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Sensitivity Modeling of a Strain-Sensing Antenna
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Abstract—A quarter-wavelength folded patch antenna is adopted as the passive wireless strain sensor
for structural health monitoring (SHM) of bridges. It can be used for continuous surveillance and
damage detection. According to theoretical formulations, strain simulation and experiments, it is found
that a good linearity relationship can be achieved between normalized resonance frequency shift and
the strain both in longitudinal and transverse directions. And the sensing sensitivity in longitudinal
strain is better than that in transverse strain. Through conducting tensile experiments, we find that
many factors can influence the strain sensitivity. To address this fundamental issue in antenna sensors
for strain sensing, a new strain sensitivity experiment is proposed to take the influence of strain transfer
ratio change under strain. The linear relationship of strain transfer ratio and deformation is obtained
by sensitivity experiment. The corrected sensitivity in longitudinal and transverse strains is calculated
based on the linearity. Furthermore, the Possion effect is taken into consideration to explain the opposite
effects of experimental and simulated sensitivities in transverse strain.

1. INTRODUCTION

Metallic dampers in a bridge’s structure have the effect of shock absorption when earthquake happens,
and it will suffer from a certain degree of damage and destruction. Structural health monitoring (SHM)
on bridge’s structure is the process of continuous surveillance and damage detection in order to facilitate
maintenance and retrofitting decisions [1].

Lots of sensing techniques are used in the SHM. Traditional monitoring methods, such as metal foil
strain gauges or fiber optic sensors, generally require cabled installation of the sensor and associated
data acquisition system [2-5]. To eliminate the high cabling cost for large structures, wireless sensing
devices have been developed for digitizing and transmitting sensor data [6, 7]. But these devices usually
require batteries or energy harvesters for power supply. Passive wireless strain sensing through analog
mechanisms was proposed to reduce the complexity of the wireless nodes.

Passive wireless antenna sensors have been developed to overcome those problems in recent years
and have been applied in strain measurement. In this paper, the probability that a folded patch antenna
is used as strain sensor is studied. It is known that electromagnetic backscattering techniques have been
exploited for wireless strain sensing [8]. Since the electromagnetic resonance frequency of an antenna
is related to the antenna’s physical dimension, the resonance frequency changes when the antenna
is subject to a strain [9,10]. With mathematical deduction, it is found that there is a good linear
relationship between simulated resonance frequency shift and the strain. After bonding or embedding
the antenna to a structure, this relationship between resonance frequency and strain can be used for
strain measurement. According to the various engineering demands involved in SHM, three basic goals
are proposed for designing a passive wireless antenna sensor. Firstly, there is a good linear relationship
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between resonance frequency shift and the strain. Secondly, the sensing sensitivity in longitudinal strain
is better than that in transverse strain. Lastly, there is a much smaller power reflection coefficient on
resonance frequency.

The paper is organized as follows. Section 2 describes strain sensing mechanism of the folded
patch antenna sensor and proposes the mechanics-electromagnetics coupled simulation model. Section 3
presents experimental strain sensing results of the antenna sensor. Section 4 takes into account the
transfer strain ratio and Possion effect to do further research on sensitivity of longitudinal and transverse
strain. Section 5 provides a summary and discussion.

2. SENSING MECHANISM AND MECHANICS-ELECTROMAGNETICS COUPLED
SIMULATION

In this section, the probability that the folded patch antenna is used as a strain sensor is studied. To
reduce the size of the sensors, a quarter-wavelength folded patch antenna is adopted. The quarter-
wavelength folded patch antenna has the same @) as full-sized patch antenna. Its top copper and ground
plane are connected with a metallic via hole. The width of the top copper L/, can be calculated by

the following equation [11].
C (ere+1\
- 1
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The length of top copper Ly,4 can be calculated by the following equation.
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The effective dielectric constant of the substrate €, is related to the relative dielectric constant of the
substrate ., the physical width of the top copper cladding W and the antenna substrate thickness h:
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For a quarter-wavelength folded patch antenna, the resonance frequency of the antenna under a strain,
fres, can be approximated with the following equation.

c 1
fres—4\/aL+2ALoc (4)
where c is the speed of light, L the physical length of the top copper cladding, ¢, the effective dielectric
constant of the substrate, and AL,. the additional electrical length compensation determined by the
substrate’s width-to-thickness dimension and the dielectric constant. The additional electrical length
compensation AL, is related to effective dielectric constant of the substrate, the antenna’s substrate
thickness and the physical width of the top copper cladding [12].

W
(£re +0.3) <T + O.264>

(NI

ALy = 0.412h (5)

(ere — 0.258) <% + 0.813>

Assuming that the longitudinal strain e, increases, the resonance frequency will shift. In engineering,
a strain is usually defined as the relative change of length when an object deforms:
L— 1Ly
£ = 6
L=~ (6)

The unit of strain is dimensionless, which is usually denoted as pe (microstrain). One pe means
1 x 1075 or 1 ppm (parts per million) relative change in length. Assuming that the strain ue increases,
the antenna’s substrate thickness and the physical width of the top copper cladding will change, i.e.

W = (1 — I/pEL)Wo
h = (1 — VSEL)hO (7)
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where v is the Poisson’s ratio, which is the absolute ratio between transverse strain and longitudinal
strain of the antenna when a force is applied longitudinally, v, the Poisson’s ratio of top copper, and v,
the Poisson’s ratio of top copper, dielectric substrate. Assuming that v, and v, are the same or similar,
the ratio W/h will not change with increasing strain. Therefore, the relative dielectric constant of the
substrate €, is independent of strain, and there is direct proportion relationship between the additional
electrical length compensation AL,. and the antenna substrate thickness. According to Equation (1),
the resonance frequency of the antenna under strain can be redefined in the following equation.

f . C 1 . Cl
" 4, L+2AL,. L+ Csh

(ere+0.3) (Y 40.264)

(8)
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where C; = —4@,02 = 0.824(67«6_0.258)(%%.813). If strain €;, increases, the resonance frequency is
estimated in the following equation:

Cq
fres(EL) = (9)
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With Equations (8) and (9), Afr, can be approximately derived by following equation.
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It is found that Ko ~ — fcs. The sensing sensitivity of strain sensor is related with its working frequency
and the material of dielectric substrate. From Equation (11), it is found that the coefficient K is related
with not only Poisson’s ratio of antenna, but also its physical shape. Assuming that transverse strain
ew increases, the resonance frequency will shift. In engineering, strain is usually defined as relative
change of width when an object deforms:

W — Wy
Wo
Assuming that if strain ey increases, the antenna substrate thickness and the physical length of the top

copper cladding will change. When force applied transversely, assume that Poisson’s ratio vy is the
same or similar in length and height.

EW = — (12)

L= (1 - th;"w)Lo

h = (1 - th;"w)ho (13)

Assume that the relative dielectric constant of the substrate ¢, is independent from strain, and when
strain is less than 50000 ue, the ratio W/h will not change. So the effective dielectric constant of the
substrate €,.e and coefficient C5 remain unchanged. If strain ey increases, the resonance frequency can
be estimated in the following equation:

Cy
res = - 14
Jres(er) L(1 — vyew) + Coh(1 + £4) (14)
With Equations (8) and (14), Af, can be approximately derived by the following equation.
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where K3 = —%&fﬁh fres = —(vw — (lﬂféﬁh fres). From Equation (15), it is found that the coefficient
K3 is related with not only Poisson’s ratio of antenna, but also its physical shape. If transverse strain
increases, the resonance frequency decreases due to Poisson effect, while the change is obviously smaller
than the former one. So the relationship between resonance frequency and longitudinal strain can be
used for strain measurement.

We have verified the probability that folded patch antenna can be applied as strain sensor. HFSS
has the great function of electromagnetic model simulation and calculation thus use HFSS to establish
the model of folded patch antenna with quarter-wavelength. From Equation (4), it is found that
the resonance frequency is related to antenna’s size. The bigger the antenna sensor is, the higher the
resonance frequency is and the better the sensing sensitivity will be. In order to simplify the experiment,
the antenna is fed by a microstrip line. According to Equations (1), (2), the model is built as in Figure 1.
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Figure 1. The model of folded patch antenna  Figure 2. Normalized resonance frequency change
with 1/4 wavelength. in longitudinal strain.

The material of dielectric substrate is RT'5880 in which dielectric constant is 2.2 under zero-
strain. The substrate thickness is H = 0.51 mm. The planar dimensions of the copper antenna are
LoxWy = 21.3x35 mm. The planar dimensions of impedance matching line are Ly x W1 = 20.4x0.3 mm.
The planar dimensions of port are Ly x Wy = 4 x 2.5 mm. The diameter of via hole is 0.5 mm. The
final simulated resonance frequency is 2.44 GHz. Theoretical calculation and modeling of the folded
patch antenna with 1/4 wavelength have already been finished. But in order to verify the expected
result, that simulated resonance frequency shift and the strain form a good linear relationship, further
simulation is needed. In order to simplify the simulation, two assumptions are proposed. First,
ignoring the deformation and the impact on the relative dielectric constant; second, assuming that
the dielectric substrate, top copper and ground plane have the same strain during deformation process.
The proportion of strain n means (L + Ap)/L. Firstly, we apply tensile simulation on the strain
sensing performance, whose strain range is from 5000ue to 25000ue (the range of n is from 1.005 to
1.025). The tensile load is configured so that an approximately 5000 increment is achieved at each step.
Figure 2 shows that power reflection coefficient under different strain changes is less than —10db. The
attenuation is easy to be detected, and it is one of the conditions to be strain sensor.

Then, tensile simulation is conducted on the sensing performance of transverse strain. The strain
range is from 5000ue to 25000u¢ (the range of n is from 1.005 to 1.025). The tensile load is configured so
that an approximately 5000ue increment is achieved at each step. Figure 3 shows that power reflection
coefficient under different strain changes is less than —10db.

The fitting curve of relationship between resonance frequency and strain is obtained from the
simulation results. Figure 4 shows the sensing sensitivity in longitudinal strain and transverse strain.
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Figure 3. Normalized resonance frequency change  Figure 4. Sensing sensitivity in longitudinal
in transverse strain. strain and transverse strain.

Sensing relationship in longitudinal strain and transverse strain is shown as bellow.
frL = —2.6748¢c + 2.4414

17
fw = —0.4843eyy + 2.4424 (17)

Equation (17) shows that sensing sensitivity in longitudinal strain is —2.6748, which is 5 bigger than
the sensitivity in transverse strain. So the relationship between resonance frequency and longitudinal
strain can be used for strain measurement.

3. SENSOR SETUP AND EXPERIMENTS

After optimization through simulation, the antenna sensor design is finalized and ready for fabrication.
The antenna sensor prototype is built by standard PCB fabrication on a RT'5880 substrate. The original
resonance frequency of the folded patch antenna is 2.5205 GHz, and the reflection coefficient is —16 db.
Figure 5 shows a photo of a fabricated folded patch antenna in longitudinal and transverse directions.
The antenna sensors are attached on the surface of aluminum specimen by glue. The resonance frequency
of the antenna without strain is 2.5118 GHz, and the reflection coefficient is —18.6 db. The difference of
resonance frequency is attributed to the aluminum specimen and the deformation caused by attaching.
However, this paper studies the sensitivity of antenna sensor, and the sensitivity represents the resonance
frequency shift during strain. So, to simplify the sensitivity modeling, the influence of aluminum
specimen is ignored here. The aluminum specimen is made into a special shape, which is easy to be
clamped, and its thickness is 4 mm.

Figure 6 shows the experimental setup for the tensile test. The resonator is installed along the
side of an aluminum specimen. The Sy coefficient of the resonator is measured by a vector network
analyzer (VNA). The tensile testing machine is configured so that a strain increment is approximately
achieved at each loading step. Dynamometer measures the force applied on the specimen by the tensile
testing machine. The real strain can be calculated with the following equation.

F
E =
ExA

where, ¢ is the strain value of aluminum specimen, F the elasticity modulus of aluminum specimen, A
the cross-sectional area of aluminum specimen, and F' the force applied on specimen.

Two experiments are conducted in order to obtain the performance in longitudinal and transverse
strains. 2K N is tried to be applied on specimen in each step, until the loading is up to about
12K N. Finally, 7 sets of data are obtained, including the original data and 6 steps. But the

(18)
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Figure 5. Folded patch antenna bonded in  Figure 6. Experimental setup for the tensile test.
longitudinal and transverse direction.

tensile testing machine cannot supply uniform and accurate tension, and the actual tension of
each loading step is measured by dynamometer respectively. During experiment of longitudinal
strain, the antenna sensor is bonded as the left one in Figure 5. The measured tension is
0K N,212KN,6.04KN,7.88KN,10.08K N,12.20KN. According to Equation (17), the calculated
deformation is Oue, 129ue, 255ue, 363ue, 477ue, 609us, 737ue.  Too much loading should be avoided
because it will lead to specimen cracking, and the measurement is inaccurate if specimen gets cracked.
The resonance frequency of each loading step will be read through vector network analyzer. Figure 6
shows the resonance frequency shift in each loading step during longitudinal strain.

Figure 7 shows that power reflection coefficient in different strain changes is less than —10db.
There is an obvious frequency shift on each strain change. Then, experiment of transverse strain
is conducted. The antenna sensor is bonded as the right one in Figure 5. The actual tension
is 0KN,2.44KN,428 KN,648KN,847KN,10.32KN,12.02KN. According to Equation (17), the
calculated deformation is Oue, 147ue, 258ue, 393ue, 512ue,625ue, 727ue.  Finally, the relationship
between frequency drift rate and deformation is obtained through linear regression. Figure 8 shows
the fitting curve of these two experiments.

Sensing relationship in longitudinal strain and transverse strain is shown as bellow.

AfL = —0.61146[,
Afy = —0.2536ey

To compare experimental results with simulated ones, the fitting curve of simulation in longitudinal and
transverse strains is redrawn as in Figure 9.

Figure 9 shows simulated curve between frequency drift rate and deformation through linear
regression. The slope of experiment is —0.6114, and that of the simulation is —1.0962 in longitudinal
strain. Moreover, the slope of experiment is 0.2564, and that of simulation is —1.0962 in transverse
strain. There is an obvious discrepancy between the measured and simulated normalized strain
sensitivities both in longitudinal and transverse strains.

(19)
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Figure 7. Resonance frequency shift during Figure 8. Fitting curve of experiment in
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Figure 9. Fitting curve of simulation in longitudinal and transverse strains.

4. ANALYSIS OF EXPERIMENT RESULTS

The difference between the experimental and simulated data in longitudinal strain is caused by many
reasons. One of them is that the substrate expansion and the changes in the material’s dielectric
properties under strain, which is not considered in the simulation model. Contrary to ideal materials,
small voids always exist in practical substrate materials [10]. The distortion of the voids under strain
affects the dielectric constant of the substrate, although very limited information is available from the
manufacturer datasheet for the substrate. But the constant change of the substrate caused by tiny
deformation is so small that accurate change cannot be detected through simple experiment. Another
reason could be the strain transfer ratio between the top copper cladding of the sensor and aluminum
specimen. During the measurements, the sensor is attached to the structural surface by superglue. The
strain experienced by the top copper cladding is smaller than the strain on the bottom copper ground
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plane and the structural surface. The strain transfer ratio is defined as bellow:
€t
n= (20)
where 7 is the strain transfer ratio, &4 the tensile strain experienced on the top copper cladding, and &,
the actual strain on the specimen’s surface. Under a certain circumstance that there is a firm bonding
between the specimen and the bottom copper cladding of the antenna sensor, €5 is also the tensile
strain at the bottom copper cladding. In order to quantify the strain transfer ratio n, mechanical strain
transfer experiments can be conducted to determine the ratio at different strain levels.

Figure 10 shows the mechanical strain transfer experiments. Two resistive strain gauges were
attached on the surface of top copper cladding, and the other two resistive strain gauges were attached
on the surface of aluminum specimen. Then, we conducted 5 levels of mechanical strain and record the

deformation. The deformations on different positions of specimen are shown in Table 1.

Figure 10. Experiment of strain transfer ratio.

Table 1. Deformation on different position.

Position 1 | Position 2 | Position 3 | Position 4
Level 0 0 0 0 0
Level 1 109 106 118 111
Level 2 203 165 209 200
Level 3 312 259 342 344
Level 4 387 320 441 451
Level 5 498 417 586 600

We found that strain transfer ratio is different when strain level is different. Linear regression was
used to model the data, and the linearity of strain transfer ratio and deformation is shown in Figure 11.
So the relationship can be shown in the following equation.

n = —397.2987¢ + 0.9850 (21)

According to strain transfer ratio described in the equation, we calculated the actual deformation of
the antenna sensor. The calculated deformation is Oue, 129ue, 255ue, 363 ue, 477ue, 609ue, 737ue. The
corrected fitting curves of experiment in longitudinal and transverse strains are shown in Figure 12.
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Figure 11. The linearity of strain transfer ratio and ~ Figure 12. Correction of experimental results.
deformation.

The slope of corrected curve in longitudinal strain is —0.8652, close to the expected value. However,
the discrepancy between the measured and simulated normalized strain sensitivities in transverse strain
becomes worse. The simulated sensitivity is —0.1993, and corrected experimental sensitivity is 0.3723,
so they show the opposite effects. Simulated sensitivity shows that when transverse strain is happening,
the frequency gets lower. However, the corrected experimental sensitivity shows that when transverse
strain is happening, the frequency gets higher. The main reason may be due to Poisson’s effect during
the transverse strain. In fact, during the deformation, because of the existence of Poisson effect, the
length and width of the antenna will influence each other. When longitudinal strain happens, antenna
will contract in transverse direction. Longitudinal contraction will also happen when transverse strain
happens.

In the process of specimen stretching, the stress distribution on the surface of the aluminum plate
contributes to antenna’s deformation. Assuming that antenna is bonded firmly and can transfer strain
well, the antenna of Poisson’s ratio should be consistent with the aluminum specimen, 3.3. So, during
the longitudinal deformation, the resonance frequency deviation is not only related to the longitudinal
deformation, but also related to the transverse deformation caused by Poisson effect. According to
Equations (10) and (15), the relationship between resonance frequency deviation and strain can be
corrected as bellow.

Afr = Krer — Kwvaer + Ko
Afw = Kwew — Krvaew + Ko

where Afr is the resonance frequency drift rate of longitudinal strain, A fy the resonance frequency
drift rate of transverse strain, €7, the longitudinal strain, ey the transverse strain, v the Possions ratio
of aluminum specimen, Kj sensitivity of resonance frequency drift rate and longitudinal strain, Ky
the sensitivity of resonance frequency drift rate and transverse strain, and Ky the other factors which
influence the resonance frequency. Assuming that Ky can be neglected, passion effect will be taken
into consideration. Relationship between resonance frequency drift rate and strain will be redefined as
shown in Figure 13.

According to Figure 13, the simulated sensitivity of transverse strain with passion effect is 0.1661,
which has approximately the same trend as the experimental sensitivity.

Another possible explanation may be relevant to the structure of the resonator presented. The
resonator includes not only the center transmission line, but also one feeding line for the measurement
at the port. Under mechanical loading, the feeding line also deforms and thus contributes to the overall
resonance frequency change (in addition to the contribution from the dielectric constant change). This
effect from the feeding line is difficult to quantify and may reduce the accuracy of the dielectric constant
characterization.

(22)
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Figure 13. Sensitivity with passion effect.

5. CONCLUSION

In this paper, a type of folded patch antenna, with 1/4 wavelength and via holes is proposed for
strain measurement. Firstly, it is proved that folded patch antenna can be used as strain sensor, and
an electromagnetics model is built through applying HFSS. According to theoretical formulations and
strain simulation, we can conclude as follows. There is a good linear relationship between the normalized
resonance frequency shift and the strain. The bigger the antenna sensor is, the higher the resonance
frequency is and the better sensing sensitivity is. The sensing sensitivity in longitudinal strain is better
than that of the transverse strain. Tensile tests are conducted in order to verify these conclusions.
From tensile tests, many factors are found to have an impact on strain sensitivity. To address this
fundamental issue in antenna sensors for strain sensing, a new strain sensitivity experiment is proposed
for considering the influence of strain transfer ratio change under strain. Furthermore, the Possion
effect is taken into account to explain the opposite effects of experimental and simulated sensitivities
in transverse strain. In conclusion, we should take the size and sensing sensitivity into comprehensive
consideration, if we use a folded patch antenna as the strain sensor.
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