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Abstract—A class of wideband bandpass filters (BPFs) with two 

eighth-mode substrate integrated waveguides (EMSIW) and two 

microstrip resonators is presented in this brief. The 

quarter-wavelength microstrip resonator is connected to the 

hypotenuse side of EMSIW resonator, which is different from 

these filters with two EMSIW resonators sharing vias or iris 

windows. By introducing the quarter-wavelength microstrip 

resonators, the design flexibility can be improved with a compact 

size. Based on the proposed topology, a BPF centered at 4 GHz is 

designed and fabricated with fractional bandwidth (FBW) of 25%. 

The measured insertion loss within the passband is only 0.9 dB, 

while the return loss is better than 14.1 dB. To further improve 

the roll-off skirts and attain a better out-of-band rejection, a 

transmission zero (TZ) is generated with the mixed electric and 

magnetic coupling between two microstrip resonators. The 

measured FBW of the BPF with one TZ is 26.6%, whose center 

frequency is also at 4 GHz. The measured stopband rejection 

above the passband is better than 34 dB from 5.02 to 8.31 GHz. 

Good agreement between simulated and measured results 

validates the feasibility of the proposed BPFs. 

Index Terms—Bandpass filters, filter synthesis, microstrip 

resonator, mixed coupling, substrate integrated waveguide. 

I. INTRODUCTION

ITH the rapid development of the modern wireless

communication system, the substrate integrated 

waveguide (SIW) has been of great interest in the filter design 

because of its advantages of low loss, high Q-factor and ease of 

integration. However, the size of conventional SIW resonators 

is relatively large. To miniaturize SIW filters, several 

techniques have been proposed without affecting the 

characteristics of SIW, such as folded ridged SIW [1-2], 

half-mode SIW (HMSIW) [3], quarter-mode SIW (QMSIW) [4] 

and eight-mode SIW (EMSIW) [5]. Due to the symmetrical 

characteristic, the HMSIW, QMSIW and EMSIW cavity 

present a similar field distribution compared with the 

conventional SIW cavities. 

To obtain better performance, several flexible designs of 

bandpass filters (BPFs) have been reported by combining these 

abovementioned techniques with each other [6]–[9], or with 
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coplanar waveguide (CPW) [10]–[13] and microstrip structures 

[14]-[21]. In [7], the QMSIW and EMSIW cavities are 

exploited to design two BPFs. Cavities are coupled through the 

co-shared iris window and the feedlines are located at the open 

sides. However, such configuration will occupy a large 

footprint. To achieve compact size, QMSIW cavities and 

EMSIW cavities could be arranged in different layers, which is 

utilized to design a multilayer low-temperature co-fired 

ceramic (LTCC) dual-passband filter in [8]. Besides, a 

second-order EMSIW BPF is proposed for the design of a low 

phase noise oscillator [9], where the hypotenuse side of two 

EMSIW resonators are close to each other with controllable 

coupling. 

Moreover, CPW structures could be embedded into SIW 

structures, which will combine the advantages of two structures 

together. In [10], filters based on hybrid structure of SIW and 

CPW are proposed, which could facilitate the generation of 

transmission zeros (TZs) by introducing the mixed coupling. In 

[11], a quarter-wavelength CPW resonator and a 

half-wavelength CPW resonator are embedded into an HMSIW 

cavity to realize the BPF with extended-doublet topology. 

Besides, a fourth-order filter with cross coupling is achieved 

with the combination of two CPW resonators and a pair of 

magnetically coupled QMSIW cavities, as shown in [13]. 

Similarly, there is enough area for SIW structures to house 

microstrip resonators. For instance, a miniaturized BPF is 

proposed using QMSIW cavities and meandering microstrip 

resonators [16], where two quarter-wavelength microstrip 

resonators are embedded into two back-to-back QMSIW 

cavities. 

The topology of EMSIW cavity is a good candidate for the 

design of compact BPFs. Because it is a right triangle with one 

metallic wall and two open sides, it will influence the design 

flexibility if the back-to-back coupled structure is utilized 

between two EMSIW resonators with co-sharing vias. Besides, 

it is difficult to incorporate the CPW structure and microstrip 

resonators into the EMSIW resonators due to the limited area. 

In this paper, two wideband BPFs are proposed based on 

EMSIW resonators and microstrip resonators. Different from 

previously reported filters with two EMSIW resonators sharing 

vias, the EMSIW resonators in the proposed filters are 

separated without co-sharing iris window, while two 

quarter-wavelength microstrip resonators are connected to the 

open sides of EMSIW resonators. The enough area between 

separated EMSIW resonator cavities makes it possible to 
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change the configuration of microstrip resonators. With the 

electric coupling provided by two microstrip resonators, a 

Chebyshev frequency response can be easily achieved. Further 

improvement on out-of-band rejection can be attained with a 

TZ above the passband, through introducing the mixed electric 

and magnetic coupling. Besides, the size of EMSIW cavity is 

taken into consideration during the extraction process, which 

reduces the difficulty of optimization after the initial 

dimensions are determined. For demonstration, two BPFs (i.e., 

BPF I and BPF II) are designed with center frequencies at 4 

GHz. 

II. BPF I USING EMSIW AND MICROSTRIP RESONATORS

Fig. 1(a) presents the structure of the proposed BPF I, which 

has rotational symmetry and consists of two 50-Ω feed lines, 

two EMSIW resonators and two microstrip resonators. The 

quarter-wavelength microstrip resonator is connected to the 

hypotenuse side of EMSIW resonator, while metallic vias and 

feed line are arranged at the other two sides of EMSIW 

resonator, respectively. As reported in [9] and [17], two 

EMSIW resonators placed with central symmetry can build up 

a bandpass filter, whose bandwidth is limited by the 

gap-coupling structure and the number of resonators. However, 

adding EMSIW resonators will occupy too much area. 

Therefore, two microstrip resonators are introduced to provide 

the signal path between the two EMSIW resonators. Because of 

the meander structure of microstrip line, the design flexibility 

can be improved with a compact size. Fig. 1(b) shows the 

coupling topology of BPF I, where the hollow circles, shaded 

circles and solid circles represent the source/load, EMSIW 

resonators and microstrip resonators, respectively. Due to the 

symmetry structure of BPF I, the coupling topology is 

symmetric as well. 

Based on the layout of BPF I, a fourth-order Chebyshev BPF 

is synthesized with a return loss (RL) of 15 dB in passband [22]. 

The coupling matrix M can be derived as follows: 

0 1 2 3 4

0 0.915 0 0 0 0

1 0.915 0 0.802 0 0 0

2 0 0.802 0 0.643 0 0

3 0 0 0.643 0 0.802 0

4 0 0 0 0.802 0 0.915

0 0 0 0 0.915 0

S L

S

L

 
 

 
  
 

  
 
 

 
 
 

M

 ,    (1) 

whose coupling topology is the same as that of the proposed 

filter shown in Fig. 1(b). To obtain the BPF with center 

frequency of 4 GHz and equal-ripple fractional bandwidth 

(FBW) of 25%, the corresponding external quality factor (qe) 

and coupling coefficients (k12, k23) can be calculated from 

entries of M [23]:  

2

1

1
4.78e

S

q
m FBW

 


  (2a) 

12 12 0.2k m FBW      (2b) 

23 23 0.16k m FBW    (2c) 

When BPF I is implemented on a substrate with a thickness 

of 1 mm and εr of 2.65, the external quality factor and coupling 

coefficients between adjacent resonators could be numerically 

extracted by electromagnetic simulation. To distinguish from 

the calculated qe, k12 and k23, the extracted results of external 

quality factor and coupling coefficients are represented by Qe, 

K12 and K23, respectively. Qe can then be obtained by the 

following equation [23]: 

0

90

e

f
Q

f





    (3) 

where f0 denotes the resonance frequency of the first resonator 

(i.e., EMSIW resonator with number 1 or 4) near the excitation 

port, and Δf±90° is determined from the frequency at which the 

phase ±90° with respect to the absolute phase at f0. 
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(b) 
Fig. 1. (a) Layout and (b) the coupling topology of BPF I. 
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Fig. 2. Extracted results of Qe and f0, (a)versus L1 with LSIW = 16.2 mm and WSIW 

= 16.2 mm, (b) versus LSIW and WSIW with L1 = 4 mm. (W50 = 2.7 mm, L50 = 5 

mm, S = 1.6 mm, D = 1 mm) 
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The extracted Qe and resonant frequency f0 of EMSIW 

resonator are illustrated in Fig. 2. As shown in Fig. 2(a), when 

WSIW and LSIW are fixed, Qe will decline with a large value of L1, 

which means that the proper value of the external quality factor 

could be obtained by choosing L1 accordingly from the Qe 

versus L1 curve. However, the tendency of f0 moving away 

from 4 GHz with the increase of L1 will cause the final 

frequency response to be far away from expectation. To 

overcome such a problem, the size of EMSIW resonator will 

need adjustments. Fig. 2(b) presents the ability of WSIW and 

LSIW to control Qe and f0. Increasing WSIW will make Qe higher 

and f0 lower, while LSIW is the opposite. Therefore, L1, WSIW and 

LSIW should be taken into consideration to achieve the suitable 

value of Qe and keep f0 around 4 GHz simultaneously. 

TABLE I 

DIMENSIONS OF THE BPF I 

Para. LSIW WSIW W50 L50 LM L1 

Value(mm) 15.4 17.6 2.7 5 14.5 6 

Para. L2 L3 W S D E 

Value(mm) 11(10.7*) 5 0.65 1.6 1 0.2 

*The value in bracket stands for the initial dimensions.
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Fig. 3. (a) Extracted coupling coefficient K12 versus L2, and (b) extracted 

coupling coefficient K23 versus L3 and W. 

According to the calculated value of qe in (2a), the 

dimensions of EMSIW (LSIW and WSIW) and position of feedline 

(L1) can be determined accordingly and shown in Table I. The 

length of microstrip resonator (LM) could be tuned to ensure its 

center frequency at around 4 GHz. Subsequently, the coupling 

coefficients can be extracted through the eigenmode simulation 

of the two coupled resonators [23]. The curves of K12 and K23 

shown in Fig. 3 present a relationship between extracted results 

and physical dimensions. As illustrated in Fig. 3(a), K12 can be 

adjusted by changing the location of microstrip resonator on the 

hypotenuse side of EMSIW resonator (i.e., L2). Fig. 3(b) shows 

that K23 is related to the length (L3) and width (W) of the 

coupling section between two microstrip resonators. Similarly, 

the values of L2, L3 and W can be found immediately according 

to the calculated k12 and k23. All of the rest dimensions are listed 

in Table I. Considering the influence of some parasitic effects, 

the designed BPF is slightly tuned and the final parameters are 

also shown in Table I. Through the eigenmode simulations, the 

unloaded quality factors (Qu) of EMSIW resonator and 

microstrip resonator can be obtained, which are 496.9 and 

216.5, respectively. 

For demonstration, the fabricated BPF I is presented in Fig. 

4(a). As shown in Fig. 4(b) and 4(c), the simulated and 

measured S-parameters and group delay agree well with each 

other. The measured insertion loss (IL) within the passband is 

0.9 dB, while the return loss is better than 14.1 dB. The 

measured FBW is about 25.5% with center frequency at 4 GHz. 

The stopband rejection levels at the lower and upper sides of the 

passband are better than 20 dB from dc to 3 GHz (0.75f0) and 

from 5.17 GHz (1.29f0) to 9.56 GHz (2.39f0), respectively. The 

spurious response is produced above 10 GHz. The size of BPF I 

excluding feedlines is 20.1 mm × 19.6 mm (0.268λ0 × 0.261λ0), 

where λ0 denotes the guided wavelength at 4 GHz in free space. 
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Fig. 4. (a) The photograph of the fabricated BPF I, and its simulated and 

measured (b) S-parameters and (c) group delay. 
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III. BPF II WITH MIXED ELECTRIC AND MAGNETIC COUPLING

In the topology of BPF I, two microstrip resonators 

incorporated in the EMSIW resonators are coupled with each 

other by the end of λ/4 lines, which means that only electric 

coupling contributes to the coupling scheme. Therefore, there is 

no TZ generated with such coupling topology of BPF I. To 

improve the performance out of passband, BPF II with a TZ is 

proposed by changing the configuration of microstrip 

resonators, which is shown in Fig. 5(a). 

LM

W

L3

(a) 

S 1 2 3 4 L

Source/Load EMSIW resonator

Microstrip resonator

Main coupling Path Mixed coupling

Qe QeK12 K12K23

(b) 
Fig. 5. (a) Partial layout and (b) the coupling topology of the BPF II. 
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Fig. 6. (a) Extracted coupling coefficient K12 versus L2, and (b) extracted 

coupling coefficient K23 versus L3 and W of the BPF II. 

By creating the mixed electric and magnetic coupling in two 

coupled microstrip resonators, a TZ can be introduced without 

cross-coupling [24]. Fig. 5(b) shows the coupling scheme with 

mixed-coupling introduced. Following the same process, the 

coupling coefficients are extracted by eigenmode simulation 

and shown in Fig. 6. Total coupling coefficient K23 versus 

different values of L3 and W is used to determine the initial 

dimensions of proposed BPF. Due to the similar coupling 

topology with the BPF I, the coupling matrix M synthesized in 

Section II could be utilized in the design process of BPF II. 

Without changing the specifications of BPF, the dimensions of 

BPF II are obtained according to the calculated qe, k12 and k13 in 

Section II. In Table II, the dimensions of EMSIW are adjusted 

slightly to compensate for the parasitic effect. 

TABLE II 
DIMENSIONS OF THE BPF I 

Para. LSIW WSIW W50 L50 LM L1 

Value(mm) 15.3(15.4*) 17.9(17.6*) 2.7 5 13 6 

Para. L2 L3 W S D E 

Value(mm) 10.6 2 0.3 1.6 1 0.2 

*The values in bracket stand for the initial dimensions. 
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Fig. 7. (a) The photograph of the fabricated BPF II, and its simulated and 

measured (b) S-parameters and (c) group delay. 

The BPF II is also fabricated on the substrate with the 

relative dielectric constant of εr = 2.65 and thickness of h = 1 

mm. The measured and simulated S-parameters along with

group delay are shown in Fig. 7. There is good agreement

between the simulated results and the measured results. The

measured FBW of BPF II is 26.6% with the center frequency at

4 GHz. Moreover, the measured IL within the passband is about
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0.8 dB, while the return loss is greater than 12.1 dB. The 

measured stopband rejection level at the lower side of passband 

is greater than 20 dB from dc to 2.98 GHz (0.745f0), while the 

stopband rejection at the other side is better than 34 dB from 

5.02 GHz (1.26f0) to 8.31 GHz (2.08f0). The harmonic response 

is yielded at about 8.84 GHz (2.21f0). There is a TZ generated at 

the upper edge of the passband, which is located around 5.07 

GHz, making sharper roll-off skirts and providing a better 

out-of-band rejection. Besides, the group delay of BPF II near 

upper edge of passband is higher than that of BPF I. Therefore, 

BPF II with higher group delay may contribute to designing the 

oscillator with better phase noise [19]. The size of BPF II 

excluding feedlines is 24 mm × 20.7 mm (0.32λ0 × 0.276λ0). 

For this case, the Qu values of EMSIW resonator and microstrip 

resonator are 495.3 and 243.6, respectively. The performance 

comparisons between the proposed two BPFs and other 

reported works are tabulated in Table III. 

TABLE III 

PERFORMANCE COMPARISONS WITH SOME REPORTED BPFs 

f0 
(GHz) 

Topology 
FBW 
(%) 

IL 
(dB) 

Rejection 
level 

Size 
(λ0 × λ0) 

[7]  

Work-3 
8 

QMSIW 

+EMSIW
11 1.3 

>23 dB 

1.1 f0-1.96 f0 

0.483× 

0.304 

[11] 3.7 
HMSIW 
+CPW 

6.7 1.49 
>20dB 

up to 2.65 f0 
0.39× 

0.8 

[16] 10 
QMSIW 

+MR* 
22.7 1.2 

>36 dB 

1.26 f0-2 f0 

0.62× 

0.62 

[17] 

Work-1 
9.1 

EMSIW 

+CPW 
22 0.9 

>10 dB 

1.12 f0-1.46 f0 

0.224× 

0.224 

[18] 10.11 
SIW + 

Microstrip 
11.7 1.2 

>20 dB 
up to 2.9 f0 

0.54× 
0.93 

This 

work 

BPF I 4 
EMSIW 

+MR 
25.5 0.9 

>20 dB 

1.29 f0-2.39 f0 

0.268× 

0.261 

BPF II 4 
EMSIW 

+MR 
26.6 0.8 

>34 dB 
1.26 f0-2.08 f0 

0.32× 
0.276 

*MR means microstrip resonator. 

IV. CONCLUSION

This paper proposes two compact BPFs with EMSIW 

resonators and microstrip resonators. Compared with 

traditional SIW resonators, EMSIW resonators is able to reduce 

the overall size and microstrip resonators can provide the 

flexibility for the filter design. Besides, a TZ is introduced with 

mixed electric and magnetic coupling between microstrip 

resonators while maintaining the same size. In the extraction 

process of Qe, the dimensions of EMSIW cavity and the 

position of feedline are taken into consideration together to 

achieve the suitable value of Qe and keep the resonance 

frequency unchanged simultaneously. It can reduce the 

difficulty of optimization after the initial dimensions are 

determined. Due to the simple structure and ease of design, the 

proposed BPFs are attractive for modern wireless 

communication technology. 
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