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Abstract. This paper proposes a novel method to design 

low-loss and low-cost Ku-band bandpass filters for VSAT 

applications based on substrate-integrated-waveguide tech-

nology. Narrow bandpass filters employed high-order reso-

nant mode TE301 exhibited high selectivity. However, its 

bandwidth is not enough for VSAT applications. In this pa-

per, we proposed a method to widen the bandwidth of nar-

row-band filters to meet the bandwidth requirement of VSAT 

applications. This approach maintains high selectivity while 

still achieves low insertion loss. The proposed filter was 

fabricated using a low-cost material. Measurement shows 

a good agreement with simulated results. Mid-band meas-

ured insertion loss and return loss were 1.8 dB and 19.4 dB, 

respectively. Such low losses were obtained owing to taking 

advantage of a high-quality factor of high-order mode TE301 

of oversized rectangular cavities.  
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1. Introduction 

Metallic waveguides are a good technology at high-

frequency bands such as X-band and Ku-band owing to 

high power handling capacity and low loss. However, such 

bulky waveguides are not suitable for circuit integration. 

For that purpose, microstrip technology is advantageous. 

Indeed, microstrip circuits are dominant in low-frequency 

microwave bands such as the L-band. However, as fre-

quency increases, microstrip circuits suffer high losses. 

Substrate integrated waveguide technology has emerged as 

a promising technology for microwave devices, especially 

at high frequency such as X-band and Ku-band [1–5]. This 

originates from lower loss compared to traditional mi-

crostrip technology. Two metallic via lines act as tradition-

al metallic waveguide walls for confining waves, mitigat-

ing wave leakage for loss improvement. Various SIW 

bandpass filter types were proposed such as complemen-

tary split-ring resonator (CSRR) [6], [7], inductive post [8], 

[9], and rectangular-cavity-based filters [10–15]. CSRR 

filters are compact owing to evanescent-wave transmission. 

Inductive post filters are simple in construction. However, 

the selectivity of CSRR and inductive post filters is rela-

tively low. This is because moderate quality factors of 

CSRR and inductive post limit the selectivity of such filters. 

For rectangular-cavity-based filters, the selectivity 

can be improved by cascading multiple resonant cavities 

[16]. However, this led to increased in-band insertion loss 

(IL) and larger filter size. Alternatively, the high/low order 

mode coupling technique creates coupling paths between 

the source and load, thus generating transmission zeros 

(TZs) on both sides of the passband, thereby improving the 

filter's selectivity [17], [18]. Moreover, for a multimode 

SIW cavity, higher-order modes yield higher unloaded 

quality factors than that of lower-order ones [18]. The use 

of high-order modes such as TE201 and TE301 could result in 

both high selectivity and low IL [18], [19]. 

An X-band narrow bandpass filter reported in [18] 

employed two TE301-mode resonant cavities to create the 

passband and a TZ below it. Furthermore, it employed an 

additional TE101-mode cavity to create another coupling 

path between the two TE301 cavities, thus generating anoth-

er TZ above the passband. This filter exhibits a high selec-

tivity on both sides of the passband. Nevertheless, this 

filter has a narrow FBW of 1.1%. This value of FBW does 

not meet the bandwidth requirement for VSAT applica-

tions, which is typically about 5% to 6%. 

In this paper, we propose a novel method to design 

a Ku-band filter for VSAT applications. For this, we pre-

sent another coupling path between the two TE301 cavities 

to widen the bandwidth of the filter reported in [18]. This 

allows to achieve a low IL thanks to the high-quality factor 

of TE301 cavities, while still retaining the high selectivity. 

Owing to the high-order mode, the quality factor of cavi-

ties was kept high even when the filter was fabricated us-

ing a low-cost substrate PTFE. Measured results agreed 

well with simulations. 
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The rest of the paper is organized as follows. Sec-

tion 2 presents the filter design and operation principle. 

The results are discussed in Sec. 3. Finally, the conclusion 

of the paper is given in Sec. 4.  

2. Design and Analysis 

Ku-band BPFs used for VSAT satellite communication 

systems require a wide FBW of approximately 5%–6%, 

along with low IL and high selectivity. The filter reported in 

[18], which operates in X-band, exhibited a high selectivity. 

Moreover, employing a high-order mode results in a compact 

size. However, its FBW was just 1.1%. This paper proposes 

a method to widen the bandwidth of the filter structure re-

ported in [18] to design Ku-band BPFs used for VSAT ap-

plications. This allows to achieve low IL owing to the high-

quality factor while still maintaining the high selectivity.  

The building block of the designed filter is a singlet. 

A singlet is a first-order BPF structure. It consists of 

a resonant cavity that can generate a TZ either below or 

above the passband using a coupling path between the 

source and load. Figure 1 shows a rectangular SIW cavity 

acting as a singlet. 

A SIW-based singlet is essentially a rectangular SIW 

cavity with different high/low order propagating modes. 

Here, W and L are the width and length of the rectangular 

SIW cavity, respectively. d is the diameter of the vias; p is 

the spacing between two vias. Two 50 Ω microstrip lines 

with a width of Wm are used as feeding lines. Coupling gaps 

Wf are used to couple the cavity with the source and load. 

The condition for the electromagnetic field inside the 

SIW cavity not to be radiated out through the slots between 

the vias is given by [20]: 

   0.2 ,      2 . d W d p d    (1) 

The effective width and length of the rectangular SIW 

cavity are calculated using the following formulas [20]: 
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The resonant frequency of the modes in the rectangu-

lar SIW cavity is determined as [20]: 
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where m, q = 1, 2, 3, ...; c = 3  108 m/s is the speed of 

light; ɛr is the relative permittivity of the substrate. 

Figure 2 illustrates the electric field distribution of 

different modes inside a rectangular SIW cavity. 

 

Fig. 1. A rectangular SIW cavity resonator acting as a singlet. 

 

Fig. 2. Electric field distribution of different modes in the 

rectangular SIW cavity resonator. 

 

Fig. 3. Coupling diagram of a singlet. 

This singlet structure utilizes different propagating 

modes to create separate energy transmission paths from 

the source to the load, thereby generating the necessary 

TZs both below and above the passband [17]. The coupling 

scheme of a singlet is shown in Fig. 3. Here S, L and 1 are 

the source, load, and resonant cavity, respectively. mS1 and 

mSL are the direct coupling coefficient between the cavity 

and the source/load and the coupling coefficient between 

the source and load, respectively. 

The normalized frequency of the TZ is calculated as 

[21]: 
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Thus, the position of the TZ depends on the sign of 

the source-load coupling coefficient mSL. If mSL < 0, the TZ 

is located below the passband; conversely, if mSL > 0, the 

TZ is located above the passband. 

To obtain a Ku-band BPF with a wide passband, high 

selectivity, and low in-band IL, we propose a filter struc-

ture consisting of four coupled resonant cavities. Figure 4 

depicts the structure of the proposed filter, and Figure 5 

shows its coupling scheme. Resonant cavities R1 and R2 

support the TE301 mode at the center frequency of the pass-

band, which is 13.34 GHz, while resonant cavities R3 and 

R4 support the TE101 mode, also at 13.34 GHz. The TE101 
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spurious mode in R1 and R2 at 12.6 GHz does not contrib-

ute to creating the passband but helps generate a TZ be-

cause the signal from the source to the load through cavi-

ties R1 and R2 via two different paths created by the TE301 

and TE101 modes will produce a TZ below the passband. 

The coupling gap g1 between the two resonant cavi-

ties R1 and R2 is placed symmetrically at W/2, at this posi-

tion the field of the even modes TE201 and TE401 is zero, 

thus eliminating the coupling effect of these modes on the 

lower and upper stopbands, thereby ensuring wide lower 

and upper stopbands. The two resonant cavities R3 and R4 

are identical and through the coupling gaps g2 will create 

additional signal coupling paths between R1 and R2, gener-

ating a TZ above the passband. 

To clearly demonstrate the ability to widen the band-

width of the proposed filter, we compare the passband of the 

proposed filter, which is shown in Fig. 4, and that of the 

filter without the R4 cavity. The comparison is plotted in 

Fig. 7 of the next section. The structure of the filter without 

the R4 cavity is shown in Fig. 6.  

 

Fig. 4. Structure of the proposed BPF. 

 

Fig. 5. Coupling diagram of the proposed BPF. 

 

Fig. 6. Structure of the BPF filter without R4 cavity. 

The filter in this study uses a PTFE substrate with 

a dielectric thickness of 0.762 mm, a loss tangent of 

0.0018, and a relative permittivity ɛr = 2.55. These parame-

ters are given at 10 GHz by the substrate provider. Taking 

into account the frequency dependencies of material pa-

rameters, the “Const-fit. - automatic” fitting model in CST 

3D electromagnetic simulator was selected for accurate 

simulation purposes. The via diameter and spacing between 

vias are chosen as d = 0.5 mm and p = 0.8 mm, respective-

ly. The dimensions of the filter cavities are calculated for 

a center frequency of 13.34 GHz using (2), (3), and (4).  

3. Results and Discussions 

The CST 3D electromagnetic simulation software was 

used to simulate the different modes inside the rectangular 

cavity and the proposed filter’s S-parameters. A relatively 

high calculated unloaded quality factor of 388 was ob-

tained, which corresponds to the TE301 resonant mode of 

the rectangular cavity.  

Figure 7 shows the frequency dependence of S21 for 

the filter with cavity R4, which is indeed the proposed 

filter, and the filter without cavity R4. Adding resonant 

cavity R4 allows to widen the passband of the filter. This 

can be explained by that adding cavity R4 introduces 

an additional energy coupling path for the signal between 

resonant cavities R1 and R2, resulting in more frequency 

components that can travel from the source to the load. 

Figure 10 also clearly shows that when the bandwidth of 

the filter is widened, a high selectivity is still maintained 

despite slight degradation. The TZ below the passband 

only reaches nearly –30 dB, which is because the position 

of this TZ is still slightly far from the center frequency of 

the passband, which is the frequency of the TE301 mode. To 

improve this TZ, it needs to be moved closer to the center 

frequency. The position of this TZ depends on the frequency 

of the TE101 mode. Therefore, the frequency of the TE101 

mode needs to be brought closer to the frequency of the 

TE301 mode by reducing the W/L ratio of the resonant cavi-

ties R1 and R2 [18]. This is quite challenging because while 

changing the W/L ratio, calculations must be performed to 

ensure that the frequency of the TE301 mode remains at 

13.34 GHz. The optimization will be carried out and reported 

elsewhere. 

Figure 8 illustrates the dependence of S21 on the cou-

pling gap g1. It is obvious that changing the coupling gap g1 

will affect the coupling coefficient between the two resonant 

cavities R1 and R2, thus significantly affecting the position of 

the TZ in the upper passband. Changing g1, however, has 

just a slight effect on the filter’s passband.  

Figure 9 illustrates the variation of S21 and S11 with 

the change of the coupling gap g2. It is observed that in-

creasing the coupling gap g2 widens the passband. 

Furthermore, changing g2 also alters the coupling coeffi-

cient between resonant cavities R1 and R2 through R3 and R4, 
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Fig. 7. Comparison of S21 between filters with and without 

R4 cavity. 

 

Fig. 8. Frequency dependence of S21 with various coupling 

gap g1. 

 
(a) 

 
(b) 

Fig. 9. Frequency response of S21 (a) and S11 (b) with varying 

coupling gap g2. 

 
(a) 

 
(b) 

Fig. 10. Frequency response of S21 (a) and S11 (b) with varying 

coupling gap width Wf. 
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Fig. 11. Design flow of the proposed filter. 

consequently affecting the position of the TZ above the 

passband. On the other hand, increasing g2 adversely af-
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fects S11, as observed in Fig. 9(b). However, this limitation 

can be overcome by adjusting the coupling gap Wf, as 

shown in Fig. 10(b). 

Figure 10(a) shows the variation of S21 with the change 

in the coupling gap Wf. Changing the width of coupling slot 

Wf has a minimal effect on S21. However, changing Wf will 

alter the coupling coefficients between R1, R2 resonant cavi-

ties and the source and load, thus mainly affecting S11, as 

shown in Fig. 10(b). Therefore, we carefully adjust Wf to 

obtain a reasonable S11. 

In this work, coupling gaps g1, g2, and Wf are selected 

from investigations shown in Fig. 8, 9, and 10, respective-

ly. The design flow of the proposed filter is summarized in 

Fig. 11. To experimentally validate the proposed structure, 

we fabricated a filter prototype using a low-cost PTFE 

substrate. Following the design flow, the dimensions of the 

fabricated filter are W = 28.4 mm, L = 9.7 mm, W' = 

14.9 mm, L' = 7.9 mm, g1 = 3.4 mm, g2 = 4.6 mm, Wf = 

8.2 mm, d = 0.5 mm, p = 0.8 mm, and Wm = 2.15 mm. 

The measured results are shown in Fig. 13. There is 

a good agreement between the measured data and simulated 

results. A good measured mid-band IL of 1.8 dB was ob-

tained. While the measured mid-band return loss (RL) was 

 
(a) 

 
(b) 

Fig. 12. Photograph of the fabricated filter (a) and 

measurement setup (b). 

 

Fig. 13. Comparison of frequency responses between the 

simulated and measured filters. 

19.4 dB. A slight deviation between the measurement and 

simulation is attributed to fabrication tolerance. The meas-

ured FBW of the fabricated filter was 5.8%. This can be 

effectively adjusted by tuning coupling gap g2 as illustrated 

above in Fig. 9(a). 

The photographs of the fabricated filter are given in 

Fig. 12(a). The measurement of the fabricated filter was 

performed using a vector network analyzer, N5242A from 

Keysight, as displayed in Fig. 12(b). 

Table 1 shows a comparison of the parameters of the 

proposed filter with those of some BPFs based on SIW 

technology in some published works. The proposed filter 

exhibits a low mid-band IL while using a low-cost sub-

strate. Moreover, it also exhibited a good mid-band RL. 

4. Conclusions 

This paper proposed a novel approach to design a Ku-

band BPF for VSAT applications. We widened the pass-

band for a narrow-band filter structure to meet the band-

width requirement of VSAT applications by introducing 

an additional resonant cavity. The proposed filter operates 

in the Ku-band with a wide bandwidth of 775 MHz, which 

corresponds to FBW of 5.8%. The filter's bandwidth fully 

meets the requirements of VSAT satellite communication 

systems. A low mid-band IL of 1.8 dB was achieved by 

utilizing the high-quality factor of the high-order TE301 

mode. The measured mid-band RL was 19.4 dB. At the 

same time, a high selectivity was ensured thanks to the TZs 

on both sides of the passband. The proposed filter has 

potential applications for Ku-band VSAT satellite commu-

nication systems. 
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Ref. [16] [22] [12] [23] [18] This work 

f0 (GHz) 28.0 9.0 14.87 22.2 8.25 13.34 

Mid-band IL (dB) 2.2 2.1 3.6 2.9 3.3 1.8 

Mid-band RL (dB) 16.0 12.0 14.3 N/A 15.0 19.4 

3dB FBW (%) 3.6 5.5 1.5 1.44 1.1 5.8 

Size (λ0
2) 0.8 0.67 2.1 0.8 1.8 1.76 

Substrate TLY-5 RT 5880 RT 5880 RO 5880 RT 5880 
PTFE 

ZYF255DA 

30 dB 

rejection  

start at 

Lower 

0 0( %)f f   
2.4 6.5 2.3 3.3 1.9 7.9 

Upper 

0 0( %)f f   
5.7 6.7 2 3.8 1.2 5.9 

Tab. 1. Comparison of the parameters of the proposed filter with the parameters of some SIW BPFs from previously published works. 
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