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Abstract

This paper investigates the design and fabrication of 3D printed waveguide and their application for the
design of microwave passive components. This includes a simple waveguide structure, a band pass filter,
and a leaky wave. A Lego-like approach is used to assemble together different 3D printed sub-sections after
metal coating. These allow the structure to be fabricated in multiple layers. Simulation and measured
results match closely. Details of modeling, fabrication and measurement are presented for these three

passive components.
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l. Introduction

Light weight and low-cost microwave components are
required for space borne and satellite communications,
automotive and hand-held systems [1-2]. Waveguides are
broadly used for a variety of low-loss components such as
filters, resonators, attenuators, and antennas. Hollow
metallic waveguides are preferred over other waveguides
due to their low-loss, high power handling capability, and
improved isolation between neighboring structures [3]. In
spite of these advantages, metallic waveguides are
expensive to manufacture, and also due to the use of solid
metal these waveguides are heavy. Waveguides structures
are mostly fabricated using techniques such as metal plate
soldering, electroforming, dip-brazing and electronic
discharge machining [4-5].

Additive manufacturing or 3D (3-dimensional) printing
holds significant potential to lower the cost and weight
while adding the ability to easily fabricate complex
geometries [6-8]. Recently, many microwave and
millimeter-wave components with complex structure
designs have been successfully 3D printed. Metal 3D
printing by laser sintering is the most common technique to
additively manufacture metal parts layer by layer. Most of
the direct metal 3D printing techniques have surface
roughness which can degrade the performance of
components at high frequency [9]. However, 3D plastic
printing and subsequent metallization has been utilized
instead of metal 3D printing to achieve smooth surface and
lighter weight. Recently, many common RF components
such as patch antennas, Vivaldi antennas [10-11] have been
successfully demonstrated using 3D plastic printing. 3D
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printed plastic followed by electroless- or electro-plating
has been utilized for the manufacturing of waveguide
structures [12-13].

This paper presents the fabrication of metal coated 3D
printed plastic waveguides and its utility in the design of X-
band passive components such as filters and antennas. In
order to achieve good metal coating, each of the passive
components is printed into two separate pieces (plastic),
metallized and then assembled using a Lego-like technique
which allows easy fabrication and metallization of complex.
Furthermore, it allows for the fabrication of multi-level
waveguide components. These structures are printed using a
professional-grade commercially available 3D printer
(Objet Connex350) utilizing a photo-polymer resin called
“VerowhitePlus” which has a dielectric constant (g;) of ~2.8
and a loss tangent (tand) of ~0.04 measured over a
frequency range of 0.1-1 0.8THz [14]. Both clear and white
colored resins were utilized here. All of the structures were
metallized using sputtering deposition of copper (Cu) seed
layer followed by electroplating. All the designs and
simulations presented were performed using a commercial
FEM (Finite Element Method) solver, ANSYS HFSS (High
Frequency Structural Simulator). The 3D printing of
waveguides using polymers enables applications requiring
lightweight systems and design of complex low-loss
components is feasible.

I1. Fabrication
The 3D printed structures were first cleaned using iso-
propyl alcohol and further cured under UV light. The
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waveguide based structures are printed in two separate
layers as shown in Figure 1. Lego-like support pillars and
holes are printed to allow the two layers to snap together
with each other with good alignment. Metallization of 3D
printed structures is carried out using two steps, i.e.,
sputtering of seed layer followed by electroplating of
copper (Cu). At first, the bottom seed layer of Titanium/
Copper (Ti/Cu) is sputtered having thickness of 50/500 nm.
Ti is used here as an adhesive layer. This step provides the
conductive layer necessary for electroplating. This is
followed by the electroplating process to achieve a total
metal thickness of 5-6 um. In the final step, the structures
are assembled together. Figure 2 and 3 shows an example
of 3D printed waveguide structure before and after
assembly. A thin layer of highly conductive silver paste was
used to permanently join the pieces together.

Figure 1. 3D printed waveguide structure pre-metallization.

Figure 2. Metalize 3D printed waveguide structure
(sputtering plus electroplating)
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Figure 3. Lego-like assembly of metalize 3D printed
waveguide structure.

I11. Simulation and Measurement

A. X-band Rectangular Waveguide

Rectangular waveguide is one of the commonly used
waveguide structure in RF components. The cut-off
frequency depends on the dimension of the dimensions of
inner hollow structure. In this paper, the chosen frequency
band is the X-band region (8 — 12) GHz. For X-band
region, the dimension used are: height (b) = 28.66mm,
width (a) = 10.16mm as shown in Figure 4. The 3D printed
and metalized rectangular waveguide before and after
assembly is shown Figure 5(a) and (b), respectively. Figure
6 shows the simulated and measured S-parameters over a
frequency range of 5-13 GHz. The measured surface
roughness of the structure is approximately ~3um. Overall
the simulated and measured results matches fairly closely
even without accounting the surface roughness. The
discrepancy near the cut-off frequency can be attributed to
surface roughness, fabrication tolerances of the printer (~ +
25um) and potential air gap due to warping between the
two pieces when snapped together.

conductor layer
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Figure 4. The dimension of the waveguide.

Figure 5. (a) Two separate metalize waveguide. (b) The
assemble metalize waveguide structure.
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Figure 6. Simulated and measured S-parameters of the
waveguide.

B. Iris filter based Rectangular Waveguide

Waveguide filters are essential part for a microwave system
such as communication where a selective frequency band is
allowed to pass (bandpass) or blocked (bandstop). One of
the popular waveguide filters is the iris filter. It consists of
multiple metal partitions in the waveguide to form
capacitive and inductive regions (high and low impedance
regions). Figure 7 shows the schematic of an iris filters
along with dimension used in design. The 3D printed iris
filters before and after metallization is shown in Figure 8
(a) and (b), respectively. Simulated and measured results of
the iris filter which shows the bandpass properties of the
filter are shown in Figure 9, and the results matches fairly
closely. The slight discrepancy of the results can be
accounted due to the dimension tolerant of the 3D printer
capability as well as the surface roughness that cause the
extra loss in the measurement. A slight shift in the
resonance frequency can be attributed to the tolerances of
slots.

Figure 7. Schematic of an Iris filters along with dimension
used in design.
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Figure 8. The fabricated iris filter (a) before and (b) after
metal coating.
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Figure 9. The waveguide iris filters simulated and measured
results.

C. Leaky Waveguide Antenna

Leaky wave antenna is among the well-known antennas that
exhibit various applications in the microwave and
millimeter wave regions. One of the leaky wave antennas is
the rectangular waveguide with a slit along the structure.
The waves leak from the waveguide along the slot gap
causing a radiation leakage. The X-band leaky waveguide
structure dimension design as well as the fabricated
structure is shown in Figure 10. Figure 11 shows the
measured and simulated return loss of the antenna. The
slight discrepancy in the results is due the reasons discussed
earlier. Figure 12 shows the simulated and measured
radiation pattern at 8.8 GHz. The frequency was chosen due
the highest gain measured at this frequency. The measured
gain is approximately 10 dBi. The results show that the
simulated and measured results are almost identical.
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Figure 10. The dimension structure of the X-band leaky
waveguide antenna and the fabricated structure.

-20

S-Parameters (dB)

-25

==Simulated
===Measured

-30

35

6 7 8 9 10 11 12 13
Frequency (GHz)

Figure 11. S-parameters of the simulated and measured
results the leaky waveguide antenna.
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Figure 12. The radiation pattérn at 8.8 GHz in the H-plane
direction for the simulated and measured results.
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1. Conclusion

This paper exemplified the capability of 3D printing to
design different application related to waveguide structures.
The rectangular waveguide shows that the functionality of
the components in the X-band frequency region. The iris
filter demonstrates that 3D printing allows the fabrication of
low-loss filters having similar performance to their
conventional metallic structures. In addition, a waveguide
based leaky waveguide antenna is demonstrated using here,
to the best our knowledge, for the first time. The measured
results a gain of 10.11 dBi which matches closely with
simulation results. Overall, this paper demonstrates that
high frequency, low-loss, light-weight waveguide based
passive structures can readily be fabricated using 3D plastic
printing. These structures can be directly fabricated on any
platform to make them integral part of any RF system.

Acknowledgment

The authors would like to thank the Electromagnetic
Research Group of Michigan State University for helpful
discussions, and Mr. Brian Wright from the ECE shop for
the help with 3D printing.

References
[1]

Kudsia, C., R. Cameron, and W.-C. Tang. "Innovations in
Microwave Filters And Multiplexing Networks For Communications
Satellite Systems". IEEE Transactions on Microwave Theory and
Techniques 40.6 (1992): 1133-1149.

A. R. Barnes, A. Boetti, L. Marchand and J. Hopkins, "An overview
of microwave component requirements for future space
applications," European Gallium Arsenide and Other Semiconductor
Application Symposium, GAAS 2005, Paris, 2005, pp. 5-12.

Pozar, David M. Microwave Engineering. 4th ed. Hoboken, NJ:
Wiley, 2012.

Gundersen, J., and E. Wollack. "Millimeter wave corrugated platelet
feeds."Journal of Physics: Conf. Ser. VVol. 155. 2009.

G. Le Sage, "3D Printed Waveguide Slot Array Antennas", IEEE
Access, vol. 4, pp. 1258-1265, 2016.

M. I. M. Ghazali; S. Karuppuswami; A. Kaur; P. Chahal, "3-D
Printed Air Substrates for the Design and Fabrication of RF
Components," in IEEE Transactions on Components, Packaging and
Manufacturing Technology , vol.PP, no.99, pp.1-8.

J. A. Byford, M. I. M. Ghazali, S. Karuppuswami, B. L. Wright and
P. Chahal, "Demonstration of RF and Microwave Passive Circuits
Through 3-D Printing and Selective Metalization," in IEEE
Transactions on Components, Packaging and Manufacturing
Technology, vol. 7, no. 3, pp. 463-471, March 2017.

A. Kaur, J. C. Myers, M. I. M. Ghazali, J. Byford and P. Chahal,
"Affordable terahertz components using 3D printing," 2015 IEEE
65th Electronic Components and Technology Conference (ECTC),
San Diego, CA, 2015, pp. 2071-2076.

C. R. Garcia, R. C. Rumpf, H. H. Tsang and J. H. Barton, "Effects of
extreme surface roughness on 3D printed horn antenna,”
in Electronics Letters, vol. 49, no. 12, pp. 734-736, June 6 2013.

M. I. M. Ghazali, E. Gutierrez, J. C. Myers, A. Kaur, B. Wright and
P. Chahal, "Affordable 3D printed microwave antennas," 2015 IEEE
65th Electronic Components and Technology Conference (ECTC),
San Diego, CA, 2015, pp. 240-246.

M. I. M. Ghazali, K. Y. Park, J. A. Byford, J. Papapolymerou and P.
Chahal, "3D printed metalized-polymer UWB high-gain Vivaldi

(2]
(3]
(4]
(5]

(6]

[71

(8]

(9]

[10]

[11]



IMAPS 2017 - 50th International Symposium on Microelectronics - Raleigh, NC USA - Oct. 9-12, 2017
Visit www.imapsource.org for more IMAPS papers

antennas," 2016 IEEE MTT-S International Microwave Symposium
(IMS), San Francisco, CA, 2016, pp. 1-4.

[12] E. G. Geterud, P. Bergmark and J. Yang, "Lightweight waveguide
and antenna components using plating on plastics,” 2013 7th
European Conference on Antennas and Propagation (EuCAP),
Gothenburg, 2013, pp. 1812-1815.

[13] M. D’Auriaet al., "3-D Printed Metal-Pipe Rectangular
Waveguides," in IEEE Transactions on Components, Packaging and
Manufacturing Technology, vol. 5, no. 9, pp. 1339-1349, Sept. 2015.

[14] K. Y. Park, N. Wiwatcharagoses and P. Chahal, "Wafer-level
integration of micro-lens for THz focal plane array
application,” 2013 IEEE 63rd Electronic Components and
Technology Conference, Las Vegas, NV, 2013, pp. 1912-1919.

5
000082



	Table of Contents
	NEXT>>
	<<PREVIOUS



