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M
etamaterials, which exhibit simultaneous 
negative permittivity and permeability, offer many 
intriguing possibilities for high-frequency circuits 
such as filters. Through the use of such left-handed 

materials (LHMs) as they are known, and subwavelength split-
ring resonators (SRRs) and complementary split ring resona-
tors (CSRRs), it may be possible to build compact microstrip 
bandstop filters for use at microwave frequencies. The use of 
SRRs and CSRRs for miniature microwave filters will be in-
vestigated in this article, with the aid of analysis performed by 
means of finite-element-method (FEM) software. 

The usefulness of metamaterials have been reported often, 
with the electromagnetic (EM) properties of these materials 

first predicted by Veselago.1 The properties of these materials 
are based on negative values of the dielectric constant, ε, and 
the permittivity, μ, with LHMs exhibiting negative refractive 
indices resulting in antiparallel phase and group velocities.2,3 
For a LHM, the wave vector forms a left-handed triplet with 
vectors and wave fronts, with propagating EM waves traveling  
toward the source—i.e., opposite the direction of energy flow 
through the medium. 

The first artificial LHM operating in the microwave region was 
reported by Smith, et al.4 Pendry, et al.5 proposed to combine 
a  periodic  array  of  metallic  posts  with  a periodic structure 
consisting of SRRs. The SRR is one of the essential structures 
of metamaterials. It produces a negative effective μ near the 
resonant frequency while the metallic wires of a SRR behave 
like a two-dimensional plasma, with negative ε to the plasma 
frequency. Left-handed wave propagation has also been dem-
onstrated in one-dimensional configurations consisting of a 
metallic rectangular waveguide operating below cutoff and pe-
riodically loaded with SRRs.6 

Previous structures that had exhibited left-handed propaga-
tion effects were not considered as potential component can-
didates in microwave and wireless systems, where compatibil-
ity with planar circuit technology is desirable. LHMs based on 
planar transmission lines have been reported by Grbic, et al.,7 

demonstrating the existence of backward-wave radiation  in 
a host coplanar waveguide loaded with series capacitors and  
shunt connected inductors. With the aid of the EM duality theo-
rem, it follows that negative μ can be obtained from a comple-
mentary SRR etched in the ground plane of a microstrip line.

The present authors have taken advantage of the small elec-
trical sizes of SRRs at their resonant frequencies (typically one-
tenth or less the value of the free space wavelength) to design 
planar compact microstrip bandstop and ultrawideband (UWB) 
filters using two techniques. One of these involves microstrip 
line loaded with SRRs, while the other uses a microstrip circuit 
with CSRRs etched in the ground plane of the printed-circuit  
board (PCB), beneath the microstrip line. The authors have  
designed metamaterial CSRR filters, with the CSRRs  
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integrated into the active regions of the filters. 
As Fig. 1 shows, a CSRR is the dual counterpart of an SRR, 

which is a constitutive element for the synthesis of negative per-
mittivity media. CSRRs are mainly driven by an axial time-varying 
electric field, rather than an axial magnetic field (as in the case 
of SRRs). The rationale behind using metamaterial CSRRs was 
to promote the miniaturization of bandstop and UWB filters as 
viable alternatives to existing designs,2-6 without compromises 
in performance or size.

The frequency selectivity of CSRRs suggests their suitability 
for use in filters, since they are ideal for fabrication in planar con-
structions when they are mainly excited by an axial time-varying 
electric field.11 CSRRs are formed by parallel combinations of 
inductors (L’s) and capacitors (C’s), with the LC resonant tank 
electromagnetically coupled to the host line. The equivalent-
circuit model for CSRRs, loaded transmission line, and its rel-
evant values of the inductors and capacitors can be calculated 
using methods described in ref. 8. 

Figures 1(c) and 1(d) present the conventional layout of a 
CSRR microstrip structure where the CSRRs are etched into the 
ground plane beneath the microstrip. The possibility of obtain-
ing such broad frequency response by means of balanced lines 
opens the door to the application of these structures in the design 
of broadband filters. In addition, the position of the transmis-
sion zeroes can be adjusted to eliminate spurious bands and 
to control out-of-band rejection, which can also be improved 
by increasing the number of resonator/filter stages. These 
properties have been exploited and applied to the design of  
several kinds of filters. 

In exploring the possibilities of filters based on CSRRs, the first 
step involved combining different cells with right-handed and 
left-handed behaviors to obtain bandpass response.9,10 These 
two kinds of lines present a transmission zero above and below 
the first transmission band, making it possible to achieve high-
frequency bandpass filter behavior with sharp cutoffs on both 
sides of the passband (Figs. 2-4). Poor rejection was the conse-
quence of only using one kind of cell. 

Alternate right/left-handed cells with circular CSRRs were fabri-
cated using a number of different commercial circuit-board materi-
als, including RO3010™ high-frequency laminates from Rogers Corp. 
(www.rogerscorp.com). The RO3010 circuit material is a ceramic-
filled polytetrafluoroethylene (PTFE) composite with a relative di-
electric constant, εr, of 10.2 at 10 GHz in the z axis (thickness) of the 
material. It has coefficient of thermal expansion (CTE) of 17 ppm/ºC 
which is comparable to that of copper for good mechanical stability 
over a wide temperature range. For fabricating the CSRRs, a substrate 
with thickness, h, of 0.49 mm was used. The radius of the smaller 
SRRs was r = 1.39 mm, with the width and distance between the 
rings, d, equal to 0.2 mm and the same in all of the SRRs. The radius 
of the bigger SRRs was r = 1.52 mm. The wire width, ww, was 2.16 mm, 
while the gap length, lg, was 1.6 mm and the total length of the 
filter was 1.5 cm. 

A second type of filters that was designed and analyzed were 
based on alternate right-/left-handed cells with square CSRRs. 
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2. This plot shows the frequency response of an SRR-based 

coplanar-waveguide (CPW) left-handed line from 1 to 10 GHz.
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cssr-based filters

With the help of HFSS three-dimensional 
(3D) EM simulation software from Ansys 
(www.ansys.com), a CSRR filter was de-
signed based on the RO3010 circuit mate-
rial. The dimensions of each square con-
sisted of external edges of 4.86 x 4.86 mm 
and thickness, h, of 0.49 mm. The smaller 
SRR is 2.78 x 2.78 mm, with the width and 
distance between the rings equal to c = d 
= 0.2 mm and the same in all SRRs. The 
bigger SRRs measure 3.04 x 3.04 mm, with 
wire width of w = 2.16 mm, gap length, 
lg = 1.6 mm, and the total length of the 
filter at 1.5 cm. 

Figures 5-7 show the influence of the 
form of SRR on the response of the filter. 
SRRs and CSRRs can be used to design 
filters with bandwidths employing either 

SRR-based coplanar-waveguide (CPW) 
transmission lines9,12 or CSRR-based 
microstrip structures.10,13,14 In coplanar 
technology, the right-handed lines in-
volve the combination of SRRs etched on 
the bottom side of the line and capacitive 
gaps etched on the coplanar waveguide 
(see Figs. 3 and 6). CSRR-based mi-
crostrip right-handed structures combine  
shunt inductances with CSRRs etched  
on the ground plane to obtain the  
desired response. 

As can be seen in Figs. 4 and 7, as well 
as being very compact (the length of the 
active part is 1.5 cm), a filter with CSRRs 
exhibits a very selective and symmetric 
narrow-band response thanks to the 
combination of the two types of coplanar 

metamaterial unit cells. If compared with 
a conventional coupled-line filter with 
similar characteristics, the total length 
of the metamaterial filter is roughly three 
times shorter than the conventional filter.

To demonstrate the use of CSRRs, a 
standard third-order maximally flat band-
pass filter with quarter-wavelength short-
circuit resonators was first designed based 
on the formulas in ref. 15. The simulation 
results of the structure are shown in Fig. 
8. Two CSRRs with a separation distance 
of 20 mm were used. The dimension of 
each ring is as follows: r = 1.4 mm, c = 0.25 
mm, d = 0.4, and g = 0.3. The circuit board 
material was 0.787-mm-thick RT/duroid® 
5870 laminate from Rogers Corp., which 
exhibits a relative dielectric constant of 
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3. This plot shows the frequency response of an SRR-based (CPW) 

right-handed line from 1 to 10 GHz.

1  2   3  4   5  6   7  8  9  10

S
-p

ar
am

et
er

s—
d

B
   

 

dB(S11)

dB(S21)  

Frequency—GHz  

0

–10

–20

–30

–40

–50

–60

–70

–80

–90

4. This plot shows the frequency response of the filter combin-

ing one right-handed and two left-handed unit cells (the metallic 

parts are depicted in black for the top layer and in grey for the 

bottom layer of the substrate).
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5. The S-parameters reveal the frequency response of an SRR-

based CPW left-handed line.
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6. The S-parameters show the frequency response of an SRR-

based CPW right-handed line.
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2.33 at 10 GHz in the z-axis (thickness) of 
the material. The scattering parameters 
illustrate that the rings resonate at 5.60 
GHz, where the insertion loss reaches 
more than 10 dB.

Figure 9 shows that there are prob-
lems associated with this structure. The 
stopband rolloff is very gradual, especially 
following the resonance.15 To integrate 
this structure into the UWB filter design, 
its insertion-loss and return-loss charac-
teristics must be improved. Analysis of 
the structure has revealed that the poor 
performance is due to the impedance 
mismatches between the CSRRs and their 
host transmission line. Etching away parts 
of the ground plane has resulted in an 
increase in inductance. To compensate 

for this, a capacitive load in the form of 
an open-circuited stub with length L and 
width W was introduced to counter the 
increase in inductance [Fig. 8(b)]. The 
positions of the CSRRs (as they alter the 
field distribution) will also impact the im-
pedance matching with the transmission 
line and the shape of the stopband. The 
improved performance in Fig. 8(b) com-
pared to Fig. 8(a) is the result of displacing 
the centers of the CSRRs by 1.85 mm from 
the center of the microstrip. 

Figure 9 also shows the simulation 
results of (a) the conventional CSRR-mi-
crostrip structure and (b) the modified 
CSRR-microstrip structure. The open 
circuited-stub has a length L of 5 mm and 
width W of 1.3 mm. The performance of 

1  2   3  4   5  6   7  8  9  10

dB(S11)

dB(S21)  

Frequency—GHz  

S
-p

ar
am

et
er

s—
d

B

0

–10

–20

–30

–40

–50

–60

–70

–80

–90

7. The S-parameters 

reveal the frequency 

response of the filter 

combining one right-
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handed unit cells. 
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8. The two layouts compare (a) a conventional CSRR-microstrip structure and (b) a 

modified CSRR-microstrip structure. The dark and gray regions represent the microstrip 

line and CSRRs etched in the ground plane, respectively.
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the modified structure has been improved 
noticeably. The scattering parameters show 
that the insertion loss is below 1 dB while 
the return loss is better than 10 dB with-
in the desired UWB frequency range. By 
slightly adjusting the position of the centers 
of the rings, the corresponding stop band 
was improved to lower and upper 3-dB 
points of 6.50 and 7.85 GHz, respectively. 

This article has explored the design 
and analysis of compact filters based on 
metamaterial CSRRs. By experimenting 
with different combinations of CSRRs and 
different filter bandwidths, functions, and 
performance levels, filter dimensions can 
be reduced without the need of adding 
lumped elements. When size and planar 
structures are important, such metamate-
rial filters offer an attractive alternative to 
traditional LC filters. MWRF
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9. These simulation results show (a) the conventional CSRR-
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structure. 
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