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Abstract ─ A novel 3dB wideband coupler with 

enhanced selectivity has been proposed and developed  

in multilayer HMSIW topology. Periodic ginkgo leaf 

slots (GLS) are etched on top layer of HMSIW to realize 

a pass-band combining with high-pass characteristics  

of HMSIW. The novel GLS cells have stop-band 

characteristics aiming to improve the frequency selectivity 

and extend the upper stop-band. Moreover, the roll-off at 

the upper side is very sharper. A continuous coupling slot 

is etched in the conductor layer at the broadwall of 

HMSIW. Coupling takes place through the long, offset 

slot, which features a flexible design providing a wide 

coupling dynamic range with wideband characteristics. 

Detailed design process is introduced to synthesize a 

wideband filtering HMSIW coupler with better stop-

band rejection. The novel coupler is showing a 34.9% 

coupling bandwidth at 8.87 GHz with good isolation, 

reflection and out-of-band rejection performances. Its 

stop band is from 13.8 to 17.6GHz with the rejection 

more than 40dB. Good agreement is obtained between 

the simulated and measured results of the proposed 

structure.  

 

Index Terms ─ Electromagnetic band gap (EBG), Half-

mode Substrate Integrated Waveguide (HMSIW), high 

selectivity, multilayer, wideband coupler. 
 

I. INTRODUCTION 
Directional couplers are essential components in 

transceivers for microwave communication systems. 

Because they have a great impact on the overall system 

performance, wideband, low insertion losses and high 

isolation are usually required in many applications. The 

substrate integrated waveguide (SIW) technology [1-17] 

is a promising candidate for modern wireless transceiver 

systems and has provided an excellent trade-off between 

waveguide and planar technologies [18-24] in terms of 

quality factor, volume, the losses, power handling and 

easy integration. 

Nevertheless, the conventional SIW circuits are still 

too large for millimeter wave systems. Several solutions 

have been proposed to reduce the footprint of SIW 

structures, including the half-mode substrate integrated 

waveguide (HMSIW) [2-6] and the substrate integrated 

folded waveguide (SIFW) [7-8]. These two topologies 

allow the width of the SIW to be reduced by a factor of 

two. In [2], a 3-dB coupler is realized at Ku band using 

HMSIW, which keeps the good performance of the  

SIW coupler with nearly a half reduction in size. A 

ridged HMSIW was proposed in [5], which open side  

is capacitively loaded with a continuous ridge so as  

to lower the first-mode cutoff frequency. In [8], the 

proposed dual-band rat-race coupler was developed in 

the FSIW, consisting of two stacked layers of substrates.  

Recently, miniaturization design is becoming one of 

the primary trends for many applications in transceivers. 

On one hand, the use of multilayered topologies [9-11] 

is known to provide more freedom to design coupling 

paths and control coupling levels between waveguided 

structures while preserving a compact circuit size. On the 

other hand, more and more attention has been paid to 

single devices integrated with different functionalities, 

such as a bandpass balun, bandpass coupler [12], and 

bandpass antenna [13]. A reduced size rat-race SIW 

coupler incorporating a bandpass frequency response 

characteristic was presented in [12].  

The SIW has highpass performance and the periodic 

electromagnetic band gap (EBG) structures have slow-

wave and stop-band characteristics [14-16]. As such, a 

periodic configuration is etched on the top layers of the 

HMSIW to realize the wideband filtering response. In 

[14], an EBG-loaded ridge substrate integrated waveguide 

(RSIW) ring coupler was presented. The periodic EBG 

structures are employed to increase the propagation 

constant to achieve further size reduction. In [16], a 

wideband directional coupler was proposed on the  

basis of the concept of slow-wave HMSIW to achieve 

compact size. Generally speaking, some problems faced 

by the above-mentioned structures are poor stopband 

suppression or narrower bandwidth. How to solve these 

two problems at the same time has been attracting 

increasing attention. 

In this paper, to overcome the limitation of a 

conventional coupler, a novel wideband directional 
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filtering coupler with enhanced selectivity has been 

proposed and developed in multilayer HMSIW topology. 

Periodic ginkgo leaf slots (GLS) are etched on top layer 

of HMSIW to realize a pass-band combining with high-

pass characteristics of HMSIW. The dimensions of the 

coupling slot and HMSIW are used to determine both  

the coupling ratio and the center frequency. Meanwhile, 

it is possible to control the bandwidth and the rejection 

level by adjusting the parameters of GLS. It's a good 

combination of multilayered topologies, HMSIW and 

EBG structures.  

 

II. ANALYSIS AND DESIGN 

A. Filtering coupler structure 

As shown in Fig. 1 (a), Port 1 is the input port; Port 

2 is the through port, whereas Ports 3 and 4 are coupling 

port and isolation port, respectively. 

 

 

(a) 

 

   (b) 

 
(c) 

 

Fig. 1. The proposed HMSIW filtering coupler with GLS 

cells: (a) anatomy view, (b) geometries of ginkgo leaf 

slots (GLS), and (c) top view. 

The multilayer E-plane HMSIW coupler consists  

of two parallel waveguides (HMSIW1 and 2) coupled 

together by means of a longitudinal slot etched in  

their common broad wall. The long coupling slot have 

variable lengths (Lslot), widths(Wslot) and offsets 

(Dslot), and are arranged with respect to the distribution 

of TE0.5,0 mode. In the coupling region, the coupling slot 

is located on the metal plane between substrate 1 and 2. 

As depicted in Fig. 1 (b) and Fig. 1 (c), a periodic GLS 

configuration is etched on the top layer of the HMSIW1 

and 2 to realize the wideband filtering response. 

 

B. Analysis of coupler 

As discussed above, the width of the HMSIW is half 

that of the SIW, so the width of an SIW properly 

operating in the same frequency range should be 

determined at first on the basis of the design 

considerations in [2-3]. The HMSIW has highpass 

performance and the electromagnetic band gap (EBG) 

structures have stop-band characteristics. 
 

 
 

Fig. 2. Schematic of the filtering coupler with GLS. 

 

Figure 2 illustrates the schematic of a four-port 

filtering coupler. As seen, the proposed structure 

integrates a bandpass filter and a directional coupler. 

There are three steps to design the proposed coupler. 

First, the cutoff frequency for the HMSIW can be 

determined by the following formulae: 
2

0.95
eff siw

D
a a

p
 


,
 

( 10) .
2

c TE

eff r

c
f

a 
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Where, aeff and asiw are the equivalent and real width  

of SIW, respectively. aHsiw is the width of HMSIW 

(asiw=2aHsiw). D and p are the diameter of metallized via-

holes and center-to-center pitch between two adjacent 

via-holes. c is the light velocity in vacuum, and εr  

is the dielectric constant of substrate. Secondly, the 

dimensions of the coupling slot and the feed lines for 

transition between the HMSIW and the microstrip are 

determined to achieve equal coupling strength. Finally, 

the parameters of the GLS and the periodic separation 

can be determined by using electromagnetic simulation 

to obtain good out-of-band rejection. 

As observed in Fig. 1 (a) and Fig. 3, the physical 

fields existing in the structure can always be expressed 

as the superposition of these two modes, i.e. even mode  
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and odd mode. When the ports 1 and 4 are excited with 

two signals of same amplitude and phase, only TE0.5, 0 

mode (even mode) can be observed in the coupling 

region. However, when the two ports are excited by two 

signals with same amplitude but reverse phase, only 

TEM mode (odd mode) can be found. The electric field 

intensities of TE0.5, 0 mode and TEM mode are summed 

at ports 2 and 3, resulting in the power output at these 

two ports. 

 

 
(a) 

 
(b) 

 

Fig. 3. Electric field distribution in coupling region: (a) 

even mode and (b) odd mode. 

 

The superposition filed in the coupling slot satisfies 

[10]: 

1( ) cos( ),j z

IA z a e Kz  (2) 

1( ) sin( ),j z
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where, βe and βo are the propagation constant of even 

mode and odd mode respectively. In this way, within the 

coupling region, there are two kinds of modes, namely 

TE0.5, 0 mode in HMSIW and TEM mode in stripline. 

Supposing the length of the coupling region as L, the 

wavelength of TE0.5, 0 mode in HMSIW as λ0.5,0, whereas 

the wavelength of TEM mode as λTEM. The coupling ratio 

at port 3 can be controlled by changing the size of the 

coupling region, it can be defined as: 

1

( )
20 lg 20 lg sin( ) 20 lg sin( ) .

2

IIA L
C KL L

a


       (5) 

For a 3-dB coupler(C=-3dB), we have, 

ΔβL=π/2= (βe-βo) L. (6) 

According to reflection suppression condition of TE0.5, 0  

mode at both ends of coupling region [25]: 
2

1 0ej L
e


  . (7) 

Based on (7), we have, 

sin(2βe L)=0, and cos(2βeL) = -1. (8) 

So that the relation between βe and L is given by, 

βeL= (2n+1) π /2. (9) 

From (6) and (9), the propagation constant of the 

two modes is thus obtained: 

2
.

2 1

o

e

n

n






  

(10) 

When the difference between the propagation constants 

increases the coupled length L decreases. Therefore, 

smaller value of n corresponding to shorter coupler slot. 

Hence, 

βo /βe=2/3 (n=1). (11) 

In the coupling region of coupler, the propagation 

constant for TE0.5,0 mode is given below:  
2 2

2
( ) .r

e
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f
f

c a

  


   
      

  

 
(12) 

According to the theory of Bethe hole, there is an 

approach to obtaining flat coupling versus frequency. So, 

the initial location of the coupling slot is given by [26], 

[27]: 

Dslot=aeff/4. (13) 

At the center frequency f, the initial length of the 

coupling region (L) may be determined by using formula 

(6), (10), (11), and (12). 

 

C. EBG design 

EBG structures are periodic structures that produce 

variations in the refractive index of the medium to 

introduce both a slow-wave effect and a certain stopband 

in its frequency response. The following step is to 

identify the EBG dimensions to be used for realizing out-

of-band rejection. In Fig. 1 (b), there are five parameters 

to determine the band-gap properties: the periodic 

separation Lebg between adjacent EBG cells, the radius 

r1, the angle θ, the length lg, and the width s1 of the  

GLS cell. The radius of the GLS structures r1 (the first 

parameter) was increased in steps to find out its influence 

on the bandwidth and rejection, as shown in Fig. 4 (a). 

The simulated results in Fig. 4 (a) revealed that for 

increasing radius of GLS, the relative bandwidth of  

the coupler was also found to decrease correspondingly. 

The parameters of the EBG cells (r1, s1) as well as the 

relative bandwidth are summarized in Table 1.  

The second parameter is the width s1 of the EBG 

cell. Fig. 4 (b) shows the relationship between relative 

bandwidth and s1. The coupling bandwidth increases 

when the width s1 of the EBG cell is increased. In 

addition, smaller s1 corresponds to narrower bandwidth 

and steeper rolloff slope in transition band. 
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   (a) 

 
   (b) 

 
   (c) 

 

Fig. 4. Variation of frequency responses with respect to 

the parameters of the GLS cells: (a) the radius r1, (b) the 

width s1, and (c) the period Lebg.  

 

Table 1: Relative bandwidth Δf/f0 change with r1 and s1 

r1 (mm) Δf/f0 (%) s1 (mm) Δf/f0 (%) 

0.5 38.16 0.1 34.18 

0.6 33.42 0.2 38.16 

0.7 27.44 0.3 42.04 

0.8 23.16 0.4 45.19 

 

The third parameter is the period Lebg of the 

structure, as it controls the center frequency of the 

stopband where Lebg=λgs/2 and λgs is the corresponding 

guided wavelength of the stopband center frequency. 

Lebg should be chosen such that, this stopband comes 

after the band of operation required. 

The period (Lebg) of the EBG cells can be 

calculated by using HFSS. As shown in Fig. 4 (c), the 

center frequency of the stopband (fs) reduces evidently 

with the distance between the EBG cells increased. Table 

2 illustrates the period Lebg may affect the center 

frequency of the stopband and the corresponding guided 

wavelength. 

 

Table 2: fs and relative bandwidth change with Lebg 

Lebg (mm) fs (GHz) Δf/f0 (%) 

4.5 15.85 38.16 

5 15.79 35.79 

5.5 15.17 32.56 

 

The number of EBG structure controls the rejection 

whereas the bandwidth is determined by the size (which 

is controlled by the radius and width) of the EBG 

structure. Such configuration can be employed efficiently 

where wide-band stopband rejection is desired. Finally, 

the rest of the dimensions are estimated using HFSS 

simulation tool. 

 

D. Coupling slot 

As depicted in Fig. 1, the coupling slot is located on 

the metal plane between substrate 1 and 2. Moreover, the 

long coupling slot has variable lengths (Lslot), widths 

(Wslot) and offsets (Dslot), and the design parameters 

control the mutual coupling between two parallel 

waveguides. 

From the formula (5), (6), and (12) we can see that 

the coupling ratio depends on the lengths (Lslot=L) of 

coupling slot. For a 3-dB coupler, Δβ decreases with 

increasing lengths (Lslot) of coupling slot. In addition, 

Lslot is also related to the center frequency of the coupler. 

 

Table 3: Coupling ratio and f0 change with Dslot 

Dslot (mm) f0 (GHz) Coupling Ratio (dB) 

2.5 7.6370 -4.8276 

3 8.6437 -4.1445 

3.5 8.9273 -4.0869 

4 9.0407 -3.9610 

4.5 9.0832 -3.9045 

 

But for a 6-dB coupler (ΔβL=π/3), the length (Lslot=L) 

of coupling slot is shorter than the corresponding length 

of a 3-dB coupler. The other two parameters of the 

coupling slot have effects on both the coupling ratio and 

the center frequency. 

 

According to the Table 3, both coupling ratio and 

the center frequency (f0) of the coupler increase when the 

offset (Dslot) is increased. 
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Table 4: Coupling ratio and f0 change with Wslot 

Wslot (mm) f0 (GHz) Coupling Ratio (dB) 

2 8.9862 -3.9778 

2.5 9.0430 -3.9611 

3 9.2131 -3.9956 

3.5 9.2273 -3.9917 

4 9.2982 -4.0039 

 

The simulated results in Table 4 revealed that for 

increasing widths (Wslot) of coupling slot, the center 

frequency of the coupler was also found to increase 

correspondingly. However, the change of coupling ratio 

is just the opposite. Moreover, it has to be noted that 

among all of the parameters of the slots, the offset 

distance (Dslot) has a critical effect. This is due to its 

direct impact on the field within the coupling slot as it 

causes a rapid variation for small offsets and slow 

variations for larger ones. 

 

E. Deign example 

In our design, the center frequency and relative 

bandwidth of the filtering coupler are 9 GHz and 36%, 

respectively. The used substrate is Taconic RF35 with 

relative permittivity (εr) of 3.5 and height of 0.508 mm.  

Based on our knowledge, HMSIW structure has 

high-pass characteristics and can be used to realize  

lower sideband response of coupler. In addition, periodic 

ginkgo leaf slots (GLS) determine the center frequency 

of the stopband and can be used to form upper sideband 

response. As such, bandpass response of the coupler  

can be easily realized by combining above two 

characteristics. After the parameters of GLS cells have 

been properly adjusted, better out-of-band rejection in 

wideband may be achieved at the same time. 

Therefore, the first step is to decide the dimensions 

of HMSIW structure. According to our specification, the 

cutoff frequency for the TE0.5,0 dominant mode in 

HMSIW is estimated to 6.3GHz. By using (1), the initial 

values of width of HMSIW (aHsiw) should be 6.5 mm. 

There are six EBG cells in our design, as shown in  

Fig. 1. So, the length of the HMSIW should be at least 

more than five times of period of EBG cells. As such, the 

initial length of HMSIW can be determined as: LHsiw=8 

Lebg. 

The second step is to determine the parameters of 

GLS cells. As above discussion, the period of the GLS 

cells controls the center frequency of the stopband (fs0) 

which can be calculated by using HFSS. According to 

Fig. 4 (c), Table 2, and our specification, the value ranges 

for the center frequency of the stopband are from 15.17 

to 16GHz. Thus, the value ranges for period of EBG cells 

Lebg are from 4.5 to 6 mm. 

The bandwidth and rolloff slope in the transition 

band are also affected by the radius r1 and the width s1 

of the GLS structures. According to Table 1 and the 

specifications, the value ranges for the radius r1 are from 

0.5 to 0.6mm. Similarly, as observed in Table 1, the 

value ranges for the width s1 are from 0.1 to 0.3mm.  

The third step is to calculate the length and location 

of coupling slot in HMSIW coupler. According to (6), 

(11), (12), and (13), the initial length (Lslot) and location 

(Dslot) of coupling slot should be 17.75mm and 3.38mm, 

respectively. Based on above considerations, the final 

optimal dimensions of the proposed coupler can be easily 

determined. 

 

III. SIMULATED AND MEASURED 

RESULTS 
After optimization implemented by HFSS, the 

geometry parameters of the proposed coupler are listed 

in Table 5. The proposed coupler was designed and 

fabricated on a substrate with thickness of 0.508 mm, 

relative dielectric constant of 3.5 and dielectric loss 

tangent 0.0018 (at 10 GHz). The simulated and measured 

results of S11, S21, S31 and S41 are presented in  

Fig. 5 (a). 

 

 
  (a) 

 
   (b) 

 

Fig. 5. Response of the coupler: (a) The proposed 

coupler with high selectivity, and (b) The coupler with 

and without GLS. 

 

In the frequency range 6.6-10.7 GHz, the return loss 

(S11) is below -14.5dB. The isolation (S41) is above  

15 dB in the range 6.1-10.5 GHz. With the acceptable 
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performance of S11 and S41, a measured power equality 

of -4.15±0.5 dB for S21 and S31 is achieved in the 

frequency range of 7.3-10.4GHz.  

 

 
 

Fig. 6. Photograph of the fabricated coupler. 

 

The insertion losses of the multilayer HMSIW 

filtering coupler are estimated to be nearly 1 dB in the 

frequency range 7.3-10.4 GHz. Its stop band is from 13.8 

to 17.6GHz (Upper Sideband) with the rejection (S31) 

more than 40dB. In lower sideband (from 1 to 4.8GHz) 

the rejection is more than 25dB.  

 

Table 5: Parameters of the fabricated coupler 

D (mm) 0.8 Wstrip (mm) 1.18 

p (mm) 1.5 Lstrip (mm) 11 

εr 3.5 WsiwH (mm) 6.5 

r1 (mm) 0.5 Wslot (mm) 2 

s1 (mm) 0.2 Lslot (mm) 16 

θ (deg) 90 Dslot (mm) 4 

Lebg (mm) 5 lg (mm) 3 

LtaperH (mm) 13 h (mm) 0.508 

WtaperH (mm) 3   

 

 
 

Fig. 7. Phase difference between Port 2 and Port 3. 

 

As shown in Fig. 5 (b), the proposed coupler with 

GLS can realize high selectivity and improved coupling 

bandwidth. Compared with the coupler without GLS,  

the frequency selectivity and stopband suppression 

bandwidth of the proposed structure are improved 

evidently. In addition, the roll-off at the upper side is 

very sharper. The power equality points increased indicate 

that the coupling efficiency of the coupler is also 

improved. Figure 6 is the photograph of the fabricated 

HMSIW filtering coupler. The simulated phase difference 

is 90o±5o from 7.3 to 10.4GHz, as shown in Fig. 7. 

 

Table 6: Performance comparison of SIW/HMSIW 

couplers 

Ref. 
f0 (GHz)/ 

FBW (%) 

Size (λg
2)/ 

Isolation (dB)/ 

SFBW* (%) 

Stopband 

Rejection (dB)/ 

Layers*/εr 

[2] 13/20 2.36/16/2.4 7/1/2.2 

[5] 7/7 2.64/15/10.5 10/1/2.2 

[12] 7.75/2.58 2.23/30/15.05 25/2/3.5 

[14] 8/12.5 2.2/20/2.8 8/2/2.94 

[15] 10.2/24.6 5.96/15/4 10/1/2.2 

[16] 14.1/ 42 2.1/15/5.1 8/1/9.5 

[28] 10.25/34 5.26/15/3.1 8/1/9.5 

This 

work 
8.87/34.9 2.2/15/24.64 40/2/3.5 

*Where λg is the guided wavelength on the substrate at 

the center frequency f0, FBW represent the fractional 

bandwidth. Layers* represent number of substrate layers. 

SFBW* represent the Stopband (Upper Sideband) 

fractional bandwidth. 

 

A detailed performance comparison with SIW/ 

HMSIW couplers in recent years is shown in Table 6, 

which demonstrates the advantage of the proposed 

coupler clearly. Compared with the works in Table 6, the 

proposed structure has the better stop-band rejection and 

steeper transition band. 

Its stop band is from 13.8 to 17.6GHz with the 

rejection more than 40dB. The stopband (Upper Sideband) 

fractional bandwidth is about 24.64%. Compared with 

the works in [2], [5], [12], [14], and [15], the presented 

coupler has featured wider bandwidths and lower loss. 

 

IV. CONCLUSION 
A novel multilayer 3dB filtering coupler with high 

selectivity has been proposed and developed in 

multilayer HMSIW topology. This modification allows 

HMSIW operation, resulting in significant size reduction 

using both multilayer and half-mode schemes 

simultaneously. Moreover, the novel GLS cells are 

etched on top layer of HMSIW to realize filtering coupler, 

which is a kind of multifunctional structure. Since the 

proposed structure integrates a bandpass filter and a 

directional coupler, it can contribute to the miniaturization 

of an RF transceiver. Compared with the coupler without 

GLS, the frequency selectivity and stopband suppression 

bandwidth of the proposed structure are improved 

evidently. It's a good combination of multilayered 

topologies, HMSIW and EBG structures. The proposed 

wideband coupler with GLS shows advantages of low 

cost, compact size, high selectivity and wide stopband 
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bandwidth, indicating it being a good candidate for 

wideband wireless communication applications.  
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