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Abstract—In this paper, we introduce a functional near-

infrared spectroscopy-based brain-monitoring system consisting 
of a data acquisition board, photodiode units, and dual-
wavelength near-infrared LED units. The ADS8688A analog 
frontend-integrated circuit-based data acquisition board 
provides reliable high-resolution bio-optical measurements for 
portable brain monitoring. Moreover, its isolated linear 
regulator-based low-noise power supply circuit allows 
maintaining low-noise measurement quality by blocking inter-
circuit crosstalk. From the system evaluation via a mental 
arithmetic experiment, a clear decreasing trend of deoxy-
hemoglobin was found for the high-brain workload state during a 
cumulative subtraction task. 
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Monitoring; Portable Instrument 

I.  INTRODUCTION 

With recent advances in biomedical technologies, various 
brain imaging techniques such as electroencephalograms, 
magnetoencephalograms, and functional magnetic resonance 
imaging have been developed for the neurophysiological study 
such as the mechanisms of thinking and decision-making. In 
recent years, with the development of wearable devices and the 
Internet of Things, endeavors have been made to integrate 
these techniques with telehealth technology [1]. Among the 
brain imaging techniques, functional near-infrared 
spectroscopy (fNIRS) has recently attracted more attention due 
to its cost-effectiveness and easy application in portable 
devices [2]. fNIRS measures changes in the local concentration 
of oxygenated and deoxygenated hemoglobin by utilizing low-
energy near-infrared (NIR) radiation at two different 
wavelengths. Although this technique demonstrates a slower 
response compared to the other brain imaging methods, it 
enables access to the metabolic and microcirculatory neuronal 
activity of the cerebral cortex region. Therefore, this technique 
can intuitively provide information of the brain workload on 
the local cortex region without any complicated signal-
processing procedures. 

In this paper, we introduce an 8-channel fNIRS-based 
brain-monitoring system which is portable, cost-effective, and 
non-invasive. The detailed hardware design method of the 
proposed system is presented in Section II, and the evaluation 
results with mental arithmetic experiments for the capability 
validation of human brain monitoring are contained in Section 
III. 

II. SYSTEM DESIGN 

The proposed fNIRS-based brain-monitoring system 
consists of a data acquisition board and a NIR light source-
sensor set including monolithic photodiode units and dual-
wavelength NIR LED units. 

A. Design of the Data Acquisition Board 

The data acquisition board was designed to integrate a 32-
bit low-power microcontroller (STM32L4, 
STMicroelectronics), an analog front-end integrated circuit 
(AFE IC) (ADS8688A, Texas Instruments), and an LED 
driving circuit for 8-channel fNIRS measurements. The AFE 
IC is based on a 16-bit successive-approximation register 
analog-to-digital converter with many embedded peripherals, 
including an 8-channel input multiplexer, programmable gain 
amplifiers, and second-order low-pass filters. Thanks to its 
high degree of integration, a complicated signal conditioning 
circuit was not necessary, and enhanced system reliability and 
miniaturization were also achieved. 

For mixed-signal systems where both analog and digital 
circuits are contained in the system, the noise generated by the 
digital circuitry can affect the analog measurements, and 
careful power supply design is needed to minimize this effect. 
To achieve high-fidelity analog-data measurements, a linear 
regulator-based fully-isolated power supply circuit was 
designed to provide low-noise DC power for the AFE IC. 

B. Design of the NIR Light Source-Sensor Set 

The NIR sensor units were based on Texas Instruments’ 
OPT101 monolithic photodiodes. A built-in trans-impedance 
amplifier directly outputs a linear voltage proportional to the 
acquired optical radiant power, which enables noise-robust 
analog measurements. Chip-type dual-wavelength (730 and 
850 nm) AlGaAs LEDs (Opto ENG OE-MV7385-P) were used 
as the NIR light source. These photodiodes and the NIR LEDs 
were soldered onto each customized printed circuit board along 
with decoupling capacitors and were then housed in a 3D-
printed casing. Eight bio-optical channels were obtained by 
placing the photodiodes in two rows and three columns and 
placing two NIR LEDs between the optical sensors. The 
photodiode-LED set is attached to a subject's forehead via 
transparent double-sided tape. 

This work was supported by the National Research Foundation of Korea 
(NRF) funded by the Korean Government (MISP) under Grants [NRF-
2018R1A2A1A19018665] and [NRF-20151A2A1A05001826], and by the 
Brain Research Program through the NRF funded by the Ministry of Science, 
ICT & Future Planning under Grant [NRF-2016M3C7A1905475]. 
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Fig. 2.  Average time courses of hemodynamic concentration changes for 
oxy-, deoxy-, and total hemoglobin (ΔHbO,ΔHbR, andΔHbT, respectively) 
during the mental arithmetic experiments. 
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Fig. 1. (a) A block diagram of data acquisition board and (b) photos of the 
fabricated data acquisition board and the NIR light source-sensor set.

III. EXPERIMENTAL AND RESULTS 

A. The Mental Arithmetic Experiment 

The mental arithmetic experiment [3] was designed to 
examine hemodynamic differences between the high-brain 
workload and the resting states. These differences appear as 

hemodynamic concentration changes in the oxy- and deoxy-
hemoglobin which were investigated using an offline time-
course analysis of the fNIRS measurements. 

Three subjects (three males, average age: 26.3 ± 1.7 years) 
voluntarily participated in this experiment. A total of 10 trials 
were performed with an arithmetic task for boosting subject’s 
mental workload. In the trials, the resting state was first 
measured for 22.5 ± 2.5 s, during which the subjects were 
instructed to gaze at a center cross sign maintaining a low 
mental workload. After the resting state, a mathematical task 
was given to the subjects who then cumulatively subtracted a 
two-digit random prime number from a three-digit random 
number in the range 500–999 for 20 s. 

B. The Analysis of fNIRS Measurements 

fNIRS data, including local concentration changes in the 
oxy- (ΔHbO), deoxy- (ΔHbR), and total hemoglobin (ΔHbT), 
were converted from the raw bio-optical measurements which 
contain only radiant power intensities through a modified 
Beer-Lamberts law[4]. Afterward, a 4th order zero-phase 
0.01–0.2 Hz Butterworth bandpass filter was applied, and each 
epoch was extracted based on a recorded event trigger with 
baseline correction. The average hemodynamic trend was 
derived by averaging each of the hemodynamic time courses. 

In the results of the offline analysis, we found a clear 
decreasing trend in ΔHbO in the high-brain workload state 
induced by the cumulative subtraction task. The diminished 
ΔHbO level was then rapidly restored to the resting state after 
the task period. In contrast, ΔHbR showed a weaker inverse 
pattern and a more delayed response compared to the ΔHbO 
trend. 

IV. SUMMARY AND CONCLUSION 

In this paper, an 8-channel fNIRS-based brain-monitoring 
system is proposed. An ADS8688A-based data acquisition 
board provided bio-optical measurements of both reliable and 
sufficient resolution. A low-noise regulator-based isolated 
power supply design achieved low-noise bio-optical 
measurements by physically blocking inter-circuit crosstalk. In 
a human subject study involving a mental arithmetic 
experiment, we found a task-related decreasing trend in ΔHbO 
and a weaker inverse pattern for ΔHbR. In future studies, we 
will optimize the performance and portability of the proposed 
system and then use it in other workload-monitoring 
applications. 

REFERENCES 
[1] J. d. R. Millán et al., “Combining Brain–Computer Interfaces and 

Assistive Technologies: State-of-the-Art and Challenges,” Front 
Neurosci, vol. 4, Sep. 2010. 

[2] N. Naseer and K.-S. Hong, “fNIRS-based brain-computer interfaces: a 
review,” Front. Hum. Neurosci., vol. 9, 2015. 

[3] G. Pfurtscheller, G. Bauernfeind, S. C. Wriessnegger, and C. Neuper, 
“Focal frontal (de)oxyhemoglobin responses during simple arithmetic,” 
International Journal of Psychophysiology, vol. 76, no. 3, pp. 186–192, 
Jun. 2010. 

[4] L. Kocsis, P. Herman, and A. Eke, “The modified Beer–Lambert law 
revisited,” Phys. Med. Biol., vol. 51, no. 5, p. N91, 2006. 



<<
  /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 /sRGB
  /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>
    /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.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /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


