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Abstract—This paper presents, for the first time, the
implementation of SIW filters by 3D printing manufacturing
technique. The possibility of locally modifying the effective
dielectric permittivity by changing the infill factor of the printing
process is exploited and demonstrated. This allows adopting a
single filament material to obtain different permittivity values in
the various portions of a microwave component. Moreover, the
variation of the infill factor allows reducing the dielectric loss
tangent of the material: this permits increasing the quality factor
of cavity filters even by using the same material. These features
are illustrated through the design and experimental verification
of two SIW filters, with identical frequency response but
fabricated with different infill factor of the printing process, via
fused deposition modeling (FDM).

Keywords—Substrate integrated waveguide, 3D printing,
fused deposition modeling, effective dielectric permittivity.

I. INTRODUCTION

Additive Manufacturing (AM), often associated with 3D
printing, is an emerging class of manufacturing processes that
join materials to make objects from 3D models, usually layer
upon layer, as opposed to subtractive manufacturing
technologies. AM is becoming popular for many applications
(ranging from anatomical models to building construction),
contributing to the third industrial revolution, with a
completely new model of industry and production [1]-[3].

In the field of microwave components and systems, AM
offers several advantages, including rapid prototyping,
unprecedented design flexibility, and low cost for facilities and
materials [4],[5]. Moreover, the possibility to embed wireless
systems in everyday life objects opens new perspective for the
Internet of Things [6]. Initially adopted for rapid prototyping,
to test the design before the final product development, AM
technologies have rapidly improved towards the complete
(one-pass) manufacturing of end-use components.

Among the variety of 3D printing technologies, fused
deposition modeling (FDM) is one of the most promising
approach for printing polymers for microwave applications.
FDM is an extrusion-based 3D-printing technique: a plastic
filament is heated and extruded from a nozzle. The extruder
precisely lays down the material to form 2D layers of material
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Fig. I. Geometry of the 3D printed three-pole filters: (a) filter entirely
fabricated with 100% infill; (b) filter fabricated partly with 100% infill and
partly 40% infill.

that hardens immediately after extrusion. The overlap of 2D
layers results into the final 3D printed structure. The
technology is simple and cost effective, and commercial
printers deposit layers with height of 100 pum, a typical planar
resolution of 50 um and a vertical accuracy down to 20 um. In
addition, a unique feature of FDM is the capability of changing
the density of the printed material, by varying the infill
percentage, from 100% to roughly 10% [7].

This last feature of FDM technology is exploited in this
paper, with a twofold aim. The variation of the infill factor
permits to obtain different permittivity values in the various
portions of a microwave component, which can be used for the
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Fig. 2. Variation of effective dielectric permittivity and loss tangent versus
the infill factor.

design of complex circuits by adopting one simple filament
material. Moreover, loss tangent of the material is lowered: this
permits increasing the quality factor of cavity filters even by
using the same material.

To demonstrate this concept, two substrate integrated
waveguide (SIW) filters [8] with the same topology and
frequency response have been designed and fabricated by 3D
printing. One filter is based on a dielectric substrate printed
with 100% infill (Fig. 1a), whereas in the second filter the
input/output SIW lines are fabricated with 100% infill and the
resonant cavities are made with 40% infill. This solution allows
to increase the quality factor of the filter, at the cost of a
slightly increase footprint size.

II. LoCAL CONTROL OF THE DIELECTRIC PERMITTIVITY

FDM allows local modification of the printed material
properties, mainly by acting on the infill factor [7]. The
variation of the density affects the effective dielectric
permittivity of the printed material as well as its electric loss
tangent. The effect of the material density on the dielectric
properties of the material can be accurately estimated by
adopting the Bruggeman’s model [7].

In this work, ABS filament with dielectric permittivity
&=2.7 and loss tangent tan5=0.02 has been adopted. According
to the Bruggeman’s model, the results shown in Fig. 2 can be
achieved when varying the infill factor. When using 40% infill
factor, for instance, the diclectric permittivity is reduced to
&~=1.6, and this determined an increase in the circuit
dimensions. However, the loss tangent is simultaneously
reduced to tand=0.008, with a consequent increase in the
quality factor of the resonant cavities.

III. 3D PRINTED SIW FILTERS

Let us consider a three-pole filter having a fractional
bandwidth (FBW) of 4%, centered at the frequency of
3.86 GHz and having a transmission zero in the upper stop-
band. Such a filter has been synthetized by using the topology
of Fig. 3a. The relevant coupling matrix is shown in Fig. 3b.
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Fig. 3. Three-pole filter with a zero in the upper stop-band: (a) topology of
the filter; (b) coupling matrix of the filter.

Two different filters implementing this coupling matrix
have been designed. As shown in Fig. 1a, the first filter was
designed by using a dielectric substrate with permittivity
&=2.7, corresponding to 100% infill. In this filter, the dielectric
permittivity is homogeneous in the whole structure. On the
contrary, in the second filter (Fig. 1), the permittivity of the
cavity resonators is decreased to g=1.6, corresponding to 40%
infill, while the permittivity is kept to &=2.7 in the input/output
waveguides. Both filters have been designed to obtain the same
frequency response. This means that the cavities of the second
filter (with lower permittivity) are larger than those of the first
filter (with higher permittivity). Both filters have been realized
in SIW technology, and the optimization has been performed
by using the commercial FEM solver Ansys HFSS.

The geometrical structure is the same for both filters and it
is illustrated in Fig. 1. It consists of three cylindrical cavity
resonators fed by rectangular waveguides. The resonant mode
in each cylindrical cavity is the TM?,; o mode. Each resonator
is connected to the other two resonators through inductive
irises to realize the coupling scheme of Fig. 3a. The width of
irises is chosen to realize the required coupling coefficient
according to the coupling matrix in Fig. 3b.

The simulation results of the optimized filters are shown in
Fig. 4. In particular, the scattering parameters of the first filter
are reported in Fig. 4a: the insertion loss of the filter is
approximately 7.3 dB at 3.86 GHz. Conversely, the second
filter, whose frequency response is shown in Fig. 4b, exhibits
an insertion of 3.7 dB, which is definitely smaller than the loss
of the first filter. On the other hand, the diameter of the
resonant cavities is 19.2 mm in the first filter and it is increase
to 24.4 mm in the second filter.

IV. 3D PRINTING MANUFACTURING PROCESS

The HFSS models are exported as STEP files, which are
then re-imported into Solidworks and re-exported into .STL
files, which are standard for 3D printing. The models are then
sliced, turning 3D models into layer-by-layer gcode, which
contain the path and flow rate the heated extruder must follow.
A slicer that allows the ability to slice different parts of a
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Fig. 4. Simulation results: («) simulated scattering parameters of the first
filter (100% infill); (b) simulated scattering parameters of the second filter
(40% infill).
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model with different profiles with a single nozzle was
necessary, and thus Simplify3D was used for generation of the
gcode.

Hatchbox branded acrylonitrile butadiene styrene (ABS) is
printed on a Printrbot Metal Plus with 127 pum layers at 235 °C
on a 95 °C heated build plate to reduce warping of the ABS
material (Fig. 5). This layer height is used to improve print
quality as it is an integer multiple related to the full step size of
the stepper motor and pitch of the z-axis threaded rod. A nozzle
with 0.4 mm diameter was used with trace widths of 0.42 mm.
Special care is needed at the interface between regions with
different infill (Fig. 6).

As a last step, the printed dielectric substrate is metalized
using copper tape and rivets, which are then soldered together,
to create the top/bottom conductive layers as well as the
sidewalls of the SIW structure.

The fabricated prototypes of the two SIW filters described
in Sec. III are shown in Fig. 7, after the application of the
copper tape, the rivets, and the coaxial connectors.
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Fig. 5. Printing of first layer with DuPont Kapton tape on Printrbot Metal
Plus.

Fig. 6. Simplify3D gcode preview demonstrating the 40% infill portion vs
the 100% infill portion.

V. EXPERIMENTAL RESULTS

The experimental results of the two filters in terms of
scattering parameters are shown in Fig. 8.

In the first filter with 100% infill (Fig. 8a), the simulated
and measured results vary by 2.7 dB at the peak, but otherwise
agrees well with simulated results shown in Fig. 4a. A minor
frequency shift in the frequency response of the first filter may
be attributed to several possible causes. While the model was
printed on 0.4 mm nozzle for balance between print speed and
quality, a 0.2 mm nozzle may benefit the print by reducing
surface roughness and error of infill amount.
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Fig. 7. Both SIW Filters with the single infill model (bottom), multi-infill
model (top).

-5
B -10
4 - -15
& =
= op 2
F 5
=30
35
-10 40
3 5
Frequency (GHz)
(@)
kN -4 dB
) 10
1 - -15
-4
& &
= 0 2
& i
B o
30
-8
10 40
3 35 4 45 5
Frequency (GHz)
(b)

Fig. 8. Experimental results: (¢) measured scattering parameters of the first
filter (100% infill); (b) measured scattering parameters of the second filter
(40% infill).
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The second filter, based on two regions with different
dielectric permittivity (Fig. 8b), had significant lower measured
losses (approximately 4 dB insertion loss compared to 10 dB of
the first filter). Moreover, measured losses vary only by 0.3 dB
at the peak with respect to simulations (reported in Fig. 4b).

If there is a deviation in infill flow rates that results in
101% infill the nozzle may collide with the over flowing
material causing material to burn, loss of print quality, or
knocking the print off the build plate. Both the surface
roughness and need to print below 101% may cause undesired
minor variations in dielectric constant leading to a slight
frequency shift.

VI. CONCLUSION

This paper demonstrates the feasibility of a new method for
the fabrication of SIW filters by additive manufacturing. This
technique allows fast prototyping, large flexibility (even to
extended to shapes that are non-planar), and very low
fabrication cost (in this case, the dielectric costs of a single
print of one of these filters was 0.35 €).

Moreover, the possibility of using one single filament
material to tune the dielectric permittivity as well as the electric
loss tangent was theoretical and experimentally demonstrated.
This solution paves the road to many components, even in
cases where the current losses associated with the filament
material may be considered too high.

A variety of materials exist for 3D printing, and in
combination with multi-material printing a wide range of filter
designs with near limitless physical layout could be achieved.

REFERENCES

[1] C. Chua, K. Leong, and C. Lim, Rapid Prototyping: Principles and

Applications, River Edge (NJ), USA, 2003.

H. Lipson and M. Kurman, Fabricated: The New World of 3D Printing,
John Wiley & Sons, 2013.

E. MacDonald et al., “3D Printing for the Rapid Prototyping of
Structural Electronics,” IEEE Access, Vol. 2, pp. 234-242, Dec. 2014.

J.G. Hester et al., “Additively Manufactured Nanotechnology and
Origami-Enabled Flexible Microwave Electronics,” Proceedings of the
IEEE, Vol. 103, No. 4, pp. 583-606, April 2015.

S. Moscato, R. Bahr, T. Le, M. Pasian, M. Bozzi, L. Perregrini, and
M.M. Tentzeris, “Additive Manufacturing of 3D Substrate Integrated
Waveguide Components,” Electronics Letters, Vol. 51, No. 18,
pp. 1426-1428, Sept. 2015.

M. Bozzi, S Moscato, L. Silvestri, N. Delmonte, M. Pasian, and
L. Perregrini, “Innovative SIW Components on Paper, Textile, and 3D-
Printed Substrates for the Internet of Things,” 2015 Asia-Pacific
Microwave Conference (APMC2015), Nanjing, China, Dec. 6-9, 2015

S. Moscato, R. Bahr, T. Le, M. Pasian, M. Bozzi, L. Perregrini, and
M.M. Tentzeris, “Infill Dependent 3D-Printed Material Based on
NinjaFlex Filament for Antenna Applications,” [EEE Antennas and
Wireless Propagation Letters, Vol. 15, pp. 1506-1509, 2016.

M. Bozzi, A. Georgiadis, and K. Wu, “Review of Substrate Integrated
Waveguide (SIW) Circuits and Antennas,” [ET Microwaves, Antennas
and Propagation, Vol. 5, No. 8, pp. 909-920, June 2011.

[5]

[6]

[7]

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on February 11,2021 at 04:18:48 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


