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Abstract 

The design of the hexagonal split ring resonators 

(SRR-H) for frequency filtering applications is 

presented in this paper. Hexagonal SRR is one of the 

emerging SRR structures widely used for 

metamaterial design. The SRR-H is computed in the 

300 GHz - 300 THz frequency range with outer and 

inner radii of SRR-H from 0.5μm and 0.36μm to 0.35 

μm and 0.21 μm respectively. From simulation 

results, it is shown that the SRR-H size has an effect 

on the excitation delivery of magnetic resonance at 

different frequencies. The largest refractive index 

value occurs at low frequency with the refractive index 

of -6.0242 obtained at the frequency of 9.765 THz for 

the variation in SRR-H structure. The resonant 

frequencies tend to shift to higher frequencies based 

on the hexagonal shaped SRR. 
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1 Introduction  
Over the last decade, research on metamaterials 

emerged as a fast growing interdisciplinary research 

area with special concerns in nanoscience and 

engineering. Metamaterials (MM) are artificially 

invented materials that show the properties which are 

not readily found in naturally occurring materials. 

With their ability to exhibit electromagnetic 

characteristics, MMs have very promising applications 

making possible to design miniaturised devices with 

enhanced functionality. These MMs became notable 

because of their unique electromagnetic (EM) effects 

such as invisibility cloaking [1,2] negative refractive 

index [3,4] and super resolution [5]. Since then, 

substantial progress has been possible in developing 

MMs for the design and fabrication of split ring 

resonator (SRR) placed on a flexible substrate. The 

most commonly used designs for SRR are circular 

(SRR-C), square (SRR-S), and hexagonal (SRR-H) 

structures. The variations of SRR designs with their 

structural dimensions can achieve different results on 

its resonance frequency because each design structure 

has an individual tailored response with distinct EM 

functionality. Further, distinct designs of SRR 

structures can modify and enrich specific electric and 

magnetic plasma frequency [7], to achieve resonance at 

a specific wavelength. Other basic structures have 

also been investigated such as the structure of the 

letters 'S' [6,8], omega [9], chiral [10], and helix [11]. 

Hexagonal SRR-H has some key advantages such as 

high absorptivity of up to 99 % and ease of tuning the 

resonance frequency by changing the effective radius 

of the hexagonal ring and spacing between the ring 
[12,13]. To date, SRR-H has demonstrated potential for 

the applications as a polarization independent 

absorber [12], microwave application [14], electric 

shielding and ultra-wideband antenna designs [15,16], 

and so on.  

Earlier research on the unique property of negative 

index materials, (NIM) focuses on the development of 

NIM’s response to the electromagnetic waves and 

application of metamaterial approach to fabricate and 

demonstrate an NIM at microwave frequencies. As the 

field of metamaterial has evolved tremendously, the 

materials can now be engineered with artificial 

structures designed to interact at terahertz (THz) 

frequency [3,15], near infrared (near-IR), and discrete 

visible wavelengths [16-18]. Eventually, these 

metamaterials are expected to develop coincide with 

the emerging interest in THz for which 

electromagnetic manipulations are sought[1,2]. It opens 

a route for a wide range of applications, such as for 

the development of high power THz source for 

spectroscopy and material analysis [19,20]. As the 

nature of light propagation in metamaterial surface 

can providesa unique reflection and transmission 

properties [21,22], THz metamaterial can also be a 

suitable material for electronic and optical 
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components, solar cells, and for the development of 

detectors and biosensors [22,23]. Furthermore, the THz 

radiation is a non-ionizing radiation, can be used for 

security clearance [24] as it can easily penetrate 

materials such as plastics, fabrics and paper. 

There have now been many applications  of 

metamaterials which would be of great benefit to the 

society. In this paper, we design along with exploring 

SRR-H based metamaterials and the effective 

magnetic permeability of the MM structure in THz 

regime. Due to the high energy and frequency of the 

THz radiation, the size of SRR-H can be scaled down 

to the order of few microns to realize a compact 

structure. The transmission function and the wave 

propagation reflection of the SRR-H is analyzed in 300 

GHz – 300 THz frequency range. Furthermore, 

different sizes of SRR-H are also investigated and 

their arrays are numerically simulated using the 

Ansoft’s HFSS® software to explore the tunability of 

the resonance frequency in the structure. 

 

2 Methods 

 Distinctive characteristics of optical metamaterials 

are its unique optical properties which are derived 

from their structural forms, not from compositions of 

their constituents [24]. To visualize diffraction pattern, 

the size of the optical metamaterial has to be less than 

half the wavelength of light usedrequired at lower 

frequenciesto avoid the diffraction effect [6]. A 

modification of the Nicolson-Ross-Weir (NRW) 

methods has been done to characterize metamaterials 

by Ziolkowski [25]. The NRW equation is used 

extensively to calculate the permittivity and the 

complex permeability of the waveguide by measuring 

the S-parameter. As the waves propagate towards the 

material-air boundary, part of the wave reflects and 

part of it transmitsthrough the boundary plane. If the 

length of the waveguide is tm, the equationsoffor the 

reflection function ‘S11’ and the transmission function 

‘S21’are 
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where   is the wave propagation (m-1),    is the 

relative permeability (H.m-1),    is the relative 

permittivity (F.m-1) and   is the refractive index. 

 

3 Structure Design 
 

Size R1 (µm) R2 (µm) a (µm) b (µm) 

r1 0.36 0.5 1 1 

r2 0.31 0.45 0.9 0.9 

r3 0.26 0.4 0.8 0.8 

r4 0.21 0.35 0.7 0.7 

Table 1: SRR-H parameters input 

 

  

(a) (b) 

Fig1: The structure of SRR-H. (a) front view. (b) side 

view illustrate the schematic view of a hexagonal SRR 

and its equivalent circuit 

 

The SRR-H structure is designed and simulated 

using the Ansoft’s HFSS®. The SRR-H cell unit 

consists of two concentric aluminium rings with inner 

ring radius R1 and the outer ring radius R2 as shown 

in Table 1. This hexagonal structure is inspired from 

other type of coupled-concentric structures [6,13,22], such 

as rectangular and circular SRR [2,3,12]. SRR-H is 

placed on the FR4-Epoxy substrate and simulatedon 

300GHz - 300THz frequency range to investigate 

frequency filters. In most cases, the boundary 

conditions are sufficient to enforce the perfect electric 

and magnetic conductors to set along the appropriate 

symmetry planes. On the resonant frequencies of 

material, the mechanical system works by passing the 

EM source onthrough SRR-H which is measured with 

the simulated magnitudes of S11 and S21from which 

constitute the parameter values. The values of S11 and 

S21 are then calculated using the NRW Equation to 

obtain refractive index values and resonance 

frequencies. Specifically, the list of parameter values 

to set SRR-H structure are shown in Table 1 align 

quite well to the design of SRR-H size variation in 

which the substrate has an axial dimension with the 

thickness of ts = 0.09μm, ring thickness tc = 0.03μm, 

while gaps c1, c2and ring widths are set constant at 

0.07μm, 0.04μm and 0.1μm respectively. 

 

4 Results and discussion 
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As depicted in Figs. 2 and 3, the effects of 

frequency representing the energy involved can be 

observed in wave propagation. Dimensional structure 

changes cause resonance frequency shifts as shown in 

Fig. 3. Resonance frequencies tend to shift to a large 

extent with structural dimensions. At the first 

resonance frequency (f01) all the structural variations 

have the same resonant frequency, but there is a 

uniform shift observed in second (f02) and third (f03) 

resonance frequencies. This indicates that at the lower 

frequency, the permittivity oscillates over the higher 

energy but it cannot work at much higher frequency 

since the change of refractive indices is affected by the 

geometry of both radius gaps, decreasing to zero. 

Either real or imaginary part, the period oscillations 

are nearly similar, but the expansion of attenuation 

over the frequency is more affected in imaginary part. 

The real part has the oscillation part which is more 

dominant than the attenuation intensity. 
 

 

 

 

 

 

 

 

 

 
Fig2: Parameters of Aluminum SRR-Has a function of 

frequency for ring radius of 0.5μm (variant r1). 

 

 
(a) 

 

 
 

(b) 

Fig3:  Effect of geometry size of SRR-Hover resonance 

frequency, where (a) Real part of refractive indices  

(b) Imaginary part of refractive indices. 

 

In Fig. 2, the red and purple lines represent S11 

and S21 i.e. reflection and transmission through the 

SRR-H structure, respectively. The S11 has several 

peaks where the filtering occurs. It is the same as S21 

but the peak that occurs tends to exist at low 

frequencies compared to S11. This is because EM waves are 

more easily filtered at lower frequencies rather than at higher 

frequencies. As can be seen in Y1 peak, the filter goes down 

when the frequency increases. The transmission 

waves can maintain at the high value when reflection 

waves tend to decrease. The sum of S11 and S21 has an 

unstable value due to the absorption effect and the 

medium of the structure [26]. Although this variance 

may not be surprising given that the peak of 

transmission is fluctuated and cannot be predicted 

along the frequencies. EM propagating through the 

ring structure is not only trapped by the ring gap but 

also protected by the hexagonal structure which is not 

resonant to the geometry so that the filters can work 

well as the reflection. 

 

Size f01 Im(n) f02 Im(n) 

r1 9.255 -5.0204 75.54 -1.3849 

r2 9.765 -5.3335 84.42 -1.4272 

r3 9.765 -6.0242 95.145 -1.4621 

r4 11.775 -5.709 109.395 -1.5313 

 

Size f03 Im(n) 

r1 135.78 -1.0224 

r2 150.165 -1.0298 

r3 168.225 -1.0264 

r4 191.34 -1.0213 

Table 2: The resonant frequency of SRR-H 

 

The metamaterial SRR-H based structure can be 

customized, size can be scaled down to exhibit a 

negative refractive index over a wide frequency range 

which is useful for extensive filter applications, 

tunable metamaterials [22], invisibility technologies 

and so forth. The other results are shown in Fig. 3 and 

Table 2, where the size variation has a tending peak, 

but on the peak r4 variation in f02 and f03 is less than 

that in f01. The peak shift of r1, r2, r3 and r4 is nearly 

periodic, and by increasing the frequency, the peaks of 

the waves are widened and weakened until reach zero. 

In Fig. 4, the frequency difference for ring radius from 

large to small moves from Δf  ~ 100THz to Δf ~ 60THz 

which explains f03 can maintain high frequencies. The 

largest refractive index values occur at low 

frequencies with a peak refractive index of -6.0242 

obtained at a frequency of 9.765THz for r3 structure 

variation. The outer ring characteristics cannot 

support f01 significantly compared to f02 and f03 

corresponding to the enhancement inner ring radius, 

while, the frequency decay is much dominant for f03. 
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Fig4: Resonance frequency shift over outer  

ring radius. 

5 Conclusion 

The design is based on split ring resonator SRR-H 

to achieve a hexagonal structure which is formed with 

two concentric aluminium hexagonal rings. There exist 

resonance frequencies at which the intervals occur 

from 300GHz - 50THz, 50THz - 125THz and 125THz - 

200THz. The metamaterial size of SRR-H affects the 

resonance frequency, it tends to expand when the size 

of the structure is reduced. The refractive index of 

SRR-H metamaterials has a resonant response on the 

Re(n) and imaginary Im(n) structure. This simulation 

has successfully investigated the hexagonal ring 

resonator characteristics to filter wave at high 

frequencies. The designed hexagonal shaped SRR-H 

structures,owing their strong absorption of 

electromagnetic waves with broad bandwidth, can be 

suitable for the miniaturization of devices. 
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