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Abstract  —  We report measurements of the power handling 

and intermodulation distortion of piezoelectric contour mode 
resonators and filters operating near 500 MHz.  The output 
power capability scales as the inverse of the motional impedance 
squared, and the power handling of resonator filter circuits scales 
with the number of resonators combined in series and parallel.  
Also, the third-order intercept depends on the measurement tone 
spacing.  Individual AlN resonators with 50 Ω motional 
impedance demonstrate output power capability of +10 dBm and 
OIP3 > +20 dBm, while an eight resonator filter demonstrates 
output power handling of +14 dBm and a OIP3 > +32 dBm.   

Index Terms — Resonator Filters, piezoelectric devices, 
intermodulation distortion, radiofrequency 
microelectromechanical systems. 

I. INTRODUCTION 

Contour-mode piezoelectric resonators offer high Q and 
low device impedance.  These attributes, coupled with the use 
of lithographic dimensions to determine the resonant 
frequency of the device, make these devices ideal for 
miniature integrated filter banks [1].  In addition to insertion 
loss and bandwidth, two key attributes for band select and 
channel select filters are power handling and intermodulation 
distortion.  In order for these filters to be practical for many 
RF front-end filter applications, these properties must be 
characterized and understood. 

The intermodulation distortion of a device is commonly 
described by the third-order intermodulation product (IP3), 
which is the power level point where the extrapolated power 
of close-in third-order intermodulation products equals that of 
the two carrier tones [2].  In cases where both the power 
handling and intermodulation distortion are determined by the 
same nonlinear processes, the IP3 is generally 9 dB higher 
than the 1 dB compression point (P1dB) of the same device. 

In this work, we report initial power handling and 
intermodulation characterization of AlN contour-mode 
MEMS resonators.  While intermodulation and power 
handling has been reported for other types of piezoelectric 
resonator-based filters such as bulk acoustic wave resonators 
[3] and surface acoustic wave resonators [4], the power 
handling and intermodulation of contour mode resonators and 
filters has not been studied aside from limited conference 
reports [5,6]. 

In this paper, we report the power handling and 
intermodulation performance of MEMS AlN resonators as a 
function of impedance and tone separation.  Additionally, we 

compare the intermodulation performance of an individual 
device to that of a filter synthesized from microresonators.  

II. EXPERIMENTAL 

The MEMS resonators and filters measured in this work 
were fabricated using processes similar to those described 
previously [7].  In this work, measurements were taken from 
two different wafers, described as “A” and “B”, which were 
fabricated in separate lots with different masksets.  Aside from 
minor changes such as the center frequency, the resonator 
designs were unchanged between the two masksets.  The 
resonators and filters were designed and fabricated with 
nominal center frequencies of 500 MHz and motional 
impedances of approximately 50 Ω. 

An example contour-mode microresonator is shown in 
Fig. 1.  The active region of the resonator is defined by the 
interdigitated fingers that are on top of a freestanding film of 
AlN.  The fingers are separated on a pitch of one half of the 
acoustic wavelength at the resonant frequency.  Additionally, 
the total width of the AlN bridge perpendicular to the fingers 
is designed to be a multiple of one half wavelength at 
resonance.  For a 500 MHz resonator, the finger pitch is 
approximately 9 µm.  The motional impedance of the 
resonator is determined by the overall size of the device, and 
can be changed by varying either the number of fingers in the 
device or the length of the device fingers.  For the eight 
320 µm-long fingers shown in Fig. 1, the device motional 
impedance is approximately 60 Ω. 
 

 
 
Fig. 1: Optical micrograph of a single AlN MEMS resonator with eight 
320 µm-long interdigitated fingers on a suspended AlN membrane. 
 

The measurements described in this paper were taken using 
a Maury Automated Test System [8] coupled with a Cascade 
Microtech Probe Station.  The system was calibrated at the 
GSG150 probe tips using the LRRM method with the tuners 
set to the Zo position for all measurements.  The two tones for 
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the intermodulation measurements were generated by HP8340 
synthesized sweepers that were amplified by a two-channel 
amplifier.  Each tone passed through an isolator before 
combining.  The carrier and intermodulation products were 
measured using an HP8562A spectrum analyzer and the total 
output power was measured using an Agilent E4419B power 
meter.  Prior to and following the power sweeps, s-parameters 
were measured using an Agilent E9364B PNA. 

 III. INTERMODULATION OF SINGLE RESONATORS 

Two resonators with different device impedances from 
wafer A were tested at their center resonant frequencies.  The 
resonators each had 7 fingers on a 9 µm pitch, with finger 
lengths of 520 µm for the 50 Ω resonator and 260 µm for the 
100 Ω resonator.  The small-signal insertion loss, measured at 
an input power of 0 dBm, of these two resonators is shown in 
Fig. 2.  The 50 Ω resonator has a minimum 3.8 dB insertion 
loss at 488.2 MHz, while the 100 Ω resonator has a minimum 
of 6.6 dB insertion loss at 487.0 MHz.  In both cases, the 
loaded Q of the resonator is greater than 300. 

 
Fig. 2: Small signal insertion loss of the 50 Ω and 100 Ω resonators tested 
from wafer A. 

 
The intermodulation of the two resonators was tested with 

two tones centered at the center frequency of the resonator 
and separated by 100 kHz.  The magnitude of the output 
carrier and third-order products as a function of total input 
power is plotted in Fig. 3 for the two different resonators.  The 
plot includes extrapolations of the fundamental and third-
order power levels in order to extrapolate a third order 
intercept value.  Note that the total output power is 3 dB 
higher than the carrier value because each carrier tone 
contains half of the total output power. 

Because of the lower loss, the 50 Ω resonator has a higher 
output power at a given input power.  The insertion loss of the 
resonator degrades gradually by 1-2 dB as the input power is 
increased from -20 dBm to +10 dBm, and then degrades 
rapidly when the maximum power handling of the resonator is 

exceeded.  The initial degradation in insertion loss is typically 
recoverable, while the sudden degradation is generally 
permanent, corresponding to device damage.  The 50 Ω 
resonator exhibits this rapid gain compression above an input 
power of 18 dBm and an output power of 10 dBm, while the 
100 Ω resonator demonstrates rapid compression beyond an 
input power of 15 dBm and an output power of 4 dBm.  Thus, 
the output power handling of the resonator scales by the 
inverse square of the impedance because both the input power 
handling and the insertion loss of the resonator scale as the 
inverse of the impedance and device area. 
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Fig. 3: Carrier power (Pcarrier) and third-order intermodulation products (I3) 
for the 50 Ω and 100 Ω resonators.  The test tones are separated by 100 kHz 
and centered at the frequency of minimum loss for each resonator (487 MHz 
for the 100 Ω device and 488.2 MHz for the 50 Ω device).  
 

The third-order intercept of each resonator was extrapolated 
using two different approaches.  The first method was 
performed at each power level by calculating the third order 
intercept using the difference between the power levels in the 
fundamental and intermodulation tones.  The second method, 
shown in Fig. 3, used an extrapolation of the fundamental tone 
power with a slope of 1:1 and the third-order intermodulation 
power with a slope of 3:1.  Using either method, the output-
referred third order intercept for each device was 
approximately +20 dBm.  It is not clear why the IP3 is similar 
for both devices, or if this relationship will hold for other 
differences in impedance, but the ~10 dB difference between 
the compression point and the third-order intercept is 
consistent with the expected behavior for an individual device 
measured with two in-band tones.  

IV. SERIES AND FILTER CONNECTED RESONATORS 

A primary application of these MEMS resonators is the 
realization of ladder and other filters, where multiple 
resonators are used to synthesize a specific band shape 
response.  To investigate this, the intermodulation response of 
a single resonator and two other filters were evaluated. 

The measured single resonator had eight 320 µm-
long fingers on a 9 pitch, had a nominal motional impedance 
of 60 Ω, and was identical to the one shown in Fig. 1.  The 
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two filters were synthesized by the series connection of two 
banks of these resonators to increase the out-of-band 
rejection.  In the case referred to as the 1 x 2 filter, the filter 
was realized with a series combination of two single 
resonators.  In the other case, referred to as the 4 x 2 filter, the 
filter was realized by using a series combination of two 
parallel arrays of four resonators each, as shown in Fig. 4.  

 
Fig. 4. Optical image of a 4 x 2 MEMS resonator filter realized by 
the series combination of two banks of four parallel 60 Ω resonators 
each. 
 

The small signal s-parameter response of both the 
individual resonator and the filters in Fig. 5 shows the 
improved rejection obtained by the series connection of the 
resonators and the wider bandwidth obtained by the series-
parallel combination of the resonators.  While actual the 
center frequencies vary slightly from 500 MHz, the filter 
responses have been normalized to 500 MHz for ease of 
comparison. 

Fig. 5. Small-signal s-parameter response of the single resonator 
and filters. 
 

The two-tone measurement results from the individual 
resonator and the filters are shown in Fig. 6.  As in the 
previous measurement, the two tones are centered around the 
center frequency of the device with a tone separation of 
100 kHz.  The insertion losses are similar for all three devices 
at the center frequency, but the power handling of the 
individual resonator and the 1 x 2 filter is lower than that of 
the 4 x 2 filter.  The individual resonator begins to 
demonstrate compression at an input power of +11 dBm and 
total output power of +5 dBm, the 1 x 2 filter starts to enter 
compression at an input power of +14 dBm and an output 

power of +7 dBm, and the 4 x 2 filter enters compression at an 
input power above +20 dBm and output power above 
+14 dBm.  Thus, it appears that the series combination of two 
resonators increases the power handling by a factor of two, 
and the combination of four resonators in parallel increases 
the power handling by another factor of four.  This suggests 
that the intermodulation mechanism is related to the total 
power stored in the resonator, rather than the voltage at the 
input of the first resonator. 

Fig. 6. Carrier power and third-order intermodulation power as a 
function of input power for a single resonator, a 1 x 2 filter, and a 
4 x 2 filter.  The measurement frequency is centered at the center 
frequency of each device and the tone separation is 100 kHz. 
 

Fig. 6 also includes the extrapolation of the carrier tone 
power and the third-order intermodulation tone power for 
estimating the filter third-order intercept.  The third-order 
intercepts of the single resonator, 1 x 2 filter, and 4 x 2 filter 
are +23 dBm, +25 dBm, and +32 dBm, respectively.  These 
values are approximately 18 dB above the output power at 
which the device began exhibiting gain compression. 

V. EFFECT OF TONE SPACING 

To evaluate the effect of the tone spacing, the 4 x 2 filter 
was measured with tone spacings varying from 0.1 MHz to 
3 MHz.  For a filter with a 3-dB bandwidth of 2 MHz, both 
the carrier and third-order tones are in-band at narrow 
frequency spacings, while at frequency spacings between 1 
MHz and 2 MHz, the carrier tones are in-band and the third-
order tones are out-of-band.  At tone spacings above 2 MHz, 
both the carrier tone and third-order tones are out-of-band. 

The filter was tested at a carrier input power of +12 dBm 
(+15 dBm total power) with the tones centered midway 
between the two 3 dB points in the filter response.  The 
frequency spacing was swept from 0.1 MHz to 3 MHz in 
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0.1 MHz steps, corresponding to frequency offset of 
0.05 MHz to 1.5 MHz from the filter center frequency. 

The output carrier power, third-order intermodulation 
power, and calculated third-order intercept from this 
measurement are shown in Fig. 7.  The small-signal filter 
response is also included on the plot for reference.  It is 
important to note that the third-order power is plotted at the 
offset frequency of the carrier for the measurement; the actual 
third-order signal is at twice the offset. 
 

Fig. 7. Carrier power, third-order intermodulation product power, 
third-order intercept value, and filter response vs. offset from filter 
center frequency. 
 

As expected, the carrier power tracks the measured 
insertion loss of the filter closely.  The third-order products 
also appear to track the filter response, but when the offset is 
0.5 MHz, the carriers remain in band but the intermodulation 
products begin to fall out-of-band, lowering the power in the 
third-order products and increasing the apparent third-order 
intercept of the filter at this frequency spacing.  This apparent 
increase in third-order intercept increases until the carrier 
tones also fall out of the filter bandwidth and begin to be 
attenuated. 

VI. CONCLUSIONS 

While MEMS resonators offer the potential for miniature 
integrated filter banks, intermodulation distortion and power 
handling remain important performance metrics for band 
select and channel select filters.  AlN contour-mode 
resonators have been characterized for power handling and 
intermodulation, with individual 50 Ω-impedance resonators 
demonstrating the ability to handle input powers up to 
+18 dBm and output powers up to +10 dBm without 
performance degradation.  The input power handling of the 

resonators scales inversely with impedance, while the output 
power handling scales inversely as the square of the 
impedance.  Series and parallel combinations of resonators 
also appear to increase the power handling and third-order 
intercept of a filter by a factor of the number of resonators, 
with a filter comprised of eight 60 Ω-impedance resonators 
demonstrating output power handling of +14 dBm and a third-
order intercept of +32 dBm.  Finally, the intermodulation 
performance of an AlN filter varies with tone spacing due to 
additional attenuation when the intermodulation tones fall 
outside of the filter bandwidth.  
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