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Metamaterials Sculpt
UWB Bandpass Filter

By combining left- and right-handed transmission lines with conventional microstrip
circuitry, it is possible to achieve a wide passband for an UWB bandpass filter.
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the single ultrawideband (UWB) range
of frequencies from 3.1 to 10.6 GHz. To
serve those applications, an UWB band-
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pass filter (BPF) was designed using
metamaterials and composite-right-left-
handed (CRLH) transmission lines.

The UWSB filter, with a passband from
3.1 to 10.6 GHz, is based on a modified microstrip stepped-
impedance-resonator (SIR) filter. Metamaterial transmission
lines replace the microstrip SIR, with the metamaterial sec-
tion designed with one CRLH unit cell. The filter design is
only 23.4 x 20 mm?, or about xx )xg at midband (6.85 GHz).
Using this metamaterial approach increases the possible num-
ber of transmission poles from three in a conventional mi-
crostrip design to six in this CLRH design.

The U.S. Federal Communications Commission (FCC) ap-
proved the use of 3.1 to 10.6 GHz and fractional bandwidths
for indoor/outdoor data communications systems, according
to certain provisions.! One of the key components for these
systems is a BPF with extremely wide passband.?*

Various approaches were attempted to cover the necessary
bandwidth, including cascading bandpass and bandstop fil-
ters.>® This was accomplished by cascading ring resonators
and short-circuit stubs, although the result is physically large.
UWSB filters have also been designed by combining BPFs and
lowpass filters (LPFs) in a single design to save space.” The
tradeoft is that such filters lack sharp bandstop attenuation.

Hybrid designs with transitions between different transmis-
sion lines, such as microstrip and coplanar waveguide (CPW),
have also been tried, although they can be difficult to fabri-
cate.®? Use of short-circuited stubs has been suggested for
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1. The layout for a two-section SIR filter (a) is shown alongside the layout for a CRLH unit cell
(b), with Lstub = 10 mm, Lc =4 mm, and Wstub =1 mm.

UWRB filters as a way to achieve high selectivity.!%!!

Multimode resonators (MMRs) also were employed in
UWRB filter designs.!*!> The approach is based on generating
multiple resonant modes (transmission poles) with the UWB
passband. To reduce filter size, a stub-loaded MMR design
technique was suggested.!>!” Tight coupling can be used at
the input and output ports of an UWB filter to generate ad-
ditional transmission poles.!82* The tradeoff in all designs is
good selectivity for small size, with selectivity sacrificed to
achieve miniaturization. For smaller filters, SIRs have been

used to design UWB circuits.?*26

WHAT’S THE LINE ON CLRH?

CLRH metamaterial transmission lines are characterized by
nonlinear phase shifts, which can be leveraged to reduce the
size of many microwave circuits, including filters.”” A CLRH
transmission line has a nonlinear, positive/negative frequen-
cy-dependent phase response, which has been employed in
a number of different compact BPF designs.?®-3% The CLRH
approach has led to a number of highly selective, while still
compact, UWB filters.34-40

Increasing the number of transmission poles through the
use of a CRLH unit cell made it possible to design an UWB
BPF with good selectivity and relatively small size. The filter
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2. The plots trace simulated S-parameters for the magnitude respons-
es of a conventional two-section SIR UWB filter.

design is performed in two steps. The first step involves the
design of a conventional, two-stage SIR BPF (Fig. 1a), and the
second step is modifying the filter by adding a CRLH unit cell
(Fig. 1b).

In the first step, the conventional two-stage SIT BPF circuit-
ry is implemented on RT/duroid 6010 circuit material from
Rogers Corp. (www.rogerscorp.com). The circuit laminate
is a ceramic/PTFE composite material with a high dielectric
constant (Dk) of 10.2 for miniaturization of transmission lines
and circuit dimensions for a given characteristic impedance.
The filter was fabricated on material with thickness, h, of 0.625
mm.

The SIR BPF was realized using two cascaded transmission
lines having different impedances, Z, and Z,, and different
electrical lengths, 8, and 6,, respectively. The characteristic
impedances of the transmission lines are Z; = 20 Q) and Z,
= 32 Q. The length, L, of each section is identical, at 3.8 mm.
The input impedance of the SIR filter, Y;, can be expressed by
means of Eq. 1 in terms of the ratio of the two impedances, k
= Z,/Z, with electrical length, 8 = 0, = 6,

Y; = (GY)[2(1+ k) (k - tan? 0)tan 0]/[(k - 2)(1 + k + k?)(tan
0)] (1)

The conventional SIR filter design achieves zero input ad-
mittance (Y; = 0) at 4.5 GHz, 7 GHz, 9.25 GHz, and 13.4 GHz.
These frequencies were selected to be at the start, center, and
stop of the UWB bandwidth. Hence, the filter structure has
corresponding resonances at 8, = 52 deg., 6, = deg., 0, = 127
deg., and 6; = 180 deg. at 4.5 GHz, 7 GHz, 9.25 GHz, and 13.4
GHz, respectively.

Computer simulations were performed on circuit models
of the two-stage SIR filter using commercial electromagnetic
(EM) simulation software. Figure 2 shows scattering (S) pa-
rameters of magnitude from those simulations. The computa-
tions reveal a bandpass response within the frequency range
from 3.1 to 10.6 GHz, but the filter also has poor attenuation
rolloff at the lower and upper cutoff frequencies. It can be seen
that the two-stage SIR filter has three transmission poles in the
passband, at 4.5, 7.0, and 9.25 GHz.
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3. This equivalent circuit represents the experimental CRLH transmis-

sion line.

The second step in the filter design involves replacing the
20-Q transmission line with a 20-Q CRLH metamaterial unit
cell (Fig. 1b). The unit cell contains a left-handed (LF) section
that is designed with two series interdigital capacitors and two
shunt stub inductors. A small section of a right-handed (RH)
microstrip transmission line with 20-Q impedance is placed
next to the LH section (Fig. 1b).

Figure 3 shows an equivalent circuit of the CRLH transmis-
sion line. The values for the optimized interdigital capacitor
and stub inductor are as shown in Fig. 1b. The CRLH trans-
mission line was designed as a balanced configuration, with
LH and RH sections having identical characteristic impedanc-
es. The characteristic impedance (Zcp;y) and the transmis-
sion phase shift (¢crpy) of this balanced CRLH transmission
line are expressed by Eqs. 2 and 3 (ref. 9):

Zepig = Zrg = (Lp/CR)%° = Zyyg = (L/CD*®  (2) depen =
Vw(CLp)® - o(CpLp)®  (3)

REALIZING DESIGN GOALS

The first design objective of the CRLH transmission-line
section is to achieve a balanced 20-Q line for all desired fre-
quency bands. A second objective was the optimization of the
LH and RH phases to satisfy the resonant conditions and cre-
ate more poles within the UWB frequency range. Essentially,
this means meeting the following conditions within the filter’s
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4. These plots show the simulated transmission magnitude and

phase coefficients of the CRLH transmission line.
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passband: at 6, = 52 deg., 6,,=90 deg.,

23.4 mm

optimization was performed when

0,=127 deg., and 6,;=180 deg. By —

cascading the CRLH transmission line

controlling the nonlinear phase shift
in the LH passband, more than three
frequencies would satisfy these phases
within the UWB passband.

To meet these design goals, the
20-Q CRLH transmission line was de-
signed such that the LH lower cutoff

20 mm

with the 30-Q transmission line in the
SIR filter circuit, with the final opti-
mized length of line segment L. being
4.2 mm.

Figure 6 shows the measured and
simulated scattering (S) parameters

for the filter. Good agreement was

frequency was 3 GHz, the RH upper (o)
cutoff frequency was 11 GHz, and

the transition point between the LH

and RH passbands is at 8 GHz. The
transition frequency was selected to

help in controlling a nonlinear slow

phase shift in the LH passband and to (b)
achieve better resonant conditions.

Following an optimization process,
the magnitude (insertion loss) and
phase of the UWB BPF were simulat-
ed with commercial EM software (Fig. 4). Due to the phase
behavior of the CRLH transmission line, it can be seen that
a phase condition of 90 deg. was satisfied twice within the
UWB passband at two resonant frequencies: 3.1 and 7.0 GHz.
A phase of -52 deg. was also repeated twice at two resonant
frequencies within the passband, at 4.5 and 9.2 GHz. A phase
of 180 deg. was repeated within the passband at 6.0 and 10.3
GHz. From these phase values, it can be claimed from the LH
phase of this CLRH transmission-line section that integrating
a conventional SIR filter circuit will increase the number of
transmission poles.

The final UWB filter was fabricated on 0.625-mm-thick RT
duroid circuit material with 50-Q microstrip feed line. Figure
5a shows the filter layout, with the fabricated filter shown in
Fig. 5b. The fabricated filter measures 23.4 x 20 mm?. Some
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6. These plots compare S-parameter magnitudes of simulated and

measured responses for the CRLH UWB SIR filter.

5. A two-dimensional layout of the UWB BPF (a)
is shown next to a photograph of the fabricated
CLRH SIR UWB filter (b).

found between the simulated and
measured insertion loss, around 0.5
to 1.0 dB within the frequency range
from 4.2 to 10.6 GHz. At lower pass-
band frequencies, however, the inser-
tion loss was only about 4 dB from 3.1
to 4.2 GHz. This is due to the difficulty
in meeting the CRLH transmission-
line impedance criteria for the six
phase requirements of the full UWB
bandwidth.

The filter design is intended to have six poles from 3.1 to
10.6 GHz, and the simulations indicate that transmission
poles can be found at resonant frequencies of 3.1, 4.5, 6.5, 9.2,
10.2, and 10.5 GHz. The measured return loss shows only five
transmission poles, but those results are slightly shifted due to
the challenges of the circuit fabrication process.

Figure 7 shows the simulated and measured group delay of
the UWB filter. The simulated results demonstrate that the fil-
ter has almost constant group delay of 0.35 ns, with maximum
variation of less than 0.1 ns within the passband. However, the
group-delay variations increase from that 0.1-ns value, from
3.1 to 4.5 GHz and from 10.0 to 10.6 GHz. The measured re-
sults reveal that the group-delay variations are 0.2 ns from 4.5
to 10.0 GHz, and increased to about 0.5 ns from 3.0 to 4.5
GHz.

The overall technique of using CLRH metamaterials and
substituting LH and RH transmission lines for conventional
microstrip transmission lines shows great promise in this
UWSB filter design. However, fabrication and manufacturing
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7. This plot traces the group delay of CRLH UWB SIR filter
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processes must be refined to gain the full benefits of the design
approach. Still, the fairly close agreement between computer
simulations and measurements reveals the potential of apply-
ing this transmission-line technique to other circuit designs
that require extremely broadband impedance matching.
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