
Pertanika J. Sci. & Technol. 32 (5): 2069 - 2081 (2024)

Journal homepage: http://www.pertanika.upm.edu.my/

© Universiti Putra Malaysia Press

SCIENCE & TECHNOLOGY

ISSN: 0128-7680
e-ISSN: 2231-8526

Article history:
Received: 04 September 2023
Accepted: 01 February 2024
Published: 08 August 2024

ARTICLE INFO

DOI: https://doi.org/10.47836/pjst.32.5.08

E-mail addresses:
nurehansafwanah@yahoo.com (Nurehansafwanah Khalid)
sitizuraidah@unimap.edu.my (Siti Zuraidah Ibrahim)
nazrikarim@unimap.edu.my (Mohd Nazri A Karim)
fhwee@unimap.edu.my (Wee Fwen Hoon)
a.ashraf@griffith.edu.au (Aliya Ashraf Dewani)
khuzairimasrakin@gmail.com (Khuzairi Masrakin)
snorlyana@unimap.edu.my (Saidatul Norlyana Azemi)
* Corresponding author

The Riblet Short-Slot Coupler Using Substrate Integrated 
Waveguide (SIW) for High-frequency Applications

Nurehansafwanah Khalid1, Siti Zuraidah Ibrahim1,2*, Mohd Nazri A Karim1, 
Wee Fwen Hoon1,2, Aliya Ashraf Dewani3, Khuzairi Masrakin1 and Saidatul 
Norlyana Azemi1,2

1Faculty of Electronic Engineering & Technology, Universiti Malaysia Perlis (UniMAP), 02600 Arau, 
Perlis, Malaysia
2Centre of Excellence for Advanced Communication Engineering (ACE), Universiti Malaysia Perlis (UniMAP), 
02600 Arau, Perlis, Malaysia
3Center for Wireless Monitoring and Applications, School of Electrical Engineering, Griffith University, 
Brisbane, Australia

ABSTRACT

Substrate Integrated Waveguide (SIW) involves the conductive via holes immersed in a 
dielectric substrate that connects two substrate plates. This article presents a new SIW 
technique to enhance the operational bandwidth of the Riblet Short-Slot coupler. To 
demonstrate the proposed SIW technique, two Riblet Short-Slot couplers are designed and 
investigated at two different high-frequency ranges, Ku-band and K-band. The bandwidth of 
the proposed couplers is improved by introducing multiple layers of SIW vias at the center 
of the couplers’ side wall. Applying this approach minimizes the leakage loss between vias, 
indicating an improved overall operating bandwidth of 36.31% and 26.32% for Ku-band and 
K-band, respectively. All vias in both prototypes are realized using an alternative method, 
without using the Plated-Through-Hole Printed-Circuit-Board (PTH-PCB) machine. In 
addition, experimental results agree well with the simulated results.

Keywords: K-band, Ku-band, Riblet Short-Slot 
coupler, substrate integrated waveguide

INTRODUCTION

These days, there is a high demand for low 
loss, high level, and ease of high-frequency 
integration. Microstrips are essential in 
producing low-cost and easy fabrication. 
Recently, some applications have utilized 
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microstrip circuits at low frequencies in the Radio Frequency (RF) range. However, these 
circuits experience high losses magnetically and electrically (Tu et al., 2022). Therefore, 
developing and designing RF and microwave integrated circuits with this technology 
platform is impractical.

Lately, there is considerable interest in planar circuits known as the Substrate Integrated 
Waveguide (SIW) method as it has many benefits, such as exhibiting low leakage loss 
(negligible), low insertion loss, and insensitivity to outside interference (Arnieri et al., 
2022; Kumar & Raghavan, 2018; Kumar & Rosaline, 2021). The SIW method controls 
excessive losses through a conducting layer on two sides of a substrate that covers the SIW 
components. This technology is one of the well-known techniques for transforming the 
conventional square waveguide into a Printed Circuit Board (PCB) and photo-imageable 
process (Nayak et al., 2022). This technology is in demand due to its efficiency and high 
RF and microwave application reliability.

Nonetheless, only a few works of literature are reported on coupler devices that employ 
the SIW technique for high-frequency applications. For frequency operating lower than 
12 GHz, the design of an SIW coupler was successfully established by Sabri et al. (2013), 
Nasri et al. (2016) and Srivastava et al. (2015). Nevertheless, the presented results in Sabri 
et al. (2013) and  Nasri et al. (2016) are limited to simulation with operational bandwidth of 
merely 11% in Sabri et al. (2013) and 20% in Nasri et al. (2016). The simulated performance 
of the SIW coupler in Srivastava et al. (2015) was validated through experiments, but 
the bandwidth is limited to just 12%. A SIW coupler operating higher than 12 GHz was 
demonstrated by Carrera et al. (2010). However, the proposed prototypes are not compact 
due to the usage of numerous vias. A good performance of the SIW coupler with 24% 
operational bandwidth within a range of 28–38 GHz was verified by Doghri et al. (2015). 
Nevertheless, it is unpractical to integrate the three-dimensional SIW coupler Doghri et 
al. (2015) with a planar circuit.

Therefore, a Riblet Short-Slot coupler employing the SIW technique that features 
a compact size and broader operational bandwidth operating at Ku-band and K-band 
is demonstrated in this article. The bandwidth of the proposed coupler is enhanced by 
employing three layers of conductive vias that act as a guiding wall of the coupling 
section. By employing this approach, the bandwidth is significantly broadened compared 
to the other SIW coupler designs, which operate at lower operational bandwidth (Carrera 
et al., 2010; Nasri et al., 2016; Sabri et al., 2013; Srivastava et al., 2015). Furthermore, 
introducing multiple layers via the coupling sidewall leads to good coupling performance 
and low insertion loss at the investigated operating frequency range. Two Riblet Shor-Slot 
couplers are developed and studied at two distinct high-frequency bands, Ku-band and 
K-band, to demonstrate the proposed SIW approach.
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Riblet Short-Slot Coupler Using Substrate Integrated Waveguide

METHODOLOGY

The proposed structure of a Riblet Short-Slot coupler employing a SIW method is illustrated 
in Figure 1.

Figure 1. The proposed structure of a Riblet Short-Slot using the SIW technique

The Riblet Short-Slot waveguide coupler is two parallel waveguides with a common 
sidewall (Haro-Baez et al., 2020; Kumar et al., 2017; Ruiz-Cruz et al., 2011, 2007). The 
waveguide’s sidewall is represented by several vias by means of the SIW technique. The 
coupler is utilized to distribute the microwave signal through the input port to the two 
outputs with 90° phase differences between the two output ports. The ports of the coupler 
in Figure 1 are denoted as an input port (P1), through port (P2), coupled port (P3), and 
isolated port (P4).

The initial dimensions of the structure in Figure 1 are obtained by determining the 
width SIW, Wsiw and Wequi, which can be determined through the mathematical Equations 
1 and 2 (Aloui et al., 2018; Khalid et al., 2017).

initial dimensions of the structure in Figure 1 are obtained by determining the width SIW, Wsiw 

and Wequi, which can be determined through the mathematical Equations 1 and 2  (Aloui et al., 2018; 

Khalid et al., 2017). 

 

𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠 + 𝑝𝑝(0.766𝑒𝑒0.4482𝑝𝑝𝑑𝑑 − 1.176𝑒𝑒−1.214𝑝𝑝𝑑𝑑 ),                                  (1) 

𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠 =  𝑐𝑐
2𝑓𝑓𝑐𝑐�𝜀𝜀𝑒𝑒𝑓𝑓𝑓𝑓

 ,                                                                   (2) 

Where Ssiw is the width of the Riblet Short-Slot SIW coupler, and Wequi is the waveguide port. Moreover, 

fc is the cutoff frequency for standard operating frequency, while εr, is the relative permittivity of the 

substrate. Note that the following conditions should be fulfilled to reduce leakage loss between vias 

(Wu et al., 2021): 

 

0.5 < 𝑑𝑑
𝑝𝑝

 < 0.8,                                                                 (3) 

 

where the diameter, d, and the pitch of via p in Equation 3 are provided as Equations 4 and 5 

(Kordiboroujeni & Bornemann, 2014): 

0.5 < 𝜆𝜆𝑔𝑔
5

   ,                                                                           (4) 

𝑝𝑝 ≤ 2𝑑𝑑  ,                                                                           (5) 

𝜆𝜆𝑔𝑔 =  2𝜋𝜋

�𝜀𝜀𝑟𝑟 (2𝜋𝜋𝑓𝑓 )
𝑐𝑐2 −(𝜋𝜋𝑠𝑠)2

  .                                                                  (6) 
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where the diameter, d, and the pitch of via p in Equation 3 are provided as Equations 4 and 
5 (Kordiboroujeni & Bornemann, 2014):
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where Z0 is the characteristic impedance of the microstrip line. In the design, Z0 = 50 ohms 
is assumed. The width of the transition taper, Wt, is determined using Equation 11:

𝑊𝑊𝑎𝑎 =  𝑊𝑊𝑚𝑚 + 0.1547 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠   ,                                              (11) 

where Wm is the width of the microstrip transmission lines, and Wsiw is the width of the Riblet Short-

Slot SIW coupler. The length of the transition taper, Lt, can be obtained using Equations 12 and 13. 
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Where (λg-ms) is the guided wavelength of the microstrip line, (λ0) is the wavelength in free space, and 

(ɛreff) is the permittivity, which can be determined using Equation 14 (Aloui et al., 2018). 
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Where h is the thickness of the substrate, the designs are demonstrated at two frequency 
ranges to validate the proposed Riblet Short-Slot SIW technique (Ku-band and K-band). 
After optimization of the designs at the center frequency of 14 GHz for Ku-band and 23 
GHz for K-band, the final dimensions of the two designs are presented in Table 1.

Table 1
Optimized dimensions of both proposed Riblet Short-Slot SIW coupler

Parameters Description Dimension (mm) Ku-band Dimension (mm) K-band
D Diameter of via 0.60 0.60
P Distance between via 0.92 0.92
Wt Width transition taper 4.13 2.80
Lt Width of transition taper 7.15 5.26
Waperture Width of aperture 10.92 6.48
Wsiw Width of SIW 8.85 6.58
Wm Width of microstrip TL 1.15 1.10

DESIGN DEVELOPMENT

The SIW Coupler is designed by simulating and analyzing the standard single-row circular 
metallic via’s performance. The parameters, such as the diameter of metallic vias, the 
pitch between holes waveguide, and the multi-rows of metallic vias with basic rectangular 
waveguide structures, are studied to initiate the design of the SIW coupler. 

The structure of the circular metallic transition on the side wall is designed in layers, 
as shown in Figure 2. Furthermore, the metallic circular via position is positioned across 
from another row of via. According to analysis, a broader bandwidth is provided by the 
triple rows circular metallic via compared to a standard coupler. Additionally, using the 
suggested SIW coupler, fewer circular metallic via are produced. 

As a first step, an SIW is designed with a single row of metallic vias using an equivalent 
rectangular waveguide model. The E-field distribution is like a traditional rectangular 
waveguide. The basic waveguide coupler configuration is shown in Figure 2(a). After that, 
the vias are added in other rows to demonstrate the coupler’s performance and effect. As 
depicted in Figure 2(c), the proposed technique is triple rows of vias, illustrating that vias 
act as electric side walls to prevent radiation loss.

The magnitude of the electric field of the proposed coupler is shown in Figure 3. The 
coupling coefficient is optimized such that the sum of the coupled power at port 4 goes to 
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zero to exhibit good isolation at that port, as depicted in Figure 3(c). However, the designed 
coupler with single and dual rows is not in ideal condition, as there is a small amount of 
signal passing through port 4 (isolated), as illustrated in Figures 3(a) and 3(b).

The parametric analysis is done using an electromagnetic simulation tool to optimize 
the appropriate number of vias rows. The two rows of side wall vias function as a boundary 
to avoid leakage and to guide electromagnetic waves.

From Figure 4(a), the single rows via have a narrow operating frequency bandwidth 
from 12 GHz to 15 GHz. Correspondingly, dual rows via produce a narrow bandwidth that 
operates from 13 GHz to 17 GHz. We observed better performance with a wide bandwidth 
of reflection coefficient (S11) in triple rows via, which performed below -40 dB compared to 
dual rows via, as shown in Figure 4(a). Moreover, Figure 4(b) portrays a better performance 
of the reflection coefficient (S11), which is triple rows via (at operating frequency 20 GHz 
to 26 GHz) compared to other layers. Hence, this parametric study validates that the triple 
rows via perform good SIW coupler performance.

Figures 5(a) and (b) illustrate isolation coefficient (S41) responses for the same 
variations of rows vias. Based on the results, the parameter of triple rows vias produces the 
best performance with achieved isolation of more than -45 dB at both operating frequencies. 
At Ku-band, parameters of dual rows vias and triple rows vias show equal bandwidth 

Figure 2. Evolution structure of SIW coupler: (a) Single rows; (b) Dual rows; and (c) Triple rows

Figure 3. E-field distribution :(a) Single rows Via; (b) Dual rows Via; and (c) Triple rows Via

(a) (b) (c)

(a) (b) (c)
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performance. However, the best performance is shown by triple rows vias because the 
isolation coefficient is more than -50 dB compared to dual rows vias.

As depicted in Figures 6(a) and (b), that graphical result presents the output and 
transmission coefficient (S21) by different rows of circular metallic via. From Figure 6(a), 
the basic single rows via is shown slightly above -3 dB in contrast with dual rows via, 
which are more than -5 dB with amplitude imbalance. Additionally, as shown in Figure 
6(b), the triple rows via show a flat amplitude compared to single and dual rows vias. As 
a result, the dotted lines (green) are producing flat amplitude, and the output transmission 
coefficient (S21) is shown to be at -3 dB ±1.5 dB. Based on this result, the bandwidth of 
a coupler with triple rows vias performs higher bandwidth compared to a coupler with 
single rows vias and dual rows vias. 

Figure 4. Reflection coefficient, S11 (dB) with different rows of vias: (a) Ku-band; and (b) K-band

Figure 5. Isolation coefficient, S41 (dB) with different rows of vias: (a) Ku-band; and (b) K-band

(a) (b)
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RESULTS AND DISCUSSION

The prototypes for both designs are constructed with the assistance of a Rogers RO4003c 
substrate with dielectric permittivity (εr = 3.38), thickness (h)=0.508 mm, and attenuation 
(tan θ) = 0.0027. A photograph of both fabricated couplers is displayed in Figure 7. An 
additional length of tapered microstrip transition is included to attach the SubMiniature 
version A (SMA) connectors at all ports for measurement purposes. The prototypes of 
Riblet Short-Slot SIW couplers are fabricated using a PCB machine, and the holes are 
drilled by a Computerized Numerical Control (CNC) Bungard drilling machine. Finally, 
the SIW via holes is metalized by soldering all the inserted copper wires into the via 
holes to ensure the connectivity (ohmic contact) between the conductive layers. By using 
this approach, it is validated that vias may possibly be constructed using an alternative 

Figure 6. Transmission coefficient, S21 (dB) with different rows of vias: (a) Ku-band; and (b) K-band
(a) (b)

(a) (b)

Figure 7. Photograph of the fabricated prototypes: (a) Ku-band; and (b) K-band
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method, as demonstrated in this article, without using the PCB Plated Through Hole (PTH) 
machine. The final dimensions of the fabricated prototypes are 65 mm × 37 mm and 58 
mm × 30 mm for the respective Ku-band and K-band design couplers, including the SIW 
to microstrip transition length.

The experimental results for the S-parameters performance for both designs are 
obtained through Agilent PNA-X 5245A PNA Network Analyzer. The simulated and 
measured S-parameters magnitude for the Ku-band design is illustrated in Figure 8. As 
displayed in Figure 8, the simulated and measured magnitudes of S11 and S41 are better 
than 10 dB in the whole operating frequency of Ku-band (12–18GHz). Furthermore, S21 
and S31 parameters with coupling coefficients of 3 +-1.5 dB are observed in the same 
frequency range for both simulated and measured results. Considering all these parameters, 
a relative bandwidth of 36.31% can be obtained.

There is a slight discrepancy between the proposed SIW coupler’s simulated and 
fabricated performances. A possible reason is dimensional accuracy. The microstrip 
technique must be fabricated with high precision for high-frequency applications to ensure 
that it resonates at the desired frequency. Deviations from the desired dimensions can lead 
to shifts in the resonant frequency or changes in the bandwidth of the resonant response. 
Errors in the fabrication process, such as non-uniform etching or deposition, can also impact 
the properties of the SIW and introduce additional scattering or loss.

The simulated and measured results for the K-band coupler are displayed in Figure 9, 
where the magnitude of S11 and S41 is better than 10 dB in the frequency range of 20–26 
GHz. It is observed that the simulated reflection coefficient value of port one, S11, suggests 
excellent performance with a return loss better than 68 dB at the operating frequency of 21.9 
GHz. Furthermore, a 3-dB flat coupling response represented by S21 and S31 parameters 
is observed in the same frequency range with a tolerance of 0.5 dB. Overall, a bandwidth 
of 26.32% is obtained for both simulated and measured results based on these parameters.

The phase difference between two output ports is one of the critical parts in the coupler 
designs, where the simulated and measured Ku-band coupler results are illustrated in Figure 
10. Figure 10 indicates a flat phase response with 90° ± 5° is observed within the 11.5 GHz 
to 16 GHz frequency range. Furthermore, a good response to the simulated and measured 
phase difference of 90° ± 5° for the K-band design is observed in Figure 11.   

The errors between both results are tabulated in Tables 2 and 3 for Ku-band and 
K-band, respectively, to verify the simulated and measured data. As depicted in Tables 
2 and 3, the realized magnitude and phase at the 14 GHz and 23 GHz center frequencies 
of the simulated and measured S-parameters are very close to the theoretically predicted 
values. Meanwhile, it can be observed that the computed relative mean error is very low, 
which makes the proposed design unique and has vastly improved performance. Table 4 
presents the comparison between the proposed couplers with previously published works.
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Table 2
The values simulated against the measured result of the Ku-band coupler

S-Parameters (Ku-band) S11 S21 S31 S41 S31-S21
Theory (Moscato et al., 2016) <0.1 0.5/0.355 0.5/0.355 <0.1 900±5
Simulation (SM) 0.00 0.47 0.43 0.00 89.670

Measurement (M) 0.00 0.33 0.33 0.00 87.000

Error btw SM & Theory - 0.14 0.14 - 0.37
Error btw SM & M 0.00 0.29 0.23 0.00 2.97

Table 3
Simulated against the measured result of the K-band coupler 

S-Parameters (K-band) S11 S21 S31 S41 S31-S21
Theory (Moscato et al., 2016) <0.1 0.5/0.355 0.5/0.355 <0.1 900±5
Simulation (SM) 0.01 0.45 0.44 0.01 92.380

Measurement (M) 0.06 0.37 0.38 0.01 91.100

Error btw SM & Theory - 0.10 0.12 - 2.57
Error btw SM & M 0.83 0.18 0.14 0 1.38

Table 4
Performance comparison with other works 

S-Parameters (K-band) S11@S41 (dB) S21@S31 (dB) S31-S21 Bandwidth (%)
Sabri et al., 2013 <-10 -3±0.5 dB 90˚±5˚ 11
Nasri et al., 2016 <-10 -3±0.5 dB 90˚±5˚ 20
Srivastava et al., 2015 <-10 -3±0.5dB 90˚±5˚ 12
Doghri et al., 2015 <-10 -3±0.5 dB 90˚±5˚ 24
Proposed work <-10 -3±0.5 dB 90˚±5˚ Ku-band (36)

K-band (26)

CONCLUSION

The proposed Riblet Short-Slot coupler employing SIW technology for Ku-band and 
K-band frequencies has been successfully simulated and implemented. The designs are 
performed through multiple layers of sidewall via. A wide bandwidth of 36.31% was 
obtained in the Ku-band coupler, with return loss and isolation being better than 10 dB 
and 13 dB, respectively. Moreover, a bandwidth of 26.32% has been accomplished in the 
K-band coupler with a return loss and isolation higher than 10 dB. Furthermore, the flat 
phase response of simulated and measured results for both couplers indicates a minimum 
error. The simulated and measured results mostly agree well over the intended frequency 
range.
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