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Polarization Insensitive and Transparent
Frequency Selective Surface for Dual Band
GSM Shielding

Yiming Yang, Weiwei Li, Khaled Salama, and Atif Shamim, Senior Member, IEEE

Abstract— This paper proposes a single-layer, dual-band,
optically transparent frequency selective surface (FSS) for GSM
shielding. The design evolves from a fractal cross dipole to achieve
dual band response, polarization insensitivity and wide angle of
incidence stability with a miniaturized size. A two-axis symmetric
structure helps to provide a stable frequency response for incident
waves with different polarization angles up to 60°. Capacitive
loading further reduces the unit size and extends the maximum
stable incident angle. The working mechanism of the design has
been explained through an equivalent lumped element circuit
model (ECM), which provides a generic approach to retune or
optimize the design for another frequency band. Both the full-
wave EM and circuit simulations are in good agreement. A
prototype has been realized by screen-printing a custom silver
nanowires (Ag NWs) based transparent ink on a flexible polymer
substrate. A decent reflection performance has been achieved
from (.71 to 1.25 GHz and from 1.73 to 2.16 GHz in measurements,
which are consistent with the simulations. Optical measurements
reveal a transparency of 81.6 %. Printed FSS is completely flexible
and the performance does not deteriorate after bent or rolled up
conditions. Field testing on a glass box demonstrate decent
shielding from the incoming GSM signals. The highly transparent
and flexible nature of the FSS structure makes it suitable for
mounting on glass windows of cars or home environments for EM
shielding purposes.

Index Terms— Frequency selective surface, fractal cross dipole,
GSM Shielding, screen printing, silver nanowires

I. INTRODUCTION

W ITH the growing popularity of wireless communication,

radio frequency (RF) devices are covering more and more
frequencies to cater for either additional bandwidth
requirements or new applications [1-10]. Although there are
national standards for maximum electromagnetic interference
(EMI) and radio power ratings for each device, the large
numbers of RF devices working in close proximity suffer from
radio interference. Besides, there are increasing concerns about
effects of extensive electromagnetic exposure to humans. This
is particularly true for vulnerable patients and newborn babies
in hospital environments. Therefore, there is considerable
interest in selective RF shielding and researchers are striving to
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develop new materials and designs to shield the
electromagnetic waves. For example, high-performance
shielding materials, capable of absorbing the EM wave, have
been widely studied in the past few decades [11-14]. However,
the absorption of these materials is frequency insensitive, which
means that both wanted and unwanted frequencies of EM wave
are shielded. Moreover, the absorbed EM waves are converted
into heat, which is not conducive for many applications.
Frequency selective surface (FSS) reflector, on the contrary,
provides selective shielding where unwanted frequency bands
are reflected and other bands are allowed to pass through. FSS
has been widely used in radar radome design, special filtering,
electromagnetic shielding, and many other fields [15-17].
Novel fabrication techniques, such as screen-printing with
conductive ink, are also providing FSS with flexibility and
transparency for new applications [18-22]. With flexibility and
transparency, FSS can provide EM shielding for
unconventional mediums and applications. For example, a
newborn incubator in a hospital, or a glass window in a car or
home can reflect the unwanted EM waves without losing the
glass transparency.

To achieve better shielding effectiveness, state-of-the-art FSS
design must be polarization-insensitive, provide stable
performance under wide angles of incidence, and show multi
band or wide band reflection. For other emerging applications,
optically transparent and mechanically flexible FSS structures
are also highly desirable. Many efforts have been made in the
past to design FSS elements that meet the above-mentioned
requirements. For example, [23] combines meandering and
inter-layer coupling to increase stable incident angle range up
to 80°, but the asymmetrical patterns show performance
deviation for TE and TM polarizations. In [24], the authors
propose a meandered handshake design to reduce the unit size
and increase angular stability, but the single layer pattern is only
180° symmetric, showing different responses for TE and TM
polarized waves. The polarization insensitivity has been
achieved by adding another layer with 90° rotated pattern.
However, the double layer compact design provides little extra
space to achieve multiband operation for the desired frequency
bands. In [25], the authors proposes both fractal miniaturization
as well as 90° rotational symmetry for a polarization insensitive
compact design, but multi-band operation is not feasible for this
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single layer design. Higher dimensional structures, i.e., 2.5-D
and 3-D, have the ability to achieve dual-band and polarization
insensitive performance with a compact size [26, 27]. However,
with such designs, fabrication complexity and cost increases
considerably and they cannot be used for flexible applications.
For flexible designs and low-cost fabrication, additive
manufacturing techniques, such as screen-printing, are
promising [9, 21, 28-30]. Some papers have reported printed
FSS structures [31-33], but none has been realized through a
transparent ink. A couple of papers report optically transparent
FSS designs based on printed meandered structures [22, 34],
where metal pastes with high solid content have been utilized
for printing, and the optical transparency has been achieved
through the uncovered areas of the designed patterns. This kind
of FSSs typically demonstrates low optical transparency due to
the opaque nature of the conductive materials. In addition, due
to the meandered elements and the relying on the open areas,
the design capability of these designs has been highly limited to
single band, and it is extremely difficult to achieve multi-band
operation with a single layer.

In this paper, we have designed and screen-printed a single
layer, dual-band, transparent FSS demonstrating polarization
insensitivity as well as a decent range for angular stability. The
working mechanism is studied through an ECM. Transparency
and flexibility have been achieved through screen-printing of a
custom Ag NWs based conductive ink on a flexible polymer
substrate. Field testing has been done on a glass box before and
after bending the FSS, and good reflection is achieved for both
GSM bands, verifying the predicted performance from the full
wave as well as ECM simulations.

II. FSS DESIGN AND ANALYSIS

A. FSS Design Evolution

The proposed FSS and its design evolution steps are shown
in Fig. 1. The FSS structure is screen-printed on a flexible and
transparent polyethylene terephthalate (PET) sheet with a
dielectric constant of 2.6, a loss tangent of 0.0025, and a
thickness of 0.05 mm. A custom transparent Ag NW ink with
an electrical conductivity of 5x10° S/m has been used to realize
the FSS structure. The transparent conductor has a thickness of
2 um. By utilizing the method, the flexible and transparent FSS
can be easily bonded to window glass with curved surfaces. The
first stage for the design is a second order fractal cross dipole
(Fig. 1(a)), which is an attractive option for miniaturized and
multi-band FSS design [35]. The structure has two reflective
resonant modes and is favorable for dual-band applications
because of the self-similar fractal shape. The unit cell has 90°
symmetry, which is beneficial for achieving polarization
insensitivity as it offers identical response for both TE and TM
modes. In addition, the fractal design reduces the overall size of
the unit cell due to the self-meandering shape, and therefore, the
stable incident angle range is increased.

To illustrate the aforementioned benefits of the first stage
design, the frequency response for TE and TM waves as well as
the current distribution for each resonant frequency are plotted
in Fig. 2. The simulations have been performed in Ansys HFSS

(a) (b) (©)

Fig. 1. Design evolutions of the proposed FSS structure. (a) First
design of cross dipole. (b) Design with tunable frequencies. (c) Final
structure.
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Fig. 2. The simulated S-parameters and modes for the first design
stage.

utilizing Floquet port excitation and master/slave boundary
configuration. From the plot, we can observe two transmission
zeros at 1.09 GHz and 3.13 GHz and a transmission pole
occurring at 1.64 GHz. The solid line for TE response and the
dashed line (not clearly visible in Fig. 2 due to the overlap) for
TM response overlap each other, which proves that the 90°
rotation symmetry design provides polarization insensitive
response. The current distributions on the cross dipole for all
the three operating modes (two transmission zeros and one
transmission pole) are extracted and shown in Fig. 2. The
intensity and direction of the surface currents are indicated by
the color and arrow of the vectors, respectively.

At the first transmission zero (1.09 GHz), the currents are
mainly distributed in the central cross dipoles. The in-phase
currents are derived from the ends of each branch of the
structure and gathers at the branch points (indicated by “A” and
its 90° symmetrical positions). Then, the currents flow along the
central branch in the polarized “V’ shaped direction to the center
of the unit cell and finally scatter at another branch point. The
current distribution for the transmission pole (1.64 GHz) is
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different, where the currents mainly distribute around the upper
and lower hole-shaped split-ring-loop of the unit cell. Along the
polarization axis, the currents flow through point ‘A’ and then
towards the unit center, but currents in the mirrored direction
pass point ‘B’, resulting in zero total resonant current and wave
transmission. For the higher frequency transmission zero (3.13
GHz), less current flows in the center of the branching point as
compared to the first transmission zero. On the contrary, the
currents are distributed at each quarter branch, originating from
one side of the tip, gathering at point “A” and then flowing to
another tip.

From the current distributions, we can see that all of the three
modes share one junction point in common (point A and its 90°
symmetry points). Thus, the two reflection frequencies can be
tuned by simply moving this point along the diagonal axis,
which is the second design stage. Here, we define o as the ratio
of the length of the inner branch (/1) to the complete branch (/)
(shown in Fig. 2). By decreasing o via moving the branch point
closer to the unit center, the current travels a shorter distance
for the 1 GHz mode but longer for the 3 GHz mode. Thus, the
lower resonant frequency increases and the higher resonant
frequency decreases, resulting in a lowered frequency ratio.
Similarly, the frequency ratio will increase if the branch point
is moved away from the unit center. To verify the tuning ability,
EM simulation has been carried out to sweep o from 0.2 to 0.8.
As can be seen in Fig. 3, by increasing a, the lower resonant
frequency decreases from 1.3 to 0.88 GHz, while the higher
frequency increases from 2.5 to 3.5 GHz, changing the resonant
frequency ratio from 1.9 to 4.0. It should be noted that another
transmission zero appears between the existing zeros when a
becomes larger than 0.6. This can be attributed to the significant
coupling between the fractal branches. Nevertheless, we can
estimate and select the desired frequencies for different
applications just by choosing the proper o. Here, an o with a
value of 0.25 has been selected for the final design because the
extracted frequency ratio (~2) is close to the GSM bands (900
and 1800 MHz).

From the second design iteration, we obtain a FSS structure
capable of resonating at 1.3 and 2.6 GHz, both of which are
larger than the desired GSM bands. Consequently, in the final
design stage, shown in Fig. 1(c), we focus on tuning the
resonator to the desired frequency of 0.94 and 1.84 GHz. The

resonant frequency is determined by f = 1/ VLC , where L is

the equivalent inductor and C is the equivalent capacitor. To
lower the resonant frequency, one solution is to increase C by
adding capacitance load at the end of the dipoles, as shown in
Fig. 1(c). To better understand the capacitance distribution, the
electric field of the FSS structure with capacitance wires is
shown in Fig. 4. For both resonating modes, the electric is
mainly distributed in the gap between the wire ends. Thus, both
resonant frequencies can be lowered because of the increased
capacitance.

Based on the aforementioned design evolutions, the FSS
design concept is easy to be applied to other multi-band
applications following three steps: 1) tune the value of a in Fig.
3 to shift the resonant frequency ratio to meet the desired bands,
2) change the capacitance stub length and the branch width
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Fig. 3. The (a) simulated S21 and (b) the extracted resonant frequency
and frequency ratio for the second stage of the design with different a.

min

Fig. 4. E-field of the FSS structure with capacitance wires at frequency
of 0.94 GHz (left) and 1.84 GHz (right).

further to control the resonant frequencies and the reflection
bandwidth, and 3) adjust the overall size of the design to fit the
desired resonant frequency.

B. Performance Assessment for Varying Polarization and
Angle of Incidence

By tuning the stub lengths, the detailed dimensions of the final
FSS structure, together with a PET substrate and a poly[methyl
methacrylate] (PMMA) glass, are shown in Fig. 5(a). The
design consists of a large cross dipole along the diagonal
direction, 8 branches lying from point A to the center of the
boundaries, and capacitance wires. EM simulation results,
shown in Fig. 5(b), confirm that the optimized FSS exhibits two
resonance frequencies of 0.94 GHz and 1.84 GHz with a
bandwidth of 10%, meeting the requirements for GSM
shielding. As compared with the design in stage two, another
transmission zero appears at 2.72 GHz, which does not interfere
with the GSM reflection frequency range.
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Fig. 6. The simulated S21 of the proposed FSS structure with various
incident angles for both TE and TM polarizations.

As stable performance for varying polarization and incident
angles is important for FSS structures, we assessed our
proposed FSS design for various incident angles ranging from
0° to 70° for both TE and TM modes. As shown in the EM
simulation results in Fig. 6, the proposed FSS structure shows a
stable resonance (Sz; below -10 dB) from 0° to 60° and from 0°
up to 70° for TM and TE polarizations, respectively. Such
stability ensures effective GSM shielding for practical
applications.

C. Modal Analysis and Equivalent Circuit Modeling

To have a deeper understanding of the operation modes, we
first estimate the valid frequency range for the fundamental
modes before the appearance of the grating lobes. Using
spectral expansion method in [36], the fundamental as well as
diffractive directions of the transmission and reflection waves
can be calculated through equation (1).

y) y) 2 Z, - (1)
=4 (s, +k—)+a (s, +n—2)2a_ [l (s +k—2) —(s, +n—2)*
r,=4a(s, L) av‘,(s} nL) a‘v\/ (s, L) (S) nL)

where r; and r. are the direction vector for the reflected waves
and transmission waves, respectively. The coordinate system is
the same as displayed in Fig. 5. The incident wave direction
vector s for the x and y components are denoted by s, and s,,
respectively. In (1), (k, n) is the mode index, where (0, 0)
represents fundamental modes and other index pairs represents
grating lobes. The guided wavelength is denoted by 4, and L is
the size of a single unit cell. For the normal incident angle, s,
and s, are zero. Therefore, the previous equation can be
simplified as (2):

A A A2
r+=?1xk—g+ﬁ,n—giﬁ,1’1——§(k2+n2) 2)
- L L ) L

The fundamental modes at normal incidence require (k, n) to
be (0, 0). Therefore, r, equals to iﬁz and both the reflection
and the transmission directions are parallel to the z-axis. At
higher frequencies, however, some other combinations of Ay, k
and n may lead to a real vector 7, in (2), resulting in grating
lobes. For a given grating index pair (k, n), the critical
wavelength 4, (maximum wavelength before the appearance of

grating lobes) can be calculated by letting r; to be zero. And the
critical frequency f. can be obtained from (3) [13].

c

fi=—— 3)
2 I+e,

N2

By applying (0,£1) or (£1,0) to (k,n) and use the
calculated grating lobe frequency, the valid frequency range for
the fundamental modes is estimated from DC to 3.6 GHz. We
can also calculate and predict that another four grating indexes
(£1,£1) will appear around 5.1 GHz. Therefore, the simulation

range is set from 100 MHz to 5 GHz. EM simulation results as
well as the current distribution plots are displayed in Fig. 7.
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Fig. 7. (a) EM simulation of the final design. The current distributions
at (b) 0.94 GHz, (c) 1.42 GHz, (d) 1.84 GHz, and (e) 2.72 GHz.
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Fig. 8. Equivalent circuit model of the proposed FSS structure.

In Fig. 7(a), we observe transmission zeros at 0.94 and 1.84
GHz and two transmission poles at 1.42 and 2.72 GHz. Grating
diffractions appear after 4.5 GHz, which is close to our initial
estimation. The current distributions at each frequency are
shown in Fig. 7(b-e), where the colors and the arrows indicate
the intensity and the direction of the current flow, respectively.
In Fig. 7(b), the current is mainly distributed along L and Lo,
and the total current is in parallel with the incident polarized

S parameters (dB)

-25 T T T
0 1 2 3 4 5

Frequency (GHz)

Fig. 9. S-parameters of the proposed FSS structure using EM and ECM
simulations.

wave. In Fig. 7(c), the current is distributed along L; and Lo,
which form a closed loop. In Fig. 7(d), the current is distributed
along L;; and Ly;, while the current in Fig. 7(e) is mainly
distributed in Lo, Lo3, Li1, and Lip. The currents can be modeled
as different combinations of inductors and capacitors [37]. As
the four branches of the structure are symmetric in 90°, the
current of only one branch has been considered for modeling.
The complete circuit network is illustrated in Fig. 8.

In Fig. 8, Zy is the wave impedance of air and Z; is the wave
impedance of the dielectric substrate. The inductor and
capacitor labels are the same as noted in Fig. 7(b-e). At 0.94
GHz, the current is more concentrated in L;, Ly; and L,,, which
can be modeled as a serial resonance path a; in Fig. 8 with the
corresponding inductors and the capacitance Cz; and Cz2. The
low impedance of serial resonance leads to a mismatched
impedance and therefore, the FSS shows wave reflection. At
1.42 GHz, however, L;, L»3, and C»; form a parallel resonance
current curve b; and the circuit model can also form a closed
resonance loop, resulting in a high impedance and wave
transmission. The current reflection mode in b, at 1.84 GHz
mostly involves Lz, L3, Ca2, and C»s, while L»z, L3, Liz, Lis,
and C; form the transmission mode in a; at 2.72 GHz. Another
serial resonance circuit of L, and C, represents the grating
diffraction frequency at 4.5 GHz.

To obtain the values of each component in the ECM, we have
used the curve-fitting optimization with the help of
transmission poles and zeros [38] in the Advanced Design
System (ADS) simulator from Keysight Technologies [39]. To
accommodate for the loss of the conductor, a series resistance
has been introduced in the inductor model. In addition, to model
the grating reflection at 4.5 GHz, a series resonance circuit
comprising L, and C, has also been introduced in the equivalent
circuit. The relationship between L, and C, has been expressed
in (4). With (4), C, can be derived from L, which simplifies the
tuning process. During the first iteration of the curve-fitting, the
values of L, and other inductors have been randomly selected
in the range of 0.01 to 100 nH, while the values of the capacitors
and the resistors have been chosen in the range of 0.01 to 100
pF and 0.01 to 100 Q, respectively. The simulated S;; and S,
values are compared with those of the EM simulation results to
estimate the error between the S-parameters. Further tuning of
the variables continues in the iterations until the error converges
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stage PET printed pattern

Fig. 10 (a) Scanning electron microscope (SEM) image of the Ag NWs
on PET surface. (b) The magnified SEM image of the Ag NWs. (c)
The typical screen printing process.

@ I

Fig. 11 (a) A digital photograph of the printed FSS. (b) The FSS under
bending condition.

to a small value of 0.1%.

1
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The optimized component values are labeled in Fig. 8. The
comparison between the ECM result and the EM simulation of
the FSS are displayed in Fig. 9. A very close approximation of
these two models within the frequency range of 100 MHz and
3.6 GHz has been observed, validating the estimated frequency
range of fundamental modes and the reliability of the proposed
model.

III. FABRICATION AND CHARACTERIZATION

A. Prototype through Screen Printing

The proposed FSS has been realized by screen-printing of Ag
NWs ink on PET films with a thickness of 50 um. The Ag NWs
are one-dimensional nanomaterials, exhibiting high optical
transmittance as well as high electrical conductivity. In
addition, Ag NWs are highly robust and demonstrate excellent
stability under mechanical deformations. Thus, the Ag NWs are
favorable for flexible and transparent electronics [40, 41].

90

80

75 1

70 4

Transmitance (T, %)

65 -

60 T T T T
400 500 600 700 800
Wavelength (nm)

Fig. 12. The optical transmittance spectra of the printed FSS.

Fig. 13. The glass box with transparent FSS film, together with the
measurement setup.

As displayed in Fig. 10(a) and 10(b), the Ag NWs used in this
work have an average length of 38 um, and an average diameter
of 57 nm, demonstrating a length to diameter ratio of more than
600, which is favorable for high transparency. A custom Ag
NW ink suitable for screen printing has been developed for the
realization of FSS[42, 43]. Fig. 10(c) illustrates the typical
process of the screen-printing, where a rubber squeegee is used
to push the Ag NW ink onto PET substrate through open
meshes on the screen. A custom stainless-steel screen mesh,
containing the optimized FSS structure with an array of 4x3
unit cells, has been used to screen print the Ag NW ink. The
screen mesh has a mesh count of 325, a mesh angle of 22.5°,
and an emulsion thickness of 10 um. Screen-printing has been
performed on a commercial screen printer (AUREL screen
printer 900PA) with a printing speed of 150 mm/s. After
printing, the samples are heated at 100 °C in an oven for 3 min,
followed by immersing in deionized water for 2 min to remove
the polymer binders in the Ag NW ink and increase the
conductivity. Finally, the printed samples are heated at 120 °C
for 10 min to obtain the flexible FSS with a sheet resistance of
about 4 Q sq”'. Fig. 11(a) shows one fabricated sample with 4 x
3 array elements where the total size is 248 x 186 mm?. High
optical transparency can be observed, as the trees and blue sky
can be clearly seen through the FSS. The printed FSS also
shows excellent flexibility as depicted in Fig. 11(b).

The optical transparency of the printed FSS has been
evaluated by a UV-Vis spectroscopy for the wavelengths of 360
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Fig. 14. (a) Experimentally measured and simulated transmission
response of the transparent FSS film on a glass box at normal incident
angle over 0.8-3 GHz. (b) The measured thickness of the printed Ag
NWs layer.

to 800 nm, covering the visible light range. As displayed in Fig.
12, the printed FSS demonstrates a high transmittance over 80%
for most of the range and a transmittance of 81.6% at a
wavelength of 550 nm. It is noteworthy that the transparency
performance is comparable to some exiting commercial
products. For example, [44] and [45] report a transparent thin
film structure based on commercially available AgHT-4, which
has been fabricated through the standard photolithographic
etching process. The thin film, utilizing the commercial AgHT-
4, exhibits an optical transparency of 70%, which is lower than
that of our printed Ag NW FSS (81.6%), though the sheet
resistances are at the same level (about 4 Q sq!). In addition to
the enhanced transparency, our screen-printing technique also
has the advantages of easy processing, direct patterning, and
large-area and high-volume manufacturing.

B. Experimental Performance Evaluation

To characterize the frequency response of the printed FSS,
two broadband high gain horn antennas have been used and the
transmission response of the FSS, while mounted on a glass
box, has been recorded by an Agilent N5225A model vector
network analyzer (VNA). Before the measurement, a standard
open-short-load-through calibration has been performed for
0.8-3 GHz frequency range. As the size of the horn antennas are
350 x 220 mm?, at least four pieces of transparent FSS (total 8
x 6 arrays) have been bonded to the surface of the glass box to
cover the whole antenna and minimize the edge diffraction. The
measurement setup are displayed in Fig. 13.

Fig. 14(a) shows the measured S»; together with the
simulated results. A good agreement in the resonant frequencies
and bandwidths can be observed in this comparison figure. The
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Fig. 15. (a) Diagram of the measurement of the oblique angles (top
view). The measured transmission response of the transparent FSS on
a glass box at oblique angles of 0°, 30°, and 45° for (b) TE and (c) TM
modes over 0.8-3 GHz.

measured transmission response shows two transmission zeros
at the frequencies of 0.92 and 1.9 GHz with bandwidths of 0.43
and 0.4 GHz, respectively. These results are close to the
simulated values of 0.94 and 1.84 GHz with bandwidths of 0.4
and 0.5 GHz. However, we observed noticeable differences in
the isolation between the measured and the simulated results
(i.e., a 7 dB difference). One of the major reasons for this
discrepancy is the difference in the conductor thickness used in
the simulations (2 pm) versus the thickness of the measured
prototype (about 500 nm). Our initial plan was to have a
conductor thickness of 2 um. However, after fabricating a
sample with 2 pum thickness, we realized that it has a lower
optical transparency. Thus, to improve the optical transparency,
we fabricated a sample with 500 nm thickness, which can be
observed in Fig. 14(b). This difference in thickness has an effect
on the EM properties of the FSS structure. The thin conductor
thickness will increase the equivalent resistance and damp the
LC resonance circuit, which will lower the peak values of the
reflection. To further investigate the reason for the discrepancy,
we inspected the fabricated prototype carefully. Considerable
surface roughness has been observed on the sample surface.
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Fig. 16. (a) The printed transparent FSS under bending and rolling
conditions. (b) The measured transmission response of the transparent
FSS after bending or rolling. (c) The simulated S2:1 of the FSSs on a
cylinder.

This can be ascribed to the pores between the Ag NWs, as has
been observed in Fig. 10(b). These two issues are then
reinvestigated in the post-measurement simulations by
incorporating a thickness of 500 nm for the conductor, as well
as a surface roughness of 0.1 pm. From Fig. 14(a), we can
observe that the post-measurement simulations match well with
the measured results. Actually, before running the post-
measurement simulations, the average error between the
simulations and measurements is 31% (over the entire
frequency band of interest). After incorporating more accurate
values from the fabricated prototype, the average error between
the post-measurement simulation results and the measured
results is 8.7%. Thus, the simulation model has improved
considerably and can predict well the measured results within
an error of 8.7%.

We have studied the influence of different incident angles on
the response of the transparent FSS for TE and TM modes. The
box has been rotated from parallel to the two horns (denoted by

0°) to angles of 30° and 45°, as has been depicted in Fig. 15(a).
The measured transmission response for both polarizations at
incident angles of 0°, 30°, and 45° are shown in Fig. 15(b) and
15(c). We observe that the resonant frequencies are well
centered at 0.92 and 1.9 GHz for all the angles, whereas the
transmission isolation slightly increased for higher angles, such
as 45°.

We have also investigated the transmission response of the
printed FSS after it has been either bent or rolled, as shown in
Fig. 16(a). The bending and rolling have been done after
detachment of the printed films from the box. After the recovery
to flat condition, the films have been attached to the box again
for another measurement. As displayed in Fig. 16(b), negligible
changes have been observed in the measured S21 after bending
the printed films or rolling with radii down to 5 mm. In addition
to the attachment to the flat surface, the FSSs have also been
attached to the conformal surface, such as a cylinder, and the
S»1 has been studied. As shown in Fig. 16(c), despite the
fluctuation at some frequencies, the simulated S»; of the FSSs
on a cylinder with a radius of 95 and 75 mm are similar to the
response in the flat condition. The isolations at 0.94 and 1.9
GHz for the FSSs with a cylinder radius of 75 mm are -15.9 and
-12 dB, respectively. These results are close to the values of -
14.8 and -11.9 dB for the FSSs in the flat condition, which
validates the flexibility and stability of the transparent FSS
structures.

We have also compared our printed FSS structures with
transparent FSSs in the literature. Many reported works do not
use inherently transparent materials. The transparency has been
achieved by etching the material (mostly opaque copper sheets)
and thus create a mesh structure [46-49]. Such works have
relatively higher isolation but lower transparency levels.
Furthermore, the reported fabrication processes contain
multiple steps, such as coating, laminating, and chemical
etching, which are time consuming and costly. It is worth
mentioning here that the FSS structure in [46] reports a
transparency of 86%, which is a bit misleading as it has been
calculated by dividing the empty area of a unit cell to the
complete unit cell size. In reality, the optical visibility is not as
good as our printed Ag NWs, because pure copper sheet has
been used. Although the FSSs reported in [22] and [34] are
printed, the opaque silver inks used in the printing process make
them unsuitable for applications requiring higher optical
transparency. Also, it is extremely difficult to modify the FSS
designs reported in [22] and [34] for multi-band operations. In
Table I, we have compared all the closely related transparent
FSS works with our proposed transparent FSS design (all works
owe the transparency to the material property and not to the
etched mesh structures or opaque Ag paste). Our printed FSS
exhibits higher optical transparency. Some of the designs in the
table have neither reported nor studied the sensitivity to
polarization and angle of incident wave. Most of the FSS
structures are larger in unit cell size than that of our design.
Furthermore, they all utilize subtractive techniques, such as
etching or milling, to realize the FSS structures, which are time
consuming and a waste of materials. More importantly, they are
all rigid in nature without any mechanical flexibility. Though,
our isolation is relatively low as compared to the etched mesh
FSS structures, it is comparable or better than the isolation
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Fig. 17. A shielding box to measure the signal power of a smart phone.

values reported in Table I. In fact, there is a tradeoff between
the isolation and the optical transparency. Thicker FSS layer
leads to lower transparency, which in turn results in higher
isolation. Our simulations demonstrate an isolation of -22 dB
for a conductor thickness of 2 pm, however, with a reduced
transparency of 60%. It can be concluded from Table I that our
design and the printed FSS structures have dual band operation
in single layer, excellent transparency, high level of
polarization insensitivity and angular stability, and good
rejection of EM signals while maintaining mechanical
flexibility.

C. Shielding Effectiveness Demonstration

To further verify the shielding effectiveness of the printed
transparent FSS at GSM bands, we conducted a straightforward
EM shielding experiment by placing a smart phone in a
shielding box, which has been covered with the printed

transparent FSS from all directions. As shown in Fig. 17, six
pieces of transparent FSS films are attached on the surface of a
PMMA box. The received signal power by the mobile phone,
indicated in dBm unit, is directly recorded from the display
screen of the smart phone. For comparison, the experiment is
conducted inside as well as outside the PMMA box. For the
experiments with box, signals strength is recorded at three
different locations, indoor, corridor, and outdoor. As listed in
the Table II, the received GSM signal indoor changes from -102
dBm to -114 dBm after placing the smart phone into the
shielding box, indicating a drop of 12 dBm, which is close to
the measured transmission attenuation, as has been shown in
Fig. 14. Similarly, attenuations in signal power have been
observed for other locations as well. The shielding performance
of the proposed transparent FSS can be further improved by
increasing the thickness, surface uniformity, and electrical
conductivity of the Ag NWs.

IV. CONCLUSION

This work proposes an optically transparent and
mechanically flexible FSS structure that can provide dual band
shielding from GSM signals. The design is polarization
insensitive, and provides stable performance for a wide range
incident angles. Prototype has been realized through screen-
printing of a custom Ag NW ink on a flexible PET substrate.
Decent transparency and EM performance has been achieved in
measurements. The prototype works equally well in both planar
and bent states, verifying the designs utility for shielding
applications requiring conformal designs.

TABLE I

COMPARISION OF THE PROPOSED FSS STRUCTURE WITH TRANSPARENT FSSs IN THE LITERATURE

Ref. Fabrication 85 ;lrlitrilg; Ur;iitzzell 1131:)5,1::11521?\1/22 Max (lggl)ation Angular stability Transparency Flexi?b ility
[50] g‘f’i?’f’ﬁfshmg 2‘}15)6 band (161 53, NO -15 - 65% NO
TN i A S — wmx w0
[52] f;fg‘gfnff Ag 2‘}15)6 band (26 439, YES -19 45° 80% NO
(53] 2;cittliié1g of metal g]ilgzl;: band (1.3 042 YES 15 45° R NO
[54] g;iilgé‘g of metal grgﬁzl)’a“d 09 h172 YES -10 60° . NO
[55] Zt.f;‘;ggz‘:lfoGa' Groy @30 o522, NO -16 - 72% NO
this f)cfrzfg“l\}"f;‘s‘““g e Do Cry, 018 YES 15 70° 81.6% YES
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TABLE I

RECEIVED SIGNAL POWER OF THE SMART PHONE IN GSM BANDS

(1]

(2]

(3]
(4]

[5]

(6]

(7]

(8]

(9

[10]

[11]

[12]

[13]

[14]

[15]

Test conditions Outside the box (dBm) Inside the box (dBm)
Indoor -102 -114
Corridor -94 -107
Outdoor -74 -86
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