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Abstract; Wireless interrogation of a rectangular microstrip patch antenna for strain measurement is investigated by
simulations. To analyze the antenna performance, a microstrip line-feeding patch antenna at 10 GHz is designed.
A patch antenna wirelessly fed by a horn is proposed to measure the strain. The direction information of strain de-
tected by the patch antenna is also considered. The strain can be detected both in the width and length directions.
It is shown that the strain can be measured wirelessly using a standard horn antenna. This kind of wireless strain-
sensing technique offers significant potential for wireless structural health monitoring (SHM) , especially for high-
end equipment.
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0 Introduction

High-end equipment can be applied in aero-
space, civil, and mechanical engineering struc-
tures operates in a harsh environment (high tem-
perature, high pressure, etc. ). During long-term
service, load-bearing structures including the
main supporting parts are inevitably damaged due
to fatigue or corrosion. Damages such as cracks
gradually expand and eventually lead to complete

failurett,

Consequently, structural health moni-
toring (SHM) has been proposed recently to de-
tect damages in complex structures.

SHM is mainly about implementing sensors
to evaluate damages. A typical SHM system con-
sists of sensors, a network to transfer data, and a
computer to analyze it. A variety of sensing tech-
nologies have been developed to advance SHM.

Cracks originate from stress concentration, and

can be predicted by local deformations. However,
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cracks form at points of material imperfection,
which are commonly random. Therefore, moni-
toring stress and deformation in fragile areas can
Therefore,
strain sensors are among the most important
SHM sensors.

Based on their interfacing methods, strain

help to predict their occurrence.

sensors can be classified as wired and wireless
types. Typical wired sensors like metal-foil strain
gauges or accelerometers are widely used in
SHM. However, they need many coaxial cables
to link the sensors to the data analyzer. Accord-
ing to Celebi, each sensing channel for a mid-rise
building is expensive, and about half of the price
is for installation of lengthy cables™*, There-
fore, wireless SHM sensors are proposed, using
wireless transceivers to eliminate cables. In a
wireless sensor network, the sensors themselves
are not changed; they are typically still acceler-

ometers and strain gauges, which are connected
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to wireless nodes using short wires. Wireless
strain sensors enable a dense sensor deployment,
and easy installation and reconfiguration; they
can be efficiently networked in applications where
sensor wiring is not possible. Most wireless sen-
sors have a dedicated internal power source,
which constitutes a large part of their weight and
limits the lifespan of wireless sensor nodes.
Passive wireless sensors eliminate the batter-
y, thus extending their lifespan. Butler et al.
first used induction coupling for power and data

L) In this type of passive wireless

transmission
sensor, a parallel LC tank circuit is connected to a
coil. The reader coil magnetically couples to the
sensor coil to induce energy into the sensor circuit
and perform the measurement. However, this
magnetic coupling incurs high losses and has a
short interrogation distance™®. A novel light-
weight, low-cost, wireless sensor with simple ge-
ometry and a long lifespan has been devel-
oped”™*. This SHM sensor utilizes a patch an-
tenna to sense the strain and transmit the meas-
urement data.

Jin et al. developed a wireless strain sensor
that can be embedded or bonded in/on struc-

turest,

The resonant frequency of the patch an-
tenna shifts when strain varies. The patch anten-
na in this sensor is connected to an exterior anten-
na to enable remote interrogation. Deshmukh et
al. used a light-activated switch at the patch an-
tenna sensor node as the sensor mechanism to de-

L112) - However, the sensor

tect strain wirelessly
does not work in conditions of strong light inten-
sity, e. g. in outdoor light. The antenna is simply
glued to a metallic surface; when subjected to
strain, it deforms and its resonant frequency
shifts. Zhang et al. combined radio frequency i-
dentification(RFID) technology with patch anten-
na, and proposed a type of RFID tag antenna sen-
sor which successfully applied in defect detec-
tion"* 1. Based on the RFID technology. Yi et
al. also designed a patch antenna sensor which
enable to measure both strain and crack. Howev-
er, the working frequency of the RFID chip ran-

ges from 840 MHz to 960 MHZz!* '), Strain sen-

sitivity is therefore limited, because the resonant
frequency dominates the strain sensitivity, as
proved by previous researchers'®, Daliri utilized
a circular microstrip patch antenna for strain
measurement in aluminum and composite materi-

als20:21

Xu and Huang estimated the maximum
interrogation distance of a wireless strain-meas-
urement system to be 26 m, based on a transmis-
sion line model™*,

A new method to wirelessly detect the reso-
nant frequency of patch antennas is proposed. A
standard WR-90 horn antenna is used to read the
resonant frequency of a patch antenna. The wire-
less measurement of strain is investigated using

numerical simulations.

1 Theoretical Analysis

The frequency of an antenna is determined by
its size, and the change in an antenna's physical
dimensions can cause a change in frequency. A
patch antenna is characterized as carrier-confor-
mal. Therefore, when the carrier sustains stress
deformation, the dimensions of the patch antenna
deform, causing the antenna frequency to change,
as shown in Fig. 1. So, by measuring the fre-
quency of the antenna, it is feasible to obtain the

strain applied to the carrier.

g g
V 1
Frequency/ GHz Frequency/ GHz
(a) Without strain (b) After strain

Fig. 1 Comparison of the patch antenna resonant fre-

quency without strain and after strain

A typical rectangular microstrip patch anten-
na is shown in Fig. 2. The antenna consists of a
very thin layer of copper as a patch, a layer of
substrate and the ground plane. Among several
analytical models for the patch antenna, the most
simple and popular analytical model is transmis-

sion line model.
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Patch Substrate

Ground plane

Fig.2 Typical rectangular microstrip patch antenna

Based on the transmission line model, the
resonant frequency f, of a rectangular patch an-
tenna can be calculated as

c 1
2 Jew L+ 2AL.,
where ¢ is the velocity of light, e, the effective di-

/o= @)

electric constant of the substrate, L the length of
the antenna patch, and AL, the line extension.
At the initial state, the antenna frequency f, is
calculated from the antenna length L, and sub-
strate thickness h,.

After applying strain along the length direc-
tion, the patch length L will be stretched. Mean-
while, due to the influence of Poisson's ratio, the
width of the patch W and the thickness of the die-
lectric substrate & will change to

W=0—uvpe, )Wy, h=0 —vse.)hy (2)

Assuming that Poisson’s ratio of the radia-
tion patch and the dielectric substrate vp and vg are
the same, we use v to represent both. Then, the
ratio W /h remains constant as the tensile strain ¢,
changes. Therefore, the resonant frequency f,in
Eq. (1) can be expressed as

c 1 C
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where C, and C, can be calculated by
¢
2 \/€re

¢ 0-812(e. +0.3) (W, /hy +0.264)
’ (er. — 0.258) (W, /h, +0.813)

As a result, the strain-induced elongation

C]:

4

will shift the antenna resonant frequency f,.

When the strain ¢; is applied, the resonant fre-

quency shifts to

— Cl
Lo(1+e)+Cohy (I —ver)

Finally, according to Egs. (4) and (5), the

Selerd (5

relationship between the strain and the frequency

shift can be established as

c :_L<>+UC2/10 Aif (6
' Lo+ Coho [

where Af=/f,— fu.

The strain can be measured by monitoring
the resonant frequency of the patch antenna using
the scattering parameter S;,, which indicates the
amount of power that is "lost to the load” and
does not return as a reflection. The frequency
that corresponds to the minimum value of the S,
curve is the resonant frequency of the antenna.

Horn antennas are used to propagate a mi-
crowave into space, or to receive microwaves for
reception devices. A typical rectangular horn an-
tenna, shown in Fig. 3, consists of a rectangular
waveguide, of which one side is closed, while the
other side flares into an open-ended, and pyra-
mid- shaped horn. In the diagram, E and H re-
present the direction of the electrical field and

magnetic field, respectively.

Fig. 3 Rectangular horn antenna model

When the horn radiates microwaves toward a
rectangular patch antenna, the wave will transmit
through the air to the patch, on which it forms an
electric field. Resonance will occur if the length
of the patch is slightly less than half the wave-
length.

A rectangular patch antenna usually has two
fundamental radiation modes: TM,, and TM,,.
The TM;, mode indicates that the electric field
varies half-wave along the patch antenna length
direction, with no variation along the width direc-
tion, while the TMy; mode has electric field varia-
tion along the patch antenna’s width direction and
no variation along the length direction. Each radi-
ation mode corresponds to a resonant frequency,
thus two resonant frequencies shown in Fig. 4,

denoted as f,; and fi,, can be detected respec-
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tively by aligning the electric field polarization of
the interrogating signal to be parallel to the polar-
ization direction of a particular radiation mode. A
resonant frequency can be detected by two or-
thogonal directions: One is parallel to the geo-
metric length of the patch; and the other is paral-

lel to its geometric width.

Fig. 4 Remote interrogation of the patch antenna

The horn radiates linearly-polarized radio
waves toward the rectangular patch antenna,
whose polarization direction is parallel to the
patch antenna’s geometric length, and the TM;,
mode is polarized along the length direction, as
shown in Fig. 4(a). Rotating the horn antenna by
90° will rotate the electric field polarization paral-
lel to the patch antenna’s geometric width, thus
the TM,, mode is polarized along the length direc-
tion as shown in Fig. 4(b). In conclusion, strains
can be wirelessly interrogated by a horn antenna
in two directions, which are parallel to the geo-

metric length and width of the patch.

2 Simulation Model

Here HFSS™ ( High frequency structure
simulator) is used to simulate the system for
wireless interrogation of the patch antenna. HF-
SS™ software is a commercial finite element anal-
ysis (FEA) solver for electromagnetic structures.
It is a popular application for complex radio fre-
quency (RF) electromagnetic circuit design like
antennas, filters, amplifiers, and transmission
lines. It reduces the costs of experiments by sim-
ulating the actual conditions of an antenna under
stress. For patch antennas, it provides a variety
of antenna parameters, including S parameters.,

directivity, and far-field 3-D radiation patterns.

A radiation boundary allows waves to radiate
infinitely far into space, e. g. for antenna design.
HEFSS absorbs the wave at the radiation bounda-
ry, essentially ballooning the boundary infinitely
far from the structure. Air box shown in
Fig. 5(a) is assigned radiation boundary, thus can
be treated as an infinite large space. The patch
and ground plane both are assigned perfect E
boundaries, which represent perfectly conducting
surfaces in a structure. To obtain the resonant
frequency shift, a very fine mesh and very strict
settings should be used in HFSS.

2.1 Antenna design

The dimensions of the patch antenna are ini-
tially set to the values calculated using a trans-
mission model for a frequency of 10 GHz. Table 1
shows the patch antenna structure parameters
given by theory™’. According to Eq. (1), the
patch geometric length directly affects the reso-

nant frequency.

Table 1 Patch antenna structure parameter table
Parameter L/mm W/mm h/mm
Patch 40 30 0
Substrate 120 90 1.6
Feed line 70 4. 95 0
Ground plane 120 90 1.6
Air box 120 90 43.2

The substrate material is Rogers 5880, a
type of glass microfiber-reinforced composite with
dielectric permittivity of 2. 2. The dielectric per-
mittivity e, is the capacitance ratio between elec-
trodes charged with a substance and the vacuum
vessel, indicating the energy-storage capacity of a
material, which is proportional to the dielectric
loss. When e, is large, the storage-power capacity
and energy loss are large. Therefore, in high-fre-
quency transmission, the dielectric permittivity is
required to be low. Rogers 5880 is chosen for its
low dielectric permittivity.

The patch and ground plane both are as-
signed perfect E boundaries, which represent per-
fectly conducting surfaces in a structure. All the
3-D models mentioned below are created and sim-
ulated using HFSS.



No. 5 Song Guorong, et al. Wireless Strain Measurement Based on a Microstrip:+: 481

To study the patch antenna performance, a
microstrip line feeding patch antenna is first de-
signed. A simulation model is described in
Fig.5(a). A 50-ohm lumped port emits micro-
waves to the patch antenna through a 50-ohm mi-
crostrip line and a 1/4A-impedance transformer.
A 1/4x-impedance transformer is used to match
the microstrip line impedance with the impedance
of the patch. The top view of the model and the
electric field distribution on the patch are shown
in Fig. 5(b). There is electric field variation along
the patch antenna width direction and no variation
along the length direction, indicating that only the

dominant mode TM,, is excited.

Microstrip line-feeding patch antenna

Fig. 5

model and E field distribution

Simulated radiation patterns are obtained by
far-field calculations in HFSS, as shown in
Fig. 6. The radiation pattern in Fig. 6 (a) shows
that the peak gain is above the patch, therefore,
the antenna reader used in wireless measurement
is placed right above the patch. The radiation pat-
tern in two planes in Fig. 6(b) shows the low side
lobe and wide width of the main lobe, indicating
the unfocused energy radiation. From the simula-
ted S;; curve shown in Fig. 7, the simulated reso-

nant frequency is 9. 89 GHz, which agrees with

the theoretical value of 10 GHz. For the purpose
of wireless interrogation, the patch antenna must
be excited using the electromagnetic wave emitted
from a horn antenna. In this paper, a WR-90
standard-gain horn antenna is selected as the
reader; this is a standard device for measuring an-
tenna characteristics. The operating frequency
bands of the WR-90 standard-gain horn antenna
are 8.2—12. 4 GHz, which contain the patch an-
tenna's frequency.

Gain total/dB

-1.5203e+1
-1.6696e+1

X

Fig. 6 Simulated radiation pattern of microstrip

line-feeding patch antenna

9.5 100 105 11.0 11.5 12.0
Frequency/GHz

14 P
80 85 9.0

Fig.7 Simulated S,, curve of patch antenna
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2.2 Wireless interrogation model

To investigate the possibility of wireless in-
terrogation of a patch antenna resonant frequency
as well as the wireless strain measurement using a
standard horn antenna, a patch antenna and a
standard horn antenna are simulated using the
HFSS electromagnetic software. Using HFSS,
the lumped port is applied as the excitation
source, and perfectly matched layers (PMLs) are
used as absorbing boundary conditions.

The S;; curves of the horn antenna under
four different scenarios are considered: A horn an-
tenna only, an aluminum plate in front of the
horn, an aluminum plate with a layer of substrate
(Rogers 5880) on top and in front of the horn,
and a patch antenna in front of the horn.

Fig. 8 shows the 3-D simulation model inclu-
ding the horn antenna model, patch antenna mod-

el, and boundary conditions.

Fig. 8 Wireless interrogation of patch antenna

Fig. 9 shows the S, scattering parameter of
the horn antenna for the four scenarios discussed
above at the frequency range from 8 GHz to
12 GHz. It is obvious that compared with nothing
in front of the horn, the magnitude of S;; increa-
ses after adding the aluminum plate. This is be-
cause some energy reflects from the aluminum
plate back into the horn, which can be interpreted
as an increase in the reflected power at the port of
the horn, thus leading to the increase in Si;.
When a substrate is added on top of the plate, the
level of the reflected power is slightly lower com-
pared with the previous case due to the attenua-
tion in the dielectric material, which explains why

the magnitude of S;; decreases slightly.

Vol. 34
0 —
-5 P g - - '. - i
-10 | & A'A_Horn ]
15 ) ‘ Horn plane
L --=-Horn plane substrate
m 20 ; i : ““’Horn antenna B
v —25 -
=30 g
-40
—45 i i i L
80 85 90 95 100 105 11.0 11.5 12.0

Frequency/GHz

Fig. 9 Comparison of S;; in different scenarios

By adding the patch on top of the substrate
(forming the patch antenna), the resonance oc-
curs, and a dip is observed in the S;; curve at
9.89 GHz, which corresponds to the reference
value measured by the microstrip line feeding the
patch antenna. This indicates that the patch an-
tenna's resonant frequency can be monitored u-
sing a horn antenna. Moreover, the conductive
structure (ground plane) and the substrate do not

disturb the wireless excitation of the patch.

3 Design and Simulation

For simulating the effect of the tensile strain
along the width direction, the dimensions of the
patch antenna under strain are calculated by
Eq. (2). In this case, the horn antenna is polar-
ized in the width dimension, and the TM,, mode
is excited, where f, is the resonant frequency.
Table 2 shows the dimensions of the patch anten-
na under different strain levels ranging from 0%
to 0.6%. In the simulation model, the excitation
frequency is swept from 9.5 GHz to 10. 1 GHz in
steps of 0. 001 GHz. This frequency band is cho-
sen because the change in the length affects the
frequency f,; only, which is 10 GHz.

Fig. 10 shows the simulated S;; curves of the
patch antenna under tensile strains ranging from
0% to 0.6%. The frequency with the minimum
value of the S;; curves corresponds to the reso-
nant frequency. The minimum value of all seven
S;;curves is below — 30 dBm., which meets the
standard (below — 10 dBm). Simulation results

show a continuous shift in the resonant frequency
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of the patch antenna. As the applied tensile strain
increases, the length of the patch increases, thus
the S, curve shifts to the left side, corresponding

to a resonant frequency decrease.
Table 2 Patch antenna dimensions at different strains

in length direction

Strain/ % h/mm W/mm L/mm
0 1.575 9.000 11. 900
0.1 1.572 9. 045 11. 882
0.2 1.570 9.090 11. 864
0.3 1.568 9.135 11. 846
0.4 1.565 9. 180 11. 829
0.5 1.563 9.225 11. 811
0.6 1.561 9.270 11.793

Fig. 10  Simulated S, curves of patch antenna under

strains along width direction

Fig. 11 shows the relationship between the
resonant frequency f, and the applied strain
along the width direction. The slope of the linear
fit represents the strain sensitivity of the sensor.
In this case, the simulated strain sensitivity of the
antenna sensor is 0. 074 07, which corresponds to
74. 07 kHz/pue. The theoretical strain sensitivity
of the antenna sensor is 78. 56 kHz/pue. Thus, the
simulated and theoretical values agree. Based on
the simulation results, it is feasible to wirelessly
measure tensile strain when strain is applied along
the geometric width of the patch.

The rectangular patch antenna has the other
resonant mode TM,,, which has been studied in
the same way. According to Eq. (1), the theoret-
ical value of f1,is 7. 94 GHz, which means a WR-
90 horn ( operating frequency bands 8.2—

12.4 GHz) does not meet that requirement.

Thus, we substitute a WR-112 horn, with oper-
ating frequency bands 7. 0—10. 0 GHz, for the
WR-90 in the simulation model.

Linear (TM“,)

N
jas)
g
I
Q
=
2
-
=
o
=

Fig. 11  Relationship between the resonant fre-

quency and strain along width direction

In this case, the horn is polarized in the
length dimension, and the TM,, mode is excited,
where f), is the resonant frequency. To simulate
the effect of the tensile strain along the length di-
rection, the dimensions of the patch antenna un-

Table 3

shows the dimensions of the patch antenna under

der strain are calculated by Eq. (2).

different strain levels ranging from 7. 6 GHz to
8.2 GHz in steps of 0. 001 GHz. This frequency
band is chosen because the change in length only
affects the frequency f,; » whichis 7.9 GHz.

Table 3

Patch antenna dimensions at different strains in

length direction

Strain/ % H /mm W/mm L/mm
0 1.575 9. 000 11.900
0.1 1.572 8.997 11.911
0.2 1.570 8.994 11.924
0.3 1. 568 8.992 11.936
0.4 1.565 8. 989 11.948
0.5 1.563 8. 987 11. 960
0.6 1. 561 8.984 11.971

Fig. 12 shows the simulated S;; curves of the
patch antenna under tensile strains ranging from
0% to 0.6%. Simulation results show a continu-
ous shift in the resonant frequency of the patch
antenna. As the applied tensile strain increases,
the length of the patch increases, thus the S,

curve shifts to the left side, which means the res-
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onant frequency decreases.

Fig. 12 Simulated S;; curves of patch antenna

under strains along length direction

Fig. 13 shows the relationship between the
resonant frequency f,, and the applied strain a-
long the length direction. In this case, each S,
curve' s minimum value is below — 15 dBm,
which meets the standard (below — 10 dBm).
The simulated strain sensitivity of the antenna
sensor is 65. 04 kHz/ue, which is in accord with
the theoretical value (66. 98 kHz/pue). Based on
the simulation results, it is feasible to wirelessly
measure tensile strain when strain is applied along

the geometric length of the patch.

Frequency/GHz

Fig. 13

Relationship between the resonant fre-

quency and strain along length direction

Simulation results verify that a patch antenna
can be wirelessly interrogated by a polarized rec-
tangular horn. Both TM,, and TM,, of the rec-
tangular patch antenna can be detected wireless-
ly. However, the minimum value of S;; curves of
the TM,; mode is below —30 dBm, while corre-
sponding value of the TM,, mode is only below
—15 dBm. In addition, TM,, has much better

linearity than TM,,. The linear correlation coeffi-

cients of TM,, and TM,, are 0. 990 6 and 0. 934 4,
sensitivity of TM, is
74.07 kHz/ue, while that of TM,, is 65. 04 kHz/
pe. Thus, TM,, has 14% higher sensitivity than

respectively.  The

TM,,. Apparently, both modes can detect strain
effectively. In summary, the TM,, mode shows

better performance than the TM,, mode.

4 Conclusions

An innovative wireless strain measurement
technique using a rectangular patch antenna sen-
sor is investigated. Microstrip patch antennas are
designed based on the transmission line model.
Simulations using HFSS software are conducted
to analyze the resonant frequency of the micros-
trip patch antenna sensors, by which the mechan-
ical and electrical parameters of the antenna sen-
sor can be manipulated. In simulations, the reso-
nant frequency of the patch antenna can be a-
chieved wirelessly by measuring the S,, parameter
by a standard horn antenna.

A rectangular patch antenna generally pos-
sesses two fundamental radiation modes: TM,,
and TM,,. Radiation modes can be switched by
rotating the horn antenna. However, the minima
of the TM,, mode in S;; curves are lower than
those of the TM,, mode. Not only is the sensitivi-
ty of TM,, 14% higher than that of TM,,, the
linearity of TM,, is much better as well. In sum-
mary, the TM,;, mode shows better performance
than the TM,, mode. Thus, strain can be detec-
ted in both the width and length directions of the
patch.

The simulation results demonstrate that a
rectangular patch antenna can be used for wireless
strain measurement. Wireless monitoring of the
shift in the resonant frequency of the patch anten-
na allows the strain applied in the host structure
(ground plane) to be detected. However, the in-
terrogation distance is limited, thus future work
will be focused on increasing the interrogation

distance and other experimental investigations.
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