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Abstract — Methodology for extracting an effective dielectric 

constant of microstrip transmission lines on multilayer 
substrates, from measured or simulated S-parameters data, 
using on-chip test structures, has been demonstrated. The 
methodology consists of: 1) building on-chip interconnect 
structures usually implemented in calibration and de-embedding 
procedures in microwave on-wafer test and measurements – 
transmission lines, stubs and pad launchers; 2) extracting the 
effective dielectric constant from the characteristic impedance 
and propagation constant of these structures, fully described by 
the measured or EM-simulated S-parameters. The 
demonstrated methodology is applicable for evaluation of 
dielectric and semiconductor multilayer substrates, both with 
lossy and lossless characteristics over a broad frequency 
band. Another advantage is implementation of very short 
transmission line structures with physical dimensions much 
smaller than a quarter wavelength of the highest investigated 
band frequency, thus preserving a valuable chip area in the 
test structures and being compatible with some of the 
calibration TRL elements.  

Keywords — Calibration and de-embedding structures, 
characteristic impedance, effective dielectric constant, 
multilayer substrates, on-wafer test and measurements, 
propagation constant, S-parameters. 

I. INTRODUCTION 

HE continued growth of personal communications with 
wireless applications has generated a great demand for 

portable and highly integrated components and subsystems. 
As a consequence, these applications challenge 
semiconductor and packaging technologies to integrate high 
density 3-D mixed-signal integrated circuits on complex 
multilayer semiconductor substrates, assembled in multilayer 
packages and modules.  

Frequently these substrates possess an inherently lossy 
characteristic, which deteriorates their performance or puts 
the accuracy of active and passive elements modeling 
under question. At frequencies where the dimensions are 
not electrically small, it is necessary to use complex 
distributed models. General full wave numerical methods 
such as FDTD, FEM, MoM and PEEC have been applied 
to model these structures successfully. The basic key to 
build successful models and perform genuine 
electromagnetic simulations of topology layout is the 
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knowledge of complex characteristic impedance and 
propagation constant in transmission line structures on the 
upper interconnect levels. Ultimately, it is necessary for 
the IC industry to characterize these losses and novel 
dielectric properties of such sequenced isolation and 
semiconductor layers, with different thickness and relative 
dielectric permittivity, in order to build a representative 
interconnect characterization database [1]. The most 
reliable information about wave propagation in multilayer 
metal/dielectric/semiconductor systems is knowledge of 
the effective dielectric constant, derived straightforwardly 
from the propagation constant, more precisely its 
imaginary part – the phase constant. 

Previous research has demonstrated S-parameter 
characterization of interconnect transmission lines, based 
on two-port unbalanced measurements, Ri-Li-Gi-Ci 
modeling and extraction of characteristic impedance ZC 
and propagation constant γ [1], [2]. The core of our 
approach is the same but differs in some aspects from the 
well-known procedure: a) we rather implement and 
measure one-port open-end stubs instead of relatively long 
transmission lines with two ports); b) short-end stubs are 
not included in the measurement test set-up in order to 
eliminate the inserted parasitic inductance of grounding 
through-hole vias and existing obstacle to build them by 
some technologies; c) two-port measurements are 
conducted on a transmission line with the same length, 
width and contact pads (launchers) geometry as the open-
end stub; d) ZC and γ are extracted directly from S-
parameter data of the one-port capacitive (open) and 
inductive (short) stubs. In many cases, existing de-
embedding structures and some of the TRL calibration 
standards in the test set-up could be easily implemented to 
acquire the necessary one-port stub S-parameters for 
calculations of the propagation constant. The effective 
dielectric constant is derived from the phase constant. 

II. THEORY OF TRANSMISSION LINE STUBS 

Open and short stubs are widely used in microwave 
transmission line designs as capacitors, inductors or 
resonator tanks to ground. For example many DC biasing 
circuits implement stubs to achieve higher isolation between 
power supply and the RF signal. The size of the stubs is 
small enough to build LC filters and matching networks, 
when their length is smaller or equal to n.(λline/4).  

Conventional small signal z-, y-, and ABCD-parameters, 
are not quite suitable for high frequency interconnect 
characterization, because “open” and “short” terminations, 
required to measure this data, cannot be easily implemented 
in “on-wafer” applications and deteriorate performance by 
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permittivity of Si (11.7) and SiO2 (4). This effect is 
described by the so-called Maxwell-Wagner polarization 
mechanism, which results in much higher values of the 
effective dielectric constant for “slow-wave” propagation 

[3]. 
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In equations (9) and (10) are given expressions for the 
absolute values of the effective dielectric constants, 
indexed SW – for “slow” and “skin-wave” propagation and 
TEM for TEM-wave, respectively. Here di is the thickness 
of each layer, εri relative constant of corresponding layer 
material. It can be proved that values from (9) can be 
much greater than the relative ones εri, while on the 
contrary in (10) εri is their upper limit. Equation (11) 
exhibits the so-called “characteristic” bulk resistivity of 
semiconductor, at which the maximum “slow-wave” 
frequency is reached (see Fig. 12. b)). In the literature εs0 is 
called static Maxwell-Wagner permittivity and εs∞ – 
optical value of it. The latter is easily developed from 
applying a series connection of capacitors with identical 
areas, different thicknesses and extracting their equivalent 
capacitance εreq. In summary, when TEM-wave propagates 
a displacement current in the structure prevails, while in 
the other modes conduction currents in metal and 
semiconductor skin-layers are predominant.  

An important comment may be included here, a 
polarization effect takes place when the substrate does not 
possess properties of perfect insulator dielectric, on the 
contrary, there exists a certain amount of free carriers 
(holes or electrons), depending on the semiconductor 
doping level and type. From a microscopic point of view, 
some more explanation can be added to the above 
statements. Due to the field-effect of MOS/MIS/MESFET 
gate structures, when biased with DC potential + RF 
signal, regions with accumulated minor carriers 
(enhancement mode and inverse channel) or depleted 
major carriers (depletion mode) are formed [6]. The 
thickness of such a boundary region on dielectric-
semiconductor interface varies according to the DC 
voltage value and polarity, magnitude of RF voltage 
swing, substrate doping level and channel modulation may 
occur. This could be the source for building of distributed 
microwave active devices as detectors, voltage-controlled 
filters and attenuators, etc. 

IV. CONCLUSIONS 

A methodology for simple extraction of effective 
dielectric constant in microstrip transmission lines on 
multilayer substrates, from measured or simulated S-
parameters data, using on-chip test structures, has been 
demonstrated. The basic key to build successful models 
and perform genuine electromagnetic simulations of IC 
topology layout is the knowledge of complex 

characteristic impedance and propagation constant. The 
effective dielectric constant is derived from the phase 
constant. This method is capable to be implemented in 
LTCC and LCP substrate material evaluation for IC 
packaging purposes, also.  

Fundamentals of the presented method can be referred 
to the so-called “direct” ones as far as S-parameter 
measurements or simulations of the investigated structures 
are concerned. The chosen approach of “open” and “short” 
transmission line stubs, with length less than one quarter 
wavelength, is mandatory in order to mitigate resonance 
phenomena, where indefiniteness of the input line 
impedance exists and particularly tan(βl) is 0 or ∞. In such 
cases is recommended the implementation of “indirect” 
methods, which are based on inserting of sample material 
in bulk waveguide resonators or building transmission line 
resonators on the investigated material. 

As far as “open” stubs are dealt with, a reasonable 
question about inserted equivalent electrical “elongation”, 
due to the fringing electrical field at the edges, may arise. 
The conducted experiments show that such phenomena in 
thin semiconductor substrates (100-400 µm) and relative 
dielectric constants in the range of (9-13), cannot cause 
considerable errors in the achieved data. Nevertheless, in 
order to eliminate such possibilities, we have the 
opportunity to omit one-port open-stub measurements and 
rely on the two-port measured S-parameters data of TRL 
(see Fig. 9.b)) with subsequent “artificial” conversion to 
“open” and “short” stub data in the circuit schematic 
simulator. This mathematical operation is absolutely free 
of errors, because of the implementation of ideal “open” 
(perfect magnetic wall) and “short” (perfect electrical 
wall).  

A practical conclusion can be summarized from Fig. 11. 
When a true TEM-wave propagates in the structure, the 
value of E-vector magnitude is 0 exactly at the interface 
boundary of dielectric-GND metal plate, while if some 
other mixed modes exist there is a shift upwards into the 
dielectric body and physical substrate thickness h converts 
into heff, i.e. the graphs for 1 and 10 GHz. This effect is 
observed for dielectric substrates with some conductive 
features, where heff  differs from h. 

REFERENCES 
[1]  W. R. Eisenstadt and Y. Eo, "S-Parameter-Based IC Interconnect 
Transmission Line Characterization," IEEE Trans. Comp. Hybrid, Manuf. 
Technol., vol. 15, no. 4, pp. 483-490, Aug.  1992. 
[2]  Yungseon Eo and W. R. Eisenstadt, “High-Speed VLSI Interconnect 
Modeling Based on S-Parameter Measuraments,” IEEE Trans. Comp. 
Hybrid, Manuf. Technol., vol. 16, no. 5, pp. 555-562, Aug. 1993. 
[3]  Hideki Hasegawa, M. Furukawa, and H. Yanai, “Properties of 
Microstrip Line on Si-SiO2 System,” IEEE Trans. Microwave Theory 
Tech., vol. MTT-19, no. 11, pp. 869-881, Nov. 1971. 
[4]  R. Garg, P. Bhartia, I. Bahl, and A. Ittipiboon, Microstrip Antenna 
Design Handbook,   Norwood, U.S.A.: Artech House Inc., 2001. 
[5]  Ming-Hsiang Cho, Guo-Wei Huang, Chia-Sung Chiu, Kung-Ming 
Chen, An-Sam Peng, and Yu-Min Teng, “A Cascade Open-Short-Thru 
(COST) Method for Microwave On-Wafer Characterization and 
Automatic Measurements,” IEICE Trans. Electron., vol. E88-C, no. 5,  
pp. 845-850, May 2005. 
[6] M. Gospodinova, V. Mollov, and R. et al Arnaudov, “Study of the DC 
Biasing Effect on Insertion Losses in High-frequency Interconnections”, 
Elsevier Microelectronics Journal, Netherlands,  
vol. 31/11-12, Nov. 2000, pp. 1009-1014, ISSN 0026-2714. 

 



<<
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /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 -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


