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Passive Wireless Frequency Doubling Antenna
Sensor for Strain and Crack Sensing

Chunhee Cho, Xiaohua Yi, Dan Li, Yang Wang, Member, IEEE, and Manos M. Tentzeris, Fellow, IEEE

Abstract—This paper presents the design, simulation, and
validation experiments of a passive (battery-free) wireless fre-
quency doubling antenna sensor for strain and crack sensing.
Since the length of a patch antenna governs the antenna’s
resonance frequency, a patch antenna bonded to a structural
surface can be used to measure mechanical strain or crack
propagation by interrogating resonance frequency shift due to
antenna length change. In comparison with previous approaches
such as radio frequency identification, the frequency doubling
scheme is proposed as a new signal modulation approach for the
antenna sensor. The proposed approach can easily distinguish
backscattered passive sensor signal (at the doubled frequency
2f) from environmental electromagnetic reflections (at origi-
nal reader interrogation frequency f). To accurately estimate
the performance of the frequency doubling antenna sensor, a
multi-physics coupled simulation framework is proposed to aid
the sensor design while considering both the mechanical and
electromagnetic behaviors. Two commercial software packages,
COMSOL and Advanced Design System (ADS), are combined to
leverage the features from each other. The simulated performance
of the frequency doubling antenna sensor is further validated
by experiments. The results show that the sensor is capable of
detecting small strain changes and the growth of a small crack.

Index Terms—Crack sensing, frequency doubling, patch
antenna, strain sensing.

I. INTRODUCTION

N order to accurately assess deterioration of civil,

mechanical, and aerospace structures, a large volume of
research in structural health monitoring (SHM) has been
inspired over the past few decades. SHM systems can
advance time-based maintenance into more cost effective
condition-based maintenance. Sensors have been developed
to measure various structural responses and operating condi-
tions, including strain, displacement, acceleration, humidity,
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temperature, efc. Among the measurements, strain can be
an important indicator for stress concentration and crack
development. Metal foil strain gages are currently among the
most common solutions for strain measurement, owing to
their low-cost, simple circuitry, and acceptable reliability in
many applications. However, when applied to large structures,
either metal foil strain gages or fiber optic strain sensors
require lengthy cable connections for power supply and data
acquisition, which can significantly increase installation time
and system cost [1].

Over the past two decades, cost-effective wireless sensors
have been developed to reduce system cost [2]-[4]. An exhaus-
tive review on wireless sensing for SHM can be found in
Lynch and Loh [5], which summarizes development of various
academic and industrial wireless sensing devices. A wireless
sensing device usually has three functional modules: sensing
interface (converting analog sensor signal to digital data),
computing core (data storage and processing), and wireless
transceiver (digital communication with peers or a wireless
gateway server). To obtain different types of measurements,
various sensors can be connected with the sensing interface
of a wireless sensing device. For example, strain measure-
ment is obtained by interfacing the device with a metal
foil strain gage. In addition, most wireless sensing devices
usually operate on external power source, such as batteries.
To avoid periodic battery replacement in the field, rechargeable
batteries are often deployed. These batteries are charged by
an integrated energy harvester. Typical sources for energy
harvesting include solar energy, mechanical vibration, and
thermal gradients, etc [6]. However, even with a reliable source
for energy harvesting, rechargeable batteries usually have a
limited life span. Therefore, passive (battery-free) wireless
sensors have been proposed to eliminate the dependency on
battery power [7].

Passive wireless strain sensors based on inductive coupling
with two adjacent inductors have been developed [8]-[10].
The interrogation distance achieved by inductive coupling
is usually limited to several inches, which is inconvenient
for practical applications. Similarly, Matsuzaki et al [11]
proposed a half wave-length dipole antenna to detect damage
in carbon fiber reinforced polymer structures. The damage
causes antenna property changes, including power spectrum
and return loss, which are measured and used as the dam-
age indicator. Later on, a circular patch antenna sensor was
proposed for omnidirectional strain sensing by wirelessly
measuring scattering parameter [12]. Another passive on-chip
radio frequency microelectromechanical system (RF-MEMS)
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strain sensor is developed for bio-medical application [13].
Without proper signal modulation, the sensor operates in the
near field of a reader antenna. As a result, the wirelessly
received sensor signal is mixed with background reflection
and only limited interrogation distance is achieved.

In order to increase interrogation distance, electromagnetic
backscattering techniques have been exploited for wireless
strain sensing. For example, a patch antenna has been designed
for wireless strain sensing [14], [15], where a phototransistor
is adopted for modulating the RF signal backscattered from
the antenna sensor. As a result of the modulation, backscat-
tered sensor signal can be distinguished from environmental
reflections. However, besides requiring line of sight, the light-
switching mechanism is not practical for outdoor application,
where light intensity is usually so strong that the photo-
transistor is constantly activated and thus, loses ability of
switching. As another example, passive (battery-free) RFID
(radio frequency identification) antennas have been proposed
for wireless strain measurement [16], [17]. Through signal
modulation by an economic RFID chip (costing about $0.10),
patch antennas demonstrate promising performance for wire-
less strain/crack sensing. However, the current commercial
off-the-shelf RFID chips have limited operating frequency
range such as 860-960MHz [18]. Because the operating
resonance frequency (MHz) approximately equals the strain
sensitivity (Hz/pe) of an antenna sensor, the RFID antenna
sensors have relatively low strain sensitivities. In addition, the
antenna resonance frequency is inversely proportional to the
length of electrical path, which is relevant to sensor size.
The dependency on 900MHz frequency band also dictates that
size reduction can be difficult for RFID antenna sensors.

A frequency doubling technique has been introduced by
the authors as an alternative way of signal modulation [19].
By doubling the backscattered signal frequency, unwanted
environmental reflections are removed. The frequency dou-
bling antenna sensor consists of three main components —
a 2.9GHz receiving patch antenna, a matching network, and
a 5.8GHz transmitting patch antenna. The higher operating
frequencies (compared with ~900 MHz RFID) can enable
sensor size reduction and strain sensitivity improvement. For
interrogation, a wireless reader emits a 2.9GHz interrogation
signal to the 2.9GHz receiving patch antenna of the antenna
sensor. The matching network integrated with a Schottky diode
then doubles the interrogation frequency of 2.9GHz to the
backscattering frequency of 5.8GHz. The 5.8GHz transmit-
ting patch antenna finally responds with the backscattered
signal to the reader. To simulate strain-induced resonance
frequency change, a linear scaling approach, which simply
scales the antenna sensor dimensions according to the applied
strain and Poisson’s ratio, is commonly used in the previous
research [16], [17]. However, this approach can only coarsely
describe the stress/strain field and thus, has limited accuracy.
Furthermore, the frequency doubling technique for wireless
strain measurement was only conceptually proposed but there
are no experimental validations.

In this paper, a comprehensive multi-physics simulation
framework is proposed for more accurately characterizing
the strain and crack sensing performance of the frequency
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Fig. 1. Interrogation scheme of a frequency doubling antenna sensor.

doubling antenna sensor, and for more efficiently optimizing
the sensor designs. The 2.9GHz patch antenna is first char-
acterized using a commercial software package, COMSOL,
which supports coupled simulation between mechanics and
electromagnetics. In order to simulate nonlinear behavior
of the diode for frequency doubling, the harmonic balance
technique is needed. Because COMSOL does not support
harmonic balance, Advanced Design System (ADS) software
package is used to analyze the second harmonic wave from
the output side of the Schottky diode. A three-stage simulation
framework involving both COMSOL and ADS is proposed to
accurately characterize the entire frequency doubling sensor.
Finally, the designed frequency doubling sensor is fabricated
and validated through laboratory experiments such as tensile
and emulated crack tests.

The rest of this paper is organized as follows. Section II
describes the operation mechanism of the frequency dou-
bling antenna sensor. Section III presents the design of
each component of the sensor, including the receiving and
transmitting patch antennas and a matching network in-
between. Section IV estimates the strain sensing performance
of the frequency doubling sensor and Section V presents
results from tensile experiments and emulated crack tests.
Finally, the paper is summarized with a conclusion and future
work.

II. FUNDAMENTALS OF FREQUENCY DOUBLING ANTENNA
SENSOR FOR PASSIVE WIRELESS STRAIN SENSING

This section describes how the frequency doubling tech-
nology is proposed for wireless strain and crack sensing
measurement. Section A presents components of the frequency
doubling antenna sensor and the associated wireless interroga-
tion method. Section B describes the strain and crack sensing
mechanism.

A. Wireless Interrogation Scheme of a Frequency
Doubling Antenna Sensor

A frequency doubling antenna sensor consists of three main
components, i.e., a receiving antenna (with resonance fre-
quency fro), a transmitting antenna (with doubled resonance
frequency 2fRo), and a diode-integrated matching network
between receiving and transmitting antennas. Fig. 1 illustrates
the operation mechanism of a frequency doubling sensor.
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During operation, a wireless interrogation signal is emitted
from the reader side through a transmitting reader antenna.
If interrogation frequency f is in the neighborhood of fro
(resonance frequency of the receiving patch antenna at sen-
sor side), interrogation power is captured by the sensor-
side receiving patch antenna and transferred to the matching
network. Due to nonlinear behavior of the diode, the output
signal from the diode has significant amplitude at harmonics
(multiples) of the incident frequency. In this application, the
second harmonic (2f) of the incident frequency is utilized
and to be measured by the reader. The output signal at 2 f is
backscattered to the reader through sensor-side transmitting
patch antenna (resonance frequency at 2 fRq). Because the
unwanted environmental reflections to original reader inter-
rogation signal remains at f, it is easy for the reader to
distinguish backscattered sensor signal from unwanted envi-
ronmental reflections.

B. Strain and Crack Sensing Using the Frequency
Doubling Antenna Sensor

The frequency doubling antenna sensor can achieve wireless
strain and crack sensing through detecting resonance frequency
change. Once an antenna sensor is bonded on a structural
surface for strain measurement, the sensor deforms together
with the structure. As a result, the antenna length changes
with structural deformation. Eq. (1) shows that resonance
frequency of a regular patch antenna, flggtCh, is related to
antenna length [20]:

R =

2(L +L ) v ,Breff

where c is the speed of the light, L is the physical length of the

copper cladding on the antenna, S is the effective dielectric

constant of the antenna substrate, and L’ is the additional

electrical length due to fringing effect. Because the thickness-

to-width ratio of a patch antenna is much smaller than one, the

effective dielectric constant fr.g has approximately the same
value as the dielectric constant f.o [20]:
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where h and W are thickness and width of the sub-
strate, respectively; S0 is the relative dielectric con-
stant of the substrate at room temperature without any
deformation.

When the antenna is deformed or cracked as shown in
Fig. 2(a) and (b), the length of electrical path is changed. When
strain ¢ occurs in the longitudinal direction, the resonance
frequency is shifted to:

Patch
fPatch — c — f Rgtc
R 20+e) L+ L)oo  1+e

If the applied strain ¢ is small (usually less than a few thousand
microstrains), the resonance frequency of the sensor changes
approximately linearly with respect to strain:

f[};atch — flggtCh(l_g—‘r‘gz_gS +84_85+)

= fhach) _g)

3)

“)

5727

1 Surface !
current

L+ AL —
deformed i Crack !

(@ (b)

1}
\I\
o
U R
1
L

L

fcomnressive

fcr}ack fte;]sile ja
©

Fig. 2. Strain/Crack simulation mechanism of a patch antenna sensor.
(a) Strains sensing. (b) Crack sensing. (c) Frequency change by crack and
strain.

This linear relationship indicates that strain can be derived
by measuring shift in the antenna resonance frequency. This
serves as the fundamental strain sensing mechanism of the
wireless antenna sensor. Fig. 2(a) and (b) illustrate the rela-
tionship between sensor deformation or crack development
and antenna resonance frequency. When strain ¢ is positive,
the current path is elongated. Therefore, the resonance fre-
quency f decreases according to Eq.(4) . On the other hand,
if strain ¢ is negative, the resonance frequency f increases
(Fig. 2(c)). In addition, when a crack is propagated into
the antenna sensor, the surface current is detoured and the
current path also becomes longer, reducing resonance fre-
quency. Therefore, by interrogating frequency shift, the crack
propagation can also be detected. For the frequency doubling
antenna sensor, only the 2.9GHz receiving patch antenna is
bonded to the structure, while other components are free from
strain. When the 2.9GHz receiving patch antenna experiences
strain or crack, its resonance frequency shifts from fro to
fro + Af. Through the frequency doubling functionality of
the match network, frequency shift of the backscattering signal
changes to 2A f correspondingly.

III. DESIGN OF THE FREQUENCY
DOUBLING ANTENNA SENSOR

The design of the receiving patch and the transmitting patch
antennas follow the previous work [19]. Due to the nonlinear
behavior of the frequency doubling matching network, the
simulation software package should support harmonic bal-
ance in order to characterize the second harmonic of the
Schottky diode output, i.e. at a frequency twice the incident
frequency [21]. Because the AC/DC module in COMSOL
does not support harmonic balance simulation, ADS software
package is adopted to design the matching network. Section A
briefly describes the design of the receiving and transmitting
patch antennas. Section B presents the matching network
design.

A. Receiving and Transmitting Antenna Design

The Rogers RT/duriod 5880 material is a glass micro-
fiber reinforced PTFE material with a low dielectric
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Fig. 3. Sensor-side receiving antenna design. (a) Dimensions of the 2.9GHz
receiving patch antenna. (b) Dimensions of the 5.8GHz receiving patch
antenna.

constant (¢, = 2.2) and a low tangent loss (0.0009). The mate-
rial is used as the antenna sensor substrate to improve inter-
rogation distance and signal-to-noise ratio. The thickness of
the substrate is 0.7874mm (31mil). As shown in Fig. 3(a), the
planar dimension of the receiving patch antenna is 44.45mm x
34.29mm, COMSOL simulation shows the scattering parame-
ter of the receiving antenna named Sfl is —13dB at 2.9GHz.

On the same substrate, the transmitting patch antenna
is designed and the dimension is 18.80mm x 16.98mm
(Fig. 3 (b)). The simulated scattering parameter SIT1 is
—12.5dB at 5.8GHz, which is twice the value of the receiving
antenna’s resonance frequency, and thus achieves frequency
doubling.

B. Matching Network Design

The main goal of the matching network design is to
maximize output power (at Port 2) upon frequency doubling
(Fig. 4(a)). To this end, a stub matching technique is used
between input and output of the diode, in order to match
impedances between the diode and two patch antennas. The
diode in the matching network, which is a two-terminal
semiconductor device, offers a nonlinear relationship between
excitation voltage and current. This nonlinearity produces the
second harmonic wave (i.e. doubling frequency) at the output
terminal. A Schottky diode is selected in this research due
to its relatively low junction capacitance, allowing operation
at high frequency. The overall size of the matching network
is 70.00mm x 55.88mm (Fig. 4(a)). To validate the design
performance, the power loss due to diode-integrated matching
network is investigated by a harmonic balance simulation in
a commercial circuit simulation software package, ADS. The
SPICE diode model is used to simulate the performance of
the Schottky diode. Conversion gain is an index to show
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Fig. 4. Matching network design. (a) Dimensions of the matching network.
(b) Simulated conversion gain at the second harmonic, G¢ at -10 dBm input
power.

how matching network is well designed for frequency dou-
bling. Conversion gain in the frequency doubling process is
defined as:

=

where P; is input power at frequency f to Port 1; P is output
power with doubled frequency 2 f from Port 2 (Fig. 4(a)).
In ADS simulation, the input power to Port 1 (P;) in the
matching network is set to —10dBm. The value is obtained
from an experimental measurement by setting the reader inter-
rogation power at 15dBm and the reader 12in. away from the
sensor. The simulated conversion gain is plotted in Fig. 4(b).
The gain is around —13dB at the interrogation frequency band.

Ge (&)

IV. MULTI-PHYSICS COUPLED SIMULATION FOR
FREQUENCY DOUBLING ANTENNA SENSOR

A special three-step simulation is proposed in order to
simulate strain sensing performance of the entire frequency
doubling antenna sensor. Fig. 5 shows the flow chart of the
three-step coupled simulation. The mechanical behavior of
the 2.9GHz sensor-side receiving antenna under strain is first
simulated in COMSOL. Electromagnetic simulation is then
performed with the deformed antenna shape. The mechanical-
electromagnetic coupled model simulates scattering parame-
ters (S¥)) of the 2.9GHz receiving antennas at different strain
levels, in order to calculate corresponding power P;, which
serves as input power to the matching network at Port 1. The
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following simulation of the diode-integrated matching network
in ADS then generates the output power P, at the doubled
frequency. With output power P> from ADS simulation com-
bined with the scattering parameter of the 5.8GHz transmitting
patch antenna (S fl), one can calculate the power level P of the
overall response signal backscattered from the sensor to the
reader. Section A describes the mechanical-electromagnetic
coupled simulation for the 2.9GHz receiving patch antenna
at different strain levels. Section B introduces simulation
setup and results for the matching network design. Section
C presents backscattered signal from the 5.8GHz transmitting
antenna.

A. The Mechanical-Electromagnetic Coupled Simulation
of 2.9GHz Patch Antenna

In this preliminary study, it is proposed that only the 2.9GHz
receiving patch antenna is bonded on the structural surface,
while other parts of the sensor (the matching network and the
5.8GHz patch antenna) are not. Therefore, the 2.9GHz sensor-
side receiving antenna not only receives interrogation power
from the reader, but also serves as the strain sensing element.
While the 2.9GHz antenna experiences strain with structural
surface, all other parts of the sensor are strain free. Therefore,
a mechanical-electromagnetic coupled simulation is required
for the 2.9GHz patch antenna model, in order to accurately
describe the electromagnetic performance of the patch antenna
under strain.

Fig. 6(a) shows the COMSOL mechanical-electromagnetic
coupled simulation model of the 2.9GHz patch antenna. The
2.9GHz patch antenna, together with an aluminum plate, is
placed in the center of an air sphere. Outside of the air sphere
is the PML (perfectly matched layer), which is used to truncate
the simulation domain to be finite. Key material properties
of the simulation model are described in Table 1. Different
element types of the finite element model are adopted to better
simulate the antenna structure. Table 2 lists the number of each
type of the element, and the corresponding DOFs in COMSOL
model.
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Fig. 6. Multi-physics modeling and simulation for the receiving (2.9 GHz)
patch antenna. (a) Multi-physics simulation model of the 2.9 GHz receiving

antenna. (b) Simulated Slfl parameter under strain.
TABLE I

KEY MATERIAL PROPERTIES OF THE RECEIVING
2.9GHz PATCH ANTENNA

Copper
Substrate cladding Aluminum
Material type Glass microfiber Copper 6061 Alllumlnum
reinforced PTFE atloy
Relative
permittivity 2.2 - -
(Brerr)
Conductivity 0.5%10°” PEC PEC
(S/m)
Young's
modulus (GPa) 1.07 110 69

To investigate the strain sensing capability of the sensor,
prescribed displacements are applied to the two ends of the
aluminum plate. Five strain levels are applied from zero to
2,000pue, with 500ue strain change per step. Fig. 6(b) shows
S11 plot of the 2.9GHz patch antenna under different strain
levels. The resonance frequency of the antenna at zero strain
level is around 2.901GHz. As the applied strain increases, the
antenna resonance frequency decreases gradually, as expected.

B. The Harmonic Balance Simulation
of the Matching Network

The power flow through the 2.9GHz receiving patch antenna
to the input port (Port 1) of the matching network is
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TABLE II

NUMBER OF ELEMENTS AND DEGREES OF FREEDOM
IN THE 2.9GHz PATCH ANTENNA MODEL

Number of elements Number of DOFs
Tetrahedron 39,665
Mechanics 53,124
Prism 3,220
Triangle 5,768 Electromagnetics 477,429
£
)
h=2
N
o
[}
2
4
=)
(]
5720 5740 5760 5780
Frequency(MHz)
Fig. 7. Output power P from matching network.

described as:

P =[1-(sR)*]R (©)

where Py is set to —10dBm from experimental measurement
and Slfl from different strain levels are obtained by COMSOL
simulation, as presented in Fig. 7(b).

To characterize backscattering resonance of the sensor,
sensor response for a neighborhood frequency range needs
to be analyzed. With P; as input, conversion gain G¢ of
the matching network, generated by the harmonic balance
simulation in ADS, is used to calculate the output power at
Port 2 of the matching network as P, = Gc¢cP;. The output
power result is plotted in Fig. 7. For example, at zero strain
level, the frequency at the peak of P, is around 5.750GHz.
While at 1,000ue, the peak frequency reduces to around
5.745GHz.

C. Backscattered Signal at the 5.8GHz Antenna

The final step of the sensor operation is to let the power P>
flow through the 5.8GHz patch antenna. The simulated scat-
tering parameter SlTl is needed to estimate overall output
power P:

P=[1-(s1)’]P @)

The simulation results for overall output power P are shown in
Fig. 8(a). Resonance frequency of the entire sensor decreases
as applied strain increases. The resonance frequency at each
strain level is extracted from Fig. 8(a), and linear regression
is performed to plot the relationship between strain and
resonance frequency in Fig. 8(b). The figure shows a strain
sensitivity of —4.804 kHz/pe, which is more than five times
higher than the RFID-based antenna sensor [16]. In addition,
the coefficient of determination is close to be one, which
indicates a good linearity.
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Fig. 9. Photo of the fabricated sensor.

V. EXPERIMENTAL VALIDATION

In order to validate the sensor performance, two experi-
mental tests were conducted. Strain sensing performance is
described in Section A. Emulated crack sensing performance
is described in Section B.

A. Strain Sensing Experiments

The photo of a fabricated frequency doubling sensor is
shown in Fig. 9. The planar dimension of the frequency
doubling antenna sensor is 140mm x 70mm. When electrosta-
tic charges accumulate between two electrodes of the diode,
the AC transmission efficiency of the diode can be affected.
To address this problem, a low resistance DC return path is
required for eliminating the charges. At the same time, the path
should block the AC signal at 2.9GHz [22]. After a series of
testing, a 33nH inductor is selected for this application.

During the strain sensing test, only the 2.9GHz transmitting
antenna is bonded to the surface of an aluminum plate (similar
to the plates used in [16] and [17]), while all other components
float over the structural surface. Following the setup in Fig. 1,
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Fig. 11.  Emulated crack device.

the interrogation distance between reader antennas and the
sensor is set as 504mm (20in.). The tensile loading to the
aluminum plate is increased to generate strain up to 300pe
with 50pe increment per loading step. The received power at
different frequencies is recorded. For clarity, only four strain
levels are plotted in Fig. 10(a). The resonance frequencies
at different strain levels are thus extracted and plotted in
Fig. 10(b), showing a strain sensitivity of —5.232kHz/pe and
a determination coefficient of 0.9890.

B. Emulated Crack Sensing

In order to conveniently generate crack propagation into the
sensor, an emulated crack device is designed and fabricated as
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Fig. 12. Photos of deformed antenna sensor at different crack opening sizes.
(a) Crack width 460 xum (18 mils). (b) Crack width 1,160 um (40 mils).
(c) Crack width 5,490 um (216 mils).
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Fig. 13. Emulated crack device. (a) Crack size from 0 to 25mils. (b) Crack
size from 40 to 76mils.

shown in Fig. 11. The crack testing device consists of three
aluminum plates, i.e. a base plate, a rotating top plate, and
a fixed bottom plate. Because the three plates are relatively
thick, the plates can be assumed to be rigid. The fixed bottom
plate is fastened to the base plate by four corner bolts. The
rotating top plate is attached to the base plate by one bolt
at the bottom right corner, which acts as the rotation axis.
By rotating a control screw, the rotation of the top plate opens
a crack/gap between the top and bottom plates. The 2.9GHz
receiving patch antenna of the frequency doubling sensor is
installed on the crack opening line (dashed line in Fig. 11),
between the fixed and rotating plates. The crack opening size is
measured by a digital dial gage (2.54um resolution) mounted
at the left side of the base plate.
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Fig. 14. Resonance frequency change during crack growth. (a) Resonance
frequency change during crack growth. (b) Resonance frequency change
during crack growth (closed-up view to 0-30mils).

During wireless interrogation, the interrogation distance
between reader antennas and the sensor is 508mm (20inches).
The crack size opens from zero to 4.47mm (176mils) in a
total number of 23 steps. Crack size underneath the sensor
is estimated from dial gage reading. Fig. 12 shows rep-
resentative photos of the deformed/cracked antenna sensor
at three example crack opening sizes. Fig. 12(a) shows
the sensor at 18-mil crack opening. No fracture occurs on
the sensor, but slight deformation is observed on the top
copper cladding. Fig. 12(b) shows when crack opening is
1,160um (40mils), small fractures have developed on the
top copper and the substrate, but the sensor still functions
properly.

The loading step after 216mils causes rapid breakage of
the sensor, as shown in Fig. 12(c). At this point, the crack
grows through the entire antenna width. No response from
the antenna sensor can be received by the reader. For clarity,
Fig. 13(a) and (b) each shows the received power plots for
only five crack opening sizes. The resonance frequency shift
is easily observable in both plots. Upon extracting resonance
frequency at each crack growth level from the received
power plot, Fig. 14(a) shows resonance frequency change as
crack size increases, while Fig. 14(b) zooms in to the area
with crack size less than 0.76mm (30mils). A monotonic
decrease in the resonance frequency is observed when the
crack width increases. When the crack fully propagates
through the patch antenna, the largest observed frequency shift
is 160MHz.
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VI. SUMMARY AND DISCUSSION

In this research, a novel frequency doubling technique is
proposed for a passive (batter-free) wireless strain/crack mea-
surement. A 2.9 to 5.8GHz frequency doubling antenna sensor
is designed. The wireless strain sensing performance is esti-
mated by multi-physics modeling and simulation. Validation
experiments are conducted to characterize wireless strain/crack
sensing performance. Tensile testing shows a strain sensitivity
of —5.232kHz/pe and a determination coefficient of 0.9890.
The strain sensitivity of the frequency doubling sensor is
around five times of previously developed RFID antenna
sensors. In addition, a large amount of resonance frequency
shift of the frequency doubling antenna sensor is observed
in the emulated crack test [16]. The experimental results
demonstrate the potential of the frequency doubling antenna
sensor for both strain and crack sensing.

Future research is needed to improve the reliability of
the antenna sensor, particularly for different reader-sensor
distances and interrogation power levels. In order to maximize
the sensing performance, more systematic approach is required
to optimize the frequency doubling antenna sensor design.
Finally, a mechanism for signal collision avoidance is under
development, in order to allow multiple sensors to operate in
the close proximity.
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