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Abstract — This paper presents the design and experimental
results of 3D/inkjet printed circuits operating in millimeter
wave frequencies. Millimeter wave technology is particularly
suitable for 5G communication systems however it is also
associated with a higher cost, and larger time-to-market.
3D/inkjet printing technology presents an exciting alternative
to traditional fabrication techniques being cost-efficient, and
allowing for rapid prototyping. This paper offers an overview
of recent results associated with fully printed planar antennas,
lens antennas, millimeter wave interconnects and sensors
demonstrating the potential of the technology.

Index Terms — Additive manufacturing, 3D printing, inkjet
printing, mmWave, backscatter communication, lens
antennas, System-on-package, interconnects.

[. INTRODUCTION

Nowadays, 5G is leading a paradigm shift in
communication and sensing with impact in every aspect of
human life: smart homes/cities, wearables, structural heath
monitoring, self-driven automobiles [1]. Millimeter wave
operation offering an ultra-small circuit footprint, large
bandwidth, and beamforming capability using large
antenna arrays, is an ideal candidate to obtain the required
performance and functionality. In addition, mechanical
properties such as conformal structure and flexibility
become important. However, mass adaptation of millimeter
wave technology has yet to appear due to cost and
challenges associated with circuit design and fabrication.

Millimeter wave systems are traditionally expensive to
fabricate due to their inherent requirements for low loss,
high performance materials, high resolution fabrication,
and more expensive integrated circuit (IC) technologies.
This translates to a low yield and a large time-to-market.
For example, micro-machining technologies can deliver
good performance at a high cost prohibiting mass
production [2]. While IC fabrication cost is reducing due to
advances in CMOS technologies, the challenge associated
with packaging and system integration of the ICs with
antennas, sensors and interconnects is often the bottleneck
in terms of cost and performance, due to circuit parasitics,
and fabrication tolerances. Additive (3D) manufacturing
can provide an inexpensive and fast fabrication, however
its use is typically demonstrated in low frequency
electronics, requiring large features and low-end materials.
Recently, 3D printed high frequency waveguide and
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antenna components have appeared in the literature [3][4],
but 3D printing of complete millimeter wave subsystems
has yet to appear due to a combination of lack of know-how
associated with a joint optimization of the fabrication
process, multiple and diverse material printing and post-
processing, and circuit design.

Hybrid 3D/inkjet-printing is a promising technology to
deliver the required system complexity in a single process.
It directly connects rapid, on-demand prototyping to
production, with reduced cost and design flexibility. This is
due to a drastically lower cost of the fabrication equipment
and the reduction/elimination of expenses associated with
treatment of waste residues such as the lack of masks,
photoresist, chemical etching. Additionally, there is cost
reduction from the optimal use of materials due to the
additive character of the technology where material is used
only where needed, in contrast to conventional
etching/milling methods. 3D/Inkjet fabrication technology
enables printing on a variety of substrates from paper,
textiles, glass, to standard printed circuit board materials,
which makes it particularly suitable for IoT as well as
communication and sensing applications. Furthermore, it is
capable of synthesis and combination of a diverse set of
materials with desired properties, which enables a larger
design freedom. It provides a unique process for packaging
and integration of heterogeneous components including
ICs, sensors, passives, different materials, interconnects
and even mechanical flexibility, stretch-ability and
morphing.

In this paper, an overview of selected recent advances in
3D/inkjet printing of millimeter wave components is
presented, including planar and lens antennas, backscatter
communication tags, battery-less sensors and millimeter
wave interconnects.

II. INKJET PRINTED MICROSTRIP ANTENNAS

An important challenge in inkjet printing towards fully
printed systems is the ability for multilayer fabrication. In
[5], a fully printed proximity fed 4 element microstrip patch
array was demonstrated with measured 7 dBi gain at 24
GHz (Fig. 1b). The microstrip feed line was printed using a
silver nanoparticle ink on commercial liquid crystal
polymer (LCP) substrate. The substrate of the patch
antenna was a 60-um thick SU-8 polymer layer printed on



(b)
Fig. 1. 24 GHz inkjet-printed proximity fed patch antenna array
[5], a) fabrication process, b) top view of the prototype.

top of the feed line, followed by the patch antennas printed
using silver nanoparticle ink on top of the polymer (Fig.
1a). The fabrication process is presented in detail in [5].

Using LCP as a substrate further enables the
implementation of flexible circuits. A 24 GHz series fed
patch array fabricated by inkjet printing directly on LCP is
shown in Fig. 2 [6]. 7 mil-thick LCP is used to achieve an
array impedance bandwidth of more than 1 GHz. Silver
nanoparticle ink is directly printed on the LCP substrate
with excellent adhesion and immunity to cracks when
bending the structure. The flexible properties of the LCP
make such printed arrays suitable for conformal and
wearable applications, e.g. for flexible sensors.
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Fig. 2. 24 GHz series fed patch array on LCP substrate, a) array
prototype and simulated s-parameters (b) and gain (c) [6].

II1. 3D PRINTED LENS ANTENNAS

One of the first and natural applications of 3D printing
technology in millimeter wave systems has been the
fabrication of printed dielectric lens antennas, due to its
ability to create complex shapes, in a fast manner and with
low cost [3]. As an example, in Fig. 3, prototypes of a 24-
GHz bifocal lens, printed using a stereolithography 3D
printing process, are shown.

@

Fig. 3. 24 GHz 3D printed bifocal lens of 8 wavelengths diameter
(left), zoned version of the design (right).



Fig. 4. Simulated radiation patterns of the directivity of a 24 GHz
3D printed bifocal lens of 2 wavelengths diameter.

A bifocal lens is particularly suitable for beam-scanning
applications due to its ability to maintain minimum gain
variation versus the scan angle [7]. Simulated radiation
patterns of a small lens of 2 wavelengths diameter at 24
GHz excited by a patch antenna are shown in Fig. 4,
obtained with a commercial finite element simulator. As the
feed antenna moves towards the perimeter of the lens the
beam is scanned. A maximum gain reduction of 0.5 dB is
observed for a scanning angle of 21 deg. For comparison,
the lens designed in [7] had a 1 dB reduction at 77 GHz.

Since lens design using 3D printing finds suitable
application in millimeter wave systems, there is a strong
interest in characterizing the permittivity and loss tangent
of the various materials used in millimeter wave
frequencies. Recent work in material characterization at E-
band of commonly used photopolymer resins Vorex from
MadeSolid and Porcelite from Tethon3D showed a
permittivity of 2.6 and maximum loss tangent 0.019 for
Vorex and a permittivity in the range of 3.4-3.7 and
maximum loss tangent 0.026 for Porcelite [8]. A further
exciting possibility towards lens design is the ability to
control the density of the deposited material which allows
the design of gradient index dielectric substrates [9].

IV. 3D/INKJET PRINTED INTERCONNECTS

The integration of active MMICs and passive structures
such as antennas and the use of multilayer substrates
presents a challenge in terms of developing high
performance packaging and interconnect design. The
combination of 3D stereolithography and inkjet materials
printing enable novel interconnect structures such as ramp
type interconnects (Fig. 5) [10]. Preliminary results of ramp
structures showed a measured insertion loss of
approximately 1 dB at X-band [10], while more recent
results achieved 1.5 dB at 24 GHz [8]. The latter translated
to and effective insertion loss of 0.2 dB/mm, while typical
wire bonds feature insertion losses of 0.6-2 dB/mm [12],
[13] for the same frequency band.
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Fig. 5. 3D/Inkjet printed millimeter wave ramp interconnects (a)
[10]. b) [8].

IV. APPLICATIONS

There are many applications of the technology in
millimeter waves due to its advantages of low cost and fast
prototyping. One application related to communication is
the implementation of a millimeter wave backscatter tag, a
prototype of which is shown in Fig. 2a [6]. Backscatter
communication has its roots in radar technology and it is
based on changing the load of a receive antenna according
to a desired information signal. An interrogating reader
device is used to transmit a continuous wave signal towards
the tag, part of which is scattered back to the reader
containing the desired information due to the load
modulation of the tag antenna. Passive UHF RFID systems
operate based on this principle, however operation in
millimeter wave frequencies permits a much larger
bandwidth and enables high bit rate communication using
a very low power tag front-end. The prototype shown in
Fig. 2 used an off-the-shelf discrete p-HEMT as a switching
element to modulate the load of the inkjet-printed series-fed
patch array and achieved switching rates above 1 Gbps with
an energy per bit of 0.15 pJ/bit [6].

A battery-less sensor based on an inkjet-printed retro-
directive array operating at 28 GHz was demonstrated in
[11]. The Van Atta retro-directive array can re-transmit a
received signal towards its direction of arrival due to the
proper interconnection between its elements, which
implements the desired phase reversal necessary for the
reflected wave to be directed towards its sender. A low
frequency (MHz) oscillator based on a commercial Texas
Instruments LM555 chip powered by a solar cell was used
to modulate the backscattered signal from the array. The
solar cell acts both as a power source and a proximity sensor
by changing the bias voltage provided to the LM555 and
consequently its oscillation frequency. In addition, an
inkjet-printed carbon nanotube resistive sensor sensitive to



the presence of ammonia gas was used as a frequency
tuning element to the low frequency oscillator enabling a
dual sensing functionality. Sensing experiments using the
fabricated prototype demonstrated an operating range of up
to 80 m [11].

Fig. 6. 28 GHz battery-less sensor based on an inkjet-printed Van
Atta retro-directive array [11].

VII. CONCLUSION

3D/Inkjet printing fabrication enables the low cost and
fast prototyping of millimeter wave systems, and provides
an exciting alternative to traditional fabrication techniques
towards the commercialization of the technology. Several
circuit examples were presented including antennas and
arrays, lens structures and interconnects, and a selected set
of sensing and communication applications based on
modulated backscattering enabling an ultra-low power
millimeter wave circuit implementation.

ACKNOWLEDGMENT

The work of A. Georgiadis was supported by EU H2020
Marie Sklodowska-Curie Grant Agreement 661621 and by
COST Action IC1301 Wireless Power Transmission for
Sustainable Electronics. The work of J. Kimionis and M.M.
Tentzeris was supported by the National Science
Foundation (NSF) and the Defense Threat Reduction
Agency (DTRA).

REFERENCES

[1] 5G Mobile and Wireless Communications Technology, A.
Osseiran, J.F. Monserrat, P. Marsch Editors, Cambridge
University Press, June 2016.

[2] M. Oliver, J. M. Rollin, K. Vanhille and S. Raman, "A W-
Band Micromachined 3D Cavity-Backed Patch Antenna

Array with Integrated Diode Detector," in IEEE Trans
Microw. Theory Techn., vol. 60, no. 2, pp. 284-292, Feb.
2012.

[3] F. Gianesello A. Bisognin, D. Titz, C. Luxey, C. A.
Fernandes, J. R. Costa and D. Gloria, "3D printing
technology: Enabling innovative & cost effective industrial
antenna solution," 2016 International Workshop on Antenna
Technology (iWAT), Cocoa Beach, FL, 2016, pp. 55-56.

[4] K. H. Church et al., "Multimaterial and Multilayer Direct
Digital Manufacturing of 3-D Structural Microwave
Electronics," in Proceedings of the IEEE, vol. 105, no. 4, pp.
688-701, April 2017.

[5] B.S. Cook, B. Tehrani, J.R. Cooper and M. M. Tentzeris, "
Multilayer Inkjet Printing of Millimeter-Wave Proximity-
Fed Patch Arrays on Flexible Substrates, " in IEEE Antennas
and Wireless Propag. Lett, vol. 12, pp. 1351-1354, 2013.

[6] J. Kimionis, A. Georgiadis, A. Collado, M. Tentzeris,
‘Millimeter-wave Backscatter: A Quantum Leap for Gigabit
Communication, RF Sensing, and Wearables,” in Proc 2017
IEEE MTT-S Intl. Microwave Symposium (IMS), Honolulu,
US, Jun 4-10, 2017.

[7] T.V.La,N.T.Nguyen, M. Casaletti and R. Sauleau, "Design
of medium-size dielectric bifocal lenses for wide-angle beam
scanning antennas,” 2012 6th European Conference on
Antennas and Propagation (EUCAP), Prague, 2012, pp.
3287-3291.

[8] B. Tehrani, R. Bahr, W. Su, B. Cook, and M. M. Tentzeris,
"E-band Characterization of 3D-Printed Dielectrics for Fully
Printed Millimeter-Wave Wireless System Packaging," in
Proc. 2017 IEEE MTT-S International Microwave
Symposium, Honolulu, USA, June 4-10, 2017.

[9] S. Moscato, R. Bahr, T. Le, M. Pasian, M. Bozzi, L.
Perregrini, M. M. Tentzeris, "Infill-Dependent 3-D-Printed
Material Based on NinjaFlex Filament for Antenna
Applications," in [EEE Antennas and Wireless Propagation
Letters, vol. 15, no. , pp. 1506-1509, 2016.

[10] S. A. Nauroze et al., "Additively Manufactured RF
Components and Modules: Toward Empowering the Birth of
Cost-Efficient Dense and Ubiquitous IoT Implementations,"
in Proceedings of the IEEE, vol. 105, no. 4, pp. 702-722,
April 2017.

[11] J. Hester, M. M. Tentzeris, "Mm-wave Ultra-Long-Range
Energy-Autonomous Printed RFID-enabled Van-Atta
Wireless Sensor: at the Crossroads of 5G and IoT, " in Proc.
2017 IEEE MTT-S International Microwave Symposium,
Honolulu, USA, June 4-10, 2017.

[12] T. P. Budka, “Wide-bandwidth millimeter-wave bond-wire
interconnects,” IEEE Trans. Microw. Theory Tech., vol. 49,
no. 4, pp. 715-718, Apr. 2001.

[13] T. Krems, W. Haydl, H. Massler, and J. Rudiger,
“Millimeter-wave performance of chip interconnections
using wire bonding and flip chip,” in 1996 I[EEE MTT-S
International Microwave Symposium Digest, 1996, vol. 1,
pp. 247-250.




<<
  /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


