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Abstract- In this paper, solutions for developing low-cost 3D 
multilayer integration and packaging on the organic substrate 
Liquid Crystal Polymer (LCP) and the paper substrate have 
been presented. The key components in RF wireless applications, 
namely dual band filters, dual-frequency/dual-polarization 
microstrip antenna arrays and an RFID tag have been designed 
and fabricated. Test results of the structures show good 
agreement between the simulation and measurement over their 
respective bandwidths, demonstrating stable performance of the 
organic/paper substrates. 

Index Terms—Dual-band antenna, dual-band filter, liquid 
crystal polymer (LCP), multilayer modules, RF and mm-waves 
front-end module, system-on-package (SOP), three-dimensional 
(3D) integration, inkjet-printing, RFID.  

I. INTRODUCTION 

The rapid development of wireless communication and 
sensing applications in the RF/microwave/millimeter (mm) 
wave regimes require miniaturization, portability, cost, and 
performance as key driving forces in the RF electronics 
evolution. In addition, the use of RF in chemical and 
biomedical sensing and imaging also is promising, which is 
only expected to crowd the radio spectrum even further in the 
near future. Current trends have placed an ever-increasing 
demand on the materials, particularly dielectrics, used in the 
fabrication of RF devices. 

As devices operate over widening bandwidths in the RF 
range, the substrate used should be able to support the 
propagation of electromagnetic fields at even higher speeds 
(low permittivity) without exhibiting significant electric losses 
(loss tangent). Additionally, substrates should be able to 
demonstrate these electrical properties over a wide range of 
frequencies and external conditions such as temperature and 
pressure. This property becomes particularly useful in the 
design of broadband applications and in minimizing power 
leakage into adjacent bands, which is useful especially for 
communications devices operating in the crowded UWB range. 
Lastly, substrates used in RF devices should be able to 
withstand the rigors (e.g. humidity) of its operating 
environment and of the fabrication processes used in its 
packaging. This paper will present the designs of various RF 
passive structures, commonly in use in the wireless 

communication modules that have been fabricated using the 
LCP substrate and the paper substrate at the Georgia 
Electronic Design Center (GEDC). 
 

II. 3D INTEGRATED MODULE ON LCP 

Liquid Crystal Polymer (LCP) is a fairly promising 
thermoplastic organic material [1]. It can be used as a low-cost 
dielectric material for high-volume large-area processing 
methods that provide very reliable high-performance circuits 
at low cost. It has impressive electrical characteristics, which 
is indirectly related to its low and stable water absorption rate 
(<0.04%). It has a nearly constant dielectric constant around 3 
over the entire RF range up to 110 GHz. In addition, LCP has 
a very low loss tangent of only 0.002, which increases to only 
0.0045 at 110GHz, thereby making LCP very suitable in 
designing mm-wave applications. Impressively low thermal 
expansion characteristics of LCP also make it ideal as a high 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. 3D integrated module concept view. 
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frequency packaging material. The controllable coefficient of 
thermal expansion (CTE) of LCP can be engineered to match 
copper, silicon or GaAs, thereby making metallization on it 
easier. LCP is flexible, recyclable, impervious to most 
chemicals, and it is stable up to its high melting temperature 
making LCP an ideal choice for circuits operating in all kinds 
of environments. Multilayer circuits in LCP are also possible 
due to two types of LCP material with different melting 
temperatures making it ideal for System on Package Designs 
shown in Fig. 1. High melting temperature LCP (315ºC) can 
be used as core layers, while low melting temperature LCP 
(290ºC) is used as a bond ply. An additional benefit in 
multilayer LCP builds is the functionality provided by the low 
dielectric constant. This is useful for vertically integrated 
designs where the antenna is printed on the top layer of an all-
LCP module. 

 
A. SISO LCP Dual Band Filter 

Passive filters often find use in the front-end modules of 
wireless transceivers to suppress undesired in-coming or 
outgoing signals and/or to increase isolation in duplexers. The 
presented Single-Input Single-Output (SISO) Dual band filter 
takes advantage of LCP’s stable-with-frequency electrical 
characteristics to operate at two different frequencies with 
antennas in the UWB band. The SISO dual band filter uses the 
“dual behavior resonator” technique to operate at the WLAN 
operating frequency bands, ISM 2.4 GHz and UNII 5 GHz [2]. 
The dual behavior resonance technique is achieved through 
the use of two optimized open-ended stub resonators. The 
prototype dual band filter optimized to get the desired   

 
 
 
 
 
 
 
 
 

Fig. 2. Photo of fabricated SISO dual band filter on LCP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Performance of the SISO dual band filter on LCP 

resonant frequencies was fabricated on a 2 mil thick LCP 
substrate of copper thickness 9um as shown in Fig. 2. 
Simulations and measurement show good agreement, as 
depicted in Fig. 3. The insertion loss and return loss at the 
central frequency are 2.4dB and 15dB for the 2.4 GHz band, 
respectively, and 1.8dB and 10dB for the 5 GHz band, 
respectively. It exhibits also an out-of-band rejection as high 
as 45 dB between the L and C band. 

 

B. Dual-frequency/dual-polarization  Antenna Arrays 
Two dual-polarization antenna arrays on LCP multilayer 

laminated substrates have been designed at operating 
frequencies of 14 and 35 GHz for precipitation remote sensing 
applications. The top view of the fabricated antenna arrays is 
shown in Fig. 4 [3]. The metal was copper (Cu) and had a 
thickness of 18 m. The total substrate thickness for the design 
was 425 m, consisting of two LCP layers (each 200 m thick) 
and a 25 m bonding layer. The substrate thickness was chosen 
to achieve at least a 1.5% impedance bandwidth at dB, while 
maintaining a compact structure. The 14-GHz antenna array 
was placed on the top layer of the LCP substrate, while the 35-
GHz antenna array was “sandwiched” between two embedded 
layers for compactness and crosstalk minimization reasons. 
The LCP layer under the 35 GHz antenna array had a 
thickness of 200 m. Both arrays were fed by microstrip lines 
printed on the same layer as the corresponding array.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Multilayer antenna array architecture 
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Fig. 5. Simulated and measured return loss: (a) 14GHz (b) 
35GHz 

 
The simulated and measured return loss plots versus 

frequency are shown in Fig. 5. The dual-frequency array was 
excited at one frequency, while the other array was treated as a 
parasitic element. The shift in the resonant frequency can be 
attributed to fabrication tolerances. The discrepancy in return 
loss at 14 GHz is due to the extension of the feedline of the 
embedded (14 GHz) antenna to a point where the top 
laminated layer of the substrate no longer covers the feedline, 
thus, modifying its characteristic impedance. The measured 
impedance bandwidths at both frequencies are in good 
agreement with those of the simulated designs. 

 

III. 3D INTEGRATED MODULE ON PAPER 

Paper has been considered as one of the best organic 
substrates for low-cost RF/microwave applications, such as 
Radio Frequency Identification (RFID). First of all, paper is 
environmentally friendly and can undergo large reel to reel 
processing. In terms of mass production and increased demand, 
this makes paper the lowest cost material made. Paper also has 
low surface profile with appropriate coating. This is very 
crucial since fast printing processes, such as conductive paste 
inkjet printing, can be used instead of metal etching 

techniques, something that will allow for the decrease of the 
cost down to a few cents for passive tags. In addition, paper is 
compatible with circuit printing by direct write methodologies. 
This is one of the biggest advantages of paper since active tags 
require additional modules like sensors and batteries to be 
mounted on or embedded in. A fast process like inkjet printing 
can be used efficiently to print these modules on or in the 
paper substrate. Paper can also host nanoscale additives, such 
as fire retardant textiles, and can be hydrophobic. Paper 
substrate can excellently handle high temperature treatment 
during the assembly process and the reliability/life time is 
very high compared to other substrates such as plastic. In 
addition to this, low thickness can be easily achieved with 
paper. 

Fig. 6 demonstrates the suggested fabrication steps for the 
development of multilayer 3D coplanar multilayer microwave 
circuits on paper substrate. Heat-bonding is used to laminate 
sheets of paper to grow substrate thickness. In experiments, 
the low melting temperature of the hydrophobic layer covering 
the paper substrate was found to have a positive effect in 
ensuring a good adherence. Inkjet-printing is used to realize 
transmission lines, resistors, capacitors and inductors on 
the paper surface, following by a curing process. Inkjet-
printing is a direct-write technology by which the design 
pattern is transferred directly to the substrate, and there is not 
requirement of masks compared with the traditional etching 
technique which has been widely used in industry. Besides 
that, unlike etching which is a subtractive method by 
removing unwanted metal from the substrate surface, inkjet-
printing jets the single ink droplet from the nozzle to the 
desired position, therefore, no waste is created, resulting in an 
economical fabrication solution. Fig. 7 demonstrates a low-
cost paper-based inkjet-printed RFID tag and the 
simulated/measurement input impedance results.  Overall, a 
very good agreement was observed over the frequency band of 
interest. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 comparison of the traditional wet-etching technique and 
the proposed passive microwave circuit embedded process in 
paper substrate  
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Fig. 7. (a) Photograph of the designed RFID tag with inkjet-printing 
process (b) Measured and simulated input resistance and reactance of 
the inkjet-printed RFID tag 

 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Photograph of the three-stage inkjet-printed multilayer patch 
resonator BPF after the laminating process 

 
 

A three-stage slotted-patch band pass filter for 2.4GHz 
WLAN application was designed and printed on/in paper 
substrate to demonstrate the feasibility of this solution. Three 
laminated paper layers are used. The feeding lines and the 
middle stage of the filter are realized on the surface layer, while 
the first and third stages of the filter are embedded in the middle 
layer. The circuit layout on each layer was inkjet-printed 
independently at the first step. After alignment, the PHI 
laminator Q-247C4 was utilized for the bonding process, while 
10 tons RAM force was applied under 93 ºC. The fabricated 
multilayer patch resonator BPF is shown in Fig. 8. It has to be 
noted that a paper-based multilayer technology would allow for 
the light-weight miniaturization of “cognitive” sensing devices, 
through the embedding of IC’s, as well as of printed batteries, 
sensors and power scavenging devices. 

 

IV. CONCLUSION 

In this paper, we present the 3D multilayer integration and 
packaging technology on organic/paper low-cost substrates. 
Dual band pass filters, dual-frequency/dual-polarization 
microstrip antenna arrays and an RFID tag have been realized 
on LCP and paper substrates, respectively. The RF passive 
designs show good agreements between simulated and 
measured results over their respective bandwidths thus 
showcasing the impressively stable performance of LCP and 
paper as low-cost substrates for multilayer RF/wireless modules. 

 

REFERENCES 
[1] Dane Thompson, Oliver Tantot, Hubert Jallageas, George Ponchak, Manos 

Tentzeris, John Papapolymerou, “Characterization of Liquid Crystal 
Polymer (LCP) Material and Transmission Lines on LCP Substrates from 
30 to 110 GHz,” IEEE Trans. on Microwave Theory and Tech., vol.52, pp. 
1343-1352, April 2004. 

[2]   V. Palazzari, D. Thompson, N. Papageorgiou, S. Pinel, J. H. Lee, S. Sarkar, 
R. Pratap, G. DeJean, R. Bairavasubramanian, R.-L. Li, M. Tentzeris, J. 
Laskar, J. Papapolymerou, L. Roselli, ``Multi-band RF and mm-Wave 
Design Solutions for Integrated RF Functions in Liquid Crystal Polymer 
System-On-Package Technology", Procs. of the 2004 IEEE-ECTC 
Symposium, pp.1658-1663 

[3] Manos M. Tentzeris, Joy Laskar, John Papapolymerou,  Stéphane Pinel, V. 
Palazzari, R. Li, G. DeJean, N. Papageorgiou, D. Thompson, R. 
Bairavasubramanian, S. Sarkar, and J.-H. Lee, “3-D-Integrated RF and 
Millimeter-Wave Functions and Modules Using Liquid Crystal Polymer 
(LCP) System-on-Package Technology”, IEEE TRANSACTIONS ON 
ADVANCED PACKAGING, vol. 27, NO. 2, May 2004. 

 
 

 

270



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


