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Tunable Bandpass Filter with Varactors Based
on the CRLH-TL Metamaterial Structure

Beom Kyu Kim - Bomson Lee

Abstract

This paper presents a tunable bandpass filter based on the varactor-loaded composite right- and left-handed transmission line (CRLH-TL).
The proposed filter is composed of one CRLH-TL unit cell, which corresponds to the third-order bandpass filter. The tunable bandpass
filter is designed using only lumped-elements. The use of lumped elements saves space and lowers the fabrication cost. The size of the
proposed tunable bandpass filter is 17 mm X 5 mm, neglecting the feed lines and DC lines. All of the varactors are controlled by one DC
bias. The center frequency of the bandpass filter can be controlled by varying the value of the varactors. The tunable range of the center

frequency is from 412.5 to 670 MHz. The insertion loss is less than 3 dB, the return loss is more than 10 dB in the passband.

Key Words: CRLH, Filter, Metamaterial, Varactor Diode.

I . INTRODUCTION

There has been intense research on metamaterial (MTM)-
based transmission lines. The structure and theory of one-
dimensional (1D) composite right- and left-handed trans-
mission lines (CRLH-TLs) have been studied and analyzed
a great deal [1—4]. The conventional transmission lines, whi-
ch support transverse electromagnetic waves and follow the
right-hand rule, have been characterized by the distributed
series inductance L (given in units of H/m) and shunt ca-
pacitance C (given in units of F/m). The 1D MTM lines can
be constructed by periodically loading series capacitors and
shunt inductors on TLs [1]. These MTM lines have been
employed to build compact wideband phase shifters, filters,
and other electromagnetic devices [2]. The tunable bandpass
filter (BPF) is an essential element to extract signals in mo-
dern multimode and multiband communication systems. Tu-
nable filters are a great of interest for the design of multi-
functional wireless, cognitive radio, and satellite communica-

tion systems. Most tunable BPFs are composed of resonator
circuits with a voltage-variable capacitor as a tuning element
[5—11]. Two kinds of voltage-variable capacitors are in co-
mmon use. One type is a conventional varactor [5, 6], and
the other is a microelectromechanical system (MEMS) bri-
dge [7, 8]. The tunable BPFs using the MEMS technique
have an advantage in terms of loss. However, a very high
DC bias voltage must be applied to control the bridge hei-
ght, and MEMS-based BPFs are slow. Often, it is expensive
to fabricate the MEMS. Therefore, MEMS-based BPFs are
not ideal for commercial wireless applications. In contrast,
tunable BPFs with varactors show faster tuning speeds and
lower voltage operation. However, because of the low Q va-
ractors, insertion loss inside the passband can be larger in
tunable BPFs with the varactor. In controlling the center
frequency of the conventional tunable BPFs, the series and
parallel resonant frequencies must be controlled simultaneous-
ly. Thus, the BPFs should have two DC biases. In [9], the
center frequency of the BPF can be tuned from about 0.45
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to 0.65 GHz. Because the center frequency is controlled by
varying the upper cutoff frequency, the tuning range of the
center frequency is slightly narrow. However, the fractional
bandwidth, which has a wide range, is about 36%. The size
of the fabricated circuit is about 30 mm X 5 mm.

In this paper, despite the lossy substrate (FR4), a BPF
with a compact size and low-insertion loss is proposed. Al-
though the proposed BPF has a narrow fractional bandwid-
th, a wide tunable range of the center frequency can be ob-
tained by varying the center frequency independently. Fur-
thermore, the proposed tunable BPF has only one DC bias
to control the center frequency. The presented tunable filter
is for applications in the ISM band (400 MHz) and LTE
band (800 MHz), but may easily be modified for other app-

lications using different bands.
I. THEORY

Fig. 1 shows that the conventional CRLH-TL has a pe-
riodic structure with multiple cells. Fig. 2 shows one cell of
the conventional CRLH-TL in the form of a T-symmetric
equivalent circuit. Cz and Ly have a left-handed property
and Cr and Lz have a right-handed property. In the proto-
type design, the source and the load resistances are unity
(except for equal-ripple filters with an even N, which have
non-unity load resistance).

The source resistance of Rs can be obtained by multiply-
ing the impedances of the prototype design by Ro. If we let
primed variables denote the impedance scaled quantities, the
new filter element values are given by

L'=R]L,
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Fig. 1. Circuit model of the periodic composite right- and left-
handed transmission line.

La/2 2C, Lg/2 2C,
Ly == Cp
o O

Fig. 2. T-equivalent circuit of one cell composite right- and
left-handed transmission line (three stages).
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where L, C, and Ry are the values given in the original pro-
totype.

If w; and w, denote the lower and upper cutoft frequ-
encies of the passband, a bandpass response can be obtained
by using the following frequency substitution:

e G [0 o) 1o o
w,-w\w, o) Mo o
w,—Q
AZ 2 1
G==a %)

where A is the fractional bandwidth of the passband.
The new filter elements are determined using (2) in the
expressions for the series reactance and shunt susceptance.

Thus,
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which shows that a series inductor given in the low-pass
prototype, Ly, is transformed to the series LC circuit with
element values by

. L
L =—*,
Aw,
' A
C' =
Yol (4)

In the same manner, a shunt capacitor given in the low-
pass prototype, Cj, is transformed to the shunt LC circuit
with element values by

L = A \
a)OCk
., C
C, =—*
YAw, ©)

When the center frequency is 0.8 GHz, the values of the
inductors and capacitors (Cz = 0.202 pF, L, = 1.1 nH, Cz =
36 pF, and Lz = 196 nH) through impedance scaling and
frequency transformation are given by

_LZ, _ A

L ,Cy =
oAt oLz,




KIM and LEE: TUNABLE BANDPASS FILTER WITH VARACTORS BASED ON THE CRLH-TL METAMATERIAL STRUCTURE

R
Lg CL Lr CL 3 A Ly CL
I <
| 1 If/ \\
K=51.6 | |k=51.6{ 1 =i ;
| L
| |' \\ !
| I Mg o ,//
& 1 i TR
I 4 I
\ !
’
L

Fig. 3. Equivalent circuit using the impedance inverters of one
composite right- and left-handed transmission line cell.
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where @y is the center frequency, L; and Cy are the element
values for the low-pass prototype circuit, and Z, is the source
impedance.

Fig. 3 shows an equivalent circuit using inverters of Fig.
2. In it, lumped inductors can be used instead of impedance
inverters. The use of lumped elements saves space and lowers
the fabrication cost. By using inverters, an identical series
tuned resonator can be substituted for the parallel resonant
circuit section of the BPF. Therefore, all of the varactors are
controlled by the same voltage. The value of the K-inverter
in Fig. 3 is given by

joC (-2 =12 joL, 1 -2 ) = J = Ce
0 0 L,
K —l—a)L
S %

where, J is an admittance inverter (K = 51.6), L is the in-
ductor in the lumped-element K-inverter (L = 10.26 nH),
and @y is the angular design frequency (f = 0.8 GHz).

Il. DEsiGN oF THE CRLH TYPE TUNABLE BPF

Fig. 4(a) shows the circuit of the proposed CRLH-TL ty-
pe tunable BPF using the lumped-inverters and DC biases.
Fig. 4(b) shows the geometry of the proposed CRLH-TL
type tunable BPF. It is constructed using microstrip lines on
an FR-4 substrate (with a relative permittivity of 4.6 and a
height of 1 mm). The circuit was built with lumped-ele-
ments and varactors, resulting in a compact size. The two
inverters, a series capacitor, and a series inductor are substi-
tuted for the parallel resonant circuit at the T-equivalent cir-
cuit of one CRLH-TL cell. After the substitution, all of the
series capacitors are replaced with the varactors, and the in-
verters are replaced with lumped elements. Therefore, the
center frequency of the BPF is controlled by varactors of the
same value.

I Vo T :
+ oc it i
R=500082 R=50002 R=50008 R=50002
C=0.10F C=0.1uF
(DC block) le-L G La-2L G k-l G (DG block)
i Y ~er—| Frrr—i| 1

i
i 1 1t
J— GC=0.1uF J— C=0.1uF
(DG block) (DC block)
L L

(a)

Shorting pin
DC source
130.8%
0.8 mm
Aeed line 1.67mm
Shorting pin

I : Chip capacitor (DC Block)
M : Chip inductor
= : Chip varactor
[J : Chip resistor

(b)
Fig. 4. The proposed tunable bandpass filter. (a) Circuit and (b)
geometry.

The simulation software used in this paper is CST STU-
DIO SUITE (Computer Simulation Technology AG, Da-
rmstadt, Germany). The design frequency is 0.8 GHz. The
diameter of the via hole is 0.5 mm. The size of the BPF is
approximately 15 mm X 5 mm, neglecting the feed and DC
lines. The impedances of the feed and DC lines are 50 &
and 130.8 Q, respectively. The width of the feed line is 1.87
mm. The other dimensions are depicted in Fig. 4(b). To
provide a DC block to the shunt inductors and the feed
lines, four chip capacitors (0.1 uF) were put into the struc-
ture, as shown in Fig. 4.

Fig. 5 shows the simulated insertion loss variation graph
versus the number of stages at 0.8 GHz. The slope of the
stopband attenuation can be made steeper by increasing the
number of cells. However, the insertion loss inside the pass-
band can be larger.

Fig. 6 shows the insertion loss and return loss variation
versus the value of the resistance at 0.8 GHz. To prevent the
radio frequency (RF) signal from flowing into the DC lines,
the resistor should be much larger than 50 Q. Therefore, 5
k< chip resistors were used to give the proper DC voltage
to the chip varactors. A large resistance value reduces the
insertion loss at the expense of the total circuit size, espe-

cially when it is made as a monolithic microwave integrated
circuit. The used varactor is the SMV1265-011LF hyper-ab-
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The electromagnetic-simulated insertion loss and return loss
versus the resistance value at 0.8 GHz. (a) |Sy| and (b)
[S11.

rupt junction varactor diode from Skyworks Solution Inc. to
control the center frequency-C(Viis = 0 V) = 22.47 pF, C(Viis
=5V)=338pF, C(Viu =7V)=186pF, C(Vi.,=14
V) =1.05 pF, C(Viis =26 V) =0.73 pF, and C(Vys = 30
V) = 0.71 pF. The series resistance in the varactor is 2.4 .

Fig. 7 shows the comparison between the EM-simulated
and measured S-parameters versus the values of the chip va-
ractor. Fig. 7(a) shows the magnitude of S, and Fig. 7(b)
shows the magnitude of S11. In the measured results, the
insertion loss is slightly larger than in the EM-simulated
result. This may be because the varactors and inductors have
large series resistance. As shown in Fig. 7, the center frequ-
ency of the BPF can be tuned from about 410 to 670 MHz,
which can be increased by using the appropriate varactor mo-
del with small series resistance. When the value of the varac-
tors is 0.74 pF, the center frequency (fy), 3-dB bandwidth
(BW), and fractional bandwidth (FBW) are 670 MHz, 42.5
MHez, and 6.3%, respectively. When the value of the varac-
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Fig. 7. S-parameters of the proposed bandpass filter versus the chip
varactor values. (a) || and (b) |Su|. EM = electromag-
netic-simulated, Meas = measured.
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Table 1. Summary of center frequency (f5) and bandwidth versus
the varactor values (C)

C(EF)  f (MHz) 3-dB BW (MHz)  FBW (%)
28 4125 15 3.6
1.83 500 25 45
1.09 600 35 5.8
0.74 670 45 6.3

BW = bandwidth, FBW = fractional bandwidth.

Table 2. Comparison between the proposed filter and conventional

ones
Ref Size Insertion loss Range of tuned center
(mm?) (dB) frequency (MHz)
[9] 30 x5 3 200
[10] 30 x 8 2.8—4.6 300
[11] 63 X 43 5 500
[12] 33 x 28 4 600
This work 17 X 5 3 260

tors is 1.09 pF, the center frequency (), 3-dB BW, and
FBW are 600 MHz, 35 MHz, and 5.8%, respectively. When
the value of the varactors is 1.83 pF, the center frequency (f5),
3-dB BW, and FBW are 500 MHz, 22.5 MHz, and 4.5%,
respectively. When the value of the varactors is 2.8 pF, the
center frequency (), 3-dB BW, and FBW are 412.5 MHz,
15 MHz, and 3.6%, respectively. Based on the FBW of
about 4.5%— 6%, the center frequency is tuned from about
500 to 670 MHz. Regardless of maintaining the FBW, the
center frequency can be tuned with a range of 260 MHz wh-
en the value of the varactors is 2.8 pF. The insertion loss
and the return loss in all cases are less than 3 dB and more
than 10 dB in the passband, respectively.

Table 1 shows the summary of the center frequency, 3-dB
BW, and FBW versus the chip varactor values.

Table 2 shows the comparison between the proposed filter
and the conventional ones in terms of size, insertion loss,
and a tunable range of the center frequency.

IV. CONCLUSION

A tunable BPF based on the varactor-loaded MTM line
is proposed, and the detailed theory concerning its operation
is discussed. By using inverters, series-tuned resonators are
substituted for the parallel resonant circuit section of the
BPF. All of the varactors that are substituted for the capa-
citors are controlled by the same voltage of one DC bias. The-
refore, the center frequency of the BPF is controlled by va-
ractors of the same value. In addition, lumped elements re-
placed the inverters to save space and to lower the fabrica-
tion cost. Considering that the FBW is maintained between
4.5%— 6%, the tunable range of the center frequency is
around 170 MHz. Otherwise, the tunable range of the cen-
ter frequency is around 260 MHz. The results of the EM-

simulation and the measurements show good agreement. The
circuit size was compact (17 mm X 5 mm), since only lum-
ped elements were used to design the device. The insertion
loss of the proposed BPF is less than 3 dB, despite the high
loss of the FR4 substrate, and the return loss is more than
10 dB in the passband.

This work was supported by the National Research Foun-
dation of Korea (NRF) grant funded by the Korea government
(No. 2013015202).
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