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Abstract An open interconnected split ring resonator
(OISRR) is proposed for use in compact microstrip notch
filters. This OISRR behaves as a shunt series L C resonant
circuit and allows a parallel connection with a microstrip
line. This cell presents half the resonant frequency of the
split ring resonator (SRR) and, therefore, is electrically very
small. The measured results show a 3 dB stop-band band-
width lower than 2 % with more than 10 dB insertion loss
in the stop band. This OISRR can be useful in microwave
communication systems.

1 Introduction

Microstrip band-stop filters (BSFs) find many applications
in microwave systems to filter in desired signals and to re-
ject unwanted signals. However, the BSFs have not been
extensively investigated in comparison with their band-pass
and low-pass counterparts. The conventional techniques to
implement BSFs use shunt stubs or stepped-impedance mi-
crostrip lines [1]. These filters have a narrow stop-band re-
sponse and a large circuit size. Electromagnetic band gap
(EBG) structures and defected ground structures (DGSs) can
be a solution to increase the stop-band bandwidth [2—4].
However, these filters require several cells of a periodic
structure to provide a significant level of stop-band rejec-
tion and, therefore, can be relatively large to operate at
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certain frequencies. To reduce filter size, slow-wave open-
loop resonator structures and metamaterial-inspired struc-
tures can be used [5—7]. In these implementations, the res-
onators are electrically or magnetically coupled to a host
line, connected either in series or in shunt configurations.
The metamaterial-inspired structures are based on split ring
resonators (SRRs), open split ring resonators (OSRRs) and
their respective complementary counterparts [8—10].

In this paper, an open version of an interconnected split
ring resonator (OISRR) is described for the novel compact
design of microstrip notch filters. The basic OISRR cell be-
haves as a shunt series L C resonant circuit, which allows
a parallel connection with a microstrip line section. More-
over, this OISRR cell has half the electric size of the SRR
cell. The structure of the microstrip OISRR-based BSF does
not require tuning very small gaps (the rings are coupled
inductively to a microstrip line), presents a narrow stop-
band response, has higher-power capability than other exist-
ing alternatives in coplanar waveguides (CPWs) and is suit-
able for compact designs. The possibilities of this resonator
(OISRR) are experimentally demonstrated.

2 Microstrip line loaded with an OISRR: structure,
circuit model and analysis

The structure and equivalent circuit model of the microstrip
line loaded with an OISRR cell are shown in Fig. 1. The
basic OISRR cell (Fig. 1(a)) is conceived from two open
rings of different radii. At the top side, the dimensions of the
proposed structure are radius r of the external ring, width ¢
of the ring conductors and slot s between rings. An open
window D; x D> is etched at the bottom side, which corre-
sponds to the ground plane. The microstrip line width W is
adjusted along the window of length D; in order to preserve
the characteristic impedance, Z.. As long as the size of the
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Ground plane window

Fig. 1 Microstrip line loaded with an OISRR. (a) Top and bottom
views and (b) equivalent circuit

OISRR is electrically small, the structure can be described
by means of lumped elements. The OISRR structure is sim-
ilar to the OSRR structure [10] with the difference that the
two rings are connected to a common point of the microstrip
line and, therefore, instead of having a series connection
with the microstrip line, the OISRR has a parallel connec-
tion. Thus, the main resonant frequency is expected to be
the same for both structures (OSRR and OISRR). Therefore,
the proposed OISRR cell can be of great interest for compact
designs, since it allows a small electrical size, similar to the
OSRR cell.

The equivalent circuit model of the OISRR cell is shown
in Fig. 1(b) (losses have been neglected in this model). It
consists of two shunt series L C resonant circuits embedded
between two microstrip line sections of effective length d,
which present a characteristic impedance Z and an effective
permittivity €. The input and output ports of the structure
are marked as A1 and A, in Fig. 1. In view of the model, two
frequencies fy and fs can be identified. fj is the main fre-
quency of the OISRR and is given by the resonant condition
of the shunt series Lo Cy circuit, which leads to a transmis-
sion zero (S21). fs corresponds to the spurious resonance of
the OISRR cell. It is obtained by means of the shunt series
L Cg circuit, which also leads to a transmission zero.

Lo Cq values are calculated from the element transforma-
tion between the OSRR and OISRR circuit models by using
an impedance scaling factor « [1, 10]:

Lo = o LosRrR, ey

Co = Cosrr/a, (2)
_ 1 (Afosrr 3)
4\ ARy )
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where Logsrr is the inductance of a closed ring of aver-
aged radius ro =r — ¢ — s/2 and width c¢. Cosrr is the
distributed capacitance between the inner and outer rings
(Cosrr = 27mrgCpul, where Cpy is the per unit length ca-
pacitance of the slot between the rings). Losrr and Cosrr
are the elements of the OSRR circuit model with substrate
and dimensions identical to the OISRR cell [10]. Afosrr
and Afj are the 3 dB band-pass and stop-band bandwidths
at the main resonant frequencies of the OSRR and OISRR,
respectively.

The shunt series Ly Cs circuit resonates at fg =1/
(2w /L Cs) and has a reactance slope x5 = ws Ls. By ne-
glecting the effect of the shunt series Ly Cy circuit at f, the
lumped elements Ls Cg are derived from the transmission
parameter of the two-port network (Fig. 1) terminated with
50 Q[1]:

oS4 =0 @)
50 2Af, 4 A fs

c_ (1 2 )
ST L \2nf )

where Af; is the 3 dB stop-band bandwidth at the spurious
resonance fs. Finally, the effective length d of the microstrip
lines in the circuit model (Fig. 1(b)) can be obtained by fit-
ting the phase of the S parameter.

Figure 2 shows typical electromagnetic (EM) simula-
tion and equivalent circuit results for the microstrip line
loaded with an OISRR (Fig. 1). The frequency responses
were obtained by using commercial simulators (ADS and
HFSS). In this paper, all the structures have a copper thick-
ness ¢t = 17.5 um and a substrate thickness # = 0.635 mm
with a permittivity €, = 10.2. The fundamental quasi-TEM
mode is fed by two 50 € microstrip ports at the refer-
ence planes A; and Aj. Furthermore, all the microstrip
lines have a length L; = 5.5 mm, W; = 0.594 mm and
W, = 0.794 mm, which provide a characteristic impedance
Z. = 52.3 Q. The element values of the shunt series L C cir-
cuit are determined from OISRR dimensions, OSRR model
[10] and EM simulation results (Fig. 2, dashed lines): r =
22 mm, ¢ = 0.3 mm, s = 0.25 mm, Losgr = 7.4 nH,
COSRR =0.8 pF, AfOSRR =2.15 GHZ, Af() =0.011 GHZ,
fs =4.67 GHz and A f; = 0.248 GHz. Substituting the pre-
vious data into (1) to (5) and fitting the phase of the S»;
parameter, the equivalent circuit elements (Fig. 1(b)) are ex-
tracted as follows: o = 50, Ly = 370 nH, Cp = 0.016 pF,
Ly =16.04 nH, C; = 0.0722 pF and d =5 mm. As can
be seen in Fig. 2, the response of the circuit model (solid
lines) agrees well with the result of EM simulation (dashed
lines). The microstrip OISRR-based structure presents a
main frequency (first transmission zero) at fy = 2.1 GHz
and a spurious resonance (second transmission zero) at fg =
4.67 GHz, which is greater than twice fyp and has a 3 dB
bandwidth approximately twenty-two times greater than the
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Fig. 2 EM simulation (dashed lines) and equivalent circuit (solid
lines) results for the microstrip line loaded with an OISRR: (a) mag-
nitude and (b) phase. OISRR data: r = 2.2 mm, ¢ = 0.3 mm,
s=0.25mm and D; x Dy =9 x 9 mm?

main resonance (Afy = 0.011 GHz). Moreover, two anti-
resonances appear around fy = 0.5 GHz. The first one is
due to the perfect matching condition between the ports
and the microstrip OISRR-based structure, while the sec-
ond one is due to the anti-resonance permittivity behavior
of the OISRR [11]. The transmission zeros occur at the res-
onant frequencies of the OISRR, since at these frequencies
there is an electric short to ground, and the injected power is
reflected back to the source. The anti-resonance appears at
fa =2.46 GHz because the microstrip OISRR-based struc-
ture behaves as a shunt parallel L C resonant circuit. At
the main frequency fo = 2.1 GHz, this proposed OISRR
works as a notch filter. At this frequency, the wavelength
in the microstrip line is around A = 56 mm (érf = 6.4) and
the length of the filter for D; = 9 mm is below A/6, thus
confirming that the proposed design leads to compact struc-
tures.

Figure 3 illustrates the electric field distribution at four
frequencies of the response of the microstrip OISRR-
based structure (Fig. 2): one inside the pass band (f; =
1 GHz), two inside the two stop bands (f> = 2.1 GHz
and f3 = 4.67 GHz) and the last at the anti-resonance
(fa = 2.46 GHz). In Fig. 3(a), we can observe that the
OISRR does not resonate at f; = 1 GHz, and the signal is
transmitted to the output port. Figure 3(b) shows the electric
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Fig. 3 Electric field distributions for the microstrip line loaded with
an OISRR at the frequencies: (a) f; = 1 GHz, (b) f, = 2.1 GHz,
(¢) f3 =4.67 GHz and (d) f4 =2.46 GHz. OISRR data: r =2.2 mm,
¢=0.3mm, s =0.25mm and D x D> =9 x 9 mm?
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field at the first stop band of the structure ( f, = 2.1 GHz).
We can see that the OISRR resonates at the fundamental
mode, exhibiting an almost uniform field distribution. It can
also be observed that the signal is reflected by this strong
resonance of the OISRR, so transmission is eliminated. Fig-
ure 3(c) depicts the electric field at the second stop band
of the structure ( f3 = 4.67 GHz), which corresponds to the
spurious stop band. Again, the OISRR become resonant, but
this time the electric field exhibits a zero value at the cen-
tre of the resonator, being maximum at the edges. This field
distribution clearly indicates the presence of a first higher
order resonant mode in the OISRR. Finally, Fig. 3(d) dis-
plays the electric field at the anti-resonance of the structure
(f4 = 2.46 GHz). The resonator is excited, but this time it
behaves as an open circuit due to the large effective permit-
tivity of the OISRR. At this frequency, its effective permit-
tivity exhibits a strong resonant behavior, as studied in Ref.
[11]. The OISRR acts as a magnetic wall, and the transmit-
ted signal is mirrored to the output port.

EM and circuit simulations (Fig. 4) have been performed
to study the effects of each design parameter (r, ¢ and s)
on the main resonance (fy) and on the 3 dB stop-band
bandwidth (Afp) of the proposed notch filter. The study
will also serve to validate the equivalent circuit model.
We have found that the spurious resonance appears at a fre-
quency greater than twice the main resonance (fs > 2 fp)
for both circuit and EM simulations. In Fig. 4, the dashed
lines show the results of the EM simulations. The main fre-
quency (fo) and the 3 dB stop-band bandwidth (Afp) de-
crease according to the increasing radius r of the external
ring (Fig. 4(a), c =0.3 mm and s = 0.25 mm fixed) from
2 mm to 2.4 mm. This is because the capacitance Cy, the
inductance Lo and also the reactance slope (xg = wg L) of
the OISRR increase as r is incremented. This trend is re-
versed when the width ¢ of the ring conductors (Fig. 4(b),
s = 0.25 mm and r = 2.2 mm fixed) or the slot s be-
tween rings (Fig. 4(c), c =0.3 mm and r = 2.2 mm fixed)
increases between 0.1 mm and 0.5 mm. For these cases,
one of the two circuit elements of the OISRR is quasi-
constant, while the other decreases as ¢ or s increases. The
EM results according to the design parameters (Fig. 4) have
fo between 1.78 GHz and 2.47 GHz, while Afy varies
between 0.007 GHz and 0.034 GHz. Circuit (solid lines)
and EM simulation results present a reasonable agreement.
The minimum and maximum relative errors for f are, re-
spectively, 0.22 % and 4.2 %, while for Afy the mini-
mum and maximum relative errors are 1.17 % and 62.4 %,
respectively. The circuit model is less accurate for Afy
when ¢ > 0.35 (Fig. 4(b)) or s > 0.3 (Fig. 4(c)) because
of the variation of the impedance factor «, which is not
taken into account in the equivalent circuit model. How-
ever, this equivalent circuit model provides a useful tool for
the initial design of microstrip notch filters with the OISRR
cell.
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Fig. 4 Main frequency (fo) and 3 dB stop-band bandwidth (Afy)
for the microstrip line loaded with an OISRR according to the de-
sign parameters: (a) r (c = 0.3 mm and s = 0.25 mm fixed), (b) ¢
(s =0.25 mm and r = 2.2 mm fixed) and (¢) s (¢ = 0.3 mm and
r = 2.2 mm fixed)

3 Microstrip notch filter using OISRR

An interesting application of the OISRR can be found in
the design of compact microstrip notch filters. Thus, differ-
ent structures of the circuit shown in Fig. 1 have been fab-
ricated (Fig. 5) on an Arlon AD1000 material (¢, = 10.2,
tgd = 0.0023 at 10 GHz, substrate thickness 4 = 0.635 mm
and copper thickness ¢+ = 17.5 um) and have been mea-
sured by means of a system of prototyping (LPKF proto-
laser S) and a vector network analyzer (Rohde & Schwarz
VNA), respectively. The structures were fed with the fun-
damental TEM mode generated by the VNA by means of a
commercial 50 € coaxial to microstrip transition (Anritsu
3680K test fixture). The system of measurement was cal-
ibrated from 0.01 GHz to 6 GHz. The dimensions of the
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Fig. 6 EM simulation (dashed lines) and measured (solid

lines) results for the microstrip line loaded with an OISRR:
(@) D1 x D> =9 x 9 mm? and (b) D; x D> = 14 x 9 mm?2. OISRR
data: r =2.2 mm, ¢ =0.3 mm and s = 0.25 mm

OISRR cell and microstrip lines are the same as those used
for the simulations shown in Fig. 2. Two different lengths
D1 of open windows were etched in the ground plane to de-
scribe its effects on the filter characteristics.

Figure 6(a) and (b) show EM simulated and measured
frequency responses of the microstrip OISRR-based struc-
tures with D1 =9 mm and D; = 14 mm, respectively.
As can be seen, a reasonable agreement between the EM
simulation and measurement results is obtained. The mi-
crostrip OISRR-based filter with D1 = 9 mm (Fig. 6(a)) has
a main frequency at fy = 2.14 GHz, an anti-resonance at
fa =2.6 GHz and a spurious resonance at f; = 4.66 GHz,

which is greater than twice the main frequency (fp). The
window D; only affects the spurious resonance. As Dj is
increased from two (Fig. 6(a)) to three (Fig. 6(b)) times the
diameter of the external ring (¢ = 2r = 4.4 mm), the spu-
rious resonance is shifted downwards by 0.2 GHz (f; =
4.46 GHz) with a slight attenuation. However, the length
D of the open window has little effect on the main fre-
quency (2.14 < fo (GHz) < 2.16), on the main 3 dB stop-
band bandwidth (1.4 < Afy (%) < 1.6) and on the insertion
loss in the main stop band (11.5 <IL (dB) < 12.6).

4 Conclusion

A novel compact microstrip notch filter based on an OISRR
resonator has been proposed and analyzed. This OISRR is
modeled as a shunt series L C resonant circuit connected
in parallel to a microstrip line. The main resonance occurs
at half the resonant frequency of the SRR, increasing the
compactness. The designed filter displays a 3 dB stop-band
bandwidth lower than 2 % with more than 10 dB of inser-
tion loss. Thus, this novel device is expected to be useful in
microwave communication systems.
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