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Abstract

:

In this letter, a postwall-slotline stepped impedance resonator (PWS-SIR) is proposed and applied to a bandpass filter (BPF) with a wide stopband. The proposed PWS-SIR-BPF comprises three U-shaped PWS-SIRs and two microstrip-slot feeding transitions. A PWS has a much lower impendence which a conventional slotline (CSL) cannot reach, so a much smaller impendence ratio of the PWS-SIR can be achieved. Consequently, a wider stopband simultaneously can be realized for the proposed filter. The designed PWS-SIR-BPF, as well as a CSL-BPF, have been fabricated, measured, and compared to verify the features of the PWS-SIR. The measured results are consistent with the simulation ones. The PWS-SIR is 7.3 mm (0.22λ0) long, 67% of 11.1 mm (0.34λ0) of the CSL resonator. The first spurious resonance frequency of the PWS-SIR-BPF is extended from 9.8 GHz (2f0) to 23 GHz (4.7f0).
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1. Introduction


A slotline is often used in a filter as either a coupling component or resonator. As resonators, a slotline bandpass filter (BPF) has been widely applied in modern wireless communication systems [1,2,3,4,5,6,7,8,9]. Due to high-order resonant modes, a simple uniform slotline BPF has the first parasitic passband at 2f0 (the center working frequency), which will narrow the upper stopband of the BPF. Therefore, a slotline BPF with a wide upper stopband is highly desired.



There are usually two ways to expand the upper stopband of a slotline BPF. The first is to use a slotline resonator with a loading strip/slot, and the upper limit of its upper stopband is 3f0 [6,7]. The second is to use a stepped impedance resonator (SIR) in a filter, and the upper limit of its upper stopband could be much larger than 3f0. Therefore, Various BPFs use SIRs [10,11,12,13,14,15,16,17,18,19,20], including slotline BPF [10,11]. The lower the impedance ratio of SIR is, the smaller the size is, and the wider the stopband is. The characteristic impedance of a conventional slotline (CSL) is usually large. When the slot width changes, the span of the characteristic impedance is narrow due to its structure feature. Therefore, it is difficult to achieve a CSL-SIR with a low impedance ratio.



In this study, a postwall-slotline stepped impedance resonator (PWS-SIR) is proposed and applied to a BPF with a wide stopband. The PWS-SIR consists of a high-impedance CSL and a low-impedance postwall-slotline (PWS). Due to a very low impendence of a PWS [21], the proposed PWS-SIR can achieve a low impendence ratio with a small size. Thus, the features of compact and wide stopband of the SIR-BPF are achieved with PWS-SIR. A PWS-SIR-BPF, as well as its counterpart, a CSL-BPF, have been designed, fabricated, and measured. Compared to the CSL-BPF, the PWS-SIR-BPF has a wider upper stopband up to 4.7f0 and a compacter size. In addition, it also has a better rectangular factor and selectivity.




2. Filter Design


2.1. Filter Structure


Figure 1 presents the proposed BPF on a two-layer printed circuit board fed by a microstrip-slot structure. Three U-shaped PWS-SIRs are printed on both sides of the substrate, and two microstrip lines are placed on the top layer for feeding, as shown in Figure 1c,d. PWS is a slot-based transmission line with two rows of metalized via connecting the top strip and bottom plane on either side of CSL [21]. The high impendence portion of the PWS-SIR, as shown in Figure 1a, is a CSL with a 2 mm slot width, and the low impendence portion is a PWS with a 0.2 mm slot width.




2.2. PWS-SIR Resonator


As shown in Figure 1a, the characteristic impendence and electrical length of PWS are defined as Z1 and θ1. Similarly, the characteristic impendence and electrical length of CSL are Z2 and θ2. Besides, the impedance ratio of SIR, defined as K = Z1/Z2, is less than 1.00. According to the theory of the SIR [22], when the SIR is resonating, Kpws and electrical length can be expressed as follows:


   K  p w s   =    Z 1     Z 2    = tan  θ 1  × tan  θ 2  < 1  



(1)






   θ 1  +  θ 2  <  π 2   



(2)







The resonator can get a minimum electrical length of less than half of the wavelength when θ1 and θ2 are equivalent, thus achieving the miniaturization of the resonators.



The characteristic impedances of PWS and CSL can be calculated by the full-wave EM simulator ANSOFT HFSS. The characteristic impedance of PWS cannot be achieved like CSL because it is not a uniform transmission line. The characteristic impedance of the PWS can be calculated by the ABCD matrix, which is used to calculate the characteristic impedance of the periodic structure unit [23]. The characteristic impendence of CSL and PWS with different slot width is calculated, as is shown in Figure 2, and the PWS under the same slot width has a smaller impendence than CSL. The PWS adopted for implementing SIR, as shown in Figure 1a, can result in a smaller impendence ratio Kpws and thus a smaller size and a wider upper stopband than CSL-SIR. The characteristic impedance of CSL with a 2 mm gap at the Rogers RO4003C of 0.508 mm thickness is 215 Ω, and the characteristic impedance of the PWS with 0.20 mm gap is 43.88 Ω. The impendence ratio Kpws and the miniaturization ratio of the proposed resonator are 0.20 and 0.62, respectively.



For the filter, the location of the spurious passband is directly related to the filter’s performance, and the spurious passband theory of CSL-SIR is well established [9]. Taking the spurious resonance frequency to be fn (n = 1, 2, 3. etc.) and corresponding electrical length with θn and then the following relation can be achieved:


     f 1     f 0    =    θ 1     θ 0    =  π  2   tan   − 1      K  p w s        



(3)




where the f0 is the fundamental frequency of the PWS-SIR. Obviously, the spurious passband frequency of the resonator is determined by the impendence ratio Kpws. The spurious passband can be postponed with a smaller impendence ratio of Kpws. Based on the above discussion, the PWS-SIR can achieve a smaller impendence ratio than CSL-SIR, leading to a higher spurious passband. According to Equation (3), the frequency of the first spurious response of the proposed resonator is as follows:


   f 1  =    θ 1     θ 0     f 0  =  π  2   tan   − 1      K  p w s        f 0  = 3.66  f 0   



(4)







The unloaded quality factor (Q-factor) of the resonator has a great influence on the insertion loss of the filter. To compare the unloaded Q-factor of PWS-SIR and CSL-SIR, the loss of these resonators when they resonate at 4.9 GHz with the same feeding structure is simulated, as shown in Table 1. It can be seen that the radiation loss of the PWS-SIR is smaller, which is 55.6 percent of the radiation loss of the CSL-SIR. Due to the half-closed field distribution of the PWS, more electric field is concentrated in the substrate. Thus, the radiation loss and the crosstalk to other devices of the PWS-SIR are smaller. This means the PWS-SIR has a relatively high unloaded Q-factor.




2.3. Filter Design


A third-order filter with a bandwidth BW = 200 MHz centered at f0 = 4.9 GHz is implemented with the proposed PWS-SIRs. Coupling matrix and external Q-factors are obtained from filter design tool provided by the commercial simulation software CST Microwave Studio. The obtained external Q-factor is 13.93, and the coupling matrix m is as follows:


  m =  [       0    0.042    0      0.042    0    0.042      0    0.042    0     ]     



(5)







For the resonator dimensions designed as shown in Figure 1, the proposed resonator resonates at 4.9 GHz. Based on the proposed resonator’s current distribution in Figure 1b, the current of the U-shaped resonator is largest at the slot end, and the currents of the two terminals flow in opposite directions. The cancellation currents greatly reduce the radiation loss of the resonator, and consequently, a high unloaded Q-factor is achieved.



The distance between the microstrip line and the center of the board D affects the external Q-factor, and the relationship curve is shown in Figure 3a. The coupling coefficient of the filter depends on the distance between the resonators in x- and y-direction M and S. The relationship between the distance and the coupling coefficient was obtained by simulation in CST, as presented in Figure 3b,c.



According to the results in Figure 3, S, M, and D can be optimized to satisfy the coupling coefficient and external Q-factor, which has been calculated theoretically. To compensate for the influence of the feeding microstrip on the resonator, the length of the first and the last resonator need to increase Ls (0.85 mm). The CSL filter used for comparison is also designed in the same way.





3. Fabrication and Measurement Results


The proposed PWS-SIR and CSL filters have been designed, fabricated, and measured. Dimensions of the fabricated filter are the same as that in Figure 1d: width of microstrip feed line Wmsp is 1.1 mm, the distance between via holes Vd is 0.6 mm, the radius of the via holes Vr is 0.15 mm, the distance between the microstrip line and the center of the board D is 2.7 mm, the distance between the resonators in x-direction M is 2.9 mm, the distance between the resonators in y-direction S is 0.6 mm, the length of the high impedance slot with a shorter length in the resonator on one side L1 is 4.02 mm, the length of the PWS in x-direction L2 is 2 mm, the length of the PWS in y-direction L3 is 1.6 mm, Ls = 0.85 mm, the width of the high impedance slot W1 is 2 mm, and the width of the PWS W2 is 0.2 mm. Figure 4 shows the photo of the two filters. The two filters are fabricated on the same substrate (Rogers RO4003C) with a 0.508 mm thickness, whose dielectric constant is 3.38, and a microstrip line is also made on the board for calculating approximately the insertion loss of the connector and microstrip line. The length of the CSL filter resonator is 11.1 mm (0.34λg), and the length of the proposed filter resonator is just 7.3 mm (0.22λg), which is 35% smaller than the CSL filter.



The two filters are measured by a Keysight N5224A vector network analyzer, and the measured results of both filters are shown in Figure 5. The measured passband insertion loss of the PWS-SIR filter and the CSL filter are both 1.7 dB, which are in good agreement with the simulated ones. In Figure 5b, the stopband rejection of the PWS-SIR filter is better than −20 dB from 5 GHz to 23 GHz, which shows that the PWS-SIR filter has a wide stopband rejection up to 4.7f0. The stopband of the CSL is just up to 10 GHz (2 f0), as shown in Figure 5a. And it can be noted that the suppression of the spurious passband predicted at 3 f0 is better than 25 dB. As a result, compared to a CSL filter, at the same passband bandwidth, the proposed PWS-SIR filter has not only a smaller size but also a wider upper stopband. The insertion loss and the upper stopband rejection comparisons of the conventional slotline filter and the PWS-SIR filter at normalized frequency are shown in Figure 6a,b. The results show that the wideband rejection of the PWS-SIR filter is improved definitely with similar insertion loss. A comparison table with state-of-the-art of slotline filters is shown in Table 2. It shows that the proposed PWS-SIR filter has a wide upper stopband among slotline based filters. The microstrip-based filters and microstrip-slotline combined filters usually outperform slotline based filters because of their structural features.




4. Conclusions


A third-order PWS-SIR BPF has been proposed and investigated in this letter. The advantages of PWS-SIR have been explained with both the simulation and the experiment. It has been shown that the PWS-SIR BPF has a wider upper stopband and a smaller size compared to its counterpart CSL-SIR BPF. In addition, the upper stopband rejection of the PWS-SIR BPF is also better than CSL-SIR BPF. It demonstrates that the PWS-SIR filter would have a wider application than the CSL filter, especially in integrated circuits and miniaturized communication systems requiring better interference suppression in the wide upper stopband.
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Figure 1. The proposed BPF. (a) The SIR composed of PWS, (b) the current distribution at the resonance frequency, (c) the top view, (d) the bottom view. 
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Figure 2. Characteristic impedance of the PWS and the conventional slotline. 
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Figure 3. External Q-factor and coupling coefficients of the PWS filter. 
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Figure 4. The photo of the proposed BPF. (a) the top view of the BPF board, (b) the bottom view of the BPF board. 
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Figure 5. Comparison between simulation and measurement of both BPF. (a) CSL filter, (b) PWS filter. 
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Figure 6. The insertion loss (a) and the upper stopband rejection (b) comparisons of the conventional slotline filter and the PWS-SIR filter at normalized frequency. 
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Table 1. The Loss Percentage of Two Resonators.
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	Conductor Loss (%)
	Dielectric Loss (%)
	Radiation Loss (%)
	Total Loss (%)





	PWS-SIR
	0.594
	0.604
	7.215
	8.410



	CS-SIR
	0.553
	0.572
	12.975
	14.095
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Table 2. Comparison Of The Slotline Filters With State-Of-The-Art.
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	f0

/GHz
	Insertion Loss/dB
	Size

/λ0
	Upper Stopband

(>20 dB)/f0
	Structure





	[6]
	3
	0.67
	0.55 × 0.8
	2.30
	Strip loaded CSL



	[7]
	2.44
	2
	0.152 × 0.206
	Lower than 18 dB
	CSL-MS 1



	[9]
	2.11
	2
	0.078 × 0.087
	2.37
	Conductor-Backed CSL



	[10]
	4.05
	0.83
	0.21 × 0.17
	3.56
	CSL-SIR



	[11]
	2.64
	0.88
	0.40 × 0.20
	1.74
	CSL-SIR



	[12]
	1.5
	3
	0.78 × 0.14
	8.3
	MS-SIR



	[13]
	2.5
	2
	1.04 × 0.39
	6.4
	Wiggly-Line SIR



	[14]
	1.51
	2.7
	0.32 × 0.22
	8.3
	MS-SIR



	[17]
	1.5
	2.52
	0.16 × 0.12
	11.3
	MS-SIR



	[19]
	0.4
	0.5
	
	8.5
	Stub loaded MS



	[24]
	8.3
	1.5
	0.31 × 0.55
	2.41
	Tapered MS



	This work
	4.9
	1.7
	0.22 × 0.22
	4.7
	PWS-SIR







1 “MS” is abbreviation of microstrip.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
N
=
o

N

o

S
1

[

N

)
1

120 -

Qo
o
1

—a— conventional slotline

—e— postwall slotline

characteristic impendance (£2)

0 +—1+———-v—-b—-+———r——1——1——1—
02 04 06 08 10 12 14 16 18 2.0

Gap of the slot (mm)





nav.xhtml


  electronics-11-00851


  
    		
      electronics-11-00851
    


  




  





media/file2.png
DIENTE Ty

&

7

|

O

000000
Ol [0000
Ol [0000]
000 000!

zzL
O
O

(a)

=

=

LMUOO

Q000
O

0000

Q00000

00000 |

T
‘AV%SP

1>
O le>| =
~1 Lu i
s
= ¥ o%;ooo_. =
V lﬁoow oooooooo e .
gemccnnes H
wxmooo. o H
St 10000 :
oOBBBT? -
! 1990000
' 200001 »
Os 1O
' Poo OO 6
. 000000
000000r '
P "
O {0000 ‘
0t ¢ .
9 10.000Qr 't
leleYo Yo e [0} ¥

(d)

(c)





media/file5.jpg
o T
\M

8]

External Q-factor

o
s 20 22 24 26 28 30
‘The distance away from the center D (mm)

@)

i ons
T - B
2 3 nj
¥ £
H foms
F
S o L
Dlnc b s rsnsrs o Distnce O betwer resmtors oy

(b) (0)





media/file3.jpg
)
'
S

<}
=
S

=
)
=

=
15}
S

®
S

—s— conventional slotline

—e— postwall slotline

characteristic impendance (L)

N
02 04 06 08 1.0 12 14 1.6 18 20

Gap of the slot (mm)





media/file1.jpg
Z 6
i ogooao)
d poso——
o

9 looooy
ooooooL________






media/file7.jpg
PWS Filter CSL Filter Microstrip line P

lter Microstrip line






media/file10.png
. —20
2=
=
e
wn —40
-
)
~—
5]
S —60
£ g 7
= g r N\ Measured S,
£ —80 7 |¢.,] Measured S,
50 = = = Simulated Sll
—100 RIS = = = Simulated S,;
0 5 10 15 20 25 30 35 40
Frequency (GHz)
0
_20 -
—
/=
=
N
» —40
)
~—
<
£ —60
=
:5 g m— Measured Sq1
; —80 - w — Measured Soq
“ ‘7: = = = Simulated Sy
—100 - | E———— Simulated S»1
Frequency (GHz)

0 5 10 15 20 25 30 35 40
Frequency (GHz)
(b)





media/file12.png
Normalized frequency (f;)

(b)

\ \
_s [ \ ‘— = Slotline filter
/ \ ——PWSSIR filter,
—10
- / ‘ I
[==]
RS / \\ - 1
— P4 \
=20 / \‘ , l
o \ - - ‘l
8 LD P d '
B \\ .~
N —3 -
(5] ~ ™
2 \
—35
\ -
Vs
—45
—50
0.8 1.0 1.2 14 1.6 1.8 2.0
Normalized frequency (f;)
(a)
0 | |
== = S]otline filter
: m— PWS-SIR filter
)
=
& —2
N R - e
- »
s - \
- 4 ~
2 3 / \
8 -
P
—4
—5
0.94 0.95 0.96 0.97 0.98 0.99 1.00 1.01





media/file9.jpg
——20
)
2
7 —40
s
H
E—60
&80
—100
0
_—20
a
2
z—40
£—e0
£
g
2

i
g

—— Measured S,
—— Measured Sy,
ulated S,

lated Sy

10 15 20 25 30 35 40
Frequency (GHz)
@)
/
! : - 5
i
\ 4
- —— Measured S11
- A || — Measurea s34

10 15 20 25 30 35 40
Frequency (GHz)
(b)





media/file0.png





media/file8.png
PWS Filter CSL Filter Microstrip line PWS Filter CSL Filter Microstrip line

N s T »a ' X ¢
5 W : ’
- d N .

.
QT - R M : ? L
¢ & et A 3.0 | . 4 ¥






media/file11.jpg
= = Sitine e
—pwssiRfer

Measured $21 (dB)

O Tt 12t 16 18
Normalized frequency (£

(@)

Jotine s
) — PSSR e

Messured 521 (4B)

Normalized frequency (f)

(b)





media/file6.png
Coupling coefficient

External Q-factor

4 I N I
1.8 2.0 2.2

2.4

2.6

28 3.0

The distance away from the center D (mm)

(a)
0.06
0.05 -
0.04 -
0.03 -
0.02 -
0.01 ———
0.4 0.5 0.6 0.7 0.8

Distance (S) between resonators (mm)

(b)

Coupling coefficient

0.065

o

o

(=2}

o
1

0.055 -

-

o

4]

o
1

0.045

18 2 24 30 36

Distance (M) between resonators (mm)

(c)





