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A novel bandpass filter design using eighth-mode substrate integrated waveguide resonators is proposed. Resonators’ 
coupling is realized using a conductive bridge which may be tuned to achieve desired coupling coefficient. This realization 
overcomes the PCB resolution, i.e. the minimal gap between the resonators. An equivalent circuit is derived for the second-
order bandpass filter using a series inductor as the coupling bridge. Design curves of the external quality factor and 
coupling coefficient are proposed as closed form expressions. Filter prototypes are fabricated on FR4 substrate. The 
obtained responses show good agreement with 3D electromagnetic simulations, thereby validating the proposed filter 
design. 
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1. Introduction 
 

Substrate Integrated Waveguide (SIW) technology has 

shown considerable advantages by bridging the gap 

between printed microwave circuits which are cheap, 

lightweight, but lossy, and waveguide structures, known as 

expensive and cumbersome at lower frequencies, but with 

very low losses. In fact, SIW technology is suitable to 

implement rectangular waveguides as planar structures [1]. 

The conditions of equivalence between SIW and dielectric-

filled metallic rectangular waveguide are given and 

explained in [2]. The SIW components exhibit high quality 

factor, good power handling and may be characterized as 

electromagnetically shielded structures, similarly as 

conventional rectangular waveguides. However, due to the 

side walls structure, leakage losses are possible, resulting in 

wave attenuation. By proper SIW component design, these 

losses may be significantly decreased [2]. The details 

regarding wave propagation and attenuation in SIW have 

been thoroughly investigated in [3], while the practical 

aspects and design considerations (substrate selection, 

fabrication tolerance, power handling) are considered in 

[4]. 

Various active and passive components can be 

implemented using this technology, including resonators 

and filters which are of interest in our study. The transitions 

between these components and microstrip lines or coplanar 

waveguides, may be easily implemented in the same 

substrate [5]. Different SIW filter solutions have been 

previously reported in the available open literature. Filters 

with finite transmission zeros, dual-mode filters, wide band 

filters, multi-band and reconfigurable filters in SIW 

technology have been considered in [6]. An overview of 

the technological advancements and miniaturization trends 

in SIW filter design is presented in [7]. Dual-mode SIW 

filter with multiple transmission zeros is presented in [8], 

while multilayer approach for suppressing higher-order 

modes of SIW bandpass filter has been introduced in [9]. 

Although much smaller than traditional waveguide 

structures, circuits implemented in SIW technology still 

occupy much greater surface area than other corresponding 

printed circuits. Thus, there have been made many attempts 

to reduce their size through various miniaturization 

techniques [6, 7]. One approach assumes fractional modes, 

like half-mode (HMSIW), quarter-mode (QMSIW) and 

eight-mode (EMSIW). Propagation properties of HMSIW 

have been explained in [10-11]. Various examples of 

HMSIW filters can be found, like triangular multi-mode 

HMSIW filter [12], wide band HMSIW filter with defected 

ground structure (DGS) [13], HMSIW filter loaded with 

periodic array of longitudinal slots [14] or miniaturized 

fan-shaped HMSIW filter with wide stopband [15]. 

Different coupling mechanisms and feeding techniques for 

QMSIW filters have been presented in [16]. Filter 

consisting of cascaded, inductively coupled, QMSIW 

cavities has been demonstrated in [17], while filter using 

fractal-shape quarter substrate integrated waveguide 

(QSIW) resonators can be found in [18]. Compact modified 

single-band and dual-band QMSIW filters have been 

considered in [19]. Filter obtained by coupling EMSIW 

resonators has been introduced in [20], filter using single 

EMSIW cavity in [21], multi-layered EMSIW filter in [22] 

and compact single-layer EMSIW filter with improved out-

of-band rejection in [23]. The compactness of the SIW 

filters may be achieved by adding various planar structures, 

like SIW loaded with SIR-CSRR (Stepped-Impedance 

Resonator - Complementary Split Ring Resonators) unit 

cells [24] or with CMRC (Compact Microstrip Resonant 

Cell) [25]. An overview of different techniques for SIW 
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cavities miniaturization, as well as the use of innovative 

materials for the SIW filter design, with the emphasis on 

the emerging IoT (Internet of Things) applications, is 

demonstrated and exemplified in [26]. 

When used in filters, SIW resonators are usually 

mutually coupled and interfaced with external lines or other 

resonators, implemented in various planar technologies, 

like microstrip, stripline and coplanar waveguides, by 

means of capacitive, inductive or conductive coupling. 

Traditional SIW coupling between resonators is mainly 

achieved as inductive, with a gap in electric wall, by 

removing several vias, or with a pair of S-shaped slots 

encompassing two vias [27]. With HMSIW, QMSIW and 

EMSIW, coupling between resonators has been either 

capacitive [20] or inductive [17]. Hybrid structures, based 

on combining SIW and microstrip [28] or stripline [29] 

technologies, use capacitive, inductive or mixed coupling 

too. The usage of conductive coupling for filter design in 

planar technologies has been exemplified in [30-32]. 

Furthermore, the advantages of conductive coupling, 

compared to capacitive and inductive coupling, have been 

shown in an example of two split-ring resonators in [33]. 

In this paper we demonstrate filter design using 

conductive coupling between EMSIW resonators, as an 

alternative which can achieve broader range of coupling 

coefficients and have less strict requirements on technology 

resolution. Unlike capacitive or inductive coupling, 

conductive coupling overcomes the limitation regarding a 

feasible gap width (which depends on the printing 

resolution) between the coupled components. Proposed 

conductive coupling solution exhibits design flexibility in 

terms of possibility to tune the coupling coefficient. Basic 

mode of propagation TE10 is considered. Besides the three-

dimensional electromagnetic (3D EM) model, the 

equivalent microwave circuit is generated as well. Two 

prototype filters, with different positions of the coupling 

bridge between the resonators, are fabricated to 

experimentally verify the proposed approach. The obtained 

simulated and measured results show good mutual 

agreement, thus confirming a novel SIW filter solution. 

 

 

2. Eighth-mode SIW resonators 

 

An important advantage of SIW circuits is a fact that 

their behaviour can be easily approximated by that of 

rectangular waveguides, which have been studied for many 

decades, and whose field has a simple closed form solution.  

The SIW geometry is defined by three parameters: the 

via diameter d, the distance between the centres of the two 

corresponding vias within the opposite walls w (width of 

the waveguide), and the distance between the centres of 

two corresponding vias within the same wall s (longitudinal 

spacing). As the SIW structure emulates the rectangular 

waveguide, its width w is related to the cutoff frequency of 

the fundamental SIW mode and consequently to the 

operation frequency band. The via diameter d is usually 

less than w/8 and is recommended to avoid possible band-

gap effects. The longitudinal spacing s affects the 

confinement of the electromagnetic field, because it 

determines the gap-width (s - d) between pairs of vias. The 

minimum value of s is d, which means that there is no gap 

and the metallic wall is perfect. If the value of s increases, 

the gaps become larger and the field confinement degrades. 

Usually, s is less than 2.5 d, and the typical choice is when 

s is equal 2 d [1]. 

This approximation was described by introducing the 

equivalent width of the SIW [3] thereby substituting the 

wall of vias with a perfect electric conductor (PEC) plane. 

The following equation was proposed for the equivalent 

width, weff, calculation: 

w

d

s

d
ww

22

eff 1.008.1  .        (1) 

 

Same formula can be used for determining the 

equivalent length, Leff, in rectangular SIW resonators. Their 

resonances can be predicted using formula for the classic 

rectangular (square) resonator: 

 

reff

0
res

2


w

c
f .             (2) 

 

Cutting a SIW resonator (SIWR) with a perfect 

magnetic conductor (PMC) sheet, perpendicular to the 

magnetic field lines, would not change the field structure 

and the resonant frequency. This can be done along one or 

both symmetry planes of rectangular SIWR, resulting in 

HMSIW resonator (HMSIWR) and QMSIW resonator 

(QMSIWR), respectively, or even along all four symmetry 

planes for square SIWR, resulting in EMSIW resonator 

(EMSIWR) (Fig. 1). 

 
Fig. 1. Square (a) and fractional (b, c) configurations of 

SIW resonator with its electric field symmetries which 

could be replaced by magnetic walls. Black filled circles 

represent via holes. Drawing (b) shows QMSIWR, and 

(c) shows EMSIWR 

 

 

Additional correction to the equivalent width, due to 

the edge effects introduced by cutting half mode symmetry 

plane, can be made in accordance with [11], but that is not 

of interest for further consideration here. 

The unloaded Q-factor of the EMSIWR is computed as 

follows: 

 )j(1 021L0  SQQ ,    (3) 
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where the loaded Q-factor of the resonator is inversely 

proportional to the 3-dB bandwidth i.e. 

 

 120L Q .  (4) 

 

S21(jω0) is the value of the S21 parameter at the considered 

resonant frequency ω0 which denotes the angular frequency 

in rad/s. 

The equivalent-circuit model of the EMSIWR is 

shown in Fig. 2. The values of the circuit elements are 

calculated using following equations as proposed in [34, 

35]: 

     0210210 j12j  SSZR ,  (5) 

 

   2
002100 2j  SZBL ,       (6) 

 

  02100 j2  SZBC ,     (7) 

 

where B0 is the bandwidth in rad/s, which corresponds to 

the unloaded Q-factor as B0 = ω0/Q0. The impedances of 

ports (Z0) correspond to the value of 50 Ω. 

 

L RC 

gU


Z0
Z0

ResonatorPort 1 Port 2

 
 

Fig. 2. Equivalent-circuit model of EMSIWR 

 

 

3. Bandpass filter design with conductively 
    coupled eighth-mode SIW resonators 

 

Herein we propose a bandpass filter with conductive 

coupling between the resonators using SIW technology, as 

shown in Fig. 3. In this case, it should be distinguished two 

types of coupling between resonators. First one is a 

coupling through a gap between resonators, i.e. through 

fringe fields which are magnetic or electric or even the 

combination of both. Consequently this type of coupling is 

named magnetic, electrical or mixed. Second one is a 

conductive coupling based on a conductive bridge which 

connects two resonators mechanically and electrically. 

The main idea is to separate these two coupling types 

i.e. to neglect coupling through the gap between resonators 

when using a conductive ones. We have chosen the gap 

between resonators to be enough wide that the coupling 

through the gap could be neglected. In that case, only the 

bridge position is responsible for the intensity of the 

coupling.  

Two EMSIW resonators are coupled using a 

conductive bridge of length sb and width wb. The bridge 

length sb is equal to the gap width between two resonators. 

This realization is simple for tuning a precise coupling 

between resonators. One can solely find the optimal bridge 

position to achieve the desired coupling. In case the bridge 

is not used to span the gap between the resonators, the 

maximum coupling is determined by the printing resolution 

of planar microwave structures, i.e. it is limited by the 

feasible gap width. In fact, the main contribution of the use 

of conducting coupling is that the printing resolution does 

not impose the coupling boundary anymore. 

In order to present advantages of using conductive 

coupling, we designed two second-order bandpass filters 

(denoted as Filter 1 and Filter 2). Filters have centre 

frequencies at 1.29 GHz and 1.39 GHz, and relative 

bandwidths of 13 % and 29 %, respectively. 

In this study, we use the FR-4 substrate with the 

following parameters: εr = 4.2, tanδ = 0.02, thickness 

h = 1.575 mm and metallization thickness t = 0.017 mm. 

The metal losses, due to the skin effect and surface 

roughness, are taken into account by setting the 

conductivity σ = 20 MS/m. 

Dimensions of the presented filters are given in 

Table 1. 

 
Table 1. Filter dimensions (in mm) 

 

Parameter Filter 1 Filter 2 

w/2 42.849 

w0 3.3 

s 1.5 

d 1.0 

sb 1.2 

wb 1.1 w0 

P 45.0 

D 60.0 

p0 20.84 12.44 

p0/P 0.463 0.276 

pb 29.70 20.15 

pb/D 0.495 0.336 

 

s

w0

w0

p0

w/2

p0

w/2

wb

d

sb

pb

P

D

 
Fig. 3. Bandpass filter with conductively coupled  

eighth-mode SIW resonators 
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Full 3D electromagnetic analysis is performed using 

the electric field surface integral equations discretized by 

the method of moments [36]. The 3D EM model of the 

bandpass filter is shown in Fig. 4. 

The corresponding circuit parameters of ESIWR (for 

both filters) are: R = 2.2426 Ω, L = 6.6680 pH, 

C = 2.4947 nF, Q0 = 43.3773. These values are obtained 

using equations (3)-(7). 

The equivalent circuit of the filters using EMSIW 

resonators is shown in Fig. 5. The loaded resonators are 

modelled with ideal transformers. The bridge coupling 

between resonators is modelled with two transformers and 

a series inductor with inductance Lb (about 1.5 nH). 

Parameters of the ideal transformers are N ≈ Qe and M ≈ k, 

where Qe is the external quality factor and k is the coupling 

coefficient. From even- and odd-mode equivalent network 

analysis, it can be found that the even-mode frequency is 

equal to the resonator frequency: 

 
25.0

0
odd

2
0

evenres
1

1














k

k
f

f

f
ff ,  (8) 

 

where the coupling coefficient k is defined with 

 

   2 2 2 2

odd even odd evenk f f f f   .  (9) 

 

 

 
 

Fig. 4. 3D EM model of the bandpass filter with conductively 

coupled eighth-mode SIW resonators (color online) 

 

 

 

Resonator

L RC L R

gU

Z0
Z0

Resonator

Bridge coupling

N : 1 1 : NLbM : 1 1 : M

C +

 
 

Fig. 5. Equivalent circuit of the bandpass filter with conductively coupled eighth-mode SIW resonators (color online) 

 

 

 

In fact, the main difference of using conductive 

coupling to inductive or capacitive one is that the centre 

frequency of the filter (f0) will be different from the 

resonator frequency (fres). 

The use of conductive coupling has the following 

influence on the filter responses: the lower band-edge 

frequency will remain fairly constant and independent of 

the coupling coefficient k, while the upper frequency will 

change with it. Such behaviour is confirmed by the filter 

responses (Fig. 6) obtained by performing full-wave 

simulations on the 3D EM models and circuit-level 

simulations based on the equivalent circuit, for numerical 

values given in Table 2. 

 

 

 
 

Fig. 6. Comparison of frequency responses for Filter 1 

 and Filter 2 (EqCir - equivalent circuit; EM - 3D  

EM model) (color online) 
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Design curve of external quality factor for the eighth-

mode SIW resonator is shown in Fig. 7. The quality factor 

is presented as a function of normalized position of the feed 

line z = p0/P. The parameter P is shown in Fig. 3. The 

following curve fits well to the set of calculated and 

experimental values: 

 

)
2

(sin)( 2
0 zqzQ


 

,  (10) 

 

for the lower values of z, where q0 = 0.65. For the entire 

range, 0 < z < 1, the design curve might be presented with 

expression 

 

3)( 2
1 qzqzQ q  ,          (11) 

 

where the coefficients are q1 = 0.7059, q2 = -2.124 and 

q1 = 3.209. 

 

 
Table 2. Two filters with base resonator  

frequency of 1.21 GHz 

 

Parameter Filter 1 Filter 2 

center frequency f0 1.39 GHz 1.29 GHz 

reflection @ f0 -20.8 dB -21 dB 

transmission @ f0 -1.1 dB -2.3 dB 

relative bandwidth 29 % 13 % 

bridge position 0.495 0.336 

port position 0.463 0.276 

 

 
Fig. 7. Design curve of the external quality factor for the 

 eighth-mode SIW resonator (as functions of normalized 

 port position)(color online) 

 

 

 
Fig. 8. Design curve of coupling coefficient k for the  

conductively coupled eighth-mode SIW resonators (as 

 functions of normalized bridge positions) (color online) 

Design curves of the coupling coefficient for the two 

eighth-mode SIW resonators are shown in Fig. 8. The 

coupling coefficient depends only on the bridge position 

between resonators, notated as a dimension pb. The initial 

position of the bridge (pb=0) is placed in between the two 

rows of metalized cylindrical holes which connects the two 

ground planes and emulate the metallic side walls of 

standard waveguides. The coupling coefficients are 

presented as functions of normalized bridge position 

x = pb/D, where the parameter D is hypotenuse length of 

right triangular resonator as shown in Fig. 3. Three curves 

are calculated for a different bridge width wb. We have 

used wb equal to 0.5w0, 1.1w0 and 1.5w0. The calculated 

and experimental coupling values are represented by dot 

charts (see Fig. 8). The position of the maximum coupling 

coefficient is constant and it is not function of the metallic 

bridge width wb, while maximal value increases with 

increasing of width wb. The maximum position is placed 

around the normalized bridge position 0.75 (x = pb/D). 

Fitting to each set of the experimental values might be 

represented by the curve 
2

)(

)(

e)(),(







 



yC

yBx

yAyxk .  (12) 

 

The variable y is a normalized bridge width, y = wb/D. 

Parameters A(y), B(y) and C(y) are functions of the 

normalized bridge width (y) and might be fitted with the 

following polynomials: 

 

32
2

1)( ayayayA    (13) 

 

with the coefficients a1 = -3.969, a2 = 1.438, a3 = 0.3988, 

 

32
2

1)( bybybyB    (14) 

 

with the coefficients b1 = 1.631, b2 = -0.4967, b3 = 0.7901, 

and 

32
2

1)( cycycyC    (15) 

 

with the coefficients c1 = 1.359, c2 = -0.2408, c3 = 0.3557. 

For the lower values of x and wb = 0.5w0, the coupling 

coefficient can be presented as 

)
2

(sin)( 2
0 xkxk


 ,        (16) 

where k0 = 0.8. 

The use of ideal transformers, for which 

transformation ratio is proportional to electric field 

strength, at the point of placement of filter bridge and ports, 

results in sin
-2

 and sin
2
 type functions approximating the 

external Q-factor and resonator coupling coefficient k, 

versus the port position and normalized bridge, 

respectively. These approximations are shown in Figs. 7 

and 8. However, deviation from this can occur for lower 

values of the Q-factor because of losses, and higher values 

of the coupling coefficient k due to virtual coupling of the 

bridge to its image in PMC symmetry planes. 
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4. Bandpass filter prototype and experimental    

    verification 

 

Two second-order bandpass filters using conductively 

coupled EMSIW resonators, with differently positioned 

feeding ports and coupling bridges, are fabricated on FR4 

substrate (Fig. 9), to experimentally verify the proposed 

design. The obtained measured responses are compared to 

the simulated ones (Fig. 10), showing good agreement, 

particularly in the pass bands, and validating the presented 

solution for SIW filters design. 

 

 
 

Fig. 9. Photograph of the two filters fabricated on FR4  

substrate Filter 1(left) and Filter 2 (right) 

 

 

 
(a) 

 
(b) 

 

Fig. 10. Comparison of the simulated and measured  

results for: (a) Filter 1, (b) Filter 2 (color online) 

 

 

5. Conclusion 

 

A novel bandpass filter design using two conductively 

coupled EMSIW resonators has been presented. 

Conductive coupling has been performed using bridge 

across the gap between the resonators. Such design has 

overcome the limitation imposed by the printing resolution 

of planar microwave structures, thereby confirming the 

advantage of the use of conductive coupling over 

capacitive and inductive one, for the SIW filter design. 

A simple equivalent circuit has been derived for the 

considered filter. An inductor and ideal transformers with 

adequately chosen parameters, i.e. transformation ratios, 

have successfully modelled the bridge coupling, thus 

providing the possibility to tune the coupling by solely 

varying the bridge position. 

Design curves of the external quality factor and the 

coupling coefficient represent another contribution of this 

research. Analytical expressions have been proposed for 

the external quality factor, as a function of normalized port 

position, and for the coupling coefficient, as a function of 

normalized bridge position. These expressions apply to the 

entire range of normalized port and bridge positions, for the 

considered filter. 

The proposed filters, with different port and bridge 

positions, have been fabricated and their responses have 

been experimentally verified, showing good agreement 

with the results obtained by 3D EM simulations. In this 

manner, the presented solution has been validated for the 

SIW filter design using conductive coupling. 

Considered filters were designed for the centre 

frequencies between 1 GHz and 2 GHz. However, 

frequency range is not a limiting factor to reuse the same 

concept presented here for other SIW components. Future 

research might focus on the application of such design for 

the filters operating in different frequency bands, thereby 

scaling their size accordingly, so they could be used in the 

systems developed for the emerging technologies. Also, the 

authors consider design improvement in terms of undesired 

higher-bands suppression. 
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