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3D Frequency Selective Surface Displacement
Sensor using Complementary Dielectrics

Peter Njogu, Benito Sanz-Izquierdo, Zhijiao Chen and E.A. Parker

Abstract— A novel displacement sensor using a frequency selective surface (FSS)
with a removable substrate complement is proposed. The new concept sensor is
based on modifying the effective permittivity of the FSS when the substrate
complement is gradually withdrawn. The change in the effective permittivity produces
a change in capacitance, and thus in the resonant frequency. The FSS consists of an
array of square loops elements in a square lattice. A 3D convoluted version of the
FSS sensor improves the angle of incident behavior and increases the displacement
range. The dielectric layers of the 3D FSS sensor were 3D printed while the metal
layers were painted using silver conductive paint. The transmission response, S2i,
has been employed as the validation parameter. The proposed sensor operates in a
frequency range between 2.0 GHz and 2.8 GHz and has achieved a 0.052 GHz/mm
sensitivity and 12 mm dynamic range and has a dimension of 207mm by 207mm. The
sensor is passive, compact, inexpensive, and easy to operate. The envisaged application is the wireless detection of
structural movement, which can be critical in civil structures such as bridges or buildings or earthquake monitoring.

Displacement
< >

Index Terms— Frequency Selective Surface (FSS), displacement, sensor, periodicity

I. Introduction displacement sensors have also been investigated [25], [26].

Frequency selective surfaces (FSS) are typically periodic arrays
of conductive elements on dielectric materials that exhibit
specific transmissive or reflective frequency responses when
the electromagnetic energy impinges. Their frequency response
depends on the spacing between the periodic elements, their
geometry, the dielectric substrate properties, its thickness, and
the local environment [1] and [2]. FSS behave as spatial filters
to certain frequencies of impinging electromagnetic radiation.
The filtering properties of FSS enable exploitation of the
electromagnetic responses, i.e., reflection and transmission
properties, resonance frequency and Q-factor which depends on
the unit cell geometry and the dielectric material characteristics.
Alterations of parameters such as layering the dielectric
structure [3] or composition [4] affect the response of the FSS.
These FSS filtering properties enable its application in
advanced antenna systems and technology e.g., offset reflector
antennas [5], absorbers [6], radomes [7], Butler matrix [8]. RF
shielding [9], beam switching and steering [10] [11]. FSS and
meta-materials have been proposed for applications in strain
[12], remote [13], chemical liquid [14], thin film [15], CO, [16],
bridge columns structural health monitoring [17] Biochemical
[18] and corrosion [19] sensing.

Displacement can be detected using a variety of sensors, the
most common being based on resistive, capacitive, inductive,
ultrasonic [20] and optical principles [21]. In the microwave
spectrum, displacement sensors employing transmission line
structures have been developed [22] - [24]. EBG based
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Compared with most of those displacement sensors, FSS based
sensors have the advantage of being passive, scalable, and able
to operate remotely e.g., remote structural health monitoring
using FSS-based sensors has been proposed [27]. This sensor
involves an FSS tearing or deforming to indicate a structural
health problem. More specifically on displacement sensors, a
wireless two-dimensional lateral sensor using bilayer graphene-
based FSS is described in [28], while that presented in [29] uses
an antenna coupling in the near field with two split-ring
metamaterials that are gradually moved apart.

FSS exists in many profiles [1][30]. They are typically planar
(2D), but some are also three-dimensional [31], [32]. 3D FSS
has been developed for improved filter selectivity [33], [34] and
some offer improved wave angle of incidence stability [35],
[36]. However, very high angle stability has mostly been
achieved on 2D FSS [37], [38] using convoluted techniques
[39]. The question that arises is whether 3D FSS structures have
advantages over 2-dimensional ones.

In this paper, a novel FSS-based displacement sensor is
proposed using complementary dielectric structures. The
design has two main components: an FSS and a dielectric
complement. The parts are arranged so the dielectric
complement is retractable from the FSS along the z-plane. The
sensing function occurs through variation of the effective
permittivity as the dielectric complement retracts. This changes
the capacitance of the FSS, which alters the resonance
frequency. A 3D convoluted FSS design is proposed to improve
the angle of incidence and increase the displacement range. The
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3D convoluted FSS sensor has been fabricated, and its
transmission response measured. The FSS sensor operates at
about 2.5 GHz with a broad range of frequencies in relation to
the displacement distance of the complement dielectric. The
proposed sensor is adaptable and can be adjusted in size by
increasing or decreasing the number of cells. It is passive and
does not require internal batteries. The dielectric layers of the
FSS were fabricated using fused filament fabrication (FFF), a
method that enables the creation of intricate 3D objects [40].
The rest of this paper is organized as follows. Section 11
introduces the basic principle of the FSS sensor and describes
the theoretical concept. Section 111 describes the 3D convoluted
FSS sensor. Section IV provides details of the fabrication and
measurements of the design, and finally, section IV is the
discussion of the performance of the sensor and conclusion.

Il. FSS DISPLACEMENT SENSOR CONCEPT

A. Design of the basic FSS and Dielectric Complement

FSS structures are known to be sensitive to their surrounding
materials as well as the substrate characteristics, the feature that
has been exploited to develop the proposed sensor.

The square loop FSS element offers dual polarization and good
angle of incidence behavior [2] and was adopted in the
development of the proposed sensor, Fig. 1. A 21.7 mm square
loop is set on the 26 mm square unit cell, Fig. 1(a), was designed
to fit into a complement structure, Fig.1 (b), as shown in Fig.
1(c). Fig. 1(d) illustrates a withdrawn state of complement
while Fig. 1(e) illustrates a two cells array of the design. A
Polylactic acid (PLA) substrate of relative permittivity, &, 2.4
and loss tangent (tan §) of 0.01 [41] was used. The substrate
thickness was 6 mm. The rest of the dimensions are given in
Table I. The design was simulated using Floquet port analysis
in CST Microwave Studio™.

The transmission response of the FSS sensor is shown in Fig. 2.
The FSS without the complement resonated at 4.4 GHz with a
frequency shift of 5% at TE 45°, and 1.8% at TM 45° wave
incidence. With the complement, the FSS resonated at 3.5 GHz
with a frequency shift of 2.9% at TE45°, and 2.0% at TM45°.
A further study of the resonant frequency of the FSS sensor for
a range of displacement distances, z, of the complementary
structures (Fig. 1(d)), was conducted, and the result is shown in
Fig. 3. The substrate complement was withdrawn in the z-plane
direction at intervals Az of 2 mm, ranging from 0 mm (Fig. 1(d))
to 10 mm. The sensor’s response is linear up to 4 mm, after
which it flattens as the complement moves out of FSS. This
initial concept has a low displacement range.

B. The Operation Principle

A typical bandstop FSS can be modelled as an equivalent circuit
theory [42] and [43]. Adjacent square loops of FSS act
capacitively while the metallic conductor strip is equivalent to
an inductor, creating a series LC resonance circuit, as shown in
Fig. 4. The resonance frequency of this circuit is expressed as:

f =5 )

where L is the inductance created by the conductors of the
square loops while C is the capacitance between adjacent loops.
Capacitance, C, can be approximated using (2) [43]:

(©) (e)
Fig. 1 The concept: the (a) FSS (b) substrate complement (c) FSS plus
complement (d) complement substrate withdrawal (e) Two-cells array

TABLE |: DIMENSION OF THE INITIAL CONCEPT FSS

Dimension p w m n d
Value, (mm) 26 2 3 7 21.7
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Fig. 2 Sy of the FSS displacement sensor with and without complement
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Fig. 3 Simulated resonance frequency, f, versus substrate complement
displacement distance, z for the 2D sensor

C = &r&epy %In (cosec (%)) 2

where e.¢¢ and ¢, are effective permittivity and permittivity
respectively, d is the loop dimension and g are the conductor
strip separation. The sensor operating principle involves
variation of the capacitance of the LC circuit as the dielectric
complement retracts out of the FSS structure, as illustrated in
Fig. 5. The initial state, Fig.5 (a), has the FSS symmetrically
embedded in the dielectric substrate of permittivity €. In this
case, the effective permittivity can be approximated to ¢, as the
substrate is moderately thick and square loops are used [44].
When the dielectric complement is retracted from the FSS, the
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Complement substrate

Fig. 4 Equivalent circuit of the FSS sensor
air

Complement substrate FSS
m FSS substrate ] I B B
_ @ (b)
Fig. 5 Cross-sectional view of the sensor at withdrawal distance z at (a) zero

(b) 4 mm

effective permittivity of the structure decreases. This decreases
the capacitance of the FSS. The effective permittivity for a fully
retracted complement substrate, Fig. 5(b) could be
approximated to a substrate with half dielectric and half air.
Thus, the effective permittivity is:

Er+1

Eeff = 5 (3)

The gradual change between these two states (Fig. 5(a) and Fig.
5(b)) is expected to be linear, which leads to the equation:

_ (1-&)
Seff =& + p— A (4)

where z is the displacement along the z axis and m is the height
of the FSS. Equation (4) is only valid for the linear part of the
sensor which is intermediate to Fig.5(a) and Fig. 5 (b), i.e., for
Z between 0 and 3 mm (Fig.3) of the initial sensor in Fig. 1.

In fact, it is possible to obtain a more accurate equation for the
change in effective permittivity for the structure in Fig (1) using
the ratios between the resonant frequency at any z, f, , and the
frequency for z = 0, f1 and the ratio between gefr at any point z,
and & (eerr at z =0) This ratio can be obtained using (1) and (2),
considering that L, g, and d, are constants. Using these ratios,
g.rr for any frequency can be calculated as:

Eeff = —fi = | &r ®)
(&)
Applying this equation to the values for the frequencies in Fig.
3, the value of & ¢as a function of z can be obtained as shown
in Fig. 6. The equation for the effective permittivity for the
linear part (0 < z < 4) of the graph is:

Eop = 2.4 — 0.19477 (6)

It should be noted that the linear part extends 1mm (to z =
4mm) from that predicted earlier. Nevertheless, (6) is
consistent with (3) and (4). For example, at 4 mm, ¢, for the
half loaded FSS from (3) is just 5% higher than that using (6).
The differences are probably due to the non-uniformity of the
dielectric material extracted during displacement and errors in
the initial assumption that the substrate might be sufficiently
thick to be considered as fully loaded with dielectric [44].

Derived using CST simulations and (5)
= = =Theoretical calculated from (4)

Effective Permitivity eeff
o

Displacement distance, z (mm)

ig. 6 Effective permittivity for displacement distance, z

o

I1l. 3D CONVOLUTED FSS DISPLACEMENT SENSOR

A. 3D Convoluted design

To improve the sensor’s angular response and increase the
displacement range, the initial square loop (Fig.1) was extended
in the z axis, resulting in the 3D square loop, Fig. 7(a). The
substrate complement for this FSS is shown in Fig. 7 (b). Fig.
7(c) shows when the two parts joined together, and Fig. 7(d)
when they are slid out. The sensor was optimized to operate at
a starting frequency with complement of about 2.16 GHz. The
final dimensions are given Table Il. The square loop array was
arranged in a square periodicity of 26 mm. In Fig. 7(d), z is the
displacement distance of the complement substrate from of the
FSS, h is the height of the FSS.

The simulation’s transmission coefficients of the FSS at normal
incidence, TE 45° and TM 45° angles of incidence are shown
in Fig. 8, for the FSS with and without the substrate
complement. The FSS without the complement resonated at 2.8
GHz with a frequency shift of 1.2% at TE 45°, and 0.7% at TM
45°, When FSS is coupled together with the complement
resonance occurred at 2.16 GHz with a frequency shift of 0.5%
at TE 45° and 0.15% at TM 45°.

B. 3D Convoluted FSS Sensor Parametric Analysis

The surface current on the FSS is shown in Fig. 9. As with
ordinary square loops, the current density is maximum at the
center of the sides of the loop. A study of displacement sensing
was carried out by gradually withdrawing the substrate
complement along the z axis (Fig. 7(d)). Fig. 10 shows the
effect of displacement on the resonant frequency, and the
equivalent effective permittivity calculated using (5). The
response is mainly linear up to about 12 mm. The transmission
coefficients for various z for the linear part of the sensor (0 <z
< 10mm) are shown in Fig. 11. As the displacement distance (z)
changes from 0 mm to 10 mm, the resonance frequency
increases from 2.16 GHz to 2.67 GHz. The frequency response
follows the linear function:

f =0.052z + 2.1481 )

The sensitivity (S) of the sensor [28], is the slope of the
linear equation (0.052/mm) as given by:

_ s
S = - (8)
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Fig. 11 Simulated S21 results for complement withdrawn distance

(© (d)
Fig. 7. The 3D sensor: (a) convoluted FSS (b) complement dielectric layer (c)
complement joined together with the FSS (d) complement slid out of the FSS.
(b)
TABLE || DIMENSION OF THE FSS
Dimension p n d b w d h Foam spacer -
Value (mm) 26 685 47 10 26 217 11 P L.,
0 memmessneenon e Complement

g 04 FSS

=l ®

0] * |« Spacer

g 3 gomp{emen: %E 4Nscirmal . @

= omplement 3

g -40 1 gg?ﬁ}ﬁ?iﬁ;ﬁgmmal Fig. 12 Full model of the (a) FSS sensor substrate (b) dielectric complement,
§ S0 No comglement TE 45° (c) foam spacer (d) mounting mechanism of the FSS sensor with spacer.

2 601 ___No complement TM 45°

g -70 A

2 ¢ IV. FABRICATION AND MEASUREMNTS

&= . .

<07 T T T : A. Fabrication
Frequency, GHz The cell unit of dimensions shown in Fig. 7 and Table 11l was

Fig. 8 Simulated S, of 3D sensor with and without the substrate complement ~ extended to an 8 x 8 array, Fig. 12. Fig. 12(a) and Fig. 12(b) are
the convoluted FSS and complement substrate respectively,
both 207 mm x 207 mm in size. This size is scalable. Previous
work [45] indicates that even a single unit cell can produce
transmission selectivity. Five spacers, heights 0 mm to 10 mm
at 2 mm intervals were also made. A sample is shown in
Fig.12(c). The spacers were used to position the complement at
the correct height as illustrated in Fig. 12(d). The fabrication
process had two stages, the printing of the polyactide acid
' (PLA) substrate for the FSS and the complement substrate
_ @ o (b) followed by manual painting of the loops on the FSS

Fig. 9 Surface current distribution on the FSS. (a) 2D (b) 3D, FSS. substrate. The thermal conductivity of PLA is 0.16 ml K1 [46],
and the glass transition temperature is about 60 °C [47].

A/m

oo

N W B

3 1 r 26
L 245 The CST models of both the convoluted FSS and complement
2 28 1 L 20 = substrate were exported to .stl file and then sent to Raised 3D
O i _- > ig printer machine using CURA software for printing. After the
é' I L 18§ FSS substrate was printed, conductive loops were hand painted
g 24 16 & using RS pro Silver Conductive 186-3600 paint [48], around the
S === Nl 148 cells on the substrate using an artist’s painting brush. The
Sl s MR | " fabricated FSS sensor is shown in Fig. 13. The FSS substrate
5 ’ D o ol ) with the painted loops is shown in Fig. 13(a) and (b), the

0 2 4 6 8 10 12 complement substrate in Fig. 13(c) and (d). Fig. 13(e) and (f)
Displacemens cistance 2, i) show the two parts lock together while Fig. 13(g) and (h) shows

Fig. 10 Simulated effect of displacement on resonance frequency, and the .
equivalent effective permittivity for the 3D convoluted FSS sensor. asample of one of the spacers which were cut from polystyrene
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Fig. 13 Fabricated FSS sensor and spacer (a) the printed FSS (b) 4x4 array of
the printed FSS showing the painted conductors, (c) and (d) the substrate
complement, (e) and (f) FSS fully attached to the complement, (g) and (h) a
foam spacer, (i) complement from the FSS using the spacer.

foam blocks using a Denford Router 2600 CNC machine and
were used to mimic the substrate complement retraction from
the FSS. Polystyrene foam was used because it has relative
permittivity closest to air and thus would have minimal effect
on the measurements. Fig. 13 (i) is a side view of the FSS
positioning using a foam spacer.

B. The Measurements

The FSS sensor’s transmission coefficient measurements, Sx;
were conducted as shown in Fig. 14 using Marconi Instruments
microwave test set 6204B. Fig. 14(a) shows the measurement
set while Fig. 14(b) shows the sensor’s testing position. Two
R&S®HLO050 log-periodic antennas from Rohde & Schwarz
GmbH & Co. with a range of 0.85-26.5 GHz, passive gain of
7.5 dBi were placed at 70 cm on either side of the prototype for
measurements. The transmission coefficient was normalized
using a through calibration against an aperture 210 mm x 210
mm.

The FSS (Fig. 13(a)) was measured first, followed by FSS
locked with the complement substrate (Fig. 13(e)). Fig. 15
shows the prototype’s transmission response measured without
and with the substrate complement. The FSS without the
complement resonated at 2.7 GHz with a frequency shift of
0.37% at TE 45°, and 0.74% at TM 45°. The FSS coupled to the
complement resonates at 2.16 GHz with 0.4% frequency shift
at TE 45°, and 0.9% at TM 45°.

So1 measurements were also carried out for the complement
substrate displacement distance, z, from 0 mm to 10 mm at
normal incidence, Fig. 16. The results show that the resonance
frequency progressively shifts to higher frequencies as the
complement substrate is gradually withdrawn. Fig.17 shows
both the simulated and measured response of the sensor. This
behavior is consistent with the linear dependence on z noted in
simulation with less than 3.8% deviation observed at any point.
The sensor exhibits a high linearity factor R? of 0.997 over the
measured range. The maximum errors for the TE45 and TM45
frequency shift is just under 1mm, which is the minimum
reliable and detectable displacement that could be sensed
effectively. The differences between the simulated and
measured results could be due to fabrication, measurement
errors or potential deviation of the relative permittivity of the
printed structure [49][50].

V. DISCUSSION

Table 111 summarizes the performance of other reported FSS
based displacement sensors compared to the proposed design.
The proposed sensor differs conceptually and geometrically
from [28][29]. [28] is based on the concept of two sliding
conductors horizontally, while [29] focuses on the separation of
conducting metamaterials in the horizontal plane and the
detection occurs through coupling to antenna in the near field.
Note that other metamaterial-based sensors [51]- [53] have not
been included in the table because they are not FSS based and
work differently. They are circuit based and cannot be operated
remotely.

The sensor has been optimized to target a resonant frequency
that can be measured with the available equipment. However, it
can be optimized to any other frequency range within the
microwave band. Furthermore, the dynamic range can be
optimized as wished or extended further by increasing the
length of the conductor of the square loop element in the z-
direction (Fig.7). The sensitivity could be increased further by
using a complement substrate with a higher dielectric constant.
The sensor was fabricated using 3D printing techniques and
hand painting of the conductive layers of the FSS. The painting
was done manually but could be done using a painting machine
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(b)
Fig. 14 The (a) plane wave chamber measurement set up (b) sensor on the
measurement set up
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Fig. 17 Curve of resonance frequency, f, versus substrate complement
withdrawal distance z of the fabricated sensor

and an electroless plating process. FDM printing and PLA were
employed due to their in-house availability. However, this
technique has limitations such as the 0.2 mm fabrication
accuracy and the potential deformation of PLA for temperatures
higher than 60 °C [27]. To operate at higher temperatures or to
achieve higher resolution, other fabrication techniques and
materials could be employed. The proposed sensor is ideal for
instances requiring real-time monitoring of structural changes
such as detection of movement or cracks due to deformation

Substrate complement

The FSS
(@

Substrate complement

v
displacement

The FSS

(b)
Fig. 18 Potential conceptual arrangement of the structural displacement
sensor (a) before displacement, and (b) after displacement

TABLE Il COMPARISON OF THE PROPOSED DESIGN WITH THE
REPORTED FSS BASED SENSING DESIGNS

Parameters References

[28] [29] This work
Frequency (GHz) 10 0.4 2.0
Sensitivity (GHz/mm) 0.326 0.008 0.052
Geometry 2D 2D 3D
Dynamic range (mm) 5 7 10
Sensor type FSS Meta material FSS
Polarization Single Single Dual
Complement structures No No Yes
Unit Cell size 0.41x0.4% 0.07Ax0.07 A 0.22x0.2%
Field operation Far field Near field Far field

in a civil structure. It could also be used to detect land
deformation because of volcanic activity or in earthquake
monitoring and prediction. The displacement sensor can be
integrated with any structure as illustrated in Fig. 18. Even
though measurements were consistent for distances around the
setup FSS and TX/RX, if different distances or different TX/RX
antennas were to be used, it would be recommended to
recalibrate the sensor. In addition, if the antennas are to be
placed further away, a larger sensor may need to be used. The
movement in the structure from an initial state, Fig.18(a), to
Fig. 18(b) leads to a change in the state of the FSS sensor
attached to the structure. The initial state of the structure is a
solid block (Fig. 18(a)) with the FSS protected by the dielectric
layers, which is ideal for external applications.

VI. CONCLUSION

A novel FSS-based displacement wireless sensor based on a
complementary dielectric has been demonstrated. The sensor
uses a substrate complement to modify the transmission
response of an FSS as the complement is removed in the z-axis.
It operates in a frequency range between 2.0 GHz and 2.8 GHz
and has achieved a 0.052 GHz/mm sensitivity and 12 mm
dynamic range, and has a dimension of 207 mm by 207 mm.
The range of the sensor can be extended using 3D convoluted
techniques described here, resulting in a new 3D convoluted
FSS sensor. Extending the sensor in 3D also improves its angle
of incidence behavior and increases the range of the sensor. The
FSS structures developed are based on a modified square loop
FSS element, and inherently dual polarized. In terms of sensor
operation, the withdrawable dielectric substrate changes the
effective permittivity and, thus, the capacitance of the FSS
array. The FSS sensor provides displacement sensing up to
0.1, which can be extended if required.

The sensor has application in wireless monitoring of
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displacement. The technique could also have applications in
reconfigurable FSS and  metasurfaces using an
electromechanical process to separate the complementary
dielectric layers. The FFF process used in the fabrication of the
device offers a reduction in material cost, labour as well as
manufacturing time. The fabrication process can also be scaled

up.
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