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Abstract— We investigate quantitatively the error of physical
material-model based schemes for time-domain and frequency-
domain analyses used to extract material-parameters from
measurements acquired by THz time-domain spectroscopy (TDS)
systems. An analytic analysis of the noise induced error and its
effect on both methods is presented. Especially critical cases with
strong resonance features and limited signal-to-noise ratio are
addressed.

I. INTRODUCTION

NE very active field in THz research and development
is the spectroscopic investigation of materials for
characterization and recognition purposes. Many

substances of interest, like explosives, drugs, pharmaceuticals
and chemicals, show unique spectral characteristics in this
range [1-2]. By deriving material parameters like the complex
refractive index, the complex dielectric constant or related
properties, those characteristics can be evaluated [3-4]. One
robust approach to determine such parameters from
experiments measurements is the combination of a common,
single frequency step propagation formalism with a model
based analysis. This analysis determines the material
parameters by utilizing a mathematical description of their
underlying physical processes valid over the complete spectral
range [5]. Due to the resulting complete description of the
samples transfer function, these analyses can not only be
performed in frequency-domain (FD) but are also enabled in
time-domain (TD).

The comparison of the results of a time-domain approach
and a corresponding frequency-domain method applied to
simulated, noisy datasets, which allow fully controllable,
independent testing-scenarios, show strong differences
between both methods with regard to the overall quality of the
extracted data and robustness to noise-induced-errors,
especially at strong spectral features. Here we provide a
formal investigation of the performance of these approaches
especially in the context of quantifying noise effects on
parameter extraction procedures. The findings are
complemented by an equivalent evaluation of measured,
experimental data.

II. RESULTS

The simulated dataset utilized for the performance
comparison were acquired by generating a replica transient,
resembling the form of an actual TDS system. This transient
was on the one hand used as the reference transient of the
parameter determination process and on the other hand
provides the sample transient by convolution with a modelled
sample transfer function. To evaluate the robustness of both
concepts, noise of various levels was added to this transient
pair. The error of the extracted parameters in reference to the
designed ones is determined as a measure of quality.

Fig. 1 depicts the spectral signal-to-noise ratio (SNR) of the
investigated sample datasets labeled with the comparison of
the resulting mean squared error (MSE) of the extracted
material parameters determined by TD and FD methods. The
TD approach shows an overall better performance for high
SNRs and also maintains an about 10° times lower MSE in
scenarios of a SNR close or at 0 dB at positions of the spectral
features. The TD method even enables an extraction of
parameters with a low error rate in cases where multiple
spectral features drop below the noise floor. These situations
are usually a limitation for classical extraction schemes,
restricting the utilizable spectral range to obtain a samples
parameters [6].
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Fig. 1. Spectral SNR of the investigated datasets. The labels show the
resulting MSE of the extracted material parameters using TD and FD
methods.

In order to determine the cause for the performance
differences of both concepts the influence of the initial noise
and its level on the different processing stages has to be
determined, especially focusing on the steps used exclusively
in one of the methods. Following the formalisms for the
propagation of noise from TD into FD derived in [7] and [8],
the standard deviation (STD) and variance (VAR) of the
spectral magnitude and phase data can be expressed as a
function of the Fourier transform and STD of the respective
input transients.

Fig. 2 accordingly shows the standard deviations of the
spectral phase-information (Gary), derived from the noisy
transient-data, labeled with the MSE in correspondence to
Fig. 1. It can be seen, that the STD, which is a direct measure
of the error, peaks at the positions were the SNR is reduced
due to the spectral absorption features, reaching values larger
7 and is also raised at the neighboring frequencies. The STD
further increases drastically with the reduction of the overall
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SNR. Therefore the phase values of the features, represented
as turning or saddle points of the phase, are especially
disturbed, which results in an erroneous phase-unwrapping,
due to the exceedance of the unambiguity threshold of -n/nt of
the unwrapping procedures. As a consequence actual, feature
induced, large phase changes are falsely removed or an
artificial jump is inserted. Since the unwrapping introduces a
dependency of neighboring phase-points, these errors
propagate to the unwrapped phase-values at higher frequency,
causing an offset of a complete section of the evaluated
spectral phase. These large scale deviations cannot be
compensated by the use of the material model in FD and
thereby a proper parameter extraction, also at the frequency
range unaffected by the offset, is inhibited. The TD
processing, in contrast to FD, does not require a phase-
unwrapping procedure and is thereby not restricted by this
effect, limiting the influence of the spectrally localized
increase of noise-induced error on the overall parameter
extraction. The determination and evaluation of the phase STD
is therefore a valuable tool to assess absolute limits for the
applicability of FD methods to the analysis of noisy THz
transient data.
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Fig. 2. Standard deviation Oarg of the spectral phase-information,
corresponding to datasets of Fig. 1, labeled with the resulting MSE.

III. SUMMARY

We quantitatively investigated the error in material-
parameters determined by physical material-model based TD
and FD based extraction concepts. A comparison based on
simulated noisy data-sets showed an overall lower MSE of the
time-domain method at low noise scenarios. Furthermore
especially at situations of an SNR of the spectral feature close
to 0 dB the TD approach outperformed its FD counterpart by
an about 10° times lower MSE. The cause for the difference in
performance of both concepts could be determined by
investigating the transfer of noise, respectively the standard
deviation of the transients, form TD into FD. Especially
focusing on the standard deviation of the phase, its drastic
increase at positions of resonant absorption features could be
noted. Considering the requirement of phase-unwrapping of
the FD method, these increases in phase-error inhibited the
proper operation of the unwrapping procedures, resulting in an
offset of phase-data and consequentially the failure of the FD

parameter extraction. Since the TD concept does not require
an unwrapping it stayed unaffected. The standard deviation
phase hence provided the capability to determine the
boundaries of FD processing concepts in the presence of
noise.

REFERENCES

[1]. M. C. Kemp, P. F. Taday, B. E. Cole, J. A. Cluff, A. J. Fitzgerald and W.
R. Tribe “Security applications of terahertz technology”, Proc. SPIE, vol.
5070, pp. 44-53, Aug., 2003

[2]. K. Kawase, Y Ogawa and Y Watanabe “Non-destructiveterahertz imaging
of illicit drugs using spectral fingerprints”, Opt. Express, vol. 11 pp. 2549-
2554, Oct., 2003

[3]. L. Duvillaret, F. Garet, and J.-L. Coutaz, “A Reliable Method for
Extraction of Material Parameters in Terahertz Time-Domain Spectroscopy”,
IEEE J. Sel. Topics Quantum Electron. vol. 2, pp. 739-746, Sept. 1996

[4]. 1. Pupeza, R. Wilk, and M. Koch, “Highly accurate optical material
parameter determination with THz time-domain spectroscopy,” Optics
Express, vol. 15, pp. 4336-4350, Apr., 2007

[5]. J.L.M. van Mechelen, A.B. Kuzmenko, and H. Merbold, “Stratified
dispersive model for material characterization using terahertz time-domain
spectroscopy”’, Optics Letters, vol. 39, pp. 3853-3856, Jul., 2014.

[6]. P. U. Jepsen, and B. M. Fischer, “Dynamic range in terahertz time-
domain transmission and reflection spectroscopy,” Optics Letters 30, pp. 29-
31, Jan. 2005

[7]. J. M. Forniés-Marquina, J. Letosa, M. Garcia-Gracia, and J. M. Artacho,
“Error propagation for the transformation of time domain into frequency
domain”, IEEE Transactions on Magnetics, vol. 33, pp. 1456-1459, Mar.,
1997

[8]. W. Withayachumnankul, H. Lin, S. P. Mickan, B. M. Fischer, and D.
Abbott “Analysis of measurement uncertainty in THz-TDS”, Proc. SPIE, vol.
6593, pp. 659326-659326-18, Jun., 2007




<<
  /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


