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Abstract—In this paper, a two-dimensional wireless dis-
placement sensor with high sensitivity composed of a bilayer
graphene-based frequency selective surface (FSS) is pro-
posed. The lengths of the strip-type resonators on the top
and bottom layers of the FSS are different and perpendicular
to each other. Based on the resonance and polarization char-
acteristics of the FSS, two-dimensional displacement sensing
can be realized. It is well validated both in simulation and
experiment that the direction of the displacement can be dis-
tinguished by the variation trend of the resonant frequencies
of the top and bottom layers. In experiment, the measured
results of the FSS based wireless displacement sensor in the
dynamic range of 5mm show high sensitivity of 280 MHz/mm

Bottom layer
(fixed)

in x direction and 370 MHz/mm in y direction. Moreover, the excellent mechanical and chemical stability of the multi-layer
graphene also makes it suitable for harsh environments, showing good prospects in application.

Index Terms— Displacement sensor, two-dimensional, high sensitivity, wireless sensor, graphene-based frequency

selective surface.

I. INTRODUCTION
ITH the development of microwave sensor technology,

displacement sensor based on electromagnetic princi-
ple has been wildly concerned because of its easy realization,
low cost and good sensing characteristics. Regardless of the
alignment type or the rotation type, most microwave displace-
ment sensors are realized by the shift of resonant frequency
or the modification of magnitude at the resonant frequency.
At present, more and more attention has been attracted by
sensors based on coplanar waveguide (CPW) transmission
line, in which CPW is combined with different resonators,
such as different forms of Split-ring resonators (SRRs) [1]-[4],
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Electromagnetic Band Gap (EBG) structure [5], [6] and
Defected Ground Structure (DGS) [7]. Except the CPW trans-
mission line, the microstrip line loaded with resonators is also
applied to displacement sensor [8]—-[11].

And there are other microwave devices applied to displace-
ment sensor, such as microstrip impedance transformer [12],
resonance based [13], [14], antenna [15], [16] and radar [17],
where the displacement also has a direct impact on the
resonant characteristics of the sensor.

Although the microwave displacement sensors above have
advantages of high sensitivity, large dynamic range as well
as easier implementation, most of them need many cables to
get sensing information in experiment, which is still incon-
venient for operation. Therefore, it is necessary to design
a non-contact and wireless sensor, and some systems with
wireless communication ability can be applied to achieve
wireless sensing, such as inductive coupling [18] and Radio
Frequency Identification (RFID) technology [19].

It is well known that frequency selective surface (FSS)
is a two-dimensional structure composed of periodic unit.
It can be seen as a kind of spatial filter and has been widely
used as radome [20], absorber [21], [22] and antenna [23].
And it should be noted that no coaxial cable is required
to measure the electromagnetic properties, therefore it has
potential for wireless sensor design. For example, because
the electromagnetic characteristic of FSS is dependent on the
physical dimension and dielectric properties, there has been
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Fig. 1. The proposed bilayer FSS displacement sensor. (a) Structure of
the unit cell; (b) Schematic diagram with displacement in x or y- direction;
(c) Equivalent circuit of the unit cell.

some researches about FSS or metamaterial based sensors,
such as the thin-film sensor [24], [25], biological sensor [26],
strain sensor [27], displacement sensor [28] and other sen-
sors [29], [30], showing advantages of wireless sensing, low
cost and good performance.

Based on two-dimensional FSS, two-dimensional displace-
ment sensor can be realized, which is more reliable and accu-
rate than one-dimensional displacement sensing results. It can
be applied to the periodic structural health monitoring (SHM)
of bridges, tunnels and other buildings to detect the degree of
deformation of engineering buildings during construction and
operation [31].

In this paper, a multi-layer graphene based FSS with two
layers is used to design a two-dimensional and highly sensitive
wireless displacement sensor. Because the resonators on the
top and bottom layer of the FSS are strip-type and perpen-
dicular to each other, the double-layer FSS shows resonance
and the polarization dependency characteristic, which can
be applied to a two-dimensional displacement sensor design
theoretically. And both the simulation and experiment suc-
cessfully validate that the FSS based displacement sensor can
distinguish the direction of the displacement and shows high
sensitivity in each direction. Furthermore, the displacement
sensor can not only be measured wirelessly, but also work
in harsh environments and extend service life due to the
lightweight, mechanical stability and chemical resistance of
the graphene film.

Il. DESIGN AND ANALYSIS
The unit cell of the double-layer graphene-based FSS with
period of p=10.5mm is shown in Fig. 1 (a), where the opti-
mized dimensions of the unit cell are summarized in Table I.

TABLE |
DIMENSIONS OF THE BILAYER FSS
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Fig. 2. Transmission characteristic of the bilayer FSS displacement
sensor in the initial state. (For x-direction: L=2.96nH, Cy=0.06029pF,
C;=0.009016pF;  For y-direction: L=3.94nH, Cyg=0.0309pF,
C;=0.0008pF.)

The substrates of the two layers are flexible PDMS with
relative permittivity of er=2.7 and thickness of 4=0.2mm.

As shown in Fig.1(b), the FSS based displacement sensor
has two layers stacked in z-direction, and the resonators on the
top and bottom layer are strip-type multilayer graphene and
perpendicular to each other. When electromagnetic waves are
incident, only one part of the incident wave is transmitted and
another part is reflected, thus the transmission or reflection
characteristics of the FSS can be measured wirelessly. And as
a displacement sensor, we assume that center alignment of res-
onators on two layers is the initial state, and the bottom layer
is static, while the top layer is dynamic to move. As shown
in Fig.1(b), the top layer with red resonators represents that
the top layer has moved along x-direction with alignment
displacement of Ax, while the layer with green resonators
represents there is displacement of Ay along y-direction.

According to the structure of the double-layer FSS based
displacement sensor above, the corresponding equivalent cir-
cuit can be described as a parallel LC circuit as shown in
Fig.1(c), where a rectangular graphene film is equivalent to an
inductor L. And the total equivalent capacitance is composed
of C; and Cp, where C; comes from adjacent resonators
in the same direction, while Cy, is the capacitance between
resonatorl on the top layer and resonator2 on the bottom layer.
The resonant frequencies of the bilayer FSS based sensor can
be approximately expressed as:

1
f=

oL (Cg+CL)

Due to C; and the equivalent inductance L are related
the physical dimensions of each layer of the FSS, they are
not changed with different displacement between two layers.
Meanwhile, the Cz changes with the displacement between
two layers.

ey
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Fig. 3. The electric field distribution at each resonant frequencies.

resonator1

resonator2

The design and optimization of the FSS are performed
in CST Microwave Studio using periodic boundary condi-
tions in x and y-directions and open in z-direction, and the
frequency-domain finite element method (FEM) is used. The
corresponding transmission characteristics of the initial state
of the FSS based displacement sensor are shown in Fig.2,
where Sy1_x is the transmission parameter of the FSS excited
by x-polarization incident wave, and Sy;_y represents the
transmission parameter of the FSS under the excitation of
y-polarization incident wave. The two resonant frequencies
that fy=11.4 GHz and f,=13.8GHz correspond to the res-
onant frequencies of the bottom layer with resonator 2 and
top layer with resonator 1 respectively. The parameter values
in the equivalent circuit are extracted by using optimization
algorithm to adjust the circuit simulation curves in Microwave
Office software to fit the EM simulation curves of CST
Microwave Studio. It can be seen that the circuit simulation is
consistent with the EM simulation and measurement results,
in which the circuit simulation and CST calculation results are
almost identical. However, the resonant depth of the measured
curve is small, and the resonant frequency is slightly shifted
to the high frequency, which may be caused by the error
of experiment and manufacture. Another reason is that the
periodic boundary condition is applied in the simulation, while
the sample in the actual measurement is limited in size.

The electric field distribution characteristics of the FSS at
each resonant frequency in shown in Fig.3, we can notice
that the x or y-direction displacement between two layers
will change the C1 between resonatorl and resonator2, which
will bring a shift of the resonant frequency of the FSS based
sensor, as described in (1). Due to the polarization-related
characteristic of the FSS, the displacement in x/y-direction
can only change the resonant frequency of the resonator along
x /y-direction. Therefore, the polarization and the resonance
characteristics of the double-layer FSS can be applied to
wireless displacement sensor design.

[Il. SIMULATION RESULTS

A. Displacement in x Direction

In simulation, we keep the bottom layer of FSS static and
move the top layer in x or y-direction. The transmission
curves of the double-layer FSS with x-direction displacement
is shown in Fig. 4. If the FSS based sensor is incident through
x-polarization incident wave, there is x-direction displace-
ment Ax varying from 0 to 5.25mm between two layers,
the non-resonant resonatorl on top layer moves toward to
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Fig. 4. The FSS based sensor with x-direction displacement between
two layers: (a) Variation of Spq_x with Ax from Omm to 5.25mm;
(b) Variation of Soq_x with Ax from 5.5mm to 10.5mm; (c) Variation of
S»1_y and (d) fx and f, with Ax from Omm to 10.5mm; (e) Variation of
equivalent circuit parameters with Ax in the x, and (f) y-directions.

the ends of resonator 2. The electric potential difference
between resonator 1 and resonator 2 becomes larger with the
increasing Ax, which also means that the capacitance Cp,
becomes larger, as shown in Fig.4 (e). So we can observe that
within x-displacement from Omm to 5.25mm the resonant fre-
quency fy shift from 11.42GHz to lower frequency 9.79 GHz,
as shown in Fig. 4(a). However, when Ax is increased to more
than half period length of the FSS from 5.5mm to 10.5mm,
because of the periodicity characteristic, resonator 1 on top
layer starts to move from the end to the center of resonator
2 on bottom layer. Similarly, from Fig. 4(e) we can see that
the capacitance C;, becomes smaller within this displacement
range. Thus from Fig. 4(b) we can see that f, shifts to higher
frequency with increased displacement.

It is noticeable that in the whole displacement range from
Omm to 10.5mm, the change of Ax has little or no impact
on non-resonant resonator 2, and as shown in Fig. 4(c) the
resonant frequency f) keeps almost unchanged. Meanwhile,
as shown in Fig. 4(f), the inductance L, capacitance Cy and
C, of resonator 2 are basically unchanged. The variation trend
of fy and f, with x-direction displacement Ax changing from
0 to 10.5mm is shown in Fig. 4(d).

B. Displacement in y Direction

When there is y-direction displacement Ay between two
layers, the simulated transmission curves changing with Ay
are shown in Fig. 5. Similarly, if there is y-polarization
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Fig. 5. The FSS based sensor with y-direction displacement between
two layers: (a) Variation of Spq_y with Ay from Omm to 5.25mm;
(b) Variation of Soq_y with Ay from 5.5mm to 10.5mm; (c) Variation of
Sp1_x and (d) fx and f, with Ay from Omm to 10.5mm,; (e) Variation of
equivalent circuit parameters with Ay in the y, and (f) x-directions.

incident wave, with increased Ay from 0 mm to 5.25mm,
resonator 2 on the bottom layer get closer to the end of
resonator 1 on the top layer. The capacitance C; between
two resonators becomes larger, thus resonant frequency f)
moves from 13.77GHz to 11.84GHz, as shown in Fig. 5(a)
and (e). Because of the periodicity and symmetry of the FSS
based displacement sensor, when Ay is increased to more
than 5.25mm, C; between two resonators start to decrease,
as shown in Fig.5 (e). Thus f, moves to higher frequency
with Ay increased from 5.5mm to 10.5mm, as presented in
Fig. 5(b).

If x-polarization incident wave is used to excite the FSS
based sensor, with Ay changes from 0 mm to 10.5mm, the
loaded capacitance C; remains almost constant, and f) keeps
almost unchanged, as shown in Fig. 5(c) and Fig.5 (f). And
the variation of resonant frequencies fx and f, changes with
the y-direction displacement Ay is shown in Fig. 5(d).

As can be seen from Fig. 4 and Fig. 5, the displacement
in the x(y)-direction, fy (fyx), is almost constant. However,
it is not difficult to see that f) (fy) still has slight fluctuations
due to the unnecessary coupling between the upper and lower
layers. Therefore, the sensor is not suitable for displacement
sensing of orders of magnitude smaller than a few millimeters.

C. Simulated Performance

According to the simulated results, we find that the FSS
based sensor can achieve two-dimensional displacement write

sensing, and the displacement direction can be easily distin-
guished from the variation trend of fy; and f,. Specifically,
if there is an obvious shift of f, while fy is almost unchanged
at same time, it means that there is a displacement in y
direction. And the shift trend of fx and f, in the x-direction
displacement is contrary to the one with displacement in
y-direction.

And both the dynamic range with displacement in X or
y-direction is 5.25mm, which is limited by the half length
of the period of FSS. The sensitivity (S) and the relative
sensitivity (S ,.s) of the FSS based displacement sensor at
each direction can be defined as the resonant frequency change
per millimeter and the sensitivity at each point divided by the
resonance frequency at that point, respectively:

Afey
Sy = ﬁ; 2
S
Sx,y_res = % (3)
‘x’y

where A fy, , represents the resonant frequency shift compared
with the initial state in both x and y-directions respectively.
It can be expressed as Afx y = fx,y_n — fx,y_i» where fx y n
represents the value corresponding to the high frequency
within the frequency response range, and f , ; represents the
value corresponding to the low frequency within the frequency
response range. In (3), fx,, is the resonance frequency in
x or y-direction. According to the above formula, it can be
calculated from Fig. 4 and Fig. 5 that within the dynamic
range of 5Smm, the FSS based displacement sensor shows high
sensitivity of 326MHz/mm in x-direction and 385MHz/mm in
y-direction. And its relative sensitivity in the x and y-directions
is 3.07%/mm and 3%/mm, respectively.

IV. PROTOTYPE AND EXPERIMENTAL MEASUREMENT

To verify the performances presented in simulation, the FSS
based displacement sensor shown in Fig. | is fabricated and
measured. Specially, the strip-type resonators on two layers
of the sensor are made of multi-layer graphene film, which
has high conductivity of about 10° S/m. What’s more, the
graphene film is not only lightweight, but also has high
chemical resistance and excellent mechanical stability which
is superior to ordinary copper film [32], [33]. The density
of ordinary copper film is 8.74g/cm3, while the density of
graphene film is 1.47g/cm?, which is only one fifth of that
of copper film, and has a great lightweight advantage. The
experimental results show that the graphene film still has good
flexibility after 1000 bends, and its electrical conductivity
remains unchanged. Commercial copper film of the same
thickness, however, can be bent 28 times before it breaks and is
unusable [34]. Moreover, graphene film is also highly resistant
to chemical corrosion. According to the experimental study
in [35], the graphene film and commercial aluminum film are
placed in the same concentration of hydrochloric acid. After
48 hours, the aluminum film is completely corroded, while the
graphene film still remains intact. Therefore, the multi-layer
graphene film is good substitute of copper film especially in
harsh environments.
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Fig. 6. (a) Experimental setup of the graphene-based FSS wireless
displacement sensor; (b) Displacement in x and y-directions between
two layers.

The horn antenna is usually used in the electromagnetic
characteristic measurement of FSS wireless stress sensor.
However, in order to achieve plane wave incidence, the far
field condition needs to be satisfied, that is, the distance d
between the horn antenna and the test sample needs to meet
d>2A%/), where A is the aperture area of the horn antenna
and 4 is the wavelength, so the measuring distance required
in a specific frequency band is relatively large. By using
the focusing lens horn antenna for measuring, as long as
the distance between the antenna and the test sample meet the
focal length of the lens, an approximate plane wave incident
can be formed at the distance from the focal length of the lens,
which can reduce the space required for testing. Therefore,
a pair of DBT-SFLHA180-400 focusing lens horn antennas
working at 8-18GHz are used in this experiment, as shown in
Fig. 6(a). Its focal length is 313.5mm, and energy is collected
at the position longer from its focal length to form a focal
spot with a diameter of 50mm.The size of the FSS sample
is 7 x 7 units, and the size is about 75mmx75mm, which
can completely cover the focal spots of the horn antennas and
make them form plane wave incidence on the FSS. At the
same time, the antennas are connected to the two ports of the
vector network analyzer (Anritsu MS46322A) respectively to
test the electromagnetic characteristics of the FSS.

As shown in Fig. 6(b), in the displacement sensing experi-
ment, firstly resonatorl on the top layer is put perpendicularly
with resonator2 on the bottom layer, and set the center
alignment of resonatorl and resonator2 as the initial state
of the sensor. Regarding the displacement between top and
bottom layers, the x or y-direction displacement in a dynamic
range of Smm is realized by keeping the bottom layer static
and moving the top layer manually.

When the top layer moves toward x-direction in the dynamic
range of Smm, the variations of transmission parameters with
x-polarization and y-polarization incident wave are shown in
Fig. 7. Firstly, we find that the measured resonant frequencies
fx and fy in the initial state of the sensor are 11.75GHz and
14.15GHz, respectively. And in the whole displacement range
from Omm to Smm, as shown in Fig.7 (a) and (b), respectively,
the resonant frequency f, is moving from 11.75GHz to
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Fig. 7. Measured transmission parameters of the FSS-based sensor
with x-direction displacement from Omm to 5mm: (a) Variation of Soq_x;
(b) Variation of Soq_y.
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Fig. 8. Measured transmission parameters of the FSS-based sensor

with y-direction displacement from Omm to 5mm: (a) Variation of Soq_y;
(b) Variation of Soq_x.
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Fig. 9. Measured and simulated frequency changes versus displace-

ment of the sensor based on FSS from Omm to 5mm: (a) x-direction
displacement; (b) y-direction displacement.

10.35GHz gradually, while resonant frequency f, is stable
around 14.15GHz. The measured variation trends of fy and
fy are in good agreement with the simulated results, and
it shows sensitivity of 280MHz/mm and relative sensitivity
of 2.42%/mm in x-direction.

When there is displacement in y direction, the measured
transmission parameters excited by y-polarization incident
waves are shown in Fig.8. With the increase of y-direction
displacement from Omm to Smm, it can be obviously observed
that f, shifts from 14.15GHz to 12.3GHz gradually, as shown
in Fig.8 (a). Meanwhile, from Fig. 8 (b) we can see that f; is
almost unchanged. Therefore, the variation trends of f, and
fy with y-direction displacement are also consistent with the
simulated results. And the measured results with y-direction
displacement presents sensitivity of 370MHz/mm and relative
sensitivity of 2.8%/mm.

The response curves of frequency changes versus dis-
placement of the FSS based sensor are shown in Fig. 9,
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TABLE Il
NONLINEARITY ERROR (0) FOR EACH DISPLACEMENT POINT

Omm Imm 2mm 3mm 4mm Smm
é;isl-m 6.69% 4.35% 4.09% 2.61% 2.61% 3.48%
é‘xiMm 5.06% 5.06% 3.02% 6.74% 5.6% 2.21%
5y7&»m 2.18% 5.1% 0.73% 0 5.83% 4.37%
5},7,‘,,&, 1.9% 1.4% 5.71% 6% 4.61% 3.9%
0.00 17 0.00
14p . - == - Mea.df(x)/dx .. - - - Mea.df(x)/dx|
N - - - Sim.df(x)/dx _16F v = - Simdfix)/dx _
S El T 025 €
g :\:E g1 ﬁ - EE
g z Fuf z
= g = 3
10 12

Fig. 11.

Measured and simulated frequency variation characteristics

14
5/=18.75  §7=50  —@—Mea.l —@—Mea.2
[ m=1182  m~=11.64 =——=Mea.3 —v—Mea.4
_ =11.62
13 A L8 e e 576875 571875
| =t M T m=10.885  ms=10.32
~ / K max;=10.89  maxs=10.33
o 12F 4 min;=10.87  mins=10.32
<) t A
= ! \
Wz - |
11 F$7=68.75 «-~ '
5/7=18.75
m=11.375 o —
[ max=11.39 ”’”10‘150757 -
L min=1137 max—e .
10 [ minz min~10.56
0 1 2 3 4 5
Ax (mm)
(a)
15
| 5,=50 5/=18.75
my=13.62 m=12.82
14 -“\ ,‘ max;=13.63  max,~12.82
|\ L min=13.61  min~=12.81
~~~ \ \\ b
SRR . : "
O | s §,/=18.75 v
= m=14255 m=1393  s§7=43.75 S
12 b max~14.26 max=13.93 m=13.085 5522683'5
| min=1425 min;=13.92 nzqn:ll;-g? ms=12.405
minz= B —
11 -—I—Mea,l —o— Mea.2 : qu;:lljfz
—a—Mea.3 —v— Mea.4 L
A L A L A L A L A
0 1 2 3 4 5
Ay (mm)

(b)

Fig. 10. Frequency curve of the sensor based on FSS with displacement
from Omm to 5mm at four measurements: (a) x-direction displacement;
(b) y-direction displacement.

in which Fig. 9 (a) and (b) show the variation of frequency
changes with the displacement in x-direction and y-direction
respectively. Here, |Afy| and ]A fy] represent the frequency
changes with the displacement in x-direction and y-direction
respectively. As shown in Fig. 9(a), when a displacement
of Imm to 5Smm is generated in the x-direction, the maximum
difference of | A f,| obtained from the simulation and measure-
ment results is 250MHz and 260MHz respectively. Similarly,
the maximum difference of |Af,| obtained from simulation
and measurement results in the y-direction is 260MHz and
270MHz respectively. It can be seen from Fig. 9 that the
change of |Af| is not stable, because the resonant frequency
is 11.4GHz and 13.8GHz respectively when the relative dis-
placement is generated in x and y-direction. For this band,
a fluctuation of about 0.2GHz is acceptable in our practical
application.

Meanwhile, we have measured the sensor for several times
under the same measuring environment, and four groups of
measurement results are shown in Fig. 10. Mea.l, Mea.2,
Mea.3 and Mea.4 in Fig. 10 are the result curves obtained from
four measurements respectively. In order to characterize the
precision characteristic of the sensor, the variance (52), median
(m), maximum (max) and minimum (min) values of each set
of measured data are calculated. The calculation results are
also marked in Fig. 10, where si2 i=20,1,2,3,45)is
the variance of the point when the displacement is i mm, and
its unit is MHz2. Here m, max and min are all in GHz. The

and their derivatives with (a) x-direction displacement and (b) y-direction
displacement from Omm to 5mm after curve fitting of the sensor based
on FSS.

results show that the data of each displacement point of the
sensor have good consistency and high repeatability in the
actual measurement.

In order to characterize the sensitivity of the sensor more
intuitively, the curve of the sensitivity changing with the
displacement distance is given, as shown in Fig. 11. This
work was carried out in MATLAB, and the curve fitting
toolkit in MATLAB was used to fit the response of frequency
variation with displacement distance obtained by simulation
and measurement into a fifth-order polynomial, making the
curves smoother. Since the displacement generated in the
x-direction does not affect the change of f,, we only fit
the curve of the variation of f, in the x-direction here,
and similarly, we only fit the curve of the variation of fy
in the y-direction. Fig. 11 (a) and (b) are polynomial fitting
results of frequency variation curve with displacement in x
and y-directions respectively, and their derivatives are obtained
respectively. According to the results in Fig. 11, the measured
and simulated nonlinear errors (d) of each displacement point
in x and y-directions can be calculated by (4):

’fx,nyim/Mea - fIL’
5x,y_Sim/Mea =

“)
Fx,nyim/Mea
which is shown in Table II. Among them, fy sim and fx meaq
are the resonant frequencies obtained by simulation and mea-
surement at a certain displacement point in the x-direction
respectively, fr; represents the frequency when the curve is
ideal linear, and F, is the maximum resonant frequency that
can be obtained when the displacement is in the x-direction.
Since the change of f), and f; caused by displacement in
the x and y-directions is almost negligible, and we only

Authorized licensed use limited to: WUHAN UNIVERSITY OF TECHNOLOGY. Downloaded on December 27,2021 at 07:42:34 UTC from IEEE Xplore. Restrictions apply.



ZHANG et al.: TWO-DIMENSIONAL HIGHLY SENSITIVE WIRELESS DISPLACEMENT SENSOR

23895

TABLE IlI
COMPARISON OF THE PERFORMANCE OF THE REPORTED MICROWAVE SENSORS WITH THE PROPOSED ONE

Reference Sensor type ( ({?—IIZ) Dimensions Dynamic range Se(r;friltrinv)ity Wireless senslii?\i?tt}i/‘(//emm)
[2] CPW+SRRs 1.17 1D 1.1mm 25dB No -
[4] CPW+SRRs 1.4 1D Smm 60MHz No 4.3%
[5] CPW+EBG 13 1D 2.5mm 40dB No -
9] ML2+SRRs 25 2D 3mm § ggﬁgj No Xfé%ﬁjﬁ’
[10] b iele“zggso"ator 3.69 1D 6mm 95MHz Yes 2.6%
[11] DR 3.41 1D 7mm 22.9MHz Yes 0.67%
[15] Antenna 2.4 1D 7.7mm 0.65MHz No 0.27%
[28] Metamaterial 0.4 1D 7mm 8MHz Yes 2%
This work Graphene FSS 11/14 2D S mm ; ;é%gi Yes "y3 ';)(;)%

care about the frequency shift caused by displacement in the
respective directions, only the nonlinear errors based on fy
and fy in the x and y-directions are given here respectively.
It is obvious from the calculation results of nonlinear errors
in Table II that the nonlinear errors in both simulation and
measurement in X and y-directions are less than 7%. The
maximum nonlinear errors in each direction are derived from
the measured results, which are 6.74% in the x-direction and
6% in the y-direction, respectively. Therefore, the sensor not
only has high sensitivity, but also has guaranteed accuracy in
implementation.

The curve after derivation is the sensitivity curves versus
displacement, as shown by the dotted line in Fig. 11. Based
to the curves, we can calculate that the average measured
and simulated sensitivities of the sensor in the x-direction
are 404.85MHz/mm and 323.75MHz/mm respectively, and the
average measured and simulated sensitivities in the y-direction
are 429.37MHz/mm and 361.72MHz/mm respectively. Obvi-
ously, the measured average sensitivity here is higher than that
of the simulation. It can be seen from the curves variation that
this is caused by the large fluctuation of frequency variation
in the measured data, which may be due to the error caused
by manually adjusting the relative distance between the upper
and lower FSS in the measurement.

Compared with the simulated results, the measured coun-
terparts are about 300MHz higher than the simulated ones on
average within the displacement range of 0-5mm, especially
the deviation at high frequencies is large. One is due to the
experimental and manufacturing errors, mainly from the slight
deviation when manually adjusting the relative displacement
distances of upper and lower FSS. Another is due to that the
corresponding frequency is high when it produces small dis-
placement changes, hence the relative error is also increased.
Furthermore, it is obvious that the resonance depth of the FSS
measured is not as good as that of the simulation, due to
the influence of the measured environment and the difference
between the 7 x 7 array in the measurement and the infinite
period array in the simulation. From the measured results,

we find that although there are some frequency shift errors,
we can always distinguish the direction of the displacement
from the variation trend of fy and f). and in the dynamic
range of Smm, both the sensitivities with x and y-directions
displacement are very high. What’s more, it is worthy noticing
that in experiment, there is no extra cables connected to the
sensor, namely it can be wirelessly measured, making the
installation and measurement easier.

V. CONCLUSION

In this paper, a wireless two-dimensional displacement
sensor using bilayer graphene-based FSS with high sensitiv-
ity is designed, simulated and experimentally demonstrated.
The performance comparison between the reported microwave
displacement sensors and the proposed displacement sensor is
shown in Table III, it is obvious that the proposed graphene
FSS based displacement sensor has following advantages:
Firstly, it can achieve two-dimensional displacement sens-
ing, and the direction of displacement can be distinguished
by the variation trend of resonant frequencies. Secondly,
in the dynamic range of Smm it shows high sensitivity of
326MHz/mm in x-direction and 385MHz/mm in y-direction.
Thirdly, the displacement sensing can be measured wirelessly,
which bring much convenience for practical applications.
Finally, due to the good chemical and mechanical performance
of the multi-layer graphene film, it has potential of working
in harsh environments, showing great application prospects.
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