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A wideband polarization-insensitive, and angularly stable frequency selective surface (F'SS) is proposed
in this work. The designed unit cell consists of two octagonal rings connected to each other with splits along
their sides. The structure is designed on a low-loss FR-4 dielectric substrate with a thickness of 1.6 mm, and
the unit-cell footprint measures 10 x 10 mm?2. The proposed FSS achieves a wide transmission band from
4.9 GHz to 11.5 GHz, providing approximately 6.6 GHz of usable bandwidth with the operating frequency of
5.8 GHz. This range covers several practical applications, including C-band (4-8 GHz), wireless local area
networks (WLAN) at 5.2 GHz and 5.8 GHz, WiMAX and various filtering and radar applications. Further-
more, F'SS arrays of sizes 2 x 2, 3 x 3, and 4 x 4 were analyzed, and their simulated responses were evaluated.
And finally, the frequency selective surface with 4 x 4 array is subsequently developed and fabricated on an
FR-4 substrate. The simulated results proved that the proposed FSS is polarization-insensitive for various
oblique incident angles and maintains angular stability up to 70° for varying polarization angles, with meas-
ured results showing good agreement with the simulations. The compact geometry and ease of fabrication
make the structure appropriate for incorporation into modern communication platforms.
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1. INTRODUCTION

Frequency-selective surfaces (FSSs) have been thor-
oughly researched for their ability to provide various ap-
plications, such as randoms, reflectors, absorbers, and
spatial filtering of electromagnetic waves, which possess
bandpass or bandstop characteristics with optimal unit-
cell geometries and periodic configurations [1]. A struc-
ture consisting of unit cells has been proposed to en-
hance bandwidth, angular stability, downsizing, and
multiband functionality. Dual-layer methodologies, ex-
emplified by the square-loop topology developed by
equivalent circuit modeling in [2], have exhibited en-
hanced wideband rejection. A compact triple band-stop
FSS designed for sub-6-GHz applications, effectively
spanning NR n39/n40, LTE 42/43, and LTE 46 bands
with robust angular stability, was documented in [3].
Reconfigurable systems have evolved, such as the PIN-
diode-loaded square-loop F'SS in [4], which offers adjust-
able band stop characteristics and phase modulation.
Second-order band stop design was developed within the
millimeter-wave spectrum, resulting in band rejection
and angular stability up to 60°, as referenced in [5]. Gra-
phene-based metasurfaces in the terahertz region have
features of polarization-insensitivity and absorption be-
ing researched to maintain steady angular performance
at oblique incidences up to 50° [6].

FSSs can also be used for security applications and
health protection, represented by the penta-bandstop
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surface in [7], which decisively reduces undesired fre-
quencies. Further contributions encompass ultra-wide
stopband FSS attaining significant attenuation levels
[8], dual-bandstop configurations obtained from super
formula loops exhibiting stable angular response stabil-
ity up to 60° [9], and highly compact L-band FSSs facili-
tating polarization-independent functionality [10]. Fur-
ther contributions include dual-band 5G FR2 FSS fea-
turing rotational symmetry for both TE and TM stability
[11], angularly stable single-layer bandstop FSSs tai-
lored for X-/Ku-band applications [12], and ENG-based
miniaturized bandstop filters demonstrating extensive
rejection bandwidths and negative-index properties over
a 220-MHz range [13]. A highly angular-stable dual-
band stop F'SS operating in the C- and X-bands was pro-
posed in [14] for suppressing satellite downlink frequen-
cies. The structure exhibits a negative refractive index
over a 220 MHz range, and tunable multi-zero FSSs fa-
cilitate adaptable stopband regulation with a stable re-
sponse to 40° [15].

In this work implementing the compact, single lay-
ered F'SS achieving the polarization insensitive features
with the wideband rejection with excellent angular sta-
bility maintain a simple geometry fabrication on the low-
cost FR-4 substrate with substrate height 1.6 mm.
Achieving the better performance by reducing the design
complexity like adding of passive components (PIN di-
odes) and multiple layers.
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2. PROPOSED UNITCELL DESIGN

The design steps and geometric characteristics of the
proposed unit cell are illustrated in Fig. 1. This structure
is developed FR-4 substrate with height of the substrate
1.6 mm, a dielectric constant (g,) of 4.4, and a loss tan-
gent of 0.02. the length of the unitcell should be less than
A/2[1]. The overall size of the unit cell is 0.9140 x 0.91 40
with the operating frequency 5.8 GHz. All the simula-
tions are performed using HFSS tool.

OO0

(a) step 1 (b) step2 (c) step3(proposed)

(d) Dimensions of proposed unitcell

Fig. 1 — Evolution of the proposed unit-cell structure(a)-(c) and
(d) final unit-cell geometry with design parameters

Initially, only one octagonal loop is designed on the
substrate, which results in a single resonance in the Sg:
response, indicating its bandstop behavior. In the subse-
quent step, an additional concentric octagonal loop is in-
troduced inside the original loop. Both loops are inter-
connected through short splits located along the four
sides, improving electromagnetic coupling and conse-
quently broadening the S21 bandwidth. Finally, supple-
mentary diagonal splits are incorporated to enhance the
effective inductance—capacitance (LC) characteristics
and confine surface currents along the loops. This modi-
fication results in a well-defined bandstop response with
a pronounced Sz1 attenuation peak. Table 1 summarizes
the detailed dimensions of the proposed unit cell.

Table 1 — Geometrical parameters of the unit cell
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Fig. 2 illustrates the reflection and transmission coeffi-
cients of the unit cell at various design steps under both TE
and TM modes. The simulations are carried out using Flo-
quet ports and periodic boundary conditions. In Step 1, the
Sp1 response exhibits a bandwidth from 4.07 GHz to 7.70
GHz in TE mode and from 4.19 GHz to 7.89 GHz in TM
mode. In Step 2, with the better electromagnetic coupling
between the loops the bandwidth got increased to 5.60
GHz-10.89 GHz in TE mode and 5.55 GHz-10.83 GHz in
TM mode . In Step 3 makes the coupling even stronger,
which improves the bandwidth to 4.91 GHz-11.58 GHz in
TE mode and 4.90 GHz-11.75 GHz in TM mode. The peak
Se1 attenuation is —45 dB. The transmission coefficient
(S21) confirms the bandstop characteristics of the proposed
unit cell, where as the reflection coefficient(S11) remains
close to 0 dB, indicating that most of the incident power is
reflected rather than transmitted.

Fig. 3 displays the surface current distribution of the
proposed unit cell, demonstrating significant current
confinement along both the inner and outer octagonal
loops, especially at the split gaps and coupling portions.
This confirms that the proposed design consistently pro-
duces an effective bandstop resonance.
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Fig. 3 — Surface current distribution of the proposed unit cell
at the resonant frequency

3. PARAMETRIC INVESTIGATION

Fig. 4 illustrates the parametric study of four im-
portant design parameters and their impact on the
transmission coefficient of the unit cell. Figure 4(a)
demonstrates the impact of altering the metallic strip
width (g1), which directly influences the current path
length and the effective inductance of the configuration.
A noticeable frequency shift is observed as ¢ increases.

Parameter Value Parameter Value
(mm) (mm)
Ws 10 g2 0.55
Ls 10 t1 0.3
ri 8.5 t2 0.3
r2 6.45 d 2.7
g1 0.45
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Fig. 2 — Simulated reflection (S11) and transmission (Sz1) coef-
ficients of the unit-cell structure for the three design steps un-
der (a) TE and (b) TM polarization
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Fig. 4 — Parametric analysis of the proposed unit cell, influenc-
ing on the Sa1: (a) Loop width (g1), (b) gap between loops (g2), (c)
edge split width (¢1), and (d) diagonal split width(¢2)
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The width g1 = 4.5 mm is chosen as it generates the op-
timal bandwidth, ranging from 5.54 GHz to 11.08 GHz.

Fig. 4(b) examines the separation gap (gz2) between
the two octagonal loops. This parameter determines the
coupling strength between the loops. A very small gap
results in excessively strong coupling, increased losses,
and reduced stopband depth. An optimal intermediate
value of g2 as 5.5 mm yields a peak Sa1 attenuation of
— 43 dB. From Fig. 4(c), the effect of varying the split-
width parameter (¢1) is analyzed. Minimal changes in
frequency are noted; still, £1 = 3 mm offers an extensive
operational stopband from 4.91 GHz to 11.42 GHz, ren-
dering it the optimal choice.

Finally, Fig. 4(d) shows the influence of parameter d.
Small variations in d affect the depth of the stopband.
The value t2 = 3 mm is chosen, as it produces a slightly
deeper S21 notch of approximately — 45 dB. Based on
these parametric observations, the optimal values of g1,
g2, t1 and t2 are selected, and the final design of the pro-
posed unit cell is established.

4. PROPOSED FSS DESIGN

Frequency-selective surfaces (FSSs) are inherently
periodic structures. Fig. 5(a) shows the FSS configura-
tion formed using a 2 x 2 array (four unit cells) to ap-
proximate the behavior of an infinite periodic surface.
The overall size of this array is 20 x 20 mm?, and it ex-
hibits an Sz1 attenuation of approximately — 35 dB along
with its corresponding bandwidth. When the number of
unit cells is increased to a 3 x 3 array (30 x 30 mm?2), the
structure more closely emulates an infinite periodic sur-
face (Fig. 5(b)).

However, noticeable variations in bandwidth are ob-
served when comparing the single unit cell, the 2 x 2 ar-
ray, and the 3 x 3 array. This is because the single unit
cell is simulated under ideal infinite periodic boundary
conditions and is not affected by external disturbances.
In contrast, the 2 x 2 and 3 x 3 arrays experience mutual
coupling among adjacent cells and finite-size edge ef-
fects, which influence the overall bandwidth response.
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Fig. 5 — Periodic arrangement and Sz response for TE and TM
modes of finite F'SS arrays: (a) 2 x 2 and (b) 3 x 3
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A finalized FSS with a 4 x 4 periodic arrangement is
subsequently simulated, fabricated, and experimentally
characterized. The fabricated prototype has physical di-
mensions of 40 x 40 mm?2, with an inter-element spacing
of 0.6 mm between adjacent unit cells. The structure is
realized on an FR-4 substrate, and the corresponding
fabricated sample is shown in the Fig. 6.

Q
Q
Q
O

Fig. 6 — (a), Geometry of the finalized 4 x 4 FSS array, where
W=L=40 mm and g = 0.6 mm and (b) Fabricated prototype

5. RESULTS AND DISCUSSION

For an FSS, polarization insensitivity and angular
stability are critical performance requirements, and
these can be evaluated by varying both the incident an-
gle and the polarization state of the incoming electro-
magnetic wave.

Fig. 7 exhibits the transmission coefficient (S21) of
the suggested frequency selective surface (FSS) for
transverse electric (TE) and transverse magnetic (TM)
polarizations at azimuth angles from @ = 0° to 60°.
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Fig. 7 —Transmission coefficient Sz1 response for various
polarization angle (p) (a) TE mode and (b) TM mode

The results demonstrate that the TE and TM re-
sponses nearly overlap at all angles of incidence. This
stable response verifies that the designed FSS is insen-
sitive to polarization and preserves its filtering perfor-
mance over a broad span of varies angles.
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Fig. 8 — Transmission coefficient S21 response for various inci-
dence angles under (a) TE mode and (b) TM mode

The transmission coefficent response of the sugg-
ested F'SS for varying incidence angles (Elevation an-
gles) 0 from 0° to 90° is shown in Fig. 8. From plot the

03020-3



A. BONDALAPATI, B. ROy

S21 curves for both TE and TM modes remain nearly
same, indicating the stable stopband behavior. A minor
shift appears for angles above 70° beacause of the
stronge tangential field components at near-grazing in-
cidence in free space. Overall, the results indicate that
the F'SS retains good angular stability up to about 60°.
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Fig. 9 — Reflection phase(S11) characteristics of the proposed
FSS by varying angles: (a) polarization angles (¢) and (b) inci-
dence angles (6)

The reflection phase characteristics of the proposed
FSS are shown in Fig. 9. The results shows a phase re-
versal of approximately 180°. The reflective phase re-
sponse remains almost identical for variations in the az-
imuth angle @, representing the strong polarization in-
sensitivity behavior. Furthermore, the phase remains
stable for incidence angles up to 70°, resulting in satis-
factory angular stability. The continuous phase behav-
ior across angular and polarization variations provides
good interference when the FSS operating as a reflector

Table 2 — Comparative analysis with existing F'SS structures
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alongside with an antenna, thereby helpful for potential
gain improvement.

The surface current distribution of the 4 x 4 FSS ar-
ray at the resonant frequency is presented in Fig. 10. It
shows strong current around the loops, with high con-
centrations of flow at the corners and at coupling re-
gions. The uniform current distribution at the edge is
very less. The well spread and uniform resonant behav-
ior justifies the noticeable stopband seen in the trans-
mission characteristics and enhances the stable, polari-
zation-insensitive performance of the designed FSS.
Table 2 shows the comparative analysis of the proposed
work with the existing designs as the proposed design
exhibits the compact size with featuring both polariza-
tion insensitive and angularly stable behavior.
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Fig. 10 — Surface current distribution of the finalized 4 x 4 FSS

Operat-
Ref. No Substrate Dimensions ing Fre-. Polg ?ization Angular stability
(mm?2) quency insensitive
(GHz)

[9] FR-4 0.1140 x 0.1140 5.6 Yes 0°-60°

[10] FR-4 0.03440 x 0.034 40 1.6 Yes 0°-60°

[11] RT5880 0.740 x 0.7 24.78 Yes _

[12] FR-4 0.2540 x 0.2540 10 No 0°-60°

[13] Taconic RF-35 0.12540 x 0.125 40 3.96 Yes 0°-45°

[14] FR-4 0.13840 x 0.13840 3.7 No 0°-85°

[15] Rogers4350B 0.14540 x 0.14540 4 No 0°-40°
Proposed work FR-4 0.9140 x 0.91 40 5.8 Yes 0°-70°

6. CONCLUSION

The work represents that the suggested dual octago-
nal ring FSS design exhibits a compact and accurate
wideband response with band stop characteristics,
which is more suitable for the modern RF and electro-
magnetic filtering applications. With the integration of
the concentric loops and strategically placed splits, the
proposed FSS achieves strong current confinement,
which results in a broad operating band from 4.9 to
11.5 GHz. The frequencies in this range are used for sev-
eral critical applications, including C-band, WLAN
(5.2/5.8 GHz), WiMAX, short-range sensing, and X-band
radar systems. In addition, the FSS has a stable perfor-
mance for varying incidence angles up to 70° and is po-

larization insensitive, making the designed structure
suitable for environmental changes where signal orien-
tation and incidence direction vary. With all these fea-
tures, the proposed FSS is suitable for integration into
randoms, electromagnetic shielding panels, antenna
sub-systems, and spatial filtering layers used in broad-
band wireless and radar infrastructures.
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YacrorHo-cenexkrupHa nmoeepxHa (FSS) 3 BCOK0I0 KyTOBOIO CTA0I/IPHICTIO TA HEYYTJIUBUMH 10
noJsigpu3anii XapakTepUCTUKAMH IJIs IIMPOKOCMYTOBUX 3aCTOCYBaHb

Anitha Bondalapati, Bappadittya Roy

School of Electronics Engineering, VIT-AP University, 522237 Inavolu, India

3anporoHoBaHO IMIMPOKOCMYTOBY MOJISIPU3AIINHO-HEYYTIUBY T KYTOBO-CTAOLIBHY YaCTOTHO-CEJIEKTUBHY

nosepxuio (UCII). Pospobiena eleMeHTapHA KOMIPKA CKJIATAETHCA 3 TBOX BOCBMUKYTHUX KLJIEIlb, 3’ ¢ HAHUX
OIlHE 3 OJHUM 3 PO3pidaMu B3H0BK IXHIX OokiB. CTpyKTypa po3pobieHa Ha miejgexTpudHii makaamm FR-4 3
HU3BKMMHU BTPATAMH TOBIIUHOIO 1,6 MM, a ILIOIIA eJIeMeHTapHOI KoMipKH craHoBuTh 10 X 10 mm2. Sampomo-
uoaHa YCII mocarae mmporoi emyru mepemadi Big 4,9 [T mo 11,5 I'Tn, 3a6eameuyioun mpubnausao 6,6 [Ty
KOPHCHOI TIPOIIYCKHOI 371aTHOCTI 3 pobodoto uacrororo 5,8 I'T. Ileit giamazos oxorumoe KJIbKA MIPAKTHYHIX
3acrocyBaHb, BRIodanun C-giamason (4-8 I'T'm), Geagporosi goranshi mepeski (WLAN) Ha gacrorax 5,2 I'T'ix
ta 5,8 I'T';, WIMAX rta pisui 3acrocyBauHs a1 GlabTparrii Ta pasmiosorarrii. Kpim Toro, 6yJio mpoaHasizoBato
macuBu YCII poamipom 2 X 2, 3 X 3 Ta 4 X 4, a TAKOK OITIHEHO IX 3MOJIeILOBAHI BIATYKH. |, HapeIri, 4acTOTHO-
CeJIEKTHBHA TIOBEPXHA 3 MAaCUBOM 4 X 4 3romom po3pobseHa ta BuroroieHa Ha migkiaamiri FR-4. PesymbraTu
MOJIeJIIOBAHHS JI0BEJIH, 10 3anporoHoBanuil FSS e mossipraariiiino HeqyTiImBUM I PI3HUX KYTIB IaTIHHS
i KyToM Ta 306epirae KyToBy CTablabHICTD 10 70° Uit PI3HUX KYTIB IOJIAPU3AITii, IPUYOMY BUMIPSHI Pe3yJIb-
TaTH 100pe y3ToMKyIOThCS 3 pe3yJIbTaTaMi MoeroBasHs. KoMmakTHa reomeTpist Ta IpoCTOTA BUTOTOBJIEHHST
POGIIATH CTPYKTYPY IMPUIATHOIO JJIs IHTerparii B Cy4acHl KOMYHIKAIIMHI 1aTqopMu.

Karouosi cinosa: C-miamason, FR-4, YacrorHo-cesrektuBHa moBepxua (FSS), Pamionorartifinuii 38’ 430K,
IMupoxocmyrosuii 38’130k, WLAN, 3acrocyBauna WiMAX.
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