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I- INTRODUCTION 
Microwave circuits engineers are still seeking new 
resonators, featuring simultaneously a high Q factor and 
small dimensions. Integrated piezoelectric resonators [1] 
match these requirements, with unloaded Q factors as 
high as 1000 for the recently developed AlN thin film 
resonators. These resonators are either of FBAR type 
(Film Bulk Acoustic Resonator) and isolated from the 
substrate, or of SMR type (Solidly Mounted Resonators) 
and physically linked to the substrate. They are either 
processed above IC or processed separately and 
assembled with the silicon circuit. Concerning 
time&frequency applications, these integrated BAW 
resonators are today essential devices for low phase noise 
oscillator design in the low microwave range (1 to 
5 GHz). However, compare to more classical microwave 
resonators, these BAW devices feature a nonlinear 
behavior at high microwave power, which may be a 
problem in filter or oscillator applications [2 to 5]. This 
nonlinear behavior is also related to an intrinsic phase 
noise, which has to be characterized prior to oscillator 
design. It is thus important to accurately characterize this 
nonlinear behavior, in order to be able to model it and to 
take it into account in a circuit simulation. 
This paper presents an automated measurement bench 
dedicated to the test of the nonlinear behavior of BAW 
resonators. It is well suited for applications in which a 
large number of resonators have to be measured. This 
includes reliability investigations at large microwave 
power. The measurement data are also used for resonators 
nonlinear model extraction, with a set of resonators 
featuring a large number of different shapes and areas. 
 
 
 

II- BAW RESONATORS TEST SET-UP 
Automated nonlinear microwave measurements are 
relatively complex, particularly if the device to be 
measured is highly sensitive to any change in the input 
frequency. The experimental problem is actually a special 
case of the nonlinear S parameters characterization. This 
type of measurement is today relatively well known in the 
field of power amplifiers design but, up to our 
knowledge, has never been applied to nonlinear 
resonators. This is indeed not easy, because the resonant 
frequency as to be found prior any power measurement 
can be performed, and this resonant frequency may shift 
in frequency with the microwave power. Moreover, 
nonlinear S parameters test sets are quite uncommon and 
very expensive systems.  
We have thus decided to build our own dedicated system, 
based on a small signal S parameters measurement test-
set which is coupled to a spectrum analyzer. The BAW 
resonator is measured in a reflection measurement mode 
(S11), using an highly directive coupler and a power 
amplifier (5 W output) on the port 1 of the network 
analyzer, which allows the measurement of the S11 
parameter at high power level.  
The measurement bench is depicted in Figure 1 and 2. 
The harmonic signals generated by the power amplifier 
are canceled using a low pass filter, which allows the 
system to deliver a high power sinusoidal signal near 
2 GHz (actually, between 1.8 GHz and 2.2 GHz). An 
attenuator is used to protect the network analyzer port 2, 
in order to measure the S parameters always in linear 
mode at the network analyzer power detector level. 
Concerning the spectrum analyzer measurement, the 
10 dB attenuation of the directive coupler, together with 
the 3 dB attenuation of the power splitter, are sufficient to 
protect this apparatus from the too high power levels 
reflected from the resonator. Any addition of an 
attenuator would reduce the signal to noise ratio and 
prevent the measurement of the low level harmonics 
signals generated by the resonator under test. Finally, the 
device under test (DUT) is put on a probe station, and the 
overall system is computer controlled through GPIB. 
The measurement process is shown in Figure 3. Firstly, 
the network analyzer is calibrated with the probes “up”, 
which corresponds to a reflection on an open circuit 
(|S11| = 1). The coupler performs the conversion of the 
S21 parameter measured on the network analyzer into the 
resonator’s reflection S11 parameter.  



 

 

After the calibration has been performed, it is possible to 
search for the resonator resonant frequencies. The S 
parameters are plotted in real and imaginary values, and 
the marker is put at the maximum of the real value, which 
corresponds to the parallel resonant frequency f1 
(Figure 5). For more precision, it is possible to search for 
the zero of the imaginary part of S11. Concerning the 
series resonance f2, it is not as easy to find on the real part 
plot of S11, and the search of the zero of the imaginary 
part is mandatory. However, in a first configuration, our 
system was dedicated to the test of the resonators on the 
parallel resonance (normal mode for a resonator 
connected to ground on one side).   
The next step of the process is to fix the network analyzer 
synthesizer at a single frequency corresponding to the 
resonant frequency f1. Then, the measurement of the 
harmonics generated by the resonator under test can be 
performed on the spectrum analyzer. Once again, this 
measurement is performed automatically thanks to the 
marker search peak function of the spectrum analyzer.  
Then, the source power on the network analyzer is 
increased of 5 dB, and the measurement procedure can 
start again.  
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Figure 1 : Measurement test set - schematics 
 

 
 

Figure 2 : Measurement test set – general view 
 

A difficult problem is the management of the reference 
level and attenuator level of the spectrum analyser during 
the increase of the power. The increase of the 
programmable attenuator protects the spectrum analyser 
from being damaged, but also, and above all, of behaving 
itself as a nonlinear element. If the spectrum analyser 
saturates, it generates itself a second and third harmonic 
and the measurement data is no longer the DUT 
measurement but the measurement of the nonlinear 
behaviour of the spectrum analyser !  However, a value 
chosen too high of this parameter will reduce the signal to 
noise ratio, and prevent the measurement of the second 
and third harmonics of the DUT. In this case, the 
harmonics signals are hidden in the noise floor. Therefore 
these two parameters have to be constantly adjusted to an 
optimum value while the power is growing up.  
 

1)  Network analyser calibration 

2)  Computer control search for the amplitude minimum

3)  Set the network analyser synthesizer frequency at the 
resonance frequency

4)  Measurement of the harmonics

5)  Increase of the output power

Outputs

Resonant 
frequency 
(versus 
power)

Output power 
at harmonics

1)  Network analyser calibration 

2)  Computer control search for the amplitude minimum

3)  Set the network analyser synthesizer frequency at the 
resonance frequency

4)  Measurement of the harmonics

5)  Increase of the output power

Outputs

Resonant 
frequency 
(versus 
power)

Output power 
at harmonics

 
 

Figure 3 : Measurement process 
 
Concerning the test frequency, we have found that the 
search for the resonant frequency at every power is not 
always necessary for these devices. Indeed, the change of 
the resonant frequency with the microwave power is 
relatively weak : about 6 MHz up to 30 dBm (which is a 
little lower than the resonator 3 dB bandwidth). 
Moreover, such weak variations of the resonant 
frequency can only be measured if a calibration of the 
network analyser is performed at every output power, and 
also searching for the zero value of the imaginary part of 
S11 instead of the maximum of the real value.  

III- EXAMPLES OF BAW MEASUREMENTS 
A set of resonators from CEA-LETI has been measured 
with this nonlinear measurement bench. These resonators 
are realized with a piezoelectric thin film of AlN, and an 
acoustic mirror. They are of different size and complex 
geometries in order to limit the parasitics acoustic modes 
(apodized resonators). 
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Figure 4 : structure of SMR resonators under test 



 

 

A typical plot of the S parameters response of the 
resonators is depicted in Figure 5. The two resonance are 
clearly visible on this plot obtained at low microwave 
level (about -20 dBm). 
These resonators are sensitive to high microwave power 
through self heating phenomena [6] and nonlinear 
phenomena. Discriminating both phenomena is not easy, 
at least studying the variation of the resonant frequency 
alone ; the harmonic generation is, of course, only related 
to the nonlinear effect. 
The variation of the resonant frequency versus the 
microwave power is depicted in Figure 6 for three of 
these resonators. To plot this curve, a careful calibration 
has been performed at every power step, and the resonant 
frequency has been tracked on the crossing of the 0 axis 
of the imaginary part of S11. As already pointed out, the 
observed variation is relatively weak, but not negligible. 
It can be modelled using a nonlinear capacitance in the 
resonator model (model in progress at this time).  
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Figure 5 : low level S parameters of an SMR resonator 

 

2,073

2,0735

2,074

2,0745

2,075

2,0755

2,076

10 15 20 25 30 35

Input pow er (dBm)

R
es

on
an

ce
 fr

eq
ue

nc
y 

(G
H

z)

ST-2

ST-25

ST-26

   
Figure 6 : parallel resonant frequency of three different 

resonators versus the input microwave power  
 
Figure 7 depicts a typical plot obtained after an 
automated measurement of a resonator RF power 
response, on the first, second and third harmonics. The 
increase of the second harmonic is clear, meanwhile the 
third harmonic remains low. Because of the relatively 
weak effect which is measured, it is important to compare 
these results with the measurement noise floor. This is 

what has been done on this picture, in which the resonator 
measurement is superimposed to the data obtained with a 
measurement performed with an open circuit in place of 
the resonator (probes “up”). It is clear, on this plot, that 
the second harmonic generated by the resonator is much 
higher than the second harmonic measured with the 
probes “up”. However, this is not the case of the third 
harmonic, for which the measurement data are too close 
from the system noise floor. Therefore, we have focused 
most of our investigations on the behaviour of the second 
harmonic. 
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Figure 7 : Reflected power response of a resonator on 
the three first harmonics near respectively 2 GHz, 4 GHz 
and 6 GHz (parallel resonant frequency). Comparison 
with the measurement noise floor. 
 
Another question was about the sensitivity of the results 
on the resonant frequency : is the nonlinear behaviour 
observed only at resonance, or in the vicinity of the 
resonance, at the parallel resonance, at series resonance, 
or both ? Resonant frequency is the frequency in which 
the maximum power is trapped into the resonator, so it 
seems obvious that a maximum of the nonlinear 
behaviour should be observed at the resonance if the 
nonlinear behaviour is directly related to the resonator 
main vibration mode. However, if different modes are 
responsible for this effect, may be a lightly different 
frequency will enhance the phenomenon.  
We have found actually that, for some devices, the 
nonlinear behaviour was stronger between the two 
resonances (f1 + f2)/2 than at the resonance f1. This effect 
needs however to be more deeply investigated to 
determine the physical reason for this a priori unexpected 
behaviour. 
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Figure 8 : Evidence on one of the resonators of a 
stronger nonlinear effect between the two resonances 
(f1+f2)/2 = 2.046 GHz, and f1 = 2.069 GHz. 



 

 

IV- CONCLUSION 
A measurement test set dedicated to the evaluation of 
integrated BAW resonators nonlinear behaviour has been 
presented. This measurement bench can be realized using 
apparatus currently available in microwave laboratories 
(a network analyser and a spectrum analyser). It allows 
the plot of the resonant frequency and of the harmonic 
power of the resonator submitted to microwave powers 
ranging from -20 dBm to 30 dBm. It includes an 
automated search of the resonant frequency and of the 
optimum conditions to minimize the noise floor.  
Some measurements on SMR devices have been 
presented. These measurements show an evidence of a 
relatively high second harmonic power for an input signal 
rising above approximately 10 dBm input power. This 
nonlinear effect can be observed at the resonance, but 
also in the vicinity of the resonant frequency. 
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