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Abstract—This paper presents, a novel design of a Hollow 
Substrate Integrated Waveguide (HSIW), that is built by using 
both Subtractive and Additive Manufacturing technologies. 
Specifically, it utilizes Polymer jetting method to print an 
Acrylonitrile butadiene styrene (ABS) dielectric substrate and a 
water laser cutter system to produce smooth copper sheets as the 
top and bottom enclosures of the HSIW. Also, the fabrication 
process is utilizing mechanical through hole plating of 
commercially available prefabricated vias, eliminating the cost 
and complexity of performing vias fabrication and metallization 
process as in other SIW designs. The proposed waveguide covers 
5G new radio frequency bands, specifically from 21 GHz to 31 
GHz. It has a simulated and a measured attenuation constant of 
0.636 Np/m and 1.56 Np/m respectively, for the whole operating 
frequency range and is among the lowest reported values to date. 
The proposed HSIW of this paper, can be compared with other 
state- of-the-art designs in terms of compactness, manufacturing 
cost and performance. The designed HSIW can be integrated with 
other planar circuits and can be used to build functional devices 
such as antennas or filters for 5G, robotics and IoT applications. 
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I. INTRODUCTION 

Substrate Integrated Waveguides have become very popular 

in recent years. There are being used as microstrip line 

alternatives since they offer many benefits like high power 

handling and high Q-factor. They have replaced the bulky 

rectangular waveguides and they are easy to integrate with 

other planar circuits. SIW components are a good compromise 

between an air-filled rectangular waveguide and a microstrip 

line, especially in the higher mm-wave range [1]– [6]. They 

are outperforming other planar transmission lines, because of 

the low propagation loss, limited Electromagnetic (EM) 

leakage and do not suffer dispersion at higher frequencies [6]–
[8]. During the last few years, some basic types of SIW 

were reported: (a) the dielectric filled SIW and (b) Hollow or 

air-filled SIW. Both types were developed based on PCB, 

LTCC or other similar fabrication techniques.  

The air-filled or hollow SIWs have the benefit of lower 

losses since the dielectric has been removed from the 

structure [9]. This is the reason that the author in [10], has 

developed a novel Hollow SIW based on LTCC fabrication 

method and has achieved an attenuation constant of 1 Np/m. 

In overall, the designed HSIW offers very low losses 

compared to other state-of-the-art designs and it has a great 

potential to realize highly integrated millimeter-wave modules. 

On the other hand, the LTCC fabrication method requires a lot 

of processing steps  and it is a very expensive fabrication 

technology. Another Air-filled SIW is reported in [11], that 

is fabricated using a standard multi-layer PCB process, with a 

lossy FR-4 substrate that achieved a measured propagation 

constant of 0.51 Np/m. Although the attenuation constant is 

kept at low level, the overall cost is high, and the fabrication 

process is complex. Recently, 3D printing methods or as 

otherwise called Additive Manufacturing, is being widely 

used, to fabricate millimeter wave and RF devices [12]–[16]. 

They have been proved to be very useful for low-cost rapid-

prototyping of high-frequency components up to sub-THz 

frequency range [17]–[19]. Specifically, FDM, SLA or DLP 

methods are using resin-based photopolymer to pattern a 3D 

structure. The author in [15], has used stereolithography 

(SLA) method to fabricate passive microwave devices, 

operating in the X,W and Ka frequency bands. The accuracy 

of the 3D printing process provided excellent responses which 

are comparable to the traditional metallic waveguides. 

Subtractive manufacturing has been used also in RF and 

microwave devices. In paper [20], the lid of a WR-10 

rectangular waveguide has been fabricated based on photo-

laser subtractive manufacturing. This has offered the benefit 

of precise, smooth, and rapid developed metallic layer. This 

paper presents a novel methodology to fabricate a Hollow 

Substrate Integrated Waveguide (HSIW) based on additive 

manufacturing poly-jet method, subtractive manufacturing 

water laser cutter and assembly with through hole mechanical 

plating method. 
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dielectric constant because of this loading. This is described in 

detail in [10], where the author has defined a loading ratio, that 

represents the amount of the dielectric filling in respect to the 

total width of the waveguide. The equation proved by the 

author in [10] is shown in (2): 
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It is possible, to use the calculated loading ratio (q), to 

calculate the cutoff frequency(fc) for the proposed HSIW, as 

shown by equation (3) [10]: 

 

          𝑊𝐻𝑆𝐼𝑊 = 𝑐02𝑓𝑐[0.999+4.946×10−4×𝑒(9.406𝑞)]          (3) 

 

    

Fig. 1. Geometry of the proposed HSIW, (a) prefabricated copper rivets,  
(b)  top copper sheet, (c) dielectric ABS substrate, (d) bottom copper sheet 

 

 
II. HSIW DEVELOPMENT 

A. Design and Analysis 

Based on fundamental design considerations as given in 

paper [21], [22] and using a similar approach as the paper in 

[10], the author of this paper has developed a novel low cost 

Hollow SIW, as analyzed in this section. The geometry of the 

novel HSIW is shown in Fig.1. It consists of : (a) prefabricated 

copper rivets, (b) top copper sheet, (c) 3D printed ABS 

substrate and (d) bottom copper sheet. The top and bottom 

copper sheets with thickness 0.15mm, shown in Fig. 1 (b) 

and Fig. 1(d) respectively, are the top and bottom enclosures 

of the waveguide. The top copper sheet is transitioned to 50 

Ohm microstrip line [23], [24], that can be connected to an 

RF coaxial connector. The ABS material in Fig. 1 (c) has 

a dielectric constant of 2.75, a loss tangent of 0.025 and a 

thickness of 0.5 mm. 

The commercially prefabricated copper rivets in Fig. 1 (a) 

act as the vertical wall of the waveguide and are attaching all 

the layers together using a Through Hole Mechanical Press 

machine, all supplied by Fortex [25]. The spacing between 

adjacent vias (Svia), is kept at minimum, that is just equal to 

the head width of the copper rivet (Hvia) according to the 

condition set by equation (1), 

 
Svia ≥ Hvia                                          (1) 

Therefore, with this condition, the electromagnetic wave is 

kept well confined into a cavity, eliminating energy leakages 

and losses. The HSIW structure is simulated in CST Studio 

Suite [26] and it is optimized to work in the operating 

frequency range of 21-31 GHz. The hollow waveguide is not 

purely empty space, but includes some dielectric loading from 

the substrate, therefore the proposed HSIW has an effective 

The proposed HSIW has been designed with the least possible 

loading ratio, therefore the dielectric losses are kept at 

minimum level. 

B. Fabrication and Assembly 

The final fabricated HSIW parts are shown in Fig. 2. Three 

different lengths 46.8 mm, 52.0 mm and 91.0 mm, of HSIW 

are developed, in order to use the multiline calibration method 

to extract the propagation losses of the proposed structure. As 

it can be seen from figure Fig. 2, the copper sheets supplied by 

Goodfellow [27], were cut precisely by using water laser cut 

machine (Synova Laser-Microjet Cutter) [28]. The laser beam 

is transmitted through a water stream, providing total internal 

reflection and therefore, energy is transferred efficiently to the 

copper sheet during the cutting phase. The dielectric substrate 

is printed by using an ABS material with the Stratasys Objet 

1000 3D printer [29]. This printer is based on polymer jetting 

(PJ) 3D printing method, that offers the best printing accuracy 

and resolution and it is also cost-effective, compared to other 

3D printing methods that are used to develop RF and millime- 

ter wave devices; these are the reasons, that it was chosen to 

fabricate the ABS substrate of this work. The ABS substrate 

is built layer upon layer with the 3D printing technique. As 

soon as all the three layers of the proposed HSIW are ready, 

the HSIW structure is assembled. Top copper sheet, ABS 

dielectric and bottom copper sheets are perfectly aligned, and 

the copper rivets are inserted through the vias holes. By using 

the Fortex mechanical through hole plating machine, the 

copper rivets are pressed until fully compressed, to attach all 

the layers together. It is important to avoid over pressing the 

machine since it will possibly damage the HSIW structure 

layers. The fabrication process as described here, could be 

further improved by automating process like layers alignment 

and vias rivets compressing. The final assembled parts are 

shown in Fig. 3(a), where all the three parts having their 

connectors attached on both ends. 



C. Measurements 

Relaunch-able 2.4 mm coaxial SOUTHWEST connectors 

are attached and mounted on both sides of the microstrip 

feed lines. The assembled HSIW relates to 2.4 mm wires on 

a E8361A PNA Microwave Network Analyzer as shown 

in Fig. 3(b). The PNA is calibrated bringing the  

S-parameters reference plane to the ends of the coaxial cables 

used. The measurement is done in the frequency range of 15 

GHz - 40 GHz with 3,201 frequency points used. Fig. 4, shows 

the simulated and measured S-parameters of the proposed 

structure. The measured return loss is lower than -10 dB and 

the transmission loss is higher than -3.56 dB for the entire 

working frequency range. Utilizing the multi-line calibration 

technique is possible to extract the propagation constant for the 

HSIW frequency operating range. The multi-line calculation is 

done by using the shortest (46.8mm) and the longest (91mm) 

HSIW structures. The plot can be seen in Fig. 5 and it can 

be observed that the assembled HSIW gives an average 

attenuation constant of 1.56 Np/m, that is among the lowest 

values reported to date. 

 

 

 
Fig. 4. Simulation and measurement of s-parameters from 18 GHz to 40 GHz 

 
 

 

 
Fig. 5. Simulation and measurement of propagation constant from 18 GHz 
to 40 GHz 

 

 
 

Fig. 2. Fabricated HSIW with a length of 46.8 mm, (a) top copper sheet, (b) 
dielectric ABS substrate, (c) bottom copper sheet 

 

 

 
Fig. 3. Assembled HSIW (a) all HSIW lengths with attached 2.4mm 
connectors, (b) measurement with VNA. 

 



III. CONCLUSION 

This paper presented a novel HSIW structure for millimeter 

wave devices based on new fabrication method, that uses 

3D printing, laser cutting and prefabricated metallic copper 

rivets. The combination of 3D printing technology and using 

commercial prefabricated through-substrate vias eliminates 

the issues arising from traditional fabrication methods, like 

the complexity and the total expenses required, therefore 

opening opportunities to develop low-cost and low-

complexity wireless devices for IoT and Robotic applications. 

The fabricated HSIW has a measured attenuation constant of 

1.56 Np/m for the frequency of operation, having a fractional 

bandwidth of 38.46%. The device can be easily integrated 

with other planar circuits, for example on a PCB circuit board 

and it is therefore proved in this paper, that it can operate in 

5G frequency bands and it could be the basis to design other 

passive and active devices, like a filter, antenna or combiner. 

By comparing the HSIW with traditional SIW that use 

fabrication methods like LTCC or PCB, the HSIW of this 

work has a very low manufacturing cost but a slightly worse 

performance. This work has proved the concept of a new 

HSIW, but more improvements could be done to optimize the 

design and the fabrication process. 

ACKNOWLEDGMENT 

This work was supported in part by the Thailand Science 

Research and Innovation Fund, and King Mongkut’s 
University of Technology North Bangkok with contract no. 

KMUTNB-FF-65-42, and in part by the Engineering and 

Physical Science Research Council under Grant EP/S016813/1 

and Grant EP/N010523/1. 

REFERENCES 

[1]  D. M. Pozar, Microwave engineering, 4th ed., Hoboken, NJ: John Wiley 
& Sons, Inc, 2012. 

[2] I. D. Robertson, N. Somjit, and M. Chongcheawchamnan, Microwave 
and millimetre-wave design for wireless communication, WS: John 
Wiley & Sons, Inc., 2016. 

[3] D. Deslandes and K. Wu, “Integrated microstrip and rectangular waveg- 
uide in planar form,” IEEE Microw. Wirel. Compon. Lett., vol. 11, no. 
2, pp. 68-70, Feb. 2001. 

[4] M. Bozzi, A. Georgiadis and K. Wu, “Review of substrate-integrated 
waveguide circuits and antennas”, IET Microwaves, Antennas & Prop- 
agation, vol. 5, no. 8, pp. 909-920, 2011. 

[5] Ke Wu, D. Deslandes and Y. Cassivi, “The substrate integrated circuits- 
a new concept for high-frequency electronics and optoelectronics,” 6th 
International Conference on Telecommunications in Modern Satellite, 
Cable and Broadcasting Service, 2003. TELSIKS 2003., Nis, Yugoslavia, 
2003, pp. P-III. 

[6] T. Kai and et al., “A coaxial line to post-wall waveguide transition for a 
cost-effective transformer between a RF-device and a planar slot-array 
antenna in 60-GHz band,” IEICE Trans. Commun., vol. E89-B, no. 5, 
May 2006. 

[7] J. Coonrod and B. Rautio, “Comparing microstrip and CPW perfor- 
mance,” Microwave Journal, vol. 55, pp. 74-86, Jul. 2012. 

[8] E. C. Niehenke, R. A. Pucel, and I. J. Bahl, “Microwave and millimeter- 
wave integrated circuits,” IEEE Trans. Microw. Theory Tech., vol. 50, 
no. 3, Mar. 2002. 

[9] M. Bozzi, M. Pasian and L. Perregrini, “Modeling of losses in substrate 
integrated waveguide components,” 2014 International Conference on 
Nu- merical Electromagnetic Modeling and Optimization for RF, Mi- 
crowave, and Terahertz Applications (NEMO), Pavia, 2014, pp. 1-4. 

[10] L. Jin, R. M. A. Lee, and I. Robertson, “Analysis and design of a novel 
low-loss hollow substrate integrated waveguide,” IEEE Trans. Microw. 
Theory Techn., vol. 62, no. 8, pp. 1616–1624, Aug. 2014. 

[11] F. Parment, A. Ghiotto, T.-P. Vuong, J.-M. Duchamp, and K. Wu, “Air-
filled substrate integrated waveguide for low-loss and high power- 
handling millimeter-wave substrate integrated circuits,” IEEE Trans. 
Microw. Theory Techn., vol. 63, no. 4, pp. 1228–1238, Apr. 2015. 

[12] M. Bozzi, C. Tomassoni, L. Perregrini, R. Bahr, and M. Tentzeris, “Addi- 
tive manufacturing of substrate integrated waveguide components,” 2016 
IEEE MTT-S International Microwave Workshop Series on Advanced 
Materials and Processes for RF and THz Applications (IMWS-AMP), 
Chengdu, 2016, pp. 1-4. 

[13] N. Chudpooti, S. Praesomboon, N. Duangrit, N. Somjit, and P. 
Akkaraekthalin, “An X-band portable 3D-printed lens antenna with 
integrated waveguide feed for microwave imaging,” in Proc. Photon. 
Electromagn. Res. Symp. (PIERS-Spring), Rome, Italy, Jun. 2019, pp. 
487–492. 

[14] B. T. Malik, V. Doychinov, S. A. R. Zaidi, I. D. Robertson, and 
N. Somjit, “Antenna gain enhancement by using low-infill 3D-printed 
dielectric lens antennas,” IEEE Access, vol. 7, pp. 102467–102476, 2019. 

[15] C. Guo, X. Shang, J. Li, M. J. Lancaster, and J. Xu, “3-D printed 
lightweight microwave waveguide devices,” in Proc. IEEE 5th Asia– 
Pacific Conf. Antennas Propag. (APCAP), Kaohsiung, Taiwan, Jul. 2016, 
pp. 47–48. 

[16] M. Mirzaee, S. Noghanian, L. Wiest and I. Chang, “Developing flexible 
3D printed antenna using conductive ABS materials,” in 2015 IEEE 
International Symposium on Antennas and Propagation & USNC/URSI 
National Radio Science Meeting, 2015. 

[17] B. Hong, N. Feng, J. Chen, G. Wang, V. Doychinov, R. Clarke, J. 
Cunningham, I. Robertson, and N. Somjit, “Substrate integrated Bragg 
waveguide: An octave-bandwidth single-mode hybrid transmission line 
for millimeter-wave applications,” Opt. Exp., vol. 28, pp. 27903–27918 
(2020). 

[18] E. Silavwe, N. Somjit and I. D. Robertson, “A Microfluidic-Integrated 
SIW Lab-on-Substrate Sensor for Microliter Liquid Characterization,” 
IEEE Sensors Journal, vol. 16, no. 21, pp. 7628-7635, 2016. 

[19] H. Xin and M. Liang, “3-D-printed microwave and THz devices using 
polymer jetting techniques,” Proc. IEEE, vol. 105, no. 4, pp. 737-755, 
Apr. 2017. 

[20] N. Chudpooti, E. Silavwe, P. Akkaraekthalin, I. D. Robertson and N. 
Somjit, “Nano-Fluidic Millimeter-Wave Lab-on-a-Waveguide Sensor for 
Liquid-Mixture Characterization,” IEEE Sensors Journal, vol. 18, no. 1, 
pp. 157-164, 2018. 

[21] D. Deslandes and Ke Wu, “Accurate modeling, wave mechanisms, 
and design considerations of a substrate integrated waveguide,” IEEE 
Transactions on Microwave Theory and Techniques, vol. 54, no. 6, pp. 
2516-2526, Jun. 2006. 
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