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Conjugated Split-Ring Resonators-Based Ultrathin, Polarization-
and Angle-Insensitive Metasurface
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Abstract—We show a new polarization- and angle-insensitive ultrathin metasurface design using four
conjugated hexagonal split-ring resonators (CHSRRs). The CHSRRs are made of copper and arranged
in a λ/4 cell-size polyimide film substrate with a dielectric constant of 3.5 and thickness of 0.2mm
(λ/400 at 3.75GHz). Each CHSRR aperture faces one corner of the square unit cell, thus forming a
conjugated loop to achieve TE and TM polarization-insensitive behavior in a wide range of incident
angles. Results demonstrated a −10 dB impedance bandwidth of 530MHz (3.44 to 3.97GHz) under
normal incidence, partially covering the n77 band used for 5G applications.

1. INTRODUCTION

Metasurfaces are two-dimensional metamaterial structures with self-resonant subwavelength elements
arranged in one or multiple dielectric layers [1, 2]. This effect comes from coupling individual resonant
features of properly placed nearby unit cells (meta-atoms) [2], in analogy to the atoms in a crystalline
structure. Indeed, negative permeability, negative permittivity, and non-naturally occurring negative
refractive index, i.e., simultaneous negative permeability and permittivity, can be achieved with these
artificial materials [3]. Moreover, the meta-atoms can produce abrupt phase changes on the incident
electromagnetic wave, allowing for controlling the wave reflection and/or refraction properties [3, 4].

The meta-atoms can be fabricated using all-dielectric, all-metallic, or microstrip line approaches
while being periodic or aperiodic arranged according to the desired features/applications [1–3, 5–8].
Regardless of technique, these metasurfaces can consider single-side single-layer, two-side single-layer,
or multiple-stacked slab designs. Notably, the latter approach provides more freedom to tailor and tune
the electromagnetic properties using robust structures [1, 2]. Furthermore, the unique metasurfaces’
electromagnetic characteristics allow for anomalous reflection or refraction through a generalized
Snell’s law [1]. The physics behind these striking phenomena stems from electric currents induced
by the incident electromagnetic waves on the meta-atoms, which strongly depend on the structure
geometry and material composition. In addition, reconfigurable techniques provide means to control
the induced currents, tailoring the metasurface electromagnetic response [9]. Some recent achievements
include lenses, antennas, reconfigurable intelligent surfaces (RIS), absorbers, transmit/reflectarray, RF
harvesting devices, and frequency selective surfaces (FSS) designs [1, 2, 7, 8, 10–13].

Specific performance metrics guide the design of metasurface elements, with the frequency response
sensitivity to impinging electromagnetic wave polarization and incident angles as recurrent parameters.
The metasurface interaction with distinct polarized waves is expected to be insensitive or sensitive.
For instance, bifocal Fresnel lenses, antennas, and filters usually exploit the polarization-sensitive
frequency or phase response to accomplish the desired device performance [14–16]. On the other
hand, several concepts for polarization-insensitive energy harvesting devices, electromagnetic absorbers,
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frequency selective surfaces (FSSs), and lenses have been demonstrated [17–20]. Despite all these
advances, most polarization-sensitive or -insensitive devices are limited to working under normal incident
electromagnetic waves.

Here, we demonstrate a new concept for a nearly omnidirectional metasurface, i.e., our design
will reflect the desired wavelength regardless of the incident angle. Our idea is based on conjugated
hexagonal split-ring resonators (CHSRRs) comprising four identical hexagonal split-ring resonators
placed on a square unit cell. Each CHSRR aperture is aligned with one corner of the unit cell, as
illustrated in Figure 1. Although the basic design achieved good polarization-insensitive behavior at
transversal electric mode (TE), further modifications were necessary to perform angular stability for the
transversal magnetic (TM) incident waves. Moreover, the evolutionary steps and parametric analysis
in design from basic polarization-insensitive to incident angle-insensitive metasurfaces are presented.
Therefore, we propose a novel technique that may guide the design of future polarization-insensitive
and angularly stable reflecting metasurfaces based on conjugated split-ring resonators (SRRs).

Figure 1. Details of the proposed conjugated hexagonal split-ring resonator structure and cell evolution.
Final structure dimensions: p = 20mm, rin = 4.4mm, rout = 5.5mm, g = 1mm, and w = 1mm.

2. CONJUGATED SPLIT-RING RESONATORS METASURFACES

Split-ring resonators are metallic loops with gaps well-known to provide negative permeability
behavior [21, 22]. The structure exhibits effective resonant permeability when an alternating magnetic
field is excited, resulting in zero transmission at the desired frequency. The resonant circular currents
induce dipole moments, leading to an effective medium with a resonant frequency related to an inductor-
capacitor circuit (ωm = 1/

√
LC). The SRR-based metasurfaces comprise different arrangements, such

as single SRR, complementary SRR, or nested SRR unit cells [23–29].
Single SRRs were used to design a multifunctional metasurface based on a hexagonal shape capable

of performing cross and circular polarization conversion at three distinct bands [24]. Double- and multi-
gap square SRR (SSRR) structures have been studied regarding magnetic resonance frequency, field, and
currents’ distributions’ behaviors [23, 26]. Meanwhile, nested SRR meta-atoms have been proposed to
meet some applications with polarization-insensitive and angular stability requirements. These meta-
atoms comprise four SSRRs with a rotational symmetry to achieve TE and TM mode performance
metrics [25, 27, 28]. In addition, outer arm connections were introduced to reduce oblique incidence
dependence [27, 28]. A nested square SRR has also been exploited by positioning the ring split at the
outer cell with a center gap to design absorbers [29].

Regarding the nested SRR, this work exploits this structure in the manner of nested CHSRR to
achieve polarization-insensitive and angularly stable performance. The design considered positioning
four identical HSRRs made of copper with their aperture facing one corner of the square unit cell while
its loops were connected, as seen in Figure 1. The CHSRR structures were arranged in a polyimide film
cell of size λ/4 with a dielectric constant of 3.5 and thickness equal to 0.2mm (λ/400 at 3.75GHz).
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3. CONJUGATED HEXAGONAL SRR CELL EVOLUTIONARY STEPS

This section carries out the numerical analysis of the proposed CHSRR cell. Indeed, we chose the
ANSYS HFSS simulator tool to design the CHSRR meta-atom and numerically analyze its performance
using the Finite Element Method (FEM). The simulator allows for electromagnetic assessing the unit
meta-atom structure by applying the Floquet ports and boundaries, which are devoted to planar-
periodic structures design. The structure in Figure 1 evolved to present polarization-insensitive and
angular stability with the labels identifying the step process. In addition, the meta-atoms performance
metrics have been analyzed for the TE and TM modes, as seen in Figure 2 (label 01). The metasurface
presented good angular stability ranging from 0 to 60◦ with polarization-insensitive behavior. However,
the structure is susceptible to TM mode polarization with a wide-angle dependence response under
oblique incidence. Furthermore, we have modified the cell center to improve these performance metrics
for TM mode. First, we cared about improving polarization-insensitive characteristics, which strongly
depend on the conjugated-geometry region.

(a) (b)

(c) (d)

Figure 2. CHSRR initial transmission frequency response: (a) oblique incidence at TE mode, (b)
oblique incidence at TM mode, (c) polarization sensitivity at TE mode, (d) polarization sensitivity at
TM mode.

The metasurface has demonstrated TM polarization-insensitive by increasing the intersection region
of the loop (label 02). This strategy reduced the cell-electrical length and incremented the resonance
frequency while the metasurface remained dependent on the oblique incident angles. The design changes
introduced a slight shift to the TE mode resonant frequency (less than 1.5%) for different oblique
incidence and polarization angles without compromising the performance metrics. Likewise, we inserted
diagonal connections at the cell center gap, naturally formed by the conjugated structure. Figure 3
depicts the third CHSRR cell assessment for oblique incident angle and polarization sensitivity, whereas
the gap connections accomplished polarization insensitivity and angular stability for TE and TM waves.
The TE oblique incidence analysis has presented a 1.3% resonant frequency deviation at 60◦ compared
to the normal incident angle. Similar behavior occurs at an oblique incidence of 80◦ for the TM mode,
with a 2.46% shift in the resonance frequency. However, these results do not compromise the CHSRR
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(a) (b)

(c) (d)

Figure 3. CHSRR final transmission frequency response: (a) oblique incidence at TE mode, (b) oblique
incidence at TM mode, (c) polarization sensitivity at TE mode, (d) polarization sensitivity at TM mode.

bandstop transmission bandwidth. On the other hand, a 1.07% shifting in the 60◦ resonant frequency for
the TE polarization sensitivity analysis has been observed, once again, without disturbing the bandstop
transmission bandwidth.

Figure 4 shows the diagonal connection effect in the current surface at 3.75GHz for the three
structures excited by the TE and TM modes. The CHSRR has shown an agreement with the expected
surface current behavior, which is intense at the opposite part of the split ring [21–23]. Furthermore, the
current surface distribution at TE mode is stable for the three structures, which confers a polarization-
insensitive characteristic. On the other hand, the TM mode has shown an asymmetric current surface
distribution at the first structure center, further corrected by work on modifications in this region.
Accordingly, the diagonal connection provided a similar current surface distribution for the TE and TM
modes, resulting in a polarization-insensitive and angularly stable CHSRR cell.

4. PERFORMANCE DISCUSSION

Nested SRR structures in Section 2 are claimed as ultrathin metasurfaces. However, the thickness of the
slabs is equal to or greater than 0.8mm, which improves the angular stability and polarization-insensitive
metrics for a given cell [25, 27, 29]. Our proposed meta-atom relies on a slab with a thickness equal to
0.2mm and corresponds to λ/400 at 3.75GHz. In addition, an ultrathin nested SRR-based meta-atom
using a 0.3mm thick substrate was proposed in [28]. However, the TM mode bandstop transmission
bandwidth strongly depends on the oblique incident angle, with a considerable reduction related to the
normal incidence. Regardless of the meta-atom design technique, other works also exploited dielectric
slabs with thicknesses equal to or less than 0.3mm. Furthermore, different substrates have been used
to design the metasurface cell in microwave and millimeter-wave bands, aiming at flexible devices for
wireless applications. Table 1 compares our meta-atom performance with these metasurface cells.



Progress In Electromagnetics Research Letters, Vol. 107, 2022 129

Table 1. Performance comparison among the proposed CHSRR and other ultrathin meta-atoms.

Ref. p/λ t
Pol.-insen. Ang. stab.

Ref. p/λ t
Pol.-insen. Ang. stab.

TE TM TE TM TE TM TE TM

[28] 0.146 0.300 Yes Yes 75 75 [32] 0.250 0.125 Yes Yes 45 45

[30] 0.148 0.254 Yes Yes 50 75 This work 0.250 0.200 Yes Yes 80 80

[31] 0.560 0.125 Yes Yes 50 75 -

Figure 4. Current distribution for the three cells in Figure 1 at 3.75GHz.

5. CONCLUSION

We proposed a new technique to accomplish good polarization-insensitive and angularly stable ultrathin
metasurface cells for flexible and conformal applications by conjugating a split-ring structure. The
copper-based CHSRR structures were arranged in a λ/4 cell-size polyimide film with a dielectric constant
of 3.5 and thickness equal to 0.2mm (λ/400 at 3.75GHz). The −10 dB impedance bandwidth is equal
to 530MHz (3.44 to 3.97GHz) for a normal incident angle, partially covering the n77 band dedicated
to 5G applications. Furthermore, the meta-atoms have shown similar results to other works based on
ultrathin-slab design.
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