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A Compact Lumped-Element Low-Pass Filter with Transmission Zeros
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Abstract

In this paper, compact lumped-element low-pass filter structure with two transmission zeros at second and third
harmonics is presented. The use of lumped-elements and transmission zeros can provide the advantages of compact
size, sharp cutoff and wide stop-band frequency response. The proposed low-pass filter is a modified Chebyshev
low-pass filter type and is implemented by the use of low temperature co-fired ceramic (LTCC) technology. This filter
has been verified by both simulation and experiment. The simulated and experimental results agree very well.
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I. Introduction

Using a low-pass filter to suppress harmonics and
spuricus is a common technique in designing wireless
comir unication systems such as the wireless local area
netwcrk (LAN) and Bluetooth applications. Therefore,
to reduce the size and improve the performance of
those applications, a compact and high perfor- mance
microwave low-pass filter is essential. Various types of
low-pass filters such as open stub low-pass filter,
stepped impedance low-pass filter were proposed.“]’m
However, due to the periodic characteristics of the
distributed transmission lines with respect to frequency,
these filters show very poor spurious response in the
stop-band. In addition, for the sharper cutoff, the order
of the: stepped impedance low-pass filter must be high.
This results in large filter size and large insertion loss.
Some research has been performed to overcome these
disad/antages. One of them is semi-lumped low-pass
filter proposed by Sheen.” This filter is composed of
a lumped capacitor and a section of transmission line.
The -arallel connection of these two elements causes
transinission zeros, which ideally mean there is no
transtnission between input and output.m Therefore, the
sharpar cutoff and lower insertion loss can be achieved.
Similarly, low-pass filter using stepped impedance
hairp'n resonator with direct-connected feed is pre-
sented by Hsieh.”! This filter also can have tran-
smission zeros due to the combination of a capacitor
and transmission line. However, both of these low-pass
filters are too large for the modem wireless com-
munication systems because of the use of distributed
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transmission line, and Hsieh's filter still shows poor
spurious response in the stop-band even though the
stepped impedance resonator is used. A low-pass filter
using defected ground structure (DGS) by Ahn is
another approach for the wider and deeper stop-band
frequency response,m but the large size of DGS section
is required to lower the cutoff frequency and
transmission zero location, and so it may limit the use
of this novel filter. More recently, a low-pass filter
using film resistor for the spurious suppression is
introduced by Lee. The function of this resistor is to
degrade the quality factor in the high frequency-band,
and thus to mitigate the spurious responses in the
stop-band. Therefore, this filter can effectively suppress
the spurious. However, the resistors also have effect on
the pass-band response and insertion loss is heavily
deteriorated.

In this paper, we propose a very small size lum-
ped-element low-pass filter, which has two transmission
zeros to suppress the second and the third harmonics.
This filter is a modified Chebyshev low-pass filter type
and the use of lumped-elements and transmission zeros
can provide the advantages of compact size, sharp
cutoff and wide stop-band frequency response. This
proposed low-pass filter has been implemented by the
use of low temperature co-fired ceramic (LTCC)
technology. The low-pass filter size presented is 2.0
mm X 1.25 mm X 0.95 mm.

Il. Low-Pass Filter Design

Fig. 1 shows the circuit of Chebyshev type five-
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Fig. 1. Chebyshev type five-element low-pass filter.

Fig. 2. Low-pass filter circuit with transmission zeros.

element low-pass filter. The reactance values in Fig. 1
can be written as follows:

C,-=(Z%)) (;C )gi i=1,3,5 (1
L= ZO( L )g, j=2,4 2)

where @. denotes the cutoff angular frequency, Zp
denotes the impedance of the in/out terminated ports,
and g or g is given by the prototype value of the
Chebyshev type low-pass filter.

In order for the circuit, shown in Fig. 1, to have
transmission zeros, L, and L4 are replaced by parallel
LC resonator circuits as shown in Fig. 2. The
inductance and capacitance values of parallel LC
resonator circuits can be extracted from the trans-
mission zero locations, which are parallel resonant
frequencies, and low-pass filter characteristics by using
following procedure.

The capacitance values of parallel LC resonator
circuits can be expressed as follows:

(1 e (1 3
a=(Tr) o (@) @
where @i and @, are the resonant angular

frequencies of the parallel LC resonators. In order to
have the low-pass filter characteristics, the circuit,

shown in Fig. 2, should be equal to the Chebyshev
low-pass filter circuit, shown in Fig. 1, at the cutoff
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frequency. Using the equation (2) and (3), the equality
is given by the following:

. Zo8 (W W,
Ea )
1 ¢ 1
w_ 284 Wy W
Ly= w; (cuc a)z) )

Therefore, the inductance and capacitance values of
parallel LC resonator circuits can be extracted by using
(3) and (4). For instance, the proposed low-pass filter
has transmission zeros at the second and third
harmonics, when @ and @» are set to be angular
frequencies of the second and third harmonics,
respectively.

. Design Example

In this section, we will show the low-pass filter with
cutoff frequency at 3 GHz and 0.01 dB ripple within
the pass-band for the 2.4~2.5 GHz wireless LAN and
Bluetooth applications as an example. Generally these
applications require a minimum 20 dB attenuation at
the 4.8 ~5.0 and 7.2~7.5 GHz frequency ranges which
are the second and third harmonics of their operating
frequency ranges, and maximum 0.5 dB insertion loss
at the pass-band.

The designed Chebyshev low-pass filter circuit with
transmis- sion zeros is shown in Fig. 3. @ and @, are
set to be angular frequencies of the second (4.8 GHz)
and third harmonics (7.2 GHz), respectively and the
extracted Ly, C,, Li and Ci using (3) and (4) are
2.11 nH, 0.521 pF, 2.86 nH and 0.171 pF.

Actual frequency response of the equivalent circuit,
shown in Fig. 3, is presented in Fig. 4. The circuit
simulation is carried out with Serenade Ver. 8.5 for
windows (Ansoft Co., Ltd.) under lossless condition.
Transmission zeros appear at the second and third
harmonics.

L=11InH L,=2.86nkt

C,=0.52ipf C=047IpF

2500

C=0.402pF C=L674pF

C=0809F

Fig. 3. Designed Chebyshev low-pass filter circuit.
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Fig. £. Frequency response.

(b)
Fig. 5. Designed Filter Structure(a) and Appearance(b).

The proposed low-pass structure and appearance are
showr in Fig. 5 It is designed and fabricated by using
multi- ayer ceramic with a relative dielectric constant
and loss tangent of 5.6 and 0.003, respectively. The
total number of layer is 9, and the designed thickness
of each layer is 120 gm, 30 gm, 30 g#m, 60 gm, 30 um,
180 rm, 30 gm and 180 um, respectively, from the
bottom to top ground.

The capacitors used are all parallel plate type and
spiral type inductors are used for the compact size. All
individual components are designed by ADS Momentum
Ver. ¢.6 (Agilent Co., Ltd.) using the Moment Method
and verified by using a circuit simulator, Serenade. Due
to the close proximity between components within
LTCC structure, the mutual coupling associated phy-
sical layout may corrupt the low-pass filter perfor-
mance. As a result, the electrical characteristics of the
complete layout including the parasitic effects should

= Measured
L. P& __Simulated

Fig. 6. Measured results and Simulated results for
comparison.

be considered using a full-wave electromagnetic simul-
ation. For this proposed low-pass filter, manual tuning
is applied to obtain a low-pass filter with some rea-
sonable performance.

The final full-wave electromagnetic simulation results
by HFSS Ver. 7.0 (Ansoft. Co., Ltd.) are compared
with the measured ones in Fig. 6. Although the overall
measured results show good agreement with the
simulated ones, minor discrepancy is observed. To
investigate the gap between the measured and simulated
results, the fabricated low-pass filter is grinded by using
polishing machine, and each layer thickness is
observed. The measured thickness of each layer is 111
pm, 285 um, 29.1 gm, 56 gm, 28 yum, 171 g m, 28.7
¢ m and 173 ;2 m, respect- ively from the bottom to top
ground. That is, each layer thickness of the fabricated
low-pass filter is thinner than that of the designed
low-pass filter, which cause each capacitance value to
be larger than the designed one. It can be estimated that
due to the fabrication error, the measured frequency
response is shifted down when compared to the sim-
ulated one. In spite of the gap between the measured
and simulated results, the proposed low-pass filter
shows the great performance. The measured pass-band
insertion loss is 0.42 dB and the attenuation at 4.8 GH
z~5.0 GHz range is 31.7 dB and at 7.2 GHz~7.5
GHz range is 46.9 dB.

V. Conclusion

A very small size lumped-element low-pass filter is
presented which has transmission zeros at the second
and third harmonics. Insertion loss is less than 0.5 dB
and minimum 30 dB harmonic suppression can be
achieved. This distinctive performance is very favorable
for a wireless LAN and Bluetooth applications.
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