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Abstract: Recently, many approaches have been proposed to miniaturize the dimensions of frequency selective surface
(FSS) array elements. This is usually achieved by increasing the equivalent electrical lengths of array elements. In this
paper, a different approach is proposed to realize the miniaturization by making use of the capacitance between adjacent
layers of an FSS. Such an FSS will not only have a very small element size, but also have an extremely low profile. The
element size is one of the smallest reported so far to the authors’ best knowledge.

1 Introduction

A frequency selective surface (FSS) is formed by periodic arrays of usually metallic elements on a dielectric
substrate. The geometry of the surface in one period (array element) determines the frequency response of an FSS.
Various responses can be achieved by using different traditional FSS element shapes. An FSS often displays selectivity
not only on the frequency, but also on the angle and polarization of the incident wave. FSS can be constructed by using
identical elements arranged in a one- or two-dimension infinite array.
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Fig. 1. FSS in different military and civil applications [18].

The equivalent circuit for a bandstop FSS or a bandpass FSS is the combination of LC in series or in parallel,
respectively [1] [2]. Many different shapes have been used to construct an FSS. The equivalent FSS circuit is directly
related to the array element size, shape and the polarization. Equivalent circuits and analysis of some of the traditional
structures can be found in [2][3].

FSSs have been most commonly used in microwave and optical frequency regions of the electromagnetic spectrum
and for applications such as antennas, radomes, radio frequency absorbers, wireless securities to electromagnetic (EM)
shielding applications and metamaterials [2] [4][5][6][7][8][9]. Decreasing loss in antennas and improving the radiated
power are successfully realized by using these structures [10][11]. They are designed to reflect, transmit or absorb
electromagnetic radiation at different frequencies [1][12][13]. The use of dual-reflector antennas in space missions such
as Galileo, Cassini, Cassegrain and Voyager, sharing the main reflector among different frequency bands, has been
made possible by using an FSS [14][15][16][17].

FSSs are widely used in modern military platforms such as aircraft, ships and missiles, as can be seen from Fig. 1
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[18]. FSSs can be used in many applications in the civil sector as well, such as the isolation of unwanted and harmful
radiation in L-band and S-band in hospitals, schools and domestic environments [19][20][21].

2 Motivations

FSSs with miniaturized elements can achieve stable performance against the incident angle of illuminating waves.
The plane of incidence and polarization of incidence are defined in Fig. 2. For normal incidence, the FSS is excited by
an electromagnetic wave with the propagation vector (k) towards the z axis, a magnetic field vector (H) towards the x
axis and an electric field vector (E) towards the y axis direction. For other incidence, e represents the incident angle,
while ¢ is the polarization angle.
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Fig. 2. The plane of incident wave, e is the angle of incidence, ¢ is the polarisation angle.

Recently, many approaches have been proposed to miniaturize FSS array element dimensions. For example, a
parallel lumped inductor and a lumped capacitor can be used to reduce the size of the FSS array element [22][23].
Adding meander-slots to the circular ring structure can produce FSSs with array element dimensions much smaller than
the wavelength [24]. A study in [25] demonstrated a miniature FSS by printing micro wire on a dielectric. Printing four
symmetrical spiral patterns of metallic meander lines can increase the electrical length of the array element and increase
the value of the resonant components [26]. However, increasing the electrical length of an array element with the same
physical dimensions has limitations, and could increase the complexity of the FSS structure. Thus, a parallel lumped
inductor and lumped capacitor can be used to design a dually polarized FSS array element in [22]. Two metallic layers
of an asymmetrical pattern are placed on the top and bottom side of a dielectric substrate to achieve a dually polarized
frequency response in [27].

Traditionally, the element of a FSS is rotationally symmetrical and the element arrays in a multi-layer FSS are
aligned with each other. Different techniques have been used to achieve stable frequency responses in different
polarizations for single and multi-layer FSSs under various angles of incident waves. Accomplishing a symmetrical FSS
array element can contribute to achieving a stable resonance with respect to the polarization and the angle of incidence
[22][23][24][25][26][28]. However, using symmetrical array element shapes to avoid polarization sensitivity can restrict
FSS design options.

3. The Proposed FSS Element

In this paper, a novel approach to design a miniaturized FSS is proposed. The array element is realized by using
stepped-impedance transmission lines. This is done by using a wire to control the path of the current which passes
through the metallic surface of the element. Patches are added at the ends of the wire to enhance capacitance. As a
result, the dimensions of the miniaturized element are much smaller than the wavelength at the resonant frequency. The
periodicity is 0.09A.

Fig. 3 shows three cases of array element configuration. Fig. 3(a) shows the structure with a slot parallel to the x
axis, while Fig. 3(b) illustrates the structure with a slot parallel to the y axis. The wire has an inductive effect and the
slot has a capacitive effect. However, these two structures (Fig. 3(a) and (b)) are single polarized structures. A
modification of the structure in Fig. 3(b) by adding a slot and micro-wires parallel to the x axis is shown in Fig. 3(c).
This makes the structure dual polarized.

The equivalent circuit is a parallel LC circuit as shown in Fig. 4. The frequency response of the resonant element can
be determined by evaluating the capacitance and inductance of the array element. The value of the inductance L is
determined by:
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where L is the strip inductance, which is determined by the strip length P, the strip width w and the effective magnetic
permeability u, of the structure. n is the number of metal layers. The value of the capacitance C is determined by

C =ng,¢, 2—b[ln cosec(@)] 4.2)
Vs 2b

where C is the intrinsic capacitance between the two adjacent patches in each layer, which is determined by the patch
length b, the gap g between adjacent patches and the effective dielectric constant ¢, of the structure, €, = (¢,+1)/2.
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Fig. 3. Array element of the proposed FSS structures, (a) the single polarized element with the slot towards
the x-axis, (b) the single polarized element with the slot towards the y-axis and (c) the dual polarized array
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Fig. 4. The equivalent circuit of the proposed FSS structure.

0

-10

-20

-30

-40 |if

Sy1 (dB)

-50 ff

-60

-70 |

0 1 2 3 4 5 6
Frequency (GHz)

Fig. 5. The transmission coefficient of the proposed FSS as a function of the incident angle.
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The resonator was designed on a 1.5 mm thick FR4 substrate with a relative dielectric constant of ¢,=4.3. The length
of the square patch bis 6 mm. The slot width and wire width are 0.2 mm. The periodic constant P of the array is 9 mm.

The resonant frequency of the proposed structure as shown Fig. 3(c) is insensitive to the angle of incidence (#). The
resonant frequency is stable with an incident angle up to 88°, although the bandwidth is decreased, as shown in Fig. 5.

A comparison of the FSS array element between the proposed structure and other reported miniaturized FSS
elements is illustrated in Table I. It can be observed that the stepped-impedance FSS resonator is the smallest compared
with other work.

Table I: Comparison of the element size with other references

FSS structure Substrate Thickness (mm) & Element size

[29] 1.6 43 0.222

[30] 1.6 43 0.104x

[31] 0.5 3.55 0.088A

[32] 0.127 22 0.067A

[33] 1.6 5 0.061A

The proposed dual polarized FSS 1.6 43 0.09A

The proposed single polarized FSS 1.6 43 0.055X1

4 Multi-layer FSS Using the Proposed Elements

Fig. 6 shows the structure of the proposed single polarized FSS element, consisting of two metallic layers separated
by a substrate layer. Each metallic layer is printed on one side of the dielectric substrate consisting of an inductive loop
with a width of w and two capacitive patches, each with an area of bxa. Numerical analysis of the proposed element
was performed by using CST Microwave Studio, using unit cell boundary conditions to provide periodicity along the x
and y axes.

The unique approached of the design is that the top and bottom layers are the same, but flipped in the xy plane. In
this way, the currents enter and exit from the top layer patches in opposite directions to the bottom layer patches, as
shown in Fig. 7. This causes the charges to be distributed in different polarizations between the top and the bottom
layers of the FSS, which induces a strong cross-layer capacitance, C,..

Not op the Same sjde

Fig. 6. Array element geometry of the proposed single polarized FSS.

For instance, when an external electrical field, E, is applied in the y-axis direction, the current will flow into the left
patch and out from the right patch towards the (-y) axis direction on the top layer, as shown in Fig. 7(a). This can induce
positive charges on the left patch of the proposed element and negative charges on the right one. On the other hand, in
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the bottom layer, since the structure is flipped, the current will flow into the right patch and out from the left patch
towards the (-y) axis direction, as shown in Fig. 7(b). This can induce charges opposite to the top layer. Thus, there is a
strong cross-layer capacitance existing between the top and the bottom layer.

This capacitance offers significant advantages to the FSS element by making the structure compact, low-profile (the
lower the profile, the stronger the capacitance) and insensitive to surrounding dielectric materials, as discussed in the
following sections.
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Fig. 7. Current distribution of the proposed element on (a) the top layer, and (b) the bottom layer.
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Fig. 8. Simulated frequency response of the proposed two-layer FSS under variable incident angles for the

vertical polarisation.

The proposed structure is designed on an FR4 substrate. The two metallic layers are etched on the top and bottom
copper layers of a 0.127 mm-thick FR4 substrate with a dielectric constant of 4.3 and a loss tangent of 0.025. The length
of the rectangle patch (b) is 4.6 mm and the width (a) is 4.6 mm, the gap width g is 0.2 mm and the width, w, of the
short line connecting the patches is 0.2 and for the loop is 0.1 mm. The periodic constant P of the array is 6 mm. Fig. 8
shows the simulated transmission and reflection coefficients. It can be seen that the resonant frequency is very stable
against the incident angle up to 75°.

The resonant frequency is 1 GHz with a fractional bandwidth of 6.1%. The reflection coefficient is -19 dB and the
insertion loss is 1.13 dB at the resonant frequency. The size of the array element is found to be 0.024 x 0.024.

The equivalent circuit model of the proposed array element for vertical polarized incident waves is shown in Fig. 9.
It should be noted that the circuit model is only used to give a better qualitative understanding of the proposed structure.
The actual equivalent circuit is much more complicated than this circuit model. The circuit model consists of an L,;C,
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circuit for the top layer structure, an L,C, for the bottom layer structure and a cross-layer capacitor C,. between them.
The substrate between the two metallic layers acts as a transmission line of length h (h is the substrate thickness) and a
characteristic impedance of Z. The transmission line is used here as a short circuit because / is very small. For example,
at the resonant frequency 1 GHz, 4 is A/2362 or 0.127 mm. In the circuit model, L, is equal to L, and C, is equal to C,
due to symmetry.
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Fig. 9. Equivalent circuit of a two-metallic-layer structure, where L1= (L1+ L,)/ (L1 L,) and C;;= C; + C, + Ce..
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Fig. 10. Array element of the proposed n-metallic-layers FSS with thin dielectric supporters.

The cross-layer capacitance C,. can be calculated by using the parallel plates’ capacitance equation:

C, =(n-1) ngf’A (4.3)

The fringing effect can be ignored in this case because the gap between the two plates is very some small compared
of with the size of the plates. The overlapping area of the conducting patch is 4 and equal to 2(axb); the parallel
conducting layers are separated by a distance d, which is the thickness of the substrate h in this case, and the dielectric
constant of the substrate is ¢, It is quite obvious that the cross-layer capacitance is much higher than the intrinsic
capacitance of each layer. The approximate theoretical values for the resonator components are L, = L, = 3.5 nH, C;= G,
= (.28 pF, while the value of C.. = 6.2 pF. The value of C,. is much greater as expected. The cross-coupling capacitance
C.. will significantly lower the resonant frequency of the FSS array element, which makes the element much more
compact.

The cross-layer capacitance is higher with a thinner substrate (lower profile). This is contrary to the intrinsic
capacitance. The intrinsic capacitance depends on the effective permittivity of the substrate. The effective permittivity is
a function of the thickness of the substrate. If the thickness is comparable with the gap width, the effective permittivity
is lower with a thinner substrate. The intrinsic capacitance is lower accordingly. If the substrate thickness is much
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greater than the gap width, the effective permittivity is almost constant. Therefore, the proposed FSS with a lower
profile is actually more compact, which is different from traditional structures.

Fig. 10 shows the structure with n metallic layers and (n-1) dielectric layers. The two transparent layers are only
used to mechanically support assembling the multiple layers together if needed. There are alternative ways of doing
this. For example, the layers can be thermally compressed together using a bonding film with a very thin thickness [34].

The simulated resonant frequency f, fractional bandwidth BW, lowest values of reflection coefficients S;; of a multi-
layer FSS using the proposed design are summarized in Table II. The periodic dimension P is 6 mm, the same for all of
these multi-layer structures. It shows that the increase of the number of layers n shifts the resonant frequency
downward. For example, for n = 3 with two FR4 dielectric layers with a thickness of 0.127 mm for each, the resonant
frequency is shifted downward to 0.76 GHz from 1 GHz for » = 2. The reflection coefficient is -16.9 dB and the
fractional bandwidth is 4.62%. The FSS array element dimensions in this case are 0.01521 by 0.01524. While using five
metallic layers (n = 5) and four dielectric layers, the resonant frequency is shifted to 0.6 GHz. The fractional bandwidth
is 2.44%, and the reflection coefficient S}, is -9 dB. For this case, the size of the element is 0.0124 by 0.0124.

Table I1: Element size vs the number of metallic layers of single polarized FSSs

n f(GHz) BW S21 (dB) S11(dB) Thickness (mm) Element size
2 1 6.23% 1.15 -19 0.147 0.024
3 0.76 4.62% 1.3 -16.9 0.284 0.01522
4 0.65 3.42% 1.9 -13 0.421 0.0131
5 0.60 2.44% 2.6 -9.7 0.558 0.0124
5 Dual polarized FSS

The FSS element proposed in last section is suitable for single polarized incident waves. The performance of the
structure is different if the E-field of the incident wave is along the x-axis. To achieve dual-polarized performance, the
proposed structure can be modified to the one shown in Fig. 11. This structure can be used for not only dual-
polarization but also a greater fractional bandwidth. Here, the metallic structure on each layer is 90° rotationally
symmetrical in the xy plane, so that the structure will achieve the same performance if the E-field of the incident wave
is either in the x-axis or the y-axis direction. In the same way as before, the top and bottom layers are the same but
flipped in the xy plane. Similarly, the dominant capacitor is the cross-layer C,., compared with the intrinsic capacitor. In
this case only two pairs of patches will have a strong capacitance and the other two patches have relatively weak
capacitance depending on the polarization.
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Fig. 11. Structure of the multi-layer bandpass FSS for dual polarisations.
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The dimensions of the structure are: the gap g between adjacent patches is 0.2 mm; the width w of the short line
connecting the patches is 0.2 mm and the loop is 0.1 mm. The periodic constant P of the array is 6 mm. The dimension
of b is halved, which means the value of the capacitance is also about halved. The patch area is a since b = 2a.

Table 111: Element size vs number of metallic layers for the dual-polarized structure

n f(GHz) BW S (dB) S11 (dB) Thickness (mm) Element size
2 1.96 10.32% 0.56 -22.5 0.147 0.0384
3 1.50 8.42% 1.23 -22.0 0.284 0.0304
4 1.32 6.37% 1.62 -19.2 0.421 0.0264
5 1.21 4.45% 1.86 -16.8 0.558 0.0244

As mentioned, increasing the number of layers will shift the resonant frequency downward. The equivalent circuit of
this structure is very similar to the single polarized one, taking into consideration that the value of the C,. is halved.
Table III shows the variation in the resonant frequency when increasing the number of layers, n. As can be seen from
the table, the resonant frequency of the two-layer (n = 2) structure is 1.98 GHz. The same dielectric material of FR4
with 0.127 mm thickness is used in the design. The size of the array element is 0.0396A % 0.0396A. The resonant
frequency of the structure with three metallic layers (#z = 3) and two dielectric layers is 1.50 GHz. The array element
size is 0.03A x 0.03A.
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Fig. 12. Photograph of the prototype of the proposed FSS with n = 2.

N S ——
T - -
S —
Se——

v k PO EE e ey
el
Vo ELLE

CE .

Fig. 13. Experimental setup to measure the transmission coefficient of the FSS.
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6. Experimental results

A prototype of the proposed FSS as shown in Fig. 11 has been fabricated and measured to validate the design. The
fabricated FSS is shown in Fig. 12. The size of the FSS prototype is 180 mm x 180 mm and it consists of 30 x 30
elements.

Two horn antennas and a vector network analyzer were used for the measurement. The measurement setup is shown
in Fig. 13. The line of sight between the two antennas passes through the centre of the FSS prototype and the antennas
are located about 70 cm away from the fixture to ensure the formation of uniform plane wave impinging upon the FSS
structure. When carrying out the measurement at 60°, the absorbers at the side were adjusted so as not to block the
incident wave. Measurement of the fabricated FSS is performed in two steps. Firstly, the transmission response of the
system without the FSS is measured. This measurement result is used to calibrate the FSS response. Secondly, the
frequency response with the presence of the FSS structure is measured.

In the example of the FSS with two metallic layers (n = 2), the fabrication is performed by patterning the proposed
shape on two sides of a 0.127 mm thick FR4 substrate. The measured performances with incident angles of 0°and 60°
for this prototype are shown in Fig. 14. The measured insertion loss is 0.73 dB at the resonant frequency for normal
incidence, which is mainly attributed to the dielectric and the metallic losses of the structure. The measured
performance is compared with the simulated one. It can be seen that very good agreement has been achieved. The
transmission with other incident angles up to 75 ° was also measured. The measured performance is also in very good
agreement with the simulated one. Such results are not shown in this figure to avoid having too many curves in the
figure.
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Fig. 14. Measured and simulated responses of the two-metallic-layer (n = 2) FSS under different incident

angles.

7 Conclusions

An unconventional approach has been proposed to design miniaturized multi-layer FSSs. The overall thicknesses of
the multi-layer FSSs presented are extremely small. As an example, the thickness of the FSS structure consisting of
three metallic layers and two dielectric layers is less than 0.5 mm. Unlike traditional structures, the size of the proposed
FSS element is smaller when the profile is lower.

The dimensions of the miniaturized element are much smaller than the wavelength at the resonant frequency, as
small as 0.0121 x 0.012\ which is one of the smallest reported so far. For a two-metallic-layer structure, the size of the
proposed dual polarized FSS element is 330 times smaller than the traditional patch-mesh structure.

The proposed approach to design miniaturized FSSs was experimentally verified by a prototype. The simulation and
measurement results verify the stable frequency response of the proposed design. These advantages of the proposed
structure can be useful for many applications where circuit compactness and having an extremely low profile are
desired.
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