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ABSTRACT In this paper, a novel microstrip filter is proposed, which can realize a third-order quasi-
elliptic bandpass response. In order to reveal the physical mechanism of the microstrip filter, a lumped-
element equivalent circuit is set up and the equivalence relations between its circuit elements and the
electrical parameters of the microstrip filter are presented. According to filter specifications, the initial
structural parameters of the microstrip filter can be easily calculated through these equivalence relations. As
demonstration, an actual microstrip filter was designed, fabricated and measured, whose center frequency
is at 2.50 GHz and fractional bandwidth is 36%. There are two transmission zeros near to the passband to
improve the frequency selectivity, which makes the roll-off rate at each side of the passband as high as 125
and 50 dB/GHz, respectively. The out-of-band suppression from 3.6 to 6.1 GHz is greater than 40 dB. The
size of the fabricated filter is 0.21Ag x 0.18Ag, which is very compact.

INDEX TERMS Elliptic filter, frequency selectivity, lumped-element equivalent circuit, microstrip filter,

roll-off rate, transmission zero.

I. INTRODUCTION

Up to now, various wireless applications have arisen. Effi-
cient spectrum allocation is urgently required because spec-
trum resource is limited. As an important component in
communication or radar systems, filter is used to let sig-
nal pass and suppress unwanted noise [1], [2]. At present,
there are several types of magnitude response filters. For
example, maximally-flat filters that have all their reflection
zeros at the same frequency are featured by maximally-flat
response. Chebyshev filters are characterized by equal ripple
in passbands and their transmission zeros can be placed at
finite frequencies. Elliptic filters have equal ripple in both
passbands and stopbands.

In different frequency ranges, filters also have different
realization forms. In low frequency range, lumped-element
filters are usually used. Meanwhile, transmission-lines fil-
ters such as waveguide, coplanar waveguide and microstrip
ones are widely applied in RF/microwave or even higher
frequency range. For example, [3] discusses the design of
hybrid folded rectangular waveguide filters with multi-
ple transmission zeros below the passband. [4] proposes
triple-mode ceramic cavity filters using the parallel-coupled
resonators. Reference [5] presents a fifth-order bandpass

filter based on substrate integrated waveguide with transi-
tion to grounded coplanar waveguide. In [6], bandpass filters
using end-connected conductor-backed coplanar waveguide
are proposed, which have controllable transmission zeros.
Reference [7] presents some multilayer interdigital filters
fabricated by low-temperature co-fired ceramic technology,
which realize general Chebysheyv filtering functions.
Compared with other transmission-line filters, microstrip
filters have some advantages such as easy integration, low
cost, and so on, and thus have received much attention.
Until now, varieties of microstrip filters have been proposed,
each of which has advantages and disadvantages and can be
applied in different situation. For example, the most classic
one is coupled-line microstrip bandpass filter which consists
of a series of parallel-coupled two-line sections [8]. Interdig-
ital bandpass filter consists of an array of some microstrip
coupled-line sections, each of which is short-circuited at
one end and open-circuited at the other end with alternative
orientation [9]. Recently, [10] introduces a ultra-wideband
bandpass filter in which three resonant modes are con-
tributed by the multiple-mode resonator and four resonant
modes come from a pair of electromagnetic bandgap loaded
parallel-coupled lines. Reference [11] proposes a wideband
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bandpass filter with composite series and shunt resonators,
which creates transmission zeros on both sides of the pass-
band. Reference [12] presents some bandpass filters based
on the concept of transmission zero resonator pair, i.e., a
pair of resonators with different resonant frequencies. Other
microstrip filters can be found out in [4], [13]-[16]. Until
now, researchers are still exploring new filter topologies with
better performance.

In this paper, a novel microstrip filter is proposed, which
is derived from a lumped-element bandpass filter. Appro-
priate microstrip counterparts are used to realize the cor-
responding lumped elements, and the equivalence relations
between them are also presented. Thus, it’s easy to understand
how the desired resonances are created and coupled, and
then filter design process can be greatly facilitated. The pro-
posed microstrip filter can realize a third-order quasi-elliptic
bandpass response with two transmission zeros near to the
passband. In order to demonstrate it, an actual microstrip
filter was designed, fabricated and measured. It’s featured
by good frequency selectivity and out-of-band performance.
The whole paper is organized as follows: Section II presents
a modified third-order lumped-element elliptic bandpass fil-
ter, in which two impedance inverters are introduced; In
Section III, a novel microstrip filter with third-order quasi-
elliptic bandpass response is proposed; An actual microstrip
filter example is designed in Section I'V; Section V discusses
the experimental results; Finally, some conclusions are drawn
in Section VI.

Il. THIRD-ORDER LUMPED-ELEMENT ELLIPTIC
BANDPASS FILTER

As one kind of transmission-line filters, the design of
microstrip filters is not easy because of their distributed-
element effect. In other words, the network parameters or the
field components of microstrip filters usually contain compli-
cated expressions that are not easily manipulated. In practice,
it’s an effective approach to apply lumped-element equivalent
circuits to represent microstrip filters so that their physi-
cal mechanism can be revealed and then design process is
facilitated. This paper begins with a lumped-element lowpass
prototype in Fig. 1, which corresponds to a lowpass response
with one transmission zero at finite frequency. Through the
well-known lowpass to bandpass frequency transformation,
the lumped-element bandpass filter in Fig. 2 is obtained [1].
For example, the inductors in the lowpass prototype are trans-
formed into the series resonators, i.e.,

L= g T (1)
Wawo Rgwogk

where wy is the center frequency, W is the factional band-
width and Ry is the source/load resistors. The capacitors are
transformed into the parallel resonators, i.e.,

L. — XW &
kp = w8k ’ = ReawoW
The lumped-element bandpass filter in Fig. 2 can realize a
third-order elliptic bandpass response. It has two transmission

(1b)
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FIGURE 1. Lowpass prototype of third-order elliptic bandpass response.
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FIGURE 2. Lumped-element bandpass filter to realize a third-order
elliptic bandpass response.

zeros, each of which is at different side of the passband.
Obviously, it is featured by good frequency selectivity.

In order to realize it through microstrip counterparts,
the filter prototype in Fig. 2 is modified. Firstly, the parallel
branch is transformed, as shown in Fig. 3. In order to deter-
mine the element values of the transformed parallel branch,
we can compare the input impedances of both circuits. For
example, the input impedance of the left circuit is

1 1
Zipy = sky + — +

— (2a)
sC  sC3 + i
The input impedance of the right circuit is
1
Zinp = sLy + (2b)
" $2C1y + —T———1—
260 T s2C o

Ly
Note that the right-handed one in Fig. 3 has five element

parameters and the left-handed one has only four. In other
words, there is one degree of freedom for the right-handed

Cin—= —Cn

FIGURE 3. Transformation of the parallel branch.
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one. Then, it’s defined as Dc=C;;/-Cyy. In practice, it’s
flexible to adjust them so that their microstrip counterparts
can meet the requirement of fabrication precision. By com-
paring these two input impedances, the element values of
the right-handed circuit are determined from those of the
left-handed one.

Ly =1, (3a)
Ly = -G (3b)
YT e - 67

Cy + Dc

Cv=—F1— (3¢)
Cy — Dc

Coy = 7 (3d)

(C2 — Dc) [C3 + C3Dc + C5 (Dc — C3)]
Ciy =— > (3e)
8C2

In order to realize the one in Fig. 2 through microstrip,
it’s likely to find out appropriate microstrip counterpart for
each part, and then connect them according to the schematic
in Fig. 2. In reality, some parts of Fig.2 could not be realized
directly. Then, it’s modified as the one in Fig. 4, in which two
impedance inverters are inserted. Obviously, the magnitude
responses of both lumped-element bandpass filters are the
same.

- le Clv C]v le -
_va\_| I__rwv\_
Lz'
R
K C.ZJ— L, J-cu K| IR
¥ Ci= —Cun

C22'

T T°

FIGURE 4. Modified lumped-element bandpass filter.

Apart from the relations described by the equations
(3a)-(3e), the other element values of the modified filter
in Fig. 4 are easily determined by the ones in Fig. 2. For
example,

Ry R = K? (4a)
Ly =L (4b)
Cr = C (4c)

lll. MICROSTRP FILTER WITH THIRD-ORDER ELLIPTIC
BNADPASS RESPONSE

it’s necessary to find out some appropriate microstrip coun-
terparts to realize the corresponding elements of the former.
In the following, some microstrip structures are discussed,
and their lumped-element equivalent circuits and the equiva-
lence relations are presented.

A. EQUIVALENT CIRCUIT OF MICROSTRIP
PARALLEL-COUPLED TWO-LINE SECTION

Parallel-coupled two-line section in Fig. 5 is widely used in
the construction of microstrip filters, where Z. and Z, are
the even- and odd-mode characteristic impedances respec-
tively, and 6 is the electrical length. It can be described
the following [ABCD] matrix, (5), as shown at the bottom
of this page. However, it’s not easy to directly manipulate
it. Then, a lumped-element equivalent circuit in Fig. 5 is
introduced to represent it, which is obtained from the one
in [17]-[19] by omitting one resonance. The equivalence
relations to describe the relationship between the electric
parameters of the microstrip parallel-coupled two-line section
and the element values of the equivalent circuit are

L= L (Ze + Zo) (63)
8wy
8
C= —n—— (6b)
Two (Ze + Zo)
Z, —Z,
== (6¢)
2sinf

where wg = 1/+/LC is the resonant angular frequency.
Here, a microstrip parallel-coupled two-line section is used
to realize the impedance inverter K, the inductor Ly and the
capacitor Cy’ in Fig. 4.

C L
) o—o] _| |_rvm_°
Z,7Z,0 < ) K
I

FIGURE 5. Parallel-coupled two-line section and its lumped-element
equivalent circuit used in this paper.

B. MICROSTRIP REALIZATION OF THE PARALLEL BRANCH
As is well known, a short high-impedance microstrip line
section is equivalent to an inductor, as shown in Fig. 6.
If the impedance is chosen firstly, the electric length can be
determined by the following equivalence relation.

In the previous section, a modified lumped-element filter is 05 — 2 arct woL )
presented in Fig. 4. In order to realize it through microstrip, H = <arctan 27n
5420050 gy ((Ze — Z0)* — (Ze + Z,)* cos? 6)
[ABCD] = | %5 . e %o 747 5
77, sin 0 7—7 Cos 0
VOLUME 6, 2018 63377
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FIGURE 6. Short high-impedance microstrip line section equivalent to an
inductor.

where L is the inductor value. Zy and 6y are the impedance
and electric length of the microstrip line section respectively.
wp is the angular frequency where approximation is made.
Here, it’s set at the center frequency.

In addition, a short low-impedance open-circuited
microstrip stub could be considered as a capacitor, as shown
in Fig. 7. If the impedance of the microstrip stub is chosen
firstly, its electric length is determined by the following
equivalence relation.

01, = arctan (woCZy) (8)

where C is the capacitor value. Z, and 6y, are the impedance
and electric length of the microstrip stub respectively.

Z,.,6L

— <

FIGURE 7. Short open-circuited low-impedance microstrip stub
equivalent to an capacitor.

After understanding the equivalent circuits of these basic
microstrip structures, we can construct one to realize the
parallel branch in Fig. 4, i.e., the right-handed circuit in
Fig. 3. It is shown in Fig. 8. For example, the microstrip line
section with the impedance Zp; and the electric length 6y
is used to realize the inductor Ly, and the microstrip line
section with the impedance Zp» and the electric length 6>
is used to realize the inductor Ly the right-handed circuit
in Fig. 3, respectively. On the other hand, the open-circuited
microstrip stub with the impedance Z; 1 and the electric length
61 is used to realize the capacitor Cyy/, the open-circuited
microstrip stub with the impedance Zj, and the electric
length 6y 5 realizes the capacitor Cyy/, the right-handed circuit

iZHl,GHI

ZLl ’eLl

Z120,Z12e,912

ZL2,9L2

FIGURE 8. Microstrip realization of the parallel branch in Fig. 4.
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in Fig. 3, respectively. Finally, the coupling between the two
microstrip stubs realizes the capacitor Cjy .

C. SCHEMATIC OF MICROSTRIP FILTER

After the lumped elements of the lumped-element fil-
ter in Fig. 4 is realized through the corresponding
microstrip counterparts mentioned in the previous subsec-
tions, a microstrip filter is obtained, as shown in Fig. 9.

Ws
Port Port
| sl o

FIGURE 9. Microstrip filter proposed in this paper.

IV. MICROSTRIP FILTER DESIGN EXAMPLE

In the previous sections, how to construct the proposed
microstrip filter is discussed in detail. At the same time,
the physical mechanism of the proposed microstrip filter
is also revealed, which is beneficial to its design. The
design procedure of the proposed microstrip filter includes
three steps: firstly, the lumped-element equivalent circuit
in Fig. 4 should be synthesized according to filter specifi-
cations; secondly, the electrical parameters of the microstrip
filter in Fig. 9 are calculated through the equivalence rela-
tions; finally, structural parameters are calculated and then
act as initial values for next-step optimization. To slightly
adjust the structural parameters in the vicinity of these cal-
culated ones makes filter performance meet requirement. For
convenience, it’s called the distributed- to lumped-element
equivalence (DLEE) method here.

For demonstration, a microstrip filter example is designed.
For instance, it’s used to realize an elliptic bandpass response
with center frequency at 2.50 GHz and fractional bandwidth
of 36%. The in-band return loss is set greater than 20 dB.
One transmission zero is at 1.56 GHz and the other one
at 4.04 GHz, respectively. The ideal response is shown in
Fig. 10. Both source and load impedances are set as 50
Q. In the first step of the DLEE, conventional synthesis
technique is used. According to filter specifications, the
lowpass prototype in Fig. 1 should be synthesized where
21=0.7604, g,=0.1409, 23=0.9456 and g4=0.7604. The
lowpass response is shown in Fig. 11.

In practice, all structural parameters should meet the
requirement of fabrication precision. As required by the fab-
rication technique we currently use, minimum line width and
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S-parameters (dB)

Frequency (GHz)

FIGURE 10. Ideal third-order elliptic bandpass response.

S-parameters (dB)

-8 -6 -4 -2 0 2 4 6 8

Normalized frequency

FIGURE 11. Lowpass response.

gap should not be less than 0.12 mm. For the microstrip filter
in this paper, Rg and Dc should be set reasonably to make
the structural parameters meet requirement. For example,
Rg=36.98 Q, and thus a set of the structural parameters
satisfying our fabrication precision are determined for the
parallel-coupled two-line sections. Similarly, C;y starts to be
greater than 0 pF when Dc=-0.27 pF.

If R, is set as 36.98 2, the element values in Fig. 2 are cal-
culated through the equations (1a) to (1b), i.e., L1=4.9722 nH,
C; = 0.8086 pF, L, = 0.9213 nH, C; = 4.3639 pF,
Lz = 0.8892 nH and C, = 4.5214 pF, respectively.

If Dc is set as —0.27 pF, the element values in Fig. 4 can be
determined by using the equations (3a) to (4c). For example,
R=50Q,K =43 Q, Ly = 49722 nH, C; = 0.8086 pF,
Ly = 09213 nH, Ly = 3.1544 nH, C;;y = 1.0235 pF,
Coy = 1.1585 pF and C;»» = 0.0939 pF, respectively.

In the second step, the electrical parameters of the
microstrip filter are calculated through the equivalence
relations (6)-(8). For example, the odd- and even-mode
impedances of the coupled-line two-line sections are
Z,=56.8431 Q and Z.=142.8413 Q2 respectively, and their
electric lengths are m/2 at the center frequency. If the
impedance Zyj is chosen as 65 2, the electric length
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Ou1=12.7547°. If the impedance Zy» is chosen as 110 €2, the
electric length 651 =25.4837°. If the impedance Z 1 is chosen
as 45 , the electric length 6,1 =35.9936°. If the impedance
Z1, is chosen as 45 2, the electric length 61 ,=39.4264°.

In the third step, the structural parameters of the microstrip
filter can be calculated through these obtained electric
parameters if an actual substrate is chosen. For example,
Rogers RT/duroid 4350 substrate with a relative permittiv-
ity of 3.66 and a dielectric height of 0.508 mm is used in
this paper. The initially simulated results of the microstrip
filter with the calculated structural parameters are depicted
in Fig. 12. The responses are close to the ideal ones in Fig. 10.
For example, the passband almost covers the desired fre-
quency range. Two transmission zeros near to the passband
are clearly observed. Unfortunately, the in-band return loss
does not meet requirement.

S-parameters (dB)

Frequency (GHz)

FIGURE 12. Initially simulated results of the microstrip filter with
calculated structural parameters.

The analytical modeling focuses on revealing the main
physical mechanism of the microstrip filter, and thus it’s
unlikely to include all actual factors. In order to offset some
minor discontinuity effect such as loss, bend, open end and
junction that are not considered in the analytical modeling,
full-wave simulation should be applied to optimize the perfor-
mance of the actual microstrip filter. Then, these calculated
structural parameters are taken as initial values. By adjusting
these structural parameters in the vicinity of the calculated
ones, a set of the structural parameters with optimized per-
formance are obtained, i.e., [ = 1.80 mm, /,=4.36 mm,
[3=3.41 mm, [4=3.81 mm, [5=4.20 mm, [(=3.76 mm,
[7=3.21 mm, lg=4.26 mm, ly=12.00 mm, /;(=6.00 mm,
[11=1.54 mm, w;=0.78 mm, wy=1.36 mm, w3=0.20 mm,
w4=1.26 mm, ws=0.20 mm, wg=0.69 mm, s1=0.22 mm,
and 5=0.20 mm, respectively.

In Fig. 13, the simulated responses of the microstrip filter
with the optimized structural parameters are shown. Com-
pared with the initially simulated responses in Fig. 12, the fil-
ter performance is improved to meet filter specifications.

Understanding physical mechanism of the microstrip filter
is very important to controlling its performance. For example,
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FIGURE 13. Simulated responses of the microstrip filter with optimized
structural parameters.
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FIGURE 14. Bandwidth adjustment.

Fig. 14 illustrates how to adjust its bandwidth through chang-
ing some key structural parameters meanwhile the center fre-
quencies are almost kept unchanged. It clearly demonstrates
that the performance of the proposed microstrip filter is very
flexible.

V. MEASUREMENT AND DISCUSSION

In order to verify the previous analysis, an actual microstrip
filter was fabricated and measured. The photo of the fabri-
cated filter is shown in Fig. 15. It’s very compact and the size
isonly 0.21A¢ x0.181 where A, is the waveguide wavelength
at the center frequency. Both simulated and measured results
are presented in Fig. 16, which coincide well. The measured
passband can cover the desired frequency range. The insertion
loss at the center frequency is only 0.59 dB, which includes
the loss of a pair of SMA connectors. The in-band return loss
is greater than 15 dB. There is a transmission zero at the
left side of the passband so that the roll-off rate is as high
as 125 dB/GHz. Simultaneously, there is another transmis-
sion zero at the right side of the passband, which obtains
50 dB/GHz roll-off rate. Undoubtedly, these two transmis-
sion zeros near to the passband greatly improve frequency
selectivity. In addition, the filter is also featured by good
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FIGURE 15. Photo of the fabricated microstrip filter.
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FIGURE 16. Simulated and measured results of the microstrip filter with
optimized structural parameters.

TABLE 1. Performance comparison between the proposed filter and
several other third-order bandpass filters.

Upper .
fi FBW RL 1L Size

G R I I R S )
[13] 500 140 50 1.1 - 14.0 0.45x0.48
[14] 270 167 210 06 096 12.0 0.19x0.08
[15] 350 160 100 1.9 - 10.0 0.25%0.38
[16] 467 380 100 07 026 12.8 0.73x0.73
[4] 184 41 210 04 016 9.0 0.57x0.57
[20] 200 100 170 17 - 31.0 0.79%0.06
This  »s50 360 150 06 1 42,0 0.21x0.18
work

FBW: fractional bandwidth. RL: return loss. IL: insertion loss. RSB:
relative stopband bandwidth described by Af/fo where Af'is the stopband
bandwidth. Note that some data of some filters in other literatures are
estimated because they are not directly described.

out-of-band performance. More than 40 dB suppression is
achieved from 3.6 to 6.1 GHz. The simulated and measured
in-band group delays are also shown in Fig. 16. The variation
of the measured in-band group delay is less than 1 ns.

In order to clearly demonstrate the advantages of the pro-
posed microstrip filter, its performance is compared with that
of other third-order bandpass filters in some literatures. The
results are listed in Table 1. Obviously, the proposed one
is featured by good out-of-band performance and compact
size.
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VI. CONCLUSION

In this paper, a novel microstrip filter is proposed in this
paper, which realizes a third-order quasi-elliptic bandpass
response. With the aid of lumped-element equivalent circuit,
how the resonances are created and coupled is described
clearly. Understanding its physical mechanism greatly facili-
tate design process. Especially, the equivalence relations are
presented. Thus, it’s very easy to calculate the initial struc-
tural parameters of the microstrip filter according to filter
specifications. As the measured results show, the proposed
microstrip filter is featured by good frequency selectivity and
out-of-band performance. The idea in this paper also applies
to other transmission-line filters.
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