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A novel passive wireless integrated SAW-based antenna sensor for strain sensing is presented in this paper. A SAW delay line
scheme is proposed for signal modulation, which could distinguish the backscattered data from environmental clutter in time
domain. The theoretical relationship between the antenna resonance frequency shifts, the temperature, and the applied strain
was established. A multiphysical coupled simulation process is proposed to improve the simulation accuracy. By comparing the
phase shift of adjacent echoed data which is generated by SAW reflective grating, the temperature information could be
extracted exactly and the effect of temperature fluctuation on the resonance frequency could be compensated. A more accurate
passive (battery-free) wireless strain sensing could be provided by this proposed integrated antenna sensor than the previous

proposed methods. Simulation and experimental results demonstrate the effectiveness of the sensor.

1. Introduction

In recent years, there has been an increasing interest in wire-
less sensing technologies for structural health monitoring
(SHM) [1]. SHM systems are desired on all aircrafts for
dynamic monitoring of structures; they are expected to
improve aircraft safety, reduce maintenance frequency and
costs, and extend the operational life cycle of the aircraft.
SHM systems could also be applied to static monitoring
application scenarios, such as modern wooden building
monitoring, cultural heritages environmental monitoring,
and long-span arch bridges [2-4]. Sensors have been devel-
oped to measure various structural responses and environ-
mental conditions, including strain, vibration, acceleration,
humidity, and temperature. In the measurements, strain sen-
sors attempt to address the stress concentration point and
detect crack development; this can be critical to ensure struc-
tural integrity. Several types of sensors have been investigated
for SHM applications, including strain gauges, fiber optic
sensors, and piezoelectric transducer [5, 6]. However, these
methods require lengthy cable connections and batteries for

operation, which can significantly increase the total mass of
the vehicle, installation time, and system cost.

Wireless sensing is a type of new SHM technology,
which could help to greatly reduce installation time and sys-
tem cost. A huge amount of work about wireless sensors and
their applications in SHM has been done [7, 8]; most of
these technologies use an additional wireless transmitter,
which could translate physical sensing signals to electromag-
netic signals. However, the wireless transmitter still needs a
battery supply, which has a limited life cycle. Such a scheme
is not feasible for harsh environment applications. All of
these problems could be solved if the sensor itself acts both
as a physical quantity-sensing device and as a communica-
tion device. SAW sensors could act as passive wireless strain
sensors with high sensitivity. However, SAW strain sensors
have limited strain sensing range, which could not meet
the requirement of some large strain range applications,
such as wind turbine blades.

In a particular antenna, the resonance frequency is
related to its electrical dimension. If bonding or embedding
the antenna to a flexible structure, the relationship between
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the antenna’s resonance frequency and strain can be used for
stress/strain measurement. Several types of antenna sensors
have been proposed for wireless sensing [9-12].

A patch antenna could be used for wireless strain sens-
ing [13-15]; when applying strain on the patch antenna,
the geometry and the current distribution of the patch
antenna will be changed, as a result, the resonant frequency
will change accordingly. Reflection coefficient S;; is mea-
sured to determine deformation/strain values. However, the
patch antenna sensor needs an additional signal modulation
scheme to separate the interrogation signal from the back-
scattered sensing signals.

A frequency doubling technique could be used as an alter-
native way of signal modulation for antenna sensor [16]. By
doubling the backscattered signal’s frequency, unwanted
environmental reflections are differentiated. However, fre-
quency doubling is implemented by the Schottky diode,
which might distort the backscattered signal. For this reason,
the strain/stress sensing accuracy of this approach is limited.

RFID (radio frequency identification) antennas have
been proposed for wireless strain sensing [17, 18]. An RFID
antenna sensor contains an integrated RFID chip for signal
modulation; the return signal from the RFID antenna sensor
is modulated with a unique pattern to be separated from
environmental noise. However, the commercially available
RFID chips have limited operating frequency range such as
860-960 MHz; the size of the antenna is therefore limited.
Since the strain sensitivity of the antenna sensor is directly
related to the operating resonance frequency, the RFID
antenna sensors have relatively low strain sensitivities.

Thermal effects can have significant effects on antenna
sensor performance [19]. When temperature fluctuates, the
dielectric constant of the substrate (such as glass microfiber-
reinforced PTFE substrate) which is used in printed antenna
sensors will change accordingly. Since the resonance fre-
quency is the function of both the dielectric constant and
the electrical dimension, the antenna sensing accuracy will
decrease with temperature variation.

The presented research realizes an integrated SAW-based
patch antenna wireless passive strain sensor for use in a harsh
environment. A patch antenna is terminated with a SAW
delay line; the backscattered signal from the antenna can be
distinguished from environmental reflections by a time delay.
The patch antenna acts as both a usual device for receiving
and radiating electromagnetic wave and a strain sensing
device, and the SAW device behaves like a temperature indi-
cator and a delay line reflector. Using the interdigital trans-
ducer (IDT) on SAW, the received electromagnetic waves
could be translated into surface acoustic waves. After the
reflection by several reflective gratings on SAW device, a set
of reflected electromagnetic signals with different delay times
could be generated. Since the delay time of the reflector
changes with the temperature, it could be used as the temper-
ature indicator. When preliminary data for the antenna
material and the temperature-frequency characteristic are
given, temperature fluctuation can be compensated. The high
linearity of the frequency shift with temperature makes it pos-
sible to achieve a high accuracy for strain sensing. Simulation
results and experimental results show that the presented
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antenna sensor could compensate for the temperature change;
therefore, the strain sensing accuracy could be improved.

2. Integrated SAW-Based Antenna Sensor
Operation Principle

The integrated SAW-based antenna sensor consists of two
parts: a patch antenna which is bonded or embedded to a
flexible structure and a SAW delay line which includes an
IDT and several reflective gratings. The patch antenna is
designed based on a quarter-wave rectangular patch antenna
(folded-patch) topology [20]. The topology is chosen for its
good radiation performance on top of metallic objects and
50% size reduction compared to regular patch antennas.
The antenna structure is shown in Figure 1(a), and the reso-
nant frequency, f,, can be estimated as follows:

c
fo= H(L+AL) & (1)
where c is the speed of the light, L is the physical length of the
copper cladding on the antenna, and AL is the physical length
deformation caused by the enforced strain, when the strain
level is zero, AL = 0. ¢, is the effective dielectric constant of
the antenna substrate.

The linear relationship between physical length and reso-
nant frequency indicates that strain information can be
derived by measuring the shift of the resonant frequency.
This relationship could be used as the strain sensing mecha-
nism, which is illustrated in Figure 1(b).

The power transmission in the passive wireless SAW-
based antenna sensor system is shown in Figure 2. The interro-
gator transmits radio frequency signals, which are remotely
received by the patch antenna. If the strain is enforced on the
patch antenna, the resonant frequency of the backscattered
signal will be changed accordingly.

The patch antenna is connected to a passive SAW delay
line at the feed point. Firstly, the electromagnetic signal will
enter the IDT and transformed into surface acoustic wave,
which propagates along the surface of the SAW device. Sec-
ondly, after reflecting on several reflective gratings, a type of
reflected pulses with different delay times will be generated.
Typical delay time of the SAW device is 1~5 microseconds.

With metal package, the response of the SAW device is
just a function of temperature, not a function of strain. By
analyzing the fluctuations of adjacent pulse delays, the tem-
perature can be extracted. At a given temperature, the
strain-resonant frequency curve is determined, so the strain
could be extracted by analyzing the trivial change of the res-
onant frequency.

3. Multiphysical Coupling Model of Integrated
Antenna Sensors

3.1. Strain and Temperature Sensing Using the Resonant
Frequency Shift of the Patch Antenna. The resonant frequen-
cies of the patch antenna are dependent on the dielectric con-
stant of the substrate and the physical dimensions of its
radiation patch [21].
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FIGURE 1: Sensing mechanism of a patch antenna sensor.
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FIGURE 2: Power transmission in the passive wireless SAW-based antenna sensor system.

The resonant frequency shift §f can then be obtained
from changes in dielectric constant €, and the radiation patch
length L as

_ Y

Of = 5 -0, + g(SL, (2)

oL

r

where J¢, is the change in dielectric constant ¢, and 8L is the
change in the patch length. Both of these parameters are tem-
perature-dependent.

Defining the ratio of e, to €, as a relative change in
dielectric constant, which is proportional to temperature
change

o, =a0T, (3)

&

where «a, is the thermal coefficient of dielectric constant
(TCD,) of the substrate and 8T is the temperature
change.

Defining the ratio of 6L to L as a relative change in the
patch length, which is a function of both temperature change
and the strain

oL =a,0T +¢, (4)
L

where «, is the coefficient of thermal expansion (CTE) and ¢
is the strain. Combining equations (1), (2), (3), and (4), the
relationship between resonance frequency and strain/tem-
perature could be obtained. When the temperature is given,
strain information could be directly derived from the reso-
nant frequency shift.

3.2. Thermal Effect Analysis of SAW Devices. In SAW devices,
an electrical signal could be translated into an acoustic
wave by an interdigital transducer. A coupled forward
acoustic wave and a reverse propagating acoustic wave
could be generated on the surface of SAW device. These
coupled waves can be analyzed using coupling-of-modes
(COM) equations [22].
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Temperature fluctuation will change the wave velocity
v of SAW device by changing material stiffness. The tem-
perature of coefficient delay (TCD) of a SAW device is
expressed as follows:

1dr
TCD= ——,
¢ TdT )

where 7 is the delay time of the reflector and T is the cur-
rent temperature.

The TCDs of SAW devices with different substrate materials
are dissimilar. For example, SAW devices with lithium niobate
substrate have a relative high TCD (>90 ppm/°C), so the time
delay will change significantly with the temperature variant.

A SAW sensor with three reflectors is shown in Figure 3.
Generally, the phase difference between reflectors could elim-
inate the nonideal factors and high accuracy of time delay
evaluation could be achieved. The mathematical expression is

Pii=Pi~Pi :Zﬂfc(fj -1;) = 2nf oty (bj=1,23,i#)),
(6)

where ¢, is the phase of the jth reflector, ¢; is the phase of the i
th reflector, ¢, is the phase difference between the ith reflector
and the jth refiector, f . is the frequency of the surface acoustic
wave, 7; is the time delay of the jth reflector, 7; is the time
delay of the ith reflector, and 7;; is the time difference between
the ith and the jth reflectors. When the temperature varies, the
phase difference ¢;; will be changed accordingly as follows:

;5= Py + Apy = gy[L+ S(T = To)), (7)

where ¢, is the phase difference under the condition of the ref-
erence; Ag;; is the variation of phase difference which could be
calculated from the measured data; T is the temperature under
test; T, is the temperature under the condition of the refer-
ence; and S is the sensitivity of the SAW device, which is
mainly determined by the substrate material of the SAW
structure.

3.3. Local Field-Coupling Model Methods. The response of the
integrated antenna sensor is related to the mutual coupling of
several fields: structural displacement field, electromagnetic
field, and temperature field, as illustrated in Figure 4.

Displacement

field

Electro-magnetic
field

Strain

SAW
device

Temperature
field

FiGure 4: Multifield coupling of the integrated antenna sensor.

(1) Strain enforced on the patch antenna will lead to
structure deformation, which could affect structural
displacement field

(2) The structural displacement on the patch antenna
will directly affect electromagnetic field

(3) Dielectric constant of the substrate on patch antenna is
related to the temperature field. When the temperature
alters, the dielectric constant will change accordingly,
and finally leads to electromagnetic field variation

(4) Temperature field variation leads to displacement field
fluctuation, and finally affects electromagnetic field

(5) Temperature field variation affects response of SAW
device, and finally leads to electromagnetic field
variation

The temperature could be extracted by the response of
the SAW device in time domain, which is not convenient if
the SAW device and patch antenna are modeled as a whole.
For this reason, the integrated model is replaced by several
local field-coupling models to approximately achieve multi-
physical coupling as illustrated in Figure 5:

(1) Coupling-of-modes modeling of SAW device was
conducted to extract the temperature and determine
the output of admittance matrix parameters

(2) The displacement field of the patch antenna will
changed with the temperature fluctuation and the
enforced strain. The patch antenna is modeled in
COMSOL, and the output of displacement parame-
ters could be obtained
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FIGURE 5: Antenna sensor multiphysical coupling simulation flow chart.
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FIGURE 6: The integrated antenna sensor simulation in COMSOL. (a) Thermal expansion simulation and (b) tensile strain and frequency

simulation.

(3) The outputs of the first two steps could be used as
inputs for the integrated antenna sensor modeling.
At the feed point of the patch antenna, the admit-
tance matrix of SAW device is loaded to take the
influence of SAW device into account. The patch size
should be modified according to the displacement
parameters. Besides, the dielectric constant of sub-
strate is influenced by temperature variation

After the above three steps, the response of antenna sen-
sor in frequency domain could be obtained and the resonant
frequency could be extracted.

Since the temperature information has been extracted
by SAW response, and the resonant frequency of patch
antenna is linear with temperature and strain, the strain
information can be extracted accurately with temperature
compensation.

3.4. Strain Extraction Using Frequency Response of Integrated
Antenna Sensors. In order to evaluate the deformation of the
antenna patch under the influence of strain and temperature,
the integrated antenna sensor is modeled in COMSOL and a
two-step simulation is made.

First, a coupled thermal-structural analysis is performed
to obtain the thermal expansion at various temperatures, as
illustrated in Figure 6(a). Then, the deformation of the patch
is exported as a three-dimensional structural file, which could

be used as an import file to perform the mechanical analysis
under various strains. The antenna is mounted on an alumi-
num specimen. Force is applied to the two ends of the alumi-
num specimen to generate strain.

The material of the patch is set to copper, the substrate
material is set to Rogers RT/duroid® 5880 with dielectric
constant (e, = 2.2) and low loss tangent of 0.0009. The thick-
ness of the substrate is set to 0.254 mm.

The deformation of the structure and the material
parameters are used for modeling in COMSOL and simu-
lated using FEM solver in frequency domain, as shown in
Figure 6(b). The scattering parameter S, could be calculated
as an output, which could indicate the corresponding reso-
nance frequency. The simulated results of S;; at different
strain levels and temperatures are plotted in Figure 7.

The following trends could be seen from Figure 7: (1) at
a given temperature, the resonance frequency of the antenna
sensor will decrease due to the increasing strain and (2)
when the strain level is fixed, the resonance frequency will
change with the temperature fluctuation. When the temper-
ature increases from 0°C to 60°C (see Figures 7(a)-7(d)), the
resonance frequency of the integrated antenna sensor
increases accordingly. This is because the TCD, factor of
Rogers RT/duroid 5880 is negative, so the dielectric constant
will be dropped due to the increasing temperature. A smaller
dielectric constant will lead to a larger resonance frequency
of the antenna.
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FIGURE 7: The simulated results of S, at different strain levels and temperatures. (a) T =0°C; (b) T =20°C; (c) T =40°C; and (d) T =60°C.

FIGURE 8: Photography of SAW delay line.

4. Results and Discussion

4.1. Temperature Extraction Using SAW Responses. A SAW
device with 128° YX-LiNbO3 substrate material is fabricated,
which is shown in Figure 8.

The responses at different temperatures are measured.
The SAW device is put into a temperature-controlled oven
and the temperature ranges from -50°C to 75°C. The tem-
perature information is extracted from the phase variation
of the adjacent reflectors of the SAW device, which could

be calculated from the time domain response. Measured
amplitude and time delay of the reflectors in time domain
are shown in Figure 9. Since the time delay of the surface
acoustic wave corresponds to its phase, the difference
between adjacent reflectors could be obtained without
phase ambiguity.

The comparisons between the measured result and the
simulated result are shown in Figure 10, where the red line is
the theoretical temperature-phase line and the black dots are
measured values at different temperatures. The temperature-
phase relationship could be obtained from the measured
results and has a good fit to the ideal line.

However, the measured results deviate slightly from the
ideal linear relationship, probably because there is a tiny
deviation between the actual measured temperature and the
displayed temperature of the oven.

4.2. Instrumentation and Experimental Setup. The experi-
mental setup is shown in Figure 11. The integrated antenna
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FIGURE 11: Experimental setup for the tensile tests. (a) Picture of the SAW-based patch antenna sensor. (b) Picture of the wireless strain
sensing experiments.

sensor is fixed on a tensile tester. Aluminum plate which is  stretching force, a series of strain values could be loaded. A
the ground of the antenna is stretched on both sides to load ~ hypothesis is given here that the stretching force and the
strain on the integrated antenna sensor. By changing the  strain on the integrated antenna sensor meet a linear
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integral in order to restore the power curve.

relationship. A temperature oven is used to study the reso-
nance frequency change caused by temperature fluctuation.

A series of single-toned signals which are transmitted by
an interrogator and received by the integrated antenna sen-
sor is shown in Figure 12(a). The signals are reflected by
SAW reflectors; the echoed data has the same frequency with
the transmitted signal and contains information of amplitude
and phase shift. The temperature information is extracted
from the phase shift difference of the adjacent echoed data.
The amplitude of the echoed data is integrated during inte-
gral interval for each transmitted frequency value, as shown
in Figure 12(b), to form the power spectrum density which
is correlated to the resonance frequency.

The comparisons between measured and simulated rela-
tive resonance frequency variations df/f at different strains
and temperatures are shown in Figure 13, where the triangu-
lar marks are measured results and the circular marks are
simulated results. The measured results are highly close to
the simulated ones. However, there are tiny deviations at sev-
eral points, this is probably caused by the nonideal stretching
error of the tensile tester.

Figure 13 compares the experimental and simulation
results of strain/temperature and resonance frequency rela-
tionship for an integrated antenna sensor. When the strain
is changed from 0 to 2000 pe and the temperature is fixed,
the resonance frequency will linearly decrease, and the total
relative resonance frequency shift is up to 2000 ppm. When
the temperature is changed from 20°C to 80°C and the strain
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FIGURE 13: Comparison of experimental and simulation results of
strain/temperature and resonance frequency relationship for an
integrated antenna sensor.

is fixed, the resonance frequency will increase evenly, the
total relative resonance frequency shift is about 1500 ppm.

4.3. Analysis. From Figure 13, the resonance frequency shift
is proportional to the variation of the temperature and the
strain. Since the temperature could be extracted separately
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by the phase difference of adjacent reflected echo data, the
relationship between the resonance frequency shift and the
strain could be built. On the other hand, a large time delay
of the echoed data provided by the SAW device could sepa-
rate the environmental clutter from the signal, which is ben-
eficial for signal-to-noise ratio improvement.

Most of the previous antenna sensors proposed by
others just testify the relationship between the resonance
frequency and the strain; however, the effect of the tem-
perature on the frequency response is not compensated.
In this article, a novel integrated antenna sensor is pro-
posed for wireless passive strain sensing of large strain
range applications scenarios, such as wind turbine blades’
structure health monitoring. Compared with previously
presented antenna sensors, this proposed sensor could take
the effect of temperature on the sensing result into account
and a more accurate strain information could be extracted
with temperature compensation for the first time.

5. Conclusions

A novel integrated antenna sensor is presented in this paper.
The resonance frequency shift of the antenna sensor is line-
arly proportional to strain and temperature. The effect of
temperature fluctuation on the resonance frequency shift is
compensated by extracting temperature information from
the phase difference of adjacent reflected echoed data, which
is generated by the SAW reflective grating. Simulation and
experimental results demonstrate the effectiveness of the
strain sensing. This novel integrated antenna sensor pro-
vides more accurate passive (battery-free) wireless strain
sensing for large-scale strain occasions than the previous
proposed methods.

Data Availability

The measurement data and signal processing code used to
support the findings of this study are available from the cor-
responding author upon request.
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