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Abstract  —  This paper presents recent measurements and 

modeling of the third order intermodulation products of a Film 
Bulk Acoustic Resonator (FBAR), for a various values of 
frequency spacing between driving tones. The frequency 
dependence of voltage and current in the acoustic branch rules 
out a voltage-dependent nonlinearity. The results show different 
slopes at resonance and antiresonance, which are correctly 
adjusted by the model with a current dependent inductor and/or 
capacitor. The intermodulation distortion is found to be 
dependent on the frequency spacing between driving tones, 
indicating memory effects. 
 

Index Terms — Thin-film bulk acoustic wave resonators, 
intermodulation, nonlinear characterization, resonance, 
antiresonance. 

I. INTRODUCTION 

    Film bulk acoustic wave resonators (FBARs) allow to 
achieve very compact high-performance RF and microwave 
passive components [1]. The ever growing wireless market 
and a constantly increasing demand for spectrum are steadily 
pushing for more stringent requirements of such components. 
This is also the case of FBAR components and their nonlinear 
performance. In spite of the significance of the nonlinear 
effects in wireless communication systems [2], and the well-
known existence of nonlinearities in piezoelectric based 
devices such as FBARs [3],[4], there are not many published 
works focusing on the nonlinear characterization and 
modeling of the FBAR components and their impact in 
communication systems. Several physical phenomena 
occurring in a FBAR (piezoelectricity, elasticity, thermal 
effects, etc.) have a potential nonlinearity and may give rise to 
many nonlinear effects such as resonator detuning, saturation, 
and generation of harmonics and intermodulation distortion 
(IMD).  The ability to predict all these effects with realistic 
and easy-to-use models would be of great help to designers 
and would facilitate the use of FBAR devices in future 
systems. 
 In contexts other than FBAR devices (superconducting 
and ferroelectric devices, for example), IMD has shown to be 
of great value to relate nonlinear phenomena with their 
measurable effects [5],[6],[7]. Following that guide, in this 
work we measure the IMD of an FBAR at resonance and 
antiresonance for a range of input power and for various 
values of frequency separation between the two tones feeding 

the resonator.  From the measurements we infer the basic 
features of a nonlinear version of the Butterworth Van Dyke 
model which we adjust to fit the measured data. The resulting 
model shows to be useful to predict the IMD at resonance and 
antiresonance. To our knowledge, there are no previous 
publications on nonlinear FBAR models able to account for 
IMD at these two resonant frequencies. 

 II. TEST DEVICE AND LINEAR MODELING 

The FBAR tested in this work was implemented following 
the fabrication process described in [8]. This consists in a 
piezoelectric aluminium nitride (AIN) membrane (50x70 µm 
and 1 µm thick) sandwiched between two titanium/platinium 
layers and deposited on a silicon substrate. The geometry and 
dimensions of the FBAR tested were set to have resonant 
frequencies around 2.3 GHz. Embedded input and output 
coplanar waveguide (CPW) feeding ports were introduced on 
wafer in the test structure.  A picture of the FBAR can be seen 
in Fig. 1.  

A. Frequency Response and Linear Circuit Elements 

Since the FBAR nonlinear performance strongly depends on 
its linear parameters, we first extracted these (or, equivalently, 
the FBAR equivalent circuit linear elements) from the small-
signal frequency response following the procedure described 
below. 

We used an Agilent 8510 network analyzer to obtain the 
scattering parameters defining the FBAR frequency response 
from 1 GHz to 2 GHz. An on-wafer thru-reflect-reflect-match 
(LRRM) calibration set was previously used to calibrate the 

 
 

Fig. 1. FBAR tested in this work with coplanar transmission 
feed lines. The Area of the 1 µm thick AlN membrane is 50x70 
µm.  
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measurement set-up [9]. These measurements were performed 
for a power delivered by the network analyzer of -10 dBm, 
which ensured the linear regime of the measured FBAR 
response. 

Details of the frequency response, S21 and S11, are outlined in 
Fig. 2, in solid lines. Note that the frequency response exhibits 
a resonance frequency at 2.312 GHz and anti-resonance 
frequency at 2.337 GHz  

B. Circuit Model 

The frequency response has been fitted using a modified 
Butterworth Van Dyke (MBVD) model. As in [8] additional 
capacitances (Cox) and resistances (Rs and Rsub) have been 
introduced to consider the effects of the CPW feeding ports. 
The circuit model is outlined in Fig.3. A commercial software, 
[10],   has been used to de-embed the circuit elements. Table I 
details the resulting parameters defining the circuit model, 
where the capacitances are in fF, the inductance in nH and the 
resistances in ohms. Figure 2 also depicts, in dashed lines, S21 
and S11 resulting from the circuit model response, showing 
very good agreement over the whole frequency range.   

III. IMD MEASUREMENTS IN FBAR  

We based the nonlinear characterization of the FBAR on 
performing intermodulation measurements. Due to the strong 
IMD produced by the FBAR, instead of using sophisticated 
setups that we used previously [5], we could use a simple one 

in which the two sources synthesized at f1 and f2 are then 
combined to feed the nonlinear device, whose output is then 
driven to a spectrum analyzer to measure the magnitude of the 
intermodulation products at 2f1-f2 and 2f2-f1.  

We systematically performed a set of IMD measurements at 
both resonance and antiresonance frequencies. In all these 
measurements we kept the two input tones balanced, that is 
P1=P2, where P1 and P2 are the powers of the tones at f1 and f2, 
respectively. The power driving the device was swept from -
10 dBm to 2 dBm  and measurements were carried out for ∆f 
(being ∆f = f2-f1) of 100 kHz, 50 kHz, 10 kHz, 5 kHz 1 kHz 
and 100 Hz. 

Figure 4 shows the measured fundamental and IMD at 
resonance and antiresonance, respectively, for a tone spacing 
of 1 kHz. Circles and triangles represent the power at 
fundamental frequencies f1 and f2, respectively, and diamonds 
and squares represent the IMD at 2f1-f2 and 2f2-f1, respectively, 
all as a function of the power driving the FBAR, P1. No IMD 
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Fig. 3. Equivalent circuit model.   

TABLE I 
CIRCUIT PARAMETERS  

Cm Rm Lm Co Rp Rs Cox Rsub 
10.2 14 464.5 551.1 11 60 438.3 220 

 
Fig. 2. In solid, measured S21 and S11 . In dashed, simulated S21 
and S11 modeling the FBAR with the circuit parameter of Fig.3 
and Table I.  

 

 
Fig. 4. Measured fundamental and IMD at resonance 
(top) and antiresonance (bottom) 
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response has been observed when the fundamental tones are 
set out of the resonant or antiresonant frequencies. 

 
The power of the fundamentals follows a slope 1:1 in log-

log scale, over the whole range of measured power, for both 
cases (resonance and antiresonance), so neither detuning or 
saturation measurable effects affect the fundamental tones at 
these power levels (they might however affect IMD, as 
discussed later). On the other hand the slope of the IMD 
products is not the same for the resonant case than for the anti-
resonant one. Whereas for the resonant case the slope is 
slightly lower than 3 (in log-log scales), it is slightly higher 
than 3 for the antiresonant case.  

Another important feature observed from the measured IMD 
is its dependence on the frequency spacing of the input tones 
∆f and the asymmetries exhibited between the measured IMD 
at 2f1-f2 and 2f2-f1. Figure 5 shows the IMD at 2f1-f2 and 2f2-f1 
for a fixed input power of -10 dBm as a function of the 
frequency spacing ∆f. The increment of the IMD as the tone 
spacing decreases and the aforementioned asymmetry between 
the IMD might be due to several origins, but in general they 
might be attributed to the existence of memory effects with 
time constants similar to the period of the modulating signal 
(frequency ∆f)  in a two tone IMD experiment [11], [12].  

IV. NONLINEAR MODELING APPROACH AND DISCUSSION 

This section presents a model that explains the nonlinear 
behavior of the IMD occurring at both resonances of the 
FBAR structure tested.  

The nonlinear model proposed uses the linear circuit model 
presented in section II. B and assumes that the inductance Lm 
and/or the capacitance Cm, depends on the current in the 
acoustic branch, as indicated in Fig.3. To analyze the effects 
of this assumption, Fig. 6 outlines the current in the acoustic 
branch and the voltage drop between node 1 and 2 of the 

circuit model of Fig. 3, as a function of frequency. The arrows 
inserted in Fig. 6 indicate the frequencies of the resonance and 
anti-resonance. This shows that the current flowing through 
the acoustic branch of the circuit model is equal at both 
frequencies, and since the nonlinearities depend on this 
current, one could expect that the power of the generated IMD 
was similar in resonance and anti-resonance which is 
consistent with the measurements at low power levels (Fig. 4). 
By contrast, Fig. 6 rules out a voltage-dependent nonlinearity, 
since that would generate vastly different IMD at resonance 
and anti-resonance, due to the large difference in voltage at 
these two frequencies. 

Having set that the nonlinearities should be current-
dependent, the model can also explain the different slopes of 
the IMD graphs in Fig. 4 by a slight shift in the current 
response peak (Fig. 6) due to the dependence of Cm or Lm on 
current.  A shift of the current frequency response curve to 
lower frequencies as the signal power is increased will tend to 
increase the slope of the IMD at resonance and decrease that 
of the IMD at antiresonance, while being experimentally 
unnoticeable to the fundamental signals at f1 and f2.  This effect 
may be produced by a nonlinearity that makes Cm increase 
with increased drive level and/or by a nonlinearity that also 
makes Lm increase with increased drive level.  

A current-dependent Cm was assumed in [13] to fit the large-
signal frequency response of quartz resonators.  However, the 
dependence found  in [13], set a decrease of Cm with drive 
level, contrary what we have found in our case, where a 
dependence of the type )*1()( 2

20 iCCiC ∆+=  with ∆C2=80 A-2 
would fit the IMD curves at resonance and antiresonance 
throughout the whole range of input power used in the 
measurement (Fig. 4).  Alternatively, one could set the 
nonlinearity in the inductor Lm by using 

)*1()( 2
20 iLLiL ∆+= with ∆L2=28 A-2 and would obtain 

equivalent results.  The dashed lines in Fig. 4 are obtained by 
using this equation. 

 
Fig. 6.  Current flowing through the acoustic branch (solid 
line) and applied voltage to it (dotted line), as a function of 
frequency. 

 
Fig. 5.  IMD at 2f1-f2 (squares) and 2f2-f1 (circles) as a 
function of the frequency spacing ∆f, and for a fixed input 
power of -10 dBm 
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In [14] the nonlinear impedance of several piezoelectric 
resonators is analyzed considering only the nonlinear elasticity 
of the piezoelectric material. Contrary to what is found in [13], 
all the measurements in [14] show an increase in the reactive 
part of the impedance when i increases. This is consistent with 
an increase of C and/or L with the current that would justify 
the IMD measurements presented here. (Note that, the 
increase in C will diminish the absolute value of the reactance, 
but will produce the reactance increase mentioned previously, 
since C affects the negative part of the reactance.) 

This simple picture of the FBAR nonlinear response might 
be useful to explain the IMD at both resonance and 
antiresonance frequencies for a wide range of powers. 
Additional considerations will have to be made to take into 
account memory effects and to jointly study IMD with other 
nonlinear effects such as saturation and detuning.  
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