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Abstract: In this paper, we develop a bandpass filter using a stub-loaded stepped impedance resonator
(SLSIR) and calculate the even and odd resonant modes of this type of resonator using the input
impedance/admittance analysis. In this study, two impedance ratios and two length ratios are
operated as the design parameters for controlling the resonant modes of the SLSIR. Several resonant
mode variation curves operating three resonant modes with different impedance ratios and two
length ratios are developed. By tuning the desired impedance ratios and length ratios of the SLSIRs,
compact ultra-wideband (UWB) bandpass filters (BPFs) can be achieved. Two examples of the UWB
BPFs are designed in this study. The first example is UWB filter with a wide stopband and the second
one is dual UWB BPF, namely, with UWB performance and a notch band. The first filter is designed
for a UWB response from 3.1 to 5.26 GHz having a stopband from 5.3 to 11 GHz, with an attenuation
level better than 18 dB. The second filter example is a dual UWB BPF with the frequency range
from 3.1 to 5 GHz and 6 to 10.1 GHz using two sets of the proposed SLSIR. The measured results
have insertion loss of less than 1 dB, and return loss greater than 10 dB. Furthermore, the coupling
structures and open stub of the SLSIR also provide several transmission zeros at the skirt of the
passbands for improving the passband selectivity.

Keywords: ultra-wideband; bandpass filter; stub-loaded; stepped impedance resonator

1. Introduction

The Federal Communication Commission (FCC) proposed ultra-wideband (UWB) to solve the
problem of data transmission. This frequency ranges from 3.1 to 10.1 GHz. Typically, the range of
operational frequency of ultra-wideband is divided into two sections: one section from 3.1 to 5 GHz,
the other is from 6 to 10.1 GHz. A notch band appears at 5 to 6 GHz in the UWB from 3.1 to 10.1 GHz
to avoid interfering with the signal of the popular wireless local area network (WLAN) [1].

A bandpass filter (BPF) is an essential part of the front end of wireless communications. Thus,
UWB BPF is increasingly popular and has been extensively developed [2-24]. In [2,3], dual-mode ring
resonators were used to obtain the UWB BPFs with controllable bandwidth adjusted by the feeding
position. In [4], a mode-excited resonator was used to develop a UWB BPF with an extremely broad
stopband. In [5], cross-shaped resonator was used for a UWB bandpass filter having a sharp skirt and
notched band. In [6,7], a UWB BPF with a wide stopband was proposed by using defected ground
structure (DGS). In [8,9], parallel coupled lines were developed to have wideband filter responses
with high selectivity. In [10], transmission lines implemented on metamaterial-inspired co-planar
waveguide (CPW) balanced cells were utilized to obtain wideband performance. Moreover, in [11],
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multiple-mode split-ring resonators in a rectangular waveguide cavity were realized to achieve a
wideband BPF design. However, most of above designs suffer from decreased design freedoms to tune
the bandwidth and band selectivity.

Recently, multiple-mode resonator (MMR) have become commonly used as basic building blocks
for wideband BPFs. Especially, stepped-impedance resonator (SIR) and stub-loaded resonator (SLR) are
two most-general MMRs. The standard SIR is symmetrical structure with non-continuous impedance
shaped like a dumbbell. SIR can adjust the harmonics by changing the length ratio and impedance ratio
to achieve multiband or wideband performance. In [12], asymmetric SIR was used to achieve a compact
UWB BPF having good band selectivity and wide stopband performance. In [13], an embedded SIR
was used to achieve wideband response with a notch band. SLR structures are typically categorized
into two types: open ended and short ended. In most SLR structures, the fundamental resonant
frequency is determined by the main resonator and the other higher frequencies can be determined
by adjusting the stub. The combination of the conventional resonator with the stub load able to have
more design freedoms. In [14-16], stub-loaded multiple-mode resonators were employed to obtain
UWB BPF with improved in-band performance. Moreover, in [17,18], stepped-impedance stub-loaded
resonator (SISLR) was presented to have more design parameters to control the wideband responses
such as bandwidth and selectivity. In [18,19], a quadruple mode ring resonator and penta-mode
resonator was presented to achieve sharp-rejection broadband BPFE. In [20-24], various types of
stub-loaded resonators such as C-shaped and E-shaped resonators, and multi-layered substrate with
two stub-loaded resonators were developed to design UWB BPF with notched bands to have high
band selectivity. In previous studies, SIR combined with an open stub load was implemented to obtain
dual- [25] and tri-band BPFs [26]. However, the analysis of the SIR combined with an open stub load
was not described in detail.

In this paper, a stub-loaded stepped impedance resonator (SLSIR) is developed, as shown in
Figure 1. The developed SLSIR was constructed from a conventional two-step SIR added with an
open circuited stub at the symmetry line of the SIR. It is well known the SIR will shift the higher
order modes far away or near the fundamental mode as the impedance ratio becomes larger than
1 or less than 1 [27]. The input impedance/admittance analysis is employed to obtain the even and
odd resonant modes of this type of resonator in detail. For controlling the resonant modes of the
SLSIR, two impedance ratios and two length ratios can be used as the design parameters. By using
the impedance/admittance analysis, several variation curves with all possible resonant modes are
obtained. Two types of compact UWB BPFs are designed by applying only the SLSIR with tuning of
the desired impedance ratios and length ratios. In the first filter example, a UWB filter with a wide
stopband filter is designed. The first odd mode and even mode constitute a UWB response from 3 to
5.1 GHz, and the other modes are shifted to far away from the passband to form a wide stopband with
an attenuation better than —18 dB from 5.9 to 12 GHz. The passband edge has three transmission zeros,
making high attenuation and isolation. In the second filter example, a dual ultra-wideband BPF is
designed. The first odd mode and even mode in the proposed resonator constitute a passband of the
ultra-wideband. Therefore, the result of the passband can be expected. The passband edge of the filter
has five transmission zeros, also providing a good attenuation and isolation. This paper is organized
as follows: The introduction section describes the background, motivation and novelty of this study.
Several design methods of the UWB BPF are reviewed; the second section analyzes the SLSIR and
develops several resonant mode variation curves of SLSIR; the third section describes the design of
UWSB filter with a wide stopband; the forth section describes the design of dual UWB filter (namely;,
a UWB with a notch band). Two filter examples were fabricated, and the measured results are found to
be in good agreement with the simulated results. In conclusion, the benefits and new discovery of this
design are made and addressed.
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2. Analysis of the SLSIR

Figure 1 shows the structure of the SLSIR which first appeared in [10]. However, the structure
is only used to design a dual-band filter. The reported design is the simulated result without
accompanying theoretical analysis.

In this paper, theoretical analysis for the structure is orderly executed by the transmission line
theory. In Figure 1a, the Z;, Z; and Zg denote the particular characteristic impedance of the stepped
impedance resonator and the open stub, and 61, 67 and 05 represent the electronic length of the stepped
impedance resonator and the open stub, respectively.
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Figure 1. (a) The structure and (b) the equivalent block of the proposed stub-loaded stepped
impedance resonator.

The structure of the SLSIR is mirror symmetry, and it has six variables to be controlled. Figure 1b
is the equivalent block of the SLSIR. The input admittance (Yj,) can be calculated by transmission line
theory as the following [28]:

1 Z1(K; —tan 0y tan 6,) + jZ (K; tan 61 + tan 6;)
Zy Z1(1—Kj tan 07 tan 03) + jZ1 (tan 01 + Kj tan 07)

Yin = (1)
_ jZle(tan 91 tan 92—K1) . _ Zz . _ ZS
where Z; = K (tan 6, +Kj tan 01 )—tan O (tan 67 tan 6,—K; )’ Ky = Zi’ ™2 T 7
Kj and K; are two defined impedance ratios, regarding to the SIR and stub, respectively.
The resonant modes of the formula are derived by setting Y;,, equal to zero, as following [29]:

(Ki —tan61tan ;) = 0 (2)

and
[2K;(Kq tan O7 + tan 0;3) + tan 65(K; —tan 61 tan 65)] = 0 (3)

It is shown Equations (2) and (3) are related to the odd- and even-mode resonances of the SLSIR,
respectively. Since there are three electronic lengths 01, 6, and 6s in the formula, two other length
ratios can be defined to gain more design freedom. The first length ratio (R;) of the SIR is defined
as Ry = 20,/2(01+0;) = 20,/01 and the second length ratio (R;) of the stub with SIR is defined as Rp
= 205/01, where O is the total length of the SIR section defined as 2(61+6,), and 6; is the length
of the stub. Thus, R; and R, can also be varied to tune the higher order resonant modes in a wide
frequency range. Thus, by setting the length ratio (R;) and the length ratio (R;) into Equations (2)
and (3), resonant modes of the proposed can be controlled by four varied parameters, (K; and K,) and
(R1 and Rz)
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Figure 2 shows the length ratio Ry with resonant electric length 01 using MATLAB at various
length ratios, R, = 0.1, 0.3, 0.5, 0.7 and 0.9. Z; is set to be equal to Z4, i.e., Ky = 1 to reduce the

plot complexity.
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Figure 2. Length ratio Ry with resonant electric length 67 using the MATLAB tool at various length
ratios, R, = 0.1, 0.3, 0.5, 0.7 and 0.9 based on (a) K; =0.25and K, =1, (b) K; =0.5and K, =1, (¢) K; =2

and Ky =1and (d) Ky =4and Ky = 1.
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As shown in Figure 2, multi-resonant modes are varied as four parameters. It is clearly found that
the length ratio R, would not affect the resonances of the odd modes since the stub is ignored under
the odd mode excitation; and the length ratio R, affects the resonances of the even mode obviously.
The fundamental odd mode shifts to lower frequency for K; < 1 (shown in Figure 2a,b) and to higher
frequency for K; > 1 (shown in Figure 2c,d), as similar to the conventional SIR. Especially, in the
condition of K; > 1, at the lowest resonant frequency the even and odd modes of the proposed SLSIR join
together, indicating different behavior from the resonant modes of the typical SIR. Therefore, by using
these resonant curves, the structure can be designed for the different filters, for example dual-band
BPF, tri-band BPF, UWB BPF and wide stopband BPF, by controlling the multi-resonant modes.

In this study, two types of UWB BPFs are designed by applying the SLSIR by tuning the desired
impedance ratios and length ratios.

3. UWB BPF with Wide Stopband

In the first example, a UWB BPF with a wide stopband filter is presented. Figure 3 shows
the structure of the designed filter. It mainly comprises a SLSIR with input/output coupled lines.
The required passband of this BPF is set from 3.1 to 5.2 GHz, where the stopband is designed from 5
to >10 GHz.

Portl Port2

Figure 3. Structure of the ultra-wideband bandpass filter with a wide stopband.
3.1. Design Procedure

For achieving the required specification, the first odd mode and even mode are selected to
constitute a UWB response from 3 to 5.2 GHz, and the other modes shall be shifted to far away from
the passband to form a wide stopband. In this study, K1 = 0.25 and K, = 1, as the mapping in Figure 2a
is used. In this design, the first even mode (f,;) and odd mode (f,;), as shown in spot A and spot B in
Figure 2a respectively, are set to form the UWB response. The desired resonant frequencies of the SLSIR
are set as: fo; = 3.1 GHz and f,; = 4.8 GHz. For a wide stopband, f,; is set to be greater than 10 GHz, as
shown in spot C in Figure 2a. Namely, the passband frequency ratios f.1/fo1 is 1.55 and f,,/f,; greater
than 3.2 is required. There would be many solutions to satisfy the required conditions, thus many
groups (R1, Ry) can be selected in various groups (K1, K»). As mapping in Figure 2a, the corresponding
length ratio R; is found to be 0.7 and length ratio R; is found to slightly more than 0.9, where the
passband frequency ratios of f,1/f,;= 1.58 and f,5/f,1 is greater than 4.64.

Both of the high impedance Z; and Zg are set to be 152 (), and thus the low impedance Z; is set to
be 38 (). According to Figure 2a, the electrical length 0, 0,, and 05 are decided as 22°, 50°, and 113°,
respectively. Thus, the structure parameters of the SLSIR are obtained as: L; = 3.35 mm, L, = 7.1 mm,
Ls =13.7 mm, W; = 3.38 mm, W5 = 0.2 mm, Wy = 0.2 mm. In order to miniaturize the filter size, the
proposed SLSIR is folded and the input coupled line and output coupled line with high impedance
are inserted into the SLSIR, as shown in Figure 3, to have an enough coupling. Therefore, the first
even modes (f,;) and odd modes (f,;) can be coupled together to form the UWB. Figure 4 displays
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the simulated results of the UWB filter with a wide stopband using a full wave electromagnetic (EM)
simulation [30]. When setting G; = 0.2 mm, G, = 0.15 mm and G3 = 0.15 mm, the simulated insertion
loss [Sp1| and return loss |S11] are around 0.56 dB and 14.9 dB respectively. Further, the 3-dB fractional
bandwidth (FBW) is about 53.0%, and the wide stopband is from 5.9 to 11 GHz with an attenuation
larger than —18 dB.

The proposed filter has the advantage of the appearance of the transmission zeros, which are
produced by the open stub (Ls) and the coupling length (L) of the I/O lines. The length of the open
stub is represented as L, and the length of the coupling surface is represented as L. The transmission
zeros of the filter generated by the Ls is expressed as [29]

A
fr = (2n—1)f04ngs(n =1,23 ) @)

The transmission zeros of the filter generated by the L, is expressed as [29]

fz = (n-1fy gc<n=1,z,3,~--> )

where f is the center frequency and A is the guided wavelength corresponding to the center frequency.
With Ls = 13.7 mm and L. = 11.9 mm, the expected transmission zeros are calculated to be 2.48 GHz
(TZ1) by using Equation (4), and the transmission zeros are determined to be 2.90 GHz (TZ;) and
5.95 GHz by (TZ3) using Equation (5). The passband edge has three transmission zeros, making a good
band selectivity, as shown in Figure 4.

0

-10
TZ1
=20

=30 -

40 |

S-Parameters (dB)

-50

-60 L L ) ) )

Frequency (GHz)

Figure 4. Simulated results of the UWB filter with a wide stopband using EM simulation. L; = 3.35 mm,
Ly, =71mm,L; =13.7 mm, L, = 11.9 mm, W = 3.38 mm, W, = 0.2 mm, W; = 0.2 mm, G; = 0.2 mm,
Gy =0.15 mm, Gz = 0.15 mm.

3.2. Measured Results

The designed filter is realized on 0.787 mm thick substrate (RT/Duroid 5880) having a dielectric
constant and a loss tangent of 2.2 and 0.0009, respectively. The filter is optimized using a full wave
EM simulation [30] and the dimension parameters are: L; = 3.35 mm, L; = 7.1 mm, Ls; = 13.7 mm,
W1 =3.38 mm, W, = 0.2 mm, Wy = 0.2 mm, G; = 0.2 mm, G, =0.15 mm, G3 = 0.15 mm.

Figure 5a shows a photograph of the fabricated BPE. The overall size of this BPF is about
10 mm X 20 mm, around 0.15 A¢ X 0.25 A, where A, is the guided wavelength at the center frequency.
Figure 5b displays the simulated and measured results of the designed UWB BPF with a wide
stopband. For the measurement, an HP 8510C network analyzer was used after first being calibrated.
The measured results have average insertion loss |Sy1| of 0.94 dB, average return loss |S11| of 16.2 dB
and 3-dB fractional bandwidth (FBW) = 52.7%. The transmission zeros appeared near the passband at
2.5 GHz (TZ,), 2.95 GHz (TZ;) and 6.1 GHz (TZ3), thus having a high isolation. The measured group
delay has a small varying range from 0.2 ns to 0.4 ns. Although the simulated results and the measured
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results have a slight mismatch in the high frequency region, this is typically caused due to the material
limitation of the substrate. The filter has a simple structure and good filter features, thus it has a good
potential to be applied in UWB applications.

(a)
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o c
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Figure 5. (a) Photograph and (b) simulated and measured results of the BPF with a wide stopband.
L1 =335mm, L, =7.1 mm, Ls = 13.7 mm, W{ = 3.38 mm, W, = 0.2 mm, W; = 0.2 mm, G; = 0.2 mm,
Gy =0.15 mm, Gz = 0.15 mm.

4. Design of Dual UWB Bandpass Filter

In the second design example, a dual ultra-wideband BPF is presented. Figure 6 shows the
configuration of the dual UWB BPF. This filter combines two UWB BPFs based on the above work
of section III. The upper SLSIR is used to form the first UWB BPF with 3.1 to 5 GHz and the lower
SLSIR is used to form the second UWB BPF with 6 to 10.2 GHz. Before combining the first UWB BPF
and the second UWB BPF, they are designed independently to match the requirements of the first
and second UWB responses. As addressed above, in the used SLSIR, the first odd mode and first
even mode constitute together a passband of the ultra-wideband. The passband edge of filter has five
transmission zeros, also providing a good attenuation and isolation. Moreover, the designed dual
UWB BPF can be seen as a UWB BPF with a notch band.
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Figure 6. Configuration of the dual UWB BPF.

4.1. Design Procedure

The first UWB response is set from 3.1 to 5 GHz with a stopband from 5.5 to >11 GHz, as in
Section 3. The designed UWB BPF with a wide stopband is optimized using the EM simulation [30]
and the dimension parameters are shown in Figure 4. The simulated results have a wide stopband
with an attenuation is larger than 20 dB from 5.9 to 12 GHz, as shown in Figure 4. Therefore, the second
UWB response can be designed in the wide stopband region of the first UWB response.

The second UWB response is thus set from 6 to 10.1 GHz. Using the same structure as shown
in Figure 4, the desired resonant frequencies of the SLSIR are set as: f,; = 6 GHz and f,; = 9.3 GHz.
Namely, the passband frequency ratio f,1/ fy; is 1.55. Similarly, there are many ways to match the
requirements. To simplify the design, the groups (Kj, K3) can be determined at the same values for the
first UWB response and the second UWB response. In this study, K; = 0.25 and K; = 1, as mapped
in Figure 2a, are used and then the corresponding length ratio R; is found to be 0.7 and length ratio
R; is found to slightly more than 0.9, where the passband frequency ratios of f,1/f,1= 1.58 and f,»/fy1
greater than 4.64. The transmission zeros are calculated to be 5.2 GHz (TZ;3) by using (3a), and the
transmission zeros are determined to be 6.1 GHz (TZ5) and 12.2 GHz (TZ;) by using (3b).

The second UWB BPF is designed and optimized using a full wave EM simulation [30] and the
dimension parameters are: L;" = 1.85 mm, L,” = 3.1 mm, Ly’ = 6.95 mm, L. = 5.92 mm, W1’ = 3.43 mm,
Wy =0.2mm, W' =02 mm, G;” = 0.2 mm, Gy” = 0.15 mm, G3” = 0.15 mm. Figure 7 displays the
simulated results which have insertion loss |Sy1| of 0.67 dB return loss |Sq1| of 13.81 dB and 3-dB
fractional bandwidth (FBW) = 53%. Three transmission zeros are also appeared near the passband to
have a high band selectivity.
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S-Parameters (dB)

Frequency (GHz)

Figure 7. Simulated results of the second UWB BPF using EM simulation. For the second UWB BPF,
Ly"=185mm, Ly,” =3.1mm, Ly’ =695 mm, L," = 5.92 mm, W1’ =3.43 mm, W, = 0.2 mm, W;" = 0.2 mm,
G1"=0.2mm, Gy" = 0.15 mm, G3" = 0.15 mm.

4.2. Measured Results

After designing the first UWB response and the second UWB response independently, they
were combined together as shown in Figure 6, and the simulated results shown in Figure 8b include
the individual response of the lower UWB shown in Figure 4 and higher UWB shown in Figure 7.
The filter is also realized on the same commercial substrate (RT/Duroid 5880). Figure 8a displays the
photograph of the fabricated BPF. The filter has length of 0.15 A, and width of 0.40 A¢, where A is the
guided wavelength at the first center frequency. The filter is fabricated and measured by an HP8510C
Network Analyzer. Figure 8b displays simulated and measured results of the UWB BPF of the first
UWSB response from 3.1 to 5 GHz and second UWB response from 6 to 10.1 GHz. The measured
results have average insertion loss |Sy1| of 1.3 dB, average return loss |S11| of 10 dB and 3-dB fractional
bandwidth (FBW) = 52.1%, for the first UWB response; and average insertion loss |Sy1| of 1.15 dB,
average return loss [S11| of 15 dB and 3-dB fractional bandwidth (FBW) = 55.7%, for the second UWB
response. The transmission zeros appeared close the passband at 2.5 GHz (TZ,), 2.95 GHz (TZ,),
5.3 GHz (TZy), 6.2 GHz (TZ3, TZ5) and 11.3 GHz (TZ;) to have a high band selectivity. The transmission
zeros (TZs, TZ5) are located at the same frequency and then overlapped. Measured group delays show
an acceptable value varying from 0.2 ns to 1 ns. The proposed dual UWB BPF also has simple structure
and good filter features, showing a good potential to be applied in UWB applications.

_Cg 9]
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n c
b °
7] ! =
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sl : . i —1
....... ’j P MML‘M - 05
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Figure 8. (a) Photograph and (b) simulated and measured results of the UWB BPF and group delay
of the first UWB response from 3.1 to 5 GHz and second UWB response from 6 to 10.1 GHz. For the
first UWB BPF, L1 =3.35 mm, [, = 7.1 mm, L; = 13.7 mm, W; = 3.38 mm, W, = 0.2 mm, W; = 0.2 mm,
G1 =0.2mm, G = 0.15 mm, G3 = 0.15 mm. For the second UWB BPF, L;" = 1.85 mm, L,” = 3.1 mm,
Ly =6.95mm, Wy’ =343 mm, Wy" =0.2mm, Wy’ =0.2mm, G;"=0.2mm, G,” =0.15mm, G3" =0.15 mm.
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Table 1 shows comparison of filter performances of the designed prototype with the previous
published works, using parallel-coupled lines [10], asymmetric SIR [12], embedded open stubs [15],
three pairs of coupled line sections with open-circuited stubs [23] and multi-layered substrate with
two stub-loaded resonators [24]. This work has more transmission zeros and thus higher band
selectivity than the conventional designs. Further, the fabricated dual-UWB BPF can be very compact.
The measured results closely match the simulated results.

Table 1. Comparison of filter performances from this work with the previous published designs.

This This
Ref. [8] Ref. [9] Ref. [12]  Ref. [15] Ref. [23] Ref. [24] Work 1 Work 2
Center frequency 4/ 4.05/
(GHz) 3.97 8 4 6.5 1 2.3 4.2 8.05
IS111 (dB) 15 10/12 15 17 15 13 165 8/12
[S»1] (dB) 0.8 1.3/24 0.5 0.5 1.0 0.35 0.94 1.3/1.1
3-dB FBW (%) 45.3 42/58 62.5 113 123 80 52.7 52/55
C(I;;“X“;;e 066x043  070x028 112x01 04x006 017x0.14 053x043 015x025  0.15%0.4
Number of
notched bands 0 1 0 1 0 2 0 1
Numbers of 5 2 3 0 1 1 3 5

transmission zeros

5. Conclusions

This paper reported a stub-loaded stepped impedance resonator (SLSIR) and analyzed the even and
odd resonant modes of this resonator using the input impedance/admittance analysis. For controlling
the resonant modes of the SLSIR, two impedance ratios and two length ratios can be used as the design
parameters. Several resonant mode variation curves were developed. Using resonant mode variation
curves, resonant modes of the SLSIR can be tuned by the desired impedance ratios and length ratios to
form different filtering types. In this paper, two types of the UWB BPFs were presented: a UWB filter
with a wide stopband and a dual UWB filter (namely, a UWB with a notch band). The first odd mode
and first even mode are selected to constitute an ultra-wideband, and the other odd mode and even
mode are moved to higher frequencies. Moreover, since the input and output ports are set into the
folded SLSIR, several transmission zeros are generated for the type of the resonator. The transmission
zeros are generated for the coupling length between the coupled line with the resonator, and generated
by the open stub. The transmission zeros are generated, improving the band selectivity of the designed
filter using the SLSIR. The slight error of the band response is generated due to the substrate error.
The simulation and measurement of the two designed cases are almost consistent, thus verifying the
proposed design concepts.
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