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Abstract—Novel substrate integrated waveguide (SIW) filters 

using face-to-face oriented broadside-coupled complementary 

split ring resonators (BC-CSRRs) are presented in this paper. 

The SIW with the conventional BC-CSRR resonator pairs is first 

investigated. By removing the metal strip between the two back-

to-back rings of the BC-CSRR pair, a modified BC-CSRR pair 

which shows a significantly improved spurious suppression and a 

wider rejection bandwidth is then proposed. SIW bandpass 

filters based on the resonator pairs have been designed, 

fabricated and measured. The SIW filter with modified BC-

CSRR pairs exhibits a great improvement in the stopband 

performance. The proposed filters work below the cutoff 

frequency of the main mode of the SIW. They have the usual 

advantages of the SIW and the BC-CSRR such as compact size, 

easy fabrication and easy integration with other electronic 

circuits. 

Index Terms—substrate integrated waveguide, microwave filters; 

microwave integrated circuits; metamaterials 

I. INTRODUCTION 

In the last few years, there has been a growing interest in 

the design of microwave filters with the complementary split-

ring resonators (CSRRs) [1]-[4] and more recently with 

various forms of CSRR integrated into a substrate integrated 

waveguide (SIW) [5]-[10]. This paper investigates an 

improved form of the broadside-coupled complementary split-

ring resonator (BC-CSRR) [6] integrated into the SIW to form 

a bandpass filter with enhanced stopband performance. The 

unit cell of the SIW with the conventional BC-CSRR 

resonator pairs is first investigated. It is shown that, by 

removing the metal strip between the two back-to-back rings 

of the BC-CSRR pair, the spurious passband might be 

inhibited and a very substantial improvement in stop-band 

rejection could be achieved. Based on this analysis, a novel 

unit cell of the SIW with a modified BC-CSRR pair is then 

proposed to further improve the stopband performance. SIW 

bandpass filters with the resonator pairs are designed and the 

measured results are compared. It is shown that the SIW filter 

with the modified BC-CSRR pair shows improved stopband 

performance in comparison to that with the conventional BC-

CSRR pair. In addition, the proposed filters operate below the 

cutoff frequency of the SIW. They are compact and they have 

the usual advantages of SIW technology - namely, low loss, 

easy fabrication and easy integration with other electrical 

circuits.  

II. SIW WITH FACE-TO-FACE BC-CSRR PAIRS 

A. The Face-to-Face Oriented SIW BC-CSRR Resonator Pair 

The configuration of the conventional broadside-coupled 

complementary split-ring resonator (BC-CSRR) is shown in 

Fig. 1(a), where one of the rings is on the top of the dielectric  
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Fig. 1  (a) Configuration of the BC-CSRR. (b) Top view of the unit cell of the 

SIW with face-to-face oriented BC-CSRRs. (c) Bottom view of the unit cell. 

(d) Simulated frequency response of the original SIW and the proposed unit 

cell (with parameters 
r
 = 3.48, h = 0.762 mm, b = 3.9 mm, g = 0.3 mm, d = 

0.34 mm, t = 0.5 mm, w = 12.5 mm, s = 1.68 mm, ws= 3 mm, ys = 2 mm, l = 

0.5 mm, dr = 1.2 mm, ds = 2.2 mm). 



substrate and the other ring is located on the bottom of the 

substrate, with the slits placed at 180
0
 to each other [6]. Based 

on the structure of the BC-CSRR, a unit cell of SIW combined 

with face-to-face oriented BC-CSRRs is proposed. As shown 

in Fig. 1(b)-(c), a pair of BC-CSRRs aligned face to face are 

employed and etched on the SIW top and bottom metal planes; 

a microstrip feed line is adopted to excite the SIW cavity and 

an inset transition is used to better match the microstrip line 

and the SIW. Since the electric field of the TE10 mode in the 

SIW is perpendicular to the top and bottom surfaces of the 

waveguide, it guarantees that the CSRRs can be properly 

excited [7]. The transmission responses of the proposed SIW 

BC-CSRR unit cell simulated by the HFSS
TM

 is shown in Fig. 

1(d), compared with that of the initial SIW. It can be seen that 

the resonant frequency is located at 4.03 GHz and it is below 

the cutoff frequency of the original SIW. However, in the 

upper stopband, a spurious passband appears at around 9.37 

GHz, which eliminates the out-of-band suppression and limits 

the usefulness of the structure. 

To better understand the spurious passband, the 

electromagnetic field distribution of the unit cell at 9.37 GHz 

has been investigated. As shown in Fig.2, both of the electric 

and magnetic field are mainly distributed on the bottom rings 

and especially on the middle metal strip line between these 

two bottom rings. This indicates that the field propagation at 

9.37 GHz heavily depends on the middle metal strip line on 

the bottom. On the contrary, for the fundamental passband at 

4.03 GHz as depicted in Fig. 3, the electromagnetic field of 

the top rings is much stronger than that of the bottom rings 

and only a little electromagnetic field is distributed on the 

bottom middle metal strip. This means that the rings on the 

top play an important role in the field propagation at 4.03 GHz, 

while the middle metal strip line between the two bottom rings, 

which is critical for the field propagation of the spurious 

passband at 9.37 GHz, has only a small effect on the primary 

passband. Therefore, it is expected that the spurious passband 

might be suppressed by removing the middle metal strip line 

between the two bottom rings, with the primary passband only 

receiving a limited influence.  

B. Modified SIW BC-CSRR Resonator Pairs with Improved 

Spurious Suppression 

Based on the discussion above, a modified SIW BC-CSRR 

resonator pair is proposed to improve the spurious suppression 

by removing the middle metal strip line between the two rings 

of the BC-CSRR on the bottom broadwall of the SIW. Fig. 4 

shows the configuration of the new unit cell, where the middle 

metal strip line between the two rings on the bottom of the 

SIW is removed and these two rings are united along the 

common side. The simulated transmission response of the 

modified unit cell is shown in Fig. 4(c). Like the frequency 

response of the original unit cell, a passband is observed, now 

with the center frequency at 4.2 GHz. As expected, the 

spurious passband of the original unit cell at 9.37 GHz is 

suppressed and a broad stopband with an enhanced out-of-

band rejection is achieved for the modified unit cell. 

  

(a)                                                 (b) 

 
(c)                                                        (d) 

Fig. 2  Field distribution of the proposed unit cell at 9.37 GHz: (a) Top view 
of the electric field distribution; (b) bottom view of the electric field 
distribution; (c) top view of the magnetic field distribution, and (d) bottom 
view of the magnetic field distribution. 

 

 
(a)                                                        (b) 

 
(c)                                                        (d) 

Fig. 3  Field distribution of the proposed unit cell at 4.03 GHz: (a) Top view of 
the electric field distribution; (b) bottom view of the electric field distribution; 
(c) top view of the magnetic field distribution, and (d) bottom view of the 
magnetic field distribution. 
 

III. SIW BANDPASS FILTERS WITH THE BC-CSRR PAIRS 

To design filters with the proposed resonator pairs, 
generally, the first step is to obtain the low-pass prototype filter, 
the related coupling coefficients and the related external Q 
factor by using the circuit synthesis; then even and odd mode 
theory can be employed to establish the relationship between 
the design parameters and the physical structure [11]. In this 
section, based on the initial face-to-face oriented BC-CSRR  
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Fig. 4  Configuration of the modified unit cell:  (a) top view; (b) bottom view; 
and (c) simulated transmission responses (with parameters: 

r
 = 3.48, h = 

0.762 mm, b = 3.9 mm, g = 0.3 mm, d = 0.34 mm, t = 0.5 mm, t
’
 = 0.34 mm, 

w = 12.5 mm, s = 1.68 mm, l = 0.5 mm, dr = 1.2 mm, ds = 2.2 mm). 

 

resonator pair (see Fig. 1) and the modified resonators (see Fig. 

4), bandpass filters were designed and optimized with HFSS™. 

The Rogers RO 4350 substrate with εr = 3.48 and a thickness 

of 0.762 mm was used to fabricate all of the filters. The filters 

were fabricated using a standard PCB etching process. They 

were measured by an Agilent E8363A network analyzer. 
Fig. 5 shows the layout and photograph of a two-section 

SIW bandpass filter based on the original unit cell (see Fig. 1). 

Two completely identical unit cells coupled by an evanescent-

mode SIW section are employed. The distance between two 

resonators can be tuned to obtain the required coupling. Fig. 

6(a) shows the simulated and measured transmission response 

of the filter over the 3 to 6 GHz band. The measured center 

frequency is 4.15 GHz. The measured 3 dB bandwidth is 0.25 

GHz. The insertion loss is approximately 2.8 dB including the 

feed lines and SMA connectors. Fig. 6(b) shows the measured 

frequency response over a wide band. It can be seen that the 

measured stopband rejection is better than 20 dB from 4.46 

GHz to 6.88 GHz. Unfortunately, a wide band of unwanted 

transmission appears between 7.5 GHz to 10 GHz which 

severely limits the usefulness of the structure. 

Fig. 7 shows the photograph and the layout of a second-

order filter based on the new unit cell (see Fig. 4). Here, the 

two united back-to-back rings are etched on the top broadwall 

to better protect the integrity of the ground plane. The 

simulated and measured transmission responses of the filter 

over the 3 to 6 GHz band are plotted in Fig. 8(a). The 

measured center frequency and 3 dB bandwidth are 4.46 and  

 
(a)                                                         (b) 

 

 
(c)                                                            (d) 

Fig. 5  (a) Photograph of the top of the filter base on the face-to-face aligned 

SIW BC-CSRR resonator pair. (b) Photograph of the bottom of the filter. (c) 
Top view of the layout. (d) Bottom view of the layout (with parameters b = 

3.9 mm, g = 0.3mm, d = 0.34 mm, t = 0.5 mm, w = 13 mm, s =1.68 mm, ys = 
2 mm, ws = 3 mm, l = 0.5 mm, dr = 1.1 mm, ds = 2 mm, ld = 4 mm).   
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(b) 

Fig. 6 (a) Simulated and measured results in the 3 to 6 GHz band. (b) 
Wideband measurement result. 



 
(a)                                                             (b) 
 

 
(c)                                                            (d) 

Fig. 7  (a) Photograph of the top of the filter base on the modified unit cell. (b) 
Photograph of the bottom of the filter. (c) Top view of the layout. (d) Bottom 

view of the layout (with parameters h = 0.762 mm, b = 3.9 mm, g = 0.3mm, d 
= 0.34 mm, t = 0.34 mm, t

’

 
= 1 mm, w = 12.5 mm, s =1.68 mm, l = 0.5 mm, 

dr = 1.1 mm, ds = 2 mm, ld = 4.5 mm).   
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(a) 

 

 
(b) 

Fig. 8 (a) Simulated and measured results in the 3 to 6 GHz band. (b) 
Wideband measurement result. 
 

0.25 GHz, respectively. The measured insertion loss is 

approximately 1.1 dB including the feed lines and SMA 

connectors. Fig. 8(b) shows the measured frequency response 

over a wide band. It can be seen that the measured stopband 

extends from 5.05 GHz to 15 GHz with better than 20 dB 

rejection. By comparing the results shown in Fig. 6(b) and 

8(b), it can be seen that the filter with modified BC-CSRR 

pairs shows enhanced spurious suppression and wider 

rejection bandwidth. 
 

IV. CONCLUSIONS 

This paper presents novel bandpass substrate integrated 
waveguide (SIW) filters with face-to-face broadside-coupled 
complementary split ring resonator pairs. The filter employing 
a conventional BC-CSRR resonator pair is shown to have a 
very poor spurious-free range. The modified BC-CSRR 
resonator pair was then proposed to suppress the spurious 
passband by removing the metal strip between the two lower 
rings. Bandpass filters with the proposed resonator pairs were 
designed and fabricated. The filter based on the modified 
resonator configuration achieved good agreement between the 
simulation and the measurement. A very significant 
improvement in stopband suppression was demonstrated. 
These filters operate below the cutoff frequency of the SIW 
and are therefore compact in size. They are also easy to 
fabricate and integrate with other electric circuits, giving great 
potential for use in low-cost microwave circuits. 
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