from 4.7 to 6.3. This effect will cause the frequency shift
and mainly influence all the couplings existing in the filters. The
filters with larger ds will be affected more since larger ds means
greater variation of the permittivity. This could be one of the
reasons that filter I has narrower bandwidth than the design
bandwidth.

In the actual manufacture, several test pieces are usually man-
ufactured and measured first. The proper processing conditions
to reduce the aforementioned effects are then determined ac-
cording to the comparison between the measured response and
the designed one. Once the processing conditions are found, the
mass production of components can be performed with more
than 95% yield.

VI. CONCLUSION

A novel double-layer coupled stripline resonator has been in-
troduced for compact size and broadband bandpass filter de-
signs. Two interdigital filter examples using such resonators
have been presented. LTCC technology has been employed to
manufacture the filters and the effects of LTCC manufacturing
procedure on the filter performance have been discussed. The
experimental results are in good agreement with the designed
responses, validating the theory and design method.
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