
environments. Figure 8A shows the amplitude and Figure 8B
shows the phase. The measured field distribution is similar
to the simulation results in Figure 7.

The simulated and measured field distributions are both
vortex shaped. A vortex-shaped field distribution is charac-
teristic of the OAM phenomenon.

4 | CONCLUSIONS

This article presented a novel antenna design procedure for
generating the OAM phenomenon. The difference between
this and other papers is that the antenna proposed here is a
one-layer array antenna with an expandable structure. This
design procedure is advantageous for antenna applications
with large arrays and narrow beamwidths. The proposed
antenna is arranged in a circular array with an 8 3 2 patch at
an operating frequency of 5 GHz. The circular feed network
at the center is designed for phase shifting and to divide the
power. To generate the OAM phenomenon, a circular feed
network is designed to phase shift the power divider, supply-
ing a 458 phase difference between two neighboring feed-
lines (Figure 2). This produces the OAM phenomenon. At
5 GHz, the OAM phenomenon was observed in the simula-
tions and measurements. The proposed antenna should
increase the channel data capacity. Therefore, this technique
is expected to be utilized in communication systems.
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Abstract
This paper presents a dual-band, polarization independent
FSS for ISM and Wi-Fi shielding. The proposed structure
has a band-stop characteristic for 2.5 and 5.1 GHz with a
fractional bandwidth of 42% and 7%, respectively. The
substrate of the FSS is a transparent material having a per-
mittivity value of 2.77 and a thickness value of 1.48 mm,
which provides band-pass characteristics for visible spec-
trum. The design, fabrication, and measurement of FSS
were conducted for TM and TE polarizations; and satisfac-
tory agreement was obtained.
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1 | INTRODUCTION

Over many years, studies on electromagnetic pollution
received a great attention from the research community due
to the high degree of growth in mobile technology which
ultimately increased the electromagnetic radiation. Interfer-
ence caused by electromagnetic pollution is a serious threat
to functioning of medical, military, and many other critical
equipment.1 Many studies have reported that GSM, ISM and
Wi-Fi bands are the major contributors for the total electro-
magnetic interference.2–4 Therefore, there exists a great
demand for electromagnetic shielding to combat the effects
of the radiated emission from the pollution.

Frequency selective surfaces (FSSs) are usually com-
posed of periodically arranged metallic or slot patterns that
function as band-stop or band-pass filters, respectively.5,6

Various studies have been found to shield the GSM, ISM,
and Wi-Fi signals, which interfere with the operation of the
electronic equipment and FSSs have been attractive for such
applications in spatial microwave and optical filters.

In this paper, a dual-band polarization independent FSS
with band stop characteristic is proposed to suppress the
electromagnetic radiations. With the proposed structure,
which is designed on a transparent material, an indoor shield
for both 2.5 and 5.1 GHz, have been realized. It acts as a
band-stop filter for the two operating bands in microwave
region and as a band-pass filter for visible region. In addi-
tion, the proposed FSS is polarization-independent and
angular-insensitive. For sake of demonstration, a prototype

of the FSS was fabricated and measured. The measurement
results agree with the simulations having a high accuracy.

2 | A DUAL-BAND FSS DESIGN
AND NUMERICAL RESULTS

The proposed dual-band FSS structure consists of one large
annual ring and four identical quarter small annual rings on the
corners. Inner and outer radii of the large annual ring are deter-
mined as Ri and Ro, respectively. Each small annual ring
located at the corners has an inner radius of ri and outer radius
of ro. The substrate is a nylon based material having a permit-
tivity value of Er5 2.77 with a thickness value of
hs5 1.48 mm.7 The conductor patterns are made of an alumi-
num layer having a thickness of hc5 0.035 mm on a substrate
having a side length value of Ucell5 5 cm. Throughout the
simulation periodic boundary conditions are imposed around
the unit cell, and the excitation is as shown in Figure 1.

The increment of the Ri which cause a narrower conduc-
tor line for the larger annual ring, does not affect the upper
frequency; however, it has an impact on lower frequency
(see Figure 2A) as expected. The inductance of circular loop
can be defined as in the following equation;

Lloop � l0lr
23Ro

2

� �
: ln

83 23R0ð Þ
Ro2Ri

� �
22

� �
(1)

As mentioned in the equation, the decrement in the con-
ductor width (Ro–Ri) cause an increment in the inductance
value, which causes a decrement in S21 resonance regarding
the relation fr5 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LtotalCtotal

p
. The relation is similar for the

small annual ring inner radius ri, as well (see Figure 2B). The
increment of ri causes a decrement in conductor width of the
small annual ring so the S21 resonance of the upper frequency
decreases as expected. The change in the inner radius values
of small and large annual rings allow the adjustability of the
upper and lower S21 resonances, respectively. Although this
change provides a mean to adjust each individual frequency,
changing the outer radius is quite complicated since the
change in the outer radius also changes the distance between
the rings. Increasing the outer radius of the larger ring causes
a decrement in both upper and lower frequency. The distance

FIGURE 1 Geometry of the dual-band FSS. [Color figure can be
viewed at wileyonlinelibrary.com]

2250 | CAN ET AL.

http://wileyonlinelibrary.com


between the rings gets closer; this reduces the mutual capaci-
tance value, which contributes the total capacitance value.
Besides, due to the increment of Ro the self-inductance
increases so that both frequency values decreases (see Figure
2C). Although increasing the ri has the same effect in terms
of mutual capacitance value, self-inductance value of the
small ring has a small impact on upper frequency which we
can claim to be quite negligible. Therefore, the increment of
ri causes a decrement in both S21 resonances.

The simulated results at normal incidence for both TE and
TM polarizations are depicted in Figure 3. Obviously, the
transmission coefficients are nearly constant for both polariza-
tions because of the rotational symmetry in x-y plane. The fig-
ure sufficiently demonstrates that transmission performance
of FSS are stable and insensitive for different angles.

The small annual ring, which contributes to higher fre-
quency, causes more surface current as seen in Figure 4A for
TE mode. For the upper frequency for again at TE mode the

FIGURE 2 Transmission of proposed FSS under normal incidence as (A) Ri, (B) ri, (C) Ro, and (D) ro varies. [Color figure can be viewed at wileyon-
linelibrary.com]

FIGURE 3 Transmission of proposed FSS for (A) TE and (B) TMpolarizations with different normal incident angles. [Color figure can be viewed at
wileyonlinelibrary.com]
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intensity of the surface current is more at the larger annual
rings as in Figure 4B. As expected, since the structure is
polarization independent, the upper and lower frequency val-
ues observed at the same frequency band and the intensity of
the surface current has similar characteristics when compared
to the TM mode (see Figure 3C,D).

3 | EXPERIMENTAL RESULTS

The unit cell periodic boundary condition is used for simulat-
ing the sample at the first step with an array of infinite unit cells

in two dimensions. In order to mimic the array with better accu-
racy, an array of 103 10 elements is simulated and the sample
is manufactured due to these results. The fabricated prototype
is constructed to be a 103 10 array as seen in Figure 5.

The measurement set up is presented in Figure 6. The
10 3 10 array is located in the midpoint of the measurement
set up, between two Rohde & Schwarz HF907 double-ridged
waveguide horn antennas (800 MHz to 18 GHz) which are

FIGURE 4 Current distribution on the proposed FSS (A) TEmode at f5 5.1 GHz, (B) TE mode at f5 2.5 GHz, (C) TMmode at f5 5.1 GHz, (D)
TMmode at f5 2.5 GHz. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Fabricated dual-band FSS. [Color figure can be viewed
at wileyonlinelibrary.com] FIGURE 6 Measurement set-up of the dual-band FSS
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130 cm away from the sample. In order to reduce the inter-
ference and isolate the environment, TDK absorbers are
placed to surround the measurement set up. Rohde &
Schwarz ZVL13 Vector Network Analyzer, which is capable
of measuring a frequency interval of 9 kHz to 13.6 GHz, is
used throughout the measurements. In order to satisfy the
proper angle values of the array and for preventing any bend-
ing of the structure, a slab layer of Polystyrene EPS Foam is
used which has a dimension of 60 cm 3 60 cm on the back-
side of the sample. It should be noted that the electrical prop-
erties of foam are similar to the free space so that we
consider that the slab approximately satisfies Er � 1 and mr
� 1. However, due to the small difference of the relative per-
mittivity and permeability values, small shifts in the fre-
quency values are observed as expected.

The reasons for the small differences between the simula-
tion and measurement (Figure 7) can be explained as fol-
lows. First, the results obtained by simulations are conducted
under the assumption that there is an infinite size of array;
however, in measurement it is an array of 10 by 10 elements.
We can claim that the number of the array size has an impact
of measurements and it contributes to the error in the mea-
surement. The manufacturing error of the array and using
Polystyrene EPS Foam layer may also cause the variety in
the frequency and bandwidth differences in measurements.

4 | CONCLUSION

In this study, a dual-band FSS proposed for ISM and Wi-Fi
shielding applications. FSS can filter the frequency band at
2.5 GHz having a bandwidth of 1.05 and 5.1 GHz having a
bandwidth of 0.357 GHz. At the two rejection frequencies,
2.5 and 5.1 GHz the transmission below 230 and 220 dB
have achieved. The proposed FSS achieve to have the same
response for both TE and TM polarization, so that it can be

used for both polarization without any necessity of modifica-
tion of the structure. To the authors’ best knowledge, the pro-
posed polarization-independent FSS is also different from
the ones in the literature since:

� it demonstrates polarization independency for each dual-
band characteristics; and

� it has a transparent substrate to achieve band-pass charac-
teristic for the visible band at the same time.

In addition to the structure’s band-pass characteristics for the
visible band, it has band-stop characteristics for 2.5 and
5.1 GHz frequencies. The proposed structure is manufactured
to have 10 3 10 array; and satisfactory agreement between
the measurements and the simulations are obtained.
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FIGURE 7 Simulated and measured transmissions at normal inci-
dent for TE and TMpolarizations. [Color figure can be viewed at wileyon-
linelibrary.com]
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