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Abstract—A detailed parametric study on the transmission characteristics of complementary split ring resonators (CSRRs) based on its length, shape (circular or rectangular), substrate on which it is printed, split gaps, etching on ground plane or substrate or both, single or multiple split rings and periodicity, etc is done. Such a detailed investigation is not reported till date. This will be useful for proper selection of CSRRs for construction of sub-wavelength resonator based filters and other microwave devices.     
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I. INTRODUCTION
R
ecently [1], Pendry et al. have extended the range of electromagnetic properties of effective media by introducing a periodic array of nonmagnetic conducting units whose dominant behavior can be interpreted as having an effective magnetic permeability. By making the constituent units resonant, the magnitude of μeff (ω) is enhanced considerably, leading to large positive effective μeff (ω) near the low frequency side of the resonance and, most strikingly, negative μeff (ω) near the high frequency side of the resonance. The concept of negative μeff (ω) is of particular interest, not only because this is a regime not observed in ordinary materials, but also because such a medium can be combined with a negative εeff (ω) to form a “left-handed” material (i.e., E X H lies along the direction of -k for propagating plane waves). In 1968, Veselago [2] theoretically investigated the electrodynamic consequences of a medium having both ε and μ negative and concluded that such a medium would have dramatically different propagation characteristics stemming from the sign change of the group velocity. He suggested that in a medium for which the permittivity ε and permeability μ are simultaneously negative, the phase of the EM waves would propagate in a direction opposite to that of the EM energy flow. In this case, the vectors k, E and H form a left-handed set and therefore Veselago referred to such materials as “left-handed”. However, these effects could not be experimentally verified since, as Veselago pointed out, substances with μ< 0 were not available. The split ring resonator (SRR) medium recently introduced by Pendry et al. [1] has now given us the opportunity to make a material with negative permeability, from which a left-handed medium can be constructed [3]. These materials exhibit a band of negative μ values in spite of being made of nonmagnetic materials, and wires which provide the negative ε behavior. 
More accurate design formulae for the computation of resonant frequency are given in [4]. CSRR can be derived from the SRR structure in a straightforward way by using the concepts of duality and complementarities [5]. This CSRR structure provides negative-ε effective permittivity in any medium. Due to this fact, a super-compact stopband structure can be implemented using CSRRs. Because of their small size CSRRs are called sub-lambda structures. Designing a microstrip line band stop filter for harmonic suppression of band pass filters requires additional space, which can be eliminated by designing CSRRs in ground plane as a stopband structure. 

By etching SRRs in the ground plane part of the magnetic field induced by the line is expected to cross the area delimited by the complementary split ring resonators (CSRR). Hence they will be excited if signal frequency is close to resonant frequency of CSRR structures (f0). Thus SRR loaded microstrip lines exhibit stopband characteristics [6], [7] and [8]. 

II. TRANSMISSION CHARACTERISTICS OF CSRRs
There are many different parameters that affect the resonance frequency of a CSRR, most dominant being the permittivity of the substrate and the length of the resonator. In the following sections, we show the effect of some of the parameters involved in the design which affect the resonance point and which are practically easy to vary in case of any mismatch. This study is intended to aid us in the design of an enhanced bandpass filter. All the simulations were carried out for FR4 epoxy substrate with the height of the substrate being 1.6 mm and thickness of the copper remaining as 0.035 mm.
1. Circular CSRR vs. Rectangular CSRR
To enhance coupling between the ring and the transmission line, it is convenient that the separation between line and rings is as small as possible. For this reason, the proposed geometry for SRRs in microstrip technology is the square or rectangle. A circular ring of outer radius 1.93 mm and a square SRR of length 10 mm on an FR4 substrate have been simulated and the results plotted in Fig. 1(b) and Fig. 2 respectively. A single peak is observed in case of a circular CSRR and a double peak is observed in case of square CSRR. This is because the circular CSRR resonates as a single unit (quasi-static resonance). The resonators in a square CSRR resonate separately giving rise to two resonances.
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Fig. 1. (a) Layout of a circular CSRR and (b) EM simulated results
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Fig. 2. EM simulated results of a square CSRR of dimensions a1 = a2 = 11.0 mm, g = t = c = 0.5 mm

2. CSRR with different lengths
The resonant point is inversely proportional to the length of the resonator. To demonstrate this effect, we have used three different lengths of the resonators, the results of which are tabulated in Table 1.
Table 1: Resonating points of CSRR’s with diff lengths
	Size in mm
	Resonant Peak 1 (GHz)
	Resonant Peak 2 (GHz)

	9.0
	2.07
	4.4

	10.0
	1.86
	3.94

	11.0
	1.60
	3.50

	13.0
	1.31
	2.91


It is evident from the figures that as length of CSRR increases, the resonant peak shift towards lower frequencies. As the length of the resonator increases, the inductance and capacitance also increase and hence the resonant peak shifts towards lower frequency.

3. Single ring resonator with different lengths
A single ring resonator is illustrated in Fig. 3. These rings can also be used for harmonic suppression in band pass filters. The main problem with these rings is that the size of the ring scales with the frequency. The circumference is always half the wavelength at resonance. But they are easy to fabricate and have a smaller degree of interference with the resonance and hence are more predictable.
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Fig. 3. A single ring CSRR

The effect of the length of the ring on the resonant frequency has been tabulated in Table 2.
Table 2: Resonant frequencies of single ring resonator with diff lengths  
	Size of ring (mm)
	Resonant Frequency (GHz)

	12.0
	2.0

	10.0
	2.44

	7.0
	3.61

	6.0
	4.34

	5.0
	5.51


One can explain the variation of resonant frequency with the length of the ring using the same reasoning used for CSRRs.
4. CSRR etched in different substrates

The resonance point scales as inversely proportional to the dielectric constant of the substrate; modify the substrate dielectric constant (
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) and the resonant peak will shift accordingly. To demonstrate this effect, we have simulated the CSRR using three different substrates, the results of which have been tabulated in Table 3.
Table 3: CSRR etched in different Substrates
	Substrate dielectric

            constant
	Resonant Peak 1 

(GHz)
	Resonant Peak 2 

(GHz)

	2.33  (RT/ Duroid 5870)
	               2.815
	                 4.26

	4.4 (FR4)
	               1.79
	                 3.89

	6.15 (RT/ Duroid 6006)
	                1.61
	                 3.4


It is evident from Table 3 that as
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increase, the resonant peak shifts towards lower frequencies. As
[image: image7.wmf]r

e

is increased the capacitances C1 and C2 are increased and hence the resonant frequency shifts to lower frequencies.

5. CSRR with different split gaps
The resonant point is directly proportional to the split gap of the resonator. To demonstrate this effect, we have used three different split gaps, the results of which are tabulated in Table 4.
Table 4: CSRR with diff split gaps
	Size in mm
	Resonant Peak 1 

(GHz)
	Resonant Peak 2 

(GHz)

	0.2
	1.84
	3.81

	0.5
	1.89
	3.95

	1.0
	1.92
	4.11

	2.4
	2.05
	4.35


As split gap increases, the effective capacitance decreases and hence the transmission zero shift to higher frequencies.
6. CSRR etched both in ground and the substrate

Until now, we have considered CSRRs etched only in the ground plane. Extending the principle of duality, we have etched the CSRRs deeper in to substrate as well. As we go deeper into the substrate, the strength of the resonance increases. This is illustrated in Table 5. The resonant frequencies though are no affected.

Table 5: CSRR etched into substrate
	Depth into the 

substrate from 

the ground (mm)
	Attenuation at 

Resonant    

Frequency 1 (dB)
	Attenuation at 

Resonant

frequency 2 (dB)      

	0.3
	                 -21.2
	                 -22.39

	1.3
	                 -23.32
	                 -23.21

	1.6 
(complete 
substrate 

removal)
	                 -23.82
	                 -23.69


7. Ring Multiplicity in a CSRR
As the number of rings increase, the impedance characteristics of the transmission line are affected. Hence the use of not more than two rings is recommended in the design of filters. After that the rings are increased from two to six as shown in the Fig. 4-6 (a) by adding an outer ring to the old design with the dimension L of the outer ring varying from 7.0 mm, 9.0 mm, 11.0 mm, 13.0 mm and 15.0 mm respectively. All the other dimensions of the rings are kept as before and the simulated results are shown in the Fig. 4-6 (b). The ring layouts are etched in the ground plane similar to the structure shown in Fig. 3 for a single ring resonator but in place of the single ring resonator.
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Fig. 4. (a) Layout of two concentric split ring resonator structures etched in the ground plane and (b) its scattering parameters
Figure 4(b) show the same characteristics like a single CSRR as shown in Fig. 2 but at a resonant frequency starting at 3.2GHz.
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Fig. 5. (a) Layout of three concentric split ring resonator structures etched in the ground plane and (b) its scattering parameters
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Fig. 6 (a) Layout of four concentric split ring resonator structures etched in the ground plane and (b) its scattering parameters

Fig. 5 (b) shows the result of the design with three ring resonators and the result shows three resonant peaks at 6.0 GHZ, 3.7GHz and 2.3 GHz respectively. Similarly with the four ring resonators, there appear four resonant peaks appearing in transmission characteristics as shown in Figure 6 (b).
[image: image14.png]



(a)

[image: image15.png]Frequency(GHz)—





(b)

Fig. 7. (a) Layout of three complementary single split ring resonator structures etched in the ground plane and (b) its scattering parameters

8. CSRR Periodicity
More are the number of CSRRs etched in the ground plane, more is the stopband and the attenuation. In Fig. 7(a), three complementary single split ring resonator structures of length 10.0 mm each, with g = t = c = 0.5 mm are etched in the ground plane. There is an increase in rejection levels as well as an increase in bandwidth when compared with a single complementary split ring resonator. The stopband extends from 2.1 GHz to 2.8 GHz, a significant increase in the bandwidth and the insertion loss (IL) is as low as -47 dB in the stopband as depicted in Fig. 7(b). Thus by placing multiple CSRR’s in the gound plane, both the stop bandwidth and the IL can be controlled. This is a major advantage when compared with other conventional harmonic suppression techniques.
III. Conclusion
A detailed investigation has been done on the transmission characteristics of complementary split ring resonators (CSRRs). In particular, a parametric study on the transmission characteristics of CSRR based on its lengths, shape (circular or rectangular), substrate on which it is printed, split gaps, etching on ground plane or substrate or both, single or multiple split rings and periodicity, etc. has been done. It has been observed that the square CSRR has two resonant frequencies unlike circular CSRR which has only single fundamental resonance. The resonant frequency of CSRR is dependent on its dimensions (lengths, split gaps, widths, etc.), substrate on which it is printed. Conventional way is to etch out the ground plane in the shape of SRR to get a CSRR, but it has been observed that by removing the substrate as well as in the ground plane, CSRR exhibits more pronounced resonance. As the number of split rings increases correspondingly the number of resonant frequencies increases. As more number of CSRRs is etched in the ground plane, more is the stopband width and attenuation level. Such a detailed study will be useful for proper selection of CSRRs for construction of sub-wavelength resonator (or metamaterials) based filters and other microwave devices.
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