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Tis paper presents a novel ultraminiaturized frequency selective surface (FSS) for L-band electromagnetic shielding applications.
A basic square loop incorporated with folded arms in the top layer constructs the single-layer FSS design. Band-stop charac-
teristics for the entire L-band operating frequency ranging from 1GHz to 2GHz are ofered by the proposed design. An ul-
traminiaturized profle of 0.028λo× 0.028λo is achieved by the designed FSS, where λo corresponds to the lowest operating
frequency, achieving at least 32.1% miniaturization when compared to the state-of-the-art FSS designs in the literature. Po-
larization insensitivity with a peak shielding efectiveness of 45.4 dB is manifested by the rotational symmetry of the proposed
design.Te proposed FSS exhibits excellent angular stability performance up to 80° with a frequency deviation of less than 1%.Te
equivalent circuit model helps to understand the working principle of the proposed FSS. Te experimental results of the designed
FSS prototype agree well with the simulation results. Hence, the proposed spatial flter is a suitable candidate for enhancing
security in wireless communication at the carrier frequencies of GPS systems.

1. Introduction

Electromagnetic interference (EMI) causes impairment in
wireless devices when it is exposed to hazardous electro-
magnetic waves [1]. Conventional metallic shields are uti-
lized to completely block all the frequencies of incoming
electromagnetic waves. Te advent of frequency selective
surface is an alternate approach to mitigate the efect against
EMI due to its band-stop characteristics. Te spatial flter
ofers selective performance on a particular frequency for its
geometric nature. Frequency selective surfaces have tre-
mendous growth for the applications of refectors [2, 3],
spatial flters [4], and shielding applications [5, 6]. Frequency
selective surfaces act as an EMI shielding for the commu-
nication devices which increases the security in satellite and
military applications. Nowadays, the increasing demand for

frequency selective surfaces is the miniaturized footprint,
simpler geometry with high angular stability, high shielding
efectiveness, and stable polarization performances.

Te large-sized FSS screen will produce a grating region
closer to the operating band which tends to afect the fre-
quency selectivity characteristics of the FSS [7]. Te mini-
aturization confguration is a quintessential feature due to its
fnite size realization in limited space occupancy for real-
time applications [8]. To achieve a miniaturized profle, 2.5D
design approach is used in FSS with a multilayer structure
incorporating conductive holes which leads to a complex
bulkier structure reported in [9]. Designing a compact FSS
with a 2D single-layer structure without using vias is
a challenging task. Tus, the frequency selective surface with
the aforementioned prominent features is designed with
a miniaturized confguration with a single-layer structure
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that exhibits band-stop characteristics which are considered
advantageous features for security purposes in wireless
communication systems.

Recently, several novel design approaches for the min-
iaturized FSS unit cells are discussed in [7–17]. Meandering
lines connected with conductive holes are embedded on
a triple-layer substrate to achieve the miniaturized FSS
depicted in [8] which achieves angular stability up to 60
degrees. Even though the FSS unit cell with multiple layers
provides a higher impedance bandwidth, it increases the FSS
thickness and makes the design complex which leads to
fabrication costlier. Subsequently, the research works are
performed on a single-layer miniaturization. A meandered
peak [7], Hilbert fractal loop [10], and Jerusalem cross loop
[11] are used to design a band-stop FSS unit cell. All the
abovementioned FSS unit cells [7, 8, 10, 11] are not con-
sidered small-scale dimensions.

Te FSS unit cell proposed in [9] uses a fractal four-
legged loaded loop, tapered convoluted stripe [12], and
square loop knitted structure [13] to block the incoming EM
wave. In addition, the FSS in [9, 12, 13] uses both the top and
bottom layers connected using the conductive holes. Te
miniaturized FSS in [14] having the handshake convoluted
loop and a complex design composed of zig-zag inductive
arms [15] is proposed. In the aforementioned work [14, 15],
angular stability is achieved only up to 60°. In [16], an
asymmetric convoluted miniaturized FSS is depicted which
makes the FSS unit cell polarization dependent on various
angles of phi. An active miniaturized FSS unit cell is
designed using metallic parallel plates in [17]. However, the
signifcant issue in the use of active components is the
fabrication cost and additional voltage supply. Te minia-
turized FSS exhibits dual-band response for stealth appli-
cations which is mentioned in [18] and the wideband
concentric ring frequency selective surface for 5G devices is
discussed in [19]. Te generalized idea about designing FSS
is explained in [20–22]. Te FSS with a large unit cell size
exhibiting band-stop characteristics is given in [23]. Te FSS
unit cells given in [24–28] were designed using a complex
design using a multi-layer confguration, which is not a cost-
efective solution.

To overcome the limitations of the literature survey, this
paper demonstrates a single-layer miniaturized band-stop
FSS for shielding the entire L-band. Te miniaturized profle
of the proposed FSS unit cell is 0.028 λo× 0.028 λo, for the
lowest operating frequency at 1GHz. Te proposed FSS unit
cell is 32.1% smaller when compared to existing art of work
[7] without adding conductive holes. In addition, the pro-
posed FSS unit cell faunts angular stability up to 80° with
a peak shielding efectiveness of 45.4 dB and polarization
insensitivity of up to 90° for both TE Mode and TM Mode.
Tis FSS acts as a shield for the entire L-band signal from
1GHz to 2GHz, as the L-bands are the carrier frequencies
for satellite navigation (GPS). In this letter, the section is
summarized as follows: the topology of the FSS unit cell with
its equivalent circuit model analysis is demonstrated in
Section 2. Te experimental validation of the fabricated

prototype with its measurement setup is illustrated in
Section 3. Finally, the conclusion followed by reference is
presented in Section 4.

2. Design of FSS Unit Cell

2.1. Topology of FSS Unit Cell. Te 2D FSS unit cell having
a single layer and its side view is depicted in Figures 1(a) and
1(b), respectively. Te FSS was constructed using a 1.6mm
thick (h) FR-4 substrate having a permittivity of 4.3 and a loss
tangent of 0.025. Te size of the FSS is designed with
a thickness of only 0.0054 λo, making it suitable for compact
systems. Te top layer encompasses a square-centered PEC
patch extended with rectangular and L-stub having a thick-
ness of 0.035mm. Te periodicity of the proposed FSS unit
cell is 8.4mm along the x and y directions. Te simulation is
carried out in CST Microwave Studio (2018). Te unit cell
design starts with the basic square loop structure. Te con-
voluted technique is incorporated in the unit cell design to
increment the electrical length to achieve the lowest operating
frequency. Te proposed FSS design is based on four-fold
rotational symmetry to exhibit polarization insensitivity
performance.

2.2. Evolution of the FSS Unit Cell. Te evolution of the
proposed FSS unit cell with its transmission coefcient re-
sponse is depicted in Figure 2. Te simulation is carried out in
CST Microwave Studio (2018). Te proposed FSS unit cell
initiates with the basic square loop of length 2.4mm in Stage 1.
Te square loop resonates from 18.59 to 19.82GHz with
a bandwidth of 1230MHz. In Stage 2, a rectangular stub of area
1.31mm2 is connected to the square loop with a meandering
line of length 1.76mm. It produces a bandwidth of 1580MHz
resonating from 11.907GHz to 13.487GHz. Te area of the
rectangular stub is increased to 3.31mm2 with a meandering
line of 2.4mm to achieve the frequency range from 7.1GHz to
7.9GHz in Stage 3. To enhance the bandwidth and lower the
frequency range in Stage 4, an L-Stub is incorporated to in-
crease the electrical length, thus providing the lowest operating
frequency of 1GHz and achieving the peak shielding efec-
tiveness of 45.4 dB for the frequency range from 1GHz to
2GHz.

2.3. Surface Current Distribution. Surface Current assists in
understanding the relationship between the operating fre-
quency and length of the resonating arms. Te vertical and
horizontal fow of the surface current in TE and TMMode is
observed in Figures 3(a) and 3(b) around the resonating
arms. Tus, the length (L) for the proposed FSS unit cell is
calculated as follows:

L � 2∗ (L1 + L2 + L3 + L4 + L5 + L6 + L7), (1)

L= 41.2752mm, corresponds to the quarter wavelength
(λ/4) opertating frequency as, fr � c/4∗ L∗

��������
(εr + 1)/2


(1),

whereεris the dielectricconstant of the substrate. From
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equation (1), the operating frequency (fr) obtained is
1.123GHz, which approximated the resonating frequency of
1GHz. Tus, the FSS unit cell for the desired operating

frequency is proposed by varying the surface current path
length.

2.4. Equivalent Circuit Modeling. Te theoretical in-
terpretation is understood by the implementation of an
equivalent circuit for the proposed FSS unit cell. Te
equivalent circuit for the proposed FSS unit cell highly
depends on the geometry and surface current. Tus, the
strong current density fowing in the same direction is
indicated with a lumped inductor and capacitor in a series
combination as shown in Figure 4(a). Te mutual coupling
plays a signifcant role in occurring due to the presence of
displacement current produced between the metal patch.
Te resonator arms act as a lumped inductor L1 with the
mutual coupling between the arms playing the role of
capacitance (C1) as depicted in Figure 4(a). Te efect
between the patch in the FSS unit cell is insignifcant and
therefore, the mutual inductance is eliminated. Te mutual
coupling between the adjacent unit cells as depicted in
Figure 4(b) is indicated by the capacitor Ccoup.Te resonant
poles are produced by the addition of a capacitor Ccoup with
a conventional series LC circuit. Tus, the band-stop be-
havior for the entire L-band is achieved accurately. Te
impedance of the circuit for a series inductor (L1) and
capacitor (C1) shown in Figure 4(c) is mathematically
expressed as follows:

Zs � jωL1 +
1

jωc1
. (2)

Te total impedance (Z) by the addition of coupling
capacitance is given by the following equation:

Z � Zs
1

jωCcoup
 .

���������
(3)

By equation (3), we get the following equation:

Z �
1 − ω2

L1C1/ω
2
c1Ccoup 

Ccoup − ω2
1L1c1Ccoup + c1/jω1c1Ccoup 

. (4)

Te frequency for the proposed FSS unit cell is obtained
by equating the poles and zeros to 0.

From equation (4), we get the following equation:

ω2
�

1
L1C1

andω2
1 �

C1 + Ccoup

L1C1Ccoup
. (5)

Assuming L1 is known, the values of C1 and Ccoup are
determined from equation (5). Ccoup contributes to the
bandwidth for the required frequency range from 1GHz to
2GHz. Te transmission zero is given by ω1, and ω rep-
resents the transmission poles in equations (6) and (7).

C1 �
1

ω2L1
, (6)

Ccoup �
C1

ω2
1/ω

2
  − 1

. (7)
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Figure 1: (a) Proposed 2D FSS unit cell in front view with material
specifcations. Geometric specifcations with labels of the proposed FSS
unit cell: L�W� 8.4mm, L1� 2.4mm, L2�1.76mm, L3�1.29mm,
L4� 2.57mm, L5� 2.24mm, L6� 5.79mm, G1� 1.38mm, G2�

0.3mm, G3� 0.7mm, and G4� 0.99mm. (b) Side view.
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Figure 2: Simulated transmission coefcient characteristics of the
proposed FSS unit cell at each evolution stage.
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Figure 3: Surface current distribution at 1GHz. (a) TE mode.
(b) TM mode.
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Te inductor L1 is determined by the iterative procedure
with the help of tuning in ADS software. Te values for the
proposed equivalent circuit in Figure 4(c) are calculated as
L1 � 1.12 nH, C9.9pF, and Ccoup � 3.3 pF. Te transmission
response is computed in ADS for the proposed equivalent
circuit. Te behavior of the proposed FSS unit cell is verifed
by comparing the transmission characteristics of CST and
ADS as depicted in Figure 5(a). It is evident that the pro-
posed equivalent circuit exhibits the band-stop response
from 1GHz to 2GHz. To verify, the operating frequency can
also be analyzed by the following equation:

f �
1

2π
�������������
C1 + Ccoup L1



 

.
(8)

Te dispersion diagram is incorporated to analyze the
functioning of the FSS. Te Bloch wave vector has a region
where no Eigen frequencies have been discovered, indicating
that electromagnetic felds are not allowed in that frequency
range. Tis region is known as the band gap. Te band-gap
region of the proposed FSS is analyzed by adopting a dis-
persion diagram depicted in Figure 5(b). Te dispersion
diagram is validated by using the Eigen mode solver in CST
Microwave Studio. Te dispersion curve for the desired
modes is selected through the Eigenmode solver which
provides information about the band-stop operation of the

proposed FSS. Te dispersion curve in Figure 5(b) shows
that the existence of a wide band gap between two propa-
gating bands ensures that no modes of propagation are
allowed to be transmitted. Tis region will be claimed as
a band-stop region for the proposed FSS. Terefore, a band-
stop response is obtained in the frequency region from
1GHz to 2GHz, where the electromagnetic waves cannot
propagate through the proposed FSS.

2.5. Parametric Analysis. Te infuence of the width of
meandering lines has a great impact on the bandwidth of the
proposed FSS unit cell as depicted in Figure 6(a). Te pa-
rameter G4 is varied to analyze the operating frequency
range from 1GHz to 2GHz. Te width of the resonating
arms decreases from 0.99 to 0.69 which reduces the oper-
ating frequency to 0.8–1.8GHz. In Figure 6(b), the length of
L6 is increased from 1.93mm to 5.79mm which results in
reducing the operating frequency from the higher frequency
band (7.1–8.1GHz) to the lower frequency band (1-2GHz).
From Figures 6(a) and 6(b), it is inferred that the length (L6)
is inversely proportional, and the width (G4) is directly
proportional to the operating frequency. Te operating
frequency decreases with an increase in length and a de-
crease in the width of the resonator. Hence, the length and
width of the resonating arms are compromised to achieve
the required operating range in a single-layer miniaturized
surface for L-band shielding applications.

Term 1
L1

C1

Ccoup

Term 2

(a) (b) (c)

Figure 4: (a) Front view of the proposed FSS in TE mode with electrical circuit components. (b) Efect of the lumped component with
adjacent FSS unit cell. (c) Equivalent circuit model for the proposed FSS unit cell.
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Figure 5: (a) Transmission coefcient analyzed in CST and ADS. (b) Te dispersion curve of the proposed FSS model.
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3. Measurement and Validation

Te fabricated prototype and measurement setup of the FSS
unit cell containing the top layer are shown in Figures 7(a)
and 7(b), respectively. Te schematic diagram of the mea-
surement setup is depicted in Figure 7(c). Te fabricated FSS
accommodates a 30× 30 lattice array containing 900 ele-
ments. Te unit cell miniaturization helps to achieve
a smaller footprint of 270mm× 270mm. Te horn antenna
helps for transmitting and receiving the incident signals
where the FSS is placed by a distance of 2m. Measurement is
carried out in an anechoic chamber to avoid signal re-
fections. Te antennas are connected to a two-port vector
network analyzer (N9951A). A rotating shaft helps to rotate
the FSS for measuring the transmission coefcient at dif-
ferent angles of theta for the incident EM waves. To measure
the polarization-independent performance for diferent
angles of phi, the FSS is placed at 0° to measure the |S21| in
horizontal polarization (TMMode) and rotated 90° to obtain
the transmission coefcient in vertical polarization (TE
Mode). It is inferred from Figure 8 that the proposed single-

layer FSS provides the band-stop response from 1GHz to
2GHz. Due to the miniaturization of the FSS, the trans-
mission properties become stable leading to less suscepti-
bility to various incidence angles. Shielding efectiveness is
related to the S-parameters and it is defned as the inverse of
the transmission coefcient denoted by the expression [18]
as SE(dB) � − |S21|. It is evident from Figures9(a) and 9(b)
that the proposed FSS unit cell ofers shielding efectiveness
with a peak value of 45.4 dB at a 10 dB reference level for
various incidence angles up to 80° in both TE and TMMode.
At a higher angle of oblique incidence, the array elements in
the FSS unit cell experience a phase delay in the excitation.
Tis phase diference causes a shift in the operating fre-
quency of the FSS at oblique incidence, which can be re-
duced by using a small FSS unit cell size. Te FSS unit cell
periodicity also limits the occurrence of grating lobes. In this
paper, a convolution technique is used to attain the ultra-
miniaturized geometry with unit cell periodicity of 8.4mm×

8.4mm. Te ultraminiaturized confguration of the FSS
exhibits a stable response at the high oblique incidence of 80°
without any frequency shift. Tus, the proposed FSS exhibits
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Figure 6: Parametric analysis by varying the parameters of the resonator. (a) Length (L6). (b) Width (G4).
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Figure 7: (a) Top layer of the fabricated FSS unit cell. (b) Measurement setup. (c) Schematic diagram of the measurement setup.
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high angular stability performance without any frequency
shift. Due to the four-fold symmetric nature of the pro-
posed FSS unit cell, the measured result in Figure 10 is
polarization independent for the various angles of phi from
0° to 90° in both TE and TM Modes. Table 1 tabulates the
similar existing work with the proposed FSS. Te minia-
turized FSS unit cell with a profle of 0.028λo× 0.028λo is
proposed on the single layer of FR-4 substrate to achieve
the band-stop response for the entire L-band ranging from
1 to 2 GHz without incorporating conductive holes, thus
making lesser fabrication costs when compared with the
existing work.

3.1. Performance Comparison. Te FSS unit cell comprising
a square loop with folded arms acts as a spatial flter for the
entire L-band with a miniaturized footprint of 0.028λo. Te
proposed FSS unit cell is 88.61%,53.33%,31.21%, 32.1%,
32.18%, and 80.25% smaller when compared to existing art
of works [7, 9, 10, 15–17], respectively. Te proposed FSS
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Figure 9: Comparison of simulated and measured SE for various angles of theta. (a) TE mode. (b) TM mode.
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unit cell utilizes only the top layer of the substrate while
eliminating the usage of multiple layers as in [8] to avoid
a bulkier profle of the FSS. Te proposed FSS achieves
a miniaturized confguration without using complex
conductive holes providing a cost-efective solution,
whereas the work in [9, 12, 13] makes use of 2.5D geometry
which increases the fabrication costs. Te proposed FSS
unit cell has a higher shielding efectiveness of 45.4 dB for
various angles of theta in both TE and TM modes, whereas
the literature reported in [7, 9] shows the lesser efect of
eliminating the incoming electromagnetic signals in the
desired operating frequency. Te proposed FSS has a stable
transmission coefcient for various angles of phi from 0° to
90° in both horizontal (TM mode) and vertical polarization
(TE Mode) of the EM waves due to its four-fold sym-
metrical geometry. Te FSS in [16] shows polarization
insensitivity due to the asymmetric structure.Te proposed
FSS exhibits angular stability from 0° to 80° under TE and
TMmode with a minimum frequency deviation of less than
1% because of its miniaturized footprint unlike in
[7, 9, 10, 16, 17]. Te depicted FSS unit cell has a larger
bandwidth of 1 GHz. However, the existing works in
[9, 10, 16] achieve lower bandwidth for the discrete res-
onating frequency.

4. Conclusion

A single-layer miniaturized FSS unit cell for L-band ap-
plications is discussed in this paper.Te miniaturized profle
of the proposed FSS unit cell is 0.028λo× 0.028λo which
achieves the band-stop response from 1 to 2GHz with a peak
shielding efectiveness of 45.4 dB.Te proposed FSS unit cell
provides the invariant polarization performance and angular
stability for various angles of phi and theta up to 90° and 80°,
respectively, under TE and TM Mode. Te FSS unit cell
achieves a fractional bandwidth of 66.67% for L-band fre-
quency ranges from 1 to 2GHz. Te measured results are
compared with the simulated results to analyze the per-
formance of the FSS unit cell.
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