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Abstract— A compact gas spectroscopy sensor system based on
a 245 GHz transmitter (TX) and receiver (RX) fabricated in SiGe
technology is presented. The frequencies of the TX and RX are
tuned by applying external voltages at the voltage-controlled
oscillators. For 2f spectroscopy, a frequency modulation is also
applied at the TX. As a result, methanol spectra are presented,
that exhibit a high signal-to-noise ratio of up to 560 and an
acquisition time as short as 39 s, respectively.

I. INTRODUCTION

ERAHERTZ/MM-WAVE spectroscopy is a powerful tool
for the identification of many gases due to their rotational
transitions. Possible applications are envisaged e.g. in

medicine as a detector for volatile organic compounds (VOCs)
in human breath [1]. These can be used as indicators for many
metabolic processes or diseases [2]. The compounds can be
identified e.g. by a principal component analysis of the
spectroscopic data [3]. We report on a sensor system based on
245 GHz transmitter (TX) and receiver (RX) integrated chips
fabricated in 0.13 pm BiCMOS SiGe technology of IHP. In an
earlier work, the TX and RX frequencies were tuned by
external integer (N)-phase-locked loops (PLL) with external
reference frequency generators [4]. Here, the frequencies are
tuned by directly applying voltages at the VCOs. Thus, no
external reference frequency generator is necessary for the
tuning. Device-specific voltage-frequency-calibrations were
performed by simultaneously measuring the voltage at the
VCO and setting the frequency with the external PLL.

II. EXPERIMENTAL SETUP

The TX consists of a 120 GHz push-push voltage-controlled
oscillator (VCO) with 1/64 divider, a power amplifier, a
frequency doubler and an integrated antenna fabricated by
localized backside etching (LBE) [5]. The heterodyne RX with
an 18 dB conversion gain includes a differential LNA, a 120
GHz push-push VCO with 1/64 divider, an LO-buffer, a 90°
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Fig. 1. Schematics of the 245 GHz TX with 120 GHz push-push VCO, 1/64
divider, power amplifier, frequency doubler, and integrated antenna.

differential hybrid, an active subharmonic mixer, and an on-
chip antenna [6]. Both, TX and RX were fabricated in 0.13 um
BiCMOS SiGe technology of IHP. The schematics of the
245 GHz TX including the VCO, the power amplifier, the
frequency doubler, and the integrated antenna are shown in
Fig. 1.
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Fig. 2. Schematics of the experimental setup. The ramp and modulation
signal for the TX and RX are either generated (A) by a lock-in amplifier
output and a frequency generator or (B) by a data acquisition (DAQ)
module.

The experimental setup of the compact gas spectroscopy
sensor system is shown in Fig. 2. The gas cell with a 1.9 m
path length is folded into three segments in order to allow for
a compact setup. The input and output high-density
polyethylene (HDPE) windows of the gas cell serve as lenses
with a 40 mm focal length for collimating the beam and
focusing it onto the RX. The gas cell, the vacuum pumps, as
well as the TX and RX are placed on a portable breadboard
with dimensions of 75 cm x 45 cm. Linear frequency ramps
with a constant frequency offset are applied to the TX and the
RX by directly applying nonlinear voltage ramps without any
PLLs or frequency synthesizers. For that purpose, a voltage
vs. frequency calibration was performed before the
measurements. As a result, with nonlinear voltage ramps
between 0.3V and 2.9V, the TX and RX can be tuned
linearly in frequency from 234 GHz to 252 GHz and from
237 GHz to 255 GHz, respectively (see Fig. 3). The
intermediate frequency (IF) signal of the RX is rectified by a
Schottky diode and measured by the lock-in amplifier. For
phase sensitive lock-in detection, a modulation was added to
the TX frequency ramp. The ramps were either realized by an
analog output of the lock-in amplifier (setup A) or by a data
acquisition (DAQ) device (setup B). In setup A, the
modulation for the TX was provided by an external frequency
generator and added to the ramp by a bias-tee whereas in setup
B, the superposition of ramp and modulation was generated by
the DAQ only.
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Fig. 3. Frequency vs. voltage calibration of the TX and RX. The frequency
was tuned with an external reference PLL for the calibration.

III. RESULTS

The black line in Fig. 4 shows a methanol spectrum
measured at a pressure of 12 Pa. The TX was tuned from
238 GHz to 251 GHz whereas the RX had a constant offset of
400 MHz above the TX. With a step width of 500 kHz and the
corresponding step time of 45 ms, a total acquisition time of
1160 s was achieved. The lock-in amplifier (time constant
28 ms) was locked to the 2™ harmonic (2f spectroscopy) of the
600 kHz frequency modulation, which was added to the TX by
a frequency generator. Approximately 100 absorption lines are
detected in accordance to the simulated data shown in light
grey at the bottom. However, with respect to the calibration,
the measurement revealed a slight displacement of the
frequency axis of about 250 MHz which was corrected in the
graph. For the reference line at 243.92 GHz (line strength: S =
48107 cm/mol) an SNR of 560 was obtained. The
characteristic 2f line shape as well as the line width is in good
agreement with the simulation as can be seen in the inset.
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Fig. 4. 2f spectra of methanol measured by voltage frequency-tuning of the
TX and RX VCOs. The inset shows a snippet of a single absorption line
(setup A) in comparison with a simulation (sim.).

The dark grey line shows a measurement taken within only
39 s at a pressure of 13 Pa. In that measurement, the frequency
tuning voltages as well as the frequency modulation were
provided by one single 24 bit analog output module thus
making the setup more compact since no external frequency
generator was used. The RMS noise of the output voltage was
determined to 60 pV which corresponds to 100 kHz -

600 kHz with respect to the frequency calibration. Standing
waves that occurred between the TX and RX boards were
removed by high pass filtering of the data. The result exhibits
a smaller SNR (46 @ 243.92 GHz) due to the shorter
acquisition time and the lower modulation frequency of
12.8 kHz.

IV. CONCLUSION

A compact gas sensor system based on a 245 GHz SiGe TX
and RX was demonstrated. Methanol spectra were presented
with a high SNR of up to 560 and an acquisition time of 39 s
for a 10 GHz spectrum, respectively. In the next steps, the
dimensions of the setup will be further decreased. This
includes e.g. the replacement of the hardware lock-in amplifier
by software lock-in detection. Furthermore, the frequency
tuning will be realized by a fractional N-PLL and a fixed
reference frequency. Thus, the frequency resolution will be
improved without any external frequency synthesizers.

This work was supported by Deutsche
Forschungsgemeinschaft (DFG) in the frame of the Priority
Program 1857.

REFERENCES

[1]. A. M. Fosnight, B. L. Moran, and I. R. Medvedev, “Chemical analysis of
exhaled human breath using a novel sub-millimeter/terahertz spectroscopic
approach,” Int. Conf. Infrared, Millimeter, Terahertz Waves, IRMMW-THz,
2013.

[2]. W. Cao and Y. Duan, “Breath Analysis: Potential for Clinical Diagnosis
and Exposure Assessment,” Clin. Chem., vol. 52, no. 5, pp. 800-811, 2006.
[3]. P. F.-X. Neumaier, K. Schmalz, J. Borngrdber, R. Wylde, and H.-W.
Hiibers, “Terahertz gas-phase spectroscopy: chemometrics for security and
medical applications,” Analyst, vol. 140, pp. 213-222, 2015.

[4]. K. Schmalz, R. Wang, W. Debski, H. Gulan, J. Borngréber, P. Neumaier,
and H.-W. Hiibers, “245 GHz SiGe sensor system for gas spectroscopy,” Int.
J. Microw. Wirel. Technol., vol. 7, no. 3-4, pp. 271-278, 2015.

[5]. K. Schmalz, R. Wang, J. Borngriber, W. Debski, W. Winkler, C. Meliani,
“245 GHz SiGe Transmitter with Integrated Antenna and External PLL,”
Proc. Microwave Symposium Digest (IMS), 2013

[6]. K. Schmalz, J. Borngréber, W. Debski, W. Winkler, R. Wang, Y. Mao,
and C. Meliani, “Subharmonic 245 GHz SiGe Receiver with Antenna,”
Microwave Integrated Circuits Conference (EuMIC), 2013.




<<
  /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


