The bandstop filter consists of two SRR layers, while the band-
pass filter consists of two CSRR layers. Fabrication and testing
techniques have been addressed to demonstrate these proof-of-
concept devices. The first pass measurement data agree reason-
ably well with simulation predictions. Better agreement should
be achieved with subsequent iterations and fabrication process
characterization.

The measured bandstop filter achieves 30 dB in-band attenu-
ation. Its principle mode of operation is by having the SRR pro-
viding a negative permeability and inhibiting wave propagation.
The measured bandpass filter has an insertion loss of 2.5 dB, 3
dB bandwidth of 6%, and an attenuation slope of 20 dB/GHz.
The bandpass characteristic comes from the CSRR providing
both negative permeability and permittivity, and with the right
tuning to impedance match to the dominant waveguide propaga-
tion mode. A more intuitive interpretation is to think of the two
CSRR’s and the waveguide walls in between as an inline leaky
cavity resonator.

This work opens up new possibilities for very compact and
light-weight waveguide filters. Other SRR or CSRR topologies
with more splits or stubs can be used to tune the frequency and
bandwidth. For example, a CSRR with four stubs is being inves-
tigated to form an orthogonal linear polarization to accommo-
date circular polarization applications. Alternatively, more layers
with slightly different dimensions can be added to improve the
bandwidth and attenuation slope.
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ABSTRACT: A technique for the characterization of microwave
dielectric properties of high dielectric constant thick films at room
temperature is proposed, using multilayered coplanar waveguide
transmission lines with high dielectric constant thick films deposited
over the lines. Besides the simplicity, the technique allows the
characterization of the films under similar conditions to those in which
they will operate as compact devices in multilayered configurations.
Time domain analysis and experimental results for 61-micron thick
Barium Titanate films have confirmed the relative dielectric constant
and loss tangent values (respectively, 100 and 0.3) predicted by the
frequency domain characterization proposed. © 2010 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 52:2339-2344, 2010; Published online
in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.25440

Key words: microwave complex permittivity, dielectric characterization
methods; thick films, coplanar waveguide; barium-titanate

1. INTRODUCTION

High dielectric constant ceramics have emerged as key materials
in the microwave industry due to an increasing need for higher
power, smaller size, lighter weight, and lower cost frequency
components [1]. Examples of applications in microwave engi-
neering include tunable and miniaturized devices like varactors,
resonators, phase shifters, filters, and antennas [2].

In the last few years, there has been active investigation for
films with high dielectric constant and good performance at high
frequencies, for use in microwave devices. The various possible
applications range from compact devices in multilayer configu-
rations [3, 4] to electrically tunable devices [5-9] in the case of
ferroelectric ceramics. The design of microwave devices using
multilayered film structures requires the accurate knowledge of
the electrical characteristics of the film, such as dielectric con-
stant and losses. It is well known that dielectric properties of
such films are highly dependent of fabrication and characteriza-
tion conditions, such as deposition methods and temperature,
characterization frequency range, film thickness, etc [10]. It
should be emphasized, then, that the characteristics of the film
should ideally be obtained in the closest possible situation to the
operation conditions. In practical applications, high dielectric
constant materials are used as bulk ceramics, thick films or thin
films and the dielectric properties have been measured depend-
ing on the form used [6].
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Therefore, great effort has been directed to the appropriate
characterization of such films. The choice of the measurement
method and the correspondingly type of measurement setup
strongly depends on the frequency range, on the form of the
high dielectric constant material, and on the application of the
final device. A comparison of film characterization techniques
for microwave materials, involving coplanar waveguides
(CPWs), coplanar resonators and interdigital capacitors (IDCs)
made with high temperature superconductors printed over the
film to be characterized was presented in [11], where good
agreement among results for barium strontium titanate (BST)
thin films was found. In [12], accurate measurement of BST-0.5
(Bag 551 5sTiO3) thin-film based components and their characteri-
zation was performed using CPWs and IDCs, inferring the com-
plex dielectric constant from scattering parameter measurements.
In [13], a characterization method for measuring the complex
permittivity of dielectric thin films is described, which uses a
waveguide section partially filled with the substrate and the thin
film. This method, however, does not take into account the mul-
tilayer effects.

Recently, a CPWs linear resonator technique has been pro-
posed for the experimental characterization of the dielectric
properties of films in the microwave frequency range at room
temperature [14]. The technique was used to measure the dielec-
tric constant and losses at microwave frequencies for various ce-
ramic screen-printed thick films: BaTiO; (BTO), CaCu;TisO1,
(CCTO), and the composite BTO(x)-CCTO(1-x) with different
concentration ratios (x = 0.2, 0.5, and 0.8).

It is noteworthy that in the herein presented configuration,
and the above-mentioned CPW linear resonator configuration,
the film lays over the CPW transmission line. There is a noticea-
ble difference from the configurations seen in the previous men-
tioned characterization methods, where the line is printed over
the film. When screen-printed thick films are considered, there
is no metallization on the top face of the film. This is an advant-
age, as there is no great concern on the granularity of this sur-
face, making film deposition simpler. Besides, the use of over-
layered films line provides for better dispersion characteristics
and lower impedance levels than the use of films underneath the
line [15].

In this article, CPWs transmission lines with a dielectric film
overlayer are used for the experimental characterization of the
films. The film which dielectric constant is to be determined is
deposited over a CPW transmission line printed on common alu-
mina substrate. A direct measurement of the scalar scattering pa-
rameters of a set of lines with different lengths is performed.
The effective parameters of the lines are evaluated from the
characteristics of the insertion and return loss curves.

The effective dielectric constant results from the effects of
both dielectrics and the line geometry. Comparison between ex-
perimental and theoretical results of the transmission and reflec-
tion characteristics of the lines in the frequency domain allows
the determination of the film dielectric properties. The theoreti-
cal analysis of the lines was performed using a commercially
available high-frequency structure simulator - ANSOFT HFSS -
for the electromagnetic modeling of arbitrarily-shaped passive
3D structures [16]. A set of CPW lines was constructed and the
characterization of BTO thick films was performed.

In addition, the effect of film losses on short electrical pulses
propagating along the structures was carefully evaluated. A
complete time domain analysis was performed with this multi-
layered device to confirm the measured propagation characteris-
tics. Theoretical and experimental results of pulse distortion
along the CPW with different lengths have been compared.
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Figure 1 Schematic cross section of the CPW with overlayered film,
showing the physical dimension parameters

Excellent agreement was obtained between the frequency char-
acterization and the time-domain measurements.

2. FREQUENCY CHARACTERIZATION TECHNIQUE

Schematics and physical parameters of the overlayered CPW
configuration used here are depicted in Figure 1. It consists of a
CPW transmission line printed in gold metallization on a pol-
ished bulk alumina substrate (g.;) and covered with a thick film
with very high relative dielectric constant (¢;). The cross sec-
tion of the line can be observed in Figure 1, where the height H
and width A of the substrate can be seen. The thickness d of the
film is measured above the circuit metallization. Figure 1 also
shows the CPW strip width W, and lateral gaps G. The line total
length (not shown in the figure) will be denoted L.

The proposed technique is based on the measurement of the
return and insertion losses of the CPW line under test, in the
range between 0.05 and 20 GHz. From the return loss measure-
ment it is possible to calculate the characteristic impedance of
the line. At each integer multiple of half the wavelength, there
is a perfect impedance matching, corresponding to the frequen-
cies at which the return loss is minimum. Likewise, frequencies
of maximum in this curve are related to the odd integer multi-
ples of quarter-wavelengths. At these maximum points, of maxi-
mum mismatch, the input impedance equals the square of the
line characteristic impedance divided by the load impedance (50
Q in this case). The characteristic impedance of the line is then
obtained from these values, which was also confirmed through
time domain reflectometry measurements. Besides, it is well
known that the insertion loss measurement for a CPW line
yields the attenuation caused by the insertion of the transmission
line, and consequently it is a means to calculate the loss tangent
of the film [17].

For a given transmission line (i.e., geometry and substrate),
the return and insertion loss curves are altered when a film is
deposited over it. Measurements of the scattering parameters
IS11l and 1S,;| at room temperature using a network analyzer are
compared to a full wave spectral domain theoretical analysis
performed in the application HFSS to obtain the film dielectric
properties. When all physical dimensions of the line and film
are known, comparison between measured results and theoretical
predictions of reflection and transmission characteristics in the
desired frequency range provides the dielectric constant and tan-
gent loss of the film.

3. FREQUENCY DOMAIN EXPERIMENTAL RESULTS

The technique was employed in the measurement of the dielectric
constant and losses at microwave frequencies for various ceramic
screen-printed thick films of barium titanate (BaTiO;—BTO). The
CPW lines were fabricated on commercial thin-film polished alu-
mina (& = 9.8 and H = 635 um; Piconics), using conventional
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Figure 2 Prototype of the CPW lines constructed with length 25.4
mm: (a) without film; and (b) with overlayered thick film

photolithography process. The films under test were deposited
over the respective lines by screen-printing technique, as
described in [18]. The lateral CPW ground planes were fixed to
the package with silver epoxy Epotek™ H20E. Access to the cir-
cuit was performed using SMA connectors. An example of the
25.4-mm CPW prototypes without film constructed is shown in
Figure 2(a), whereas Figure 2(b) displays a similar line with over-
layered thick film.

Without loss of generality, all circuits constructed and meas-
ured in this work used the same transversal dimensions. Accord-
ing to Figure 1, the width of the alumina substrate used is A =
5.0 mm. The width of the CPW central line and lateral gap
were dimensioned to yield 50-Q line characteristic impedance in
the absence of film, respectively W = 500 ym and G = 210
um. Further, a set of lines with different values of total length L
was constructed.

As a reference for the proposed method of frequency domain
characterization, a baseline measurement without film was first
performed on a 25.4-mm long 50-Q CPW transmission line. A
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Figure 3 Measured return loss for a 25.4-mm long CPW transmission
line without film
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Figure 4 Measured insertion loss for two CPW transmission lines
with lengths 8 and 25.4 mm, without film

typical measured reflection characteristic (return loss) for the de-
vice is shown in Figure 3, obtained with an Agilent HP8720C
vector network analyzer (0.05 to 20 GHz). According to the pro-
cedure described in Section 2, the —20 dB return loss observed
in Figure 3 corresponds to a line characteristic impedance of
~55 Q. This value was confirmed by measurement with a time-
domain reflectometer (TDR) model HP 1815B and sampler HP
1817A with 25-ps rise-time.

To take into account the effects of mounting and fabrication
imperfections, insertion loss for lines having different lengths
must be measured [17]. Therefore, an 8-mm long CPW trans-
mission line with identical transversal sections of the previous
one is now considered. Figure 4 shows the insertion loss meas-
ured for both lines. The attenuation constant in dB per unit
length was then calculated as the quotient of the difference
between insertion loss values to the respective length difference,
and is shown in Figure 5. It can be observed that the attenuation
caused by the 55-Q CPW line is less than 0.25 dB/cm up to 10
GHz in the absence of film.

The proposed technique was applied to the characterization
of BaTiO; (BTO) films. The ceramic thick films were prepared
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Figure 5 Experimental result for the attenuation constant (dB/cm) as a
function of frequency for the fabricated CPWs, without film
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according to the procedures described in [18]. To obtain the
films under test, a paste was prepared from the suspension of or-
ganic material and the ceramic powder (BTO). A low-tempera-
ture melting material (flux material) was added in powder form
to provide a better adherence between the paste and the bulk
substrate and line. The measured thickness of the films was in
the range of 50~120 um. They were characterized by X-ray dif-
fraction, Raman Spectroscopy, Scanning Electron Microscopy
(SEM), and Infrared Spectroscopy.

Considering that a 61-um thick BTO film is deposited over
the CPW line, major changes take effect on the return and inser-
tion losses of the line. Figure 6 displays the curves of measured
(solid line) and simulated (circles) return loss for the overlay-
ered CPW line in this new configuration. Comparing the mea-
surement of the plain 25.4-mm long CPW line, presented in Fig-
ure 3, with that of the film-overlayered line, in Figure 6, an
excess attenuation can easily be observed in the latter one. This
is particularly clear when examining the peaks of maximum
return loss in Figure 6. Losses in the dielectric film introduce
attenuation to the structure, which increases with frequency.

Moreover, the deposition of the film raised the effective
dielectric constant and lowered the characteristic impedance of
CPW line. These effects were expected, since the film has a
very high permittivity. With the increase in effective dielectric
constant, the frequency value corresponding to half wavelength
downshifted from 2.5 to 1.4 GHz. From the value of the first
maximum of the return loss curve (~—5 dB) in Figure 6, it is
verified that the level of the characteristic impedance of the line
decreased to 25 Q.

The theoretical results presented here were obtained from
frequency domain simulation using the software application
HESS. In these simulations, a CPW line on alumina substrate
with the same dimensions as the line in question was consid-
ered, and the characteristics of the dielectric film deposited over
the line were adjusted as to optimally fit the measured results.
The values obtained after this procedure were: relative permit-
tivity &, = 100 and loss tangent tand, = 0.3. The values used
in the simulation described quite satisfactorily the behavior
observed experimentally and agree with those obtained by meas-
urements with the technique that uses linear CPW resonators
presented in [14].
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Figure 6 Return loss of a 25.4-mm long CPW transmission line with
an overlayered 61-um thick BTO film: comparison of measurement
(solid line) and simulation (circles)
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Figure 7 Insertion loss of a 254 mm long CPW transmission line
with an overlayered 61-um thick BTO film: comparison of measurement
(solid line) and simulation (circles)

Regarding now the insertion loss of the same film-overlay-
ered CPW line, Figure 7 presents the curves from both experi-
mental measurement (solid line) and simulation (circles). Excel-
lent agreement was found. A comparison of theoretical and
measured results indicates again that the values used in the sim-
ulation describe accurately the behavior observed in practice.

Once again, two CPW transmission lines with identical cross
section dimensions as the previous ones are considered, their
lengths being 8 and 25.4 mm. This time, not only the effects of
mounting and fabrication imperfections must be taken into
account, but also the impedance mismatching between the 25-Q
line and the 50-Q measurement equipment. Figure 8 shows the
curves of the measured insertion loss for both lines. An insertion
loss of 10 dB at 10 GHz is observed for the shorter line. Com-
paring the curves in Figure 8, a strong degradation of insertion
loss is noticeable in the case of the longer line relatively to the
shorter one. This large difference is due exclusively to the high
dielectric losses of the film in the excess length of the longer
line.

Insertion Loss (dB)

-50 L. L L L I L . L L I . L L .
0 5 10 18

Frequency (GHz)

Figure 8 Measured insertion loss for two CPW transmission lines
with an overlayered 61-um thick BTO film, with lengths 8 and 25.4 mm
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Figure 9 Block diagram of the experimental setup used for generating
the short electrical pulses and measuring the device’s time-domain
response

4. TIME-DOMAIN ANALYSIS

In addition to the measurements of return and insertion losses,
the time response of the prototype overlayered CPW lines in the
configuration of Figure 1 was assessed, using short pulse
excitation.

Short voltage pulses were generated using a recovery diode
SRD (Step Recovery Diode). The schematic block diagram
shown in Figure 9 illustrates the generation of a pulse train of
50 ps duration with a repetition rate of 1 GHz. The sinusoidal
generator (HP83752B) operating at 1 GHz feeds the SRD
(HP33005A). A small portion of the 0-dBm signal from the sine
wave generator is used to trigger the digital oscilloscope
(HP54120B; 50-GHz bandwidth), where the output signal is ana-
lyzed. The remaining signal goes through a 30-dB amplification
to appropriately feed the SRD, yielding the pulse train. Figure
10 shows the voltage pulses obtained from this setup, with
Gaussian shape, well balanced and with 50-ps duration at half
height. The curve in Figure 10 was obtained in a direct configu-
ration (without the DUT).

To obtain the time response of the film-overlayered CPW
lines, the pulses were injected into one end of the overlayered
CPW line and collected at the opposite end. The voltage pulses
that traversed the line (the output pulses) were sampled at the
oscilloscope. The results obtained for the 8-mm long line were
then compared to the ones obtained for the 25.4-mm line.
Figure 11 shows the output voltage pulses as a function of time,
observed on the oscilloscope after going through each one of
the CPW lines.

A time domain simulation of this multilayered device was
performed to validate the previously measured propagation
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Figure 10 Generated input voltage pulses

DOI' 10.1002/mop

0-20_""I""l""l""l'"'l""I""I""I""I""

0.15F 1

S
=
o
T
1

o
o
@

-0.05}

Pulse waveform (V)
o
8

-0.10|

-0.15 F

1
0 50 100 150 200 250 300 350 400 450 500

-0.20L L

Time (ps)

Figure 11 Voltage pulses in the output of the 8 and 25.4-mm long
CPW transmission lines with an overlayered 61-um thick BTO film:
comparison of measurement (solid line) and simulation (circles)

characteristics. A mathematically generated gaussian pulse cor-
responding to the one in Figure 10 was injected in the modelled
CPW transmission line [16, 19]. For comparison reasons, the
results from the theoretical predictions were included in Figure
11. The amplitude attenuation of the voltage pulse due to film
losses is more noticeable in the longer CPW line. In the 8-mm
overlayered CPW line, the amplitude of the signal decreased
one and a half times, whilst in the 25.4-mm line it dropped
about three times with respect to the initial amplitude. The am-
plitude reduction yields the overall attenuation in the lines.

Comparing the results obtained experimentally with the sim-
ulations, it is possible to estimate the values of relative dielectric
constant and losses of the BTO film from the assigned parame-
ter values in the simulations. The values obtained for the dielec-
tric constant (120 = 25) and tangent loss (0.25 £ 0.05) are in
good agreement with those found in Section 3, validating the
techniques.

5. CONCLUSIONS

A technique for the characterization of microwave dielectric ce-
ramic thick films was presented and tested. The technique is
based on the confrontation of experimental measurements and
simulated data, and provides simplicity and speed in getting the
values of dielectric constant and loss tangent. In addition, it
allows the characterization of the films under similar conditions
to those in which they will operate. As discussed in this work,
the similarity between the conditions for the characterization of
films and conditions of use is crucial. Time domain measure-
ments and analyses were also assessed for confirmation of the
extracted film characteristics.

Using CPW transmission lines with deposited overlayered
films, the dielectric constant and losses of BTO screen-printed
thick films was investigated. A relative dielectric constant of
100 and a loss tangent of 0.3 at 10 GHz were obtained for 61-
um thickness BTO films. Excellent agreement between theoreti-
cal and experimental results was observed. The experimental
results obtained by the time domain analysis have confirmed the
frequency domain technique.

The proposed technique can be applied to transmission lines
with different cross section configurations. It can also be
extended to thin films with high values of relative dielectric
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constant. Finally, a larger set of test fixtures will provide better
accuracy in the characterization.
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ABSTRACT: The miniaturization of ring band-pass filters by employing
high-permittivity ceramic substrates (with respective dielectric constants
of 9.7 and 23.5) are investigated. Microwave dielectric ceramics with
high-permittivity are commonly applied in several microwave
communication components. With the advantages of compact size, high-
permittivity ceramics can be used as the substrate for band-pass filters.
Moreover, the fundamental characteristics of newly developed compact
ring resonators have also been described and applied to the design of
band-pass filters. In this article, the designed ring resonators structures
are simulated using an HFSS simulator. The responses of the fabricated
band-pass filters using Al,Oz (g, = 9.7, tand = 0.0001) and

0.875M gy 95Zng 05Ti03-0.125Cay gSmy 4/5TiO; (¢, = 23.5, tand =
0.000083) ceramic substrates are designed at the center frequency of
2.4 GHz. This compact size, low loss band-pass filter should be useful in
many wireless communication systems. © 2010 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 52:2344-2347, 2010; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.25439

Key words: high-permittivity; band-pass filter; ceramics substrate

1. INTRODUCTION

Microstrip ring resonators have many attractive features and can
be used in satellites, mobile phones and other wireless commu-
nication systems. The main advantages of the resonators are
their compact size, easy fabrication, narrow bandwidth, and low
radiation loss. Therefore, the resonators are widely used in the
design of filters, oscillators, and mixers. Due to the advantages
of small size and easy fabrication, the microstrip ring resonators
have been drawing much attention. Ceramic material with a
high-quality factor (Q x f) value (>10,000) and a high-permit-
tivity provides a means to create small resonator structures, such
as coaxial structures, which can be coupled to form combline
band-pass filter [1]. However, Compact filters using microstrip
ring resonators for cellular and other mobile communication sys-
tems have been reported [2].

The basic operation of the ring resonator based on the mag-
netic wall model was originally introduced by Wolff and Knop-
pik [3]. In addition, a simple mode chart of the ring was devel-
oped to describe the relation between the physical ring radius
and resonant mode and frequency [4]. Although the mode chart
of the magnetic wall model has been studied extensively, it pro-
vides only a limited description of the effects of the circuit pa-
rameters and dimensions [5]. A further study on a ring resonator
using the transmission-line model was proposed [6]. The trans-
mission-line model used a T-network in terms of equivalent
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