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ABSTRACT: 

A full-wave design technique of n-order Chebyshev stepped impedance band-pass filters in 

substrate integrated waveguide (SIW) is presented for the first time. The structure of the filter 

is based on including elliptic patterns etched on the SIW top surface to synthesize Chebyshev 

transfer functions. The band-pass response is obtained from the high-pass characteristic of the 

SIW line together with the behavior of the elliptic patterns, which implement the impedance 

inverters needed to control an upper cut-off frequency in the response of the filter. The 

synthesis technique is applied to the design of a sixth-order Chebyshev stepped impedance 

band-pass SIW filter. It is shown that the use of elliptic patterns instead of circular patterns can 

increase the spurious free range of the filter. In addition, when exponential microstrip-to-SIW 

transitions are integrated into the design process, a reduction in size and improvement in return 

loss are achieved, as compared to a base-line filter (sixth-order Chebyshev stepped impedance 

band-pass filter) designed with transitions separately. Electromagnetic (EM) simulation and 

measurements results have shown the effectiveness of the proposed design technique to carry 

out high-performance band-pass filters in SIW technology. 

 

Keywords: Band-pass filter, Filter synthesis, Substrate integrated waveguide (SIW) 
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1. Introduction 

In modern communication systems for satellite and mobile applications, high-

performance RF/microwave filters with stringent requirements in terms of weight, cost, 

insertion loss, quality factor and power handling capability are required [1]. The substrate 

integrated waveguide (SIW) is a recent technology that can fulfill these requirements [2-9] and 

also has a great potential for the development of broadband systems. Its operation principle is 

similar to a rectangular waveguide loaded with a dielectric material. Hence, the SIW 

technology allows to implement a wide range of circuits based on classical rectangular 

waveguide by using inductive discontinuities [10]. In addition, the SIW structure is compatible 

with planar technology which facilitates the integration of a wide range of passive and active 

planar devices in the same circuit. 

 In the last years, there has been a great interest to implement band-pass filters in SIW 

technology. In addition to conventional inductive discontinuities [10], band-pass SIW filters 

can be obtained by means of electromagnetic bandgap structures (EBGs) [11-14], defected 

ground structures (DGSs) [15-17], perforated sections (PSs) [18,19] or different types of 

resonators [20,21], including split ring resonators (SRRs) [22-26]. Many of these band-pass 

SIW filters use a similar design method that combines the high-pass characteristic of the SIW 

line and the stop-band behavior of some discontinuities or resonators in cascade to accomplish 

a band-pass response [11-14,17], [20-25]. In this way, it is possible to achieve band-pass SIW 

filters with different bandwidths (small or large). However, this design method does not allow 

to define with accuracy the bandwidth, and the precise electrical characteristics inside the 

passband. It requires an optimization of the full filter structure to align its response with the 

initial design specifications. This design method is not computationally efficient, since the 

design time increases for three-dimensional (3D) structures and even more when the number 

of discontinuities or resonators in cascade is incremented. The design methods of band-pass 
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SIW filters based on LC resonators lead to small bandwidths (FBW < 10 %) [15,16,26], since 

their synthesis use lumped-element equivalent circuits which are valid in a narrow band. Other 

design methods of band-pass filters model perforated SIW sections as impedance inverters, and 

the SIW line sections as 𝜆 /2  resonators [18,19]. Their synthesis technique uses distributed 

resonators, and they allow to carry out larger bandwidths (FBW < 21 %) than the methods 

based on lumped LC resonators. However, due to the high quality factor of the resonators, the 

sensitivity of the structure is usually high, especially for narrowband filters. On the contrary, 

the design methods of stepped impedance filters are rigorous and simpler. They allow 

achieving wider bandwidths, since they use transmission line sections and impedance inverters 

to adjust an upper cut-off in the filter transfer function. Moreover, the stepped impedance 

structures are less sensitivity to mechanical tolerances than their band-pass counterparts, since 

they do not require the use of resonators. However, the possibilities of implementing band-pass 

filters exploiting the high-pass characteristic of the SIW together with the stepped impedance 

synthesis technique have not yet been explored in detail. 

 In this paper, this technological gap is filled by designing for the first time a high-

performance band-pass filter in SIW technology by means of a full-wave stepped impedance 

synthesis technique and two strategies. The stepped impedance synthesis technique is applied 

to the implementation of Chebyshev transfer functions. The different impedance sections are 

converted to sections of equal impedance by using impedance inverters, as shown in [27]. 

These impedance inverters are implemented by means of elliptic patterns etched on the top 

surface of the SIW instead of circular ones, as indicated in the structure presented in Fig. 1. It 

is shown that this first design strategy has the ability to increase the spurious free range of the 

filter. Traditionally, SIW filters are first designed using ideal waveguide ports. When the design 

is completed, tapered microstrip-to-SIW transitions are added for integration with microstrip 

circuits [28]. These transitions transform the quasi-TEM mode of the microstrip line into the 
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TE10 mode of the SIW line. However, these transitions are long and only have good 

performance in a limited bandwidth. Consequently, the size and performance of the SIW filter 

are, respectively, increased and degraded by these transitions. To overcome this problem, in 

this work we propose to replace the tapered microstrip-to-SIW transition by one more compact, 

and integrate it into the design process as part of the first and last impedance inverters. 

Applying this second design strategy to a compact exponential microstrip-to-SIW transition, 

the return loss of the final structure can be improved, and at the same time the overall size of 

the filter is reduced. 

 In this paper, the design approach of band-pass SIW filters is first described. The high-

pass characteristic of the SIW line defines the lower cut-off frequency of the band-pass 

response (𝑓 , ), while a full-wave stepped impedance synthesis method including the two 

previous strategies achieves the higher cut-off frequency (𝑓 , ). In order to illustrate the 

performance of our design method, a sixth-order band-pass filter based on stepped impedances 

and Chebyshev functions has been fabricated and measured, and carefully compared with 

respect to a base-line filter. The base-line filter is also a sixth-order Chebyshev stepped 

impedance band-pass SIW filter, which has been first designed using ideal waveguide ports, 

and then tapered microstrip-to-SIW transitions have been added [28]. Simulated and measured 

results have shown a good agreement, and the predicted improvements in terms of performance 

and reduction in size have been demonstrated. This proposed method can be useful for the 

effective design of high-performance band-pass filters in SIW technology. 

 

 

2. Design of band-pass SIW filters based on stepped impedances 
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 The proposed design method of band-pass SIW filters (Fig. 1) combines the high-pass 

characteristic of the SIW and a stepped impedance synthesis method to obtain, respectively, 

the desired lower (𝑓 , ) and higher (𝑓 , ) cut-off frequencies of the pass-band. The lower cut-

off frequency of the pass-band SIW response (𝑓 , ) is obtained by optimizing the width 𝑊  

of the SIW line through the well-known empirical relationships defined in [4], while the higher 

cut-off frequency (𝑓 , ) is achieved by applying a synthesis method for stepped impedance 

filters synthesizing a Chebyshev transfer function. The technique follows similar concepts to 

those used for the stepped impedance low-pass filter prototype in rectangular waveguide 

discussed in [27]. The sections with different characteristic impedances (Fig. 2(a)) are 

transformed into sections of equal characteristic impedances by using intermediate impedance 

inverters (Fig. 2(b)). The proposed synthesis method is applied to the design of a sixth-order 

Chebyshev stepped impedance band-pass filter. Elliptic patterns (Fig. 1) are etched on the top 

metallic surface to implement the impedance inverters. A major-minor axis ratio of 2/3 iR  (i = 

1, …, 4) was considered in the design of the ellipse in order to have a compromise between the 

interactions of the contiguous elliptic patterns and the two lateral metallic cylinder rows of via-

holes. For integration with microstrip circuits, a compact exponential microstrip-to-SIW 

transition (Fig. 1) is added in both ports of the band-pass SIW filter. To improve the overall 

performance of the band-pass SIW filter we propose to include the effects of the transitions as 

part of the design process, as it will be described in this paper. The integration of the transition 

as part of the first/last impedance inverter ensures that the designed band-pass filter performs 

closely within the initial design specifications. This does not occur if the filter is designed first 

using ideal waveguide ports, and then the transitions are added afterwards. In this case, we 

have verified that the interactions of the filter and the transitions can degrade considerably the 

overall performance of the filter, as it will be shown in the next section. 
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Fig. 1. Structure of the sixth-order Chebyshev stepped impedance band-pass SIW filter with 

elliptic patterns and exponential microstrip-to-SIW transitions. 

 

 The design method of band-pass SIW filters based on stepped impedances and 

Chebyshev functions is started by computing the width 𝑊  of the SIW line by means of 

empirical relationships [4] and the lower cut-off frequency (𝑓 , ) of the pass-band, which is 

given in the initial design specifications (shown in Table 1). 

 𝑊
, √ .

         (1) 

where c, 𝜀 , d and p are, respectively, the speed of light in free space, the relative permittivity 

of the substrate, the diameter of the metalized via-holes and the pitch length between metalized 

via-holes (Fig. 1). This approximation is valid for 𝑝 4 𝑑 and 𝑝 𝜆 √𝜖 /2. 
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Table 1 

Initial design specifications of the Chebyshev stepped impedance SIW filter. 

Parameter Value 

Order 6 

Return loss, RL (dB) 20 

Lower cut-off frequency at |S11| = - 20 dB, fc,L (GHz) 3 

Higher cut-off frequency at |S11| = -20 dB, fc,H (GHz) 3.9 

Cut-off angle, c (º) 25 

Substrate permittivity, 𝜀  10.2 

Substrate thickness, h (mm) 0.635 

Diameter of the metalized via-holes, d (mm) 0.6 

Pitch length between metalized via-holes, p (mm) 1.2 

 

Then, the proposed Chebyshev stepped impedance synthesis method [27] is applied to 

design the target transfer function according to the design specifications given in Table 1. The 

transfer and reflection functions of the filter, based on sixth-degree Chebyshev polynomials, 

are first computed. The 6th-order stepped impedance filter (Fig. 2(a)) is first synthesized by 

cascading six transmission lines of the same length 𝜃 , but with different characteristic 

impedances (𝑍 ). The value of the different characteristic impedances is analytically obtained 

with an iterative extraction algorithm [27], applied to the [ABCD] matrix of the circuit with 

the previous transfer and reflection functions. Next, for a practical implementation, the circuit 

of cascaded transmission lines (Fig. 2(a)) is transformed to another circuit (Fig. 2(b)), defined 

by six transmission lines with the same characteristic impedance and electrical length 𝜃 , and 

different impedance inverters. The impedance inverters are scaled according to their adjacent 

impedances as: 

 𝐾 ,  𝑖 0, 1, ⋯ , 𝑁  𝑍
𝑍   if 𝑖 is odd

1/𝑍    if 𝑖 is even      (2) 
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where 𝑍 𝑍 𝑍 1 and 𝑍 𝑍 𝑍 1 (Fig. 2(b)). 

The element values of the normalized characteristic impedances and impedance 

inverters of Fig. 2 are given in Table 2 for the initial design specifications of the sixth-order 

Chebyshev stepped impedance filter (Table 1) to be implemented. 

 

 

(a) 

 

(b) 

Fig. 2. Synthesis of a sixth-order Chebyshev stepped impedance filter. (a) Filter implemented 

by means of stepped impedance transmission lines. (b) Filter implemented by means of equal 

sections of transmission lines and impedance inverters. 
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Table 2 

Normalized element values of the sixth-order Chebyshev stepped impedance SIW filter. 

Parameter Value  Parameter Value 

𝑍  2.4171 𝐾 ,  0.6246 

𝑍   0.3295 𝐾 ,  0.3653 

𝑍   4.1708 𝐾 ,   0.2748 

𝑍   0.2930 𝐾 ,   0.2669 

𝑍   3.7089 𝐾 ,   0.2748 

𝑍   0.5057 𝐾 ,   0.3653 

  𝐾 ,   0.6246 

 

The final design of the sixth-order band-pass filter (Fig. 1) was realized by means of a 

commercial full-wave 3D electromagnetic (EM) simulator (Ansys HFSS). The transmission 

lines and the impedance inverters (Fig. 2(b)) were implemented by means of the two sections 

of the filter structure depicted in Fig. 3. The first section depicted in Fig 3(a) has two SIW lines 

of length L/2 (electrical length 𝜃 /2, in Table 1) and an elliptic pattern (R), which implements 

an impedance inverter. In Fig. 3(b), the second section additionally includes an exponential 

microstrip-to-SIW transition as part of the first and last impedance inverters. For the design of 

the sixth-order band-pass filter (Fig. 1), the S-parameters obtained from equations (3)-(5) were 

optimized to match the values obtained in the synthesis method (given in Table 2), adjusting 

the parameters Ri of the ellipse, the lengths Li of the two SIW lines and the dimensions of the 

exponential microstrip-to-SIW transition. 

 𝑆
/ /

/ /
         (3) 

 𝑆
/ /

         (4) 
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 𝑆 𝑒 / 0
0 𝑒 / .

𝑆 𝑆
𝑆 𝑆 . 𝑒 / 0

0 𝑒 /       (5) 

The relationships (3) and (4) correspond to the scattering parameters of an isolated impedance 

inverter (K) with reference impedances (𝑍 , 𝑍 ), while (5) refers to the scattering parameters 

once the terminal transmission lines of electrical length 𝜃 /2 are added on both sides. The 

design process of the section (impedance inverter without transition) shown in Fig. 3(a) is 

carried out in two steps: 

Step 1) The parameter Ri of the ellipse is varied to produce the value of the magnitude of 

the S21 parameter calculated from equation (4), to synthesize normalized 

impedance inverters given in Table 2. Fig. 4(a) shows the magnitude of the S21 

parameter for the section of Fig. 3(a) as a function of the parameter Ri of the ellipse, 

calculated at the upper cut-off frequency. The parameter Ri of all the impedance 

inverters of the filter shown in Fig. 3(a) can be easily obtained by means of the 

graphic depicted in Fig. 4(a). 

Step 2) The physical length of the transmission lines (𝐿 /2) corresponding to the electrical 

length (𝜃 /2) of the equivalent network is computed. The phase of the S21 

parameter for an ideal inverter terminated with two transmission lines of length 

(𝜃 /2) is calculated as: 𝜑 𝑆 90∘ 𝜃 115∘ (𝜃 25∘, Table 1). In Fig. 

4(b) we present the phase of the S21 parameter computed at the upper cut-off 

frequency, for the structure shown in Fig. 3(a) as a function of the length (𝐿 ). The 

length 𝐿  of all transmission line sections of the filter shown in Fig. 3(a) can be 

easily determined with the information provided by the graphic of Fig. 4(b).  

The parameter R1 and the length 𝐿  of the first/last section (impedance inverter with transition) 

of the filter shown in Fig. 3(b) are obtained in a similar way. The design process of the section 

shown in Fig. 3(b) slightly differs to previous one in the second step, since the impedances Z01 
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and Z02 (Fig. 3(b)) are not equal at both ports. Therefore, the length 𝐿  of the first/last 

transmission line section can only be adjusted by using the phase of the S22 parameter obtained 

in the synthesis through equations (3) and (5). The phase of the S22 parameter for an ideal 

impedance inverter terminated with a transmission line of length (𝜃 /2) is 𝜑 𝑆 𝜃

25∘ (Table 1).  

 

 

 (a) (b) 

Fig. 3. Two sections for the design of the Chebyshev stepped impedance band-pass SIW filter. 

(a) Impedance inverter with two SIW lines of length L/2. (b) Impedance inverter with two SIW 

lines of length L/2and an exponential microstrip-to-SIW transition. 
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 (a) (b) 

Fig. 4. Parameters obtained from the design process of the section (impedance inverter without 

transition) shown in Fig. 3(a). (a) Magnitude of |S21| as a function of the parameter Ri. (b) Phase 

of S21 as a function of the section length Li for different values of Ri. 

 

 This design process is separately applied to the different sections of the sixth-order 

band-pass filter (Fig. 1). Thus, the sixth-order Chebyshev stepped impedance filter synthesized 

by means of seven inverters (Fig. 2(b)) is divided in five internal sections as the ones shown in 

Fig. 3(a) and two external sections as the ones shown in Fig. 3(b), corresponding to the first/last 

impedance inverters. A final optimization is applied to slightly tune the response of the filter 

with the initial design specifications (Table 1). 

 

3. Analysis and experiment results 

Several sixth-order Chebyshev stepped impedance band-pass SIW filters were designed 

in this paper with the initial specifications shown in Table 1 to study the performance of circular 

and elliptic patterns, radiation effects and design technique described in Section 2 and [27]. 

The width 𝑊  of the SIW line was optimized by means of equation (1) [4] to ensure a 20 dB 

lower cut-off frequency of the pass-band at 𝑓 ,  = 3 GHz. Only two band-pass SIW filters were 

fabricated and measured. Both are sixth-order Chebyshev stepped impedance band-pass SIW 

filters with elliptic patterns etched on the top side. The first band-pass SIW filter (Fig. 5(a)) 

was designed using ideal waveguide ports, and then it was connected to tapered microstrip-to-

SIW transitions, which were designed separately. This design is considered as the base-line 

filter for comparisons. The dimensions of this base-line filter (Fig. 5(a)) are included in Table 
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3. The second band-pass SIW filter (Fig. 5(b)) was designed by using the technique proposed 

in Section 2 for the first and last impedance inverters. Consequently, this design method 

integrates the exponential microstrip-to-SIW transitions as part of the first and last impedance 

inverters. The dimensions of this second band-pass SIW filters (Fig. 5(b)) are indicated in Table 

4. Both band-pass SIW filters were fabricated on an Arlon AD1000 substrate by using a milling 

machine. The characteristics and dimensions of the used Arlon AD1000 substrate are: 𝜀  = 

10.2, tg = 0.0023 at 10 GHz, substrate thickness h = 0.635 mm and copper thickness t = 0.017 

mm. The measurements of the two fabricated band-pass SIW filters were carried out by means 

of a vector network analyzer between 0.01 GHz and 7 GHz. 
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(a) 

 

(b) 

Fig. 5. Photographs of the fabricated 6-order Chebyshev stepped impedance band-pass SIW 

filters. (a) Initial design method with tapered microstrip-to-SIW transitions (base-line filter). 

(b) Alternative design approach with integrated exponential microstrip-to-SIW transitions. 

Dimensions are defined in Tables 3 and 4. 

 

Table 3 

Dimensions of the band-pass SIW filter shown in Fig. 5(a) (base-line filter). 

Parameter Value (mm) Parameter Value (mm) 

R1 1.61 Lt 24.895 
R2 2.462 Lm 5 
R3 2.98 WSIW 19.4 
R4 3.092 Wm 0.612 
L1 9.219 Wt 4.866 
L2 9.439 p 1.2 
L3 9.519 d 0.6 
L4 9.843 h 0.635 
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Table 4 

Dimensions of the band-pass SIW filter shown in Fig. 5(b). 

Parameter Value (mm) Parameter Value (mm) 

R1 1.3 Lt 13 
R2 2.45 Lm 5 
R3 3.05 WSIW 19.4 
R4 3.158 Wm 0.612 
L1 3 Wt 5.374 
L2 11.846 p 1.2 
L3 9.946 d 0.6 
L4 10.24 h 0.635 

 

3.1. Pattern analysis 

Fig. 6 shows EM frequency responses for two sixth-order Chebyshev stepped 

impedance band-pass SIW filters with circular and elliptic patterns. Both band-pass SIW filters 

were designed with the technique described in this paper. The frequency responses of both 

band-pass SIW filters have cut-off frequencies in good agreement with the initial design 

specifications: fc,L = 3 GHz and fc,H = 3.9 GHz. As it can be seen in Fig. 6, the band-pass SIW 

filter with elliptic patterns has better spurious free-range performance than the band-pass SIW 

filter with circular patterns. In fact, the filter with elliptic patterns has the first spurious band 

about 0.7 GHz higher than the filter with circular patterns. In addition, it has been verified that 

the size of the band-pass SIW filter with elliptic patterns is smaller by 9.2 % than that with 

circular patterns. These two characteristics show the advantages of the first design strategy 

proposed in this paper, which consists of using elliptic patterns instead of circular patterns to 

implement the impedance inverters of the filter. 
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Fig. 6. EM frequency responses for sixth-order Chebyshev stepped impedance band-pass SIW 

filters with circular and elliptic patterns. 

 

3.2. Measurement and design technique analysis 

 Figs. 7 and 8 display the EM simulation and measured frequency responses of the 

fabricated sixth-order Chebyshev stepped impedance band-pass SIW filters shown in Figs. 5(a) 

and 5(b), respectively. The band-pass filter in Fig. 5(a) was designed with ideal ports, and then 

it was connected to optimized tapered microstrip-to-SIW transitions (base-line filter). On the 

contrary, the second design strategy considered in this paper has consisted of replacing the 

tapered microstrip-to-SIW transitions by exponential microstrip-to-SIW transitions. These 

exponential microstrip-to-SIW transitions are integrated in the design technique proposed in 

Section 2, as part of the first and last impedance inverters of the band-pass SIW filter shown in 

Fig. 5(b).  
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Fig. 7. EM simulation and measured frequency responses of the sixth-order Chebyshev stepped 

impedance band-pass SIW filter (Fig. 5(a)) with elliptic patterns and tapered microtrip-to-SIW 

transitions. The filter and transitions were designed separately (base-line filter). 

 

Fig. 8. EM simulation and measured frequency responses of the sixth-order Chebyshev stepped 

impedance band-pass SIW filter (Fig. 5(b)) with elliptic patterns and exponential microtrip-to-

SIW transitions. Design obtained by integrating the exponential transitions with the first and 

last inverters. 

 



20 
 

As it can be seen in Figs. 7 and 8, the EM and measurement results are in good 

agreement with the initial design specifications (Table 1). The measured frequency responses 

of both band-pass SIW filters (Figs. 7 and 8) show two main characteristics. The first one is 

because of the SIW line, which has a high-pass frequency response. This response defines the 

lower cut-off frequency of the pass-band. Their value at 20 dB is 𝑓 ,  = 3 GHz. The second 

behavior is due to the elliptic patterns. They implement an upper cut-off frequency in the pass-

band of the filter. The value of this upper cut-off frequency at 20 dB is fc,H = 3.9 GHz. Insertion 

loss in the pass-band is 1.5 dB for both band-pass SIW filters, which includes the extra loss of 

the SMA connectors. In Fig. 7, we can observe that the return loss performance of the base-

line filter (Fig. 5(a)) is degraded by the incorporation of the tapered microstrip-to-SIW 

transitions, obtaining a level better than 12 dB. Except for frequencies close to the SIW cut-

off, where the waveguide exhibits high dispersion, the return loss of the second filter (Fig. 5(b)) 

is clearly improved, obtaining a level better than 18 dB in most of the useful bandwidth. The 

measured response of this second filter only shows four poles in the imaginary frequency axis. 

This is because two of them become complex due to probably a slight variation between the 

distances of the two external and five internal elliptic patterns (Fig. 5(b)), which was caused 

by micromachining errors. In any case, the results clearly confirm that the second band-pass 

filter (Fig. 8), designed with the proposed method in Section 2, has better return loss 

performance as compared to the base-line filter (Fig. 7). This is because in the base-line 

structure, the band-pass SIW filter and the tapered microstrip-to-SIW transitions were designed 

separately. The incorporation of the transitions at a later stage considerably degrades the 

performance of the initial filter. However, in the second band-pass SIW filter (Fig. 8), the effect 

of the exponential microtrip-to-SIW transitions was included in the design method, as part of 

the first and last impedance inverters of the filter (second design strategy), thus improving the 

return loss performance. Both band-pass SIW filters (Figs. 7 and 8) have a good behavior in 
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the rejection band. The rejection level is greater than 45 dB and the bandwidth at 20 dB is 2.5 

GHz. 

 Another advantage of the second design strategy can be observed by comparing the 

sizes of the both band-pass SIW filters shown in Fig. 5. The size of the base-line filter (Fig. 

5(a)) is 135 mm, while the size of the second filter (Fig. 5(b)) is only 105 mm. This reduction 

in size is mainly attributed to shorter transitions. In fact, the performance of the transitions in 

the second filter (Fig. 5(b)) can be poor, as the extra reflections introduced are absorbed in the 

first and last impedance inverters. Consequently, the transitions can be made shorter in the 

second filter (Fig. 5(b)) as compared to the base-line filter (Fig. 5(a)), leading to an effective 

reduction of the total size of the filter. 

 Table 5 provides a comparison between the sixth-order Chebyshev stepped impedance 

band-pass SIW filter with elliptic patterns and exponential microtrip-to-SIW transitions (Fig. 

8) and other previously reported band-pass SIW filters implemented by means of EBGs, DGS, 

PSs, resonators and CSRRs [11-26]. The band-pass response of the EBG structures [11-14] is 

obtained from the high-pass characteristic of the SIW line together with the wide stop-band 

behavior of the periodic patterns. Some resonator-based structures [17,20-25] use a similar 

design method, which combines high-pass and stop-band characteristics. This design method 

allows to carry out band-pass SIW filters with different bandwidths (small or large). However, 

it is not computationally efficient, since in order to obtain the pass-band according to the initial 

design specifications, the filter structures, usually 3D, has to be optimized by using a 3D EM 

simulator needing a lot of computational time. The other design methods can implement band-

pass SIW filters with small (FBW < 10 %) [15,16] and large (FBW < 21 %) [18,19] 

bandwidths. The small bandwidths are obtained by means of design methods using lumped-

element equivalent circuits with LC resonators only valid in a narrow band, while the large 

bandwidths are defined from more rigorous design methods using impedance inverters and 
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𝜆 /2  distributed resonators. These methods become very sensitive when the order of the band-

pass filter to be designed increases. The proposed technique for the n-order Chebyshev stepped 

impedance band-pass SIW filter design is simpler than these previous design methods. Based 

on a rigorous synthesis, using transmission lines and impedance inverters, it is less sensitive 

and allows a better control of the bandwidth and return loss than the design methods using LC 

[15,16] and 𝜆 /2  [18,19] resonators. In addition, the proposed technique has the ability to 

design wide band-pass SIW filters as compared to the design procedures based on lumped-

element resonators [15,16]. As it can be seen in Table 5, the fractional bandwidth (FBW) is 

29% for the proposed design, while it varies between 18.9% and 61.2% for the band-pass SIW 

filters designed with EBGs, 6.5% and 61.7% for stop-band resonators and 5.1% and 20.9% for 

band-pass resonators. The return loss (RL) and size also depend of the structure type and design 

technique used, and the number of cells in cascade. Except for the band-pass SIW filters loaded 

with compact microstrip resonant cells (CMRC) [20] and based on perforated sections (PSs) 

[18], the proposed design presents better return loss (RL) than the others. In addition, it does 

not have the largest size, considering some designs with a smaller number of cascaded cells 

[15,16,19,21,23,24]. 
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Table 5 

Comparison between the designed band-pass SIW filters and other band-pass SIW filters 

implemented by means of EBGs, DGSs, resonators and CSRRs. 

Reference Type–No of 

cells 

Design 

method 

𝑓   

(GHz) 

FBW 

(%) 

IL  

(dB) 

RL  

(dB) 

2-D size 

(𝜆 𝜆  

[11] Fig. 22 EBG11 Periodic 

structure 

12.2 61.2 1.3 10 0.52 1.24 

[12] Fig. 16 EBG9 Periodic 

structure 

2.7 74 0.5 9 0.29 0.75 

[13] Fig. 10 EBG13 Periodic 

structure 

6.6 30.3 1.25 5.8 0.23 1.38 

[14] Fig. 3(a) EBG9 Periodic 

structure 

3.4 18.9 1.4 12.3 0.24 0.75 

[15] Fig. 12 DGS4 Band-pass 
resonators 

5.88 5.1 1.38 15 0.42 2.05 

[16] Fig. 7 DGS2 Band-pass 
resonators 

4.9 9.2 1.1 18 0.39 0.39 

[17] Fig. 5 DGS-3 Stop-band 
resonators

10 23 1.2 20 0.22 0.45 

[18] Fig. 6 PS-5 Band-pass 

resonators 

3.65 17.7 1.31 18 0.21 0.98 

[19] Fig. 7 PS-6  Band-pass 

resonators 

4.5 20.9 1.5 14.5 0.25 1.15 

[26] Fig. 15 OCSRR-2 Band-pass 
resonators

5.47 6.9 2 10 0.13 0.33 

[20] Fig. 12 CMRC3 Stop-band 

resonators 

4.54 30.6 1.2 22 0.14 0.73 

[21] Fig. 18 SHR2 Stop-band 

resonators 

12.5 47 1.1 10 1.12 1.96 

[22] Fig. 15(b) CSRR6 Stop-band 

resonators 

5.05 6.5 2 17 0.2 0.43 

[23] Fig. 3 CSRR6 Stop-band 

resonators 

9.46 29.7 1 16 0.63 0.75 

[24] Fig. 4 DESRR3 Stop-band 

resonators 

9.4 61.7 1.5 9 0.37 1.0 

[25] Fig. 19(c) SIR4 Stop-band 

resonators 

1.7 9.4 1.8 13 0.09 0.17 

This work  

Fig. 8 

Ellipse-7 Stepped 

impedance 

3.45 29 1.5 18 0.22 1.2 
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where 𝑓  is the central frequency; FBW is the fractional bandwidth; IL and RL are, respectively, 

insertion and return losses at 𝑓 ; and 𝜆  is free-space wavelength. 

 

3.3. Radiation analysis 

 The designed sixth-order Chebyshev stepped impedance band-pass SIW filter can cause 

radiation loss due to the elliptic patterns etched on the top SIW surface. To study the radiation 

loss, we have determined the forward loss factor FLF from EM simulations as a function of 

frequency for the two manufactured filters (Fig. 5). 

 𝐹 1 |𝑆 | |𝑆 |         (6) 

The conductors and substrate were respectively considered perfect and lossless in the EM 

simulations to find out only the radiation losses. As it can be seen in Fig. 9, radiation losses 

were obtained for the two manufactured filters with tapered and exponential microstrip-to-SIW 

transitions as comparative study. Three different frequency regions can be identified in Fig. 9. 

The first one includes two frequency ranges: 2 GHz – 3 GHz and 3.9 GHz – 6.75 GHz. The 

second one is between 3 GHz and 3.9 GHz. Finally, the last region appears at frequencies above 

6.75 GHz. The radiation losses are small for the first two regions. In the first region, the 

radiation losses vary between 0 and 5 %. This does not occur in the second region (3 GHz – 

3.9 GHz), which corresponds to the pass-band of both filters. The radiation losses are quasi-

constant and are below 3 %. In the last region, radiation losses increase, due to the appearance 

of the first spurious band. It can be observed that radiation losses are similar in both filters for 

the first two regions. However, in the third region (corresponding to the spurious band) the 

base-line filter (with tapered microstrip-to-SIW transitions) exhibits higher radiation losses. 
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This is probably because the microstrip-to-SIW transitions are longer in the base-line filter 

(Fig. 5(a)) as compared to the second filter (Fig. 5(b)). 

 

Fig. 9. Forward loss factor (%) for the two manufactured sixth-order Chebyshev stepped 

impedance band-pass SIW filters as a function of the frequency. 

 

4. Conclusion 

A high-performance sixth-order Chebyshev stepped impedance band-pass substrate integrated 

waveguide (SIW) filter using elliptic patterns and exponential microstrip-to-SIW transitions 

has been designed and measured for the first time in this paper. First, it has been shown that 

elliptic patterns in comparison with circular patterns exhibit larger spurious free ranges and 

lower sizes. Second, the paper has demonstrated that the filter performance can be considerably 

improved if the microstrip-to-SIW transitions are integrated as part of the design process. As 

added benefit, the transitions can be made shorter, as the extra reflections introduced by them 

are absorbed in the input/output impedance inverters. Consequently, size can be further 

reduced. Measured results have shown the effectiveness of the proposed design technique in 
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improving the performance of the sixth-order Chebyshev band-pass SIW filter, as compared to 

a base-line filter which performs the design of the main structure and transitions separately. 
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