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INTRODUCTION

etamaterial (MTM) is an artificial composite material for
Mwhich we can change its electromagnetic properties [1]. The
equivalent circuit approach of MTM was developed by Caloz
and Itoh [2] and Sanada et al. [3], and this approach has led to
the concept of composite right- and left-handed (CRLH) materi-
als. This concept fully takes into account the parasitic right-handed
(RH) effects, which is unavoidable in a practical application. The
zeroth-order resonator (ZOR) has the mode number zero, and its
resonator length is invariant of its wavelength. Sanada et al. [3] first
proposed MTM-ZOR and realized it in microstrip configuration.
Using the MTM-ZOR technique, several researchers [4]-[8] have
designed band pass filters (BPFs) in different frequency bands.
The Giant Metrewave Radio Telescope (GMRT) is the world’s
largest meter wavelength radio telescope (see Swarup et al. [10]). In
the current upgrade of the GMRT receiver system (250-500 MHz)
we have redesigned BPFs using MTM-ZOR techniques in the fol-
lowing bands: 240-340, 300—400, 360460, and 420-520 MHz (6-
dB bandwidth). A literature survey shows that low-frequency design
within a constrained size has not been previously attempted. This ar-
ticle describes briefly a unit cell of MTM-ZOR and proceeds further
into the design of a five-pole BPF at a 420-520 MHz band. Using a
parametric approach, our designs were optimized to obtain a good
bandwidth and good roll-off response. The simulation was carried
out using method of moments ADS-2013 software. The fabricated
BPF was installed in the upgraded GMRT system [11].

MTM-ZOR BPF DESIGN FOR 420-320 MHI

The unit cell of a MTM transmission line (TL) is a series con-
sisting of a shunt capacitor (C,) and an inductor (Z,), where the
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Figure 1.
Unit cell model of MTM-TL.

propagation constant () is negative in a specific frequency band
(Figure 1). This type of TL is called a periodically left-handed
transmission line (PLTL). Parasitic RH effects hamper the de-
signing of a pure PLTL; hence, the MTM loaded line is called a
CRLH TL [6], [7].

In the CRLH TL, the resonance conditions are as follows:
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Figure 2.

Interdigital capacitor with grounded stub.
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Here, . , f,, f,> /; and f,, correspond to the series resonance point,
shunt resonance point, lower band edge, upper band edge, and
center frequency, respectively. At a balance condition, £, is equal
to £, [7].

For making a microstrip-based MTM-ZOR unit cell, the in-
terdigital capacitor can be utilized as the series capacitor and the
ground stub can be used as the shunt inductor. Moreover, a higher
capacitor value is a smaller area that can be achieved if an inter-
digital capacitor is used. Figure 2 shows the interdigital capacitor
and grounded stub. The governing equations are [9]

£,10° K(k)
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where #n is the number of fingered interdigital lines, L is the length
of the finger, and K and K’ are the complete elliptical integral of

the first kind and its complements, respectively.
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Figure 3.

Equivalent microstrip model MTM-TL.
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where W and S are the finger width and the spacing between two
adjacent fingers, respectively (Figure 2). Similarly, the shunt in-
ductor of grounded stub can be represented as
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and where /4 is the height of the substrate and ¢ is the metal thick-

ness of the substrate (Figure 2). The equivalent circuit model of
the MTM-ZOR microstrip form is given in Figure 3.
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Figure 4.

Scattering parameter and dispersion curve of CRLH unit cell.
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Table 1.

Specifications for Five-Pole Filter for 420-320 MHz

Item Specification

For making 500 MHz (center frequency) of MTM-ZOR re-
sponse, the geometric information of single unit cell values is W
=1 mm, L =10 mm, and S = 0.3 mm and the number of the inter-
digital line is » = §; in addition, Wg = 0.7 mm, Lg = 21 mm, and
via = 0.3 mm (diameter). The value of series capacitor C, is 4 pF,
the series inductor L, is 0.25 uH, the shunt inductor Z, is 0.6 nH,
and the shunt capacitor C, is 1.6 nF.

Using these specifications, we designed a microstrip based
unit cell (MTM-ZOR). Its unit cell scattering parameter and dis-
persion (w/f) curves are given in Figure 4.

After getting the response of a single unit cell, we designed a
five-pole filter for 420-520 MHz using these techniques to meet
the specifications in Table 1. For making a BPF, the individual
unit of MTM-ZOR was made, after which five units were con-
nected to the interring coupler (IRC). The IRC forms the bridge
between two successive MTM-ZOR cells. The schematic figure
of resonators connected with the IRC is given Figure 5.

The EM simulated structure and its fabricated design are giv-
en Figures 6A and 6B, respectively. For fabricating our prototype,
we used RT/duroid 6010; the height of the substrate was 1.27
mm, and the metal thickness was 35 pm.

The dimensions of this left-handed Maxwell (LHM)-ZOR fil-
ter are 52.1 x 29 mm. Figure 7 shows the simulation results and
the measured ones. The discrepancy between those two results
could be attributed to variation of the substrate dielectric con-

IRC 1,2 IRC 23 IRC 34

52.1 mm

29 mm

Figure 6.
Compact five-pole CRLH-ZOR filter. (A) EM simulation. (B) Fabri-
cated design.

stant and its thickness. Before designing for improved in-band re-
sponse, the relationship between the high-frequency roll-off and
the bandwidth is examined in the next section.

BPF BANDWIDTH AND ROLL-OFF CONTROL

The MTM-ZOR BPF is a combination of interdigital capacitor
and shorted strips. The interdigital capacitor is a combination of
multiple parallel plate capacitors in series. Closely coupled capac-
itors improve the band width, and the high-frequency side roll-off
becomes slower. The inverse behavior is seen on loosely coupled
capacitors. Applying the same principle in the GMRT filter, the
gap length was increased from
0.1 to 0.25 mm, resulting in
bandwidth decrease while the
high-frequency side roll-off

COUPLING

becomes sharper (Figure 8).
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Figure 5.
IRC of a pair of MTM-ZOR unit cells.
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For making a compact BPF,
we added a stub inductor inside
that causes a coupling effect
between two opposite induc-
tors. The parametric study

RESONATOR 5

shows the different gap lengths
(L, L,, L)) that control the
high-frequency side roll-off.
Figure 9 shows the different
gap lengths and the high-fre-
quency side roll-off effects on
the filter response.
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Figure 7.
Simulated and experimental results of the LHM-ZOR-based BPF (S, S,)).

This study shows that higher-frequency roll-off and band-
width cannot be achieved at the same time and necessitates a
technical compromise. For GMRT application, bandwidth (100
MHz) is more important than higher-frequency side roll-off se-
lectivity.

MTM-ZOR-BASED FILTER BANK DESIGN

At the start, a MTM-ZOR BPF was designed and fabricated.
Based on the results of the previous section, the filter was modi-
fied in the frequency range of 420—520 MHz. Filter design dimen-
sions are given in Table 2. The fabricated design and its experi-
mental results are given in Figure 10 (Table 3).

After achieving the in-band response of the 420-520 MHz
subband filter, other subband filters were designed for 240-340,

Chatterjee. Raut, and Kumar
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Figure 9.
Arrangement of the gap between inductor effects on the MTM-ZOR
BPF. (A) Schematic view. (B) Simulated results.

300400, and 360-460 MHz. The design dimensions for all four
subbands are given in Table 4.

At lower-frequency band
filters, the percentage of band-
width is greater compared to that
of the higher-frequency ones. To
achieve more percentage band-
width, the interdigital capacitor

gap was trimmed. In the low-

frequency band (240-340 MHz),
the gap of the finger should be
0.075 mm to achieve 100 MHz of
bandwidth, but commercial fab-

rication accuracy is in the range
of 0.1 mm. Hence, we could not
achieve 100 MHz of bandwidth

Transmission (dB)

(Table 5).

The fabricated filters of the
three other subbands are shown in
Figure 11. The measured results
are given in Figure 12 (Table
5). The measured results closely
match the desired response.

550
Frequency (MHz)

Figure 8.

Increasing the gap length affects the MTM-ZOR BPF characteristics. (A) Schematic view. (B) Simulated results.
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SIZE REDUCTION OF FILTER

USING MTM-ZOR

The conventional microstrip

BPFs are coupled line filter, hair-
pin filter, etc. In general, the par-
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Table 2.

Design Dimensions of the Filter After Modification to the Frequency Range of
420-3520 MHz (All Dimensions Are in Millimeters)

Design Parameter 420-520 MHz

Table 3.

Fabricated Design of the Modified Filter and Its Experimental Results

Design Parameter Expected Achieved

Design Dimensions for the Four Subband Filters That Were Fabricated (All Dimensions Are in Millimeters)

420-520 MHz 360460 MIHz 300400 MHz 240-340 MHz
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Figure 10.
(A) Fabricated design dimension. (B) Modified fabricated design (in chassis enclosure). (C) Experimental result.
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Table 5.

Measured Results for the Other Three Subbands

Design Parameter Achieved (Expected) Achieved (Expected) Achieved (Expected)
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Figure 11. "
Prototypes of three MTM-ZOR filters for 360—460, 300-400, and
240-340 MHz.
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allel edge-coupled filter employs the half-wavelength of a resona- @.,‘,_ ™ £
tor. The adjacent resonators are separated by half-wavelengths. § 1 _'m é

153
This parallel arrangement gives relatively large coupling for a %'“" | ™ £

) s
given spacing between resonators, and such a structure could be ey ; &
used for a broadband application. Figure 13 gives a direct com- & =+ - p = pia
parison of a coupled line filter and the MTM-ZOR filter. It shows Frequency (MHz)

that the MTM-ZOR filter is six times smaller than a conventional
coupled line filter.

Figure 12.
Measured results of MTM-ZOR filters for (A) 360-460 MHz, (B)
[:I] N [:Lu Sl I] N 300-400 MHz, and (C) 240-340 MHz.
Employing the MTM-ZOR design resulted in a compact filter

bank for a 250- to 500-MHz band of GMRT. Typically, band-
widths were in the range of 88 to 102 MHz, and the insertion loss

of these filters was 1.8 to 2 dB. < [ Lt
Parallel Edge-Coupled Line Filter
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