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Abstract. To avoid the issues of incomplete strain transfer ratio and insufficient bonding strength of a monolithic stressed
antenna, this paper presents an unstressed deformation sensor based on two-layer patch antenna for structural health monitoring.
The proposed sensor is composed of a monolithic patch antenna and a stacked patch generating two fundamental resonant
frequencies within a 3-to-7 GHz band. The resonant frequencies’ shifts caused by the offset of the stacked patch were selected as
the sensing parameters. An equivalent circuit was used to analyze the sensing method, which shows the relative displacement to
be linear to the shift of resonant frequencies. This phenomenon was then checked by numerical simulation using the Ansoft High
Frequency Structure Simulator 15 (HFSS15) and experiments in laboratory using both wired and wireless setups. Furthermore,
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the accuracy of measurement is verified to be increased by combining two resonant frequencies.
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1. Introduction

Nowadays, structure health monitoring for structural
deficiencies is of great importance to the prevention of
casualties caused by unforeseen structure collapse (Soman
et al. 2014, Abdulkarem et al. 2019), and superfluous
deformation induced by earthquakes, typhoons, floods or
aging is one of the most influential deficiencies (Leung et
al. 2000, Woo et al. 2011). The detection of deformations
such as displacement, cracks, and deflections have become
a part of cutting-edge research in recent years (Moreno-
Gomez et al. 2018).

To circumvent the inconvenience brought by deployed
power and data cables as well as the batteries of wired
sensors, the passive wireless deformation sensor is very
promising (McGee et al. 2019). Use of the monolithic patch
antenna as a deformation sensor has been fully investigated
due to its low-cost, low-profile, conformable properties, and
easy fabrication (Ayyildiz et al. 2019). A typical patch
antenna sensor monitors structural deformation by attaching
a monolithic patch antenna onto the surface of a structure
(Cho et al. 2016, Mohammad et al. 2011, Mohammad and
Huang 2010, Yi et al. 2013). Strains, displacements, or
cracks induced by the structural members would cause
deformation of the antenna, leading to a resonant frequency
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shift of the patch. This monolithic antenna sensor
simultaneously has temperature compensation (Tchafa and
Huang 2018, Sanders ef al. 2015, Yao ef al. 2016) and other
advantages such as easy fabrication (Yi et al. 2016).
However, the antenna needs to be stressed during the
service time. Meanwhile, the issues of incomplete strain
transfer ratio, insufficient bonding strength, and randomness
of crack propagation remain unsolved (Xue et al. 2019b).
These problems will hinder the antenna sensor’s practical
use due to the problems with on-site calibration of sensors
and durability issues of adhesive materials.

To avoid the above-mentioned issues, several
deformation sensors with unstressed sensing units are
proposed (Bhattacharyya et al. 2009, Xue et al. 2019a, b, c,
Xue et al. 2020a, b). As for patch antenna sensors, the
relative position between a monolithic patch antenna and an
interacting component was designated to be a sensing unit
for displacement, instead of using the elongated or
compressed deformation of a whole patch. Bhattacharyya et
al. (2009) proposed an unstressed displacement sensor by
measuring the resonant frequency shift caused by the
relative displacement between the RFID tag and patch
antenna. Xue ef al. (2019b) presented a crack sensor based
on a patch antenna, which is fed by a pair of microstrip
lines forming a parallel plate capacitor. The crack width can
be sensed by measuring the relative movement between two
microstrip lines without any stress in the patch antenna. Xue
et al. (2019a) also designed a crack sensor formed by a
monolithic patch antenna and an overlapped sub-patch. The
copper radiation side of the overlapped sub-patch is stacked
on the metal radiation patch of the underlying monolithic
patch and shortened by it; then, the combination forms a
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length-adjustable radiation patch. The electric length of the
combined patch antenna can change with the movement of
the sub-patch, leading to a shift of resonant frequency in the
sensing system. This detachable structure prevents the
antenna from being stretched, and it also improves its
usability without on-site calibration. Inevitably, the
precision of these unstressed sensors is still affected by
environmental disturbance. However, by evaluating several
resonant frequencies or other parameters simultaneously,
the accuracy of measurement can be improved (Tchafa and
Huang 2018, Mohammad and Huang 2012, Marindra and
Tian 2019).

The multilayer patch antenna is another feasible solution
as an unstressed deformation sensing unit. A typical
multilayer patch antenna consists of a bottom monolithic
patch antenna and several parallel copper patches (Yadava
and Vishvakarma 2000). Different from the previous crack
sensor with an overlapped sub-patch (Xue ef al. 2019a), an
open-circuit is formed between the parallel radiation patch
and bottom radiation patch; then, the two adjacent copper
patches are separated by a middle dielectric board. While
the previous design using the overlapped sub-patch to
extend the length of the radiation patch and further change
the resonant frequency, this design mainly focuses on
strengthen or weaken the coupling factor between two
adjacent radiation patches. In general, the multilayer patch
antenna owns multiple coupling resonant frequencies due to
the vertical formation of the resonant elements (Pandey and
Vishvakarma 2005, Chung and Mohan 2003, You et al.
2007). This technology has been used recently to adjust
bandwidth (Malekpoor and Hamidkhani 2019). Rajo-
Iglesias et al. (2001, 2002, 2004) investigated the
relationship between the resonant frequencies and the
relative displacement of stacked patches. Because the
stacked patch moved from the center to the edge of the
monolithic patch antenna, the two resonant frequencies
tended to move away from each other. This phenomenon
was mainly caused by the decrease of coupling factor,
which would redistribute the surface current and then alter
the electric length (Waterhouse 2007). The dislocation of
the dielectric load would shift the effective length of the
resonant patch and further change the resonant frequencies.
If the shift of resonant frequencies is linear enough with the
relative movement of stacked patches, the multilayer patch
antenna could be selected as an unstressed patch antenna
sensor by sensing the offset of the parallel copper patches.

»<— Stacked patch

(a) Axonometric drawing of multilayer patch antenna

Furthermore, the accuracy could be sufficiently improved
by simultaneously measuring multiple coupling resonant
frequencies.

In order to improve the accuracy by multiparameter
sensing, this paper proposed a double-frequency
deformation sensor based on a two-layer patch antenna.
This sensor consists of a monolithic patch antenna and a
parallel radiation patch, as well as two fundamental
resonant frequencies caused by the resonance in two
radiation patches and shifted by the change of coupling
between each other. These two resonant frequencies were
taken into consideration in the measurement to improve the
measuring accuracy. Since the coupling mainly depends on
the location of the parallel radiation patch, the relative
displacement between the parallel patch and the monolithic
patch antenna could be determined by measuring the
resonant frequencies shift (Waterhouse 2007).

This paper is organized as follows. Section 2 introduces
the concept of a deformation sensor based on the two-layer
patch antenna and illustrates the sensing mechanism. This
section introduces the innovative concept of two prototypes
of the deformation sensor for wired and wireless
measurement. In Section 3, the appropriate dimension
parameters are determined for the sensing system. Section 4
describes the fabrication of sensors and the instrumentation
setup of experiments. Both wired and wireless
interrogations are analyzed in this section. Conclusions are
then drawn, and future research potential is discussed.

2. Crack sensor based on two-layer microstrip
patch antenna

In the configuration of the multilayer microstrip patch
antenna, two or more patches on different layers of the
dielectric substrate are stacked on each other (Waterhouse
2007), which is shown in Fig. 1(a). A multilayer microstrip
patch antenna has multiple fundamental resonant
frequencies for each parallel radiation patch. These
fundamental resonant frequencies would be coupled with
each other as the distance between the radiation patches is
much lower than a quarter wavelength of the antenna, and
the dislocation of each radiation patch would cause the shift
of the multiple resonant frequencies (Pandey and
Vishvakarma 2005, You et al. 2007). In fact, the coupling
factor between the stacked patches and monolithic patch

More stacked patch

Third layer stacked patch

Second layer stacked patch

First layer stacked patch
I 1

Monolithic patch antenna

(b) Front view of multilayer patch antenna

Fig. 1 Concept figures of multilayer patch antenna and two-layer patch antenna



Double-frequency passive deformation sensor based on two-layer patch antenna 971

Monolithic patch

Stacked

\\
Connected member

Structure

(a) Axonometric drawing

Stacked patch Connected member

| ) |

Substrate

Ground plane T

Crack

(b) Front view

Fig. 2 Concept of crack sensor applied in structure using a two-layer patch antenna

antenna is defined by the size of the loop in the impedance
locus, which has proved to be greatest when the stacked
patch is centered directly over the radiation patch of
monolithic patch antenna, and decreases significantly as the
patch is offset in the direction of resonance (Waterhouse
2007). The effective length of the bottom radiation patch
and stacked patch would be changed as the fringing fields
on the lower patch are manipulated by the offset of the
stacked patch (Chung and Mohan 2003), and the resonant
frequencies are further affected by the change of effective
length (Balanis 2016).

A two-layer microstrip patch antenna serves as a crack
sensor in Fig. 2 for the simplest structure in a multilayer
microstrip patch antenna. This two-layer patch antenna
consists of a bottom monolithic patch antenna and one
stacked patch. The stacked patch is formed by another
parallel radiation patch and a dielectric board between these
two radiation patches. The two radiation patches disconnect
with each other and form an open circuit. Two resonant
frequencies are determined by the length of the radiation
patches and become shifted by the coupling change, which
is affected by the location of the stacked patch.

For practical use, taking crack monitoring as an
example, the bottom monolithic patch antenna is placed on
one side of the crack, and the stacked patch is connected

(a) Top view

with another side by the connected member, which is shown
in Fig. 2. Once the crack is expanded, the relative position
between the patch antenna and the movable stacked patch
will change and lead to a coupling change of the two-layer
microstrip patch antenna, which produces the crack sensor’s
shift in resonant frequencies. By the way, this antenna
sensor could be further used to monitor the relative
displacement directly. The average stress in the structure
surface could also be detected if the initial displacement
between the monolithic patch antenna and stacked patch is
determined.

2.1 Theory of two-layer patch antenna sensor

The resonant frequencies of a normal monolithic patch
antenna can be calculated by Eq. (1) (Balanis 2016).

e T "

where L, is the electrical length and W, is the electrical
width; m and n represent the order in the longitudinal
direction and transverse direction, respectively. ¢ is the
speed of light; € is the dielectric constant of the dielectric

x
S

(b) Front view

Fig. 3 Dimensional drawing of designed two-layer patch antenna



972 Songtao Xue, Zhuoran Yi, Liyu Xie and Guochun Wan
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(a) Monolithic patch antenna with dielectric load
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(b) Monolithic patch antenna with two-layer substrate

Fig. 4 Concept of two equivalent patch antennas with different resonant radiation patch

substrate; f,,n is the resonant frequency when the antenna
is resonant at the m order in the longitudinal direction and
the n order in a transverse direction.

If we ignore the influence of coupling between the two
radiation patches, the resonant frequencies of a two-layer
patch antenna can be calculated by dividing the
configuration into two special cases of a monolithic patch
antenna and determining the resonance of each (Rajo-
Iglesias et al. 2001). In general, a simplified two-layer patch
antenna, as shown in Fig. 3, can be equivalent to a bottom
monolithic patch antenna with a dielectric load and a
monolithic patch antenna with a two-layer substrate, which
are shown in Fig. 4.

Obviously, the two fundamental resonant frequencies of
the two-layer patch antenna are the fundamental resonant
frequencies of the two equivalent monolithic patch
antennas. Similar to the monolithic patch antenna, the
resonant frequencies of the two-layer patch antenna can be
calculated by Egs. (2) and (3), respectively (Rajo-Iglesias et
al. 2004, Hassani and Mirshekar-Syahkal 1995)

2 2
c mm nmn
2m Eup Lup—e Wup—e

where Ly, is the electrical lengths of the upper antennas;
Wyp-e 1s the electrical width; h is the height of the
monolithic patch antenna; m and n are the orders in the
longitudinal direction and transverse direction, respectively.
c is the speed of light; &, is the dielectric constant of the
dielectric substrate; fup_mn is the resonant frequency
when the upper antenna is resonant at the m order in the
longitudinal direction and the n order in transverse
direction.

fup—mn =

f _ (mn)2+(nn )2 3)
TN EN AV Whe-e

where Ly._, is the electrical lengths of the bottom
antennas; Wp._, is the electrical width; &, is the
dielectric constant of the dielectric substrate; fi_p,, is the
resonant frequency when the bottom antenna is resonant at
the m orders in the longitudinal direction and at the n
orders in transverse direction.

Then the fundamental resonant frequencies in the
longitude direction of these two monolithic patch antennas
can be calculated respectively as

C
f —-10 = — 4
up TN )

where f,,_10 is the fundamental resonant frequency of the
upper patch antenna, and

c
fb -10 = - — 5
¢ 2Lbe—ew/ Epe ( )

where f,._1 is the fundamental resonant frequency of the
lower patch antenna.

The electric length can be calculated from the geometric
dimensions of the radiation patch and the fringe extensions
as

Le=L+AL (6)

where L is the length of the radiation patch and AL is the
line extension. As the substrate height, h, is much smaller
than the dimensions of the radiation patch, the line
extension AL can be neglected (Bernhard and Tousignant
1999). Therefore, Egs. (4) and (5) can be reduced to

Cc

fre-10 = m (7)
and
Cc
fup-10 = o fo (8)

where Lp, and L,, are the length of the radiation patch
and are stacked patch, respectively.

The equivalent models in Fig. 4 can primarily calculate
the range of two fundamental resonant frequencies, but the
coupling effect is not considered in this method. In order to
analyze the coupling fact, two equivalent models are
proposed and the effect of the sub-patch movement had
been quantitatively calculated, which is shown in the
Section 2.2 and 2.3.

2.2 Offset of the stacked patch

The bottom monolithic patch antenna of a normal two-
layer patch antenna can be modeled by an equivalent
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Fig. 5 Equivalent circuit of bottom monolithic patch antenna

circuit, and the influence of the stacked patch can be
described by adding a series capacitance, which is shown in
Fig. 5.

In Fig. 5, R; and L, are the equivalent impedance and
equivalent inductance of the bottom patch antenna; C; is
the equivalent capacitance at the uncovered region of the
stacked patch; C;, and C, are the series capacitance at
the overlapped region; h; and h, are the thickness of
monolithic patch antenna and stacked substrate, and /5 is
the thickness of the stacked copper patch.

Assuming the dielectric constant of the bottom substrate
is equal to the dielectric constant of the stacked substrate,
these parameters can be calculated by equation (9) in the
following manner

hyL
L = “Tb )
W(Lbe - Lov)g
=——¢ O 10
1 I (10)
WL,,e
Cia =5 (1n)
WL,,&
Cip = h‘"’ (12)
1

where u is the permeability of the substrate.
The whole equivalent capacitance of the bottom patch
antenna can be calculated by Eq. (13)

Ci.C W(Lye —Loy)e WLy,
Cbe — Cl + la“1b — ( be ov) ov (13)
Overlapped length
—

| Stacked patch

, h
1 | Radiation patch 'I

b
! |

(a) Schematic map

Then, the fundamental resonant frequency of the bottom
patch antenna can be calculated by Eq. (15)

1 c

= = = 14
2”’-\/CbeL1 ZJ((Lbehfov)E+hl::;:2)h1Lbe ( )

fbe

Rewritten Eq. (15)

c
fbe - 2\/S[Lbe - (1 - k)Lov]Lbe
cLpe + (1= 0Ly (3)

2\/ellf, — (1 = k)L, 1L
where k is defined by

h
k =
hy+ hy

(16)

As the overlapped length is trivial compared with the
length of the radiation patch, Eq. (16) can be rewritten as

. c/Lpe + (1 —k)Lyy

2Lbe\/ SLbe

That is, the fundamental resonant frequency of the
bottom monolithic patch antenna would increase with the
increasing of the overlapped length.

Analogously, for the stacked patch, the influence of the
monolithic patch antenna can be analyzed by adding a
series capacitance, which is shown in Fig. 6.

In Fig. 6, R, and L, are the equivalent impedance and
equivalent inductance of the stacked patch, and C, is the

foe an

Ry L, &

(b) Equivalent circuit

Fig. 6 Equivalent circuit of stacked patch
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equivalent capacitance at the uncovered region of the
stacked patch.

Similar to the bottom patch antenna, the fundamental
resonant frequency of the stacked patch can be calculated
by Eq. (17)

c
fup =
2 \/s(Lw + gLoy)Lyp as)
_ C\/ Lup - ng; - C\/ Lup - ng;
2\/5(1‘%19 - gzL%v)Lup 2\/€L%pLup
where the g can be expressed as

- 19
9=+, (19

From Eq. (17), the fundamental resonant frequency of
the stacked patch antenna will decrease with the increasing
of overlapped length. Combining Egs. (16) and (17), we can
find that when the two antennas are away from each other,
the coupling effect was weakened, and this relative
movement would tend to separate the two existing resonant
frequencies, which is consistent with Rajo-Iglesias’s work
(2001, 2004).

In general, there is a dielectric board between two
radiation patches. The offset of the stacked patch will affect
the dielectric load, and further influence the effective length
of the of the monolithic patch antenna (Bernhard and
Tousignant 1999, Li and Bowler 2010). By the way, since
these two monolithic patch antennas are coupled with each
other, the current would exist mainly in the overlapped
region of two radiation patches, and the dislocation of the
stacked patch would further shift the electrical length of
these two radiation patches. Because it is difficult to
calculate the exact impact of the stacked patch’s offset
theoretically, the influence was investigated in a simulation
using Ansoft HFSS and then further verified by an
experiment, which is shown in Sections 3 and 4.

2.3 Method for managing resonant frequencies

Some errors can be caused in the measurement of
resonant frequencies, which is shown in Eqs. (19) and (20).

fre = fre—10 + €TTpe (20)
fup = fup—lo terry, (21

where f,. and f,,, are the measured fundamental resonant
frequencies, while err,, and err,, are the errors caused
in measurement of the resonant frequencies, respectively.
The accuracy of measurement would be influenced by
these errors obviously. To reduce the impact of these errors,

the two resonant frequencies are combined in Eq. (21). As
the Eq. (22) shown, the error after combining the resonant
frequencies would be smaller than the maximum value of
the original errors, that is, the risk of the error could be
decreased by the combined method, thereby increasing the
accuracy of the measurement system.

fcon _ |fbe ;fup| (22)

where f.,, is the combined frequency. Furthermore

erTye — ey

err, =
| conl 2

| < max(lerrbel, |errup|) (23)

where err,,, is the error of the combined frequency.
2.4 Design of deformation sensor

Previous works have provided some basic rules for the
design of two-layer patch antennas. According to Rajo-
Iglesias’s work (2001), the length of the stacked patch
should be lower than the length of the bottom monolithic
patch antenna to enlarge the variations of the resonant
frequencies per 1 millimeter. Since the relative movement
along the width direction was not expected to affect antenna
frequency behavior, it would not modify the effective length
of the resonant side; thus, the width of the stacked patch
was designed to equal the width of the monolithic patch
antenna to simplify installation. Furthermore, the difference
between the two fundamental resonant frequencies was
greater than 1 GHz to avoid frequency spectrum
overlapping (Waterhouse 2007). To simplify the antenna
design, the height of the bottom patch antenna was set to
equal the stacked patch.

Deferring to these rules, the parameters of the two-layer
patch antenna used in this paper were designed in the
authors’ preliminary study. Because the stacked patch
should be parallel to the bottom monolithic patch antenna,
the stacked patch was designed as a sandwich consisting of
two dielectric boards and a copper sheet in the middle to
stiffen the patch, which is shown in Fig. 3. The length of the
stacked patch and the radiation patch of the monolithic
patch antenna can be calculated by Egs. (4) and (5), and the
width of the monolithic patch antenna Wis determined as
follows (Balanis 2016)

c |e.+1
w < f (24)
2fbe 2

Based on Egs. (4) to (6), the basic parameters of the
antenna were calculated and listed in Table 1.

Then the preliminary parameters defined in Table 1 were
further confirmed by simulation using the Ansoft High
Frequency Structure Simulator (HFSS) software to ensure

Table 1 Setting domain for parameters of the deformation sensor

Parameters W (mm)  Lp, (mm) Ly, (mm)

fup — fve (GHz) Ee k

hq (mm) h3 (mm)

Dimensions <35 18-22 13-18

1-2 2.2 1 0.508 0.035
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the working performance, which is shown in Section 3.

3. Modeling and simulation

Some radiation properties of the crack sensor are
simulated using the Ansoft HFSS. Both the wired and
wireless model of the two-layer patch antenna proposed in
Section 2 were analyzed in Ansoft HFSS to compare the
impact of the feed method. The basic parameters were
confirmed at first to ensure the workability of the antenna
sensor. Then, the current distributions of each resonant
mode were studied to confirm the design theory proposed in
Section 2. Finally, the relationship between the fundamental
resonant frequencies and relative movements was
investigated by simulation both in wired and wireless
models. Some comparisons were also made between the
wired simulation and wireless simulation.

Air box

Fig. 7 Wired model of deformation sensor in HFSS

Table 2 Optimized parameters of the deformation sensor

3.1 Wired simulation for a two-layer patch antenna
sensor

Fig. 7 shows the wired HFSS model, which consists of a
patch antenna and a stacked patch. The radiation patch is
made of copper. The stacked patch is made up of a copper
sheet and a coated dielectric board. Both the dielectric
board material and the substrate is the Rogers RT/® Duroid
5880. An air box with a radius of about a quarter
wavelength is used to contain the deformation sensor to
ensure the computational accuracy of far field radiation.
The bottom monolithic patch antenna is fed by a wave port
connected to the microstrip line. The boundary condition of
the ground plane was selected as Perfect E based on its
perfect perpendicular relationship to the electric field
surface.

The model was optimized by changing the basic
parameters of the model within the range of Table 1, and the
parameters with best antenna performance are shown in
Table 2.

Given these parameters in Eqs. (16) and (17), the
relationship between the overlapped length and two
resonant frequencies are shown in Fig. 8. The theoretical
results show an absolutely linear relationship between the
overlapped length and resonant frequency shifts.

Then the current distributions at the 1st resonant
frequency of underlying patch were investigated. The
results are shown in Fig. 9. The current flows from the
bottom microstrip line to the radiation patch and then
affects the upper radiation patch by the coupling. For both
radiation patches, the current mainly existed in the surface
of the overlapped location, which inferred that the two-
patch antenna were coupled with each other.

The simulation of the deformation sensor with the
moving stacked patch is carried out after the current

Parameters W (mm) Ly, (mm)

Lup (mm)

fup (GHz) fre (GHz) Ee k

Dimensions 35 20.6 16

42 6 2.2 1

o lstresonant frequency of stacked patch
Fitted line

o
[N
T

R’=0.99992
Slope=-0.014GHz/mm

o
<
T
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b
=Y
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’=0.99707
Slope=0.0473GHz/mm __#="

bl
S
T
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T
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T
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= — Fitted line
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~
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(a) 1st resonant frequency of underlying patch and stacked patch
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o Combined frequency (GHz)
Fitted line

o
o
T

R*=-0.99807
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T T

o
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(b) Combined frequency

Fig. 8 Theoretical relationship between fundamental resonant frequencies and relative displacement
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(a) Surface of radiation patch

20 (mm)

(b) Surface of the stacked patch

Fig. 9 Current distributions in wired model
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Fig. 10 The return loss curve of the simulated wired model
in a wide range

distribution analysis. The initial overlapped length was set
as 2 mm and then approached to 7 mm. During the whole
process, the upper patch approaches the wave port and the
movement becomes constrained to displacements along the
axis z, thereby corresponding to the resonant side until the
relative displacement achieves 6 mm.

One step of the movement is set at 0.1 mm. The return
loss curves around two fundamental resonant frequencies
that are acquired for each moving step, as shown in figure

6.25

® 1st resonant frequency of stacked patch
° o Fitted line
6.00 - et Tw
2
§ R'=0.8564
T 5751 Slope=-0.048GHz/mm o
>
15}
=]
5}
% 550 g F
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(a) 1st resonant frequency of underlying patch and stacked patch

10. Two fundamental resonant frequencies of the two-layer
deformation sensor are then extracted from each of the
return loss curves. Fig. 11 plots the relationship between
fundamental resonant frequencies and overlapped length
(which represents the relative displacements), using a
scatter diagram.

Fig. 11(a) shows a nearly linear relationship between the
relative displacement and two resonant frequencies. The
sensitivity coefficient of the deformation sensor shown by
the slopes of two fitted lines are 0.095 GHz/mm and 0.048
GHz/mm. After combining these two fundamental resonant
frequencies by Eq. (21) the relationship between the relative
displacement and the combined frequency f_,, is shown in
Fig. 8(b).

The correlation coefficients of two fitted lines in Fig.
8(a) are 0.9395 and 0.8564 respectively, which shows the
resonant frequencies to nearly shift linearly with the
increasing of relative displacement. After the two resonant
frequencies are combined, the correlation coefficient of the
fitted line in Fig. 8(b) increases to 0.9575; thus, the
measured accuracy is increased by combining the two
fundamental resonant frequencies.

3.2 Wireless simulation for two-layer patch
antenna sensor

Fig. 12 shows the wireless HFSS model. Compared to

o Combined frequency (GHz)|
Fitted line

Combined frequency (GHz)

R’=0.95748
Slope=-0.0713GHz/mm

o
=)
T

2 3 4 5 6 7

Overlapped length (mm)

(b) Combined frequency

Fig. 11 Relationship between two fundamental resonant frequencies and relative displacement in the simulated wired model
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= o e

Fig. 12 Wireless model of deformation sensor in HFSS

the wired model in Section 3.1, the microstrip line is
removed from the bottom monolithic patch antenna as the
whole antenna is fed by the plane wave. The deformation
sensor is arranged inside a perfectly matched layer (PML)
air box. The whole system is fed by a plane wave above the
patch antenna. Other components of the antenna sensor stay
the same with the wired form.

The current distributions for the wireless types at the
two fundamental resonant modes are investigated and
shown in Fig. 13. Since the feeding from plane wave was
uniform for two radiation patches, the TMOI1 resonant mode
clearly appears in the current distribution figures, which
suggest that the 1st resonant frequency of underlying patch
is caused by the resonance of the monolithic patch antenna
as shown in Fig. 13(a), and the Ist resonant frequency of
stacked patch is caused by the resonance of the stacked
patch as shown in Fig. 13(b).
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Fig. 13 Current distributions in wireless model

Then the simulation of the deformation sensor is carried
out as offset in the stacked patch. The overlapped length
ranged from 11 mm and to 14 mm, and the moving step
remained the same as the wired type. To compare the
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Fig. 14 Monostatic radar cross section (RCS) curve of the
simulated wireless model in a wide range

6.50
# Istresonant frequency of stacked patch|
° Fitted line

_ 625
o R?=0.8543
= Slope=-0.064GHz/mm
‘26.00 -
Q
= L L
o s o
o
H
g 4.50 -
g R?=0.9554 .
g . e
& Slope=0.104/mm o

425 + - :-—-—" A

AT
LU LN = Ist resonant frequency of underlying patch|
- — Fitted line
4.00 1 1 1 1 1 1 1

11.0 11.5 120 125 13.0 135 14.0

Overlapped length (mm)

(a) 1st resonant frequency of underlying patch and stacked patch

o Combined frequency (GHz)
Fitted line

R?=0.9595
Slope=-0.084/mm

Combined frequency (GHz)

09 |

1 I I I
11 12 13 14

Overlapped length (mm)

(b) Combined frequency

Fig. 15 Relationship between two fundamental resonant
frequencies and relative displacement in the
simulated wireless model
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wireless results with the wired results, the monostatic radar
cross section (RCS) curve around the two fundamental
resonant frequencies is acquired for each moving step, as
shown in Fig. 14. Furthermore, a scatter diagram of two
fundamental resonant frequencies and relative displace-
ments are plotted in Fig. 15.

The correlation coefficients of the two fitted lines in Fig.
15(a) are 0.9554 and 0.8543 respectively, while the
correlation coefficient of the fitted line in Fig. 15(b) is
0.9595. It is obvious that the accuracy could be increased by
combining the two fundamental resonant frequencies,
which is same as that shown in the wired model results.
Since the radiation boundary, interrogating method, and
environmental situation in simulation are different than that
found in the actual occurrence, some experiments were
designed to verify the performance of the proposed sensor.
The procedures are defined in Section 4.

4. Experiments
For testing, the materials used to fabricate sensors were

copper and RT/Duroid 5880, which remain the same with
the simulated models in Section 3. The workability of both

Fixed table

tuning table

ometer rod

(e) Testing wireless deformation sensor

the wired and wireless type sensors were measured and then
compared with the simulated results. The parameters used
to make the antenna sensor are the same as those listed in
Table 2.

4.1 Instrumentation setup

The experiments were carried out using the testing
device shown in Fig.16. A micrometer was used to form the
deformation measured in the experiments. The micrometer
consists of a fixed table, a fine-tuning table, and a screw
type micrometer rod. The bottom monolithic patch antenna
was connected to a fixed table, while the stacked patch was
connected to the fine-tuning table. Because the
displacement between the fixed table and the fine-tuning
table could be adjusted by the screw type micrometer rod
with a resolution of 0.1 mm, a width-adjustable crack was
formed, which then caused a relative movement between
the bottle patch antenna and the stacked patch, thereby
changing the fundamental resonant frequencies of the two-
layer patch antenna sensor.

For the wired type, the sensor was fed by the microstrip
line at the end of the bottom monolithic patch antenna. For
the wireless type, a wide-band antenna was used to give

(b) Wired and wireless deformation sensor

o J
Connected member

Staeked paf(,:h m

Monolithie patch antenna

(f) Micrometer with a wireless deformation sensor

Fig. 16 The experimental setup
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Fig. 17 Comparison of measured points and fitted curve

Table 5 Sensitivity and correlation coefficient in wired experiment

Parameters 1% resonant frequency 1% resonant frequency Combined

of stacked patch of underlying patch frequencies
Sensitivity (GHz/mm) 0.0279 0.0033 -0.0156
1% Correlation Coefficient 0.9450 0.9283 0.9469

a plane wave feeding to the sensor and, thus, to receive the
backscattering of the patch antenna. The wide-band antenna
shown in Fig. 16 was made in the authors’ labs according to
some previous research (Xue er al. 2019a, b, c). The
displacement between the wide-band antenna and the
antenna sensor was set at about 3 cm to ensure the strength
of the backscattering and further reduce the background
reflection. A vector network analyzer (VNA) was used to
analyze the signal received from the wired deformation
sensor or the wide-band antenna. The wired and wireless
experiments were carried out with the relative displacement
changing and yet the results kept remained the same as the
works in simulation and the experimental results are shown
in Section 4.2.

4.2 Results and discussion

The return loss curves and RCS curves obtained from
the experiments are analyzed in this Section. To reduce the
experimental error, these curves of the deformation sensor
are tested three times and averaged at each incremental step.
The cubic polynomial curve is utilized to fit these curves
around the area of desired resonant frequencies, and the
resonant frequency at the local minimum is extracted for
each curve. The comparison of measured points and the
fitted curve around the desired resonant frequencies is
shown in Fig. 17. Furthermore, some discussion about the
wired and wireless type antenna sensor is shown in Sections
4.2.1 and 4.2.2.

4.2.1 Wired experiment results for two-layer patch
antenna sensor
The return-loss curve in the wired experiment is shown
in Fig. 18. Furthermore, the sensitivity and correlation

)
Z
2
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& -8+ i 2
¥ T 3
5 4
-10 L 5
6
-12 - 7
I I
4 5 6
Frequency (GHz)

Fig. 18 Return loss curve in wired experiment

coefficient extracted from the fitted lines are shown in Table
5.

The scatter diagram of the resonant frequency and
relative displacement for each resonant frequency are then
plotted in Fig. 19(a), which is compared with the combined
results shown in Fig. 19(b).

The 1st correlation coefficients for the upper and bottom
resonant frequency are 0.9283 and 0.9450, while the Ist
correlation coefficients of the combined resonant frequency
are 0.9506. It is obvious that the workability increased,
because the 1Ist correlation coefficient of the combined
resonant frequency is close to the 1st correlation coefficient
of the resonant frequency with a better performance.
Furthermore, the 1st correlation coefficient increases after
the two resonant frequencies are combined, which means
the accuracy could be increased in this way:.
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Fig. 19 Relationship between two fundamental resonant frequencies and relative displacement in the wired experiment

Table 6 Sensitivity and correlation coefficient in wireless experiment

Parameters 1% resonant frequency 1% resonant frequency Combined

of stacked patch of underlying patch frequency
Sensitivity (GHz/mm) —0.068 0.055 —-0.061
15t Correlation Coefficient 0.9929 0.9913 0.9943
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Fig. 20 Radar cross section curve in wireless experiment
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4.2.2 Wireless experiment results for two-layer
patch antenna sensor

The monolithic radar cross section curve in wireless
experiment is shown in Fig. 20, while the sensitivity and
correlation coefficient extracted from the fitted lines are
shown in Table 6. Analogous to the wired experiment, two
scatter diagrams are used to analyze the relationship
between the resonant frequencies and relative displacement,
which are shown in Fig. 21.

Similar to the wired experiment, as shown in Fig. 21,
the accuracy was increased after combining two
fundamental resonant frequencies.

o Combined frequency (GHz)
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Slope=0.061GHz/m
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1 I 1 I
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Fig. 21 Relationship between two fundamental resonant frequencies and relative displacement in the wireless experiment
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5. Conclusions

This paper introduces an unstressed sensor based on a
two-layer patch antenna for measuring structural
deformation, such as crack and displacement. We have
shown that the fundamental resonant frequencies of the
proposed two-layer patch antenna sensor would shift nearly
linearly with the dislocation of the stacked patch due to the
coupling change between the monolithic patch antenna and
the stacked patch. Without the presence of stress in the
antenna sensor, the crack width or displacement can be
characterized by the sensor with a resolution of 0.1 mm,
which is ensured by theoretical calculation, numerical
simulation and experiments. In another case study, the
measuring accuracy has been increased by combining two
fundamental resonant frequencies. Both wired and wireless
prototypes have been analyzed in each case and showed a
minimum correlation coefficient of 0.95 after combining
two fundamental resonant frequencies.
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