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Abstract  — A new method to achieve wide pass-band 

characteristics on Substrate Integrated Waveguide (SIW) tunnel 
section is presented. It will be shown that three in-band 
longitudinal resonant-modes can be excited from the waveguide-
feed interaction due to the frequency dispersive nature of the 
effective permittivity in a waveguide. Such modes correspond to 
the Epsilon Near Zero (ENZ) mode, a half-wavelength mode, 
and one-wavelength mode. In this paper theoretical and 
experimental results are presented to validate the concept. 

 

Index Terms — Substrate Integrated Waveguide, Epsilon 
Near Zero, Waveguides, Resonant tunneling devices.  

I. INTRODUCTION 

Substrate Integrated Waveguides (SIW) support TE10 

propagation mode which has an intrinsic high pass 

characteristic [1]. However, for wide pass-band 

characteristics electromagnetic band gap structures or notch 

resonators have been added to the SIW  [2, 3, 4]. 

    In this work a new technique to obtain wide pass-band 

characteristics on SIW tunnel section is presented. This 

method relies on the excitation of three in-band resonant-

modes that arise from the waveguide-feed interaction. Such 

resonant modes correspond to the Epsilon Near Zero (ENZ) 

mode (with infinite wavelength) [5], a half-wavelength mode 

and one-wavelength mode.  To excite these resonant modes a 

modified tapered feed is used.  

    An SIW with an  εr substrate operated at the fundamental 

TE10 mode has an effective permittivity described by (1) [6]. 
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where c is the speed of light in vacuum,  f is the operation 

frequency and Wg is the waveguide width. From the equation 

it is clear that the effective permittivity is negative below 

cutoff (εeff < 1). Above cutoff it is positive (εeff > 0), and at 

cutoff, εeff =0. This implies that at cutoff the phase constant is 

zero (β = 0) which gives rise to an infinite guided wavelength 

[5]. As a result, the structure is perfectly matched at this 

frequency. This phenomenon, often called tunneling, has 

been previously reported for antenna feeds [7], for matched 

waveguide-bends [8], and for narrow waveguide tunnels [9].   

The operational bandwidth of these tunnels is generally very 

narrow since only one frequency is transmitted.  Although the 

TE10 waveguide itself has a high pass characteristic, we try to 

create a wide band-pass characteristic in place of an 

extremely narrow bandwidth of the ENZ.   

    In order to create three in-band resonant modes the feed- 

tunnel interaction is used. The first mode corresponds to the 

ENZ tunnel.  

    The second resonant mode is excited only on the feed lines 

since the electrical length of the tunnel becomes negligibly 

small. This effect occurs for frequencies where the guided 

wavelength is much larger than the free εr medium 

wavelength.  

    Finally, a third resonant mode is excited on the feed lines 

and the tunnel, which happens for frequencies when the 

tunnel acts as a distributed element. This takes place when 

the guided wavelength is similar to the free medium 

wavelength. 

    For filter applications, sharp skirt roll-offs are required. 

Therefore, two quarter-wavelength decoupling resonators 

were added to the circuit to generate transmission zeroes at 

the edges of the passband. 

    In this paper a structure is presented with 75% bandwidth. 

Good agreement between simulation and experimental results 

is achieved. 

II. ENZ WAVEGUIDE STRUCTURE  

    Fig. 1a shows the proposed structure which consists of an 

SIW tunnel fed by a modified taper feed, where a window is 

cut with dimensions a and b.  Wg is the width of the tunnel, 

Lg is its length, Lf is the length of the taper and Wf  is the 

width of the taper. For a TE10 mode, the SIW tunnel width 

can be obtained by  (2). 
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Where f1 is the cutoff frequency, c is the speed of light and εr 

is the relative permittivity. For our case we chose  εr =2.2 and 

f1= 2.5GHz, which gives Wg= 40mm. The other dimensions 

are  a= 14mm, b= 4mm, Lg= Lf= 10mm, and Wf= 16mm. The 



 

substrate height is h=0.5mm. The tunnel has a phase constant 

(βg ) given by (3). 
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where 
oorfk µεεπ ⋅= 2  is the phase constant on a medium 

with permittivity εr . The guided wavelength is λg=2π / βg   

and the εr-medium wavelength is λ =2π / k. From here it can 

be seen that for βg=0, ∞→gλ  (see Fig. 2).  

    When the structure is loaded with the modified taper, a 

slight frequency shift of the tunneling frequency occurs. The 

taper is a wide but short structure (its length is about λ/10 for 

f1). Hence it has a strong capacitive contribution. By analogy 

from (2), an increase in the capacitance to ground results in 

an effective increase in permittivity (ε).  A full wave 

simulation [11] of the structure was performed and the results 

plotted in Fig. 3 showing the effective ENZ tunneling 

frequency at about 2.1 GHz. Fig. 1b shows the simulated E-

Field distribution at the tunneling frequency where a constant 

field is observed hence confirming the tunneling effect with 

infinite wavelength. 

 

 
 
Fig. 1. (a) Top view of SIW structure with modified taper. (b) E-

Field distribution inside the tunnel for ENZ. 

 

    An equivalent circuit of the structure is depicted in Fig. 4. 

The circuit can be seen as a feed transmission line with two 

short circuited stubs which represent the tunnel section. Since 

the length (Wg/2) of the stubs is λ/4 at the 2.5GHz cutoff (2), 

their input impedance ZINS is infinite 

( )2/tan( gININS WZjZ ⋅⋅= β ) therefore the tunnel is 

transparent to the propagating signal. Moreover, due to the 

static-like behavior in the x direction, their effective length 

Lgeff can be taken infinitely small (or dimensionless) as shown 

in Fig. 4. Nevertheless, since the effective tunneling 

frequency is slightly shifted due to the capacitive loading of 

the feed, the length of the stubs (Wg/2) is about λ/5 at 

2.1GHz. As it is well known, the input impedance of short-

circuited stubs shorter than λ/4 is a positive imaginary 

number (ZS=32j in our case), consequently acting like 

inductors.  

From Fig. 4, the T1-T2 ABCD matrix can be calculated from 

(4). 
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where ZCF is the impedance of a capacitive element given by  

ZCF= 1 / (j 2πf CF) and CF = A εoεr / h. A is the effective area 

of the taper feed. To calculate the reflection coefficient (5) 

can be used. 
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where Z0=50Ω is the line impedance beyond the feed. For our 

case pFCF 5.2≈  which gives a matched impedance 

condition at about 2.1GHz, in accordance with Fig. 3.  

 

 
Fig. 2. Guided wavelength, phase constant (β) inside waveguide and  

εr-medium wavelength  

III. 2ND
 AND 3RD

 IN-BAND  RESONANCES 

    For frequencies above cutoff when 0≠gβ  two regions can 

be defined as shown in Fig. 2. In Region 1, the guided 



 

wavelength is much larger than the wavelength in the εr 

medium (λg>>λ).  In Region 2 the guided wavelength 

becomes comparable to the εr medium (λ ~=λg). 

 
Fig. 3. Simulated S11 parameter of structure showing the three 

different resonances.  

 

 

 
Fig. 4. Simplified model of structure. 

 

    For Region 1, (up to about 3.2GHz) ), the electrical length 

of the tunnel is negligibly small (
ggg L λβ <<⋅ ). On the other 

hand, when the effective electrical length of the taper 

becomes about quarter wavelength ( 90
f f

Lβ ⋅ ≈ o ), the 

structure supports a half-wave resonance, which is split 

between the two feeds. This is shown in Fig. 5a where the E- 

field distribution is depicted. It is clear that since the 

electrical length of the SIW is considerably small, there is no 

E-Field variation along it, whereas the half wavelength 

resonance  is distributed on the tapers (which are about λ/4 

each). In this case this happens at 2.8GHz. Fig. 3 shows the 

full wave simulation of the structure confirming the second 

longitudinal resonance at the given frequency. 

    For the third resonance, which occurs in Region 2 (Fig. 2) 

the guided wavelength is comparable to that of the εr medium 

(λ ~=λg).  In addition, the electrical length of the waveguide 

is large enough to act like a distributed element. For this 

reason, when the electrical length of the whole structure 

approaches one wavelength, a third resonant mode is excited. 

In our case this occurs at 3.6GHz. The E-Field distribution is 

depicted in Fig. 5b showing that half of the wave is 

distributed along the tunnel and the other half is split between 

the input and output feeds. Finally, the simulation results 

confirm this finding as illustrated in Fig. 3 where the 

resonant mode at 3.6GHz is clearly seen. 

 

IV. NOTCH RESONATORS 

    In order to improve the rejection characteristics at the 

lower and upper bands, two λ/4 notch resonators were added 

to the input and output of the structure. These resonators were 

designed at  1.5GHz and 4.5 GHz respectively. These 

resonators are decoupled from the transmission line by means 

of an interdigital capacitor from the input of the SIW tunnel. 

The final circuit is shown in Fig 6.  

 

  
Fig. 5. (a) E-Field distribution for 2nd resonance, (b) E-Field 

distribution for 3rd resonance 

V. RESULTS 

    As discussed above, the width Wg defines the first ENZ 

resonance, whereas Lf , Wf and Lg define the  second and third 

resonant modes. Different bandwidth behaviors can be 

obtained by optimizing these values. 

    The structure was realized on a RT 5880 Duroid substrate 

with εr=2.2 and h=0.5mm. The side walls of the tunnel were 

realized with copper tape.  The measured and simulated 

results are compared in Fig. 7, clearly showing the three in-

band resonant modes. The measured bandwidth is 70% and 

the simulated is 75%. The return losses are better than 17dB 

for simulation and experiment. The experimental insertion 

losses are below 1.5dB throughout the band. The simulation 

and experimental results show small differences due to 

manufacturing errors. However, reasonable agreement 

between simulation and experiment is achieved. 

 



 

 
Fig. 6. Fabricated structure 

 

 
Fig. 7. Simulated and experimental responses of structure with wide 

pass-band response  

 
VI. Conclusion 

    In this paper, a new technique to obtain wide pass bands 

has been demonstrated by means of exciting longitudinal 

resonances along an SIW tunnel. Such resonances correspond 

to ENZ, half wavelength and one wavelength. One tunnel was 

successfully built and tested showing reasonable agreement 

between simulated and measured results. 
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