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Abstract─ We present novel designs of compact 
lowpass filters (LPF) and bandpass filters (BPF) 
based on defected ground structures (DGS) using 
two complementary split ring resonators (CSRR) 
that are etched in the ground plane.  The 
geometries of the two CSRRs, of unequal areas, 
are optimized for a LPF with sharp cutoff and 
wide stop band. For the design of the BPF, a gap 
capacitor is added in series with the main 
transmission line and the two or three etched 
CSRRs are designed to achieve a given bandwidth, 
and a wide rejection band. Simulation results on 
the SEMCAD-X software are compared with 
circuit models and measurements on fabricated 
lowpass and bandpass filters. 
  
Index Terms ─ Defected ground structures, 
microstrip circuit, microwave filters.  
 

I. INTRODUCTION 
Modern wireless communication systems call 

for compact size, low cost, and high performance 
components. Microwave filters are essential 
components in such systems and much effort has 
been spent recently to design compact lowpass and 
bandpass filters with sharp cutoff and wide stop 
band performance. One technique to shape filter 
response is to include photonic band gap (PBG) 
structures in filter design. This is done by etching 
a set of periodic defects in the ground plane of a 
microstrip structure. These PBG structures have 
the character of producing band gaps or stop bands 
that shape the filter response [1-3]. In addition to 
their stop band behavior, they have the property of 
slowing down the propagating electromagnetic 
waves, which tends to reduce the filter 
dimensions. However, in order to show their band 
gap effect, the PBG structures require the presence 
of many periodic cells [4, 5], which ousts the 

design compactness. Recently, new DGS shapes 
have been proposed by several authors as means of 
filter design by using only one or few cells. 
Commonly used DGS shapes include the dumbbell 
shape [5], the H-shape [6], the interdigital slot [7] 
and the split ring resonator [8-14]. 

  A cell of such DGS disturbs the shield 
current in the ground plane and can increase the 
inductance and capacitance of the strip line. A 
single dumbbell defect has been modeled as a 
parallel L-C circuit connected in series with the 
line [5] and therefore acts as a one-pole lowpass 
filter. A similar model has been adopted for the H 
defect and other defects [15]. The slow wave 
factor caused by one or more DGS has been 
studied in [16]. 

A LPF with wide stop band has been designed 
on a ground plane with two dumbbell defects in 
[5] and with three dumbbell defects in [4]. A 
bandpass filter based on three sections of coupled 
lines on a three dumbbell defected ground has 
been presented in [17]. The DGSs enhance the 
coupling between coupled lines, which increases 
the filter bandwidth from 14% with no DGSs to 
42%. 

The use of H-shaped defect is found to result 
in a more compact LPF compared to one using 
dumbbell defects [6, 15, 18]. A crescent shape 
DGS structure has been utilized to design a 
lowpass filter [19]. A microstrip bandpass filter 
has been designed based on folded tri-section step 
impedance resonator and slotted ground defects 
[20].  

The split ring resonator (SRR) is a building 
block in periodic structures behaving as 
metamaterial with negative permeability around its 
resonant frequency [11, 12]. The complimentary 
split ring resonator (CSRR) has been utilized as a 
DGS for filter design [13, 14]. The CSRR has 
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been modeled as a parallel L-C circuit connected 
between the line capacitor and the ground [8, 10]. 
A LPF with sharp rejection has been designed 
based on the use of 3 CSRRs in [21]. The filter 
stop band has been increased by properly orienting 
the CSRR relative to the printed line [22]. A 
bandpass filter based on a pair of coupled lines 
and three CSRRs DGS is presented in [23]. The 
CSRRs tend to increase the coupling between the 
lines and increase the filter bandwidth. A 
bandwidth of 1 GHz about a center frequency of 
3.5 GHz has been reported [23]. 

In this paper, we present a simple design of 
compact LPF using two or three CSRR DGS. The 
microstrip transmission line joining the input to 
the output is a uniform 50Ω line with no 
discontinuities or connected stubs. The distances 
between the defects and their areas are optimized 
to obtain a filter with sharp cutoff and wide stop 
band. In addition, a bandpass filter is designed by 
using two or three CSRRs and a gap capacitor 
connected in series with the main printed line. 

The proposed LPF is introduced in the next 
section along with an equivalent circuit model. 
The latter is compared with simulation results 
taken on SEMCAD-X software. Similarly, the 
proposed BPF is presented in Section III along 
with its circuit model and simulation results. The 
capability of enhancing the rejection band is 
illustrated in this section by adding a third CSRR 
defect. Several versions of the LPF and BPF are 
built and tested. Measurements on both filters are 
compared with simulations in Section IV. The 
conclusions are drawn in Section V. 
 
II. DESIGN AND GEOMETRY OF THE 

LOWPASS FILTER 
The geometry of the proposed LPF is shown in 

Fig. 1a, where a 50 Ω strip line is printed on the 
dielectric layer surface and two CSRRs are etched 
in the ground plane. The two complementary 
SRRs are similar to one another except that the 
smaller ring (A2) is rotated by 90° relative to the 
larger ring (A1). The area of both rings and the 
spacing between them are design parameters that 
must be properly chosen in order to obtain a 
favorable filter response. The CSRR main 
parameters are shown in the inset of Fig. 1a. These 
are the slot width (t), the slot gap (g), the spacing 
(c) between inner and outer rings, and the side 

length (a). The role of these parameters in shaping 
the LPF response has been studied in [8, 16]. The 
circuit model of the LPF is shown in Fig. 1b, 
where each ring is modeled by a parallel L-C 
circuit (L3, C3 and L4, C4) connected in series 
with the line capacitance [8]. The distance 
between the centers of the CSRRs is modeled by a 
transmission line (TL) of a given electrical length 
(θ) at the cutoff frequency. 

 

 
(a) 

 

 
(b) 

Fig. 1. (a) Geometry of the proposed lowpass 
filter. (b) Equivalent circuit model. 
 

Using the simulation tool SEMCAD X, we 
have designed a LPF with the response shown in 
Fig. 2. The notch frequency of S21 at f =2.7 GHz is 
mainly determined by the dimensions of ring (A1), 
which is the first (larger) CSRR. The second notch 
frequency at 3.45 GHz is mainly determined by 
ring (A2) whose linear dimensions are 85% of ring 
(A1). The dimensions of ring (A2) influence the 
stop band, which extends up to 4.75 GHz.  The 
flatness of the pass band response is affected by 
the dimensions (t), (g), and (c) of the two CSRRs. 
The simulated S11 response lies below -10 dB in 
the passband. The dimensions of the two CSRRs 
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used in the LPF of Fig. 2 are tabulated in Table 1 
along with the spacing (D) between the centers of 
the two rings. It is important to note that the 
rotation of the smaller CSRR by 90° relative to the 
first one has a major role in achieving the low 
response level over the wide stop band of the 
filter. The total length of the filter is about 40 mm. 
This amounts to one third of the free space 
wavelength at the 3-dB cutoff frequency (2.5 
GHz). 

To obtain the equivalent circuit model of the 
presented LPF, we optimize the circuit elements of 
Fig. 1b on the Agilent's advanced design system 
(ADS) software so as to match the simulated S21 
response. The inferred circuit model S21 response 
is compared with the simulated one in Fig. 2. A 
good match is observed, particularly in the pass 
band region. The corresponding values of the 
circuit elements are tabulated in Table 2. In 
particular, we note that the electrical length 
between the centers of the two CSRRs is 140 
degrees at 2 GHz. This is certainly influenced by 
the slow wave effect caused by the CSRR defects 
[10]. Namely, the effective relative permittivity is 
about 4.66 in the presence of the defects.  Finally, 
we note that as (A2) is reduced in area while (A1) 
is kept fixed, the stop band extends to higher 
frequencies, but the response can exceed the -10 
dB limit. A good design ratio of a2/a1 is found to 
lie between 0.75 and 0.85.  

 
Fig. 2. Comparison between simulated S21 (solid 
line) and circuit model (dashed line) results of the 
proposed lowpass filter. The simulated S11 is 
shown as dash-dot line. The substrate used has 
thickness h=1.5 mm and dielectric constant of 
2.55. 

Table 1: Geometric design parameter details of the 
proposed lowpass filter in millimeter 

a1 t1 s1 c1 
10 1 1 1 
a2 t2 s2 c2 Wo D 
8.5 0.85 0.85 0.85 4.19 27 

 
Table 2: Extracted equivalent circuit parameters of 
the proposed lowpass filter (Capacitors in (pF), 
Inductors in (nH)) 

C1 L1 C2 L2 
0.912 2.5 1.02 2.16 

C3 L3 C4 L4 θ 
1.26 1.62 1.136 0.973 140° 

 
It is worth comparing our lowpass filter 

response with that introduced in [8]. While the two 
filter responses are comparable to each other our 
proposed filter does not require any open stubs 
loading the conductor line.  

 
Fig. 3. Simulation results of S21 and S11 of the 
three CSRRs LPF. The third ring is 97% of the 
second ring and is spaced by 20 mm from the 
second ring.  
 

In order to extend the stop band to higher 
frequencies, a third CSRR is etched down the line. 
The added ring size and distance from the second 
ring are optimized for extended stop band. The 
simulated result for S21 and S11 is shown in Fig. 3. 
The S21 is maintained below -15.5 dB in the stop 
band that extends to 5.1 GHz. This is a definite 
improvement to the two-CSRR design. The total 
length of the filter has been increased by 55% 
compared with the filter using two CSRR defects. 
It is instructive to compare our three-CSRR with 
that given in [21] in which the same number of 
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CSRR’s is used. The frequency responses are 
comparable except that the transition to the stop 
band is sharper in our design In addition; the strip 
line in our design is uniform in contrast with the 
non-uniform line in [21].  

 
III. DESIGN AND GEOMETRY OF THE 

BANDPASS FILTER 
The geometry of the proposed bandpass filter 

(BPF) is shown in Fig. 4a, where a 50 Ohm line is 
printed on the dielectric layer and two CSRRs are 
etched in the metallic ground plane. The line has a 
series capacitance in the form of an L-shaped gap 
as shown in the inset of the figure. The two 
CSRRs are similar in shape and orientation, but 
have different areas; the second one down the line 
being the smaller ring (b2/b1<1). The design 
parameters shown in Fig. 4a can be carefully 
adjusted to obtain the desired bandpass filter 
response. 

 

 
(a) 

 

 
(b) 

Fig. 4. (a) Geometry of the proposed bandpass 
filter. (b) Equivalent circuit model. 
 

The design parameters given in Table 3 are the 
result of a series of simulations using SEMCAD-X 
software to reach the bandpass response shown in 
Fig. 5. The L like gap and the large CSRR (B1) 

influence the low frequency notch at 1.8 GHz, and 
the attenuation level of the lower band. The 
smaller CSRR (B2) determines the second notch at 
3.7 GHz. It should be pointed out that the two 
CSRRs must have the same orientation in order to 
obtain a flat bandpass response. The EM simulated 
S11 is well below -10 dB in the passband. The total 
filter length is about 45 mm, which amounts to 
0.41 of the free wavelength at the midband 
frequency (2.75 GHz). 

An equivalent circuit model of the proposed 
bandpass filter is shown in Fig. 4b. It clearly 
resembles that of the LPF (in Fig.1b) except for 
the added series capacitor (Cc) that represents the 
L cut. The values of the equivalent inductors, 
capacitors, as well as the transmission line length 
between the centers of the two rings were 
optimized so as to match the simulated S21 filter 
response by using the ADS software. The 
optimized circuit parameters are summarized in 
Table 4.  The response of the simulated and 
modeled bandpass filter show good agreement of 
S21 as observed in Fig. 5.  

 
Fig. 5. Comparison between simulation (solid line) 
and circuit model (dashed line) results for S21 of 
the proposed bandpass filter. The simulated S11 is 
shown by the dash-dotted line. The substrate used 
has thickness h=1.5 mm and dielectric constant of 
2.55. 
 

In an attempt to extend the stop band to higher 
frequencies, we have added a third CSRR defect 
down the line. The added CSRR has smaller 
dimensions and is rotated by 90° relative to the 
other two rings. This result is an extension of the 
stop band up to 5.52 GHz compared to 4.5 GHz 
for the case of two rings; the attenuation level was 
also improved as shown in Fig. 6. 
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Fig. 6. Simulation results of S21 and S11 of the 
three CSRRs BPF with wide stop band (solid 
lines) compared to the two CSRRs BPF (dotted 
lines). The third ring is 86.67% of the second ring 
and is spaced by 21 mm from the second ring.  
 
Table 3: Geometric design parameter details of the 
proposed bandpass filter in millimeter 

b1 t1 s1 c1 b2 t2 s2 
12 1.2 1.2 1.2 7.5 0.75 0.75 

 
c2 Wo D L W1 W2 

0.75 4.19 31 10 0.6 1 
 
Table 4: Extracted equivalent circuit parameters of 
the proposed bandpass filter (Capacitors in (pF), 
Inductors in (nH)) 

C1 L1 C2 L2 C3 
1.77 2.86 0.73 1.82 1.44 

 
L3 C4 L4 Cc θ 

2.43 0.91 1.13 0.86 111.6° 
 

IV. FABRICATIONS AND 
MEASUREMENTS 

In order to verify the design method of the 
proposed filters, several lowpass and bandpass 
filters were fabricated and tested using a network 
analyzer. All of the lowpass and bandpass filter 
designs were implemented on Taconix/TLX-8 
substrate with dielectric constant εr =2.55, height 
h=1.5 mm, and loss tangent = 0.002. These values 
are the same as those used for all of the 
simulations. 

Figure 7 shows photographs of the top side (a) 
and bottom side (b) of the manufactured lowpass. 

The 90 degree rotation of the smaller CSRR can 
be seen. Two lowpass filters were fabricated and 
measured. The first one is the implementation of 
the one given in Fig. 2. The second fabricated 
lowpass filter has a larger ring (A1) which was 
scaled up by about 15% (so that a2 was increased 
from 10 to 11.5 mm).  The electromagnetic 
simulation and the measured results of these two 
filters are shown in Fig. 8a and 8b, respectively. A 
good agreement is observed between the 
measurements and simulations. We note that the 
cutoff frequency of the second LPF (Fig. 8b) is 
lower than that for the one in Fig. 8a. This is a 
result of the larger dimensions of the (A1) ring. 

Figure 9 shows photographs of the top side (a) 
and bottom side (b) of the fabricated bandpass 
filter of Fig. 5 with the parameters listed in Table 
3. The simulated and measured results for this 
bandpass filter are presented in Fig. 10a and good 
agreement is observed. The measured 3dB 
bandwidth of the first filter is 1.38 GHz, while the 
best insertion loss is 0.86 dB measured at 2.06 
GHz. 

Another BPF with scaled down second ring 
(B2) by 6.7% (b2 is reduced 7 mm) is built and 
measured. The simulation and measurement 
results of this filter are shown in Fig. 10b.  Notice 
that the second notch frequency is shifted to a 
higher frequency relative to that in Fig. 10a as one 
would expect. The measured 3dB bandwidth of 
this filter is 1.6 GHz, while the best insertion loss 
is 0.82 dB measured at 2.25 GHz. 

 

V. CONCLUSION 
We have presented novel and simple designs 

of compact LPF and BPF based on DGS using two 
or three CSRRs of different areas. The desired 
filter responses are achieved by using a simple 50 
ohms transmission line, without the need for step 
impedances or any junction discontinuity which 
yield design simplicity. The performance of these 
filters has been verified by simulations, circuit 
models, and measurements on fabricated 
prototypes. The smaller CSRR in the proposed 
LPF is rotated by 90° relative to the larger one. 
This is necessary to obtain an acceptable stop band 
response. It is demonstrated that the cutoff 
frequency of the LPF is mainly controlled by the 
geometry and the area of the larger CSRR, while 
the second CSRR determines the extent of the stop 
band. Adding a third ring will extend the stop band 
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as well as improve the attenuation level in the 
rejection band. 

The proposed BPF contains two CSRR ground 
defects of different areas but having the same 
orientation. In addition, a gap capacitor is 
connected in a series with the main printed line. It 
is demonstrated that the gap capacitor and the first 
CSRR defect (B1) control the low frequency 
response and the first cutoff frequency (fc1) while 
the second CSRR defect (B2) controls the higher 
cutoff frequency (fc2), hence the filter bandwidth.  
It has been demonstrated that a third smaller 
CSRR defect, added down the line, can 
significantly improve the upper stop band and 
extends it to higher frequencies (Fig. 6).  The 
measured filter responses on manufactured LPFs 
and BPFs have shown excellent agreement with 
simulated results. 
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(a) 

 
(b) 

Fig. 7. Photographs of the fabricated lowpass filter 
(a) Top side. (b) Bottom side. 

 
Fig. 8a. Simulation results compared to measured 
results of the proposed lowpass filter of Fig. 2. 
Simulated S21 and S11 are shown as (solid), (dash-
dot) lines, respectively. Measured S21 and S11 are 
shown as (dashed) and (dotted) lines, respectively. 

 
Fig. 8b. Same as Fig. 8a except for a larger A1 ring 
(a1 is increased from 10 to 11.5 mm) 
 

 
 
Fig. 9a. Photographs of the top side of fabricated 
bandpass filter.  
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Fig. 9b. Photographs of the bottom side of 
fabricated bandpass filter. 

 
Fig. 10a. Simulation results compared to 
measured results of the proposed bandpass 
filters of Fig. 5. Simulated S21 and S11 are shown 
as (solid), (dash-dot) lines, respectively. Measured 
S21 and S11 are shown as (dashed) and (dotted) 
lines, respectively.  

 
Fig. 10b. Same as Fig. 10a except for a larger 
(B2) ring.  
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