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Abstract—In this paper, a synthesis method is presented for
Chebyshev type II band-pass filters in the microwave frequency
range. We investigate the cause of the second harmonic passband
of coupled-serial-shunted lines bandpass filters. Filters are employed
substrate suspension, wavy-edge coupling, ring resonators, defect
ground structure (DGS), and a combination of the wavy-edge coupling
and ring resonators may be used and were investigated to suppress the
harmonic pass-band. With a combination of the wavy-edge coupled-
lines and ring resonators, the harmonic pass-band of the parallel-
coupled line filter is rejected more effectively. Several filters are
fabricated and measured to demonstrate the design.

1. INTRODUCTION

Parallel-coupled lines make up the structure of a band-pass filter,
which has been widely used in various communication systems [1-6] to
reduce production costs and improve usefulness effectively. However,
its shortcoming is the second harmonic, which leads to the trend of
increasingly serious noise interference between bands faced by the
communications industry [1,5]. Undesired harmonics is a limitation
of microwave circuits, which can seriously degrade their performance
and critical in applications. The noises at both sides of the band-
pass are easy to make filter attenuation insufficient, which impacts
the system performance. An additional band-pass filter is cascaded to
improve the overall out-of-band; however, they increase the device area
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and introduce additional insertion losses. The second parasitic pass-
band of a parallel coupled-line filter only exists for transmission line
structures of quasi-TEM, such as microstrip or coplanar waveguide.
that the phase velocity of the even and odd mode propagation is not
the same.

To overcome this difficulty, many researchers have investigated
this problem [7-21]. Kuo and Lin [7] use stepped-impedance resonators
with different dimensions extended upper stop-band. Lopetegi et
al. [8] employ a continuous perturbation of the width of the coupled-
lines following a sinusoidal law to achieve multi-spurious rejection.
Electromagnetic band-gap (EBG) and defected ground structure have
been introduced as a means to achieve harmonic suppression in
microwave circuits [9]. Employing square periodic grooves improve the
harmonic suppression characteristics at the twice pass-band frequency
[10]. To achieve suppression of second harmonic, we employ the
substrate suspension, to improve the harmonic pass-band in coupled-
serial-shunted lines Chebyshev type II band-pass filters.

The motivation of this work is to explore a nonconventional
method to design wideband bandpass filters in coupled-serial-shunted
lines by using the discrete-time domain technique. To design a band-
pass filter, we first choose an ideal discrete-time filter. Based on zero
locations of the ideal digital filter, we configure the transmission-line
network consisting of parallel-coupled lines (PCLs), two-section open
circuited stubs, and serial transmission line to form a new structure
so that the transfer function of transmission-line can emulate the ideal
digital filter. Each PCL contributes a zero at z = 1 that provides a
steeper descent near the stop-band. The two-section open-circuited
shunt stub, however, contributes a pair of conjugate zeros located on
the unit circle in the z-plane. Chebyshev type II band-pass filters
are implemented in microstrip formats. The close agreement between
theoretical values and experimental results illustrates the validity of
this method. This paper is organized as follows. Section 2 briefly
describes and discusses five methods for second-harmonic suppression.
Section 3 presents the design procedures of chebyshev type II band-
pass filters. The experimental and simulated results are also presented
in Section 3. Finally, Section 4 briefly draws some conclusions.

2. METHODOLOGY

2.1. Wavy-edge Coupling

As shown in Figs. 1(a)—(b), the odd-mode phase velocity is faster
than the even-mode, and the even-mode and odd-mode per unit length
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capacitances are expressed as follows:
Ce = Cp+Cp+Che (1a)
Co =Cy+Cp+Cp,y (1b)

where (), is the parallel-plate capacitance and C; the fringing
capacitance. Cy. and Cf, are the stray capacitances of even- and
odd-mode lines, respectively.

By increasing odd-mode transmission distance, the phase
velocities of odd and even modes can be equal. As shown in Fig. 1(c),
Coy is the odd-mode per unit length capacitance. The effective
dielectric constants of odd and even modes are the same and equal
to the even mode in wavy-edge coupling microstrip line. Therefore,
the odd-mode capacitance per unit length C,,, of wavy-edge coupling
microstrip line can also be expressed

Cfow = Cow + Cfo- (2)

Fig. 2 shows the wavy-edge coupling microstrip lines and physical
dimensions. The capacitance distribution and unit length of wavy-
edge coupling microstrip line is

Cow = Xp. (3)
The relationship between unit length Az and wavy-edge depth d; is
Xy = 2d; + Ax. (4)
P P P
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Figure 1. Wavy-edge coupling microstrip line. (a) Odd mode.
(b) Capacitance distribution model in even-mode static transmission
line. (¢) Odd-mode capacitance per unit length C,,, of modified wavy-
edge coupling microstrip line.
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Figure 2. The wavy-edge coupling microstrip lines and physical
dimensions.
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Figure 3. The input and output ports of the split rings physical
dimensions. r = 1.8 mm and ¢ =d = 0.2 mm.

where the physical dimensions of wavy-edge coupling sections are
Ax = 2mm, X, = 3.14mm, and d; = 0.57 mm.

2.2. Ring Resonators

Ring resonators [11, 12] can be equivalent to a parallel resonant circuit

of the capacitor and inductor. With the resonant frequency, the input

signal with the ring structure cannot completely reach the output port.

Enhancing the coupling between feed side and ring resonators is to

couple the ring resonators with taps between input and output ports.
The resonant frequency is [22]

1

fo ok (5)
where L and C are parallel connection of the inductor and capacitor
resonator. The parallel circuit of the inductor and capacitor is
equivalent to a band-stop filter [14]; however, to achieve an effective
rejection band, fine tuning has to be implemented. Three split ring
pairs have been etched around input and output ports to attenuate
the first harmonic bands. The detailed dimensions of the structures
are shown in Fig. 3. The ring resonators and feed lines are directly
connected. From Eq. (5), the specific frequency is obtained to achieve
the second harmonic suppression.

2.3. DGS

Figure 4(a) shows the bottom side of the filter physical dimensions with
two DGSs at input and output ports. The DGS equivalent circuit is
based on a parallel resonant circuit. If the circuit is lossless, it is a L-
C parallel resonant circuit. The equivalent L-C' parallel circuit of the
DGS can be obtained because this type of electrical characteristic is
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Figure 4. (a) The bottom side of the filter physical dimensions with
DGS. w = 3.5mm, [ = 3.45mm, and g = 0.3mm. (b) The equivalent
circuit of the DGS resonator.

observed from a typical L-C parallel resonant circuit. The suppression
effect can be achieved in a specific frequency [15].

The basic equivalent circuit of the DGS resonator is shown in
Fig. 4(b). The parameters of the equivalent circuit can be used to
suppress band-pass frequency response. The two reactance values of
the equivalent L-C parallel resonant circuit are [15]

1
Xre = ol (% - w%) ) (6)

where wy is the L-C resonant angular frequency and C' the equivalent
capacitance. In the case with w = w,, the equivalent capacitance C
can be obtained as follows:

1 _ We
2w (2 - =) 270 (wf —wd)

wo

C =

(7)

where Zj is the characteristic impedance of DGS transmission line and
w, the band-pass filter resonant angular frequency.

2.4. Substrate Suspension

The intuitive method for parallel coupled-lines filters with suppression
of spurious responses using a substrate suspension can be as follows.
The structure adds a second medium layer on the original foundation
plate [20, 21]. For the substrate suspension structure shown in Fig. 5, to
eliminate second harmonic, substrate suspension makes the microstrip
phase velocities of odd and even-modes equal. The structure of
aerosol foundation plate can significantly inhibit the second harmonic
response.
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Figure 5. The configuration of substrate suspension.

3. EXPERIMENTAL RESULTS

Table 1 shows chain-scattering parameter matrices Tj; (i, j = 1, 2) of
a serial line, a two-section open-circuited shunt stub, and a PCL in the
7 domain. A serial line contributes to one zero at z = 0; a two-section
open-circuited shunt stub contributes to two zeros locating on the unit
circle; a PCL contributes to one zeros at z = 1. If the configuration
consists of K two-section open-circuited shunt stubs, L serial lines, and
M PCLs, then the matrix element 771, overanl(2) of the overall network
is expressed as follows:

Tll, overall (Z) =

2K+ L+2M ,
d;z7"
=0
[T (1429 +-2) [J=2/2(1-T2) [[ 2~ M/2(1— 1)
k=1 =1 m=1

According to Eq. (8), all d; are real and determined by the
characteristic impedance of all transmission-line components. When
the output of the cascade network is properly terminated, we obtain the
transfer function T'(z) of such a transmission-line network as follows:

K M
1 [1(1+23" 422 (1-271)
T(z) = — = ,~(MHD)/2h=1 m=1 , (9)
Tll ovorall(z) 2K+ L+2M .
’ > Azt
=0 '

where A; = dl/(l_[ll’:1 (1-T?) is a function of the characteristic
impedances of all PCL, two-section open circuited shunt stubs, and
serial transmission-line elements. To implement the filters with
transmission lines, the electrical length of each transmission-line
section is set equal to 90° at the normalizing frequency. We have
I = Xo/4, where [ represents the physical length of each transmission
line section and Ay the wavelength at the normalizing frequency.
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As an example, we assume that the central frequency of the filter is
3.5 GHz with 46 dB ripple in the stop-band. A discrete-time Chebyshev
type II band-pass filter prototype is [21]

5 )
Z bjz*J
j=0
= (10)
S aizt
i=0

where {b;, 0 < j <5} = {0.0190, —0.0169, 0.0317, —0.0317, 0.0169,

—0.0190}, and {a;, 0 <i<5} = {1.0000, 2.4063, 2.7139, 1.6204, 0.5152,
0.673}. To construct band-pass filters, we employ microstrip lines to
emulate transmission lines. The microstrip lines are assumed to be

F(z)=

Table 1. Basic transmission line elements chain-scattering parameter
matrices.

Tll TIZ
TZI TZZ
cascade line
l ) - _ Z,-Z
Zo_"— o> 7, 1 1-r?%z"  —(r-Tz')| where = Zd ZO
Za Ba z?A-1%) |-t -T2+ 77! a0
two - section shunt - open
z z h =1-77
0 0 27,D(z) +Z,C(2) Z,C(2) where C(z)=1-27, L
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B
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Figure 6. The configuration of a Chebyshev type II band-pass filter.

both lossless and dispersionless for the present consideration. Because
of the limitation caused by the available manufacturing technique, the
line width of the serial line and shunt stub is limited to 0.1 mm. In
addition, the small gap size of PCL is limited to 0.1 mm. Therefore,
the largest value of all characteristic impedances is limited to 160 ohms,
and the large range of the characteristic impedances of even- and
odd-mode is limited. There exist five zeros in F(z) which are z =
1, —0.2630 + 0.9648¢, and 0.2088 £ 0.9780¢. Under such a condition,
we may select one PCL, two two-section open-circuited stubs, as well
as series line as the basic network. The next step is to compare the
coefficients of denominators in (9) so that 7'(z) is as close to F(z) as
possible. Notice that A; in (9) is determined by the characteristic
impedance of all transmission lines. Upon using the optimization
method in the sense of minimum square error for the coefficients of
denominators on (9) and (10), the optimization algorithm [23, 24] gives
K =2 L =3, and M = 3. Fig. 6 shows the pattern of the network
used to synthesize the band-pass filter in (10). The even- and odd-
mode characteristic impedances of PCLs in Fig. 6 are (M; = 159.4
and 49.7, My = 113 and 47.4, M3 = 120.8 and 69.3) ohms. The
characteristic impedances of the serial lines are (L1 = 36.5, Ly = 76.7,
L3 = 63.3)ohms. In addition, the characteristic impedances of two
two-section open-circuited stubs are (K1(Z2) = 26, K1(Z1) = 44.6,
KQ(ZQ) = 160, KQ(Zl) = 104.7) ohms.

We measured the reflected and transmitted parameters by using
an Agilent N5230A network analyzer. Fig. 7 shows the measured
original |So1|, wavy-edge |Sa1], |S11], and ideal of the Chebyshev type I1
band-pass filters. In Fig. 7, the second harmonic band of the original
filter measured |S2;| is about —13 dB. After using wavy-edge coupling,
the filter measured |S9;| is suppressed to —25dB ([10] has measured
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—20dB with groove number of 3). The slight difference between
the theoretical values |S21| and measured results [Sa1| in the lower
frequency band is due to conductor loss, dielectric loss, as well as the
limitation of manufacturing. Fig. 8 shows the measured |S21| and |S11]
of the ring resonators. As shown in Fig. 8, the second harmonic of
measured |S91| is suppressed by the ring resonators to about —30dB
([11] is about —30dB). All prototypes filters have been fabricated
on the same substrate as mentioned previously. The photograph of
the DGS is shown in Fig. 9. Fig. 10 shows the measured |Sg;| and

-20 4
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Magnitude Response (dB)
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![== original 21|
Measured Wavy-edge [S11],
—— Measured Wavy-edge |S21| 3

ideal " -
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Figure 7. Measured |S2;| and |S11| for Chebyshev type II band-pass
filter with the wavy-edge coupling.
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Figure 8. Measured |S2;| and |S11| for Chebyshev type II band-pass
filter with the ring resonators.
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(a) (b)

Figure 9. Fabricated Chebyshev type II band-pass filter with DGS.
(a) Top view. (b) Bottom view.
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Figure 10. Measured |S2;| and |S11] for Chebyshev type II band-pass
filter with the DGS.

|S11| using the DGS. In Fig. 10, the second harmonic of the DGS is
suppressed to about —40dB ([15] is about rejection of 40dB). The
filter is built on a FR4 substrate having a thickness of 1.6 mm, relative
dielectric constant of 4.4, and loss tangent tand =0.018. The left-hand
side of the network is port 1, and the right-hand side is port 2. On both
sides, the reference impedance lines (50€2) are placed, and all finite
transmission lines have electrical length of 90° at 3.5 GHz. The total
length of the filter excluding reference lines on both sides is 71.95 mm.
In particular, the big difference in characteristic impedances will cause
a large discontinuity effect. By using mitering, the discontinuity effect
can be largely reduced. The mitering method is employed for K;(Z5)
and L the discontinuity effect. However, we compared the measured
|So1| with the ideal |Sa1|; because of the effect of discontinuities of
steps, T-junctions, and open-circuited ends of the components, the
pass-band bandwidth of measured |Sa1| (1.5 GHz) is smaller than that
of the ideal |S2;| (1.7 GHz).
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Figure 11 shows the photograph of the combination of the wavy-
edge coupling and ring resonators. The physical dimensions of
Chebyshev type II band-pass filter is shown in Fig. 11. The total length
of the filter including reference lines on both sides is 108.65 mm. Fig. 12
shows measured |S2;| of Fig. 11 which is suppressed to about —50 dB;
at least —35dB of the first spurious band is obtained. In addition,
other combinations cannot obtain a good suppression because the top
side of the planar circuit and the bottom side of the DGS will interact.
Fig. 13 shows the photograph of aerosol foundation plate. Fig. 14

Figure 11. Fabricated Chebyshev type II band-pass filter with
combination of the wavy-edge coupling and the ring resonators.
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Figure 12. Measured |S21| and |Si1| for Chebyshev type II band-
pass filter with combination of the wavy-edge coupling and the ring
resonators.

Figure 13. The photograph of the aerosol foundation plate.
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Figure 14. Measured |S2;| and |S1;1| for Chebyshev type II band-pass
filter with substrate suspension.

Table 2. The comparison of the harmonic band suppresses methods.

The harmonic Magnitude
band suppress of second References
methods harmonic band

Wavy-edge coupling —25dB —20dB [10]

Ring resonators —30dB —30dB [11]

Defected ground structures —-40dB —40dB [15]

COHl'blIlatIOIl .Of wavy-edge _50dB none

coupling and ring resonators

shows the measured |S2;| and |S11| of the substrate suspension. In
Fig. 14, the second harmonic suppression of the substrate suspension
measured |Sa1| is about —45dB. Due to loss factors of the substrate,
conductor, and two SMA connectors, the magnitude of measured Saq
over the passband is approximately —2.5dB compared to the ideal
value 0dB. The measured response sinks in the upper stop-band for
the combination of the wavy-edge coupling and ring resonators, which
is below —55dB and the substrate suspension also below —55dB.
Employing the same synthesis method shown in [23,24] and the same
substrate as mentioned previously, we obtain the Chebyshev type II
band-pass filters with four second harmonic suppression methods listed
in Table 2. Substrate suspension has second-harmonic suppression of
40-45dB. Combination of the wavy-edge coupling and ring resonators
has the best second harmonic suppression of 45-50 dB.
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4. CONCLUSION

In this study, an equal-length microstrip network was implemented
to emulate the characteristics of Chebyshev type II band-pass filters.
Five methods for second-harmonic suppression are presented. The
comparison between filter characteristics, according to the substrate
suspension, wavy-edge coupling, ring resonators, and DGS, has been
studied. Five circuits are fabricated and measured to demonstrate the
formulation and circuit synthesis. In ring resonators case, the split
rings have been etched at both sides of the 502 lines and designed to
suppress the first spurious band. Moreover, the wavy-edge coupling
technique provides more design flexibility to reject spurious passbands
in parallel-coupled line. In particular, a combination of the wavy-edge
coupling and ring resonators is employed to suppress first spurious
pass-band. The measured results of the wavy-edge coupling and ring
resonators show harmonic rejection levels more than 35 dB. As a result,
the advantages of low cost and easy fabrication have been obtained.
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