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Abstract— Remote Frequency identification (RFID) enables both
the realization of very low-cost integration platforms with
multifunctional capabilities and the implementation of low-power
wireless communications. Common photo paper is investigated in
this paper as the first “green” ultra-low-cost organic substrate,
on which the RFID tag circuitry and antenna are inkjet-printed
with conductive silver nano-particle ink. Fully integrated, RFID-
enabled modules on paper are demonstrated for a wide range of
wireless sensing and anti-counterfeiting applications. These
paper-based devices could potentially set the foundation for the
truly convergent wireless sensor ad-hoc networks of the future.
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L INTRODUCTION

The demand for low cost, robust, flexible, reliable, low-
power and durable wireless modules such as RFID-enabled
sensor nodes is accentuated by numerous applications, for
which ubiquitous sensing and networking is a core feature. In
general, RFIDs allow both the realization of very low-cost
integration platform with multifunctional capabilities and the
implementation of low-power wireless communications.

Paper is the first “green” ultra-low-cost organic substrate
examined, on which the RFID tag circuitry and antenna are
inkjet-printed. The high demand and the mass production of
paper make it the cheapest and most available material ever
made. From a manufacturing point of view, paper is well suited
for reel-to-reel processing and has a low surface profile that
makes it suitable for fast printing processes, such as direct
write methodologies instead of the traditional metal etching
techniques. After the silver nano-particle droplet is driven
through the nozzle, it is necessary to follow by the sintering
process in order to remove excess solvent and to remove
material impurities from the depositions. Another benefit
provided by the sintering process is the increase in the bond of
the deposition with the paper substrate. The conductivity of the
conductive ink varies from 0.4~2.5x107 Siemens/m depending
on the curing temperature and duration time. The paper's high
biodegradability, with respect to other ceramic substrates such
as FR-4, allows it to turn into organic matter in landfills in only
a few months and renders it one of the most environmentally
friendly materials.

The knowledge of the dielectric properties such as
dielectric constant (g;) and loss tangent (tand) become
necessary for the design of any high frequency structure such
as RFID antennas on the paper substrate. Precise methods for
high-frequency dielectric characterization include microstrip
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ring resonators, parallel plate resonators, and cavity resonators
have been used for up to 2.4 GHz [1] and lately up to 15 GHz,
it making it possible to start developing 2D and 3D sensing
modules encompassing wide frequency ranges.

II. RFID-ENABLED SENSOR ON PAPER

The presented RFID-enabled wireless sensor module
prototype that uses a U-shaped dipole antenna was printed on a
2D single photo-paper layer [4]. The antenna and the circuit
layout were printed and cured on paper using silver ink. The
overall dimensions of the structure, shown in Fig. 1, are 9.5x 6
cm. The range is above 300m and the temperature accuracy is
better than 0.2C. To ensure maximum conductivity and antenna
efficiency, the entire circuit was printed over with 12 layers of
silver ink resulting in a conductor thickness of 12 microns.

The complete wireless sensor system comprising the
TSSOP packaged integrated circuit (IC), including the MCU
and the transmitter, its discrete passive components including a
crystal oscillator, the TC1047 temperature sensor, and a Li-ion
cell for “stand-alone” autonomous operation were assembled
on the inkjet-printed metallic traces. Soldering could not be
used due the low temperature tolerance of paper, the electronic
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Figure 1 (a) System level diagram of the wireless sensor module, (b)
RFID-enabled wireless sensor transmitter using inkjet-printing on

paper



components used, and the relative weaker adhesion of printed
silver pads on paper. Multiple assembly methods were
experimented in order to find a reliable alternative for
mounting components, which include silver epoxies and
conductive tapes. The conductivity of the silver epoxy has a
direct relation to its curing time and temperature, which
contradicts with the limited temperature tolerance of the
components used in the wireless transmitter. Extending to a 3D
multilayer paper-on-paper RFID/Sensor module is possible by
laminating photo-paper sheets.

III. CONCEALABLE, PAPER-PRINTED ANTENNAS FOR WISP-
BASED RFIDs

Paper-based, inkjet-printed antennas have been proposed in
[2] as replacement for the conventional non-conformal, long
and straight dipole antenna mounted on the WISP RFID tags
[4]. One of the critical factors for the ubiquitous applicability
of RFID technology is for the antenna to be as concealable,
conformal, miniaturized and, thus, as unobtrusive as possible.
Of course, the type of the antenna design is very significant in
our effort to realize an object that can be integrated in a
nonintrusive, concealable way within another object, such as
the product label or a food package.

The design shown in Fig. 2 exploits meandered techniques
in order to achieve significantly reduced dimensions. In
particularly, text-based meandered line techniques are applied
to obtain both decreased size and concealment. The photo
paper has been chosen as the substrate that suits the aim of
concealment for the final sensing devices. The antenna is
mounted, as seen in Fig. 2, on the WISP by first soldering two
short conductive wires to the board’s antenna output and
afterwards sticking these wires on the paper antenna with
conductive epoxy, used instead of traditional soldering on heat
sensitive components.

Among others, this effort has shown that inkjet printing
techniques perfectly match the text-based design proposed in
terms of high applicability. A comparison with the normal
antennas mounted on the WISP is included in [2].

Figure 2 Inkjet-printed antenna mounted on the WISP.

IV. PAPER-BASED RFID CERTIFICATES OF AUTHENTICITY

Traditional RFIDs with encoded digital information have not
been able to solve the problem of counterfeiting, which
accounts for a huge financial and even life-threatening impact.
Rather hardware-based approaches need to be implemented.
The fundamental idea behind the proposed solution in [3] is to
complement an type of RFID tag with an inexpensive physical
object that physically unique and hard to near-exactly replicate
and behaves as a certificate of authenticity in a unique way in
the near electromagnetic field.

Each RFID-CoA instance is associated with an object,
whose authenticity the issuer wants to vouch. Essentially it is a
random constellation of small, randomly 3-D-shaped

conductive and/or dielectric objects that exhibits a distinct
behavior in its near field when exposed to RF waves over a
particular frequency spectrum, namely from 5 to 6 GHz. This
enables, on one hand, the extraction of the data about the
product in the far field and, on the other hand, the verification
of its authenticity within its near field with a virtually
impossible false alarm [3]. For the first generation of physical
RFID-CoA objects, we relied upon inkjet printing technique
(on paper substrate), as a means of a very fast, low-cost, and in-
house process. The final 3-D structure, shown in Fig. 3b can be
created by tightly stacking multiple 2-D CoAs, shown in Fig.
3a, one on top of each other.

Figure 3 a) Inkjet-printed, single layer NF-CoA of rhombic loops on
paper substrate. b) 3D-stacked NF-CoAs of rhombic loops. ¢) The
near-field signature as extracted by our protoype reader for all its 72
different antenna element permutations

V. CONCLUSIONS

In this paper, inkjet-printed flexible antennas, RF electronics
and sensors fabricated and assembled on paper substrates are
introduced as a system-level solution for ultra-low-cost mass
production of UHF RFID tags with an approach that could be
easily extended to other microwave and wireless applications.
State-of-the-art fully integrated wireless sensor modules on
paper have been demonstrated, that could potentially set the
foundation for the truly convergent wireless sensor ad-hoc
networks of the future.

ACKNOWLEDGMENTS

The authors would like to acknowledge the support of
IFC/SRC and NSF-ECS.

REFERENCES

[1] R.Vyas, V.Lakafosis, A.Rida, N.Chaisilwattana, S.Travis, J.Pan and
M.M.Tentzeris, “Paper-Based RFID-Enabled Wireless Platforms for
Sensing Applications”, IEEE Transactions on Microwave Theory and
Techniques, Vol.57, No.5, Part 2, pp.1370-1382, May 2009.

[2] M. Marroncelli, D. Trinchero, V. Lakafosis, M.M. Tentzeris,
"Concealable, low-cost paper-printed antennas for WISP-based RFIDs,"
RFID (RFID), 2011 IEEE International Conference, pp.6-10, 12-14
April 2011.

[3] V. Lakafosis, A. Traille, H. Lee, E. Gebara, M.M. Tentzeris, G. DeJean
and D. Kirovski, “RF Fingerprinting Physical Objects for
Anticounterfeiting Applications”, IEEE Transactions on Microwave
Theory and Techniques, Vol.59, No.2, pp.504-514, February 2011.

3482




<<
  /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 1
  /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
    /SABAEN44
    /SAKURAalp
    /Shruti
    /SimSun
    /STSong
    /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


