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Abstract : A novel wireless and passive surface acoustic wave ( SAW) sensor is developed for measuring temperature and pres-
sure. The sensor has two single-port resonators on a substrate. One resonator, acting as the temperature sensor, is located at the
fixed end without pressure deformation, and the other one, acting as the pressure sensor, is located at the free end to detect pres-
sure changes due to substrate deformation. Pressure at the free end bends the cantilever, causing a relative change in the acoustic
propagation characteristics of the SAW traveling along the surface of the substrate and a relative change in the resonant frequency
of the resulting signal. The temperature acts on the entire substrate, affecting the propagation speed of the SAW on the substrate
and directly affecting the resonant frequency characteristic parameters. The temperature and pressure performance of this new an-
tenna-connected sensor is tested by using a network analyzer, a constant temperature heating station, and a force gauge. A tem-

perature sensitivity of 1.5015 kHz/°C and a pressure sensitivity of 10.6 kHz/gf at the ambient temperature have been observed by

wireless measurements. This work should result in practical engineering applications for high-temperature devices.
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1 Introduction

In recent years, surface acoustic wave ( SAW)
devices have been widely used in various measure-
ments such as temperature''! | pressure'®’ , humidi-
ty[375] gas“’] , ]
scopes'*!

chemical reagents, ' and gyro-
owing to their unique features. Among va-
rious sensors, SAW-based sensors have many advan-
tages such as small size, low cost, good stability,
10-12]

and high repeatability' . They also have the ad-

vantage of being able to work wirelessly and not

needing a battery" "

. A network analyzer transmits
the RF pulse to the SAW sensor through an antenna,
and then an interdigital transducer (IDT) located on
the SAW-based sensor converts the electromagnetic
(EM) signal into a SAW, which is propagated on
the piezoelectric substrate and is reflected by reflec-
tors on both sides of the IDT. For an object to be
tested for a property such as temperature or pressure
changes, the resonant cavity formed by the reflectors

changes its resonant frequency''". The IDT converts

the resulting SAW into an EM wave, which is again
transmitted back to the network analyzer through an
antenna. This is the working principle of SAW-based
sensors'*'. The network analyzer can read the
change in the resonant frequency, which varies de-
pending on the temperature and pressure increments.
Therefore, sensitivity is defined as an incremental
change in the signal that occurs in response to an in-
cremental change in temperature or pressure.

A novel temperature-pressure SAW-based sen-
sor is used in this study for parameter monitoring in
harsh environments such as high-temperature and
high-rotation spacecraft. The sensor has a cantilever
structure composed of a piezoelectric base material
and an antenna. There are two vertically distributed
resonators on the base of the sensor, which are dif-
ferent from the delay line structure of other sensors.
One resonator is located at the fixed end of the canti-
lever beam as a temperature-sensing portion and a

temperature-compensation portion for pressure detec-
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tion. The other resonator is located at the free end of
the cantilever beam as a pressure-detecting portion.
The temperature acts on the entire substrate, affect-
ing the propagation velocity of the SAW on the sub-
strate and directly affecting the resonant frequency.
The deformation of the substrate caused by the pres-
sure affects only the frequency variation of the free-
end resonator. Two-port resonators have a different
design for the interdigital transducer and the reflec-
tive grating, and they achieve a separation of the
resonant frequency to realize dual-parameter meas-

urements with the same sensor.
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Fig. 1 Schematic diagram of a wireless SAW

temperature-pressure SAW-based sensor.

2 Theoretical Analysis

2.1 Design considerations

The goal ofa SAW-based sensor design is to a-
chieve pressure measurement, temperature measure-
ment, and antenna integration in a single-chip design
by changing materials, structural parameters, pro-
cessing techniques, and test methods. This enables
the sensor to have a significant resonant frequency
offset and sensitive wireless transmission. LiNbO,
(LN, 1 mm thickness) is used for the piezoelectric
substrate because it has high SAW propagation speed
and a large electromechanical coupling factor K?
(6% )" . The high value of K* contributes to grea-
ter reflection of the reflector while reducing the in-
sertion loss.

Ina SAW-based sensor, the center frequency

fis

f= (1)

where f is the resonant center frequency of the
resonator, v is the wave velocity of SAW, and \ is
the wavelength of SAW. The wave velocity v has the
following correspondence with the elastic constant

17]

¢” and the density p of the substrate'

ES
voe [ (2)
p

When strain € occurs on the substrate of the re-
sonator, the deformation of the substrate leads to a
change in the interdigitation . A change in the ma-
terial density and other physical parameters would
lead to a change in the wave velocity V of the SAW,
which ultimately leads to a change in the resonator
center frequency /' ;

o) = v(e) :Uo(l +k €) _ 1 +k e

A(e) A (1 +¢) " 1+¢

where k£ is a material constant, determined by

(3)

the substrate of the sensor. The amount of change in
the resonant frequency is

Af=f(e) - fy = fy e(k-1) (4)

When the temperature of the substrate of the re-

sonator changes, the relationship between the SAW

wave velocity and the temperature is given by''"’ .
ov
v(T) = U(TO) + ﬁ(T_ To) +

n
v(T,) 6T

The relationship between the resonant frequency

(T-T,) (5)

of the sensor and the temperature can be expressed as

Af A 1 &
ey ey et (O

The interdigital periods of the two resonators

are designed to be 200 pm and 220 pwm, providing
different frequencies for the two resonators. The
number of IDT finger pairs and reflector electrodes
of the two resonators are set to 10 and 20, and the
gap between IDT and adjacent reflectors is 150 pm
and 165 pm, respectively. Then, the fixed end of
the cantilever beam with the two single-port SAW

resonator patterns is clamped using a fixed base. The
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temperature test end is clamped with a fixed base as
the fastening end, and the pressure test end is sus-

pended as a free end.

2.2 Simulation of SAW-based sensor

COMSOL simulation is an effective simulation
technique for resonant frequency simulation, admit-
tance simulation, and impedance simulation among
SAW-based sensors' > .

Based on the temperature- and pressure-sensi-
tive mechanisms of SAW-based sensors, the two-pa-
rameter SAW-based sensor is modeled by COMSOL
finite element simulation software. Fig. 2 shows the
COMSOL simulation model and simulation results.
Two IDTs and reflectors with different resonant fre-
quencies are integrated on an LiNbO, substrate. With
the simultaneous application of a wideband excitation
signal to the two IDTs, signals from different IDTs
in only a certain very narrow frequency band can be
reflected. The frequency of the reflected waves is the
frequency of the sensor. It can be seen from the sim-
ulation results that the signal generates weak
crosstalk during the propagation process, but the re-
ceived reflected signal still has a separate resonant
frequency. The sensor design in a specific frequency
band can be achieved by adjusting the period of the

resonator.

A
Pressure
resonance

point Temperature

A Tesonance point

Fig. 2 Simulation of the device using COMSOL.

2.3 Simulation of antenna
The measurement of temperature and pressure by

the sensor is done by wireless signal transmission

through an antenna. The antenna acts as a means of e-
mitting and receiving radio frequency signals and func-
tions to achieve energy conversion, directional radia-

2 For the antenna de-

tion, and directional reception
sign requirements, the antenna is simulated using Ad-
vanced Design System (ADS) simulation software.
Testing of surface acoustic waves in harsh envi-
ronments requires the use of good interrogation an-
tennas and response antennas to perform long-range
wireless detection of the sensor signals.The perform-
ance of the two antennas directly affects the quality
of the communication system. The following two
performance indicators must be met; (1) the type of
the antenna and its polarization direction meets the
test requirements and anti-interference, and (2) the
electrical properties of the antenna. The main indica-
tors are the frequency, bandwidth, and the gain of
the antennas **'. The response antenna should have
wide-range, high-gain detection. The interrogating
antenna must have a sufficiently large bandwidth to
cover all possible frequency variations of the respon-
ding antenna during the sensor test. Considering the
integration and miniaturization requirements of an-
tennas and sensitive components, this sensor uses a
multi-turn loop antenna. As shown in Fig. 3b, the
antenna size is designed and optimized using the Ad-
vanced Design System software according to the res-
onant frequency design of the two resonators, and
the designed antenna covers the resonator frequency
variation range. The antenna, made by changing the
outer diameter and number of turns of a coil, is

shown in Fig. 3a.

Wire diameter: (a) 0 (b)
0.2mm -10F
Number of turns: 20b
6 8
z
Outer diameter: g = -30
19mm & 40}

14 16 18 20 22 24 26 28 30
Frequency/MHz

Fig. 3 (a) Photo of the Antenna, (b) ADS
simulation of the antenna.
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3 Sensor Fabrication

Piezoelectric substrates are soaked in a freshly
prepared 3:1 (V/V) piranha ( sulfuric acid, hydro-
gen peroxide) solution for 15 min and then sonicated
with propanol and alcohol for 5 min, respectively.
This effectively removes any organic substances
(such as grease) that may be present on the surface
of the piezoelectric substrate, improves the surface
finish of the substrate, and enhances metal adhesion
in the subsequent metal sputtering step.

A Y-128 LiNbO, of 1 mm thickness is used as
the piezoelectric substrate. The photoresist ( PR) is
spin-coated, exposed, and then patterned through a
standard photolithography process, using magnetron
sputtering to deposit a layer of about 300 nm-thick a-
luminum on the piezoelectric substrate. Then the un-
exposed photoresist and excess aluminum are re-
moved using acetone in a lift-off process. This is fol-
lowed by ultrasonication with acetone and rinsing
with deionized water to remove any unwanted prod-
ucts. The final, fabricated temperature resonator and
pressure resonator are shown in Fig. 4. The edges of

the interdigitated lines are free of excess metal adhe-

sion and relatively clear.
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Fig. 4 Partial view of temperature resonator

and pressure resonator.

4 Measurement and Discussion
The LiNbO, substrate with two single-port re-

sonators is fixed on an FR4 base, and the pressure

resonator is suspended at one end of the FR4 base to
form a cantilever structure. The other end of the FR4
is soldered to the antenna for wireless transmission of
signals. Sufficient room is provided on the outside of
the pressure sensor to allow movement when a pres-
sure is exerted on the device. The complete surface
acoustic wave temperature pressure sensor is shown

in Fig. 5.
Tension and

Compression Testing
Machines

Agilent network
analyzer

Thermostatic
Heater Table

Fig. 5 Measurement equipment of the

temperature-pressure SAW-based sensor.

The novel temperature-pressure SAW-based
sensor is tested. The measurement equipment consists
of the novel SAW-based sensor, a vector network
analyzer and a constant temperature heating station,
as shown in Fig. 5. The interrogating antenna is con-
nected to the network analyzer ( Agilent E5061B )
through a coaxial cable to excite the sensor and re-
ceive the echo spectrum signal of the sensor. The
echo information of the interrogating antenna is ana-
lyzed and the corresponding relationship between the
environmental parameters is determined. The param-
eters of the external environment can be estimated by
the echo information.

Fig. 7 shows that the resonant frequencies of the
pressure and temperature resonators display a decrea-
sing trend with increasing temperature. It also indi-
cates the fitted slope and intercept of the tempera-
ture-resonant frequency curve. The resonant frequen-
cy changes linearly with increasing temperature, as
explained by Equation (6).

According to the temperature resonant frequen-

cy of the temperature resonator shown in Fig. 7, the
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relationship can be expressed as:
Jfr = 18.38608-0.00141 = T (7)
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Fig. 6 Measured frequency versus S (1,1) of the sensor

under ambient pressure at 25-325 °C
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Fig. 7 Fitting curve for the pressure resonator

and the temperature resonator.

For the temperature resonator, the temperature
sensitivity is 1.5 kHz/°C, which is a negative tem-
perature change trend.

Similarly, forthe pressure resonator, the rela-
tionship can be expressed as:

Jfp = 17.50828-0.00134 = T (8)

The temperature sensitivity is -1.37 kHz/°C,
which is a negative temperature change trend.

Fig. 8 shows the resonant frequency variation of
a pressure resonator at different temperatures. Three
temperature gradients of 25, 100, and 200 °C are
chosen. The pressure test range is 0 to 1000 gf, and

the resonant frequency change is recorded for every

200 gf increase in pressure. At the same tempera-
ture, the resonant frequency decreases linearly with
increasing pressure. As the temperature decreases,
the resonant frequency of the pressure resonator de-
creases, overall. The sensitivity of the pressure sen-

sor is 10.6 kHz / gf at ambient temperature.
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Fig. 8 Pressure measurement.
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Fig. 9 Pressure sensitivity of the developed

pressure resonator.

Fig. 9 shows the use of a temperature resonator
to eliminate temperature effects in pressure resonant
frequency variations. Using the temperature informa-
tion of the sensor, a temperature dependent calibra-
tion can be performed. As the temperature increases,
the slope of the fitted curve gradually decreases and
the sensitivity to pressure is reduced. The reason for
this effect is that the stress in the temperature resona-
tor is not properly designed because of the clamping

device.
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5 Conclusions

A wireless passive temperature- and pressure-in-
tegrated sensor was developed based on surface a-
coustic wave technology. Sensors with two resona-
tors proposed by COMSOL simulation were shown
to be able to differentiate resonant frequencies. The
cantilever beam structure in which the temperature
resonator was placed at the fixed end was demonstra-
ted to achieve temperature and pressure measure-
ments.

The SAW-based sensor was tested at 25-325 C.
The resonant frequency was almost linear, the tem-
perature sensitivity was 1.5 kHz/C, and the error
rate was 2.25%. The pressure test range was 0 -
1000 gf and the pressure sensitivity was 10.6 kHz/gf
at ambient temperature. The sensor simultaneously
performed pressure and temperature measurements
and verified the temperature compensation algorithm
to effectively correct pressure measurement inaccura-
cies. This device will be used for high temperature
environmental measurements and will have a broad

application prospects.
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