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Abstract—Traditionally, the element of a frequency selective
surface (FSS) is rotationally symmetrical and the element arrays
in a multi-layer FSS are aligned with each other. A new approach
to miniaturize the size of the FSS array element is proposed in this
paper by interconnecting array elements only in one direction in a
two-layer FSS structure. One layer acts as an enhanced inductor
while the other layer provides capacitance. The interconnection
between adjacent array elements changes the equivalent circuit
and produces a strong cross-layer capacitance, which lowers the
resonant frequency significantly. The dimensions of the
miniaturized FSS element are much smaller than the wavelength
at the resonant frequency (periodicity << ). The element can also
have a low profile since the cross-layer capacitance is stronger with
a thinner substrate.

The sensitivity to the incident angle of the proposed structure is
comparable with traditional ones. A theoretical equivalent circuit
model is developed to characterize the structure, based on analysis
of the geometrical configuration of the FSS structure and the
electric field distribution on it. The theory was verified by
experimental results.

Index Terms: Equivalent circuit, frequency selective surfaces,
filter, orthogonal, cross-layer capacitor.

I. INTRODUCTION

REQUENCY selective surface (FSS) are structures

composed of arbitrary shapes of metallic patches or
apertures supported by dielectric substrates. FSSs have been the
subject of intense investigations in a large scale of applications,
such as spatial microwave and optical filters for decades [1-4].
FSS structures often are used as radomes for reducing the radar
cross section of an antenna system outside its frequency band
of operation. They can also be used as components in radar-
absorbing material (RAM) [5-7]. The use of FSSs has
contributed to the increase in the communication capabilities of
satellite platforms. The use of dual-reflector antennas, which
share the main reflector among different frequency bands, in
space missions such as Galileo, Cassini and Voyager, has been
made possible by using an FSS [8-10]. Decreasing power loss
in antennas and improving the radiated power are successfully
realized by using these structures[11].
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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 FSS element
shapes. The equivalent circuit and analysis of some of the
traditional structures are provided in [12, 13]. The equivalent
FSS circuit is directly related to the array element shape and the
polarization. An FSS is essentially a spatial filter because its
performance depends on frequency, polarization and the angle
of incidence. FSSs often display selectivity not only to
frequency, but also to the angle and polarization of the incident
wave.

However, the FSS suffers from practical design problems
that can be categorized as the bandwidth, the size of the
element, the sensitivity to the incident angle and the sensitivity
to the polarization. The reflection and transmission coefficients
of the FSS are mainly dependent on the shape and size of array
elements. The electrical length of the array elements is an
essential factor to determine the resonant frequency. It is
important that the shape, dimensions and spacing of the array
elements are designed altogether to achieve the desired resonant
frequency and bandwidth.

Recently, many approaches have been proposed to
miniaturize FSS array element dimensions. For example, a
lumped inductor and a lumped capacitor in parallel can be used
to reduce the size of FSS array elements [14, 15]. Adding
meander-slots to the circular ring structures can produce FSS
array element with dimensions much smaller than the
wavelength [16]. A study in [17] 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 [18].
However, increasing the electrical length of an array element
with the same physical dimensions is limited, and could
increase the complexity of the FSS structure.

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 [14-19]. However, using
symmetrical array element shapes to avoid polarization
sensitivity can restrict FSS design options.
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It is proposed in this paper that the size of the FSS element
can be miniaturized by connecting adjacent elements in one
direction only to increase the resonant component values in a
two- or multi-layer structure. The proposed miniaturized FSS is
able to exhibit the same frequency response with respect of
horizontal or vertical polarizations. This is achieved by printing
the same metal shape on the top and bottom of the substrate, but
orthogonally in a two-layer structure. At the same time, a cross-
layer capacitance (C..) will be generated. This capacitor can
significantly lower the resonant component of the FSS.
Traditionally, in single or multi-layer structures, the lower the
profile, the higher the resonant frequency. This is mainly due to
that the effective dielectric constant is gradually increased when
the substrate thickness is increased. In contrast, in the proposed
structure, the lower the profile, the lower the resonant
frequency, due to the increased cross-layer capacitance. The
frequency response of the miniaturized FSS is demonstrated for
various incident angles. It is shown that the performance is very
stable. An analytical model is derived to evaluate the resonant
frequency of the proposed miniaturized FSS.

In this paper, section II focuses on the design of array
elements, and discusses the proposed approaches to miniaturize
the FSS array element. Section III describes the experiment
setup and measured results to verify the theory. Conclusions are
finally given in Section IV.

II. MINIATURIZATION APPROACHES

A. Array Element Design

The miniaturization of FSS elements is desired to enable an
FSS with sufficient array elements to act as an infinite array
because a practical FSS is usually fabricated in finite
dimensions. Many approaches have been used to miniaturize
the FSS element. These approaches mainly depend on
increasing the electrical length of array elements with the same
physical area. However, this could result in a more complex
FSS structure.

In this paper, new approaches will be introduced to
miniaturize an FSS element. Firstly, the inductance can be
enhanced by connecting adjacent elements in one direction.
Secondly, an extra capacitor is introduced by having two
metallic layers orthogonal to each other. This capacitance
enables the FSS to have a much lower profile. The proposed
array element is designed in such a way that the connection
between adjacent elements is easily achievable. At the same
time, the array element in an FSS is not necessarily symmetrical
at 90° rotation.

The proposed resonator is a ring with two splits. Each split is
ended by two parallel strips. Inside the ring, there is a pair of T-
shaped strips with a gap in the center, as shown in Fig.1.
However, the structure still works if a simple wire is used in the
middle of the unit cell. It was found by parametric study that
the whole structure is slightly smaller by using two T-shaped
wires instead of a single wire and it provides flexibility to
control the stopband frequency. The resonant frequency of the
proposed resonator can be easily lowered by interconnecting
the elements, to be discussed in detail in the following sections.

B. Enhanced Inductance Array Elements

Fig 1 shows the proposed structure. At the vertical
polarization, the electric field is in the direction of the y-axis.
The gaps between the two T-shaped strips can be represented
by a capacitor, shown as (a) in Fig. 1. Half of the circumference
with the parallel strips acts as an inductor, shown as (b). The
gap between adjacent elements can be represented by a
capacitor, shown as (c). The corresponding equivalent circuit of
the resonator, when the incident wave is vertically polarized,
consists of a C in parallel with a series LC as shown in Fig 3.
C, represents the capacitance shown as (a) in Fig. 1. L,
represents the inductance shown as (b). C; represents the
capacitance shown as (c).
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Fig. 1. The proposed structure with not-connected elements.

Similarly, for the horizontal polarization, the equivalent
circuit of the resonator can also be described by Fig. 1. In this
case, C; represents the mutual capacitance between the adjacent
elements, shown as (d) in Fig. 1. L, is the inductance of the two
T-shaped strips shown as (e). C; is the capacitance of the
parallel strips, shown as (f). The corresponding equivalent
circuit of the resonator, when the incident wave is horizontally
polarized, is also a C in parallel with a series LC. The equivalent
circuit can also be represented by Fig. 2, although the values of
the components are different.

To verify the proposed structure, numerical analysis of the
proposed element was performed by CST Microwave Studio,
using unit cell boundary conditions to provide periodicity along
the x and y axes. The FSS is excited by an electromagnetic wave
with the propagation vector (K) towards the z-axis direction,
magnetic field vector (H) towards the x—axis direction and
electric field vector (E) towards the y-axis direction, as shown
in Fig. 3. The frequency response of the array elements can be
determined by evaluating the capacitance and inductance of the
element. The approximate value of the inductance of a strip can
be calculated by [20],

(1)
P 1
L=pu Ebg(sm@)
2P
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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. The approximate value of the
capacitance between strips can be calculated by [20],

1 @
)

2P
C=g¢,e,—log(
T .
sin ==

2P

where C is the capacitance between adjacent strips, which is
determined by the strip length P, the gap width g between the
strips and the effective dielectric constant €. of the structure.
The effective dielectric constant increases when the substrate
thickness is increased. The capacitance between adjacent strips
increases if the thickness of the substrate becomes thicker [4],
although the increment will be smaller if the thickness of the
substrate is much greater than the gap width. On the other hand,
the inductance is determined by the length and width of the
metallic strip.

1

L ¢

Fig. 2. The equivalent circuit of the proposed FSS unit.
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Fig. 3. Side view of the proposed array elements under EM wave illumination.
o is the incident angle.

An FSS was designed on a 0.127 mm thick FR4 substrate
with a dielectric constant of 4.3. The strip width w is 0.3 mm,
s=0.4mm, g=0.25 mm, /= 3.7 mm and B = 0.6 mm, as shown
in Fig. 1. The inner and outer ring radius is 4.4 mm and 4.7 mm,
respectively. The periodic element P is 10 mm. The simulated
performance of the structure of Fig. 1 is shown in Fig. 4. At the
vertical polarization, the structure exhibits bandstop
performance, and has a resonant frequency of 6.25 GHz, as
shown in Fig. 4(a). The resonant components of the equivalent
circuit, as shown in Fig. 2, can be calculated by using (1) and
(2), where C; =0.772 pF, C;=0.209 pF and L; = 0.657 nH. To
achieve good agreement with the simulated one, as shown in
Fig. 4 (a), a curve fitting was carried out. It was found that by
taking C; =0.821 pF and L; = 0.663 nH, the calculated response
will be in excellent agreement with the simulated one as shown

in Fig. 4. These component values are very close to those
obtained by calculation using (1) and (2).
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Fig. 4. The transmission and reflection coefficients of the structure shown in
Fig. 1, by using the equivalent circuit and simulation, (a) at the vertical
polarization, (b) at the horizontal polarization.

At the horizontal polarization, the structure exhibits
performance with a stopband at 3.10 GHz and a passband at
3.49 GHz, as can be observed from Fig. 4 (b). The component
values in the equivalent circuit are C; = 1.02 pF, C,= 2.59 pF
and L; = 0.642 nH as calculated using (1) and (2). By curve-
fitting, C> is tuned to 2.7 pf'to achieve good agreement with the
simulated structure, as shown in Fig. 4 (b).

To miniaturize the resonator, the adjacent elements of the
proposed structure can be connected in one direction through
two parallel strip wires, as shown in Fig. 5. This can enhance
the inductance of the proposed structure compared to the case
where the elements are not interconnected as shown in Fig. 1.
However, the equivalent circuit of the strips in the
interconnected array elements is an inductor, as shown in Fig.
5. While as shown in Fig. 1, the strips in the not-interconnected
array element have series capacitance associated with the gap
between adjacent elements, resulting in the equivalent circuit of
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a series LC circuit. The simulation for the enhanced-inductance
(interconnected) elements, with the circuit dimensions provided
above, was carried out. The E-field is assumed to be vertical as
shown in Fig. 5. The FSS has a highpass response, as shown in
Fig. 6(a), because the equivalent circuit is mainly an inductor
as described above.

For the horizontal polarization, the parallel strips in the
interconnected circuit can be represented by a capacitor, as
shown in Fig. 5. The simulated response of the structure has a
bandstop response with a resonant frequency of 2.9 GHz, as
shown in Fig. 6(b). The equivalent circuit is a C in series with
a parallel LC, as shown in Fig. 2. C; represents the mutual
capacitance between the adjacent elements, L, is the inductance
of the two T-shaped strips, and C, is the capacitance of the
parallel strips, as shown in Fig. 5. The equivalent circuit

S parameters, (dB)

—_— 811, the equivalent circuit
40 — 821, the equivalent circuit

—-—Sﬂ, the simulated structure

—— 821, the simulated structure

-50

component values are C; = 1.09 pF, L; = 0.642 nH. To achieve 0 1 2 3 4 5 6 7 8
good agreement with the simulated performance, C, is tuned Frequency, (GHz)

from 2.8 pF to 2.9 pF by curve-fitting. (©)

Fig. 6. The transmission and reflection coefficients of the structure shown in
Fig. 5, obtained by calculating the equivalent circuit and simulating the
- P structure, (a) for the vertical polarization, (b) for the horizontal polarization.

In fact, the interconnection between the proposed FSS array
elements will not only increase the inductance, but also change
the equivalent circuit. That is, the interconnection contributes
to making the top layer act as only an inductor (the inductance
is dominant) and the bottom layer acts as a capacitor, as
discussed in detail in the next section.

C. FSS with Orthogonal Layers in the xy-Plane

Recently, many approaches have been proposed [14-19] to
miniaturize array elements by increasing the capacitance or
inductance or both. These approaches include increasing the
substrate thickness or the complexity of the structures. The
proposed miniaturized FSS in this paper utilizes a metal-
dielectric-metal structure to design a passband filter by having
two layers of the same shape but arranged orthogonally. In the
proposed structure, the top layer of the substrate, as shown in
Fig. 5, acts as an inductor for vertical polarization. While, the
capacitance is achieved by the bottom layer which is the same
as the top layer but with 90° rotation.

More importantly, the structure will exhibit the same
transmission performance in the x and y directions. In this way,
the proposed array element is insensitive to the polarization
angle. That is, in the vertical polarization, the metal layer at the
top acts as an inductor because the inductance is dominant. At
the same time, the bottom metal layer presents a capacitance
because the capacitance is dominant. In the horizontal
polarization, the top metals layer acts as a capacitor and the
bottom metal layer acts as an inductor. The most important
advantage is that, by having two layers orthogonally, it can
induce a strong capacitance between them. This capacitor is
0 1 2 3 4 s 6 o 3 induced because the charge distribution is different between the
Frequency, (GHz) top and the bottom layers of the FSS. For instance, when an

(@ external electrical field, E, is applied in the y-axis (vertical)

direction, the dominant current will be on the ring
circumference toward the y (or -y) axis direction, as shown in
Fig. 7(a). The current is the strongest at the edge of the
resonator. This can induce positive charges on the top half of
the proposed element and negative charges on the bottom half

- = s = s ==

Fig. 5. The proposed structure with the elements interconnected in one
direction.
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as shown in Fig. 7(b). On the other hand, for the 90° rotated
element on the other layer, the direction of the current is similar
to the top layer, but the strongest current is in the center of the
resonator, as shown in Fig. 8(a). As a result, the top half of the
array element will have negative charges, while the bottom will
have positive charges as shown in Fig. 8(b).

Highest curre;nt
(a) (b)

Fig. 7. (a) The current distribution and (b) the charge distribution on the top
layer of the proposed structure for vertical polarization.

(@) (b)

Fig. 8. (a) The current distribution and (b) the charge distribution on the
orthogonal layer of the proposed structure for vertical polarization.

This induces a strong cross-layer capacitance, C.., between
the parallel layers of the proposed array element, as shown in
Fig. 9. The equivalent circuit of the unit of the two orthogonal
elements is a combination of the equivalent circuit of the top
layer (enhanced inductor) and the bottom layer (C in series with
a parallel LC), as illustrated in Fig. 10, where Lr is the
inductance of the two T-shaped strips, C. is the capacitance of
the parallel strips, and L. is the enhanced inductor. C; is the sum
of the mutual capacitance, C,, between the adjacent elements,
and the cross-layer capacitance between the top and bottom
layers, Cc.. Where the cross-layer capacitance can be estimated
by:

C = 8,46‘014 (3)

cc d

where A4 is the area of the proposed surface. The parallel
surfaces are separated by a distance d which is the thickness of
the substrate; the dielectric constant of the substrate is &;.

Fig. 9. The array elements are placed orthogonally to each other on adjacent
layers. A strong cross-layer capacitance exists between the two layers.

Fig. 10. The equivalent circuit of the proposed miniaturized FSS unit, C,= the
mutual capacitance between adjacent elements (C,,) + the cross-layer
capacitance (C.).

D. Circuit Design

The simulated magnitudes of Si; and S»; of the proposed
structure at 0.127 mm substrate thickness are shown in Fig. 11.
The responses in the vertical and horizontal polarizations for
the TE mode are almost the same as each other. It is shown in
Fig. 12 that the phases of Sz; are the same as each other as well.
Table I shows the simulated resonant frequency, the fractional
bandwidth and the array element size as a function of the
thickness of the substrate.

It is obvious that decreasing the substrate thickness from 0.8
mm to 0.127 mm can shift the resonant frequency downward
from 2.32 GHz to 1.35 GHz. The array element size is
miniaturized by 58% (from 0.0773X to 0.0452), although there
is a small bandwidth decrease.

Table 1. Resonant frequencies and element sizes with different substrate

thicknesses
Thickness I Fractional Element size
(Unit: mm) | (Unit: GHz) bandwidth
0.8 2.32 11% 0.077\
0.6 2.18 9.3% 0.073\
0.3 1.82 8.7% 0.060 A
0.127 1.35 7.5% 0.045)
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10 where, r is the radius of the circular disk. As a comparison, the
20 calculated capacitance of a circular disk with 7= 4.7 mm and
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Fig. 11. The simulated and calculated responses of the miniaturized FSS
structure. Due to the orthogonal nature of the structure, the performance is the
same for both the vertical and the horizontal polarizations.
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—&— S, at horizontal polarization
120 [—>—§,, at vertical polarization

The phase of S, , degree

-120

-180
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Frequency, (GHz)

Fig. 12. The simulated phases of the transmission coefficients of the
miniaturized FSS structure for both the vertical and the horizontal polarizations.

It should be noted that the low profile can be achieved only
if C.. is dominant compared to the adjacent strips’ capacitance
Cnand C.. The values of the equivalent circuit components for
a 0.127 mm thick substrate are C,,= 1.09 pF, C.= 2.9 pF, and
L7r=0.642 nH, while from (3) C.is 6.25 pF as calculated from
(3). The value of C. is much bigger than the adjacent strips’
capacitances.

To obtain good agreement with the simulated structure, as
shown in Fig. 11, a curve fitting was carried out. While other
component values are very close to the calculated ones, the
value of C,. is found to be 7.33 pF after curve fitting. This
deviation is mainly due to the fringing effect of the field
between the edges of two parallel plates. This deviation
increases with the thickness of the substrate, especially when
w<<d. There are several approaches to quantify the fringing
effect [21, 22]. The total capacitance including the fringing
effect of a circular parallel-plate capacitor can be estimated by
[23]:

10
20
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=30
- i
E L, ato
,‘E 40 —e—35, at 15’
E ——S, at 30’
;— -50 ——8,, at4s’
._._.S:_ at 60°
-60 ——5_ at7s’
——35,  at0
270
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Frequency (GHz)
(a)

-10

—a—5_ at0-0’
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——35,ate 30°

(——8,at0-45"

S Parameters,(dB)

b5, at 0-60"
——S,at =75

50 —3, ato-0"

2
Frequency, (GHz)
(b)
Fig. 13. The simulated reflection and transmission coefficients of the
miniaturized FSS structure as a function of the incident angle, (a) TE mode, (b)
TM mode.

d= 0.127 mm would have been 7% higher by considering the
fringing effect. For the proposed structure, the value of the
capacitance is 17% higher after curve fitting. The deviation in
the ring structure is slightly higher because the fringing effect
takes place on both the inner and the outer edges of the ring
structure. The deviation would also be greater if the substrate is
thicker.

The cross-layer capacitance contrasts with the adjacent
capacitors (C, and C.). C.c would increase if the thickness of the
substrate was reduced, while C,, and C, would decrease.

The structure was simulated under various incident angles and
for different modes. The substrate thickness used in the
simulation is 0.6 mm. The results show that the resonant
frequency is very stable as shown in Fig. 13. The insertion loss
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is 0.33 dB at the normal incident angle and 0.69 dB at the 60°
incident angle for the TE mode. While the insertion loss is 0.32
dB at the normal incident angle and 0.18 dB at 60° incident
angle for the TM mode. As a comparison, the simulated
insertion loss at normal incident angle is 0.35 dB for the TE
mode and 0.4 dB for the TM mode; while at 60° incident angle,
it is 0.5 dB for the TE mode and 0.3 dB for the TM mode, in
[15]. The values at the normal incident angle are 0.2 dB for the
TE mode and 0 dB for the TM mode; 0.3 dB for the TE mode
and 0 dB for the TM mode at 60° incident angle in [16], or 1.4
dB for the TE mode and 1.2 dB for the TM mode at the normal
incident angle and 1.6 dB for the TE mode and 0.8 dB for the
TM mode at 60° in [18].The insertion loss of the proposed
structure is comparable to the results in other references.

Table II. The deviation of the resonant frequency for different incident angles

for the TE mode
Incident angle f o
(Unit: degree) (Unit: GHz) Deviation
15° 2.19 0.4%
30° 2.20 0.9%
45° 2.22 1.8%
60° 2.25 3.2%
75° 2.26 3.6%

Table III. The deviation of the resonant frequency for different incident angles
for the TM mode

Incident angle . o
(Unit: degree) (Unit: GHz) Deviation
15° 2.156 1.10%
30° 2.184 0.183%
45° 2.188 0.367%
60° 2.188 0.367%
75° 2.192 0.550%

Compared with the normal incidence case, the deviations of
the resonant frequency of the miniaturized FSS structure at
different incident angles, for both TE and TM modes, are shown
in the Table II and III, respectively. The resonant frequency is
shifted from 2.18 GHz to 2.25 GHz (3.2%) at the 60° incident
angle for the TE mode and 0.37% for the TM mode. As a
comparison, the resonant frequency deviation is 6.6% for the
TE mode at 60° incident angle in [14], 2% for both the TE and
the TM modes in [15], 0% for the TE mode and 1.3% for the
TM mode in [16], and 0% fort the TE mode and 5% for the TM
mode in [18].

The simulated result of the transmission coefficients of the
miniaturized FSS structure under 45° incident angle and various
polarization angles is shown in Fig. 14. It can be seen that the
transmission coefficient is hardly changed with the polarization
angle, although the array element is not rotationally
symmetrical by 90° as for most traditional elements. This
advantage offers great flexibility for the array element design.
This methodology can be applied to the design of multi-layer
FSSs. For example, a three-layer FSS can be designed by
having each layer at an angle of 120° to the next layer.

0

=20

-30

S parameters, (dB)
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=50

-24
1.6 1.8 20 2.2 24 2.6
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0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0

Frequency, (GHz)

Fig. 14. The simulated reflection and transmission coefficients of the
miniaturized FSS structure under incident angle of 45° and various polarization
angles.

Cross-polarization levels between TE and TM waves are also
examined with regard to normal incident angle and varied
polarization angles (0° to 45°). The direction of polarization is
rotated from Oc to 45° to examine the cross-polarization levels
at different incident angles. The proposed orthogonal layers
present a very low polarization conversion which is generally
below -25 dB. The transmission coefficients in cross
polarization at the resonant frequency is better than -45 dB at
the 0° polarization angle, -40 dB at 15°, -30 dB 30° and -27 at
45°. This confirms that when TE wave propagates through the
proposed orthogonal layers, the transmitted wave is still with
TE polarization. The performance is similar for the TM case.

A comparison of the FSS array element size between the
proposed design and other miniaturized FSS elements described
in previous works is illustrated in Table IV. It can be seen that
the proposed structure has the smallest size.

Moreover, the effect of the misalignment between the
orthogonal layers is simulated. The simulation was carried out
by shifting one layer with different distances, as show in Table
V. The proposed structure exhibits a stable frequency response
to the misalignment. As an example, the resonant frequency
was shifted from 2.018 GHz to 2.0204 GHz at 0.5 mm
misalignment between the surface layers, as shown in the table.

Table IV. Comparison of element size with other references

FSS structure Substrate thickness & Element
(Unit: mm) size

[14] 1.6 4.3 0.220
[15] 1.6 43 0.104\
[16] 0.5 3.55 0.088\
[17] 0.127 2.2 0.067A
[18] 1.6 5 0.0612
[19] 1 3 0.058\
[24] 0.021 1.12 0.266)

The proposed 0.127 4.3 0.043A

array element
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Table V. The deviation of the resonant frequency caused by the
misalignment between the top and bottom layers

Misalignment Misalignment | Deviation
(Unit: wavelength A) (Unit: mm)
0.00145 0.2 0.11%
0.00218 0.3 0.48%
0.0036 0.5 1.1%

The bandwidth of the proposed design is relatively narrow.
In some applications, a wider wideband performance might be
desired. The proposed techniques can be adopted to design a
wideband FSS as well. This can be done by changing the
dimensions of the circuit to tune the LC values. As the
equivalent circuit is L-C in parallel, decreasing the total
capacitance value will increase the bandwidth, while decreasing
the inductance will decrease the bandwidth. For the proposed
structure, one easy way to achieve a wider passband is to
decrease the strip width to tune the LC values. For example, for
the proposed structure with 0.6 mm thickness, the bandwidth is
doubled by decreasing the strip width (w) from 0.3 mm to
0.02mm, as shown in Table VI. If it is difficult to fabricate such
narrow strips, the FSS element can be revised to achieve a wider
bandwidth, which can be the topic of a future publication.

Table VL. Fractional bandwidths and element sizes with different strip
widths at 0.6 mm substrate thickness

w i Fractional | Element size
(Unit: mm) | (Unit: GHz) | bandwidth
0.3 2.18 9.3% 0.077)
0.1 2.39 14% 0.079%
0.05 2.44 17.5% 0.081%
0.02 2.47 19% 0.082 A

[II. EXPERIMENTAL RESULTS

The proposed FSS was fabricated as shown in Fig. 15.
Transmission characteristics of FSS devices can be measured
through a few methods [25, 26]. The measurement setup for the
proposed FSS is shown in Fig. 16. Two horn antennas and a
vector network analyzer were used. The experiment setup is
composed of two broadband SATIMO horn antennas which are
pointing to each other. The FSS under test is placed between the
antennas. The distance is large enough to be considered as in
the far field region of the horn (meeting > 2D%X condition),
where D is the antenna size and A is the free space wavelength
at the resonant frequency. Thus the wave arriving at the FSS
can be considered as a plane wave. To avoid spillover or
diffraction at the edge of the FSS, RF absorbing materials are
used around the edges. In order to ensure the measurement
accuracy, a calibration was carried out. Without the FSS, the
transmission coefficient was first measured as the reference for
100% transmission (S21 = 1 or 0 dB). When the FSS is under
test, the measured transmission coefficient was normalized to
the reference. In order to measure the transmission at different
incident angles, the FSS holder fixture can be rotated to the
angle of interest. In this case the measurement accuracy is not
as good as the normal incident angle due to the limited size of
the FSS.
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Fig. 15. A photograph of the fabricated FSS with the proposed miniaturized
array elements.

Fig. 16. The experimental setup to measure the transmission coefficient of the
FSS.

The phase error can be calculated using the path length
difference between the center and the edge. The formula to
calculate the phase difference across the aperture is the distance
difference2n/A which is a function of the wavelength.
Typically it should be smaller than 90 degrees.

Ideally the array size should be as large as possible. Since the
measurement is a comparative one (compared with the response
without the FSS), the array size of 200 mm x 200 mm (1.45\ x
1.45%) consisting of 20 x 20 elements appeared to be large
enough to give reliable results.

The line of sight between the two antennas passes through
the centre of the FSS prototype. The antennas are aligned to
ensure the formation of uniform plane wave impinging upon the
FSS structure. 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 transmission
coefficient S2; was measured at various angles of incidence and
polarization. The measured results of the miniaturized FSS are
shown in Fig. 17 and Fig. 18. They show a good agreement with
the simulated ones. The frequency response of the proposed
FSS is insensitive to the angle of incidence, as shown in Fig.
17. It demonstrates a measured
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Fig. 17. The simulated and measured transmission coefficients of the miniatu-
rized FSS structure at different incident angles.
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Fig. 18. The simulated and measured transmission coefficients of the miniatu-
rized FSS structure under the 45° incident angle and various polarization angles.

insertion loss of about 0.72 dB at its resonant frequency for
normal incidence, which is mainly attributed to the dielectric
and the metallic losses of the structure. The measured result of
the FSS with 45° incident angle and various polarization angles
is shown in Fig. 18. It can be seen that good agreement between
simulation and measurement has been achieved. The proposed
miniaturized FSS exhibits almost the same response at different
polarization angles with a fractional bandwidth of 9%. The
measured insertion loss is about 0.92 dB for normal incidence,
and 0.98 dB at 60° incident angle at its resonant frequency. This
is comparable to the measured insertion losses in the references.
For example, the measured insertion loss is about 0.7 dB at the
normal incident angle in [15], 0.47 dB in [16], and 1.2 dB in
[18].

IV. CONCLUSION

A few novel approaches have been combined in this paper to
miniaturize FSS elements and make the FSS insensitive to the
angle of incident waves. The interconnection of the array
elements in one direction can change the equivalent circuit of

the FSS structure, and increase the values of the equivalent
circuit component values.

In the proposed design, two layers on two sides of a substrate
are arranged orthogonal to each other in the xy-plane to build
up the FSS. As a result, a very strong cross-layer capacitance
will be generated between the two layers. The cross-layer
capacitance can miniaturize the element much further. It can
offer further significant advantages because the FSS with a low-
profile substrate would have a lower resonant frequency. An
analytical circuit model has been presented to describe the
miniaturized FSS. The proposed design has the smallest size
compared to other miniaturized designs.

Furthermore, using the proposed method, the array element
in the FSS does not have to be rotationally symmetrical by 90°.
The method can be easily adopted in a multi-layer FSS design.
The proposed structure has been fabricated and tested. It has
been shown that, by interconnecting adjacent resonators in one
direction and having two orthogonal layers, the resonant
frequency of the array was reduced from 5.5 GHz to 2.32 GHz.
When the substrate thickness is reduced from 0.8 mm to 0.127
mm, the resonant frequency is lowered further from 2.32 GHz
to 1.35 GHz. One FSS was fabricated on a 0.6 mm thick FR4 to
validate the theory. The FSS was tested under different incident
wave angles. It was verified that the response is insensitive to
the incident angle. It exhibits polarization insensitivity for
different incident angles. In future work, a wideband
performance can be achieved by revising the element structure
if desired. The proposed method can also be used for multi-
layer FSS design.
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