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Abstract—This paper presents a passive wireless resonating 
sensor that is based on a ferroelectric varactor. The sensor 
replies with its data at an intermodulation frequency when a 
reader device illuminates it at 2 closely located frequencies. The 
paper derives a theoretical equation for the response of such a 
sensor, verifies the theory by simulations, and demonstrates a 
temperature sensor based on a ferroelectric varactor.

I. Introduction

Wireless sensors are passive, battery-assisted semi-
passive, or active that contain a radio transmitter 

and a battery. The advantages of passive sensors are that 
their lifetime or operation conditions are not limited by 
the battery and that they are inexpensive. Examples of 
passive wireless sensors are silicon-based radio frequency 
identification (rFId) tags, surface acoustic wave (saW) 
rFId, and inductively coupled resonance-circuit sensors.

The rFId tags are based on integrated circuits (Ics), 
which enable several sophisticated features such as rewrit-
able memory and anticollision protocols. The cost of an 
rFId tag is low due to its high manufacturing volumes. 
rFId is mostly used for identification but can also be 
used to realize other sensors by adding a sensing element 
to the tag [1], [2]. passive rFId has some disadvantages. 
The power rectifier that generates the required power for 
the Ic limits the largest read-out distance and the highest 
operation frequency. Therefore, rFId is not well suited 
for applications where a long distance or a high opera-
tion frequency is required. High operation frequencies are 
needed to enable small tag sizes and accurate spatial lo-
calization of the tag.

saW tags transform the electromagnetic energy to 
saWs propagating on a piezoelectric substrate. The saWs 
are then manipulated and transformed back to electro-
magnetic waves. The saW tags lend themselves well as 
sensors because the propagation properties of saWs can 
be tailored to be sensitive to several measured quantities, 
such as temperature or strain, and no external sensor ele-
ment is necessarily needed, although it is possible to use 
one [3]. The saW sensors are reviewed in [4]. The highest 
operation frequency is typically limited to a few gigahertz 
by the line width of acoustical reflectors fabricated on the 
substrate.

Inductively coupled resonance-circuit sensors are used, 
for example, to measure strain [5] and moisture [6]. These 
sensors consist of a simple electrical resonance circuit, 
whose resonance frequency is sensitive to the measured 
quantity. The simple sensor structure enables a low man-
ufacturing cost. However, these sensors cannot be read 
across large distances, because they require near-field cou-
pling to the reader device.

passive wireless sensors can also be implemented with 
the microelectromechanical systems (MEMs) technology 
[7]. The MEMs sensor, when illuminated with two dif-
ferent frequencies, responds with the sensor data at an 
intermodulation frequency. The intermodulation interro-
gation concept [8] is somewhat similar to the harmonic 
radar that was first proposed for traffic applications [9] 
and later was used for tracking insects [10]–[12] and ava-
lanche victims [13]. The advantage of the intermodulation 
over harmonic mixing is that the smaller frequency offset 
between the transmitted and received signals facilitates 
the circuit design and enables fulfillment of the frequency 
regulations.

The intermodulation radar is proposed for determining 
the presence of metal corrosion in reinforcing steel mem-
bers in concrete structures [14] and for automotive radars 
to detect pedestrians, cyclists, and other road users who 
are at high risk of serious injury in a traffic accident [15]. 
a general radar concept using nonlinear properties of the 
radar target is presented in [16].

This paper presents a sensor that is based on a ferro-
electric varactor and is interrogated using the intermodu-
lation mixing principle. The sensor offers a simple archi-
tecture similar to the inductively coupled resonance-circuit 
sensors, but the interrogation distance can be significantly 
larger. The demonstrated sensor architecture is well suited 
for applications where a wired readout is difficult, for ex-
ample, due to harsh operating conditions, rotating parts, 
or cost and complexity of wiring. an obvious potential 
application field is temperature measurements in industri-
al machinery and engines. The ferroelectric varactor can 
be cost effectively realized using thin-film manufacturing 
technologies and is a solid-state device, both of which can 
be advantageous, e.g., over the MEMs-based nonlinear 
elements. Ultimately, there exists promise for very low-
cost mass production of the entire sensor using the printed 
electronics manufacturing methods [17], [18].

II. operation principle of the sensor

The sensor consists of a ferroelectric varactor that is 
conjugate matched to an antenna. The equivalent electri-
cal circuit of the sensor is shown in Fig. 1. The antenna 
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is represented as an equivalent voltage source with the 
voltage Vg and the internal resistance Rs. The matching 
circuit consists of the shunt capacitance Cm and the series 
inductance Lm and may either be included into the an-
tenna or it may be realized as a separate circuit. The re-
sistance Rf represents the losses of the varactor and Cf (V) 
relates the nonlinear capacitance to the voltage. The cur-
rent source in parallel with the nonlinear capacitance is 
used to represent the modulated current over the varactor 
in the following analysis.

The presented sensor can be realized using any nonlin-
ear element, but the following analysis considers a barium 
strontium titanate varactor Baxsr1−xTio3 (BsT) in para-
electric mode. This varactor has a symmetric C-V curve 
at zero bias and lends itself well to produce intermodula-
tion mixing products.

A. Intermodulation Response of the Sensor

In what follows, an equation relating the actuation sig-
nals at two frequencies to the sensor response at an inter-
modulation frequency is derived. The same low actuation 
power level is assumed for the both input frequencies.

The sensor antenna is represented as an equivalent volt-
age source, as shown in Fig. 1, producing a voltage

 V P R t tg s= +( )2 2 1 2in cos cos ,w w  (1)

where Pin is the received power at one frequency, Rs is the 
equivalent resistance of the antenna, and ω1 and ω2 are 
the angular frequencies of the actuation signals. The volt-
age over the varactor is approximately
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where Zf = Rf  + 1/(jωCmax) is the impedance of the fer-
roelectric varactor, Rf is the voltage-independent series 
resistance of the varactor, and Cmax is the zero-voltage 

capacitance of the varactor. For simplicity, it is assumed 
that the electrical bandwidth of the system is much larg-
er than the frequency difference between ω1 and ω2, i.e., 
ω ≈ ω1 ≈ ω2.

The voltage dependence of a BsT paraelectric varactor 
can be expressed as [19]
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where Cmax is the maximum capacitance and V1/2 is the 
voltage at which the capacitance is halved. The capac-
itance can be approximated at small voltages with the 
second-order Taylor’s expansion as
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The modulated current over the varactor is approximate-
ly
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substituting (2) into (5) gives the current component at 
an intermodulation frequency
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This current is produced by the equivalent current source 
in parallel with the varactor, as shown in Fig. 1. The radi-
ated power (equivalently the power dissipated in Rs) at an 
intermodulation frequency is
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B. Exploitation as a Sensor

The presented concept allows the wireless measure-
ment of two sensor parameters: the resonance frequency 
(fr) and the quality factor (Q). The wireless sensor can 
be implemented by designing the sensor such that either 
fr or Q or both are sensitive to the measured quantity, 
such as temperature, strain, or humidity. The presented 
ferroelectric device can be used as a temperature sensor. 
The capacitance of the ferroelectric varactor is typically a 
strong function of the temperature [20].

The effective impedance of an ideal paraelectric varac-
tor is power independent at small power levels that were 
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Fig. 1. The electrical equivalent circuit of the sensor based on a ferro-
electric varactor.



assumed above in the derivation of the intermodulation 
response of the varactor. When interrogating a sensor, the 
small signal assumption can be validated, for example, 
by comparing the sensor responses measured at different 
power levels.

III. Experiments and simulations

A. Measurement Setup

The wired measurement setup that is used to measure 
the intermodulation frequency response of the sensor is 
shown in Fig. 2. The two input tones are generated with 
signal generators (agilent E8257d and agilent E8257c, 
agilent Technologies, Inc., palo alto, ca) and fed through 
isolators, power combiner, and circulator to the tested de-
vice. The reflected signal is separated with the circulator 
and fed to a spectrum analyzer (FsEM, rohde & schwarz, 
Munich, Germany) that is used to measure the power at 
the intermodulation frequency. an attenuator is applied in 
front of the spectrum analyzer to suppress the third order 
mixing in the analyzer’s mixer. The varactor is shorted at 
dc using a bias-T to avoid its possible self-biasing.

In the temperature sensor demonstration, the ferroelec-
tric device is cooled down in a cryogenic probing station 
(BcT-21MrFZ, nagase & co. ltd., Tokyo, Japan). For 
reference, the temperature dependence of the varactor’s 
zero-voltage capacitance is measured with the impedance 
analyzer.

In addition to the wired measurement, the intermodu-
lation response of the sensor is measured wirelessly. The 
circulator is connected to a broadband horn antenna 
(BBHa 9120 a, schwarzbeck—Mess Elektronik, schönau, 
Germany) and the ferroelectric sensor is connected to a 
half-wavelength dipole antenna with a coaxial cable. The 
half-wavelength antenna is placed outside the cryogenic 
probing station such that the distance between the anten-
nas is 0.4 m.

B. Simulations

The intermodulation response of the ferroelectric sen-
sor was simulated with the aplac software (aWr, El se-
gundo, ca, http://web.awrcorp.com/) using the harmonic 
balance simulation including harmonic frequencies up to 
third order. The circuit schematic of the ferroelectric sen-
sor is shown in Fig. 3. The voltage dependent capacitance 
of the ferroelectric varactor is modeled with the dynamic 
voltage-controlled current source whose charge as a func-
tion of the voltage is given as
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The charge-voltage dependence given in (8) is the volt-
age-integral of (3) and is equivalent to the C-V – curve 
given in (3) [19].

C. Measured and Simulated Ferroelectric Sensor

The ferroelectric sensor consists of a ferroelectric varac-
tor matched to Rs = 50 Ω at 1.35 GHz with a series induc-
tor and a shunt capacitor as shown in Fig. 1. The mea-
sured zero-voltage capacitance of the varactor at 290 K 
is Cmax = 1.2 pF with the series resistance of Rf = 3.7 Ω. 
The voltage at which the capacitance is halved was mea-
sured with an impedance analyzer (4294a, agilent Tech-
nologies) at 110 MHz at different excitation voltages 
from 10 to 500 mV and was found to be V1/2 = 7.5 V 
independent of the applied excitation. The nominal val-
ues of the matching inductor and capacitors are 13 nH 
(±5%) (lqW04an13nJ00, Murata Manufacturing co., 
Kyoto, Japan) and 10.3 pF, respectively. Inductance value 
of 12.7 nH was used in the simulations and calculations, 
and it was found to provide the best fit. The inductance 
value providing the best fit is well within the tolerance 
limits given by the manufacturer. The parameters of the 
ferroelectric sensor that are used in the simulations and 
calculations are summarized in Table I.
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Fig. 2. The measurement setup for measuring the intermodulation con-
version efficiency and the temperature of the ferroelectric device.

Fig. 3. The circuit schematic for simulating the intermodulation re-
sponse of the ferroelectric varactor in aplac. Earlier, similar models 
in aplac were effectively used to model the complex nonlinear duffing 
effect and intermodulation behavior in, for example, the microelectrome-
chanical devices [21]–[23].



D. Frequency Response of the Sensor

Fig. 4 shows the calculated, simulated, and measured 
intermodulation conversion losses (Pin/PIM) of the sen-
sor as a function of the frequency. The frequency offset 
between the signals is 100 kHz and the signal strength 
is −21 dBm. The sensor is at 290 K temperature. The 
absolute power level in the wireless measurement is not 
accurate, because the measurement was not performed in 
an anechoic chamber and antennas were not fully charac-
terized.

The calculated, simulated, and measured conversion 
losses agree well. The minor deviations in the wirelessly 
measured curve are likely due to slight mismatch of the 
sensor antenna. note that the low signal-to-noise–ratio in 
the wireless measurement prevents measurement of high 
conversion loss values.

E. Temperature Response of the Sensor

The temperature affects both V1/2 and Cmax of the fer-
roelectric varactor. according to (7), V1/2 has constant ef-
fect to the conversion loss at all frequencies, whereas Cmax 
affects also the matching frequency. The prototype device 
is used as a temperature sensor by measuring the frequen-
cy response of the conversion loss and finding Cmax that 

provides the best fit between the theoretical and measured 
responses defined as

 min , ,
,AC

AL f L f C
max

meas calc max( )- ( )( ){ }2
 (9)

where Lmeas is the measured frequency response of the 
conversion loss, Lcalc is the calculated frequency response 
of the conversion loss, and A is the signal attenuation.

Fig. 5 shows the measured conversion loss of the sen-
sor at 290, 260, and 230 K temperatures with the fitted 
curves.

The measured temperature response of the varactor’s 
zero-voltage capacitance Cmax is shown in Fig. 6. The 
temperature response is measured both using wired and 
wireless setups using the intermodulation principle. also 
shown is the varactor capacitance directly measured using 
the impedance analyzer.
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TaBlE I. The parameters of the Ferroelectric sensor Used 
in the simulations and calculations. 

Zero-voltage capacitance Cmax = 1.2 pF
series resistance of the varactor Rf = 3.7 Ω
Voltage at which the capacitance is halved V1/2 = 7.5 V
Matching series inductance1 Lm = 12.7 nH
Matching shunt capacitance Cm = 10.3 pF
1Fitted to the measurements.

Fig. 4. The calculated, simulated, and measured conversion loss of the 
sensor as a function of the frequency. The absolute power level in the 
wirelessly measured curve may not be precise.

Fig. 5. The measured and fitted conversion losses as a function of the 
frequency. different curves are for different temperatures.

Fig. 6. The measured temperature responses of the sensor.



according to the measurement performed with wired 
connection, Cmax changes linearly with the temperature. 
The results of the wireless measurement exhibit slight de-
viation from those of wired measurements. The deviations 
are due to lower signal-to-noise ratio and slight mismatch 
of the sensor antenna impedance, which is not taken into 
account in the fitting process. The capacitance value of the 
varactor is small for the impedance analyzer for precise 
measurement, and, therefore, the results obtained with 
the analyzer exhibit relatively large variations. However, 
the overall trend obtained with the impedance analyzer 
corresponds well to that measured with the intermodula-
tion principle.

note that the temperature resolution of the sensor 
could be increased by using ferroelectric material whose 
permittivity is more sensitive to the temperature.

F. Power Response of the Sensor

The measured, simulated, and calculated conversion 
losses of the sensor as a function of the input power are 
shown in Fig. 7.

The slope of the measured conversion loss slightly dif-
fers from the calculated and simulated ideal response. The 
deviation is likely to be due to the power dependency of 
the impedance of the ferroelectric varactor. The simulated 
conversion loss verifies that the effect is not due to the 
change of the effective capacitance of the varactor, which 
takes place at much higher power levels (~ −5 dBm, seen 
as the small deviation of the simulated response from the 
calculated one in the lower right corner). Instead, the 
varactor used is not perfectly ideal, and its impedance 
depends on the applied voltage. This could be because, 
for example, the varactor is not ideally paraelectric but 
also has parasitic ferroelectric (switchable, spontaneous 
polarization) properties.

The effect of the input power to the measurement ac-
curacy of the sensor was further quantified by measuring 
the intermodulation frequency response of the sensor at 
T = 290 K at different power levels and finding Cmax and 
Rf giving the best fit between the measurements and cal-
culations. The fitted values at different input power levels 
are shown in Fig. 8.

according to the fit in Fig. 8, both the resistance Rf and 
the capacitance Cmax of the ferroelectric varactor show a 
minor power dependency. The capacitance change in the 
used input power range from −31 to −11 dBm is 5 fF 
(~ 0.4% relative change), which corresponds to approxi-
mately ±5-K uncertainty in the temperature measurement 
presented in Fig. 5. We emphasize that the power depen-
dency is due to the unoptimized prototype character of 
the applied ferroelectric varactors and can be improved by 
further varactor development. The power dependency can 
also be mitigated, e.g., by performing the measurements 
at different power levels.

G. Detection Distance of the Sensor

The detection distance of the sensor depends heavily 
on the intermodulation conversion efficiency of the sensor 
PIM/Pin given in (7). The highest conversion efficiency of 
the experimental sensor is limited by the input power at 
which the equivalent impedance of the ferroelectric varac-
tor becomes power dependent. In the present case, the 
corresponding input power is approximately −20 dBm 
and the conversion loss 47 dB.

assuming a 20-dBm transmit power, a 10-dBi reader 
antenna gain, a 3-dBi sensor antenna gain, and a receiver 
sensitivity of −110 dBm, the detection distance of the pro-
totype sensor is 8 m at 1.35 GHz. The power received by 
the sensor at 8 m would be −20 dBm, at which the mea-
sured intermodulation conversion loss is 50 dB. The corre-
sponding link budget calculation is presented in Table II.

The detection distance of the sensor depends heavily 
on the intermodulation conversion efficiency of the sensor 
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Fig. 7. The measured, calculated, and simulated conversion loss of the 
sensor at 1.36 GHz as a function of the input power level.

Fig. 8. The fitted parameters of the ferroelectric varactor at different 
power levels.



PIM/Pin given in (7). In principle, the conversion efficiency 
can be made very high by decreasing V1/2 or by increas-
ing the electrical quality factor of the sensor resonance. 
For example, the barium proportion of a BsT varactor 
affects its V1/2 [20]. The electrical quality factor of a ferro-
electric varactor depends on the conductor and dielectric 
losses and ranges from 10 to several hundreds for thin-film 
varactors at gigahertz frequencies [24]. consequently, the 
detection distance of the sensor could be even tens of me-
ters at a few gigahertz frequencies.

IV. conclusion

This paper has presented a principle for a novel passive 
wireless sensor based on a ferroelectric varactor. The sen-
sor is interrogated by illuminating it at two closely located 
frequencies and recording the backscattered signal at the 
intermodulation frequency. The paper has derived a theo-
retical equation for the intermodulation response of the 
sensor for low actuation power level. The analytical equa-
tion is verified by simulations and experiments. a passive 
wireless temperature sensor based on a ferroelectric varac-
tor is demonstrated at 1.35 GHz.
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TaBlE II. The calculated link Budget of the Ferroelectric 
sensor Interrogated with a reader device. 

Transmitted power Pt = 10 dBm
reader antenna gain Greader = 10 dBi
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sensor antenna gain Gsensor = 3 dBi
received power by the sensor Psensor = −20 dBm
Intermodulation mixing loss L = 47 dB
sensor antenna gain Gsensor = 3 dBi
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reader antenna gain Greader = 10 dBi
received power at intermodulation frequency Pr = −107 dBm
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