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Abstract—This paper presents the design of a circular loop for
Frequency Selective Surfaces (FSS) based on complementary
techniques for 2.4GHz application. The design of circular loop
FSS is simulated using CST Microwave Studio software. The
simulation process is based on the characteristics of the
reflection coefficient (S11) and transmission coefficient (S21) of
the FSS. In this paper, there are two designs that have been
presented, namely Design A, which is double circle loop in
horizontal axes and Design B is double circle loop in horizontal
axes using complementary techniques. It was found that the best
performance of the FSS is Design B in terms of return loss and
bandwidth. The return loss for Design B is -29.13dB and the
bandwidth is 0.39211 GHz at a frequency range from 2.2012
GHz to 2.5933 GHz.

Index Terms—Circular Loop; Frequency Selective Surface
(FSS); Reflection Coefficient (S11); Transmission Coefficient
(S21); Complementary Techniques.

I. INTRODUCTION

Metamaterials have properties that may not be found in
nature. The word ‘metamaterials’ is a combination of "meta"
and "material"; Meta is a Greek word which means something
beyond, altered, changed or something advanced as presented
in [1]. In other meaning, Metamaterials can have their
electromagnetic properties altered to something beyond what
can be found in nature. They gain their properties not from
their composition but from their designed structures. It
consists of periodic structure and subwavelength
characteristics where the particle is smaller than the light
wavelength with which it interacts. Other structures that
exhibit the subwavelength characteristics are Frequency
Selective Surface (FSS) or also known as Artificial Magnetic
Conductor (AMC) or High Impedance Surface (HIS) [1-2].
Frequency Selective Surface (FSS) is planar periodic
structure of identical patches or apertures of conducting
elements repeating periodically in either a one- or two-
dimensional array on a dielectric substrate [3]. FSS is two-
dimensional periodic arrays that can function as a spatial filter
in free space which consists of two types of elements. The
two types of element are patches elements and aperture
element (slot). The different design elements of FSS can
produce different results such as patch element that can
produce band stop characteristic while the aperture element
can produce the band pass signal [4].

FSS is planar periodic structure of identical array of patch
or aperture type elements arranged in one or two-dimensional
plane. FSS is designed on dielectric substrate. Bayatpur [1]
mentioned that FSS acts like a spatial filter when it is exposed

to electromagnetic radiation. FSS periodic arrays have
inherent inductive and capacitive properties, combined to
obtain the desired frequency response. FSS has filtering
characteristics, which are bandpass and bandstop behaviours,
as some of the frequency bands are transmitted, while some
are reflected.

The technology of Frequency Selective Surface (FSS) has
a long history of development. Over the past few decades,
numerous applications for FSS have been found in both
commercial and military sectors to provide multiple
frequency band operation. Extensive analytic research has
been performed to predict the reflection coefficient and
transmission coefficient properties of FSSs [5-6].

Il. FSS DESIGN

The proposed FSS is designed and simulated by using CST
Microwave Studio. This structure has been designed on the
FR4 material substrate with a thickness of 1.6mm, dielectric
constants of 4.4 and loss tangent of 0.019. Meanwhile, the
structure of FSS layer is made from copper material with a
thickness of 0.035mm.

In this paper, there are two design types that have been
investigated. All designs types are shown in Figure 1 and
Figure 2. Design A is a combination of double circle loop in
horizontal axes. Figure 2 shows Design B, which is a double
circle loop in horizontal axes using complementary
techniques.

The design parameters that have been identified for each
design are the length of square loop with patch (s), square
loop (a) and (d), outer circle loop with patch (b) and (f), and
inner circle loop (c) and (g). This proposed FSS is suitable as
a microwave band pass filter for WLAN 2.4GHz application.

Figure 3 shows the geometry of Design B for front view
and back view. From the back view, first the square FSS, s,
was designed on FR4. When parameter s is increased, the
reflection coefficient shifted to the lower part of the
frequency. Then the square loop FSS, a, was added to the
FRA4. Lastly, the circular conductive patch of FSS with length
of ¢ was added inside the square loop of FSS.

The patch dimension was calculated according to the
formula in Equation (1).

The length of the patch, s is calculated by [8]:
C
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where the effective dielectric constant is known as get and the
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s

€

Figure 1: Design A (combination of double circle loop in horizontal
axes)
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Figure 2: Design B (double circle loop in horizontal axes using
complementary techniques)
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Figure 3: Geometry of Design B for the (a) front view
(b) back view

Table 1
Design Parameters for Design B

Parameter Dimension (mm) Description
a 28 Length a
b 12 Radius b
c 8 Radius ¢
d 23 Length d
f 9 Radius f
g 5 Radius g
s 35 Substrate Length
tc 0.035 Copper Thickness
ts 1.6 Substrate Thickness
u 5 Distance from the center
Vv 4 Distance from the center

Based on the mathematical calculation, the width and
length of the patch were calculated as s=35mm. Other
parameters were defined by using parametric studies. The
parametric studies were carried out by using CST MWS to
investigate the effects of each design parameter. It seems that
the performance of the FSS was influence by several
parameters. Then, optimization was done to obtain the best
performance of the FSS at frequency 2.4GHz. Other details
of design parameter are shown in Table 1.

I11. RESULT AND DISCUSSION

A. Simulation Result

The minimum reflection coefficient at frequency 2.4GHz
was found in Design A, which is -27.08dB and bandwidth of
0.4799 GHz from frequency 2.1542 GHz to 2.6368 GHz. The
maximum reflection coefficient was found in Design B which
is -29.13dB and bandwidth of 0.39211 GHz from frequency
2.2012 GHz to 2.5933 GHz.

The minimum transmission coefficient was found in
Design A which is -0.29dB. The maximum transmission
coefficient was found in Design B which is -0.17dB. The
details of comparison of reflection coefficient and
transmission coefficient for all designs are shown in Table 2.

The simulation results of reflection coefficient (S11) and
transmission coefficient (S21) for Design A and Design B
that have been designed are presented in Figure 4 and Figure
5. Design A and Design B are simulated in the range
frequency between 1GHz to 3GHz. The reflection coefficient
at frequency 2.4GHz of Design B is -29.13dB dB with
bandwidth of 0.39211 GHz. The transmission coefficient of
Design B is -0.17dB.

B. Impedance Characteristics

By using the well-known circuit theory, the FSS can be
equivalently modelled as a resonant circuit consisting of
parallel-connected two series L-C resonator. Reflection
coefficient can be represented as I which is the ratio of the
amplitude of the reflected wave to the amplitude of the
incident wave. The impedance at the load Z, can be
calculated by using Equation (2). Z,is the impedance of free
space (376.7 Q). The waveguide ports in the design represent
the Z, [9]-[10].

_ ZL=Z

r= ZL+Zo @)
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Table 2
Reflection Coefficient and Transmission Coefficient for Design A and
Design B
Reflection Are
Designs Coefficient c Tﬁps_mmsmn Bandwidth
(s11) oefficient (S21)
Design A -27.08dB -0.29dB 0.4799 GHz
Design B -29.13dB -0.17dB 0.3921GHz
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Figure 4: Reflection Coefficient (S11)
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Figure 5: Transmission Coefficient (521)
Table 3
Impedance Characteristic of Dielectric Substrate at 2.4GHz for Design A
and Design B
Design Impedance,ZL (R2)
Design A ZL =407.83 +j15.44
Design B ZL =400.68 +j12.82

The impedance characteristic of dielectric substrate at
2.4GHz for Design A and Design B are shown in Table 3. The
ranges of the resistance are between 400.68Q2 to 407.83Q.
The reactance is said to be inductive. This impedance
characteristic is very useful which can be used to design the
equivalent circuit of the FSS.

In the Table 4 show the impedance modeling for the
resistance of Design B. Meanwhile, Table 5 presents the
reactance of the FSS for various parameters. The impedance
is modeled by using polynomial type in Matlab for resistance
and reactance of the impedance. The impedances were
divided into certain ranges of length of physical dimension of
FSS so that an accurate impedance modeling was produced
based on the physical parameters. The highest degree of the
resistance of all designs is 6th degree polynomial. The
resistance modeling of all design is represented by (1) to (33).

The highest degree of the reactance of all designs is 6th
degree polynomial. The resistance and reactance modeling of
all design is represented by (1) to (33).

IV. CONCLUSION

This paper presented the design of a circular loop FSS for
microwave transmission application at 2.4 GHz. There are
two types of designs that have been presented in this paper.
Design A is a combination of double circle loop in horizontal
axes. Meanwhile Design B is a double circle loop in
horizontal axes using complementary techniques.

The best performance of the designs is Design B in with the
reflection coefficient is -29.13dB. Then, the impedance of
each design was modeled by using mathematical modeling
technique. The measurement process can be done in the
future in order to compare and to validate the simulation
results.
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Table 4
Impedance Modeling for Resistance for Design B

Table 5
Impedance Modeling for Reactance for Design B

Impedance Modeling Impedance Modeling

Parameter Resistance, Length/Width Parameter Reactance, Length/Width
ohm(Q) (mm) ohm(Q) (mm)
a R = 0.08439° 0<a<1 D a X = 0.09531a° 0<a<1 D
R =-12.3%* 1<a<? ) X = -13.84a* l1<a<?2 )
R =727.3a 2<a<3 3) X = 799.4a° 2<a<3 3)
R =-2.136eda’+ X =-2.292¢e%a?
3.138¢% - 3<a<5 (4) + 3.258¢% - 3<a<5h (4)
1.844¢° 1.835¢°
b R =-0.478b° 0<a<1 (5) b X = -0.4073b° 0<a<1 (5)
R =31.13b*- X =32.29b*-
806.1b° + 1.037 1<a<4 (6) 994.9b%+ 1.5 l1<a<4 (6)
e4b? -6.629 e4® e'b? -1.109e%0
R =1.691 ¢’ 4<a<5 %) X =3.222 ¢ 4<a<5 @
c R =0.03407¢° 0<a<1 (8) c X = -0.2515¢" 0<a<1 (8)
R =-1.304c¢* 1<a<?2 (9) X = 7.776¢* l1<a<2 (9)
R=19.1¢ 2<a<3 (10) X = -95.43¢? 2<a<3 (10)
R =-134.8¢? X =582.1¢?-
+457.1c-180.8 3<a<h (1) 1760c + 2086 3<a<s (1)
d R =-1.974d° 0<a<1 (12) d X = 5.456d° 0<a<1 (12)
R =200.7d* l<a<?2 (13) X=-555.2d* l<a<?2 (13)
R = -8146d° 2<a<3 (14) X = 2.256 e'd? 2<a<3 (14)
R = 1.65e50? 3<a<4 (15) X = -4.574e50? 3<a<4 (15)
R =-1.668¢e% 4<a<5 (16) X =4.628e% 4<a<5 (16)
R =6.733¢° a<5h 17) X =-1.869¢’ a<5 17)
f R =0.8572f° O<ax<l1 (18) f X =-3.08f°0 O<a<1 (18)
R =-14.81f 1<a<? (19) X = 54.15f l1<a<?2 (19)
R =04.31f 2<a<3 (20) X = -352.4f3 2<a<3 (20)
R = -269.8f 3<a<4 (21) X = 1036f2 3<a<4 (21)
R =337.2f 4<a<5s (22) X = -1335f 4<a<5h (22)
R=247.8 a<5 (23) X =631.6 a<5h (23)
g R=1.2¢° O<a<1 (24) g X = -4.008g° O<ac<l1 (24)
R =-50.21g" 1<a<? (25) X = 167.7¢° l1<a<?2 (25)
R = 830.7¢° 2<a<3 (26) X = -2773¢° 2<a<3 (26)
R = -6792% 3<a<4 (27) X =2.266 e* ¢ 3<a<4 (27)
R=2744¢*g 4<a<5 (28) X =-9.146 e*g 4<a<5 (28)
R=-4.342¢* a<5h (29) X =146 ¢ a<5 (29)
S R =-0.0803s® O<a<l1 (30) S X =0.4391s° O<a<1 (30)
R =13.01s* - X =-71.27s*
841.9s° +2.719 l<a<3 (31) +4622s°%- l<a<3 (31)
eds? 1.497¢%s?
R =-4.381 €% 3<a<4 (32) X=2421¢€s 3<a<4 (32)
R=2.82¢° 4<a<5 (33) X =-1.564 ¢’ 4<a<5 (33)
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