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ABSTRACT

This paper presents recent experimental results and
modeling obtained on high Q microwave acoustic reso-
nators and filters for use in oscillators and other frequency
control applications. Overmod?d resonators have
exhibited an FQ greater than 1 x 1014 Hz ( e.g. Q=68000
at 1.6 GHz) with a strong inductive response suitable for
one-port and two-port oscillator feedback circuits. Ladder
filters fabricated with overmoded resonators have loaded
Q’s greater than 40000 with 76 KHz bandwidth at 1.6 GHz.
Aluminum nitride films were use for transduction on Z-cut
sapphire substrates.

l. Introduction

In microwave oscillator applications high Q resonators and
filters are required as feedback elements inlow phase noise
designs. Microwave acoustic two-port devices using bulk
or surface acoustic wave modes have been employed in
microwave low phase noise oscillators [1-3]. These narrow
bandwidth filters, often referred to as two-port resonators,
are in delay line configurations designed to weakly sample
the standing wave to effect a high 8 response. The work
reported here uses a different design approach employing
individual high Q resonators in a ladder filter configuration
to realize narrow bandwidth high Q filters.

Four forms of high Q microwave acoustic resonators and
filters are shown in Fig. 1. The first resonator, Fig. 1ais a
piezoelectric plate having suitable electrodes and traction
free reflecting surfaces to form an acoustic resonator. The
extent to which this is a high Q resonator depends on the
degree of energy trapping inthe structure. The primary loss
mechanism is energy leaking into plate waves that radiate
away from the electroded region. Typical dimensions of a
thin film aluminum nitride resonator at 1 GHz are plate
thickness of 5 micrometers and width and length (or
diameter) of 0.5 mm. The films are therefore very thin
compared to the resonator’s lateral dimensions.

The second resonator, Fig. 1b, uses a piezoelectric film as
atransducer to excite waves in a substrate having parallel
surfaces. If the substrate is some number of wavelengths
thick then the resonator operates at a large mode number
and can exhibit a high Q impedance response. The
resonant frequency is well above the primary plate fre-
quency so the loss mechanism is due mostly to diffraction
effects rather than plate wave excitation. AhighQresponse
is obtainable with substrates having low intrinsic
mechanical loss and with sufficiently high mode numbers
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that the piezoelectric film occupies a small fraction of the
resonator volume and hence is weakly coupled to the
standing wave.
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Fig. 1 a) One and two-port resonator configurations for
microwave frequencies. a) A thin film fundamental mode
resonator supported by the edges of a substrate. b) An
overmoded resonator consisting of a thin film piezo-
electric transducer fabricated on a low loss substrate
having reflecting surfaces. c) A two-port resonator in the
form of a delay line weakly coupled to the source and load
to provide a large standing wave and high Q response.
d) A stacked crystalfilter having two layers of piezoelectric
films. Two single section stacked are shown connected
inseries so as to bring the output electrode to the surface.

The advantage of an overmoded resonator over a thin film
resonator is that substrates can be employed that have
desirable properties, such as high intrinsic material Q and
low temperature coefficients of delay, generally not
obtainable in thin film fundamental mode resonators. At
high mode numbers the piezoelectric film and associated
electrodes are a small fraction of the resonator volume and
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the resonator Q is dominated by the substrate material. The
overmoded structure is also mechanically rugged due to
the finite thickness of the substrate.

An important property of the overmoded resonator is that
multiple resonances occur at frequency intervals deter-
mined by the fundamental resonant frequency of the plate
and transducer combination. For example, an overmoded
resonator having a fundamental resonance of 10 MHz
would have a mode number of 100 at 1000 MHz and
resonances every 10 MHz over the passband of the
transducer.

Two-port overmoded bulk wave resonators, essentially
narrow band filters, have been studied in the two forms
shown in Figs. 1. The first, Fig. 1c, is a conventional
acoustic delay line configured so that the transducers are
weakly coupled to the external source and load thus
allowing significant standing waves in the delay line and a
high Q resonance response [2]. The second two-port
resonator, Fig. 1d, is configured as a Stacked Crystal Filter
(SCF) having both driving and sampling transducers fab-
ricated in tandem on one side of the crystal [4-7]. Narrow
band multimode responses were reported for an
overmoded SCF having bandwidth of 174 KHz at 1 GHz
with a loaded Q of 8000 [8] on a spinel substrate.

The SCF configuration allows close proximity of filter input
and output and a free surface for resonator trimming. The
planar nature of the device is highly compatible with
microelectronic processing and MIMIC chips and circuits.

An alternative approach to narrow band filter realization is
to use the high Q overmoded resonators of Fig. 1b to
implement a more traditional filter configuration. By using
individualresonators to synthesize a desiredfilterresponse
the task of resonator design is separated from filter design
giving a wide latitude in obtainable filter characteristics.
This paperwill describe the one port overmoded resonator,
Fig. 1b, and its use in a ladder circuit configuration to form
narrow band two-port filters suitable for microwave oscil-
lator control or other signal processing applications.

ll. Overmoded Composite Resonator Modeling

The composite resonator consists of a piezoelectric plate
with electrodes and a substrate as shown in Fig. 2. If the
linear equations of piezoelectric elasticity are solved forthe
one dimensional case the electrical impedance at the
electrodes may be found by a general expression;

e

(z,+2z,)cos?d+ jsin2¢

(z,+z,)cos2¢+ j(z,2,+1)sin2¢

where z, and z, denote mechanical load impedances
normalized by the piezoelectric film impedance. Here
b= kd/2is the phase across the piezoelectric film. All
structures attached to the piezoelectric plate, including
mechanical effects of the electrodes must be described in
terms of a suitably normalized equivalent terminating
impedance, as suggested in Fig. 2. The equivalent load

impedance can be found by successive use of the trans-
mission line equation,

7 =

m

5 =z [Z1c0sB+ jZosing @
in " 20\ Z,cos0+ jZ,sind
Here Z , is the input impedance, Z, the characteristic

impedance, 6the phase across the delay section, and 2,
the load impedance attached to the line section.
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Fig. 2. Representation of the general one dimensional
piezoelectric plate. a) Material configuration of piezo-
electric material and external load materials, b) Circuit
block diagram representation showing a three port
network having arbitrary mechanicai loads onteft andright
and an electrical port.

Impedance equation (1) was applied to an overmoded
resonator consisting of an aluminum nitride film of 3
micrometers thickness, aluminum electrodes of 0.3
micrometers thickness and a Z-cut sapphire substrate of
635 micrometers (25 mils) thickness. From the computed
series and parallel resonances the effective electrome-
chanical coupling coefficient was calculated from

K2=¢,/tan¢, ®)

where

4)’:57,,

and £, and £, are the series and parallel resonant fre-
quencies respectively.

Q is determined from;
ad, 4
0=1%%:
2df
evaluated at the resonant frequency where ¢ . is the phase
of the impedance =z

Greater details for resonator modeling have been provided

in the literature [9] along with ladder filter design using
crystals [10].
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Fig. 3. Effective piezoelectric coupling coefficient and Q
as a function of mode number for a fixed substrate
thickness. The diagonal line Q accounts for 1/f frequenc
variation of material loss and the near horizontal line (g
plot assumes material loss independent of frequency.

1il. Experimental Results

Overmoded resonators were fabricated on sapphire sub-
strates having nominal thicknesses of 380 and 635
micrometers (15 and 25 mils) polished both sides and
diameters of 51 and 76 mm (2 and 3 inches) respectively.
The transducers consisted of aluminum nitride c-axis
normalfilms with circular electrodes of 0.3 micrometer thick
aluminum. The aluminum nitride thickness was chosen to
put the transducer in the center of the frequency range of
interest for maximum excitation efficiency. The overall
flatness of the 76 mm diameter substrate was better than
the 51 mm substrate and produced cleaner resonator
characteristics. The aluminum nitride thickness uniformity
is better than one percent over the entire wafer.

Sapphire was chosen as the substrate material during
these initial investigations because of its known high Q and
ready availability in diameters to 76 mm optically polished
on both sides.

Allmeasurements reported here were done on a HP8753C
network analyzer and 50 ohm microwave wafer probe
station and at room temperature. The wafers contained
approximately 600 resonators of different areas or 350
filters of various sizes and designs.

Figure 4 shows a Smith chart of one resonator at mode
number 185. The effective coupling coefficient of the
resonance is 0.019 percent for a K2Q product of 12.2 and
FQ product of 1.1 x 1014, The minor loop in the capacitive
region is due to spurious resonances from diffraction and
non-parallelism of the resonator surfaces. The spurious
resonances become very pronounced if the overall struc-
ture, including transducer, has non-paraliel surfaces.

Determination of K2 and Q were done by using (3) and (4)
and a computer program to analyze the data. Resonant
frequencies were defined as the points where reactance is
zero. Q was computed over the entire frequency range
and subsequently noted at the resonant frequencies.
Maximum Q typically occurs slightly removed from the
parallel resonant condition.

=10

Fig. 4 Smith chart display of one resonance of a high Q
overmoded resonator. The series resonant frequency at
A is 1.60327 GHz and the parallel resonant frequency at
P is 1.60339 GHz and the Q’s are 47500 and 65700
respectively. A maximum Q of 68000 was obtained near
parallel resonance. The sapphire substrate thickness of
650 micrometers (25.6 mils) produces a resonance
spacing of 8.64 MHz. Therefore the resonator mode
num?gr is 185. The FQ product for this resonator is 1.1
x 1014,

Resonators have been measured over a wide frequency
range, corresponding to different mode numbers, and the
FQ product is maintained through 2.8 GHz. Coupling
coefficients showed variations expected from the initial
modeling. .

Overmoded resonators were fabricated into bandpass
filters in ladder filter configurations having various numbers
of series and shunt resonators. The filter is fabricated so
that the series resonators are series resonant at the
frequency where the shunt resonators are paraliel reso-
nant. Filters are designated as X/Y where X denotes the
number of series resonators and Y the number of shunt
resonators.

Shown in Fig. 5 is a 6/6 ladder filter having square
electrodes and designed for 50 ohm source and loads at
frequencies near 1.6 GHz. Because the individual reso-
nators are overmoded, the filter shows the same muitiple
response every 8.64 MHz corresponding to mode numbers
184, 185, and 186, The filters low level spurious response,
due to imperfect resonance, is apparent at levels below
approximately -40 dB.

An expanded view of the filter for mode number 186 is
shown inFig. 6. The 3 dB bandwidth of the filter is 152 KHz
andthe loaded Q is approximately 30000 in mid-band rising
to over 50000 at the band edge as the resonator is less
efficiently coupled to the source and load.
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The response for a 4/4 ladder filter, on the same wafer as
the 6/6 filter in Fig. 5 and 6, is shown in Fig. 7. The design
for the 4/4 allows for a somewhat narrower bandwidth of
76 KHz and loaded Q of approximately 40000.

The filters were designed for fundamental mode operation
and therefore did not use resonators optimally configured
for overmoded operation. Filters designed specifically for
overmoded resonators are under investigation.

D0 T

~10 O |—

-20 0}~

dB

-30.0 |~

S21,

~40 0

-50 0

| | i |
1 5860 1 5920 1 5980 1 6040

~60.0

1 5800 1 6100

Frequency, GHz

Fig. 5 Response of a ladder filter composed of 12 high Q
overmoded filters on a sapphire substrate. The three
responses, spaced 8.64 MHz, correspond to resonator
mode numbers of 184, 185, and 186.
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Fig. 6 Expanded plot of the center multi-mode filter
response (mode number 185) of Fig. 5. The 3 dB
bandwidth of the filter is 152 KHz (200 KHz per division
on horizontal axis) and the loaded Q varies from 30000
in mid-band to over 50000 at the band edges. The
mid-band insertion loss is 5 dB. The die size of the filter
is2.5mmx1.25mmx 1.6 mm.

V. Summary and Acknowledgments

Modeling and experimental results were reported on
overmoded high Q resonators and filters. Resonators have
shown FQ products over 1 x 1014 Hz for aluminum nitride
film transducers on Z-cut sapphire. Ladder filters con-
taining up to 12 overmoded resonators showed bandwidths
down to 76 KHz with loaded Q's over 40000 at 1.6 GHz.

This work was supported by the U.S. Government and an
SBIR Phase Il Contract from U.S. Army Research Labora-
tory, Ft. Monmouth, NJ.
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Fig. 7 Response of a 4/4 ladder filter of narrower|
bandwidth design and fewer basic resonator elements.
The 3 dB bandwidth of the filter is 76 KHz wide (100 KHz
per division on horizontal axis) and the loaded Q varies
from 40000 in mid-band to over 50000 at the band edges.
The mid-band insertion loss is 7 dB. The die size of the
fiteris 2 mmx 1.7 mmx 1.6 mm.
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