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Abstract — An alternative uniplanar low-pass filter with series
stubs is presented in this paper and its upper stopband is
extended up to five times of its cutoff frequency. The basic filter
structure primarily consists of short-circuited series stubs on slot
line and connecting lines on coplanar waveguide. Under the target
of Chebyshev function low-pass frequency responses, all the
element values involved in this filter topology is determined via
efficient synthesis design approach rather try-to-cut optimization
approach. Later on, the connecting line between adjacent stubs is
replaced by its equivalent T-shaped transmission line to suppress
the higher order harmonic bands. As design examples, two five-
pole uniplanar filters with and without harmonic-suppressed
elements embedded are designed, fabricated and measured.

Index Terms — Low pass filter, short-circuited series stub,
synthesis design, harmonic suppression.

I. INTRODUCTION

As a key building block, microwave low-pass filters have
been widely used in modern wireless communication systems.
High performance low-pass filters are always in great demand.
Extensive studies have been carried out for decades and
numerous low-pass filters based on various design topologies
have been reported in the literature [1]-[7]. A typical class of
microwave low-pass filters was constituted using open-
circuited shunt stubs and connecting lines of quarter-/half-
wavelength in [3] and [4]. Due to the frequency-distributed
property, this kind of filters suffers from relatively narrow
upper stopband. Another category of low-pass filter composed
of hairpin or C-section resonators exhibits elliptic function
response based on the original idea in [5] became quite popular
recently, because of its compact size and extended upper
stopband [6]. Since the attenuation poles cannot be located
near the passband, the rejection skirt near the cutoff was not
increased so much. A semi-lumped low-pass filter with
attractive features of compactness and sharp rolloff was then
proposed in [7], however, the lump components increase the
fabrication difficulty in practice.

An alternative class of uniplanar low-pass filters with
Chebyshev function responses is firstly proposed by using
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Fig. 1. The proposed Chebyshev low-pass filter with extended upper
stopband. Dimensions: /,=/3=16.0, ,=6.60, [, , =15 3=9.31,1,=3.72,lp=
230, l§0.1 = 223, 151.2 = 489, W1 = W3 = 034, W2 = 10, VVSl = 010, VVSQ =
0.10. All units are in mm.
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Fig. 2. Transmission-line model of the Chebyshev lowpass filter with series
stubs (n = 3) [9].

short-circuited series stubs [8] instead of open-circuited shunt
stubs in the classical low-pass filters [3] and [4]. As a dual-case
of the filters with shunt stubs in [3]-[4], its transmission line
model only has series stubs and it is utilized herein to make up
uniplanar low-pass filters on hybrid coplanar waveguide and
slot line structures without needing via hole in the formulation
of short-circuited ends. In analog to the classical filter theory in
[3]-[4], an efficient synthesis design approach is established [8].
In this paper, the low-pass filter with series short-ended stubs
is further discussed, emphasizing the performance of upper
stopband. Afterwards, a lowpass filter with extended upper
stopband is presented as shown in Fig. 1, where an equivalent
T-shaped line section with a short-circuited series stub is newly
developed and synthesized for harmonic suppression. The
overall filter layout is simulated via commercial design
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Fig. 3. Transmission line model frequency responses of low-pass filter (n = 2)
under varied cutoff electrical length 6.

software, i.e., Agilent ADS software [9], for theoretical
validation. Finally, two low-pass filters are designed and
fabricated for comparison. The measured results are found to
agree with those obtained from transmission line model and
electromagnetic simulation and show good low-pass filtering
responses up to five times (5f;) of the cutoff frequency (f.).

II. Low-PASS FILTER WITH SERIES STUBS

Fig. 2 shows the generalized transmission line model of the
proposed low-pass filter with short-circuited series stubs. It is
composed of a cascade of n series short-circuited stubs with
normalized impedance a; and electrical length 6, (6.: electrical
length at cutoff frequency f;) through (#—1) uniform connecting
lines with normalized impedance b; and electrical length 26..
Following the direct synthesis procedures in [3]-[4], the
insertion loss function P; of the above network can be obtained
as the following,

P, (sinf) 2 (1)

where P, is a polynomial of degree (2n—1). By matching the
derived insertion loss function with the targeted insertion loss
function (2) that exhibits desired Chebyshev equal-ripple
responses [4], the element values of each section can be
accordingly determined.
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Fig. 4. Normalized impedances (@, and b,) as a function of the cutoff electrical
length (6.) for a low-pass prototype with n =2 and 2= 0.1 dB.

where x = siné, x. = sinf,, T,(x) is the Chebyshev polynomial
function of the first kind of degree » and # is the specified
equal-ripple level in the concerned frequency band.

Fig. 3 plots the frequency responses of the Chebyshev low-
pass filter with n =2, h =0.1 dB, .= 30°, 45° and 60° at cutoff
frequency 3 GHz. The upper cutoff phases are entirely
determined by (180°-6,) and they are equal to 150°, 135° and
120°, respectively. Hence, the fractional bandwidth of the
upper stopband of the lowpass filter is defined as A=2 — §,/45°.
By setting the same cutoff frequency, the low-pass filter with
the smallest 6, has the largest upper stopband. However, as a
tradeoff, the roll-off at the cutoff becomes slower as shown in
Fig. 3.

The low-pass filter in Fig. 2 can be implemented on hybrid
coplanar-waveguide and slotline structures [8]. Due to
uniplanar feature of this filter, the short-circuited series stubs
can be easily realized on slot lines while the uniform
connecting lines between two adjacent stubs can be formed on
coplanar-waveguide. Now, the relationship between the
element values of a low-pass filter with » =2, which are the
normalized impedance for both two stubs a; and middle
connecting line b;, and the fractional upper stopband
bandwidth A is investigated as shown in Fig. 4. The normalized
impedance a; becomes extremely large as wider upper
stopband is required. On the other hand, the value of 5, does
not change significantly and gradually goes down from unity
(zo = 1) with the increasing A. In other words, the upper
stopband bandwidth is limited by the impedance range of the
series stub. In this case, the implementation of the stubs with
slotline will have the largest upper stopband around 122% and
137% for balanced and non-balanced topology.

To further improve the upper stopband performance, the
uniform connecting line between two adjacent stubs, even the
feeding lines can be replaced by its equivalent T-shaped
transmission lines. As a dual case of the T-shaped line with an
open-circuited shunt stub in [10], a T-shaped line with a short-
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Fig. 5. Topologies of a uniform transmission line and its equivalent T-shaped
line with a short-circuited series stub.
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Fig. 6. Simulated frequency responses of the original connecting line and the
T-shaped equivalent line.

circuited series stub is newly developed here, as shown in Fig.
5. For the original uniform transmission line with length of 6,
the ABCD matrix is

A B | cosg
C D original - jyl Sinel

The ABCD matrix of its equivalent series-type T-shaped line is

gl\/en by
C D " C D i C D stub C D i (4)

jZl sin 91 (3)
cos 6,

where
(4 B] [ cosb, jzsiné,
C DJ,. N | /y,sin€,  cos6, } (4a)
and
(4 B] :_1 jz3tan03} (4b)
¢ D, |0 1

By equaling (3) and (4) when 6, = 7/2, we have

Z
Z, =— 3
sin 26, —cot 26, cos” 6,

(5a)
and

z, cot 26,
(sin 26, —cot 26, cos’ 6, ) tan 6,

(5b)

where 6, should be less than 7/4, and 0; is determined by the
position of the harmonic frequency. Thus, for a given uniform
transmission line with an impedance of zj, its equivalent T-
shaped line with a short-circuited series stub can be
synthesized through (5). Fig. 6 plots the simulated results of
the original connecting line between two adjacent series stubs
and its T-shaped equivalent line. The impedance of the original
line is 47 Q. It is observed that the frequency response of the
equivalent line is close to the original line from DC to 6.5 GHz,
and it generates one transmission zero at 13.6 GHz. The higher
order harmonic band is therefore suppressed and the upper
stopband will be widened. Similarly, the 50Q feeding line can
also be replaced by such an equivalent line, which has similar
electrical properties in the concerned frequency band as the
original line.

III. RESULTS AND DISCUSSION

Final optimization procedure is executed via full-wave
simulator that can take all the discontinuities into account, two
prototype low-pass filters (n = 3, 2~ = 0.1 dB and 6, = 45° @
3GHz) with/without T-shaped transmission line are designed
and fabricated on a substrate with relative dielectric constant of
10.8 and thickness of 0.635 mm. Fig. 7(a) shows the
photographs of these two fabricated filters. Firstly, for the
direct synthesis designed low-pass filter, the measured
frequency responses are depicted together with the ones
obtained from transmission line model and full-wave
simulation. It can be seen from Fig. 7(b) that the three sets of
curves agree with each other very well. They all exhibit three
consistent transmission poles in the low passband less than
about 3.4 GHz and an attenuation pole with deep rejection
around 5.8 to 6.0 GHz. These results have evidently validated
the proposed transmission line model and predicted
performances of these filters implemented on hybrid structure.
Table 1 gives the detailed comparisons of the electrical
parameters among these three sets of results from the model-
based synthesis approach, full-wave simulation and microwave
measurement.

For the filter with embedded equivalent T-shaped
transmission line as shown in the right side in Fig. 7(a), its
measured frequency responses are plotted together in Fig. 7(c)
with its original one shown in left-side in Fig. 7(a). It can be
seen that the performance in the desired low passband has been
almost unchanged, while the upper stopband has been greatly
extended to 15 GHz with a suppression level below 16.7 dB.
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Fig. 7. Five-pole low-pass filters. (a) Photographs of Filter I (left) & Filter II
(right). (b) S-parameters of Filter I, theory (solid line), simulated (dotted line),
and measured (dashed line). (c) Measured S-parameters of Filter 1 (dotted
line) & Filter I (solid line).

IV. CONCLUSION

A class of uniplanar Chebyshev low-pass filters with short-
circuited series stubs and its upper stopband performance are
investigated. On a basis of a transmission line network
composed of series stubs cascading through uniform
connecting lines, this low-pass filter is efficiently synthesized
in a simple step and its prototype is then formed on hybrid
coplanar-waveguide and slotline structures. By replacing the
uniform connecting lines with equivalent T-shaped lines, the

TABLE1
COMPARISONS FOR LOW-PASS PROTOTYPE FILTER

Theory EM simulation Measurement
3 dB cut-off 3.44 3.45 334
(GHz)
Maximum in-band 0.1 0.12 0.54
insertion loss (dB)
Minimum in-band 16.43 17.72 15.51
return loss (dB)
3 dB upper cut-off 8.56 8.12 7.89

(GHz)

upper stopband has been improved. The measured results of
the fabricated filters show good agreement with the theoretical
predictions and thus provide experimental verifications.
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