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A Novel DGS-Based Substrate Integrated Coaxial Line Bandpass
Filter with Three Transmission Zeros
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Abstract—A novel high-selectivity bandpass filter based on a defected ground structure and substrate
integrated coaxial line is proposed. Three transmission zeros near the passband are achieved by
introducing a divergent-shaped resonator and two spindle-shaped defected ground structures, resulting
in a high selectivity. To verify the proposed structure, one prototype with a center frequency of 4.94 GHz
is designed and fabricated. The measured results show that three transmission zeros respectively located
at 3.92, 4.36, and 6.00 GHz are obtained. The 3-dB passband bandwidth is 14.2% from 4.59 to 5.29 GHz.
The upper stopband rejection is better than 20 dB from 5.71 to 11.31 GHz.

1. INTRODUCTION

Bandpass filter with high selectivity and good stopband rejection plays an important role in microwave
circuits and systems. As a general transmission line commonly used in microwave and millimeter
systems, a substrate integrated coaxial line (SICL) was proposed in [1]. SICL exhibits the same
characteristics as traditional coaxial lines. They are both shielded and non-dispersive TEM-guided
wave structures. This means that SICL also has the advantages of high @ value, low loss, small size,
and low cost, and can be realized by a simple and cheap printed circuit board (PCB) process. Recently,
several SICL bandpass filters have been presented. In [2] and [3], quarter-wavelength stepped-impedance
and spiral resonators based on SICL were used to reduce the filter size. In [4] and [5], open stubs were
adopted in stepped-impedance SICL resonators to design wide stopband SICL bandpass filters. However,
the insertion losses of these designs are larger than 2 dB, and the selectivity [3-5] needs to be enhanced.

Usually, the method of adding transmission zeros (TZs) is used to improve the selectivity of the
bandpass filter. In [6], a filtering building block consisting of a dual-mode substrate integrated waveguide
(SIW) coaxial cavity was proposed to generate one TZ, which can be placed either below or above the
passband. In [7], an SICL non-resonating node (NRN) was inserted in the SIW filter to generate two
TZs, which are respectively located at the two sides of the passband. However, the locations of the
two TZs cannot be changed flexibly. In [8], an asymmetrical spiral stub-loaded SICL resonator was
proposed to obtain multiple TZs. However, the TZs are far from the passband.

In addition, defected ground structure (DGS) can provide a band-rejection characteristic [9], which
can be used to improve the filtering performance. In [10], a cross slot DGS was adopted in SIW filters
to improve their upper stopband rejection property. In [11], H- and U-shaped DGSs were added to a
coupled microstrip filter to increase the bandwidth of the passband. In [12], a Koch fractal DGS was
used to improve the stopband performance of a low-pass filter. In [13], the common-mode suppression
of an ultra-wideband differential bandpass filter was improved by a DGS. In [14], a super-wide-band
SIW filter was realized by using a DGS. To the best of our knowledge, DGS-based SICL filter has not
been reported before.
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In this paper, a novel high-selectivity DGS-based SICL bandpass filter is proposed. Three TZs near
the passband are achieved by introducing a divergent-shaped resonator and two spindle-shaped DGSs.
Square ring slot DGSs are used to tune the position of two TZs below the passband and the bandwidth
of the passband. Besides, the proposed filter has low insertion loss.

2. FILTER DESIGN AND PARAMETRIC STUDIES

The proposed DGS-based SICL bandpass filter is illustrated in Fig. 1. The whole structure is compatible
with the standard PCB process. The upper and lower substrates are tightly attached through metal
shorting pins. The two substrates have the same thickness H = 1.0 mm, dielectric constant e, = 2.73,
and loss tangent tand = 0.003. The top copper cladding is shown in Fig. 1(b). The square ring slot
DGSs are located at the centre of the upper ground plane to tune the filtering performances. The
number of square ring slots is N = 3.
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Figure 1. Configuration of the proposed DGS-based SICL bandpass filter. (a) Exploded view. (b)
Top view. (c) Side view. (D = 1.0mm, P = 1.6mm, P; = 2.0mm, P, = 2.1mm, G = 0.25mm,
W =2.5mm).

The middle copper cladding and the lower ground plane with DGSs are shown in Fig. 2. The middle
copper cladding is arranged on the upper surface of the lower substrate, which contains a divergent-
shaped resonator and two interdigitated feeders. The divergent-shaped resonator is composed of
four identical quarter-wavelength stepped-impedance lines and two quarter-wavelength high-impedance
lines. The main mode of the divergent-shaped resonator and the shielded cavity both resonate at the
center frequency of the bandpass filter. Four tuning pins in the shielded cavity are used to tune its
resonant frequency for impedance matching in the passband. In Fig. 2(b), two spindle-shaped DGSs
are symmetrically arranged in the lower ground plane.

The design of the proposed DGS-based SICL bandpass filter is based on the evolution steps that
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Figure 2. (a) Middle copper cladding and (b) lower ground plane with DGS (Wy = 2.75mm,
W1 = 1.5mm, Wy = 0.75mm, W3 = 0.6 mm, Wy = 2.3mm, W5 = 0.2mm, W = 2mm, Wy = 3.4mm,
L; =80mm, Ly = 3.95mm, L3 = 3.2mm, Ly = 0.9mm, Ly = 5.0mm, L, = 3.6 mm, L; = 3.8 mm,
L.=3mm, G; = 0.35mm, Gy = 0.3mm, § = 43 deg).
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Figure 3. Design evolution of the proposed DGS-based SICL bandpass filter. (a) Step-1. (b) Step-2.
(c) Step-3.
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are illustrated in Fig. 3 along with its corresponding simulated S-parameters in Fig. 4. The evolution
procedure is as follows:

1) In Step-1, the lengths of the \/4 stepped-impedance lines and the A/4 high-impedance lines
for the divergent-shaped resonator are determined by choosing the appropriate widths according to
the center frequency of the bandpass filter, and the dimension of the shielded cavity is chosen about
0.85X x 0.78\.

2) Two spindle-shaped DGSs are added to the filter in Step-2. The slot length of the spindle-shaped
DGS is about A\/2. TZs are obtained, and a second-order filter is formed.

3) In Step-3, three square ring slots are etched in the upper ground plane to tune the filtering
performances, and the size of the square ring slots is determined according to the required 3-dB passband
bandwidth.

Figure 5 shows the simulation results of the proposed DGS-based SICL bandpass filter. There
are three TZs named as TZq, TZo, and TZ3. The spindle-shaped DGS controls one TZ which is TZq,
and the divergent-shaped resonator controls two TZs which are TZy; and TZs. Fig. 6 gives the effect
of the size (L,) of the spindle-shaped DGS on |S21| of the proposed DGS-based SICL bandpass filter.
It can be found that when the length L, is decreased from 3.72 to 3.48 mm (i.e., the slot length of
the spindle-shaped DGS is decreased), the TZ; moves towards the passband; the stopband rejection
between the TZ; and TZy becomes better; and the position of TZs almost is unchanged. This indicates
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Figure 4. Simulated S-parameters of the SICL filter structures corresponding to (a) Step-1, (b) Step-2,
and (c) Step-3.
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Figure 5. Simulated S-parameters of the  Figure 6. Effect of the L, on the |S9;| of the
proposed DGS-based SICL bandpass filter. proposed DGS-based SICL bandpass filter.

that TZ; is controlled by the spindle-shaped DGS.

Figure 7 shows the effect of the sizes (L; and Ls) of the divergent-shaped resonator on |Ss1| of
the proposed filter. It can be seen from Fig. 7(a) that when L; is decreased from 8.3 to 7.7mm (i.e.,
the length of the high-impedance line is decreased), the TZ3 shifts towards the passband. Under the
condition that the total length (Ls + L3 = 7.15mm) remains unchanged, the influence of Ly on the
|Sa1| is shown in Fig. 7(b). When L is reduced from 4.4 to 3.5mm (i.e., the length proportion of the
stepped-impedance line is changed), the TZy shifts to a lower frequency; the stopband rejection between
the TZ; and TZs becomes better; and the 3-dB passband bandwidth becomes wider. Fig. 7 indicates
that TZs and TZs are controlled by the divergent-shaped resonator.

Figure 8 gives the effect of the square ring slot DGS on the |Sy;| of the proposed filter. When the
number N of square ring slots is larger than 3, TZ; and TZs will disappear, but the upper stopband
suppression will become better. Thus, the number N of square ring slots is selected as 3 to retain the
TZs and obtain better upper stopband suppression. When W is increased from 2.3 to 2.7 mm, TZ; and
TZs will be merged together with a deteriorated selectivity and an expanded 3-dB passband bandwidth.
Therefore, there is a compromise between the selectivity and passband bandwidth.

Figure 9 shows the effect of the distance P; of tuning pins on the |S11| of the proposed filter. When
P is decreased from 2.3 to 1.7 mm, the two resonant frequencies of the filter move towards the center
frequency, and |S11| in the passband will become better. This indicates that the tuning pins can be
used to realize the impedance matching in the passband.
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Figure 7. Effect of the L; and Lo on the |Sa1| of the proposed DGS-based SICL bandpass filter. (a)
L. (b) Lo.
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Figure 8. Effect of the square ring slot DGS on the |Sa1| of the proposed DGS-based SICL bandpass
filter. (a) The number N of square ring slots. (b) W.

3. IMPLEMENTATION AND PERFORMANCE

The prototype of the proposed DGS-based SICL bandpass filter is fabricated and shown in Fig. 10. The
S-parameters are measured by an Agilent N5230A vector network analyzer.

Figure 11 gives the simulated and measured S-parameters of the proposed DGS-based SICL
bandpass filter. Good agreements are obtained between simulation and measurement results. The
measured insertion loss is 1.55 dB at the center frequency fy of 4.94 GHz. The measured 3-dB fractional
bandwidth (FBW) is 14.2% from 4.59 to 5.29 GHz. The upper stopband rejection is better than 20 dB
from 5.71 to 11.31 GHz. Three transmission zeros respectively located at 3.92, 4.36, and 6.00 GHz are
obtained. Table 1 shows the comparison of the proposed DGS-based SICL bandpass filter with previous
designs. Compared with [2-8], the proposed DGS-based SICL bandpass filter has more TZs near the
passband, lower insertion loss, and wider 3-dB bandwidth.
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Figure 9. Effect of the tuning pins on the |Si;| of the proposed DGS-based SICL bandpass filter.

Figure 10. Photographs of the fabricated DGS-based SICL bandpass filter. (a) Top view. (b) Bottom
view. (c¢) Intermediate structure.

~~

=2

=

N’

»

Bt

2

-]

=

[

Rt

<

=

% : : : : : .
[ —— Simulated |
O I Measured | ;|

Frequency (GHz)

Figure 11. Simulated and measured S-parameters of the proposed DGS-based SICL bandpass filter.
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Table 1. Performance comparison.

References Type fo (GHz) | FBW (%) | IL (dB) | TZs* | Size” (Ao X Ao)
2] SICL 2.39 10 2.4 2 | 0.168 x 0.088
(3] SICL 1.18 7.5 2.7 0 0.047 x 0.047
[4] SICL 2.40 5.0 2.4 0 0.132 x 0.081
[5] SICL 2.39 3.8 3.0 0 0.129 x 0.081
[6] SIW-DGS 8 5.0 1.7 1 0.22 % 0.22
7] SIW-NRN 28 3.6 2.2 2 1.53 x 0.53
8] SICL 1.04 4.8 1.65 2 0.051 x 0.044

This work | SICL-DGS 4.94 14.2 1.55 3 0.61 x 0.59

* The number of TZs near the passband. # Circuit size excluding two feeding lines.

4. CONCLUSION

In this paper, a high-selectivity DGS-based SICL bandpass filter has been presented. By introducing
a divergent-shaped resonator and two spindle-shaped DGSs, three TZs near the passband have been
achieved, which effectively enhances the filter’s frequency selectivity. The position of two TZs below
the passband and the bandwidth of the passband can be tuned by the square ring slot DGSs. The
flexible impedance matching in the passband has been realized by the tuning pins. Compared with the
existing SICL bandpass filter, the proposed filter has more TZs near the passband (higher selectivity),
lower insertion loss, and wider 3-dB bandwidth. So it can be applied to various wideband microwave
communication systems.
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