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ABSTRACT Stepped impedance resonator (SIR) has been widely used for applications in wide stopband

bandpass filters. However, the reported SIR wide stopband bandpass filters are limited in either stopband

performance or design complexity. Here we propose an approach to improve the stopband performance

and reduce the design complexity simultaneously. Two in-resonator open stubs are adopted in a SIR (with

tap-feeding) to stagger the frequencies of higher-order modes (compared with other SIR) and produce two

adjustable transmission zeros without affecting the fundamental properties. For a SIR filter employing such

a structure, the spurious passbands are doubly deteriorated by the staggering and up to four transmission

zeros. At the same time, the fundamental passband is not affected, which significantly reduces the design

complexity. As a result, not only wide stopband but also high-suppression stopband can be obtained in a

simple design. A prototype based on the substrate integrated coaxial line (SICL) is experimented showing

an impressive stopband performance. Agreeing with the simulation well, the measured stopband is extended

up to about 12 f0 with the suppression of 40 – 50 dB (f0 is the center frequency). The proposed technique

could be very useful to design a bandpass filter with a wide and high-suppression stopband efficiently.

INDEX TERMS Bandpass filter, open stub, substrate integrated coaxial line (SICL), stepped impedance

resonator (SIR), wide stopband.

I. INTRODUCTION

The wide and high-suppression stopband is important for

a bandpass filter in the microwave/RF circuit and system.

However, it is hard to achieve due to the inherent higher-

order modes of the microwave resonator, which introduce

undesired spurious passbands in the stopband and thus

deteriorating the stopband performance. In order to allevi-

ate this problem, many methods have been proposed in the

literature such as the capacitive compensation [1], wiggly

coupling [2]–[3], corrugated structure [4], over coupled end

stages [5], substrate suspension [6], slotted ground [7], capac-

itive load [8], PBG (photonics bandgap) [9], DGS (defected

ground structure) [10], SRR (split ring resonator) [11], SIR

The associate editor coordinating the review of this manuscript and
approving it for publication was Feng Lin.

(stepped impedance resonator) [12], etc. Most of them extend

the stopband by suppressing the spurious passband at twice

the fundamental frequency (2f0). Differently, the SIR can

realize a much wider stopband by pushing the spurious pass-

band to a much higher frequency.

One of the key features of a SIR is that its resonant

frequencies can be easily tuned by adjusting the deforma-

tion of the linewidth. In a wide stopband bandpass filter,

the SIR could at most push the frequency of the first spu-

rious passband to up to 5f0 (determined by the fabrication

limitation) [13]. Nonetheless, if further wider stopband is

required, the spurious passband of a SIR filter still needs

to be eliminated. In [13]–[15], the spurious passband of a

SIR filter is deteriorated by using dissimilar SIRs to stagger

the frequencies of the higher-order modes corresponding to

different resonators. In [16]–[17], the spurious passband of a
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FIGURE 1. Structure of a SIR with two in-resonator open stubs (the width
is 1.5 mm and 0.4 mm, respectively). W1 = 6 mm, W2 = 2 mm,
g1 = 0.5 mm, g2 = 0.15 mm.

SIR filter is suppressed by utilizing the transmission zeros

coming from the tap-feeding. However, it should be noted

that the fundamental passband is significantly affected and

recovered by introducing other techniques which complicate

the design significantly.

It is clear that a spurious passband elimination technique

without affecting the fundamental passband of a SIR filter

would be of great interest. In [18], staggering the higher-

order modes is realized by using in-resonator open stubs with

the fundamental frequency unaffected, which realizes the

spurious passband deterioration in a very simplified design.

However, the stopband can be only extended to 8.76 f0.

By cascading lowpass and bandstop filter, the spurious pass-

band could be also suppressed without affecting the passband

response in a sense [19]. However, it will inevitably increase

the circuit area and deteriorate the insertion loss. To save the

circuit area, the bandstop filter could be simplified to a single

open stub [20], which can be embedded in the transmission-

line or resonator for more compactness [21]–[24].

Besides the stopband extension, stopband suppression is

also very important. However, it is hard to achieve high-

suppression if the spurious passband is only suppressed by

a single technique as in most of the reported designs.

This paper presents a novel SIR wide stopband filter.

The spurious passband is doubly deteriorated by staggering

the high-order modes and introducing multiple transmission

zeros, which is implemented by using multiple in-resonator

open stubs without affecting the fundamental passband. As a

result, in a simple design, not only wide stopband but also

high-suppression stopband can be obtained.

II. PROPERTIES

This section investigates the properties of a SIR with two in-

resonator open stubs in order to facilitate the wide stopband

bandpass filter design in the next section.

Fig. 1 shows a SIRwith two in-resonator open stubs, which

are labeled as Type-I near the open end of the SIR and

Type-II near the tap point, respectively. For demonstration,

the designs in this section are based on microstrip with a

substrate of 0.508 mm Rogers RT/duroid 5880 (εr = 2.2,

tanδ = 0.0009). The simulated data is obtained by using

Ansoft HFSS.

FIGURE 2. Resonant frequencies of a SIR with two in-resonator open
stubs. La = 7.65 mm, Lb = 7.65 mm. l1 = 3 mm when l2 is varying.
l2 = 2 mm when l1 is varying. f0 is the fundamental frequency. f1 is the
frequency of the first higher-order mode. f2 is the frequency of
the second higher-order mode.

FIGURE 3. Equivalent structure of a SIR with two in-resonator open stubs
and that under odd mode operation and even mode operation.

A. RESONANT FREQUENCY

Fig. 2 (red icon) shows the resonant frequencies of the SIR

varying with the length of the Type-I in-resonator opens

stub (l1). Obviously, the frequency of the fundamental mode

is almost unchanged, whereas those of the higher-order

modes are manipulated by tuning l1. This property can be

explained by using an equivalent circuit model composed

of lumped inductance and capacitance as shown in [18].

However, due to the lumped elements cannot illustrate the

higher-order resonant modes, the validity of the equivalence

is based on optimization and thus it is hard to truly reveal the

principle. Here we present a principle illustration by adopting

the even/odd mode analysis.

As shown in Fig. 3, the section from the ground end to 11′

and 22′ can be equivalent to a component with admittance B.

In this situation, the odd/evenmode analysis can be adopted to

characterize it since the structure is symmetric [25]–[26]. For

the odd mode, a virtual ground can be considered along the

symmetry plane, which leads to an approximate equivalent

circuit showing in the lower left of Fig. 3. For the analysis of

140632 VOLUME 7, 2019
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FIGURE 4. Transmission zeros accompanying a SIR with two in-resonator
open stubs and tap-feeding. La = 7.65 mm, Lb = 7.65 mm. l1 = 3 mm
when l2 is varying. l2 = 2 mm when l1 is varying.

the even mode operation, a virtual open-end is regarded along

the symmetry plane, which leads to an approximate equiva-

lent circuit showing in the lower right of Fig. 3. Therefore,

it is obvious that the fundamental frequency corresponding

to the odd mode is irrelevant to the l1, while the first higher-

order mode corresponding to the even mode is dependent on

the l1.

On the other hand, Fig. 2 (blue icon) also shows the influ-

ence of the Type-II in-resonator opens stub (l2). Different

from the effect of l1, l2 has little effect on the resonant

frequencies of the SIR. That is because no additional current

path is provided at the open end as the Type-I one does.

As a result, one can use the structure showing in Fig. 1 to

stagger the frequencies of the higher-order modes corre-

sponding to different resonators in a SIR filter, and thus dete-

riorates the spurious passbands as in [13]–[15]. Moreover,

here the fundamental frequency is not affected, which sig-

nificantly simplifies the design compared with [13]–[15].

B. TRANSMISSION ZEROS

As illustrated in [16] and [27], a resonator with tap-feeding

as shown in Fig. 1 can produce transmission zeros. The

transmission zeros come from treating the left side of the SIR

from the tap point (ŴZero) as an nλ/4 (n = 1, 3, 5. . . ) stub

so that the input impedance at the tap point is virtually short-

circuited. For the structure showing in Fig. 1, the electrical

lengths (in other words, the resonant frequencies) can be

tuned by l1 of Type-I stub as illustrated above. Therefore,

the frequencies of the transmission zeros can also vary with

l1 as shown in Fig. 4 (red icon), where the Zero.I-n rep-

resents the zero corresponding to the aforementioned nλ/4

(n = 1, 3, 5. . . ) stub. In practical applications, the adjustable

Zero.I-3 and Zero.I-5 could be employed to suppress the

spurious passband.

The Type-II in-resonator open stub can provide another

adjustable transmission zero (Zero.II) to suppress the spuri-

ous passband in higher frequency and then further extend the

stopband. Here the Type-II stub simply works as a λ/4 stub to

provide a virtual ground at the tap point [21]–[24], and thus

FIGURE 5. Quality factor of a SIR with two in-resonator open stubs.
La = 7.65 mm, Lb = 7.65 mm. l1 = 3 mm when l2 is varying. l2 = 2 mm
when l1 is varying.

FIGURE 6. Inter-coupling of a classic SIR and a SIR with two in-resonator
open stubs. La = 7.4 mm, Lb = 7.9 mm. l1 = 3 mm when l2 is varying.
l2 = 2 mm when l1 is varying.

the frequency of Zero.II is directly determined by l2 as shown

in Fig. 4 (blue icon). It should be noted that the Type-II stub

is not suitable for working at relatively low frequency. That

is because, in low frequency, the stub would be too long to

be embedded in the SIR, which would significantly affect the

properties of the SIR as well.

As a result, one can also use the structure showing

in Fig. 1 to produce multiple transmission zeros to suppress

the spurious passband of a SIR filter without affecting the

fundamental passband. For a two-port filter employing such

a structure twice, the number of the transmission zeros can be

double.

C. QUALITY FACTOR AND COUPLING

Fig. 5 gives the quality factor of the SIR varying with l1 (red

icon) and l2 (blue icon). Fig. 6 shows the inter-coupling of a

VOLUME 7, 2019 140633
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FIGURE 7. Structure of the substrate integrated coaxial line (SICL).

classic SIR and a SIR with two in-resonator open stubs vary-

ing with l1 (red icon) and l2 (blue icon). As can be observed,

the deterioration of the quality factor and the change of the

coupling can be neglected. That is because the skin effect

makes the current concentrate at the edge rather than in the

area of the stubs.

Therefore, the classic filter design procedure can be still

employed to design the fundamental passband of a wide stop-

band bandpass filter implemented with the structure showing

in Fig. 1.

III. FILTER DESIGN

This section provides a guideline to design a wide stopband

bandpass filter implemented by the proposed technique.

Step-1: Design a classic SIR filter with tap-feeding.

Step-2: Place two Type-I in-resonator open stubs in the

two tap-feeding resonators. The two stubs produce two trans-

mission zeros (Zero.I-3 and Zero.I-5, respectively) to sup-

press the two leading spurious passbands in the stopband.

At the same time, the frequency staggering of the higher-order

modes is also achieved, which deteriorates the remaining

spurious passbands to be little spurs.

Step-3: Set up two Type-II in-resonator open stubs in

the two tap-feeding resonators. Another two transmission

zeros (Zero.II) are generated to suppress the remaining spurs,

which further extends the stopband.

It should be mentioned that the fundamental passband

response is almost not affected during the whole procedure.

A wide stopband bandpass filter is obtained after a necessary

fine-tuning.

IV. EXPERIMENT

This section provides an experiment to verify the proposed

technique. In order to get better performance, the sub-

strate integrated coaxial line (SICL) is introduced here as

well [28], which is quite suitable for high-performance wide-

band applications [29]–[32]. The structure of the SICL is

shown in Fig. 7, which is composed of the conductor line,

top cover, ground, and plated via array. The conductor line is

used to fabricate the proposed filter. The rest of the structure

forms a SIW (substrate integrated waveguide) likeness cavity

functioning as a shielding box in this paper, so that lesser

FIGURE 8. Structure and photograph of the prototype filter.

FIGURE 9. Results of the prototype filter.

radiation, lower interference, better insertion loss and elec-

tromagnetic compatibility can be obtained. In conventional

designs, the shielding box is made of an additional metal

box, which can be avoided here since all the components

are fabricated in PCB (printed circuit board). Notably, here

the SIW likeness cavity doesn’t work as a SIW, because

SIW is a dispersive transmission structure which is entirely

unsuitable for an ultra-wideband application such as the pro-

posed filter [33]. As a nondispersive transmission structure,

SICL is very suitable to form the proposed filter and the

shielding box without introducing spurious frequency in a

wideband. In this paper, the SICL is fabricated by using two-

layer Taconic TLY-5 (εr = 2.2, tanδ = 0.0009) substrate

with a total thickness of 0.508 mm which is bonded by the

Taconic TPG-30 (εr = 3, tanδ = 0.0038) with a thickness

of 0.12 mm.

According to the design guideline illustrated above, first

of all, a classic SIR bandpass filter based on the SICL with

tap-feeding is designed (f0 = 2.4 GHz, 3-dB bandwidth =

100 MHz) [30], [34]. Then four in-resonator open stubs are

employed to deteriorate and suppress the spurious passband.

Fig. 8 shows the final structure and dimension. The circuit

size (excluding the tap lines) is about 0.129 λ0 ×0.081λ0 (λ0
is the free space wavelength at f0).

The prototype is measured by the Agilent N5245A Net-

work Analyzer (10 MHz to 50 GHz) and Anritsu Test Fixture

3680V (DC to 60 GHz). The results are shown in Fig. 9.

140634 VOLUME 7, 2019
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TABLE 1. Comparison with State-of-the-Art.

The measured stopband is extended up to about 12 f0 with the

suppression of 40 – 50 dB. A comparison with the state of the

art is given in Table I. It can be observed that the proposed

filter shows the best stopband extension and suppression.

Notably, the best stopband suppression is realized by using

the smallest order (traditional design usually makes use of

a higher-order filter to achieve better stopband suppression).

It should be noted again that the fundamental passband is

almost not affected by the proposed technique, which would

significantly simplify the design of a wide stopband bandpass

filter.

V. CONCLUSION

A novel method to realize wide and high-suppression stop-

band bandpass SIR filter in a simple design is presented in

this paper by introducing multiple in-resonator open stubs

which can not only stagger the frequencies of the higher-order

modes but also produce multiple adjustable transmission

zeros without affecting the fundamental frequency. An exper-

iment based on SICL showing an impressive stopband per-

formance verifies the proposed technique well. It should

become a competitive candidate for the development of

RF/microwave circuits and systems.
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