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Abstract

This paper presents the design process (including optimization and
characterization) of a band-pass filter through the use of OSRR-structured
meta-material cells over micro-strip substrates. The proposed design, which
stems from the OSRR cell model, includes a partial ground plane etched at
the bottom plane instead of, and square windows etched at the bottom plane
and achieve optimization through a parametric analysis carried out over the
transmission-line segments that connect the cells to the main transmission
line as well as over inter-cell lines. The results yielded a resonance central
frequency and a corresponding bandwidth of 2.7 GHz and 700MHz,
respectively. By controlling the length of the connecting lines from the cells
to the main transmission line, it is possible to tune the central frequency to a
lower frequency than that of an OSRR cell. With respect to the ground plane
windows version, the partial ground plane version has the capacity to add
transmission zero (4.6GHz) above a/the transmission pole, which improves
the rejection depth (8dB) without increasing the filter size.

---------- Keywords: Meta-materials, plane filters, Split Ring Resonators

Resumen

Este articulo presenta el proceso de disefio (incluyendo optimizacion y
caracterizacion) de un filtro pasa banda mediante la utilizacion de celdas
metamaterial en estructura OSRR (Open Split Ring Resonator) sobre sustratos
microstrip. El disefio propuesto parte del modelo de celdas OSRR, incluye un
plano de masa parcial depositado en el plano posterior en vez de ventanas
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cuadradas depositadas en el plano posterior y se optimiza mediante analisis
paramétricos llevados a cabo sobre los tramos de linea de transmision que
unen las celdas a la linea de transmision principal, al igual que sobre las lineas
que unen las celdas. La frecuencia central de resonancia y ancho de banda
obtenidos fueron de 2.7 GHz y 700 MHz respectivamente. Controlando la
longitud de las lineas de conexion de las celdas a la linea de transmision
principal se logra sintonizar el filtro a una frecuencia mas baja que la de una
celda OSRR. La version con plano de masa parcial tiene la capacidad de
adicionar un cero en transmision (4.6GHz), arriba del polo de transmision, lo
cual mejora la profundidad de la banda de rechazo (8dB) respecto a la version
que incluye ventanas en el plano de masa, sin incrementar el tamafo del filtro.

---------- Palabras clave: Metamateriales, filtros planos, resonador de

anillos abiertos (SRR)

Introduction

Modern applications in microwave and millimeter
bands require the design of small-size, high-
performance devices and circuits. Moreover,
these applications require a substantial reduction
of spurious signals as well as of undesired
harmonic components.

Recent studies have offered a solution to such
problems by controlling the electromagnetic
properties of some materials. These solutions
implement periodic structures (called meta-
materials) that are comparable in size to the
dimensions of the design wavelength. One of
the most representative examples is that of the
so called left-handed media, which distinct
characteristic is to exhibit negative values of
effective dielectric permittivity and also of
magnetic permeability; which produces reversal
waves [1, 2]. Although the implementation
of meta-materials was achieved in the 21
century, since the 20™ century there were already
proposals of structures that could modify the
natural electromagnetic behavior [3]. The
main purpose of meta-materials technology is
to miniaturize and improve the capabilities of
microwave devices such as antennas, filters and
power splitters, among other devices [4, 5].

In [6], a complete approach for the development
of planar metamaterial structures is developed.
For this purpose, split-ring resonators (SRRs)
and complementary split-ring resonators
(CSRRs) coupled to planar transmission lines are
investigated. The electromagnetic behavior of
these elements, as well as their coupling to the
host transmission line are studied, and analytical
equivalent-circuit models are proposed for the
isolated and coupled SRRs/CSRRs. From these
models, the stopband/passband characteristics
of the analyzed SRR/CSRR loaded transmission
lines are derived. It is shown that, in the long
wavelength limit, these stopbands/passbands can
be interpreted as due to the presence of negative/
positive values for the effective and of the line.
The proposed analysis is of interest in the design
of compact microwave devices based on the
metamaterial concept.

In [7], a sub wavelength resonator called an open
complementary split ring resonator (OCSRR) is
used to design a bandstop filter. Two open stubs
of length A/4 and a single OCSRR are employed
for the design of bandstop filter. The open stubs
are folded in opposite direction to achieve a
compact structure. The proposed bandstop
filter has a rejection band of 2.25 GHz. When
compared to a conventional bandstop filter, the
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rejection bandwidth of the proposal is increased
by 59.11% and size is reduced by 15%.

In [8], a new electric split-ring resonator (ESRR)
specialized for the double-sided parallel-strip line
(DSPSL) is proposed. Adding a DSPSL swap to a
split-ring resonator (SRR), its magnetic response
becomes electrical, which is explained by even
and oddmode analysis and resonant current
distribution. Loading in a line with a series gap, it
behaves similarly to the previously well-studied
complementary SRR.

In [9], an open interconnected split ring resonator
(OISRR) is proposed for use in compact microstrip
notch filters. This OISRR behaves as a shunt series
LCresonant 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
bandwidth lower than 2 % with insertion losses of
more than 10 dB in the stop band.

In [10], a band-pass filter design was presented.
The filter bandwidth is controlled by the length
of the transmission lines connecting the OSRRs.
Sharp and deep out-of-band rejection is achieved
by cascading several OSRRs. In [11] was
presented a quasi-analytical and self-consistent
model to compute the polarizabilities of split
ring resonators (SRRs). An experimental setup
is also proposed for measuring the magnetic
polarizability of these structures. By using a
local field approach, the model is applied to
obtain the dispersion characteristics of discrete
negative magnetic permeability and left-handed
metamaterials. Two types of SRRs, namely, the
so-called edge coupled- and broadside coupled-
SRRs, have been considered. A comparative
analysis of these two structures has been carried
out in connection with their suitability for the
design of metamaterials.
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Finally, in [12] a metamaterial structure, called the
double-sided open split ring resonator (DOSRR),
which combines two open split ring resonators
(OSRRs) aligned over the opposite faces of the
substrate in an inverted fashion is presented. A
DOSRR connected in series with a microstrip line
has been proposed and analyzed. With respect to
the OSRR, the DOSRR cell has the capacity to
add transmission zero above transmission pole,
which improves the rejection depth without
increasing the filter size. Two strategies based
on circular windows etched at the bottom plane
instead of square windows and U-shape slots
etched in the microstrip transmission line are
designed to increase the stop band and to add
extra zeros in order to suppress the spurious band.

In this paper, we propose to design microstrip
band-pass filters using OSRR cell with a
partial ground plane etched at the bottom plane
instead of and square windows etched at the
bottom plane, and further introduces the idea of
controlling the size of the connecting lines that
connect the cell to the main transmission line.
This permits having a resulting filter that can
be tuned to a lower frequency than that of the
OSRR cell resonance point as suggested in [4,
5]. To this end, the initial design parameters have
been analytically established by the approaches
described in [6, 10, 11], and the final geometry
was optimized through a parametric analysis.

OSRR meta-material cells analysis

The OSRR cell shown in figure 1 is a modified
version of the proposal presented in [6]. One of
the rings bear a current flow that is fed by the
main transmission line, whereas the other ring is
fed by a displacement current that exists in the
gaps between rings.



Ground plane window

-------------------------- Band-Pass filters using OSRR cells

Partial greund plane

Figure 1 OSRR cell, a) upper-layer view b) ground plane window c) Partial ground plane d) Equivalent RLC circuit

The circuit model is similar to that of an SRR
cell; however, the transmission line is added in
series, as shown in figure 1-b, with ground plane
window and figure 1-c with partial ground plane.
The bandwidth of the filter can be controlled
by the length of the line sections between the
OSRRs cell (d length in Figure 1-d), whereas
the depth of the rejection band depends on the
number of cells used for filter implementation
[10]. The equivalent capacitance resulting from
this configuration is four times larger than that

of'an SRR cell and its resonance frequency is the
half and can be determined by equation (1).

fo =1/2ny LCs (1)

Where C is the series capacitance of the upper and
lower halves of the SRR structures analyzed in [6,
10, 11]. The inductance L can be approximated
by that of a single ring with averaged radius r,
and width ¢ shown in figure 2, and determined by
equation (2).

Lgnd

Figure 2 Microstrip filter using OSRR cells without ground plane window.

Ho

L= T 7 L[bB(kb) — aB(ka)]? dk )
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Where: a=ry,-c/2 and b=r,+c/2

And function B is defined as: B(x) = S (x) J, (x)
-8 1 (x)‘]o (X)

With § and J, being the nth-order Struve and
Bessel functions. The new capacitance of an
OSRR structure can be obtained from equation

3):

C=2mr, C 3)

pul

Where r, is the ring’s mean radius and C.. is
the capacitance per length unit, which can be

calculated using equation (4):

C .,=¢ ¢ F(k) (@)

pu

Where F(k) can be calculated using equation (5)
or (6):

\/_/
F(k) = ~In (2 iT’;—) if0<k<07 ()

1
F) = n{ln (212K )} #07<k<1 (6)
Where k and k’ is defined as: k' =V1 — k2 and
k=a/b

The results above are based upon the assumption
of a lossless transmission line [10].

OSRR Band-pass filter Design and
parametric study

As mentioned above, the proposed approach is
based on the guidelines described in [6, 10, 11].
Figure 1-c shows the proposed filter design, which
stems from the OSRR cell model, eliminates
the square windows etched at the bottom plane
(Figure 1-b) and achieves optimization through a
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parametric analysis. The filter was implemented
using three OSRR cells, and the structure of the
circuit has been simulated and fabricated from
a substrate material with € = 3.5, 7gd = 0.0018,
substrate thickness 2 = 1.524mm and copper
thickness ¢ = 17.5um. This performs an operation
comparable to a conventionally designed 3-pole
filter.

The characteristic impedance of the main
transmission line is close to Z, = 50€, and it
should be considered that coupling is achieved
through a variation of both width and length of
the transmission line connecting each cell. In
this study, the ground-plane windows (Figure
1-b) proposed in [10] have been removed,
which completely eliminates copper from this
section to minimize (up to a maximum extent)
the capacitive-effect associated disturbances in
the rings, as shown in figure 2. Eliminating the
ground-plane window reduces the size of the
filter due to the closer placement of the OSRR
cells.

By using the design formulas (1-6) given in [6, 10,
11], it is possible to obtain a resonance frequency
for the ring (f,= 3.42GHz); with L = 7.58nH and
C = 0.284pF for ring dimensions of ¢ = 0.2mm,
s = 0.3mm, r, = 2.0mm (Figure 2). However,
this resonance frequency has been modified by
enlarging the ring’s junction lines towards (up
to) the main transmission line. The rationale
(the intended effect) behind applying such line
enlargement is to induce an additional inductance
that affects the resonance frequency given by (2).
For this particular frequency, the filter’s length
(for N=3) is smaller than A/2. Figure 3 shows
simulated results for the effects derived from
changing the filter’s resonance frequency due to
size variations applied to the lines that connect
the rings to the main transmission line.
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Figure 3 Variation of the resonance frequency as the transmission line length increases (LTX2)

The present analysis on the effects of changing
the length of the lines starts at 4.13 mm, which
corresponds to the size of the lines that connect
the cells to the main transmission line (L7X2
length in Figure 2). As observed in figure 3, the
total resonance frequency of the filter decreases
with an increase in the equivalent inductance
associated to the size of the lines that connect the
cells to the main transmission line.

Figure 4 shows the simulated reflection coefficient
results of the proposed filter for six different values
of the main transmission line length (parameter
LTI in Figure 2). As observed in figure 4, the
filter adaptation decreases with an increase in the
size of the main transmission line. As a result,
the reflection coefficient is sensitive to the main
transmission line length, degrading the impedance
adaptation when this value is not optimum.

0
5 _\ ?,D» /D/C"'C
-10 N
o
T -15 A
N
N
‘g 20 -
3 — e LTX1=8.53mm
T 2o — e | — W i ] i O sassiss LTX1=8.83mm
& ———%-—— LTX1=8.93mm
= -30 s LTX1=9.13mm
— - —  LTX1=9.43mm
——0——  LTX1=9.63mm
-35 4
-40 -
22 24 32 34 36 338

f (GHz)

Figure 4 Filter's adaptation (Impedance) due to size variations applied to the main transmission line length (LTX1)
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Figure 5 shows the simulated reflection
coefficients results (S11 and S22) along with the
simulated transmissions coefficients results (S21)
of the proposed filter for dimensions L7X] =

8.83mm, LTX2=6.13mm, LTX3=3.87mm, LTX4
=1.94mm, W, =3.43mm, W =548mm, L |
. gn gn
=40.22mm, g = 0.5mm (Figure 2), as observed,
the geometry was optimized through simulation.

S parameters overall response for LTX1=8.83mm and LTX2=6.13mm

04

-20 4

-25 4

Magnitude Sij (dB)

-30 4

—e— dB[S(1,1)]
- dB[S(2,1)]
¥— dB[S(2.2)]

-35 4

-40
15 20 25 30

4,0 45 5,0 55 6,0
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Figure 5 Simulated results for the S11, S21 and S22 parameters

Figure 6 shows the simulated transmission
coefficients results (S21), using a ground plane
window (6x7mm?) along with the simulated
transmissions coefficients results (S21) of the
proposed filter (partial ground plane) for the
same dimensions related before. As observed,

with respect to the ground plane windows version
(Figure 1-b), the partial ground plane version
(Figure 1-c) has the capacity to add transmission
zero (4.6GHz) above transmission pole, which
improves the rejection depth (8dB) without
increasing the filter size.

Transmission coefficient S21: With parcial ground plane Vs
with ground plane window

Magnitude S21 (dB)

—| o

—e— With parcial ground plane :
With ground plane window —=— — — — —]

f (GHz)

Figure 6 Simulated S21 parameter for the filters with ground plane window and partial ground plane
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Simulated and experimental
results and discussion

Once the geometry was optimized through
simulation, the next step was to build the

------------------------- Band-Pass filters using OSRR cells

prototype for characterization purposes. Figure 7
shows a picture of the upper side of the device
along with the corresponding SMA connectors
(for the proposed partial ground plane filter).

Figure 7 Picture of the upper side of the device.

Figure 8 shows both the results of the
experimental characterization of the prototype
and the simulation results for parameter S22.
It can be observed that the experimental
measurements closely correspond, to a good

extent, to the simulations for the proposed model.
The resonance central frequency of the filter was
f,= 2.7GHz and the resulting bandwidth was
approximately BW = 700MHz.

o
L,
N
N
%]
[
o
3 Y
= 2
(@)} i
© :
= 1
-30 A Q
]
g; —e— Measured (Mag (S22)) dB
] O+ Simulated (Mag(S22)) dB
-40 o ! ! | |

1,5e+9 2,0e+9 2,5e+9 3,0e+9 3,5e+9 4,0e+9 4.5e+9 50e+9 55e+9 6,0e+9

f (Hz)

Figure 8 Reflection coefficient S22. Simulation Vs. measurements
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The adaptation of the filter to the Z, impedance
(Z,=50Q) depends to a great extent on the width
and length of the main transmission line (L7X1).

Figure 9 shows the measurement results of the
prototype along with the simulation results
for the transmission coefficient S21. The
difference between the actual measurement in

magnitude of parameter S21 and its simulation
can be explained by considering the quality of
the SMA connectors, as well as the N-to-SMA
couplers that were necessary to accomplish the
measurement process affecting de insertion
losses. All measurements were taken using the
network analyzer Rohde & Schwartz ZVL13.

Magnitude S21 (dB)

—&— Measured (Mag(S21)) dB
~O-- Simulated (Mag(S21)) dB

2e+9 3e+9

4e+9 5e+9 6e+9

f (Hz)

Figure 9 Transmission coefficient S21, simulation vs. measurements

In figures 8 and 9, a measured central frequency
shift of about 200MHz can be observed when
compared to the intended design frequency due
to fabrication process.

Conclusions

A band-pass filter that uses OSRR cells and
partial ground plane have been designed,
optimized, implemented and characterized.
Regarding the ground plane windows version,
the partial ground plane version has the
capacity to add transmission zero (4.6GHz)
above the transmission pole, which improves
the rejection depth (8dB) without increasing

68

the filter size. The filter performance is similar
to that of a conventional microstrip-technology
3-pole filter. To this end, the initial design
parameters have been established analytically
and the final geometry was optimized through
simulation. The central resonance frequency and
bandwidth obtained were 2.7GHz and 700MHz,
respectively. The set of measurements taken for
the prototype closely match the results obtained
from simulating the proposed model. Finally, the
dimensions of the proposed filter are as follows:
40.21mm*13.21mm compared to a conventional
design with the same operation frequency whose
dimensions are 107.12mm*21.19mm; which
represents a size reduction of almost 60%.
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